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Abstract

:

Cancer is a cataclysmic disease that affects not only the target organ, but also the whole body. Metal-based nanoparticles (NPs) have recently emerged as a better option for the treatment of this deadly disease. Accordingly, the present work describes a means to control the growth of cancer cells by using colloidal silver nanoparticles (AgNPs) processed via homemade solutions and the characterization of these materials. The AgNPs may become an instantaneous solution for the treatment of these deadly diseases and to minimize or remove these problems. The AgNPs exhibit excellent control of the growth rate of human liver (HepG2) and breast (MCF-7) cancer cells, even at a very low concentrations. The cytotoxic effects of AgNPs on HepG2 and MCF-7 cancer cells were dose dependent (2–200 μg/mL), as evaluated using MTT and NRU assays. The production of reactive oxygen species (ROS) was increased by 136% and 142% in HepG2 and MCF-7 cells treated with AgNPs, respectively. The quantitative polymerase chain reaction (qPCR) data for both cell types (HepG2 and MCF-7) after exposure to AgNPs showed up- and downregulation of the expression of apoptotic (p53, Bax, caspase-3) and anti-apoptotic (BCl2) genes; moreover, their roles were described. This work shows that NPs were successfully prepared and controlled the growth of both types of cancer cells.
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1. Introduction


Cancer is a very complex disease; it affects not only specific organs, but also deregulates the whole body [1,2]. The uncontrolled progression of normal cells leads to the development of cancer [1,2]. Several factors are responsible for the growth of cancer cells, such as the accumulation of mutations in genes, deregulation of the signaling pathways, insensitivity to anti-growth signals, evasion of apoptosis, unlimited replicative potential, sustained angiogenesis, capacity to invade surrounding tissues, and the initiation of the acquisition of self-sufficient growth signals [3,4,5]. To date, many different types of cancers have been identified based on the cells present in the body, such as breast cancer, brain cancer, cervical cancer, colon cancer, kidney cancer, liver cancer, lung cancer, melanoma skin cancer, myeloma, skin cancer (non-melanoma), ovarian cancer, prostate cancer, stomach cancer, and vaginal cancer [6,7,8,9,10,11,12]. Liver and breast cancers are very common throughout the world [4]. The liver is the largest metabolic organ in the body and performs numerous functions, such as the removal of waste products (toxins) by the formation of harmless bile, and the production of important proteins and chemical substances that are required for the body to work normally [13]. Both developed and developing countries are greatly affected by the occurrence of such diseases. Hepatocellular carcinoma, a type of liver cancer, is the fourth most common malignant tumor in the world [14,15]. In 2018, there were 10,518 cancer deaths and 24,485 new cancer cases in Saudi Arabia, which has a population of 33,554,333 [16]. However, in 2020, the number of deaths increased to 13,069 and a further 27,885 new cases were diagnosed, despite a relatively small population increase (34,813,867 individuals) [17]. This deadly disease is prevalent in many countries, for example, the USA the UK, Japan, and China [18,19]. In China, the mortality rate associated with this disease is the second highest of all tumors [14,15]. Every year in the United States, ~24,500 men and 10,000 women are diagnosed with liver cancer, and ~18,600 men and 9000 women die from the disease [18]. Similarly, another common cancer is breast cancer, most often reported in women [4]. More than one million women worldwide are estimated to be affected by breast cancer. The statistics for this disease vary extensively: in 2008, ~421,000 cases were recovered, whereas in 2009–2010, ~49,500 women were diagnosed with breast cancer in Europe and 230,480 cases were diagnosed in 2011 in USA [4]. The estimated number of cases of breast cancer is increasing daily. About ~268,600 cases were identified in women, but it is also detected in men (~2670 cases) in 2019; in 2020, ~42,170 women were diagnosed in the US and predicted to die [4]. According to a report on the incidence of cancer in 2010 in Saudi Arabia, the total number of cancer cases reported (SCR) was 13,706. Overall, the incidence of cancer was higher in women than in men. Cancer affected 6579 (48%) males and 7127 (52%) females [12]. Breast cancer, which originates from breast cells, affects both males and females, but the incidence is lower in males. Amongst females, breast cancer was the most common cancer, with 5378 newly diagnosed cases in 2010, accounting for 27.4% of all cases [20]. In 2020, 2.3 million women were diagnosed with cancer worldwide, and 685,000 deaths occurred. Amongst females, breast cancer accounts for one in four cancer cases and for one in six cancer deaths [21]. Breast cancer is one of the main causes of mortality in younger women and its incidence is increasing [22]. The occurrence of other cancers was lower: colorectal (11.1%), thyroid (7.4%), NHL (7.0%), liver (5.1%), leukemia (4.3%), lung (4.3%), skin (3. 4%), stomach (3.1%), prostate (3.0%). The occurrence of breast cancer is much higher than any of these other types of cancer [20]. To eradicate the cancer from the body, various therapies have been tested, such as chemotherapy [23], hormone therapy [24], radiotherapy [25], immunotherapy [26], stem cell therapy [27], proton beam therapy [28], clinical trials [29], and cryoablation [30], etc. Surgery is also an option to remove the cancer cells from a specific organ in the body [31]. Although there are different treatment methods, these options are not affordable for the middle class and low-income or deprived families. To solve this problem, nanotechnology has been used to provide cancer therapy at a low cost, offering high efficacy against cancer cells without any harm to body systems [10,32]. To contribute to this solution, numerous types of metal and metal oxide nanostructures (MONs) have been prepared and utilized, and metal nanoparticles (MNPs) can be easily produced via a solution process [10,32]. MNPs, for example gold, platinum, rubidium, and selenium, are more expensive than AgNPs [33,34,35]. AgNPs can be prepared by facile, low-cost preparation methods and exhibit extraordinary properties with regard to optoelectronics [36], energy storage [37,38], ceramics [39], and surface-enhanced raman spectroscopy (SERS) [40]. In addition, owing to their physiochemical properties, AgNPs are also applied for biological activities, such as drug delivery, photodynamics [41], imaging [42], gene therapy [43], and antibacterial, anti-microbial, and anticancer agents [44,45]. AgNP-induced antibacterial activity has been reported to include adhesion to microbial cells, dispersion inside the cells, free radical/ROS generation, and the modulation of microbial signal transduction pathways [46]. The anticancer activity of AgNPs has been reported through the accumulation of AgNPs in the mitochondria and nucleus, where they interact with DNA. Further oxidative stress and mitochondrial damage can activate cancer cell death through via apoptosis [47]. AgNPs also have unique catalytic properties, enhanced electrical conductivity [48], and greater chemical stability [49]. Among various noble metals, the nanometer-scale AgNPs and their related nanocomposites, such as silver-reduced graphene oxide nanocomposites (Ag/RGO NCs), and doped materials, are an excellent option owing to their enhanced eco-friendly properties, including their non-toxic effects in numerous biological entities when applied at low concentrations [44,50,51].



Due to their broad applicability, it is necessary to produce AgNPs at a very low cost and through a simple easy process. Accordingly, the current work discussed the synthesis of AgNPs. The AgNPs were synthesized by a solution process at low temperature (~50 °C) in a very short period and were well characterized. Despite the various applications of AgNPs, very limited studies are available on their effects on cancer cell growth, cytotoxicity, and gene expression when administered at low concentrations. The available literature shows that the AgNPs are usually prepared either with various complex materials or by green processes that require a longer preparation time and high costs [52,53,54,55]. In addition, these processes do not achieve strong cytotoxic activities at low concentrations. Therefore, the core objective of the current work was to elucidate the effect of AgNPs in human liver (HepG2) and breast (MCF-7) cancer cells. Metabolic disturbances affecting the viability of cells were examined using the MTT assay. Lysosomal toxicity was quantitated by neutral red uptake assay (NRU). Transcriptional changes in apoptotic genes were measured by qPCR study. The novelty of the present work is the synthesis of AgNPs by a very low-cost chemical method, which was the main objective of the present work, and their application to liver (HepG2) and breast (MCF-7) cancer cells.




2. Materials and Methods


2.1. Materials


2.1.1. Reagents and Consumables for the Biological Study


Chemicals and consumable used for this experiment, such as MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium bromide], were procured from Sigma Chem. Co., Saint Louis, MO, USA, and applied to the cells without any modification except dilution. Further, Dulbecco’s Modified Eagle Medium (DMEM) and MEM, used for culture medium, antibiotics–antimycotics, and FBS were bought from Invitrogen, Waltham, MA, USA. The plastic ware and other related consumables products for cell culture were purchased from Nunc, Roskilde, Denmark.




2.1.2. Methods


Synthesis of Silver Nanoparticles (AgNPs)


The synthesis of AgNPs was achieved via a solution process by using silver nitrate (AgNO3), which acts as a precursor material for the formation of NPs, whereas trisodium citrate salt was employed as a reducing agent. The chemicals required for the formation of NPs were acquired from Sigma Aldrich Chem. Co, Saint Louis, MO, USA. In the experiment, a minute quantity of silver nitrate (AgNO3, 0.008 M, ~0.06792 g) was dissolved in ~49 mL of double-distilled water (DDW) in a 100 mL capacity beaker at room temperature and ~1 mL of sodium citrate (N3C6 H5O7, ~3 mM) was added slowly to this solution to reduce the silver ions (Ag+) in the silver nitrate solution [44]. The colorless solution of silver nitrate changed to a white solution after the sodium citrate was added. The solution turned brown within few seconds (s) and then to black, but for the complete reaction it was transferred to a dark chamber and covered with aluminum foil. The solution was kept for ~45 min at 50 °C until the color change from brown to black was complete (pH = 6.97), demonstrating the creation of AgNPs in the solution. The black-colored silver particles were pelleted through centrifugation (3000 rpm for 3 min, Eppendorf, 5430R, Centrifuge, Hamburg, Germany). The obtained black-colored silver particles settled at the bottom of centrifuge tube and were washed with the organic solvent methanol (MeOH, 2–3 times) to eliminate the ionic impurities from the solution. The product was dried and stored for further elucidation of structural and chemical properties.




Material Characterization


X-ray diffraction (XRD) (Rigaku, Tokyo, Japan) was used to determine the crystallinity, particle size, and phases of the prepared black powder sample. The samples were analyzed between 20 and 85° with using CuKα source (λ = 1.54178 Å) at a rotation speed of 6°/min with an accelerating voltage of 40 kV and current of 40 mA (Rigaku, Tokyo, Japan). The structural assessment of powder sample was performed using SEM (JEOL 6380, JSM, Tokyo, Japan) with a scanning resolution speed of 1.0 nm at 5 kV with low (30,000×) and high magnification (50,000×). To perform scanning electron microscopy (SEM), the black-colored powder sample was sprinkled on carbon tape on the sample holder, fixed, and analyzed at room temperature. Concurrently, transmission electron microscopy (TEM, JEOL JEM-2010, Tokyo, Japan at 100 kV) was also used to confirm the structural details of prepared product. For the TEM analysis, a very small amount of powder was dissolved in ethanol (EtOH) and sonicated for ~15 min. A copper grid (~400 mesh, Sigma Aldrich, Saint Louis, MO, USA) was dipped to this sonicated powder sample for 2–3 s, and dried at room temperature. Once the grid was completely dry, it was placed on a sample holder and analyzed at 100 kV at room temperature. The chemical fingerprint of the black powder was also investigated using FTIR spectroscopy (Perkin Elmer-FTIR Spectrum-100, Shelton, WA, USA) within range of 400–4000 cm−1 in KBr pellets. The optical characteristics of the processed powder were also determined by UV–visible spectroscopy (UV–vis, Shimazu, Kyoto, Japan) in the range of 300–700 nm.






2.2. Cell Culture (HepG2, MCF-7 Cells) and Treatment with AgNPs


The liver (HepG2) and breast (MCF-7) cancer cells were procured from the ATCC and inoculated in medium (DMEM) with 10% fetal bovine serum (FBS), 0.2% sodium bicarbonate, and antibiotic–antimycotic solution (100×, 1 mL/100 mL) in a CO2 incubator (5% CO2 & 95% humidity) at 37 °C. Before the experiments, the cell viability was assessed by trypan blue dye as per the protocol [56] and 95% cell viability was achieved for the study. We used cells between passages 10 to 12 passages for treatment with the prepared nanomaterials. Serial dilution of AgNPs was performed to obtain the desired concentrations for exposure. The cells were seeded in 6-well or 96-well plates according to the experimental need. In this study, we selected MCF-7 and HepG2 cell lines because they have been proven to be a good in vitro model system to evaluate the cytotoxic activities of different nanoparticles [57,58].




2.3. MTT Assay


The viability of liver (HepG2) and breast (MCF-7) cancer cells treated with AgNPs and without treatment (control) was assessed using the MTT assay as per the following protocol [56,59]. For this experiment, initially, the cells were seeded in specialized 96-well plates (rate of 1 × 104/well) for 24 h at 37 °C in a humidified environment. Afterwards, the cells were treated with AgNPs at 2, 5, 10, 25, 50, 100, and 200 µg/mL and kept in an incubator for 24 h. After the cancer cells were well mixed in the plates, a prepared stock solution of MTT (5 mg/mL in PBS) was added at 10 μL/well in 100 μL of cell suspension and the plates were incubated for 4 h. When the incubation period was complete, the solution was removed from the wells and 200 µL of DMSO was added and mixed gently to dissolve the formazan product. The optical characteristics of the solution were examined at 550 nm using microplate reader (Multiskan Ex, Thermo Scientific, Vantaa, Finland). Control cells were also employed as a reference and run under the same conditions. Cell viability was calculated as per the equation mentioned below:


% viability = [(mean absorbance of treated group)/(mean absorbance of control group)] × 100












2.4. NRU Assay


Lysosomal cytotoxicity assessment was also quantitated with and without AgNPs exposure via the neutral red uptake (NRU) assay as per the previously described protocol [60,61]. HepG2 and MCF-7 cells (1 × 104/well) were seeded in specific 96-well plates. Afterwards, the cells were treated with the desired concentrations (2, 5, 10, 25, 50, 100, and 200 µg/mL) of AgNPs and kept for 24 h in an incubator. After exposure, the cancer cells were further incubated in NR medium (50 µg/mL) for 3 h. Later, the cells were washed and the dye was extracted in 1% acetic acid and 50% ethanol solution and the color was read at 550 nm.




2.5. Reactive Oxygen Species (ROS)


ROS was also measured by using 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma Aldrich, Saint Louis, MO, USA) dye as a fluorescence agent, as per the previously described method [62]. The grown cells were treated with AgNPs for 24 h and thereafter, the cells were washed with PBS and further cultured for 30 min in DCFH-DA (20 μM) in the dark at 37 °C before the cells were examined by using fluorescence microscope.




2.6. RNA Isolation and Quantitative Polymerase Chain Reaction (qPCR)


For qPCR analysis, RNA was extracted from HepG2 and MCF-7 cells (both control cells and cells treated with AgNPs at 25 µg/mL for 24 h). The RNA was extracted using the RNeasy mini Kit (Qiagen) according to manufacturer’s protocol. The purity of RNA was determined by a Nanodrop 8000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The cDNA was synthesized from treated and untreated cells by taking 1 µg of RNA by Reverse Transcriptase kit using MLV reverse transcriptase (GE Healthcare, Chalfont Saint Giles, UK) as per the manufacturer’s protocol. Gene expression analysis was performed with LightCycler® 480 SYBR Green I Master on a real-time PCR (LightCycler® 480, Roche Diagnostics, Rotkreuz, Switzerland). The final 20 μL PCR reaction mixture contained 1× qPCR Green Master, 100 ng of the cDNA, and both the forward and reverse primers. The primers were used for the amplification were: GAPDH F-5′CCACTCCTCCACCTTTGAC3′, R-5′ ACCCTGTTGCTGTAG CCA3′, Caspase-3 F-5′ ACATGGCGTGTCATAAAATACC3′ R-5′ CACAAAGCGACTGGATGAAC3′, p53 F-5′CCCAGCCAAAGAAGAAACCA3′, R-5′ TTCCAA GGCCT CATT CAGCT3′, Bax F-5′TGCTTCAGGGTTTCATCCAG3′, R-5′ GGCGGCAATCATCCTCTG3′, Bcl-2 5′AGGAAGTGAACATTTCGGTGAC3′ R-3′ 5′GCTCAGTTCCAGGACCAGGC3′. The GAPDH gene was used as an internal housekeeping control to normalize the expression levels of p53, caspase 3, bax, and bcl2. The cycling conditions were used for amplification: heat-denaturing step at 95 °C for 10 min in the first step, then 45 cycles each at 95 °C for 20 s, annealing at 58 °C for 20 s, and the elongation period at 72 °C for 20 s. qPCR was performed in triplicate. All data are expressed as the mean of three independent experiments, calculated by the 2-ΔΔCT method.




2.7. Statistical Analysis


The obtained data are displayed as the mean ± SD and the statistical analysis was performed by Student’s t-test. Results were considered significant when p < 0.05.





3. Results


3.1. X-ray Diffraction Pattern (XRD)


Figure 1 shows the X-ray diffraction pattern (XRD) of the processed powder via solution process. The XRD was utilized to determine the crystallinity, crystallite size, and phases of the prepared powder material. The spectrum illustrates the indexed and assigned peaks with their related positions, such as ˂111˃ (38.03), ˂200˃ (44.17), ˂220˃ (64.29), ˂311˃ (77.19), and ˂222˃ (81.30), and their close relation to the face-centered cubic (FCC) structure of metallic silver with the lattice constant a = 0.4086 nm, analogous to the accessible standards data of Joint Committee on Powder Diffraction Standards (JCPDS card no. 04-0783) (Figure 1) and earlier published literature [39,44]. The extreme peak positions indicate that the black-colored powder formed exhibits high crystallinity and a small particle size. The crystallite size was calculated by using the Scherrer formula with Origin software, as described previously, which was found to be ~13 nm (Table 1) [39,44]. The XRD spectrum displayed only Ag peaks, without any other chemical impurities, further indicating the purity of the sample.




3.2. Morphological, Chemical, and Optical Analysis of AgNPs


The morphological assessment of AgNPs was performed for the prepared powder using scanning electron microscopy (SEM) and the obtained images are shown in Figure 2. The low-magnification image of AgNPs captured at 30,000× resolution shows that small spherical nanostructures were scattered about the whole surface (Figure 2A). The NPs were well arranged and it appeared that these NPs were linked with other particles and formed spherical structures. A high-magnification image at 50,000× resolution was captured and is presented here to provide further confirmation of the individual particle shape and size (Figure 2B). From the obtained data, the estimated diameter of each individual particle was in the range of ~13 ±1 nm. The SEM analysis was in good agreement and consistent with the above XRD data.



For more accurate observations, the black-colored powder was also analyzed by TEM, as described above, and the data are presented in Figure 3A. Several nanometer (nm)-size particles (NPs) were present in the obtained image, which showed individual NPs as ~13 ± 1 nm in size (Figure 3B). The TEM images confirmed that the spherical NPs surfaces were smooth and clear, consistent with the SEM data.



Figure 4A shows the obtained signals at 3434, 1589, 1384, 1115, and 619 cm−1 in the FTIR spectrum, which revealed the functional groups involved in the stabilization of AgNPs. The shallow band at 3434 cm−1 was correlated with the water molecule, whereas a sharp band at 1589 cm−1 was displayed, which originated from the band at 1685 cm−1, confirming the presence of the O–H group. A sharp band at 1384 cm−1 and a very small band at 1115 cm−1 were the stretching and bending mode of vibration of NO32− molecule. The small shallow band presented at 619 cm−1 shows the presence of silver metal in the spectrum [39,44]. The FTIR results suggest that AgNPs were synthesized without the use of any additives or capping agents.



The optical properties of AgNPs were also analyzed via UV–vis spectroscopy at room-temperature, shown as in Figure 4B. A sharp peak was detected in the spectrum at 410 nm (Figure 4B), which was due the existence of Ag ions. No other peak was observed in the spectrum, which corroborated that the AgNPs possess excellent optical properties. Because of the higher band gap, the material is very efficient and optically active and exhibits good chemical and optical characteristics. The optical band gap energy (Eg) of the AgNPs can be calculated by using Tauc’s equation [63], which exhibits the relationship between the absorption coefficient and the incident photon energy of material.



Tauc’s equation is as follows:


  α h ν = A   ( h ν − E g )  n   








where α is the absorption coefficient, hν is the photon energy, A is a constant, Eg is the optical band gap, and n is a value that depends on the nature of the electronic transition responsible for the absorption (n = ½ for direct transitions and n = 2 for indirect transitions). As per Tauc’s equation, the calculated optical band gap of the AgNPs was found to be ~3.02 eV, analogous to previously published literature [63]. Because of the sufficient band gap, the material is efficient and optically active and exhibits good characteristics.




3.3. Morphological Changes in HepG2 and MCF-7 Cells after AgNPs Exposure


The liver (HepG2) and breast (MCF-7) cancer cells were cultured and their morphology detail was observed via light microscopy after incubation for 24 h in the presence of varying concentrations (2, 5, 10, 25, 50, 100, and 200 µg/mL) of AgNPs (Figure 5). Representative images of both cell lines show no remarkable changes in the morphology at AgNP concentrations of 2–10 µg/mL. However, AgNPs at 25, 50, 100, and 200 µg/mL affected the growth of cells and the rate was concentration and dose dependent. The morphology of cells at 50, 100, and 200 µg/mL was greatly affected (Figure 5).




3.4. Cytotoxicity Induced by AgNPs


The cytotoxicity of AgNPs in both types of cancer cells (HepG2 and MCF-7) was measured via MTT assay. The viability of both cancer cells was reduced after their interaction with various concentrations (2, 5, 10, 25, 50, 100, and 200 μg/mL) of AgNPs. In HepG2 cells, after 24 h of incubation with 2, 5, 10, 25, 50, 100, and 200 μg/mL AgNPs, the cell viability was quantitated as 105%, 72%, 19%, 18%, 18%, 18%, and 18% (Figure 6A), respectively. For MCF-7 cells, the viability after 24 h was observed as 101%, 104%, 50%, 10%, 9%, 9%, and 9% for concentrations of 2, 5, 10, 25, 50, 100, and 200 μg/mL, respectively (Figure 6B). The half-maximal inhibitory concentration (IC50) values obtained for AgNPs against HepG2 and MCF-7 cells were 5.18 μg/mL (Figure 7A) and 9.85 μg/mL (Figure 7B), respectively, as determined by the MTT assay (Figure 7). A linear plot was also constructed with using three determinants for HepG2 (Figure 7A-inset) and MCF-7 cells (Figure 7B-inset) and the R2 values were 0.89 and 0.63, respectively.




3.5. Cytotoxicity Study via NRU Assay in HepG2 and MCF-7 Cells after Exposure to AgNPs


The cytotoxic effects were also confirmed in control samples and samples treated with AgNPs via the NRU assay, as described in materials and methods. Similar trends were observed in the NRU assay for both cell types. The obtained data revealed that at the initial doses of AgNPs, the viability of cancer cells was not much affected; however, as the concentration increased, the survival of cells reduced dramatically. In HepG2 cells, cell viability quantitated by the NRU assay after 24 h was observed as 105%, 72%, 19%, 18%, 18%, 18%, and 18% for the concentrations of 2, 5, 10, 25, 50, 100, and 200 μg/mL, respectively (Figure 8A). In case of MCF-7 cells, the cell viability was recorded as 105%, 113%, 54%, 22%, 22%, 21%, and 21% for the concentrations of 2, 5, 10, 25, 50, 100, and 200 μg/mL, respectively (Figure 8B). The half-maximal inhibitory concentration (IC50) values obtained for AgNPs against HepG2 and MCF-7 cells were 5.31 μg/mL (Figure 9A) and 9.69 μg/mL (Figure 9B), respectively, by NRU assay (Figure 9). A linear plot was also constructed using three determinants for HepG2 (Figure 9A-inset) and MCF-7 cells (Figure 9B-inset), and the R2 values were 0.99 and 0.96, respectively.




3.6. ROS Generation in HepG2 and MCF-7 Cells after Exposure to AgNPs


Similar trends in ROS generation were observed in HepG2 and MCF-7 cells after exposure to AgNPs at 100 μg/mL for 24 h (Figure 10). Compared with the control, the ROS level increased in both cell types after AgNPs exposure, as evident from the images (Figure 10A). At 25 μg/mL, ROS generation increased to 116 and 123% in HepG2 and MCF-7 cells, respectively, whereas at 50 μg/mL, ROS generation increased to 130 and 138% in HepG2 and MCF-7 cells, respectively. In addition, at a higher concentration (100 μg/mL), ROS generation increased to 136% and 142% in HepG2 and MCF-7 cells respectively, as compared to the controls (Figure 10B).




3.7. mRNA Expression


The mRNA levels of apoptotic marker genes, such as p53, bax, caspase-3, and bcl2, in HepG2 and MCF-7 cells were examined by qPCR after exposure to AgNPs (25 µg/mL) for 24 h. The obtained results demonstrated notable alterations in apoptotic marker genes in HepG2 and MCF-7 cells (Figure 11). Relative to the control, in HepG2 cells, bax, p53, and caspase-3 was upregulated by 3.2, 2.9, and 1.9 fold, while bcl2 was downregulated by 0.70 fold (Figure 11A). A similar trend was also observed in MCF-7 cells, in which bax, p53, and caspase-3 were upregulated by 3.5, 3.0, and 2.8 fold, respectively, and bcl2 was downregulated by 0.50 fold (Figure 11B).




3.8. Discussion


Silver nanoparticles (AgNPs) exhibit unique and interesting properties, including notable physiological characteristics and broad applicability [64]. In this work, AgNPs were prepared via a solution process in a very short time, and were well characterized. Silver is an essential element that protects the body from microorganisms, and has the ability to easily conjugate to DNA, peptides, antibodies, and enzymes [65,66]. The synthesized AgNPs were utilized to treat HepG2 and MCF-7 cancer cells and their cytotoxic effects were examined through various means, such as MTT, NRU, ROS, and qPCR assays. The size, phases, and crystallinity of the processed material were assessed via XRD patterns. In addition, the morphology of the prepared black powder was examined via SEM and TEM, which revealed the spherical structured of the NPs. The spherical AgNPs were utilized to treat liver (HepG2) and breast (MCF-7) cancer cells and their effect on the proliferation of cells was examined. Previous reports showed that the cytotoxicity of cancer cells is greatly affected and is responsible for the regulation of cancer cell growth [65,66]. Despite this, several other factors were also affected, such as the shape of the nanostructures, size, composition of cells, culture medium, doses of nanostructures, and pH [64,66]. The morphological changes after the interaction of different concentrations (2, 5, 10, 25, 50, 100 μL/mL) of AgNPs with cancer cells were observed using an inverted microscope after a 24 h incubation period, and cell death was observed. The AgNPs were determined to be very small in size (AgNPs ~13 ± 1 nm), which allowed these NPs to enter easily into cells (unit size ~20 μm) and are responsible for the cell death [57,67,68]. Besides the other parameters affected the level of ROS was increased, which was responsible for the toxicological effects [69,70,71]. The gene expression (qPCR) data indicate the apoptotic cell death. The expression of the selected apoptotic markers genes, i.e., p53, bax, and caspase 3, was upregulated by AgNPs in both cell types [72,73]. The phenomenon of why AgNPs are able to destroy the cells and organelles to produce enzymatic changes requires further investigation, which will help to clarify utility of NPs in HepG2 and MCF-7 cancer cells [73]. The growth of HepG2 and MCF-7 cells was affected by doses of AgNPs. The previously published literature reveals that most studies used either they higher concentrations of nanostructures or complex chemical compounds, which are not appropriate for human body [73,74,75,76]. From our experiments, we believe that a minute quantity of the nanostructure is sufficient to achieve the control of cancer cell growth. AgNPs have a very small size in solution, allowing them to more easily target cellular organelles compared with other complex and organic-based drugs.





4. Conclusions


In summary, the present study, AgNPs (size ~13 ± 1 nm) were synthesized through a chemical solution method and their properties were characterized by XRD, SEM, TEM, FTIR and UV–vis methods. AgNPs were employed from very low (2 μg/mL) to high (200 μg/mL) concentrations to treat HepG2 and MCF-7 cancer cells, and the cytotoxic effects in HepG2 and MCF-7 cancer cells were dose-dependent. At the low doses (2–5 μg/mL NPs), there were no changes in HepG2 and MCF-7 cells in terms of their morphology and growth, whereas at higher concentrations (10–200 μg/mL), the growth was strongly affected and the viability decreased to 10%. This work indicates the potential to apply AgNPs against both types of cancer cells and suggests they will be useful as a nanodrug. The current study shows that AgNPs induce cytotoxicity and apoptosis via the p53 and caspase pathways in cancer cells. Moreover, AgNPs also mediated ROS generation.
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Figure 1. XRD patterns of the processed silver nanoparticles (AgNPs) showing the corresponding peaks. 
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Figure 2. SEM images of AgNPs collected at (A) low magnification and (B) high magnification. 
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Figure 3. (A) TEM images of AgNPs; (B) measurements of individual particle sizes. 
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Figure 4. (A) FTIR spectrum of AgNPs depicts the corresponding functional groups; (B) the UV–visible spectrum of AgNPs. 
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Figure 5. Morphological changes in HepG2 cells (A) and MCF-7 cells (B) exposed to AgNPs for 24 h. Cell images were taken under an inverted microscope at 20× magnification. Each scale bar = 1 mm. 
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Figure 6. Cytotoxicity assessments by MTT assay in HepG2 cells (A) and MCF-7 cells (B) after exposure to AgNPs at different concentrations for 24 h. The values are mean ± SE of three independent experiments. * p < 0.05, ** p < 0.01 vs. Control. 
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Figure 7. IC50 result of MTT assay for HepG2 (A) and MCF-7 (B) cells with their corresponding linear plots of HepG2 (A-inset) and MCF-7 (B-inset) using three determinants respectively. 






Figure 7. IC50 result of MTT assay for HepG2 (A) and MCF-7 (B) cells with their corresponding linear plots of HepG2 (A-inset) and MCF-7 (B-inset) using three determinants respectively.



[image: Metals 12 00148 g007a][image: Metals 12 00148 g007b]







[image: Metals 12 00148 g008 550] 





Figure 8. Cytotoxicity assessment by NRU assay in HepG2 (A) and MCF-7 (B) cells after exposure to different concentrations of AgNPs for 24 h. The values are the mean ± SE of three independent experiments. * p < 0.05, ** p < 0.01 vs. Control. 
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Figure 9. IC50 values in the NRU assay for HepG2 (A) and MCF-7 (B) cells with the corresponding linear plots for HepG2 (A-inset) and MCF-7 (B-inset) using three determinants respectively. 
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Figure 10. Green fluorescence showing ROS generation in HepG2 and MCF-7 cells after exposure to AgNPs. (A) Control (HepG2 cells), (B) 100 μg/mL of NPs (HepG2 cells), (C) Control (MCF-7 cells) (D) 100 μg/mL of AgNPs (MCF-7 cells), and (E) Bar diagram showing percentage change in ROS generation in HepG2 and MCF-7 cells exposed to 25–100 μg/mL AgNPs. Each scale bar = 1 mm. * p < 0.05, ** p < 0.01 vs. Control. 
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Figure 11. Quantification of mRNA fold-change of apoptotic genes (p53, bax, and casp3) and anti-apoptotic gene (Bcl2). HepG2 (A) and MCF-7 (B) cells treated with 25 μg/mL of AgNPs for 24 h. For the internal control, GAPDH was used. The values are the mean ± SE of three independent experiments. Statistically significant differences as compared to the control (p < 0.05). 
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Table 1. Calculation of crystallite size and the phases of AgNPs powder.
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	S.N.
	Phases
	Peak Positions
	FWHM
	Crystallite Size D (nm)
	D nm (Average Size)
	Final Particle Size (nm)





	1.
	111
	38.038
	0.661
	12.712
	12.267
	13.166 nm



	2.
	200
	44.173
	1.020
	8.398
	12.156
	-



	3.
	220
	64.296
	0.713
	13.163
	13.408
	-



	4.
	311
	77.196
	0.809
	12.564
	13.531
	-



	5.
	222
	81.308
	0.722
	14.498
	14.498
	-
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