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Abstract

:

Silver nanoparticles (AgNPs) have attracted increased interest and are currently used in various industries including medicine, cosmetics, textiles, electronics, and pharmaceuticals, owing to their unique physical and chemical properties, particularly as antimicrobial and anticancer agents. Recently, several studies have reported both beneficial and toxic effects of AgNPs on various prokaryotic and eukaryotic systems. To develop nanoparticles for mediated therapy, several laboratories have used a variety of cell lines under in vitro conditions to evaluate the properties, mode of action, differential responses, and mechanisms of action of AgNPs. In vitro models are simple, cost-effective, rapid, and can be used to easily assess efficacy and performance. The cytotoxicity, genotoxicity, and biocompatibility of AgNPs depend on many factors such as size, shape, surface charge, surface coating, solubility, concentration, surface functionalization, distribution of particles, mode of entry, mode of action, growth media, exposure time, and cell type. Cellular responses to AgNPs are different in each cell type and depend on the physical and chemical nature of AgNPs. This review evaluates significant contributions to the literature on biological applications of AgNPs. It begins with an introduction to AgNPs, with particular attention to their overall impact on cellular effects. The main objective of this review is to elucidate the reasons for different cell types exhibiting differential responses to nanoparticles even when they possess similar size, shape, and other parameters. Firstly, we discuss the cellular effects of AgNPs on a variety of cell lines; Secondly, we discuss the mechanisms of action of AgNPs in various cellular systems, and try to elucidate how AgNPs interact with different mammalian cell lines and produce significant effects; Finally, we discuss the cellular activation of various signaling molecules in response to AgNPs, and conclude with future perspectives on research into AgNPs.
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1. Introduction


The nanotechnology industry is growing rapidly and is able to create novel nanoscale products (1–100 nm) with significant and exciting physical and chemical properties [1,2]. Silver nanoparticles (AgNPs) are one of the fastest-growing nanomaterial categories for consumer, industrial, and biomedical applications owing to their unique properties including high electrical and optical conductivity, surface-enhanced Raman scattering, chemical stability, catalytic activity, particularly enhanced surface area ratios, and separation in electronic energy levels [3,4]. Consequently, AgNPs have been used extensively for biomedical applications including antibacterial, antifungal, antiviral, anti-angiogenic, antitumor, biosensors, and bioimaging.



Despite their demonstrated benefits, recent studies have reported on the toxicological effects of AgNPs under certain conditions. In particular, toxic effects in different cell types depend on the interactions and distribution patterns of the nanoparticles [5]. The size of nanoparticles influences the binding and activation of membrane receptors and subsequent protein expression in cancer cells [6]. For example, AshaRani et al. [6] reported that AgNPs are capable of adsorbing cytosolic proteins on their surface, which may influence the function of intracellular factors that regulate genes involved in DNA damage, cell cycle progression, and DNA damage response/repair in cancer cell lines. Cancer commonly develops in the connective tissue, particularly from epithelial cells, accounting for around 80%–90%. Several studies have addressed the effect of AgNPs on various types of cancer cells including those of the breast, lung, and ovary. A549 cells, derived from human lung carcinoma, are widely used to study cytotoxicity, reactive oxygen species (ROS) generation, oxidative stress, and the molecular mechanisms of apoptosis [7,8,9]. Several studies have reported that AgNPs induce genotoxicity and cytotoxicity in both cancer and normal cell lines [10], alter cell morphology [11], reduce cell viability [12], and cause oxidative stress in lung fibroblasts, glioblastoma cells [13], and human breast cancer cells [14]. AgNP-induced cytotoxicity reduces cell viability in various cell lines by causing apoptosis through the mitochondrial pathway [7,10] and ROS generation [15].



The endothelium is an important target for drug and gene therapy [16]. The integrity of the blood–brain barrier is important for cell survival, and alteration of permeability is involved in the pathogenesis of various cardiovascular diseases, inflammation, acute lung injury syndromes, and carcinogenesis [17]. Tight junctions (TJs) are essential for maintaining the proper environment for neuronal function and establishing the barrier between endothelial cells in retinal and brain blood vessels [18]. With respect to the blood–brain barrier (BBB) function and the neurotoxic response of AgNPs, previous studies suggest that AgNPs can easily cross the BBB and damage barrier integrity by altering endothelial cell membrane permeability [19].



Following AgNP entry into the human body, they not only reach and affect organs such as the lung, liver, spleen, and kidney but also target the central nervous system (CNS) [20,21]. Interestingly, Panyala et al. [22] reported that various organs can be freed from AgNPs after a prolonged period; however, these AgNPs exhibit a longer half-life within the brain than in other organs. They can also easily access the brain by traversing the blood–brain barrier [23]. Therefore, there are potential health risks associated with AgNP exposure. Several in vitro studies have addressed these issues. For instance, Haase et al. [24] exposed mixed primary neuronal cell cultures from the mouse frontal cortex with AgNPs and found that they induced an acute intracellular calcium rise followed by a strong oxidative stress response. Recently, Xu et al. [25] reported that AgNPs induced toxicity and neuronal cell death in primary rat cortical cell cultures, via modulation of cytoskeleton components, perturbations of pre- and postsynaptic proteins, and mitochondrial dysfunction. Dayem et al. [26] found that AgNPs could promote neuronal differentiation of SH-SY5Y cells through increased intracellular ROS generation, enhanced activation of kinases such as protein kinase B (PKB), also known as Akt, is a serine/threonine-specific protein kinase and Erk1/2, and modulation of expression levels of dual-specificity phosphatase (DUSP) genes.



The effect of AgNPs on development remains obscure, despite the investigation of toxicity in germ cells, germline stem cells (GSCs), and somatic cyst stem cells (CySCs) Several studies have shown that various mesoporous silica and magnetic nanoparticles (NPs) have no significant effects on the morphology, proliferation, viability, and differentiation capacity of stem cells [27]. However, only a few studies have reported the effect of AgNPs on human mesenchymal and other stem cells.



Nanoparticles translocate into cells through diffusion, transmembrane channels, or adhesive interactions, which is controlled by several factors including the surface charge of the nanoparticles, particle types, and sizes. Size is the most important factor for cell modification [28]. Not surprisingly, the cytotoxicity of nanoparticles is dependent on various factors such as size, surface charge, coating, particle aggregation, and cell type [29]. In vitro studies are convenient for evaluating all these factors. In vitro models are used frequently to evaluate the effect of drugs or toxic agents, including AgNPs, on bacterial or eukaryotic cells and provide data for analytical studies [30]. In vitro models have been used to assess the efficacy of antibacterial, anticancer, antiviral, and anti-inflammatory AgNP properties. There are two basic study types performed using in vitro model systems: descriptive studies that evaluate the effect of a simulated human dose; and analytic studies that investigate the pharmacodynamics of a particular agent [30]. Sometimes in vitro studies are better than in vivo studies in order to assess bioequivalence (BE) of immediate-release (IR) solid oral dosage forms. In addition, in vitro studies are cost-effective, allow direct assessment of the products, and are free from ethical considerations [31]. In vitro models can provide data on the properties of agents such as nanoparticles; however, the results should be viewed within the context of human and animal data. Although in vitro studies are, by definition, artificial, they are basic and important studies for providing valuable data for assessing potential risks to humans [32]. Cell culture models are used to screen toxicity by evaluating the basal and specialized functions of the cell. Nevertheless, the in vivo model is essential for validating the conclusions reached using in vitro models. Therefore, we have chosen to examine the differential cellular effects of AgNPs in in vitro studies using various cell lines. The primary objective of this review is to summarize the effects of AgNPs on various eukaryotic cells, including their morphology and biological functions. The second objective is to examine how AgNPs interact with different mammalian cell lines, and elucidate the mechanisms of action of AgNPs in various cellular systems.




2. Cellular Effects of Silver Nanoparticles (AgNPs) on Epithelial Cells


Treatment of Human Chang liver (HeLa) cells with AgNPs induces cell growth and morphological changes, oxidative cell damage via mitochondria-mediated apoptosis, and modulation of the level of reduced glutathione in the cells [33]. When lung epithelial cells were exposed to AgNPs cell viability was reduced, leakage of lactate dehydrogenase (LDH) was increased, cell cycle distribution was altered, apoptotic gene expression was upregulated, and anti-apoptotic genes were downregulated [34]. When A549 cells were exposed to AgNPs at 10, 50, and 200 μg/mL for 24 h, the cell morphology were significantly altered, which is a characteristic feature of cell death, including cell shrinkage, few cellular extensions, restricted spreading pattern, and increased floating cells [34]. During exposure of a normal human lung bronchial epithelial cell line (BEAS-2B) to AgNPs at different concentrations between 0.01 and 10 μg/mL for 24 h, internalization of AgNPs into the cells as aggregates encased in endocytic vesicles was seen, ultimately causing genotoxic effects with increased ROS generation, formation of micronucleus, and enhanced DNA damage [35]. Subsequently, Comfort et al. [36] elucidated the endocytic mechanism of entry of AgNPs into epithelial cells and the localization of AgNPs in intracellular vacuoles. In addition, AgNPs inhibited epidermal growth factor (EGF) dependent signal transduction through production of high ROS levels, and reduced Akt and ERK signaling. Figure 1 shows a proposed schematic diagram of AgNP-induced apoptosis mechanisms in epithelial cells.



When the cells were exposed to 5 μg/mL AgNPs and 5 and 25 μg/mL gold nanoparticles (AuNPs) and superparamagnetic iron oxide nanoparticles (SPION), regardless of composition, the nanoparticles reduced EGF-dependent phosphorylation levels of Akt (p-Akt) and (p-Erk). However, AuNPs had the most significant impact, with an observed 15% inhibition of p-Akt combined with a 30%–40% reduction of p-Erk. Similarly, AgNPs Inhibited both p-Akt and p-Erk by approximately 20% [36]. A study was performed to determine how the aggregation of silver influences the kinetics of cellular binding and uptake and induction of cytotoxic responses in human alveolar epithelial (A549), hepatic (HepG2), and undifferentiated monocyte (THP-1) cell lines. The aggregation of silver is entirely dependent on size, time point, and cell type. Each cell line exhibited unique behavior. The A549 cells were exposed to 50 μg/mL of Ag particles (20 or 200 nm) for 24 h; 20 nm AgNPs were visible as single nanoparticles and agglomerates distributed mainly in the cytoplasm. A549 cells were the most sensitive to cellular binding and uptake. HepG2 cells showed increased sensitivity in relation to metabolic activation, and THP-1 cells were the most resistant. This indicates that agglomeration, particle size, and cell type are critical factors for cytotoxicity [37]. Differences in cellular binding/uptake and sensitivity was tested using different concentration of Ag particles including 10, 50 and 100 μg/mL for 2, 24, 48, and 72 h. A549 cells were most prone to binding/uptake of the 2 nm AgNPs. Another study from Stoehr and coworkers [38] demonstrated the cytotoxic effect of AgNP shape on A549 cells. Surprisingly, spherical particles had no effect on cell viability, LDH release, cytokine promoter induction, and nuclear factor-kappa B (NF-κB) activation, whereas nanowires had a significant impact on all of these parameters. When the cells were exposed to higher silver wire concentrations (c0/4 and higher, 2.25 × 109–1.35 × 1010 Wrs/mL, 9 × 1015–1.01 × 1016 nm²/mL, 3.68–3.83 mg/mL), enhanced amounts of LDH were released by naïve cells and the effect was most pronounced for the smaller wires. This study proves that toxicity is dependent on particle shape and not the release of silver ions [38].



Surface coating is another important factor for toxicity. To demonstrate the effect of surface coating Suresh et al. [29] investigated the toxicity of AgNPs in epithelial cells. They concluded that toxicity not only depends on surface coating but also on the cell type. Epithelial cells were more resistant to AgNPs (5–100 μg/mL) than macrophages. AgNPs decreased adherence capacity and cytotoxicity in human colon (Caco-2) cells through the generation of ROS [39] and induced ROS-mediated DNA damage along with cell cycle arrest in renal epithelial cells [40] and C3A cells [41]. Various mammalian cell lines such as macrophages (RAW 264.7, J774.1), A549, A498, HepG2, and neurons (Neuro 2A) were exposed to 43-nm AgNPs at a concentration of 2.0 mg/L for 72 h. Results were unique to each cell line. A498 and RAW 264.7 cells had the highest sensitivity, and A549 cells were the least sensitive [42]. The effects of size, surface coating, and intracellular uptake were investigated in HepG2 cells. Observations from this study indicated that both AgNPs and AgNO3 activate the E2-related factor 2/antioxidant response element (Nrf-2/ARE) stress response pathway, with smaller (average 10 nm diameter) AgNPs being more potent than larger AgNPs (75 nm). Interestingly, citrate-coated AgNPs resulted in higher intracellular silver concentrations compared with both polyvinyl pyrrolidone (PVP)-coated AgNPs and AgNO3 [43]. In support of the previous study, Gliga et al. [44] investigated the effect of various sizes of citrate-coated (10, 40 and 75 nm), PVP-coated (10 nm), and uncoated (50 nm) AgNPs in BEAS-2B cells. The results obtained from this study suggest that small AgNPs (10 nm) are cytotoxic to human lung cells; s associated with the rate of intracellular Ag release, a “Trojan horse” effect [44] and the solubility of AgNPs are other critical toxicity factors in lung epithelial cells. Ag ion toxicity is dependent on the solubility of the nanoparticles: for instance, 20 nm Ag nanospheres dissolved more rapidly than 110 nm Ag nanospheres in acidic phagolysosomes, causing more toxicity [45].



Exposure of HepG2 and Caco2 cells to AgNPs with an average size of 20 nm showed the dose-dependent toxic effects of DNA damage and mitochondrial injury, albeit without oxidative stress. Interestingly, among these two cell types, HepG2 were more sensitive than Caco2 cells. The authors of this study ascribe the differences in toxicity mechanisms to cell type [46]. HepG2 cells were exposed to a low concentration of two different sized AgNPs (10 and 100 nm), which exhibited increased proliferation, activation of mitogen-activated protein kinases (MAPK), and enhanced expression of c-Jun and c-Fos mRNA [47]. In other cases, the exposure of human lung epithelial cells to AgNPs causes severe cytotoxic and genotoxic effects via regulation of oxidative stress and pro-inflammatory responses [48]. Jeong et al. [49] assessed the effect of AgNPs at concentrations between 3 and 50 µg/mL under hypoxic and normoxic conditions, using a variety of cell lines including A549, normal lung epithelial cells (L132), human ovarian cancer cells (A2780), and human breast cancer cells (MCF-7 and MDA-MB 231). There was a significant difference in viability between control and AgNP-treated cancer cells, whereas there was no significant difference in the viability of untreated and AgNP-treated non-cancer L132 cells. The effect of AgNPs was more pronounced under normoxia than hypoxia conditions. Although all the cancer cells showed the same trend of decreased viability, the degree of sensitivity of cells to AgNPs varied in the order of A549, A2780, MCF-7, and MDA-MB 231. This study presents strong evidence that the responses of each cell type are different from one another [49]. While exposing all the cell types, including A2780, MCF-7, and MDA-MB 231, to AgNPs with the same average size of 40 nm at the particular concentration of 10 μg/mL, each cell type shows differential toxicity. For example, ovarian cancer cells (A2780) show more sensitivity than breast cancer cells (MDA-MB 231), which in turn were more sensitive than MCF-7 cells (Figure 2). These results indicate that each cell type has its own specific response to the external insult caused by nanomaterials. Furthermore, they suggest that the toxicity of AgNPs is influenced by the type of reducing agents used for synthesis, along with the size, shape, and surface coating.




3. Cellular Effects of AgNPs on Macrophages


Macrophages are large, specialized, and important immune cells that are activated in response to an infection or the accumulation of damaged or dead cells. Several studies have reported that the effect of AgNPs on macrophages varies with the concentration, incubation time, and physical and chemical features. The effect of various sizes of AgNPs (15, 30, and 55 nm) at various concentrations was evaluated using alveolar macrophages, which provide defense mechanisms against infection and play an important role in oxidative stress. After 24 h of exposure, increasing concentration of AgNPs (10–75 μg/mL) decreased viability, concomitant with a 10-fold increase in ROS levels. Furthermore, AgNPs increased the levels of cytokines and chemokines, eventually inducing an inflammatory response. Ultimately, this indicates that nanoparticle size is crucial for toxicity [15]. However, Ag-tiopronin nanoparticles with an average size of 5 nm, at high concentrations up to 200 µg/mL, have no significant effect on cytotoxicity. Interestingly, they do have a remarkable effect on interleukin (IL)-6 secretion. Murine peritoneal macrophages exhibited decreased cell viability and nitric oxide (NO) production in response to AgNPs [50,51]. U937 cells were exposed to different sizes of AgNPs (4, 20, and 70 nm) for 24 h, with the 4 nm particles having the highest toxicity, accompanied by reduction of cell viability, increased ROS generation, and greater IL-8 production when compared to the larger sizes. Smaller particles have a higher overall surface area and higher activity, and are easily transported into the cell. Although all the nanoparticles used were uniform in shape and surface coating, the size of nanoparticles is a critical factor in determining inflammatory immune response [52]. Nishanth and coworkers [53] investigated the mechanisms of the AgNP-induced inflammatory response, where they found increased IL-6 production, increased ROS concentration, nuclear translocation of NF-κB, induction of cyclooxygenase-2 (COX-2), and increased tumor necrosis factor-alpha (TNF-α) mediated by NF-κB signaling pathways. Interestingly, biologically prepared AgNPs using fibrinolytic enzyme from Bacillus cereus have no significant toxicity up to 100 µg/mL in the murine RAW 264.7 macrophage cell line. This study shows that bio-AgNPs are biocompatible with macrophages [54]. Similarly, chitosan-stabilized AgNPs are non-toxic to RAW264.7 cells based on a DNA fragmentation study [55].



The mechanism of toxicity of nanoparticles depends on nanoparticle properties such as surface area, size and shape, capping agent, surface charge, purity, structural distortion, and bioavailability [56]. To evaluate the effect of surface coating on toxicity, Suresh and co-workers investigated the effect of particles with uniform size and shape but with different surface coatings including poly(diallyldimethylammonium) chloride-Ag, biogenic-Ag, colloidal-Ag (uncoated), and oleate-Ag on RAW-264.7 cells. Cytotoxicity was evaluated using various properties including cell morphology, cell viability, LDH leakage, and the dissolution of silver ion concentration. The cytotoxicity of AgNPs is not merely influenced by a single characteristic, but multiple factors such as the cell type, particle aggregation, solubility, coating materials, and the surface charge [29]. Another group investigated the effect of high and low surface potentials, using tannic acid reduced (TSNPs) and sodium borohydride reduced (BSNPs) AgNPs, respectively, in RAW264.7 cells. Toxicity was evaluated by measuring changes in cellular morphology, ROS generation, metabolic activity, and the expression of various stress markers including P38 mitogen-activated protein kinases (p38) TNF-α and HSP-70. Interestingly, both AgNPs showed dose-dependent toxicity; however, TSNPs had a higher toxicity than BSNPs [57]. Pratsinis et al. [58] demonstrated the effect of different coatings by using AgNPs with well-defined sizes of 5.7 and 20.4 nm to treat murine macrophages Uncoated AgNPs had a compromised silver ion release into the cells, whereas a silica coating increased silver ion release up to a concentration of 50 mg/L. The findings from this study suggest that the release of silver ions from the surface of small nanosilver particles is significantly higher in macrophages. When the macrophages were exposed to water-dispersible AgNPs, stabilized by Ag-C σ-bonds, toxicity was observed at higher concentrations (50–500 µg/mL) and cells exhibited vesicles with an expanded volume, membranolytic action, and inflammatory responses [59].



Although many studies have claimed that AgNPs induce cytotoxicity in macrophages, Yilma et al. [60] reported the anti-inflammatory effects of silver-polyvinyl pyrrolidone (Ag-PVP) nanoparticles with sizes of 10, 20, and 80 nm in mouse macrophages infected with live Chlamydia trachomatis, a very common sexually transmissible infection. These findings suggest that Ag-PVP nanoparticles (10 nm) selectively inhibit prototypic cytokines TNF-α and IL-6, as elicited from C. trachomatis and a broad spectrum of other cytokines and chemokines produced by infected macrophages. Action appears to occur through alteration of a variety of receptor proteins and inflammatory signaling pathways by downregulating their messenger ribonucleic acid (mRNA). Similarly, biologically synthesized AgNPs exhibit anti-inflammatory activity against hydrogen peroxide-induced nitric oxide as well as superoxide anions in rat peritoneal macrophages [61]. Recently, Nguyen et al. [62] studied the effect of OECD (Organization for Economic Co-operation and Development) representative AgNPs, NM300K, on the mouse macrophage line J774A.1 using several parameters. When the cells were exposed to various concentrations up to 250 µg/mL for 24 h, there was a dose-dependent decrease in cell viability. At high doses, NM300K altered cell shape and induced the formation of vacuolar structures, increased levels of cytokines, and increased ROS production, leading to oxidative DNA damage and apoptosis. The results from these studies suggest that Ag+ released from NPs by dissolution could be a primary contributor to toxicity.




4. Cellular Effects of AgNPs on Endothelial Cells


Angiogenesis is the generation of new blood vessels [63]. Angiogenesis plays a significant role in cancer, diabetic retinopathy, and rheumatoid arthritis, among other diseases. Therefore, it is necessary to study the effect of AgNPs in various angiogenic-related diseases using various culture systems. Kalishwaralal et al. [64] investigated the effect of biologically synthesized 50 nm spherical AgNPs at a concentration of 500 nM in bovine retinal endothelial cells (BRECs) in the presence and absence of vascular endothelial growth factor (VEGF). They found that AgNPs can inhibit cell survival, VEGF-induced cell viability, cell proliferation, and migration through the activation of caspase-3 and suppression of Akt phosphorylation [64,65]. The possible inhibition of phosphorylation of Akt was specific targeting of Thr308 and Ser473 residues of Akt by AgNPs. Molecules can have dual functions depending on their concentration, with concentration effecting toxicity and biocompatibility. Taking this into account, Rosas-Hernández et al. [63] investigated the dose-dependent effects of chemically prepared AgNPs with an average size of 45 nm in coronary endothelial cells, specifically studying biological effects such as cell proliferation and nitric oxide (NO) production. They found that AgNPs had a dual effect with regards to cell proliferation, whereby proliferation was inhibited at low concentrations of NPs and stimulated at high concentrations [63].



High vascular permeability is one of the major problems of angiogenic-related diseases including diabetic retinopathy, which is regulated by various growth factors and cytokines [16]. To develop a new therapeutic strategy, AgNPs were used to inhibit cytokines that enhance vascular permeability. The results from Sheikpranbabu and co-workers showed that AgNPs could block the cytokine-induced permeability in porcine retinal endothelial cells (PRECs) through modulation of Src kinase phosphorylation. In another approach, we demonstrated that AgNPs can inhibit advanced glycation end-product (AGE)-induced endothelial cell permeability via upregulation of tight junction proteins such as occludin and ZO-1. AgNPs are able to cross the blood–brain barrier through transcytosis and were observed to accumulate in the rat brain microvessel vascular endothelial cells [23]. Trickler et al. [19] studied blood–brain barrier inflammation and permeability in primary rat brain microvessel endothelial cells using 25, 40, or 80 nm AgNPs. This study concluded that smaller sizes induced significant effects at all concentrations and time points. A study from rat brain endothelial cell culture suggests that AgNP toxicity depends on particle size, surface area, dose, and exposure time [66].



Coating is an important aspect in determining nanoparticle biocompatibility or toxicity. A study was performed by Kang et al. to investigate the effect of polyvinylpyrrolidone (PVP)-coated AgNPs (average size 2.3 nm) on angiogenesis using both an in vivo and an in vitro model. The results indicated that coated AgNPs induce angiogenesis through production of ROS and angiogenic factors, and they activate focal adhesion kinase (FAK), Akt, ERK1/2, and p38, which are all involved in VEGF receptor (VEGFR)-mediated cell survival signaling [67,68]. VEGF is known to promotes the activation of VEGF receptor-2 (KDR/Flk-1), which in turn phosphorylates FAK, PI3K/Akt, extracellular-signal-regulated kinases (ERK1/2), mitogen-activated protein kinases (p38), and endothelial NOS (eNOS), proteins that regulate survival, migration, proliferation, and vasodilatation [67,68]. Previously, various studies demonstrated that AgNPs could block the VEGF-induced signaling pathway by in activation or dephosphorylation of respective candidates in endothelial cells [64,65,66,67,68,69]. Mukherjee et al. [69] demonstrated the biocompatibility of biologically synthesized AgNPs in human umbilical vein endothelial cells (HUVEC). They found that cells incubated with biosynthesized AgNPs showed no toxicity response at a concentration of 30 µM compared to chemically synthesized AgNPs. Conversely, AgNPs inhibited proliferation, damaged the cell membrane, induced apoptosis, and upregulated inflammatory cytokines, adhesion molecules, and chemokines in HUVECs through the activation of NF-κB pathways [70]. Endothelial cells are known to induce angiogenesis in the presence of various growth factors such as VEGF, platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF). The possible inhibitory effects of AgNPs on various receptor-mediated signaling pathways in endothelial cells are shown in Figure 3.



Endocytosis is an important mechanism for the intracellular trafficking of nanoparticles (NPs). NPs have been shown to enter into the cells through early endosomes, late endosomes, and lysosomes, with endocytosis being a major mechanism underlying the cellular uptake of AgNPs [44]. AgNPs and their protein coronas are dependent on several factors including size, concentration, and surface functionalization. AgNP protein coronas influence several biological responses including oxidative stress, inflammation, and cytotoxicity as well as cellular bio-physicochemical mechanisms such as endocytosis, biotransformation, and bio-distribution [71]. A protein corona study was performed using citrate-suspended 20 nm AgNPs with various proteins including human serum albumin (HSA), bovine serum albumin (BSA), and high-density lipoprotein (HDL). The results obtained from this study evaluated the activity, bio-distribution, cellular uptake, clearance, and toxicity in the presence of scavenger receptor BI (SR-BI) in rat aortic endothelial cells. Thirty-five-nanometer AgNPs exposed to human microvascular endothelial cells induced cytotoxicity by increasing leakage of lactate dehydrogenase and ROS generation, and increased genotoxicity by DNA damage [72]. Cellular uptake was influenced by the physical and chemical properties of the AgNPs, which enter cells using different endocytosis mechanisms such as clathrin-mediated endocytosis, PI3/Akt-mediated endocytosis, macropinocytosis, and fluid phase endocytosis (Figure 4).




5. Cellular Effects of AgNPs on Keratinocytes and Fibroblasts


To evaluate the potential toxicity of AgNPs on skin tissue, they were introduced to an immortalized human keratinocyte cell line (HaCaT), recognized as a suitable model for assessing the toxicological potential of nanomaterials that can cause skin damage in vitro [73]. Short exposure of the human keratinocyte cell line HaCaT to AgNPs resulted in a long-lasting anti-proliferative effect, independent of cell penetration and ROS production [74]. The wounds were treated with either AgNPs or a silver sulfadiazine control; the results confirmed that AgNPs increase the rate of wound closure by enhanced proliferation and migration of keratinocytes [75].



In the case of fibroblasts, AgNPs induced differentiation into myofibroblasts. A study was performed to characterize the resistance of CCL-153 and RTgill-W1 cells when exposed to two different sizes of AgNPs (10 or 100 nm). Interestingly, 100 nm AgNPs elicited overall lower resistance values and 10 nm AgNPs elicited almost negligible resistance with stronger cytotoxicity. AgNPs with a smaller size have the ability to enter into cells more easily, thereby decreasing the cell attachment and thus lowering resistance values [76]. The effect of a heat-treated polyvinyl alcohol (PVA) nanofibrous matrix containing Ag ions and/or nanoparticles on normal human epidermal keratinocytes (NHEK) and fibroblasts (NHEF) has also been studied. The PVA nanofibrous matrix containing Ag induced increased attachment and spreading in early stage culture when compared to the PVA nanofibers without Ag. Of these two cell lines, NHEF cells appeared to be more sensitive to Ag ions or particles than NHEK cells [77]. Experiments using primary NHEK cells treated with AgNPs showed a concentration-dependent toxic effect on cell viability, proliferation, migration, and metabolic activity [78]. However, schizophyllan (SPG)-mediated synthesis of AgNPs with an average size of 6 nm were non-toxic to a mouse fibroblast line (NIH-3T3) and HaCaTs [79].



Cytoxicity of 2-acrylamido-2-methylpropane sulfonic acid sodium salt with AgNPs was evaluated to assess the efficacy of novel commercially available silver composites in two different cell model systems, HaCaT primary keratinocytes (HEK) and normal human fibroblasts (NHF), at several time points. The commercially available Acticoat™ and Flamazine™ creams were toxic depending on exposure time and cell type. A novel silver hydrogel and PolyMem Silver® had low cytotoxicity to all tested cell lines at every time interval. It is of note that the results from HaCaTs and HEKs were significantly different, emphasizing the importance of testing in multiple cell types under different conditions when developing any drug molecule [80]. Recently, the effects of silver ions and AgNPs were investigated in two different cell lines, human dermal fibroblasts (NHDF) and NHEKs. The findings from this study showed that Ag ions were significantly more toxic than AgNPs to both cell types. Interestingly, non-cytotoxic concentrations of AgNPs and Ag-I did not induce DNA damage and did not affect inflammatory markers. The authors concluded that AgNPs are more suitable for application as a topical agent for wound healing.



Nanosilver toxicity depends on the release of Ag+. The toxicity of ions in cellular systems depends on several parameters including surface coating, coexisting molecules, especially thiol-containing compounds, lighting conditions, and the interaction of nanosilver with nucleic acids, lipid molecules, and proteins [81]. Nanosilver interacts with cellular membranes and causes membrane damage, including increasing membrane permeability. The damage caused to the cell membrane is due to intracellular calcium overload, and further causes ROS overproduction and mitochondrial membrane potential variation [82]. One of the vital aspects of Ag+ ion toxicity is oxidative stress and the induction of imbalances between pro-oxidant and anti-oxidant molecules in the cellular systems. Ag+ causes toxicity through interaction with proteins and amino acids [81,83].




6. Cellular Effects of AgNPs on Neuronal Cells


The neurotoxicity of AgNPs with an average size of 15 nm at a concentration of 10 µg/mL for 24 h was investigated using the dopaminergic neuronal cell line PC12. From the results of this study it can be inferred that silver is involved not only in oxidative stress but also in alteration of enzymatic functions, which play important roles in dopamine depletion [84]. The neurotoxic effects of AgNPs, AgAc (silver acetate), and the 12 kDa filtered sub-nano AgNPs fraction was assessed in PC12 cells. Both AgNPs and the 12 kDa filtered fraction produced similar effects, whereas AgAc was significantly more potent. Interestingly, AgNPs did not induce necrosis. On the other hand, death receptor-mediated apoptosis was observed in cells treated with AgNPs and the 12 kDa filtered fraction [85]. AgNPs significantly induce cellular toxicity in cerebellum granule cells (CGCs) in a dose-dependent manner without damaging the cell membrane, through activation of caspase-3, oxidative stress, depletion of anti-oxidant molecules, and reducing intracellular calcium levels [86]. When primary rat cortical cell cultures were exposed to various concentrations of AgNPs from 1 to 50 µg/mL, neurite outgrowth was inhibited and the cell viability of premature neurons and glial cells was reduced via mitochondrial dysfunction and loss of cytoskeleton proteins including β-tubulin and filamentous actin (F-actin). Furthermore, AgNPs significantly reduced the abundance of the presynaptic vesicle protein synaptophysin, and the postsynaptic receptor density protein PSD-95 [25].



Biologically synthesized AgNPs with an average size of 30 nm induce neuronal differentiation in neuroblastoma cancer cells (SH-SY5Y cells) through modulation of ROS, phosphatases, and kinase signaling pathways. Interestingly, Dayem et al. [26] observed that cells treated with AgNPs had significantly altered cell morphology and neurite length caused by enhanced expression of neuronal differentiation markers such as Map-2, β-tubulin III, synaptophysin, neurogenin-1, Gap-43, and Drd-2 [26]. Similarly, another group from Israel found that substrates coated with AgNPs, serving as favorable anchoring sites, significantly enhanced neurite outgrowth [87]. The effects of size and coating of AgNPs of 10 and 75 nm were studied in N27 rat dopaminergic neurons coated with either PVP or citrate. Both coated AgNPs influenced caspase-3 activity and glutathione content. Of the two different coated AgNPs, 75 nm PVP coated was significantly active and enhanced global gene expression, especially oxidative stress pathways, and 10 nm PVP coated AgNPs influenced the NRF2 pathway [88]. PC-12 cells showed more sensitivity than SH-SY5Y when treated with 40 nm AgNPs (Figure 5). The size and surface coating of nanoparticles play crucial roles in toxicity and the cellular response of cells against nanoparticles.



Functionalization plays an important role in nanoparticle-induced toxicity. For instance, Kennedy et al. [89] investigated AgNPs functionalized with three different monosaccharides such as d-glucose, d-mannose, d-galactose, citrate, and ethylene glycol in Neuro-2A and HepG2 cells. The findings from this study suggest that toxicity decreased when AgNPs were coated with galactose and mannose, compared to particles that were coated with glucose, ethylene glycol, or citrate. Toxicity is mainly correlated with intracellular oxidative stress, not uptake efficiency of AgNPs by cells [89]. To overcome the toxicity induced by AgNPs, Ma et al. [90] proposed protective measures by simultaneously adding selenium to murine hippocampal neuronal HT22 cells [90]. To evaluate the protective effect against AgNP-induced toxicity, the cell viability, ROS production, caspase-3 activity, mitochondrial oxygen consumption, and mitochondrial membrane potential were measured following treatment. As they expected, selenium protected the cells from the adverse effects of AgNPs. Mytych et al. [91] studied the prolonged effects of AgNPs in HT22s by treating the cells with a low concentration of AgNPs (5 μg/mL) for 48 h, and evaluated the cytophysiological effects 96 h following AgNP removal. Surprisingly, no toxicity was observed; conversely, the AgNPs modulated the HT22 proliferation and induced oxidative stress and 53BP1 recruitment. For the first time, they showed that AgNPs stimulate changes in DNA methylation.



AgNPs are known to impair neuronal cell functions, for instance, in rat cerebellum granule cells. Exposure to AgNPs induces neurotoxicity and eventually leads to apoptosis through oxidative stress [86]. Astrocytes are the predominant cell type in the brain, with a vital role in the growth and maintenance of capillaries and other brain cells by regulating gliogenesis and synaptogenesis. They are also involved in the detoxification of xenobiotics and ROS, modulation of BBB permeability, and act as mediators of neurotoxicity [92,93,94]. Primary rat astrocytes exposed to PVP-coated AgNPs for up to 24 h at a concentration of 10 µg/mL accumulated AgNPs in a time- and concentration-dependent manner. The accumulation of AgNPs had no effect on cell viability or the level of glutathione, which indicates that PVP coating might protect against silver ion-induced toxicity [95].




7. Cellular Effects of AgNPs in Stem Cells


Toxicity of AgNPs in stem cells was first observed in murine spermatogonial stem cells using cell morphology analysis, proliferation, and cytotoxicity assays. There was no significant difference in morphology between control and AgNP treated groups. However, cell viability, LDH leakage, and apoptosis were significantly affected in the AgNP-treated groups [96].The results suggest that both types of AgNP used reduced cell viability and increased apoptosis through upregulation of p53 and Rad51 and the phosphorylation of H2AX. Another study from Greulich et al. [97] investigated the biocompatibility of 100 nm AgNPs in human mesenchymal stem cells (hMSCs). The findings from this study showed a dose dependent effect on cytotoxicity. The cytokine level of IL-8 was significantly higher than IL-6 and VEGF at concentrations of 5 µg/mL and above. Light microscopy revealed that AgNPs were mainly located in the perinuclear region. Fluorescence microscopy showed that the AgNPs were contained mainly within endolysosomal structures, not in the cell nucleus, endoplasmic reticulum, or Golgi complex. This implicates clathrin-dependent endocytosis and micropinocytosis as the main entry routes of AgNPs into human mesenchymal stem cells (hMSCs).



The distribution of AgNPs in the cells and AgNP-induced DNA damage, cell death, and functional impairment in hMSCs were analyzed after different exposure times of 1, 3, and 24 h. Distribution analysis showed that AgNPs were mainly located in the cytoplasm and the nucleus. Furthermore significant increases in IL-6, IL-8, and VEGF were observed. The exposure of hMSCs to higher concentrations induced cytotoxic and genotoxic effects. Interestingly the migration ability of hMSCs was not impaired at sub-toxic concentrations [98]. Conversely, Samberg et al. [99] performed experiments on human adipose-derived stem cells (hASCs) in both undifferentiated and differentiated states, treating them with 10 or 20 nm AgNPs at various concentrations from 0.1 to 100 µg/mL and no significant cytotoxicity was observed. Similarly, in hMSCs and osteoblasts (OBs) cytotoxicity and the inhibition of proliferation were time and dose dependent. Interestingly, there was no significant effect on cell differentiation. These findings suggest that AgNPs could be used as biocompatible agents within a particular dosage window [100]. hMSCs exposed to different concentrations of AgNPs exhibited no significant changes in alkaline phosphatase activity, osteocalcin gene expression, osteopontin expression, and mineralization [101]. Similarly, AgNPs had no effect on osteogenic differentiation when human urine-derived stem cells were incubated with non-cytotoxic concentrations [102].



Conversely, the report from Söderstjerna and co-workers suggests that AgNPs have significant effect on sphere size and morphology in human embryonic neural precursor cells [103]. Similarly, Zhang et al. [104] reported that AgNP had a significant effect on male somatic Leydig (TM3) and Sertoli (TM4) cells and spermatogonial stem cells (SSCs), which varied with size and cell type. AgNPs induced apoptosis through mitochondrial damage and activation of various signaling pathways including those involving p53, p38, and pErk1/2. AgNPs also induced accumulation of autosomes and autolysosomes. In the case of embryonic neural stem cells (NSCs) exposed to various concentrations of AgNPs for 24 h, neurotoxicity was observed by decreased cell viability, enhanced leakage of LDH and ROS, upregulation of Bax protein, and increased apoptosis [105]. The same neural stem cells exposed to low concentrations of AgNPs (1 µg/mL) induced formation of f-actin filaments, resulting in disruption of actin dynamics, reduction in neurite extension, and branching of cells [106]. AgNPs therefore have a strong negative effect on neurogenesis. Sertoli (TM4) cells had a lower sensitivity than the teratocarcinoma stem cell line F9 when treated with 40 nm AgNPs (Figure 6).




8. Mechanism of Action of AgNPs in Various Cellular Systems


The working principles and mechanism of action of AgNPs are vital and different in each and every cell type. Induction of cytotoxicity and genotoxicity by AgNPs depends on many factors such as size, shape, surface charge, surface coating, solubility, concentration, media, surface functionalization, distribution into the cells, mode of entry, and cell type. Recently, Duran and co-workers extensively reviewed the toxicity of AgNPs based on protein coronas [71]. The biological activities of AgNPs depend on proteins present in the cell culture media: the presence of a protein corona contributes to toxicity and facilitates interactions between AgNPs and cells to induce or mitigate toxicity [71]. After introduction of AgNPs to cells, the initial events are entry into and distribution within the cells, a critical event for determining toxicity. AgNPs penetrated into the cells through several cellular compartments including endosomes, lysosomes, and mitochondria [13]. The probable mechanisms of NPs uptake by cells include pinocytosis, caveolae- and clathrin-dependent mediated endocytosis, and phagocytosis [13].



Once AgNPs enter into cells, cell fate is determined by several factors including the efficacy of anti-oxidative defense, the efficiency of DNA repair systems, apoptotic propensity, and cellular signaling mechanisms [107]. The probable mechanisms of AgNP-induced cytotoxicity and genotoxicity are ROS-mediated apoptosis and necrosis [12,13,15,52] depending on the size and concentration. For instance, the entry of AgNPs into an endothelial cell monolayer through the endolysosomal pathway affects cell morphology and the function of BBB [108], subsequently affecting various biological molecules such as DNA, proteins, and lipids. Furthermore, interaction of AgNPs with biomolecules could induce many cellular and biochemical changes including oxidative stress, conformational alteration, increased membrane permeability, mutations, activation of signaling pathways, ionic exchange disorder, enzyme failure, and new protein epitope exposure [109]. Several in vitro models suggest that ROS-mediated toxicity is more pronounced and causes cellular and biochemical alteration in the cells [110]. The most probable mechanism of AgNP-induced toxicity is oxidative stress.



ROS, which are highly reactive molecules including the superoxide radical (O2−) and H2O2, are the main cause of oxidative stress. ROS are a double-edged sword, as under normal physiological conditions a moderate level of ROS is essential to maintain normal physiological processes. However, excessive ROS, exceeding the capacity of the cellular antioxidant defense system, leads to cellular damage targeting proteins, lipids, and DNA [24,108,111,112,113]. Mitochondria are the main intracellular source of ROS. Several studies have reported that AgNPs can accumulate outside the mitochondria and cause mitochondrial dysfunction, also disturbing the respiratory chain function and resulting in ROS generation and oxidative stress [13]. ROS also disrupt the mitochondrial respiratory chain and ATP synthesis, eventually leading to DNA damage [10,11,13]. ROS overproduction can lead to the opening of the mitochondrial permeability transition pore (MPTP), resulting in apoptosis in mammalian cells. AgNPs induce apoptosis through release of cytochrome c into the cytosol and translocation of Bax to the mitochondria, and also cause cell cycle arrest in the G1 and S phases [114,115]. The main result of AgNP toxicity is direct and oxidative DNA damage, ultimately causing apoptosis [81].



Inflammation is responsible for toxicity and promotes cell death in cells through ROS and complementary proteins, as well as via receptor-induced apoptosis/necrosis [116]. Inflammatory and immune responses are regulated by multiple signaling pathways such as NF-κB and mitogen-activated protein kinase including extracellular-signal-regulated kinases (Erk1/2), mitogen-activated protein kinases (p38), cAMP response element-binding protein (CREB), cMyc, and c-Jun N-terminal kinase (JNK) pathways [117]. Normal functioning of cells depends on an intact and functioning immune system, and controlled inflammation is necessary to maintain homeostasis [118]. Several in vitro studies have reported that AgNPs induce an inflammatory response in cells. The release of inflammatory cytokines is directly linked with ROS, which seem to be the main candidate for AgNP-induced inflammation. Inflammatory factors are able to cause DNA damage and may prevent DNA repair and promote aberrant methylation patterns leading to changed gene expression profiles [119,120]. AgNP-induced cytokines include IL-1, IL-6, and TNF-α as well as IL-1β, which is an indirect marker of inflammasome activation [118]. Orłowski et al. [121] found that AgNPs induce activation of caspase-1 in a monocyte cell line. Active caspase-1 is involved in formation of the inflammasome complex, which is a major player in pyroptosis [122,123]. The characteristic features of pyroptosis include rapid formation of plasma membrane pores and DNA damage, resulting in cell lysis and release of inflammatory intracellular contents.



Oxidative DNA damage is the final cellular event of apoptosis, which is pronounced in many diseases including cancer, neurodegenerative disorders, and cardiovascular disease, and in aging due to exogenous insult of the overdosage of toxic materials or nanomaterials. AgNP-mediated excessive ROS induces DNA damage through oxidation of DNA bases, apurinic/apyrimidinic (AP) sites, single strand breaks, and base lesions [124]. AgNPs induce DNA damage in various types of mammalian cells via chromosomal aberrations, DNA strand breaks, oxidative DNA damage, and mutations [125,126]. DNA damage can also be caused by AgNP-mediated gene upregulation of, for example, DNA-damage-inducible transcript 3 (DDIT3), caspase 1, apoptosis-related cysteine peptidase (CASP1), and growth arrest and DNA-damage-inducible protein (GADD45A) alpha. They can also cause chromosome instability and inhibit mitosis [127]. When OH• reacts with all components of DNA causing DNA single strand breakage, an 8-hydroxyl-2′-deoxyguanosine (8-OHdG) DNA adduct is formed, which is a biomarker of OH•-mediated DNA lesions [128].




9. Activation of Signaling Molecules in Response to AgNPs in Various Cell Culture Systems


Signal-transduction cascades mediate communication between cells, creating a molecular circuit to generate responses such as changes in enzyme activity, gene expression, ion-channel activity, or phosphorylation or dephosphorylation by kinases and phosphatases, respectively. Cell proliferation is mainly regulated by mitogen-activated protein kinases (MAPKs) in many physiological activities, and high doses of AgNPs are able to upregulate MAPKs in mammalian cells [129,130]. MAPKs are a group of serine/threonine proteins including extracellular signal-regulated kinase (ERK), p38MAPK, and JNK, which modulate many cellular responses against AgNPs [131]. AgNPs stimulated the expression of p38pp, c-Jun, and c-Fos, suggesting that the p38 MAPK mediated pathway is involved in cell protection under AgNP-induced stress [47]. Activation of the PI3K/Akt pathway plays a crucial role in the survival of variety of cells under growth factor stimulated conditions. AgNPs can inhibit phosphorylation of the p85 subunit of PI3K: the activity of PI3K seemed to be the primary target of AgNPs, and inhibition of Akt is a consequence of this effect [65]. Activation of several MAPKs plays an important role in AgNP-induced toxicity in various cell lines. MAPKs are involved in AgNP-activated p38 and pErk1/2 signaling pathways in spermatogonial stem cells [129]. AgNPs induce apoptosis in spermatogonial stem cells through increased levels of ROS; mitochondrial dysfunction; upregulation of p53 expression; pErk1/2; and accumulation of autophagosomes, autolysosomes, and autophagolysosomes [104].



Recently, endoplasmic reticulum (ER) stress-induced apoptosis caused by AgNPs has attracted much research interest. The ER stress response constitutes a cellular process that is triggered by a variety of conditions that disturb the folding of proteins in the ER [132]. It is known that AgNPs induce apoptosis via modulation of ER stress [133]. AgNPs controlling up- and downregulation of various genes that are involved in ER stress and also phosphorylation of RNA-dependent protein kinase-like ER kinase (PERK), inositol-requiring protein 1 (IRE1), splicing of ER stress-specific X-box transcription factor-1, cleavage of activating transcription factor 6 (ATF6), and upregulation of glucose-regulated protein-78 and CCAAT/enhancer-binding protein-homologous protein (CHOP/GADD153). In order to protect the cells against nanoparticle-mediated toxicity, the ER rapidly responds with the unfolded protein response (UPR), an important cellular self-protection mechanism [134]. The ER stress system contains three dominant stress sensors, IRE1, PERK, and ATF-6 [135]. For instance, the activation of the ER stress signaling pathway was observed by upregulated expression of xbp-1s, chop/DDIT3, TRIB3, ADM2, BIP, Caspase-12, ASNS, and HERP at either the mRNA and/or protein levels in 16HBE cells. Conversely, there was no significant upregulation in HUVECs or HepG2 cells [135]. Simard et al. [136] attributed ER stress-mediated apoptosis to low and high concentrations of 15 nm AgNPs. Interestingly, at lower concentrations, exposure of WT human monocytic THP-1 cells to AgNPs had no significant effect on cell death, whereas higher concentrations resulted in an atypical ER stress response associated with ATF-6 degradation and pyroptotic cell death through NLRP-3 inflammasome activation [136]. Accumulating evidence suggests that AgNP-mediated ER stress is responsible for cellular dysfunction and activation of the cell death pathway. We summarize the cellular effects of AgNPs in various cellular systems based on exposure doses, concentration, size of particles, type cell line used, and major outcome of each study in Table 1 [24,38,64,72,105,137,138,139,140,141,142,143,144,145,146,147,148].




10. Conclusions and Future Perspectives


Nanotechnology is a rapidly growing field. In particular, AgNPs have applications in many industries including biomedicine, pharmaceuticals, biotechnology, nanomedicine, and instrumentation as antibacterial agents, drug delivery agents, biosensors, and environmental sensors due to their unique properties. AgNPs offer significant specificity with enhanced bioavailability compared to existing conventional therapeutic agents. To understand the toxicity and biocompatibility of AgNPs, several cell lines have been used as in vitro model systems. In this review, to summarize the differential responses of several types of cell lines against AgNPs, we have chosen important cell types involved in various diseases. Several studies concluded that the cellular response of each cell type depends on: physical and chemical properties; concentration; incubation time; presence of serum, and hence protein coronas, which influence cellular uptake; ion release; bio-distribution; biological activity; toxicity; and biocompatibility. Secondarily important aspects of the cellular response include agglomeration in cell medium, intracellular localization, and Ag release. The common mechanisms of AgNP toxicity, ROS-mediated mitochondrial dysfunction, DNA damage, and apoptosis, were observed in most of the cell lines. Inflammatory responses and signaling molecules involved in AgNP-exposed cells were unique for every cell type.



Although large numbers of studies have addressed nano-toxicity or cellular behavior, data gaps remain due to sample formulation, treatment, design, concentration, model type, and several other factors. Taking all these parameters into consideration, understanding how AgNPs interact with particular cells and stimulate signaling cascades and the reasons for the wide variety of responses in different cell lines is a complex task. Any toxicology study of a new nanomaterial requires an in vitro biocompatibility assessment using different cell types in various cell culture media formulations, and nanomaterial suspensions with the same physical and chemical properties simultaneously evaluated with the cooperation of many laboratories. Due to the complexity of AgNP molecular mechanisms, comprehensive computational modeling approaches will be needed to understand not only the mechanisms involved in corona formation, cellular mechanics, evolution, and dynamics, but also the dynamics of cellular proteins.



Therefore, future work should be carefully directed to avoid differential cellular responses and false toxicity interpretations. Well-characterized particles that have standardized size, shape, coating, functionalization, and ionic toxicity should be used. In particular, the genotype of the cell lines used should be taken into account and standardized where possible to exclude the influence of physical and chemical characters. Another concern for future work is to standardize conditions and experimental procedures; therefore, it is necessary to conduct interlaboratory studies and compare data from each laboratory. Evidently, obtaining a complete understanding of the biological function of AgNPs is not an easy task, but it is necessary to develop a common methodology for the development of safer nanomaterials for therapeutic applications. Furthermore, the deep understanding of mechanisms of action of AgNPs would help in the development of safe nanomaterials for nanotechnology-based consumer products without harmful side effects.







Acknowledgments


This paper was supported by the KU-Research Professor Program of Konkuk University. This study was also supported by the Science and Technology Research Program of the Department of Education of Hubei Province, China (D20151701). In general, this review is based on significant contributions to the field of AgNP research over recent decades. Although we are the authors of this review, it would not have been possible without many people. We owe our gratitude to all those researchers who have made this review possible. Owing to the limitations of our knowledge and experience, there may be some incorrect points in this overview. Further, owing to the enormous number of publications in this field, we do not claim that this review encompasses all published work, but rather concentrates on studies involving the cellular effects of AgNPs. Finally, we wish to thank all the investigators who have contributed to the field of AgNP research. We apologize to other authors who have worked on the cellular effects of AgNPs, but whom we have unintentionally overlooked. We would also like to thank Paul Dyce for his careful editing of this manuscript.




Author Contributions


Sangiliyandi Gurunathan came up with the idea and participated in writing the manuscript. Xi-Feng Zhang performed all literature surveys. Wei Shen analyzed the interpretation of literature. All authors read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nel, A.; Xia, T.; Madler, L.; Li, N. Toxic potential of materials at the nanolevel. Science 2006, 311, 622–627. [Google Scholar] [CrossRef] [PubMed]

	



Moore, M.N. Do nanoparticles present ecotoxicological risks for the health of the aquatic environment? Environ. Int. 2006, 32, 967–976. [Google Scholar] [CrossRef] [PubMed]

	



Frattini, A.; Pellegri, N.; Nicastro, D.; Sanctis, O.D. Effect of amine groups in the synthesis of Ag nanoparticles using aminosilanes. Mater. Chem. Phys. 2005, 94, 148–152. [Google Scholar] [CrossRef]

	



Capek, I. Preparation of metal nanoparticles in water-in-oil (w/o) microemulsions. Adv. Colloid Interface Sci. 2004, 110, 49–74. [Google Scholar] [CrossRef] [PubMed]

	



Xia, T.; Kovochich, M.; Liong, M.; Zink, J.I.; Nel, A.E. Cationic polystyrene nanosphere toxicity depends on cell-specific endocytic and mitochondrial injury pathways. ACS Nano 2008, 2, 85–96. [Google Scholar] [CrossRef] [PubMed]

	



Asharani, P.; Sethu, S.; Lim, H.K.; Balaji, G.; Valiyaveettil, S.; Hande, M.P. Differential regulation of intracellular factors mediating cell cycle, DNA repair and inflammation following exposure to silver nanoparticles in human cells. Genome Integr. 2012, 3, 2. [Google Scholar] [CrossRef] [PubMed]

	



Han, J.W.; Gurunathan, S.; Jeong, J.K.; Choi, Y.J.; Kwon, D.N.; Park, J.K.; Kim, J.H. Oxidative stress mediated cytotoxicity of biologically synthesized silver nanoparticles in human lung epithelial adenocarcinoma cell line. Nanoscale Res. Lett. 2014, 9, 459. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez-Perez, Y.; Chirino, Y.I.; Osornio-Vargas, A.R.; Morales-Barcenas, R.; Gutierrez-Ruiz, C.; Vazquez-Lopez, I.; Garcia-Cuellar, C.M. DNA damage response of A549 cells treated with particulate matter (PM10) of urban air pollutants. Cancer Lett. 2009, 278, 192–200. [Google Scholar] [CrossRef] [PubMed]

	



Ye, S.F.; Zhong, L.M.; Wu, Y.H.; Zhang, Q.Q. Multi-walled carbon nanotubes exposure induces oxidative stress and depolarizes mitochondrial membrane potential in cultured A549 cells. Chem. J. Chin. Univ. 2009, 30, 497–501. [Google Scholar]

	



Gurunathan, S.; Jeong, J.K.; Han, J.W.; Zhang, X.F.; Park, J.H.; Kim, J.H. Multidimensional effects of biologically synthesized silver nanoparticles in Helicobacter pylori, Helicobacter felis, and human lung (L132) and lung carcinoma A549 cells. Nanoscale Res. Lett. 2015, 10, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Gurunathan, S.; Park, J.H.; Han, J.W.; Kim, J.H. Comparative assessment of the apoptotic potential of silver nanoparticles synthesized by Bacillus tequilensis and Calocybe indica in MDA-MB-231 human breast cancer cells: Targeting p53 for anticancer therapy. Int. J. Nanomed. 2015, 10, 4203–4222. [Google Scholar] [CrossRef] [PubMed]

	



Gurunathan, S.; Han, J.W.; Eppakayala, V.; Jeyaraj, M.; Kim, J.H. Cytotoxicity of Biologically Synthesized Silver Nanoparticles in MDA-MB-231 Human Breast Cancer Cells. BioMed Res. Int. 2013, 2013, 10. [Google Scholar] [CrossRef] [PubMed]

	



AshaRani, P.V.; Low Kah Mun, G.; Hande, M.P.; Valiyaveettil, S. Cytotoxicity and genotoxicity of silver nanoparticles in human cells. ACS Nano 2009, 3, 279–290. [Google Scholar] [CrossRef] [PubMed]

	



Gurunathan, S.; Han, J.W.; Dayem, A.A.; Eppakayala, V.; Park, J.H.; Cho, S.G.; Lee, K.J.; Kim, J.H. Green synthesis of anisotropic silver nanoparticles and its potential cytotoxicity in human breast cancer cells (MCF-7). J. Ind. Eng. Chem. 2013, 19, 1600–1605. [Google Scholar] [CrossRef]

	



Carlson, C.; Hussain, S.M.; Schrand, A.M.; Braydich-Stolle, L.K.; Hess, K.L.; Jones, R.L.; Schlager, J.J. Unique cellular interaction of silver nanoparticles: Size-dependent generation of reactive oxygen species. J. Phys. Chem. B 2008, 112, 13608–13619. [Google Scholar] [CrossRef] [PubMed]

	



Sheikpranbabu, S.; Kalishwaralal, K.; Venkataraman, D.; Eom, S.H.; Park, J.; Gurunathan, S. Silver nanoparticles inhibit VEGF-and IL-1β-induced vascular permeability via Src dependent pathway in porcine retinal endothelial cells. J. Nanobiotechnol. 2009, 7, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Houle, F.; Huot, J. Dysregulation of the endothelial cellular response to oxidative stress in cancer. Mol. Carcinog. 2006, 45, 362–367. [Google Scholar] [CrossRef] [PubMed]

	



Antonetti, D.A.; Barber, A.J.; Khin, S.; Lieth, E.; Tarbell, J.M.; Gardner, T.W.; Grp, P.S.R.R. Vascular permeability in experimental diabetes is associated with reduced endothelial occludin content: Vascular endothelial growth factor decreases occludin in retinal endothelial cells. Diabetes 1998, 47, 1953–1959. [Google Scholar] [CrossRef] [PubMed]

	



Trickler, W.J.; Lantz, S.M.; Murdock, R.C.; Schrand, A.M.; Robinson, B.L.; Newport, G.D.; Schlager, J.J.; Oldenburg, S.J.; Paule, M.G.; Slikker, W.; et al. Silver Nanoparticle Induced Blood-Brain Barrier Inflammation and Increased Permeability in Primary Rat Brain Microvessel Endothelial Cells. Toxicol. Sci. 2010, 118, 160–170. [Google Scholar] [CrossRef] [PubMed]

	



Austin, C.A.; Umbreit, T.H.; Brown, K.M.; Barber, D.S.; Dair, B.J.; Francke-Carroll, S.; Feswick, A.; Saint-Louis, M.A.; Hikawa, H.; Siebein, K.N.; et al. Distribution of silver nanoparticles in pregnant mice and developing embryos. Nanotoxicology 2012, 6, 912–922. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.L.; Xiong, L.; Wang, S.; Wang, J.Y.; Liu, L.; Li, J.G.; Yuan, F.Q.; Xi, T.F. Distribution, Translocation and Accumulation of Silver Nanoparticles in Rats. J. Nanosci. Nanotechnol. 2009, 9, 4924–4932. [Google Scholar] [CrossRef] [PubMed]

	



Panyala, N.R.; Pena-Mendez, E.M.; Havel, J. Silver or silver nanoparticles: A hazardous threat to the environment and human health? J. Appl. Biomed. 2008, 6, 117–129. [Google Scholar]

	



Tang, J.L.; Xiong, L.; Zhou, G.F.; Wang, S.; Wang, J.Y.; Liu, L.; Li, J.G.; Yuan, F.Q.; Lu, S.F.; Wan, Z.Y.; et al. Silver Nanoparticles Crossing Through and Distribution in the Blood-Brain Barrier In Vitro. J. Nanosci. Nanotechnol. 2010, 10, 6313–6317. [Google Scholar] [CrossRef] [PubMed]

	



Haase, A.; Rott, S.; Mantion, A.; Graf, P.; Plendl, J.; Thunemann, A.F.; Meier, W.P.; Taubert, A.; Luch, A.; Reiser, G. Effects of silver nanoparticles on primary mixed neural cell cultures: Uptake, oxidative stress and acute calcium responses. Toxicol. Sci. 2012, 126, 457–468. [Google Scholar] [CrossRef] [PubMed]

	



Xu, F.L.; Piett, C.; Farkas, S.; Qazzaz, M.; Syed, N.I. Silver nanoparticles (AgNPs) cause degeneration of cytoskeleton and disrupt synaptic machinery of cultured cortical neurons. Mol. Brain 2013, 6, 1. [Google Scholar] [CrossRef] [PubMed]

	



Dayem, A.A.; Kim, B.; Gurunathan, S.; Choi, H.Y.; Yang, G.; Saha, S.K.; Han, D.; Han, J.; Kim, K.; Kim, J.H.; et al. Biologically synthesized silver nanoparticles induce neuronal differentiation of SH-SY5Y cells via modulation of reactive oxygen species, phosphatases, and kinase signaling pathways. Biotechnol. J. 2014, 9, 934–943. [Google Scholar] [CrossRef] [PubMed]

	



Chung, T.H.; Wu, S.H.; Yao, M.; Lu, C.W.; Lin, Y.S.; Hung, Y.; Mou, C.Y.; Chen, Y.C.; Huang, D.M. The effect of surface charge on the uptake and biological function of mesoporous silica nanoparticles 3T3-L1 cells and human mesenchymal stem cells. Biomaterials 2007, 28, 2959–2966. [Google Scholar] [CrossRef] [PubMed]

	



Mahmood, M.; Casciano, D.A.; Mocan, T.; Iancu, C.; Xu, Y.; Mocan, L.; Iancu, D.T.; Dervishi, E.; Li, Z.R.; Abdalmuhsen, M.; et al. Cytotoxicity and biological effects of functional nanomaterials delivered to various cell lines. J. Appl. Toxicol. 2010, 30, 74–83. [Google Scholar] [CrossRef] [PubMed]

	



Suresh, A.K.; Pelletier, D.A.; Wang, W.; Morrell-Falvey, J.L.; Gu, B.H.; Doktycz, M.J. Cytotoxicity Induced by Engineered Silver Nanocrystallites Is Dependent on Surface Coatings and Cell Types. Langmuir 2012, 28, 2727–2735. [Google Scholar] [CrossRef] [PubMed]

	



MacGowan, A.; Rogers, C.; Bowker, K. In vitro models, in vivo models, and pharmacokinetics: What can we learn from in vitro models? Clin. Infect. Dis. 2001, 33, S214–S220. [Google Scholar] [CrossRef] [PubMed]

	



Polli, J.E. In vitro studies are sometimes better than conventional human pharmacokinetic in vivo studies in assessing bioequivalence of immediate-release solid oral dosage forms. AAPS J. 2008, 10, 289–299. [Google Scholar] [CrossRef] [PubMed]

	



Schlinkert, P.; Casals, E.; Boyles, M.; Tischler, U.; Hornig, E.; Tran, N.; Zhao, J.; Himly, M.; Riediker, M.; Oostingh, G.J.; et al. The oxidative potential of differently charged silver and gold nanoparticles on three human lung epithelial cell types. J. Nanobiotechnol. 2015, 13, 1. [Google Scholar] [CrossRef] [PubMed]

	



Piao, M.J.; Kang, K.A.; Lee, I.K.; Kim, H.S.; Kim, S.; Choi, J.Y.; Choi, J.; Hyun, J.W. Silver nanoparticles induce oxidative cell damage in human liver cells through inhibition of reduced glutathione and induction of mitochondria-involved apoptosis. Toxicol. Lett. 2011, 201, 92–100. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.S.; Kim, D.W.; Lee, Y.H.; Oh, J.H.; Yoon, S.; Choi, M.S.; Lee, S.K.; Kim, J.W.; Lee, K.; Song, C.W. Silver nanoparticles induce apoptosis and G2/M arrest via PKCζ-dependent signaling in A549 lung cells. Arch. Toxicol. 2011, 85, 1529–1540. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.R.; Kim, M.J.; Lee, S.Y.; Oh, S.M.; Chung, K.H. Genotoxic effects of silver nanoparticles stimulated by oxidative stress in human normal bronchial epithelial (BEAS-2B) cells. Mutat. Res./Genet. Toxicol. Environ. 2011, 726, 129–135. [Google Scholar] [CrossRef] [PubMed]

	



Comfort, K.K.; Maurer, E.I.; Braydich-Stolle, L.K.; Hussain, S.M. Interference of Silver, Gold, and Iron Oxide Nanoparticles on Epidermal Growth Factor Signal Transduction in Epithelial Cells. ACS Nano 2011, 5, 10000–10008. [Google Scholar] [CrossRef] [PubMed]

	



Lankoff, A.; Sandberg, W.J.; Wegierek-Ciuk, A.; Lisowska, H.; Refsnes, M.; Sartowska, B.; Schwarze, P.E.; Meczynska-Wielgosz, S.; Wojewodzka, M.; Kruszewski, M. The effect of agglomeration state of silver and titanium dioxide nanoparticles on cellular response of HepG2, A549 and THP-1 cells. Toxicol. Lett. 2012, 208, 197–213. [Google Scholar] [CrossRef] [PubMed]

	



Stoehr, L.C.; Gonzalez, E.; Stampfl, A.; Casals, E.; Duschl, A.; Puntes, V.; Oostingh, G.J. Shape matters: Effects of silver nanospheres and wires on human alveolar epithelial cells. Part. Fibre Toxicol. 2011, 8, 425–430. [Google Scholar] [CrossRef] [PubMed]

	



Bohmert, L.; Niemann, B.; Thunemann, A.F.; Lampen, A. Cytotoxicity of peptide-coated silver nanoparticles on the human intestinal cell line Caco-2. Arch. Toxicol. 2012, 86, 1107–1115. [Google Scholar] [CrossRef] [PubMed]

	



Kang, S.J.; Lee, Y.J.; Lee, E.K.; Kwak, M.K. Silver nanoparticles-mediated G2/M cycle arrest of renal epithelial cells is associated with NRF2-GSH signaling. Toxicol. Lett. 2012, 211, 334–341. [Google Scholar] [CrossRef] [PubMed]

	



Kermanizadeh, A.; Gaiser, B.K.; Hutchison, G.R.; Stone, V. An in vitro liver model-assessing oxidative stress and genotoxicity following exposure of hepatocytes to a panel of engineered nanomaterials. Part. Fibre Toxicol. 2012, 9, 1. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.P.; Ramarao, P. Cellular uptake, intracellular trafficking and cytotoxicity of silver nanoparticles. Toxicol. Lett. 2012, 213, 249–259. [Google Scholar] [CrossRef] [PubMed]

	



Prasad, R.Y.; Mcgee, J.K.; Killius, M.G.; Suarez, D.A.; Blackman, C.F.; DeMarini, D.M.; Simmons, S.O. Investigating oxidative stress and inflammatory responses elicited by silver nanoparticles using high-throughput reporter genes in HepG2 cells: Effect of size, surface coating, and intracellular uptake. Toxicol. in Vitro 2013, 27, 2013–2021. [Google Scholar] [CrossRef] [PubMed]

	



Gliga, A.R.; Skoglund, S.; Wallinder, I.O.; Fadeel, B.; Karlsson, H.L. Size-dependent cytotoxicity of silver nanoparticles in human lung cells: The role of cellular uptake, agglomeration and Ag release. Part. Fibre Toxicol. 2014, 11, 1. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, R.F.; Buckingham, S.; Holian, A. The effect of size on Ag nanosphere toxicity in macrophage cell models and lung epithelial cell lines is dependent on particle dissolution. Int. J. Mol. Sci. 2014, 15, 6815–6830. [Google Scholar] [CrossRef] [PubMed]

	



Sahu, S.C.; Zheng, J.W.; Graham, L.; Chen, L.; Ihrie, J.; Yourick, J.J.; Sprando, R.L. Comparative cytotoxicity of nanosilver in human liver HepG2 and colon Caco2 cells in culture. J. Appl. Toxicol. 2014, 34, 1155–1166. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, Z.H.; Li, M.; Feng, Y.X.; Shi, J.C.; Zhang, J.; Shao, B. Hormesis effects of silver nanoparticles at Non-Cytotoxic doses to human hepatoma cells. PLoS ONE 2014, 9, e102564. [Google Scholar] [CrossRef] [PubMed]

	



Suliman, Y.A.; Ali, D.; Alarifi, S.; Harrath, A.H.; Mansour, L.; Alwasel, S.H. Evaluation of Cytotoxic, Oxidative Stress, Proinflammatory and Genotoxic Effect of Silver Nanoparticles in Human Lung Epithelial Cells. Environ. Toxicol. 2015, 30, 149–160. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, J.K.; Gurunathan, S.; Kang, M.H.; Han, J.W.; Das, J.; Choi, Y.J.; Kwon, D.N.; Cho, S.G.; Park, C.; Seo, H.G.; et al. Hypoxia-mediated autophagic flux inhibits silver nanoparticle-triggered apoptosis in human lung cancer cells. Sci. Rep. 2016, 6, 21688. [Google Scholar] [CrossRef] [PubMed]

	



Castillo, P.M.; Herrera, J.L.; Fernandez-Montesinos, R.; Caro, C.; Zaderenko, A.P.; Mejias, J.A.; Pozo, D. Tiopronin monolayer-protected silver nanoparticles modulate IL-6 secretion mediated by Toll-like receptor ligands. Nanomedicine 2008, 3, 627–635. [Google Scholar] [CrossRef] [PubMed]

	



Shavandi, Z.; Ghazanfari, T.; Moghaddam, K.N. In vitro toxicity of silver nanoparticles on murine peritoneal macrophages. Immunopharmacol. Immunotoxicol. 2011, 33, 135–140. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Lim, D.H.; Lim, H.J.; Kwon, T.; Choi, J.S.; Jeong, S.; Choi, I.H.; Cheon, J. Size dependent macrophage responses and toxicological effects of Ag nanoparticles. Chem. Commun. 2011, 47, 4382–4384. [Google Scholar] [CrossRef] [PubMed]

	



Nishanth, R.P.; Jyotsna, R.G.; Schlager, J.J.; Hussain, S.M.; Reddanna, P. Inflammatory responses of RAW 264.7 macrophages upon exposure to nanoparticles: Role of ROS-NFκB signaling pathway. Nanotoxicology 2011, 5, 502–516. [Google Scholar] [CrossRef] [PubMed]

	



Deepak, V.; Umamaheshwaran, P.S.; Guhan, K.; Nanthini, R.A.; Krithiga, B.; Jaithoon, N.M.H.; Gurunathan, S. Synthesis of gold and silver nanoparticles using purified URAK. Colloid Surf. B 2011, 86, 353–358. [Google Scholar] [CrossRef] [PubMed]

	



Jena, P.; Mohanty, S.; Mallick, R.; Jacob, B.; Sonawane, A. Toxicity and antibacterial assessment of chitosan-coated silver nanoparticles on human pathogens and macrophage cells. Int. J. Nanomed. 2012, 7, 1805–1818. [Google Scholar]

	



Suresh, A.K.; Pelletier, D.A.; Wang, W.; Moon, J.-W.; Gu, B.; Mortensen, N.P.; Allison, D.P.; Joy, D.C.; Phelps, T.J.; Doktycz, M.J. Silver Nanocrystallites: Biofabrication using Shewanella oneidensis, and an evaluation of their comparative toxicity on gram-negative and gram-positive bacteria. Environ. Sci. Technol. 2010, 44, 5210–5215. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, J.; Tikoo, K. Evaluating cell specific cytotoxicity of differentially charged silver nanoparticles. Food Chem. Toxicol. 2013, 51, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Pratsinis, A.; Hervella, P.; Leroux, J.C.; Pratsinis, S.E.; Sotiriou, G.A. Toxicity of Silver Nanoparticles in Macrophages. Small 2013, 9, 2576–2584. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, M.; Toshima, H.; Yonezawa, T.; Kawai, K.; Narushima, T.; Kaga, M.; Endo, K. Responses of RAW264.7 macrophages to water-dispersible gold and silver nanoparticles stabilized by metal-carbon sigma-bonds. J. Biomed. Mater. Res. A 2014, 102, 1838–1849. [Google Scholar] [CrossRef] [PubMed]

	



Yilma, A.N.; Singh, S.R.; Dixit, S.; Dennis, V.A. Anti-inflammatory effects of silver-polyvinyl pyrrolidone (Ag-PVP) nanoparticles in mouse macrophages infected with live Chlamydia trachomatis. Int. J. Nanomed. 2013, 8, 2421–2432. [Google Scholar]

	



Manikandan, R.; Manikandan, B.; Raman, T.; Arunagirinathan, K.; Prabhu, N.M.; Jothi Basu, M.; Perumal, M.; Palanisamy, S.; Munusamy, A. Biosynthesis of silver nanoparticles using ethanolic petals extract of Rosa indica and characterization of its antibacterial, anticancer and anti-inflammatory activities. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2015, 138, 120–129. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, K.C.; Richards, L.; Massarsky, A.; Moon, T.W.; Tayabali, A.F. Toxicological evaluation of representative silver nanoparticles in macrophages and epithelial cells. Toxicol. in Vitro 2016, 33, 163–173. [Google Scholar] [CrossRef] [PubMed]

	



Rosas-Hernandez, H.; Jimenez-Badillo, S.; Martinez-Cuevas, P.P.; Gracia-Espino, E.; Terrones, H.; Terrones, M.; Hussain, S.M.; Ali, S.F.; Gonzalez, C. Effects of 45-nm silver nanoparticles on coronary endothelial cells and isolated rat aortic rings. Toxicol. Lett. 2009, 191, 305–313. [Google Scholar] [CrossRef] [PubMed]

	



Kalishwaralal, K.; Banumathi, E.; Pandian, S.R.K.; Deepak, V.; Muniyandi, J.; Eom, S.H.; Gurunathan, S. Silver nanoparticles inhibit VEGF induced cell proliferation and migration in bovine retinal endothelial cells. Colloid Surf. B 2009, 73, 51–57. [Google Scholar] [CrossRef] [PubMed]

	



Gurunathan, S.; Lee, K.J.; Kalishwaralal, K.; Sheikpranbabu, S.; Vaidyanathan, R.; Eom, S.H. Antiangiogenic properties of silver nanoparticles. Biomaterials 2009, 30, 6341–6350. [Google Scholar] [CrossRef] [PubMed]

	



Grosse, S.; Evje, L.; Syversen, T. Silver nanoparticle-induced cytotoxicity in rat brain endothelial cell culture. Toxicol. in Vitro 2013, 27, 305–313. [Google Scholar] [CrossRef] [PubMed]

	



Kang, K.; Lim, D.H.; Choi, I.H.; Kang, T.; Lee, K.; Moon, E.Y.; Yang, Y.; Lee, M.S.; Lim, J.S. Vascular tube formation and angiogenesis induced by polyvinylpyrrolidone-coated silver nanoparticles. Toxicol. Lett. 2011, 205, 227–234. [Google Scholar] [CrossRef] [PubMed]

	



Jang, S.; Park, J.W.; Cha, H.R.; Jung, S.Y.; Lee, J.E.; Jung, S.S.; Kim, J.O.; Kim, S.Y.; Lee, C.S.; Park, H.S. Silver nanoparticles modify VEGF signaling pathway and mucus hypersecretion in allergic airway inflammation. Int. J. Nanomed. 2012, 7, 1329–1343. [Google Scholar]

	



Mukherjee, S.; Chowdhury, D.; Kotcherlakota, R.; Patra, S.; Vinothkumar, B.; Bhadra, M.P.; Sreedhar, B.; Patra, C.R. Potential Theranostics Application of Bio-Synthesized Silver Nanoparticles (4-in-1 System). Theranostics 2014, 4, 316–335. [Google Scholar] [CrossRef] [PubMed]

	



Shi, J.; Sun, X.; Lin, Y.; Zou, X.; Li, Z.; Liao, Y.; Du, M.; Zhang, H. Endothelial cell injury and dysfunction induced by silver nanoparticles through oxidative stress via IKK/NF-κB pathways. Biomaterials 2014, 35, 6657–6666. [Google Scholar] [CrossRef] [PubMed]

	



Duran, N.; Silveira, C.P.; Duran, M.; Martinez, D.S.T. Silver nanoparticle protein corona and toxicity: A mini-review. J. Nanobiotechnol. 2015, 13, 55. [Google Scholar] [CrossRef] [PubMed]

	



Castiglioni, S.; Caspani, C.; Cazzaniga, A.; Maier, J.A. Short- and long-term effects of silver nanoparticles on human microvascular endothelial cells. World J. Biol. Chem. 2014, 5, 457–464. [Google Scholar] [CrossRef] [PubMed]

	



Gibbs, S. In vitro irritation models and immune reactions. Skin Pharmacol. Physiol. 2009, 22, 103–113. [Google Scholar] [CrossRef] [PubMed]

	



Zanette, C.; Pelin, M.; Crosera, M.; Adami, G.; Bovenzi, M.; Larese, F.F.; Florio, C. Silver nanoparticles exert a long-lasting antiproliferative effect on human keratinocyte HaCaT cell line. Toxicol. in Vitro 2011, 25, 1053–1060. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.L.; Lee, P.Y.; Ho, C.M.; Lui, V.C.H.; Chen, Y.; Che, C.M.; Tam, P.K.H.; Wong, K.K.Y. Silver Nanoparticles Mediate Differential Responses in Keratinocytes and Fibroblasts during Skin Wound Healing. ChemMedChem 2010, 5, 468–475. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hondroulis, E.; Liu, C.; Li, C.Z. Whole cell based electrical impedance sensing approach for a rapid nanotoxicity assay. Nanotechnology 2010, 21, 315103. [Google Scholar] [CrossRef] [PubMed]

	



Chun, J.Y.; Kang, H.K.; Jeong, L.; Kang, Y.O.; Oh, J.E.; Yeo, I.S.; Jung, S.Y.; Park, W.H.; Min, B.M. Epidermal cellular response to poly(vinyl alcohol) nanofibers containing silver nanoparticles. Colloid Surf. B 2010, 78, 334–342. [Google Scholar] [CrossRef] [PubMed]

	



Szmyd, R.; Goralczyk, A.G.; Skalniak, L.; Cierniak, A.; Lipert, B.; Filon, F.L.; Crosera, M.; Borowczyk, J.; Laczna, E.; Drukala, J.; et al. Effect of silver nanoparticles on human primary keratinocytes. Biol. Chem. 2013, 394, 113–123. [Google Scholar] [CrossRef] [PubMed]

	



Abdel-Mohsen, A.M.; Abdel-Rahman, R.M.; Fouda, M.M.G.; Vojtova, L.; Uhrova, L.; Hassan, A.F.; Al-Deyab, S.S.; El-Shamy, I.E.; Jancar, J. Preparation, characterization and cytotoxicity of schizophyllan/silver nanoparticle composite. Carbohydr. Polym. 2014, 102, 238–245. [Google Scholar] [CrossRef] [PubMed]

	



Boonkaew, B.; Kempf, M.; Kimble, R.; Cuttle, L. Cytotoxicity testing of silver-containing burn treatments using primary and immortal skin cells. Burns 2014, 40, 1562–1569. [Google Scholar] [CrossRef] [PubMed]

	



McShan, D.; Ray, P.C.; Yu, H. Molecular toxicity mechanism of nanosilver. J. Food Drug Anal. 2014, 22, 116–127. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.S.; Zhou, J.; Liang, C.; Hong, K.; Cheng, X.S.; Wu, Z.G. ERK5 knock down aggravates detrimental effects of hypothermal stimulation on cardiomyocytes via Bim upregulation. Environ. Toxicol. Pharmacol. 2013, 36, 724–731. [Google Scholar] [CrossRef] [PubMed]

	



George, S.; Lin, S.; Ji, Z.; Thomas, C.R.; Li, L.; Mecklenburg, M.; Meng, H.; Wang, X.; Zhang, H.; Xia, T.; et al. Surface defects on plate-shaped silver nanoparticles contribute to its hazard potential in a fish gill cell line and zebrafish embryos. ACS Nano 2012, 6, 3745–3759. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.Y.; Rahman, M.F.; Duhart, H.M.; Newport, G.D.; Patterson, T.A.; Murdock, R.C.; Hussain, S.M.; Schlager, J.J.; Ali, S.F. Expression changes of dopaminergic system-related genes in PC12 cells induced by manganese, silver, or copper nanoparticles. Neurotoxicology 2009, 30, 926–933. [Google Scholar] [CrossRef] [PubMed]

	



Hadrup, N.; Loeschner, K.; Mortensen, A.; Sharma, A.K.; Qvortrup, K.; Larsen, E.H.; Lam, H.R. The similar neurotoxic effects of nanoparticulate and ionic silver in vivo and in vitro. Neurotoxicology 2012, 33, 416–423. [Google Scholar] [CrossRef] [PubMed]

	



Yin, N.Y.; Liu, Q.; Liu, J.Y.; He, B.; Cui, L.; Li, Z.N.; Yun, Z.J.; Qu, G.B.; Liu, S.J.; Zhou, Q.F.; et al. Silver nanoparticle exposure attenuates the viability of rat cerebellum granule cells through apoptosis coupled to oxidative stress. Small 2013, 9, 1831–1841. [Google Scholar] [CrossRef] [PubMed]

	



Alon, N.; Miroshnikov, Y.; Perkas, N.; Nissan, I.; Gedanken, A.; Shefi, O. Substrates coated with silver nanoparticles as a neuronal regenerative material. Int. J. Nanomed. 2014, 9, 23–31. [Google Scholar]

	



Chorley, B.; Ward, W.; Simmons, S.O.; Vallanat, B.; Veronesi, B. The cellular and genomic response of rat dopaminergic neurons (N27) to coated nanosilver. Neurotoxicology 2014, 45, 12–21. [Google Scholar] [CrossRef] [PubMed]

	



Kennedy, D.C.; Orts-Gil, G.; Lai, C.H.; Mller, L.; Haase, A.; Luch, A.; Seeberger, P.H. Carbohydrate functionalization of silver nanoparticles modulates cytotoxicity and cellular uptake. J. Nanobiotechnol. 2014, 12, 59. [Google Scholar] [CrossRef] [PubMed]

	



Ma, W.; Jing, L.; Valladares, A.; Mehta, S.L.; Wang, Z.; Li, P.A.; Bang, J.J. Silver nanoparticle exposure induced mitochondrial stress, caspase-3 activation and cell death: Amelioration by sodium selenite. Int. J. Biol. Sci. 2015, 11, 860. [Google Scholar] [CrossRef] [PubMed]

	



Mytych, J.; Wnuk, M.; Rattan, S.I.S. Low doses of nanodiamonds and silica nanoparticles have beneficial hormetic effects in normal human skin fibroblasts in culture. Chemosphere 2016, 148, 307–315. [Google Scholar] [CrossRef] [PubMed]

	



Scheiber, I.F.; Dringen, R. Astrocyte functions in the copper homeostasis of the brain. Neurochem. Int. 2013, 62, 556–565. [Google Scholar] [CrossRef] [PubMed]

	



Sofroniew, M.V.; Vinters, H.V. Astrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 7–35. [Google Scholar] [CrossRef] [PubMed]

	



Tiffany-Castiglioni, E.; Hong, S.; Qian, Y.C. Copper handling by astrocytes: Insights into neurodegenerative diseases. Int. J. Dev. Neurosci. 2011, 29, 811–818. [Google Scholar] [CrossRef] [PubMed]

	



Luther, E.M.; Koehler, Y.; Diendorf, J.; Epple, M.; Dringen, R. Accumulation of silver nanoparticles by cultured primary brain astrocytes. Nanotechnology 2011, 22, 375101. [Google Scholar] [CrossRef] [PubMed]

	



Braydich-Stolle, L.; Hussain, S.; Schlager, J.J.; Hofmann, M.C. In vitro cytotoxicity of nanoparticles in mammalian germline stem cells. Toxicol. Sci. 2005, 88, 412–419. [Google Scholar] [CrossRef] [PubMed]

	



Greulich, C.; Kittler, S.; Epple, M.; Muhr, G.; Koller, M. Studies on the biocompatibility and the interaction of silver nanoparticles with human mesenchymal stem cells (hMSCs). Langenbeck Arch. Surg. 2009, 394, 495–502. [Google Scholar] [CrossRef] [PubMed]

	



Hackenberg, S.; Scherzed, A.; Kessler, M.; Hummel, S.; Technau, A.; Froelich, K.; Ginzkey, C.; Koehler, C.; Hagen, R.; Kleinsasser, N. Silver nanoparticles: Evaluation of DNA damage, toxicity and functional impairment in human mesenchymal stem cells. Toxicol. Lett. 2011, 201, 27–33. [Google Scholar] [CrossRef] [PubMed]

	



Samberg, M.; Loboa, E.; Oldenburg, S.; Monteiro-Riviere, N.A. Silver nanoparticles do not influence stem cell differentiation but cause minimal toxicity. Nanomed. Nanotechnol. Biol. Med. 2012, 7, 1197–1209. [Google Scholar] [CrossRef] [PubMed]

	



Pauksch, L.; Hartmann, S.; Rohnke, M.; Szalay, G.; Alt, V.; Schnettler, R.; Lips, K.S. Biocompatibility of silver nanoparticles and silver ions in primary human mesenchymal stem cells and osteoblasts. Acta Biomater. 2014, 10, 439–449. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.J.; He, W.; Fang, Z.; Kienzle, A.; Feng, Q.L. Influence of Silver Nanoparticles on Osteogenic Differentiation of Human Mesenchymal Stem Cells. J. Biomed. Nanotechnol. 2014, 10, 1277–1285. [Google Scholar] [CrossRef] [PubMed]

	



Qin, H.; Zhu, C.; An, Z.Q.; Jiang, Y.; Zhao, Y.C.; Wang, J.X.; Liu, X.; Hui, B.; Zhang, X.L.; Wang, Y. Silver nanoparticles promote osteogenic differentiation of human urine-derived stem cells at noncytotoxic concentrations. Int. J. Nanomed. 2014, 9, 2469–2478. [Google Scholar] [CrossRef] [PubMed]

	



Soderstjerna, E.; Johansson, F.; Klefbohm, B.; Johansson, U.E. Gold- and Silver Nanoparticles Affect the Growth Characteristics of Human Embryonic Neural Precursor Cells. PLoS ONE 2013, 8, e58211. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.F.; Choi, Y.J.; Han, J.W.; Kim, E.; Park, J.H.; Gurunathan, S.; Kim, J.H. Differential nanoreprotoxicity of silver nanoparticles in male somatic cells and spermatogonial stem cells. Int. J. Nanomed. 2015, 10, 1335–1357. [Google Scholar]

	



Liu, F.; Mahmood, M.; Xu, Y.; Watanabe, F.; Biris, A.S.; Hansen, D.K.; Inselman, A.; Casciano, D.; Patterson, T.A.; Paule, M.G.; et al. Effects of silver nanoparticles on human and rat embryonic neural stem cells. Front. Neurosci. 2015, 9, 115. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, R.J.; Spitzer, N. Silver nanoparticles at sublethal concentrations disrupt cytoskeleton and neurite dynamics in cultured adult neural stem cells. Neurotoxicology 2015, 48, 231–238. [Google Scholar] [CrossRef] [PubMed]

	



Kruszewski, M.; Gradzka, I.; Bartlomiejczyk, T.; Chwastowska, J.; Sommer, S.; Grzelak, A.; Zuberek, M.; Lankoff, A.; Dusinska, M.; Wojewodzka, M. Oxidative DNA damage corresponds to the long term survival of human cells treated with silver nanoparticles. Toxicol. Lett. 2013, 219, 151–159. [Google Scholar] [CrossRef] [PubMed]

	



Feng, X.L.; Chen, A.J.; Zhang, Y.L.; Wang, J.F.; Shao, L.Q.; Wei, L.M. Application of dental nanomaterials: Potential toxicity to the central nervous system. Int. J. Nanomed. 2015, 10, 3547–3565. [Google Scholar]

	



Xia, T.; Li, N.; Nel, A.E. Potential Health Impact of Nanoparticles. Annu. Rev. Publ. Health 2009, 30, 137–150. [Google Scholar] [CrossRef] [PubMed]

	



Chairuangkitti, P.; Lawanprasert, S.; Roytrakul, S.; Aueviriyavit, S.; Phummiratch, D.; Kulthong, K.; Chanvorachote, P.; Maniratanachote, R. Silver nanoparticles induce toxicity in A549 cells via ROS-dependent and ROS-independent pathways. Toxicol. in Vitro 2013, 27, 330–338. [Google Scholar] [CrossRef] [PubMed]

	



Awasthi, K.K.; Awasthi, A.; Kumar, N.; Roy, P.; Awasthi, K.; John, P.J. Silver nanoparticle induced cytotoxicity, oxidative stress, and DNA damage in CHO cells. J. Nanopart. Res. 2013, 15, 1898. [Google Scholar] [CrossRef]

	



Li, C.; Wang, X.S.; Chen, F.; Zhang, C.L.; Zhi, X.; Wang, K.; Cui, D.X. The antifungal activity of graphene oxide-silver nanocomposites. Biomaterials 2013, 34, 3882–3890. [Google Scholar] [CrossRef] [PubMed]

	



Sriram, M.I.; Kalishwaralal, K.; Barathmanikanth, S.; Gurunathani, S. Size-based cytotoxicity of silver nanoparticles in bovine retinal endothelial cells. Nanosci. Methods 2012, 1, 56–77. [Google Scholar] [CrossRef]

	



Hsin, Y.H.; Chen, C.F.; Huang, S.; Shih, T.S.; Lai, P.S.; Chueh, P.J. The apoptotic effect of nanosilver is mediated by a ROS- and JNK-dependent mechanism involving the mitochondrial pathway in NIH3T3 cells. Toxicol. Lett. 2008, 179, 130–139. [Google Scholar] [CrossRef] [PubMed]

	



Park, E.J.; Yi, J.; Kim, Y.; Choi, K.; Park, K. Silver nanoparticles induce cytotoxicity by a Trojan-horse type mechanism. Toxicol. in Vitro 2010, 24, 872–878. [Google Scholar] [CrossRef] [PubMed]

	



Wallach, D.; Kang, T.B.; Kovalenko, A. Concepts of tissue injury and cell death in inflammation: A historical perspective. Nat. Rev. Immunol. 2014, 14, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



DiDonato, J.A.; Mercurio, F.; Karin, M. NF-κB and the link between inflammation and cancer. Immunol. Rev. 2012, 246, 379–400. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, A.; Casey, A.; Byrne, G.; Chambers, G.; Howe, O. Silver nanoparticles induce pro-inflammatory gene expression and inflammasome activation in human monocytes. J. Appl. Toxicol. 2016, 36, 1311–1320. [Google Scholar] [CrossRef] [PubMed]

	



Jaiswal, M.; LaRusso, N.F.; Burgart, L.J.; Gores, G.J. Inflammatory cytokines induce DNA damage and inhibit DNA repair in cholangiocarcinoma cells by a nitric oxide-dependent mechanism. Cancer Res. 2000, 60, 184–190. [Google Scholar] [PubMed]

	



Valinluck, V.; Sowers, L.C. Inflammation-mediated cytosine damage: A mechanistic link between inflammation and the epigenetic alterations in human cancers. Cancer Res. 2007, 67, 5583–5586. [Google Scholar] [CrossRef] [PubMed]

	



Orlowski, P.; Krzyzowska, M.; Winnicka, A.; Chwalibog, A.; Sawosz, E. Toxicity of silver nanoparticles in monocytes and keratinocytes: Potential to induce inflammatory reactions. Cent. Eur. J. Immunol. 2012, 37, 123–130. [Google Scholar]

	



Bergsbaken, T.; Fink, S.L.; Cookson, B.T. Pyroptosis: Host cell death and inflammation. Nat. Rev. Microbiol. 2009, 7, 99–109. [Google Scholar] [CrossRef] [PubMed]

	



Martinon, F.; Tschopp, J. Inflammatory caspases and inflammasomes: Master switches of inflammation. Cell Death Differ. 2007, 14, 10–22. [Google Scholar] [CrossRef] [PubMed]

	



Chatterjee, N.; Eom, H.J.; Choi, J. Effects of silver nanoparticles on oxidative DNA damage-repair as a function of p38 MAPK status: A comparative approach using human Jurkat T cells and the nematode Caenorhabditis elegans. Environ. Mol. Mutagen. 2014, 55, 122–133. [Google Scholar] [CrossRef] [PubMed]

	



Karlsson, H.L. The comet assay in nanotoxicology research. Anal. Bioanal. Chem. 2010, 398, 651–666. [Google Scholar] [CrossRef] [PubMed]

	



Xie, H.; Mason, M.M.; Wise, J.P., Sr. Genotoxicity of metal nanoparticles. Rev. Environ. Health 2011, 26, 251–268. [Google Scholar] [CrossRef] [PubMed]

	



Xu, L.M.; Li, X.F.; Takemura, T.; Hanagata, N.; Wu, G.; Chou, L.S.L. Genotoxicity and molecular response of silver nanoparticle (NP)-based hydrogel. J. Nanobiotechnol. 2012, 10, 16. [Google Scholar] [CrossRef] [PubMed]

	



Pilger, A.; Rudiger, H.W. 8-Hydroxy-2′-deoxyguanosine as a marker of oxidative DNA damage related to occupational and environmental exposures. Int. Arch. Occup. Environ. Health 2006, 80, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Liu, H.T. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell Res. 2002, 12, 9–18. [Google Scholar] [CrossRef] [PubMed]

	



Eom, H.J.; Choi, J. p38 MAPK Activation, DNA Damage, Cell Cycle Arrest and Apoptosis As Mechanisms of Toxicity of Silver Nanoparticles in Jurkat T Cells. Environ. Sci. Technol. 2010, 44, 8337–8342. [Google Scholar] [CrossRef] [PubMed]

	



Rinna, A.; Magdolenova, Z.; Hudecova, A.; Kruszewski, M.; Refsnes, M.; Dusinska, M. Effect of silver nanoparticles on mitogen-activated protein kinases activation: Role of reactive oxygen species and implication in DNA damage. Mutagenesis 2015, 30, 59–66. [Google Scholar] [CrossRef] [PubMed]

	



Sano, R.; Reed, J.C. ER stress-induced cell death mechanisms. BBA-Mol. Cell Res. 2013, 1833, 3460–3470. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Piao, M.J.; Kim, K.C.; Kim, A.D.; Choi, J.Y.; Choi, J.; Hyun, J.W. Endoplasmic reticulum stress signaling is involved in silver nanoparticles-induced apoptosis. Int. J. Biochem. Cell B 2012, 44, 224–232. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.; Huo, L.L.; Shi, X.F.; Bai, R.; Zhang, Z.J.; Zhao, Y.L.; Chang, Y.Z.; Chen, C.Y. Endoplasmic Reticulum Stress Induced by Zinc Oxide Nanoparticles Is an Earlier Biomarker for Nanotoxicological Evaluation. ACS Nano 2014, 8, 2562–2574. [Google Scholar] [CrossRef] [PubMed]

	



Huo, L.L.; Chen, R.; Zhao, L.; Shi, X.F.; Bai, R.; Long, D.X.; Chen, F.; Zhao, Y.L.; Chang, Y.Z.; Chen, C.Y. Silver nanoparticles activate endoplasmic reticulum stress signaling pathway in cell and mouse models: The role in toxicity evaluation. Biomaterials 2015, 61, 307–315. [Google Scholar] [CrossRef] [PubMed]

	



Simard, J.C.; Vallieres, F.; de Liz, R.; Lavastre, V.; Girard, D. Silver Nanoparticles Induce Degradation of the Endoplasmic Reticulum Stress Sensor Activating Transcription Factor-6 Leading to Activation of the NLRP-3 Inflammasome. J. Biol. Chem. 2015, 290, 5926–5939. [Google Scholar] [CrossRef] [PubMed]

	



Kettler, K.; Krystek, P.; Giannakou, C.; Hendriks, A.J.; Jong, W.H.D. Exploring the effect of silver nanoparticle size and medium composition on uptake into pulmonary epithelial 16HBE14o-cells. J. Nanopart. Res. 2016, 18, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Herzog, F.; Clift, M.J.; Piccapietra, F.; Behra, R.; Schmid, O.; Petri-Fink, A.; Rothen-Rutishauser, B. Exposure of silver-nanoparticles and silver-ions to lung cells in vitro at the air-liquid interface. Part. Fibre Toxicol. 2013, 10, 11. [Google Scholar] [CrossRef] [PubMed]

	



Katherine, M.; Williams, K.M.; Gokulan, K.; Cerniglia, C.E.; Khare, S. Size and dose dependent effects of silver nanoparticle exposure on intestinal permeability in an in vitro model of the human gut epithelium. J. Nanobiotechnol. 2016, 14, 62. [Google Scholar]

	



Milić, M.; Leitinger, G.; Pavičić, I.; Zebić, A.M.; Dobrović, S.; Goessler, W.; Vinković, V.I. Cellular uptake and toxicity effects of silver nanoparticles in mammalian kidney cells. J. Appl. Toxicol. 2015, 35, 581–592. [Google Scholar] [CrossRef] [PubMed]

	



Santoro, C.M.; Duchsherer, N.L.; Grainger, D.W. Minimal in vitro antimicrobial efficacy and ocular cell toxicity from silver nanoparticles. Nanobiotechnology 2007, 3, 55–65. [Google Scholar] [CrossRef] [PubMed]

	



Dziedzic, A.; Kubina, R.; Bułdak, R.J.; Skonieczna, M.; Cholewa, K. Silver Nanoparticles Exhibit the Dose-Dependent Anti-Proliferative Effect against Human Squamous Carcinoma Cells Attenuated in the Presence of Berberine. Molecules 2016, 21, 365. [Google Scholar] [CrossRef] [PubMed]

	



Ahlberg, S.; Antonopulos, A.; Diendorf, J.; Dringen, R.; Epple, M.; Flöck, R.; Goedecke, W.; Graf, C.; Haberl, N.; Helmlinger, J.; et al. PVP-coated, negatively charged silver nanoparticles: A multi-center study of their physicochemical characteristics, cell culture and in vivo experiments. Beilstein J. Nanotechnol. 2014, 5, 1944–1965. [Google Scholar] [CrossRef] [PubMed]

	



Sriram, M.I.; Kanth, S.B.M.; Kalishwaralal, K.; Gurunathan, S. Antitumor activity of silver nanoparticles in Dalton’s lymphoma ascites tumor model. Int. J. Nanomed. 2010, 5, 753–762. [Google Scholar]

	



Mukherjee, S.P. Towards Structure Activity Relationships for in Vitro Toxicity of Polyamidoamine Dendritic Nanoparticles. Ph.D. Thesis, Dublin Institute of Technology, Dublin, Ireland, 2012. [Google Scholar]

	



Huang, C.L.; Hsiao, I.L.; Lin, H.C.; Wang, C.F.; Huang, Y.J.; Chuang, C.Y. Silver nanoparticles affect on gene expression of inflammatory and neurodegenerative responses in mouse brain neural cells. Environ. Res. 2015, 136, 253–263. [Google Scholar] [CrossRef] [PubMed]

	



Söderstjerna, E.; Johansson, F.; Klefbohm, B.; Englund, J.U. Gold- and silver nanoparticles affect the growth characteristics of human embryonic neural precursor cells. PLoS ONE 2013, 8, e58211. [Google Scholar] [CrossRef] [PubMed]

	



Mytych, J.; Zebrowski, J.; Lewinska, A.; Wnuk, M. Prolonged effects of silver nanoparticles on p53/p21 pathway-mediated proliferation, DNA damage response, and methylation parameters in HT22 hippocampal neuronal cells. Mol. Neurobiol. 2016, 1–16. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 17 01603 g001 550] 





Figure 1. Proposed possible signaling pathways of inhibition effect of silver nanoparticles on EGF-induced cell growth, cell cycle, and cell survival in epithelial cancerous cells. AgNPs, silver nanoparticles; EGFR, epidermal growth factor receptor; RAS, Ras is a membrane-associated guanine nucleotide-binding protein; RAF, RAF kinases are a family of three serine/threonine-specific protein kinases; MAPK, mitogen-activated protein kinases; ERK, extracellular-signal-regulated kinases; PI3K, phosphatidylinositide 3-kinases; AKT, also known as protein kinase B (PKB); mTOR, mechanistic target of rapamycin; JAK, Janus kinase; STATs, signal transducers and activators of transcription; NF-κB, nuclear factor-kappa B. 
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Figure 2. Effect of silver nanoparticles on cell morphology of human ovarian cancer cells (A2780), human breast cancer cells MDA-MB231, and MCF-7. The images were taken from the cells were treated with an average size of 40 nm for 24 h. 
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Figure 3. Possible signaling pathways of inhibition by silver nanoparticles on various angiogenic processes induced by growth factors in endothelial cells. PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; RAS, Ras is a membrane-associated guanine nucleotide-binding protein; RAF, RAF kinases are a family of three serine/threonine-specific protein kinases; MAPK, mitogen-activated protein kinases; ERK, extracellular-signal-regulated kinases; PI3K, phosphatidylinositide 3-kinases; AKT, also known as protein kinase B (PKB); Bcl-2, B-cell lymphoma 2; Bax, BCL2 associated X; p53, tumor suppressor p53. 
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Figure 4. The schematic diagram represents the possible cellular uptake of silver nanoparticles by active and passive processes in eukaryotic cells. AP-2, Adaptor complex; PH domain, pleckstrin homology domain; PKB/Akt, Protein kinase B or Akt; PI3K, phosphatidylinositide 3-kinases; Rab5, Ras related protein; APPL1, a4 precursor protein like 1; EEA1, early endosome-associated protein. 
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Figure 5. Effect of silver nanoparticles on cell morphology of human neuroblastoma SH-SY5Y cells and pheochromocytoma (PC-12) cells. The images were taken from cells with an average size of 40 nm treated for 24 h. 
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Figure 6. Effect of silver nanoparticles on cell morphology of teratocarcinoma stem cell line F9 and Sertoli (TM4) cells treated with 40 nm AgNPs. The images were taken from cells with an average size of 40 nm treated for 24 h. 
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Table 1. The effect of silver nanoparticles (AgNPs) on various cells lines by various concentration, doses, and sizes.
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Serial Number

	
Exposure Doses of AgNPs

	
Exposure Time

	
Size (nm)

	
Type of Cell Lines Used

	
Major Outcomes

	
Reference






	
1

	
0.01 µg Ag/mL

	
24 h

	
20, 50, 75

	
Human pulmonary epithelial cell line 16HBE14

	
Dose and process of uptake

	
[137]




	
2

	
c0/4 and higher, 2.25 × 109–1.35 × 1010 Wrs/mL, 9 × 1015–1.01 × 1016 nm²/mL, 3.68–3.83 mg/mL

	
24 h

	
30, 60–100

	
Human alveolar epithelial cells (A549)

	
Spherical particles had no effect than silver wires

	
[38]




	
3

	
30 and 278 ng/cm2

	
4 and 24 h

	
20

	
Human alveolar epithelial cells (A549)

	
Cells were only sensitive to high Ag-ion concentrations

	
[138]




	
4

	
20 and 100 µg/mL

	
48 h

	
10, 20, 75 and 110

	
T84 cells (ATCC CCL-248™), a human colorectal carcinoma cell line

	
Small AgNPs have significant effects on intestinal permeability

	
[139]




	
5

	
50 mg/L

	
24 h

	
61.2 ± 33.9

	
Porcine kidney (Pk15) cells

	
AgNPs had only insignificant toxicity at concentrations lower than 25 mg/L, whereas Ag+ exhibited a significant decrease in cell viability at higher concentration

	
[140]




	
6

	
2–6 μM

	
1–3 weeks

	
20–60

	
Human HCE-T corneal epithelial cells

	
Mammalian cell toxicity was observed at high (8–12 μM silver ion) silver levels in serum-free culture

	
[141]




	
7

	
2–6 μM

	
1–3 weeks

	
20–60

	
RAW264.7 macrophages

	
Low cell pro-inflammatory cytokine activation was observed

	
[141]




	
8

	
0.31 to 10 g/mL

	
48 h

	
10

	
Human tongue squamous carcinoma SCC-25

	
Reduced proliferation and viability

	
[142]




	
9

	
20 μg/mL

	
24 h

	
70

	
Alveolar epithelial cells, macrophages, and dendritic cells

	
Adverse effects were also only found at high silver concentrations

	
[143]




	
10

	
1.0 and 2.5 μg/mL

	
72 h

	
35

	
Human microvascular endothelial cells

	
Loss of membrane integrity at higher concentrations

	
[72]




	
11

	
500 nM

	
24 h

	
50

	
Bovine retinal endothelial cells

	
Enhanced apoptosis

	
[64]




	
12

	
500 nM

	
24 h

	
50

	
Dalton’s lymphoma ascites

	
Anti-tumor activity

	
[144]




	
13

	
2.0 and 4.0 mg/L

	
24 h

	
10 and 100

	
HepG2 cells

	
Non-cytotoxic doses induced p38 MAPK pathway activation and led to the promotion of HepG2 cell proliferation

	
[47]




	
14

	
7.74 mg/L

	
24–72 h

	
65–69

	
HaCaT cells,

	
HaCaT cells were found to be resistant

	
[145]




	
15

	
1.16 mg/L

	
24–72 h

	
65–69

	
HeLa cells

	
HeLa cells were found to be more sensitive

	
[145]




	
16

	
1–20 μg/mL

	
24 h

	
23

	
Embryonic neural stem cells

	
Ag-NPs-induced neurotoxicity

	
[104]




	
17

	
10–20 μg/mL

	
24 h

	
20 and 40

	
Primary mixed neural cell cultures

	
Strong effects of SNP associated with calcium dysregulation and ROS formation in primary neural cells

	
[24]




	
18

	
5–12.50 μg/mL

	
24 h

	
3–5

	
Mouse brain neural cells

	
AgNPs could alter gene and protein expressions of β-amyloid (Aβ) deposition

	
[146]




	
19

	
800 particles/cell

	
48 h

	
20 and 80

	
Human embryonic neural precursor Cell

	
AgNPs exposure cause a significant stress response in the growing Human neural progenitor cells (hNPC)

	
[147]




	
20

	
5 μg/mL

	
48 h

	
<100

	
HT22 mouse hippocampal neuronal cells

	
AgNPs modulated HT22 cell cycle , proliferation, induced oxidative stress and 53BP1 recruitment

	
[148]
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