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Toxicological interactions of silver nanoparticles and non-essential metals in human 

hepatocarcinoma cell line 

 

Abstract 

Toxicological interaction represents a challenge to toxicology, particularly for novel 

contaminants. For example, there are no data whether silver nanoparticles (AgNPs), present 

in a wide variety of products, can interact and modulate the toxicity of ubiquitous 

contaminants, such as nonessential metals. In the current study, we investigated the 

toxicological interactions of AgNP (size = 1-2 nm; zeta potential = -23 mV), cadmium and 

mercury in human hepatoma HepG2 cells. Additive and synergistic toxicological responses 

occurred, with AgNP + Cd being more toxic than AgNP + Hg. Early (2-4 h) increases of 

ROS (DCF assay) and mitochondrial O2
•- levels (Mitosox® assay) were observed in the 

cells exposed to both AgNP + Cd/Hg, in comparison to control and individual 

contaminants, but the effect was partially reverted in AgNP + Hg at the end of 24 h-

exposure. In addition, decreases of mitochondrial metabolism (MTT), cell viability (neutral 

red uptake assay), cell proliferation (crystal violet assay) and ABC-transporters activity 

(rhodamine accumulation assay) were also more pronounced in the co-exposure groups. 

Foremost, co-exposure to AgNP and metals potentiated cell death (mainly by necrosis) and 

Hg2+ (but not Cd2+) intracellular levels (ICP-MS). Toxicological interactions can, therefore, 

increase the toxicity of AgNP, cadmium and mercury. 

 

Keywords: HepG2, silver nanoparticles, mercury, cadmium, co-exposure, interaction 
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1. Introduction 

Silver nanoparticles (AgNP) are present in about 24% of all products listed in the 

Woodrow Wilson Database (Vance et al. 2015), such as food products, fabrics, cosmetics 

and medical devices (Seltenrich 2013, Gaillet and Rouanet 2015). Due to its extensive 

production and applications, increased amounts of nanowaste will be generated, which can 

release AgNP into the environment (Bystrzejewska-Piotrowska et al. 2009, Cleveland et al. 

2012), representing a potential danger to the biota and human health. It has been reported in 

that AgNP can cause adverse effects on a variety of biological models (Morones et al. 

2005, Wu et al. 2010, Gliga et al. 2014, Monfared et al. 2015). However, it is not clear 

whether they represent a threat to the health of vertebrates (Fabrega et al. 2011, Della Torre 

et al. 2015), particularly when the interactions of AgNP and other environmental 

contaminants are considered. For example, AgNP, cadmium and mercury can disrupt cell 

antioxidant defense and induce ROS production, DNA damage, apoptosis and promote cell 

proliferation (Aguado et al. 2013, Chen et al. 2014, Vergilio et al. 2014, Lee et al. 2014, 

Kim et al. 2015, Kumar et al. 2015), but the effects of the combination of these metals and 

AgNP are unknown. 

Cadmium and mercury are non-essential metals and ubiquitous contaminants of 

natural environments and dietary products (Monroe and Halvorsen 2009, Guo et al. 2013, 

Arbuckle et al. 2016). Some studies reported that nanoparticles can modulate the toxicity of 

environmental contaminants, such as metals and polycyclic aromatic hydrocarbons (PAHs), 

leading to unexpected results (Guo et al. 2013, Ferreira et al. 2014, Kim et al. 2015). Guo 

et al. (2012), for instance, observed positive synergetic interaction of SiNP + CdCl2 for 
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hepatic biochemical and histopathological parameters, as well as the distribution of CdCl2 

in the liver and kidneys of mice. Likewise, Kim et al. (2015) reported that co-exposure with 

citrate coated-AgNP increased the bioaccumulation of Cd in Daphnia magna. 

Therefore, given the growing usage of AgNP and the widespread metal 

contamination, we investigated the effects of combination of AgNP, Cd and Hg in human 

hepatoma (HepG2) cells through viability, metabolism, proliferation, efflux transporters 

activity, reactive oxygen species production and cell death parameters, to answer whether 

the co-exposure increase toxicity. HepG2 cells were selected, since liver is an important 

target organ of the three contaminants (Fowler 2009, Stacchiotti et al. 2009, Elsaesser and 

Howard 2012) and it has been routinely used to investigate the toxicity of several 

compounds (Urani et al. 2005, Ahamed et al. 2013). 

 

2. Materials and methods 

2.1. Silver nanoparticles synthesis and characterization  

We synthesized silver nanoparticles through laser ablation in liquid medium (water 

as solvent) and determined the concentration of the stock solution through flame absorption 

spectrometry. Shape, diameter, size distribution, zeta potential and spectral properties of 

AgNP were determined by electron transmission microscopy JEOL 1200 EXII, Zeta-sizer 

(MALVERN®), Dynamic light scattering (DLS) and UV-VIS, respectively.  

 

2.2. HepG2 cell culture  

Human hepatoma cells HepG2 (Rio de Janeiro Cell bank - Brazil) were cultured as 

a monolayer in high glucose DMEM medium supplemented with 10% inactivated fetal 
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bovine serum (FBS) and antibiotics (10 U ml-1 penicillin and 10 µg ml-1 streptomycin), at 

37 °C and 5% CO2. Cells at passages 100-110 were utilized in the current study.  

 

2.3. Selection of the concentrations of AgNP, Hg and Cd 

Concentration screenings for AgNP (0.005-6.66 µg ml-1), Hg2+ (20-640 µM) and 

Cd2+ (0.5-50 µM) were performed through neutral red uptake and MTT assays to determine 

two test concentrations of each contaminant: one that did not induce toxicity and one that 

induced pronounced toxicity after 24 h exposure. Selected concentrations are presented in 

table 1 (data of screenings are not shown). 

 

2.4. Exposure protocol 

Cells were seeded onto 96-well microplate (2x105 cells well-1) for cytotoxicity, 

proliferation, reactive oxygen species production and multidrug efflux transporters assays, 

and onto 6-well plates (1.2x106 cells well-1) for cell death (flow cytometry) and metal 

uptake assays. After 24 h, the medium was replaced by fresh DMEM medium with 

antibiotics and 2% fetal bovine serum containing AgNP ((I) 0.35 µg ml-1; (II) 3.5 µg ml-1), 

CdCl2 ((I) 0.15 µM; (II) 1.5 µM) and HgCl2 ((I) 2.8 µM; (II) 28 µM) or the combination of 

AgNP and each metal. Cells were exposed to these contaminants for 4 and 24 h, and an 

appropriate control group was kept in parallel. ‘I’ and ‘II’ stand, respectively, for the lowest 

and highest concentrations of AgNP and metals. 

 

2.5. Cytotoxicity and proliferation assays 
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Neutral red (NR) uptake assay was determined after incubation of cells with 50 µg 

ml-1 of neutral red for 3 h. MTT assay was determined after incubation of cells with 0.5 mg 

1-1 of MTT (3- (4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide) for 2 h.  

Cell proliferation was determined after DNA staining with 50 µl well-1 of 0.25 mg 

ml-1 of violet crystal solution, according to previously published protocols for HepG2 cells 

(Liebel et al. 2015). 

 

2.6. Reactive Oxygen Species (ROS) levels 

Intracellular ROS levels were evaluated with H2DCF-DA (2’, 7’-dichlorodihydro-

fluorescein diacetate) and MitoSOX™ Red (Invitrogen). After exposure, cells were 

incubated with either 10 µM of H2DCF-DA or 5 µM of MitoSOX™, in fresh culture 

medium, (15 min, 37 °C, protected from light), washed with PBS and suspended in 250 µl 

of PBS. Fluorescence was measured at 488/530 nm (H2DCF-DA) and 514/580 nm 

(MitoSOX; Benov et al. 1998) 

 

2.7. Multidrug efflux transporters activity 

The activity of ABC transporters was determined by Rhodamine 123 efflux assay 

(Pessatti et al. 2002, with modifications for cell culture). Culture medium was replaced by 

200 µl of PBS containing 1 µM of rhodamine B, and cells were incubated. Cells were 

incubated (30 min, 37 °C, protected from light), washed twice with PBS and frozen at -76 

°C in 250 µl well-1 of PBS. Then, cells were thawed and 200 µl of the lysate were 

transferred to a black microplate for fluorescence quantification (540/580 nm). Verapamil 

(20 µM) was utilized as a positive control. 
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2.11. Cell death 

Apoptotic and necrotic cells were quantified using the FITC-Annexin V/propidium 

iodide (PI) Apoptosis Detection Kit (BD Biosciences, Heidelberg, Germany) and analyzed, 

by flow cytometry after 24 h of exposure and time-lapse confocal microscopy (during 0-24 

h exposure), according to the manufacturer’s instructions. Cells incubated with 50 µM 

hydrogen peroxide for 2 h were used as positive control. Cells were also cultured in 96-well 

bottom-clear black microplates (Corning) and exposed for 24 h were analyzed by High 

Content Imaging and MetaXpress® software (Molecular Devices) after incubation with 

FITC-Annexin V, propidium iodide and Hoechst. 

 

2.12. Intracellular metals concentration 

Intracellular content of metals were quantified by inductively coupled plasma mass 

spectrometry - ICP-MS (Bruker 820-MS + SPS 3 autosampler) (for Ag and Cd) and FIMS 

(Perkin Elmer FIMS 400 + S 10 autosampler) (for Hg). Cells were seeded onto 6-well 

plates (1.2x106 cells well-1), cultured for 24 h and exposed to the highest concentrations of 

Hg, Cd, AgNP and their association for 4 h. After exposure, cells were washed 3 times with 

PBS (to remove AgNP and metals from cell’s surface), trypsinized (0.25% trypsin, 0.02% 

EDTA in PBS, pH 7.2), harvested to tubes with 5 ml culture medium, pelleted (500 g for 5 

min) and suspended in 1 ml culture medium for cell counting. Tubes received 200 µl HNO3 

and 100 µl H2O2 (both ICP-MS grade), and remained at -20°C until the analysis by ICP-MS 

and FIMS. Metals were quantified in the cells’ pellets, exposure culture media and PBS 

washes. HCl was added to all samples to remove excess H2O2, and the samples were left to 

react overnight. The following morning all samples were diluted and divided into two 

subsamples, which were then analyzed on either the ICP-MS or the FIMS. Five-point 
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calibration curves were used for quantification, and NIST 1486 (for the ICP-MS) and NIST 

1515 (for the FIMS) were used for quality control. Three independent replicates were 

carried out, and the results are expressed in ppm/106 cells. 

 

2.13. Statistical procedures 

Three independent experiments were performed. A total of 10 000 events were 

captured for flow cytometry per group; 36 replicates were utilized for biomarkers analyzed 

in 96-well microplates, and 4 replicates for High Content Imaging analyses. Data 

distribution was tested and parametric (one-way ANOVA) or nonparametric (Kruskall-

Wallis) tests were performed, followed by Dunnett’s or Dunns post-tests (when 

appropriate). Effects of contaminants were verified by the comparison of the control vs 

AgNP I and II, Cd I and II, Hg I and II, the four mixtures of AgNP + Cd, or the four 

mixtures of AgNP + Hg. Toxicological interactions were verified by the comparison of 

each co-exposure group vs the contaminants alone present in it. P-values lower than 0.05 

were considered statistically significant. 

 

3. Results 

3.1. AgNP characterization 

Silver nanoparticles, synthesized by laser ablation, had spherical shape, diameter of 

1-2 nm (fig. 1A and 1B), zeta potential of -23 mV (Zeta-sizer analysis, data not shown) and 

absorption peak at 400 nm (fig. 1C). 

 

3.2. Cytotoxicity/Viability  
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The mitochondrial dehydrogenases activity, measured by MTT assay, decreased 

>20% in cells exposed to the highest AgNP concentration (AgNP II) and the mixtures 

AgNP II + Hg I/II and AgNP II + Cd I/II for 4 h-experiment (fig. 2A and B). Decrease of 

mitochondrial metabolism also occurred in the cells exposed to Cd II (30%), 3 groups of 

AgNP + Cd and AgNP + Hg II (30%) for 24 h-experiment (fig. 2C and D). For AgNP II + 

Cd II (decrease of 60%) and AgNP II + Hg II, the effects were more pronounced than those 

of individual contaminants (# symbol). 

Endosome-lysosome system stability, measured by neutral red assay, decreased 

after exposure to AgNP II (30%) and Cd II (15%), as well as in the majority of groups 

containing the association of AgNP + Cd and AgNP + Hg for 4 h-experiment (fig. 3A and 

B). However, the effects occurred because of the association of AgNP and metals only for 

AgNP II + Cd II (50%) and AgNP II + Hg I/II (≈ 40%; fig. 3A and B). At 24 h-experiment, 

neutral red uptake decreased after the exposure to AgNP II and Cd II (25-45%), but not Hg, 

with effects due to the association only for AgNP II + Cd II (decrease of 80%; fig. 3C and 

D). Interestingly, an increase of 20% of NR uptake was observed for Hg I and AgNP I + 

Hg II (fig. 3D). NR uptake provided very precise data about cell viability in HepG2 cells, 

since High Content Imaging analysis confirmed most of the results (fig. 8).  

 

3.3. Cell Proliferation 

The effect of AgNP and its association with Cd and Hg on cell proliferation was 

investigated by the crystal violet assay, a cationic dye for DNA. After 24 h, groups exposed 

to Cd I and Hg I had a slight (10%) increase of cell proliferation. However, co-exposure to 

AgNP II + Cd II and AgNP II + Hg II led to decreases of cell proliferation (40% and 20%, 
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respectively), which were not observed in the cells exposed to the individual contaminants 

(fig. 4A and B). 

 

3.4. ROS production 

The DCFH-DA probe detected increases of >30% of ROS in the cytoplasm of 

almost all co-exposed groups short after exposure (at 2 h-experiment), while the individual 

contaminants did not affect ROS production compared to control (fig. 5A and B). At 4 h-

experiment, ROS concentration increased in the AgNP II group (40%) and, foremost, in the 

AgNP I/II + Cd II (40-100%) and AgNP II + Hg I/II (70%) groups (fig. 5C and D). At 24 

h-experiment, all the individual contaminants, except for Hg I, induced ROS increases (25-

60%). However, only AgNP II + Cd II caused increase of ROS (110%) because of the 

association of Ag and Cd (fig. 5E). Co-exposure of AgNP and Hg II for 24 h led to 

decreases of ROS levels (5% vs control; >20% vs individual contaminants; fig. 5F). 

 

3.5. Mitochondrial Superoxide production 

The role of mitochondria in free radical production was also investigated in HepG2 

cells. At 4 h-experiment, increases of O2
•- production were observed for AgNP II (95%), Cd 

II (45%), AgNP II + Cd II (195%) and AgNP II + Hg I/II  (50-105%) groups, but not for 

Hg I/II groups (fig. 6A and B). For AgNP II + Cd II, the effect can be attributed to the 

association of contaminants (fig. 6A). For 24 h-experiment, the contaminants alone did not 

cause increase of superoxide, except for AgNP II (100% increase). Nevertheless, the co-

exposure of AgNP II + Cd II led to 970% increase of O2
•- production (fig. 6C). Like for 4 h-

experiment, some mixtures of AgNP + Cd and AgNP + Hg led to levels of O2
•- different 
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from that of the control, but those effects were not caused by toxicological interaction of 

the contaminants (fig. 6C and D; groups have asterisks but not sharp symbols). 

 

3.6. Multidrug efflux transporters activity 

The activity of the multidrug efflux transporters was evaluated by rhodamine B 

accumulation assay: the greater the accumulation, the lower the transporters activity. At 4 

h-experiment, the exposure to the contaminants in isolation did not affect rhodamine B 

accumulation in HepG2 cells. However, levels of rhodamine B were higher in cells exposed 

to AgNP II + Cd I/II (130-150%) and AgNP II + Hg I/II (90%) than those of control (fig. 

7A). At 24 h-experiment, rhodamine B accumulation was higher in AgNP II (30%), Cd II 

(90%), AgNP I + Cd II (105%) and, foremost, AgNP II + Cd II (415%) groups (fig. 7C). In 

both experiments, the effect can be attributed to the association of contaminants only for 

AgNP II + Cd I/II groups. The co-exposure to AgNP and Hg also led to increases of 

rhodamine B accumulation at 24 h-experiment (25-60%), but they were statistically equal 

to at least one of the individual contaminants present in the respective association (fig. 7D) 

and so do not characterize an effect of interaction. 

 

3.7. Cell death 

To verify whether apoptosis and necrosis were associated with early toxicity of 

AgNP, Cd and Hg, Annexin V/PI staining was performed in HepG2 cells. No significant 

differences were detected at 4 h-experiment in flow cytometry (data not shown). However, 

at 24 h-experiment cell death rate was higher in AgNP II + Cd I/II and AgNP + Hg I/II 

groups than in those exposed to the individual contaminants (fig. 8). This analysis was 

performed once in High Content Imaging (4 replicates/group), but this result was confirmed 
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later by flow cytometry (2 independent experiments). Time-lapse images in confocal 

microscopy showed the progression of cell death during 24 h, with the co-exposure to 

AgNP II + Cd II, but not that to AgNP + Hg II, inducing earlier cellular damage than the 

individual contaminants (fig. 9 and video in supplementary materials). Interestingly, at the 

first 12 h, cells seemed to start the apoptotic program, with changes in the cell shape (cells 

became round), detachment of neighboring cells and decrease of nucleus volume 

(chromatin condensation; fig. 9). However, later on, most of the same cells exhibited 

changes that are characteristic of necrosis. Cells lost the appropriate osmotic balance and 

swelled up, and plasma membrane became permeable to hydrophilic molecules such as 

propidium iodide (nucleus that were stained in blue by Hoechst became pink/purple by 

Hoechst + iodide propidium), with rapid and subsequent phosphatidylserine labeling (in 

green), and some cells even bursting (fig. 9 and fig. 11 in supplementary materials). 

 

3.8. Intracellular metals concentration 

To find whether the higher toxicity observed in cells co-exposed to AgNP and 

metals was due to higher uptake, intracellular concentrations of Ag, Cd and Hg were 

determined by ICP-MS and FIMS, after 4 h of exposure. Co-exposure of AgNP and Cd did 

not result in a higher uptake of neither the contaminants (fig. 10A). However, co-exposure 

of AgNP and Hg resulted in a 2.8-fold increase of Hg concentration in HepG2 cells (fig. 

10B). 

 

4. Discussion 

We observed that an additive or synergistic toxicological response occurred in the 

HepG2 cells co-exposed to AgNP + Cd and AgNP + Hg, as follow.  
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Contaminants affected cell survivor and the mode of cell death after time-dependent 

toxicological interaction 

The MTT metabolism of cells co-exposed to AgNP II + Cd II and AgNP II + Hg II 

for 24 h decreased more than expected, considering the effects the contaminants alone, 

suggesting that AgNP, Cd and Hg ions interact in a synergistic way. Both AgNP and Cd 

can disturb mitochondrial structure and activity of mitochondrial dehydrogenases 

(responsible for MTT metabolism), leading to ATP depletion (Yano and Marcondes 2005, 

Chairuangkitti et al. 2013, Aueviriyavit et al. 2014). This disturb occurred as soon as at 4 

h-exposure for AgNP, but not for Cd and Hg, and so AgNP can cause a toxic effect on 

mitochondria faster than those two toxic metals. Later (24 h), the situation changed as Cd 

effects on MTT metabolism and cell viability became more pronounced than those of 

AgNP. 

The effect of the association of AgNP + Cd on cell viability varied in a time-

dependent manner. At 4 h-exposure, the effect of AgNP II + Cd II was less pronounced 

than that of 24 h, but induction of lysosomal membrane instability can cause the decrease of 

neutral red retention observed in both cases, as reported in HepG2 and other cell types 

(Fotakis and Timbrell 2006, Messner et al. 2012, Grosse et al. 2013). Conversely, a 

different trend occurred for the AgNP + Hg groups. Hg was not able to impair cell viability 

after 4 and 24 h-exposure, but the association AgNP II + Hg II reduced it at 4 h, with a 

partial recovery of neutral red uptake capacity at 24 h. Activation of the defense systems 

are time-dependent, so that an initial stress can be balanced thereafter, with partial or even 

overcompensation. The latter situation occurred for Hg I and AgNP I + Hg II groups 

(decrease of cell viability at 4 h and increased viability/ number of attached cells at 24 h). 
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Else, if defenses are not able to reestablish homeostasis, the toxicity can increase with time, 

as observed for Cd II. On this regard, though Cd and Hg are both nonessential and 

electrophilic metals, Cd2+ was much more toxic than Hg2+ for HepG2 cells.  

Co-exposures can induce cell death earlier (time-lapse imaging) and at a higher rate 

(high content imaging and flow cytometry analyses) than the individual contaminants. Cells 

seem to start apoptosis program with chromatin condensation, but latter plasma membrane 

usually became permeable to small molecules (e.g., propidium iodide) before 

phosphatidylserine labeling (with annexin V-FITC), which is typical for necrosis. Thus, it 

is possible that chemical stress induced a change of the mode of cell death, from apoptosis 

to necrosis. Apoptosis requires chemical energy (ATP) which is provided mostly by 

mitochondria in aerobic eukaryotic cells. AgNP, Cd and Hg can impair mitochondrial 

membrane potential and ATP synthesis (Monroe and Halvorsen 2009, Tomankova et al. 

2015), leading to ATP depletion and necrosis; necrosis is a passive process and does not 

require ATP. 

Changes in cell proliferation after contaminant exposure depends on many factors, 

such as time of exposure and concentration. Many studies reported the ability of AgNP and 

both metal ions (Cd and Hg) to reduce cell proliferation (Templeton and Liu 2010, Vergilio 

et al. 2014, Miethling-Graff et al. 2014). In this study, contaminants alone did not impair 

cell proliferation, though co-exposures had inhibitory effect. Decreased metabolic status of 

the cells (MTT assay) and cell death after exposure to AgNP II + Cd II or to AgNP II + Hg 

II could explain, at least in part, the decrease of the number of attached cells (determined 

through crystal violet assay). Conversely, activation of cell defense mechanisms could lead 

to the increases of cell number observed in the cells exposed to the lowest Cd and Hg 

concentrations.  
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ROS production increased early after the co-exposures  

Oxidative stress is one of the hallmarks of AgNP toxicity (Asharani et al. 2008, 

Kim et al. 2009, Liu et al. 2010). Cadmium and mercury can also induce the increase of 

ROS levels, by binding to sulfhydryl groups of antioxidants such as glutathione, inhibiting 

antioxidant enzymes ( Nzengue et al. 2008, Aguado et al. 2013) and blocking electron flow 

in mitochondria (Monroe and Halvorsen 2009). In the current study, increase of ROS 

production was an early response (observed from 2 h-experiment on) in cells co-exposed to 

AgNP and Cd/Hg, but not in cells exposed to the individual contaminants. For longer 

exposures, individual contaminants were able to unbalance redox milieu, and the effects of 

the associations became less evident (4 h-experiment) until being only observed in AgNP II 

+ Cd II and AgNP I/II + Hg II groups (24 h-experiment). Thus, cellular defense systems 

may be efficient to avoid oxidative stress at very short-term exposures, but not at longer-

term ones for individual contaminants. For the associations of AgNP and Cd/Hg, defenses 

were not enough to deal with ROS at 2 h-exposures and avoid cell death during the course 

of 24 h-exposure.  

Mitochondria were one important source of ROS in the cells exposed to AgNP and 

Cd, but not Hg, as well as in cells co-exposed to AgNP II + Cd II; for the latter group, 

superoxide levels increased with the exposure time. Excess of ROS in mitochondria can 

lead to organelle malfunction (e.g., decreased enzymatic activity and MTT metabolism) and 

ATP depletion, as well as malfunction or damage to the other cell compartments, as 

unstable superoxide can be converted to much more stable and membrane-permeable 

hydrogen peroxide (Fleury et al. 2002). Decrease of ATP levels can, in turn, impair active 

transport processes such as proton transport into endosomes and lysosomes (decreasing 
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neutral red retention) and rhodamine transport out the cell (by ABC efflux transporters), as 

well as impair the execution of apoptosis program. 

 

Rhodamine accumulation followed the same pattern of mitochondrial ROS levels 

ABC transporters are a superfamily of membrane transporters that use energy from 

ATP hydrolysis to translocate a broad-spectrum of molecules across cell membranes 

(Rodrigues et al. 2009). One of these transporters, P-glycoprotein (P-gp), is involved with 

the transport of cell lipids and drugs (Klein et al. 1999), being important for cell 

detoxification. In HepG2 cells, accumulation of rhodamine B, associated with the 

malfunction of the efflux system, occurred in all AgNP II-containing associations (AgNP II 

+ Cd I/II; AgNP II + Hg I/II) as early as at 4 h-experiment, with no effect on the individual 

exposures. However, as observed for mitochondrial ROS levels, even individual 

contaminants affected rhodamine B accumulation after 24 h-exposure. Regardless of the 

exact cause of efflux transporters impairment, i.e. decrease of ATP levels or direct damage 

to the transporters (by metals or ROS), cells may become more sensitive to additional 

chemical stressors that are substrates for the transporters, as they might remain longer 

inside the cells. 

 

Higher accumulation of the metal can explain the higher toxicity of the association 

containing Hg, but not Cd 

Metals such as Cd and Pb can adsorb onto AgNP surface due to the nanoparticle’s 

highly reactive surface and charge difference (Alqudami et al. 2012). Since AgNP used in 

the experiments exhibit negative charge, as showed by zeta potential, and both Cd and Hg 

ions are positively charged, it is possible that AgNP absorbed these ions. 
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ICP-MS analysis were performed in order to find if the increase of toxicity, 

observed in co-exposed cells, was the outcome of a higher intracellular concentration of 

one or both contaminants. In the presence of AgNP, concentration of Hg ions increased 

about 2.8 fold in HepG2 cells after 4 h-exposure. This might explain the increased toxic 

effect of AgNP + Hg groups in some parameters, such as cell metabolism, viability, 

proliferation and ROS production. However, this logic is not valid for Cd ions, since the 

presence of AgNP did not affect intracellular Cd ions concentration, but co-exposures 

AgNP + Cd were much more toxic. For AgNP + Cd, each contaminant may independently 

interfere with converting toxic pathways (e.g., mitochondrial ATP synthesis) resulting in a 

toxicological interaction. An alternative hypothesis, that needs investigation, is that the 

interaction was only a consequence of the fact that a cell under some level of stress (by a 

contaminant) may be able to deal with it but not with additional stress (by the other 

contaminant) because the sum of both stresses exceeds cells defenses, independent of the 

nature of the contaminants. 

 

5. Final comments 

Taken together, these results provide important information about the toxicological 

interaction of AgNP, cadmium and mercury in HepG2 cells. Associations of AgNP and the 

metal ions were more toxic than the individual contaminants. ROS production was an early 

effect of the co-exposures, with important contribution of mitochondria. Decrease of 

mitochondrial metabolism and ATP levels can, in principle, explain the other findings in 

HepG2 cells: the accumulation of rhodamine B (decreased efflux transporters activity), 

decreased viability (decreased neutral red retention) and change of the mode of cell death 

(apoptosis to necrosis). Highest intracellular concentration of Hg in the presence of AgNP 
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can explain the highest toxicity of AgNP + Hg association. For AgNP + Cd groups, AgNP 

had no effect on Cd uptake. 
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Figure captions 

Fig. 1. AgNP characterization. A) TEM image of AgNP suspension. B) Particle distribution 

according to size (Zetasizer). C) UV-Vis analysis of two AgNP suspensions indicating light 

peak absorption at 400 nm. 
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Fig. 2. MTT assay in HepG2 cells exposed for 4 h (A-B) and 24 h (C-D). Values in % 

compared to control group. Mean + SEM. Asterisks indicate effects in comparison to 

control (**p<0.01, ***p<0.001); sharp symbol (#) indicates toxicological interaction. 

 

Fig. 3. Neutral red assay in HepG2 cells exposed for 4 h (A-B) and 24 h (C-D). Values in % 

compared to control group. Mean + SEM. Asterisks indicate effects in comparison to 

control (**p<0.01, ***p<0.001); sharp symbol (#) indicates toxicological interaction. 

 

Fig. 4. Cell proliferation assay in HepG2 cells exposed for 24 h. Values in % compared to 

control group. Mean + SEM. Asterisks indicate effects in comparison to control (*p<0.05, 

**p<0.01, ***p<0.001); sharp symbol (#) indicates toxicological interaction. 

 

Fig. 5. ROS production relative to cell viability in HepG2 cells after exposure for 2 h (A-

B), 4 h (C-D) and 24 h (E-F). Mean + SEM. Asterisks indicate effects in comparison to 

control (*p<0.05, **p<0.01, *** p<0.001); sharp symbol (#) indicates toxicological 

interaction. 

 

Fig. 6. Superoxide production in mitochondria of HepG2 cells exposed for 4 h (A-B) and 

24 h (C-D). Values in % compared to control group. Mean + SEM. Asterisks indicate 

effects in comparison to control (*p<0.05, **p<0.01, ***p<0.001); sharp symbol (#) 

indicates toxicological interaction. 

 

Fig. 7. Rhodamine accumulation assay in HepG2 cells exposed for 4 h (A-B) and 24 h (C-

D). Values in % compared to control group. Mean + SEM. Asterisks indicate effects in 
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comparison to control (*p<0.05, **p<0.01, ***p<0.001); sharp symbol (#) indicates 

toxicological interaction. The greater the rhodamine accumulation, the lower the activity of 

the xenobiotic efflux transporters. 

 

Fig. 8. Cell death through High Content Imaging Analysis in HepG2 cells exposed for 24 h. 

Asterisks indicate effects in comparison to control (*p<0.05, **p<0.01, ***p<0.001); sharp 

symbol (#) indicates toxicological interaction. 

 

Fig. 9. Cell death assay in time-lapse images. Control, Cd II (1.5 µM), AgNP II (3.5 µg.ml-

1) and AgNP II+ Cd II groups. Cells were incubated with Hoechst (blue), annexin V-FITC 

(green) and propidium iodide (red) during 24 h. Viable cells have nuclei stained in blue; 

dying and dead cells have nuclei stained in pink/purple (red-blue fluorescence overlap) and 

cell surface in green (labeling of phosphatidylserine). Cells in control remain organized in 

clusters, attached and spread on surface during the 24 h-experiment. AgNP aggregates are 

present in AgNP II and AgNP II + Cd II, particularly at 4 h and latter periods of exposure. 

However, observation need to be careful because their aspect is only slight different from 

cell organelles (inserts at 4 h; organelle = arrow in Cd II; AgNP = arrows in AgNP II and 

AgNP II+ Cd II in adjusted images (brightness, contrast and midtone contrast)). Cells get 

round at 16 h in Cd II and earlier in AgNP II and AgNP II+ Cd II (white arrows at 4 h; 

black arrow in AgNP II insert shows loss of cell-cell attachment). Significant rate of cell 

death is observed from 12 h on, in AgNP II and AgNP II+ Cd II (arrows at 12 h), 

particularly in the latter group. Most cells start dying by apoptosis, but changes in the mode 

of cell death can occur (apoptosis to necrosis), with cells swelling and then apparently 

bursting (see video and fig. 11 in supplementary materials for details). Cells are in the same 
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magnification (except in inserts). Best stacks, in which nuclei were in focus, were utilized 

and, therefore, annexin V-FITC labeling is very limited, for phosphatidylserine is located in 

the plasma membrane. Maximal projection fluorescent images are provided in the 

supplementary material (fig. 11). 

 

Fig. 10. Intracellular concentration of Ag, Cd and Hg in HepG2 cells exposed for 4 h (A-

B). Results are expressed in ppm/106 cells. Mean + SEM. **p<0.01. 

 

Fig. 11. Supplementary material. Time-lapse maximal projection confocal images from 

HepG2 cells exposed to AgNP II + Cd II. Three cells (1, 2 and 3) are indicated by numbers. 

Changes associated with cell death are described for cell ‘1’, but can be observed for the 

other cells as well. Cell ‘1’ nucleus is stained blue (by Hoechst) at 2 h, indicating that 

plasma membrane is still an efficient barrier. Chromatin condensation increases (apoptosis 

feature) during the course of 2-10 h. At 11 h, plasma membrane barrier function is 

disrupted, so that propidium iodide (orange) and annexin V-FITC (green) enter the cell and 

label the nucleus (blue + orange = pink/purple) and phosphatidylserine (green), though the 

latter may still be in the cytosolic monolayer of plasma membrane (necrosis feature). 

Phosphatidylserine labeling becomes more intense in the following hour (12 h). 

 

Video 1. Supplementary material. Time-lapse video of HepG2 cells exposed to Cd II, 

AgNP II and AgNP II + Cd II during 24 h in DMEM culture medium, 5% CO2 and 37 °C. 

Hoechst stains the nucleus of viable cells in blue. Annexin V-FITC labels 

phosphatidylserine at the plasma membrane (PM) in green of cells in apoptosis (in the outer 

surface of PM) and necrosis (in the inner surface of PM). Propidium iodide stains the 
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nucleus of non-viable cells (cells with damaged PM) in orange. Overlap of Hoechst and 

propidium iodide is pink/purple. Images were captured with laser scanning confocal 

multiphoton microscope, model A1 MP+ (NIKON Instruments Inc., Tokyo, Japan). 

 


