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Abstract 

Colloidal silver products are sold for a wide range of disinfectant and health applications. This 

has increased the potential for human exposure to silver nanoparticles (AgNPs) and ions (Ag+), 

for which oral ingestion is considered to be a major route of exposure. Our objective was to 

evaluate and compare the toxicity of two commercially available colloidal silver products on 

two human intestinal epithelial models under realistic exposure conditions.  

Mesosilver™ and AgC were characterized and a concentration range between 0.1 and 12 µg/mL 

chosen. Caco-2 cells vs co-culture of Caco-2 and mucus-secreting HT29-MTX cells (90/10) 

were used. Repeated exposure was carried out to determine cell viability over 18 days of cell 

differentiation in 24-well plates. Selected concentrations (0.1, 1, and 3 µg/mL) were tested on 

cells cultured in E-plates and Transwells with the same repeated exposure regimen, to determine 

cell impedance, and cell viability and trans-epithelial electrical resistance (TEER), respectively. 

Silver uptake, intracellular localisation, and translocation were determined by CytoViva™, 

HIM-SIMS, and ICP-MS. Genotoxicity was determined on acutely-exposed proliferating Caco-

2 cells by γH2AX immunofluorescence staining.  

Repeated exposure of a given concentration of AgC, which is composed solely of ionic silver, 

generally exerted more toxic effects on Caco-2 cells than Mesosilver™, which contains a mix 

of AgNPs and ionic silver. Due to its patchy structure, the presence of mucus in the Caco-

2/HT29-MTX co-culture only slightly mitigated the deleterious effects on cell viability. 

Increased genotoxicity was observed for AgC on proliferating Caco-2 cells. Silver uptake, 

intracellular localisation, and translocation were similar. 

In conclusion, Mesosilver™ and AgC colloidal silver products show different levels of gut 

toxicity due to the forms of distinct silver (AgNPs and/or Ag+) contained within. This study 
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highlights the applicability of high-resolution (chemical) imaging to detect and localize silver 

and provides insights into its uptake mechanisms, intracellular fate and cellular effects. 

 

Keywords 

colloidal silver; silver nanoparticles; repeated exposure in vitro; gut toxicity; genotoxicity; 

high-resolution chemical imaging 
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1 Introduction 

 

Silver nanoparticles (AgNPs) are increasingly used in a wide range of consumer products, such 

as cleaning products, food storage containers, personal care products, and dietary supplements 

(Tulve et al., 2015), as inventoried by the project on Emerging Nanotechnologies (The 

Woodrow Wilson International Center for Scholars 2019). The high surface area of AgNPs 

allows for redox-driven dissolution and the release of ionic silver (Ag+), which provides broad-

spectrum antimicrobial properties to products (Wijnhoven et al., 2009). Amongst the forms 

consumed by humans, AgNPs may be present in colloidal silver (defined as a suspension of 

silver-containing particles between 1 and 1000 nm in size), commercially available as over-the-

counter (OTC) drug products and proposed in the US and Europe as a dietary supplement (Reed 

et al., 2014; Rong et al., 2018) for the claimed benefits of supporting a healthy human immune 

system. Although the Food and Drug Administration (FDA) did not recognize OTC colloidal 

silver products as safe and effective in 1999 (FR Doc. 99–21253), the sale of colloidal silver as 

a dietary supplement is not prohibited, as Federal law does not require it to be proven safe or to 

have health benefits. In Europe, silver no longer appears on the list of vitamins and minerals 

authorized in food supplements (directive 2002/46/EC of the European Parliament and of the 

Council in June 2002).  

 

The intentional oral uptake of colloidal silver dietary supplements represents the most direct 

exposure route of silver for humans, which can result in exposure of up to 0.02 mg/kg body 

weight/day (Larsen et al., 2015). From a risk assessment perspective, understanding their fate, 

cellular uptake, and bioavailability upon ingestion is of paramount importance to assess their 

impact on human health. As the first line of defence, as well as the portal of entry and target for 

AgNPs, the gut has been extensively studied in terms of toxicological endpoints, mainly in vitro 
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and under high-concentration and acute-exposure conditions. Cellular uptake, oxidative stress, 

cytotoxic, genotoxic, and/or inflammatory effects have been reported, despite conflicting 

findings, explained by different concentration ranges, in vitro cellular models, methods of 

detection, and physico-chemical characteristics of the AgNPs under study (Pietroiusti et al., 

2017). However, these in vitro studies were mainly focused on commercially available or 

laboratory-synthesized nanoparticles, which are not fully representative of the ingested forms 

present in colloidal silver dietary supplements. Thus, it is critical to evaluate the effects of “real” 

ingested AgNPs, which exhibit specific physico-chemistry, behaviour, and gut toxicity, under 

realistic conditions that mimic human exposure (i.e. low dose, repeated exposure). Rogers et al. 

(2018) and later De Leersnyder et al. (2020) characterized large panels of commercially 

available silver-containing products and reported high variability in the AgNP/Ag+ 

concentration, AgNP size/shape, and AgNP/Ag+ ratio (De Leersnyder et al., 2020; Rogers et 

al., 2018), confirming previous results obtained on drinkable colloidal silver-containing 

products (Cascio et al., 2015). Recent studies have explored the fate of commercial colloidal 

silver supplements in simulated human digestive environments (Rogers et al., 2020; Rong et 

al., 2018; Wu et al., 2018). In particular, Mesosilver™, composed of monodisperse spherical 

AgNPs (mean diameter of 9.5 ± 5.0 nm), with a 90% AgNPs/10% Ag+ ratio, has been shown 

to be much more reactive than both laboratory synthesized and commercially available AgNPs, 

possibly due to differences in their intrinsic physico-chemical properties (such as size and 

surface charge) (Rong et al., 2018). Little is known about the toxic effects of these commercially 

available products in vitro. Rogers et al. (2020) reported cytotoxicity of five commercial 

colloidal silver spray products, which was attributed to the particulate silver, soluble silver, 

and/or non-silver matrix constituents, using a rat intestinal epithelial cell (IEC-6) model. In 

addition, Reed et al. (2014) observed a decrease in the number of microvilli in human intestinal 
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Caco-2 cells treated with liquid AgNP-containing dietary supplements relative to untreated 

cells.  

 

Based on these data, the gut toxicity of two commercially available colloidal silver products, 

Mesosilver™ and AgC, was evaluated in vitro under realistic conditions (i.e. low dose and 

repeated exposure) to mimic human chronic exposure (Chen et al., 2016; Vila et al., 2017). Two 

intestinal epithelial cell models were considered and compared: (i) a Caco-2 monoculture which 

is a widely used model of intestinal barrier function for toxicological studies (Böhmert et al., 

2015; Imai et al., 2017; Juling et al., 2017; Lichtenstein et al., 2015; Vila et al., 2018) and (ii) a 

Caco-2/HT29-MTX co-culture as a more physiologically relevant intestinal model to mimic a 

mucus-producing epithelium (Béduneau et al., 2014; Hilgendorf et al., 2000; Lozoya-Agullo et 

al., 2017). Mucus is indeed the first physical and chemical barrier against toxicants (Gillois et 

al., 2018), particularly AgNPs (Bi et al., 2020), as illustrated in a Caco-2/HT29-MTX co-culture 

following 24 h of acute exposure (Abdelkhaliq et al., 2020; Georgantzopoulou et al., 2016). In 

the present study, the following toxicological endpoints, typically used for AgNPs (Böhmert et 

al., 2014; Saez-Tenorio et al., 2019; Vila et al., 2018) were prioritised for the assessment of 

colloidal silver toxicity to Caco-2 and Caco-2/HT29-MTX cells: cytotoxicity, genotoxicity, 

real-time monitoring of cell impedance, and trans-epithelial electrical resistance, as well as 

silver uptake, intracellular localisation, and translocation. High-resolution chemical imaging 

(Helium Ion Microscope coupled to a Secondary Ion Mass Spectrometer (HIM-SIMS)) was 

used, for the first time, in combination with CytoViva™ hyperspectral imaging, as developed 

to study AgNPs by Fizeşan et al. (2019).  

 

2 Materials and Methods 
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2.1 Colloidal silver products and chemicals 

A suspension of Mesosilver™ (20 µg/mL), sold as a dietary supplement, was purchased in 2018 

from Purest Colloids, Inc (Westampton, NJ, USA). A Colloidal Silver product (15 µg/mL), sold 

for external use in health and disinfectant applications (hereafter referred to as AgC), was also 

purchased in 2018 from the Laboratoire Bio Colloidal (Saint-Fort, France). Both colloidal silver 

products were stored at room temperature in the dark. Phosphate buffered saline (PBS), bovine 

serum albumin (BSA, CAS N°9048-46-8, ≥ 98%), and Triton X-100 (CAS N°9002-93-1, ≥ 

97%) were obtained from Euromedex (Souffelweyersheim, France). Dulbecco’s Modified 

Eagle’s Medium with phenol red (DMEM) 10X (CAT#D2429) and 1X (CAT#5546), fetal 

bovine serum (FBS), penicillin/streptomycin, D-(+)-glucose (CAS N°50-99-7), sodium 

bicarbonate (CAS N°144-55-8, ≥ 99.7%), and folic acid (CAS N°59-30-3, ≥ 97%) were 

obtained from Sigma (Saint-Quentin Fallavier, France). Non-essential amino acids (NEAA), 

Glutamax and Tryple Express were obtained from Gibco (Illkirch, France). AlamarBlue® 

reagent, Alexa Fluor 488 goat anti-mouse IgG antibody, and ProLong Gold antifade reagent 

with DAPI (4′,6-diamidino-2-phenylindole) were obtained from Invitrogen (Eugene, OR, 

USA). Mouse anti-phospho-Histone2AX (Ser139) antibody clone JBW301 was obtained from 

Merck Millipore (Molsheim, France). Calicheamicin-γ1 (CAS N°108212-75-5, 98.44%) was 

obtained from Pfizer (Paris, France). Epon resin (Embed 812), formaldehyde solution (CAS 

N°50-00-0, 16%), glutaraldehyde (CAS N°111-30-8, 25%), osmium tetroxide (CAS N° 20816-

12-0, 4%), and Sorensen phosphate buffer were obtained from Electron Microscopy Sciences 

(Hatfield, PA, USA). HNO3 (CAS N°7697-37-2) was obtained from ChemLab (Zedelgem, 

Belgique).  

 

2.2 Physico-chemical characterization of Mesosilver™ and AgC 
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2.2.1 Transmission electron microscopy (TEM) 

TEM was used to determine the size and shape of the AgNPs in the colloidal silver suspensions. 

Samples were prepared by depositing a drop of the colloidal suspension onto a carbon-coated 

copper grid and allowing it to air-dry at room temperature. TEM images were obtained using a 

Hitachi H-9000 NAR (300 kV, Scherzer resolution 0.18 nm; Tokyo, Japan) coupled to an 

energy dispersive X-ray spectrometer (EDX, Kevex; Valencia, CA, USA) to confirm the 

presence of silver. Images representative of 10 different locations and 580 particles on the grid 

were processed using the program Image J (National Institutes of Health) to determine the shape 

and size distribution of the nanoparticles. 

 

2.2.2 Dynamic and electrophoretic light scattering  

The hydrodynamic diameter and zeta potential of AgNPs in the colloidal silver products or 

suspended at 3 µg/mL in DMEM culture medium (with or without 2% (v/v) FBS) were 

determined by dynamic light scattering (DLS) and electrophoretic light scattering (ELS), 

respectively, using a Zetasizer Nano ZS (Malvern, Orsay, France). AgNP suspensions were 

kept in an incubator (37°C, 5% CO2/95% air) for 0 to 48 h and analysed at various timepoints. 

Measurements were performed in triplicate at a controlled temperature of 25°C in a folded 

capillary zeta cell (Malvern) with a 633-nm laser source and a scattering angle of 173°. The 

intensity size distribution, diameter at the maximum peak, and polydispersity index (PDI) were 

determined.  

 

2.2.3 UV–Vis spectroscopy 

Modifications of the AgNP suspension (3 µg/mL) in DMEM culture medium (with or without 

2% (v/v) FBS) over time were measured by UV–vis spectroscopy. The absorbance spectrum of 

AgNP samples from 300 to 500 nm was recorded at room temperature in UV microplates 



9 
 

(Greiner Bio-One, Frickenhausen, Germany) using a SPARK spectrophotometer (TECAN, 

Männedorf, Switzerland). Culture medium, with or without FBS, was used as a blank, 

depending on the condition to be tested. Three independent experiments were performed.  

 

2.3 Cell lines and cell culture  

The human colon adenocarcinoma Caco-2 cell line was obtained from the European Collection 

of Cell Cultures (ECACC, Salisbury, UK). The mucus-secreting colon adenocarcinoma HT29-

MTX cell line was kindly provided by Dr. Thécla Lesuffleur (INSERM Lille). Cells were used 

at passage 49-55 and 9-15 for Caco-2 and HT29-MTX, respectively. Both cell lines were 

maintained in DMEM with phenol red and 4.5g/L D-(+)-glucose, supplemented with 1% (v/v) 

penicillin/streptomycin, 1% (v/v) NEAA, 1% (v/v) Glutamax, and 10% (v/v) heat-inactivated 

FBS at 37°C in a humidified atmosphere of 5% CO2/95% air. The culture medium was changed 

every 2 to 3 days and the cells were split upon confluency using Tryple Express. 

 

2.4 Repeated cell exposure to Mesosilver™ and AgC suspensions 

A schematic representation of the experimental design is presented in Figure S1. For all 

experiments with Caco-2 and Caco-2/HT29-MTX cultures to be performed in 24-well plates 

(Corning Costar, Kaiserslautern, Germany), E-plates (Ozyme, Saint-Cyr-l'École, France), and 

6.5 mm polycarbonate membrane Transwell systems with a 0.4-μm pore size (Corning Costar), 

cells were seeded at 150,000 cells per cm², at a 90/10 ratio for the co-culture, and grown at 

37°C until day 10 under the culture conditions described above. At day 10, the medium was 

discarded and the cells washed with PBS. Then, a new culture medium was used for treatment, 

based on 10X DMEM and diluted to 1X with a final concentration of 4.5 g/L D-(+)-glucose, 

3.7 g/L sodium bicarbonate, 0.004 g/L folic acid, 1% (v/v) penicillin/streptomycin, 1% (v/v) 

NEAA, 1% (v/v) Glutamax, 2% (v/v) FBS, and various concentrations of Mesosilver™ or AgC 
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suspension (concentration range between 0.1 and 12 µg/mL; diluted with sterilized milliQ grade 

water). This medium was added every 2 days from day 10 for 18 days of cell differentiation. 

The control condition corresponded to the same treatment medium with sterilized milliQ grade 

water replacing the silver-containing product. At the end of the exposure period, samples were 

collected for further analysis. 

 

2.4.1 Cellular viability  

The AlamarBlue® assay was used to evaluate the viability of cells grown on 24-well plates or 

Transwells and treated with Mesosilver™- or AgC (concentrations of 0.1-12 µg/mL and 0.1, 1, 

and 3 µg/mL, respectively). At the end of treatment as described above, the cell culture medium 

was removed and the cells washed with PBS at 37°C before adding diluted AlamarBlue® (1:10 

dilution) in minimal medium (DMEM without FBS) and incubation for 3 h at 37°C. The 

medium was then transferred to a microplate reader and the fluorescence immediately measured 

at 570 nm excitation and 610 nm emission using a SPARK spectrophotometer. Three 

independent experiments were performed, at least in triplicate. 

 

2.4.2 Cell impedance  

Cell impedance was monitored in situ and in real-time using an xCELLigence system (ACEA 

Biosciences, San Diego, USA). The impedance measurement is based on the effect of the cells, 

attached to the xCELLigence electrodes, on the local ionic environment at the electrode-

solution interface. Impedance depends on the number of attached cells and their interaction with 

the electrodes. An increase in cell number, cell adhesion, and/or spreading results in a change 

in electrode impedance, which is displayed as a cell index (CI) value. Caco-2 or Caco-2/HT29-

MTX cells, grown on E-plates, were repeatedly treated with the Mesosilver™ or AgC 

suspension (concentration of 0.1, 1, and 3 µg/mL) vs. control, as already described. Cell 
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impedance was measured every day during the 18-day exposure period. Three independent 

experiments were performed in triplicate.  

 

2.4.3 Trans-epithelial electrical resistance  

The trans-epithelial electrical resistance (TEER) of Caco-2 monocultures and Caco-2/HT29-

MTX co-cultures was continuously monitored using a cellZScope version 2 (nanoAnalytics, 

Münster, Germany). Cells were grown on Transwells in 10% (v/v) FBS medium until day 9 

and transferred to the cellZScope device for a 24-h stabilization in the same medium. At day 

10, basal TEER values were measured. Then, the medium was removed and cells repeatedly 

exposed at the apical side to the Mesosilver™ or AgC suspension (concentrations of 1 and 3 

µg/mL) vs. control for 18 days, as already described. The medium from the basolateral side was 

replaced every 2 to 3 days with DMEM 2% (v/v) FBS at the same time as the treatment medium 

was refreshed on the apical side. TEER was monitored daily during the 18-day exposure period. 

Three independent experiments were performed in triplicate.  

 

2.4.4 Silver uptake, intracellular fate and translocation from apical to basolateral 

compartments 

2.4.4.1 Sample preparation  

At the end of the exposure period (day 28) to Mesosilver™ or AgC suspension (concentration 

of 3 µg/mL), Transwells were fixed in 2 % glutaraldehyde in 0.1 M Sorensen phosphate buffer 

(pH 7.4) overnight at 4°C, washed overnight in 0.2 M phosphate buffer and then post-fixed for 

1 h at room temperature with 1% osmium tetroxide in 250 mM glucose and 0.05 M phosphate 

buffer. The samples were then dehydrated in a series of graded ethanol solutions; membranes 

were cut out from the wells and embedded in an Epon resin. Finally, samples were sliced into 

300-nm semi-thin sections and mounted on microscope glass slides for high-resolution dark-
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field hyperspectral imaging (CytoViva™) and silicon wafers for high-resolution chemical 

imaging (Helium Ion Microscope coupled with a Secondary Ion Mass Spectrometer, HIM-

SIMS).  

 

2.4.4.2 CytoViva™  

CytoViva™ analyses were carried out as previously described by Mehennaoui et al. (2018). 

The semi-thin layers were covered with a drop of mineral oil without the need of a cover slide, 

as the samples were embedded in Epon-resin, making them inert to mineral oil. The samples 

were visualized using a CytoViva™ dark-field hyperspectral imaging system (CytoViva Inc., 

Auburn, Alabama, USA) mounted on Olympus BX-43 optical microscope. Images of the 

samples were captured at 60-fold magnification with oil immersion using a hyperspectral 

camera controlled by environment for visualization ENVI software (version 4.8 from Harris 

Corporation, Melbourne, FL, USA and modified by CytoViva™, Inc.). Spectral libraries of 

exposed cells were manually generated, with approximately 200 spectra acquired per sample. 

Acquired libraries were filtered against non-exposed samples to filter out all spectra non-related 

to AgNPs or Ag colloids using a spectral angle mapper (SAM) algorithm with a 0.05-radian 

tolerance. Filtered libraries were mapped onto images of exposed samples using SAM with a 

0.05-radian tolerance, which allows highlighting similarities between the spectra in the image 

and spectral library. The signature of AgNPs and/or Ag colloids was artificially red-tagged 

using ImageJ software (National Institutes of Health, Bethesda, MD). One sample for each 

condition was used for image analysis.  

 

2.4.4.3 Helium Ion Microscope coupled with a Secondary Ion Mass Spectrometer (HIM-

SIMS) 
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Secondary Ion Mass spectrometry (SIMS) images were acquired with a HIM-SIMS (Zeiss, 

Peabody, US) using Ne+ primary bombardment accelerated at 20 keV. The lateral resolution 

was in the range 20 to 30 nm, with an intensity of 1.5 pA. Both polarities, positive and negative, 

were used for the respective detection of ion silver (107Ag+) and the ion cluster 12C14N-. Images 

were recorded as a matrix of 512 x 512 image points with a counting time of 5 ms/pixel. One 

sample for each condition was used for image analysis. 

 

2.4.4.4 Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) 

Silver (AgNPs and/or ionic silver) translocation from the apical to basolateral compartments 

was determined by measuring the silver concentration in both compartments by Inductively 

Coupled Plasma - Mass Spectrometry (ICP-MS). At the end of the exposure period (day 28) to 

Mesosilver™ or AgC suspension (3 µg/mL), all the medium from the apical (300 µL) and 

basolateral (800 µL) compartments of each Transwell was collected into 1.5 mL microtubes. 

Samples were concentrated by evaporation with a SpeedVac concentrator (Thermo Fisher 

Scientific, Illkirch, France) at 35°C for 2 h and stored one week at -80°C before use. Samples 

were then digested in 65% HNO3 for 30 min to obtain a perfectly clear solution and then water 

was added to obtain a 2% HNO3 solution for ICP-MS-Q analysis (Varian 820-MS quadrupole 

inductively-coupled plasma spectrometer; Melbourne, Australia). Measurements on two 

samples for each condition were performed in the Laboratoire de Planétologie et Géodynamique 

(LPG Nantes laboratory, UMR 6112, France). The total silver concentration was determined by 

external calibration using certified single-element reference standard solutions (IONEX 

reference standard from ChemLab, Zedelgem, Belgium at 1000 µg/mL). Each standard was 

prepared to obtain a 2% HNO3 solution, as for the samples. Two isotopes of silver were 

analysed (107Ag and 109Ag) and gave consistent results. 115In was used as an internal standard. 
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2.5 DNA damage analysis 

DNA damage in proliferating Caco-2 cells was detected using antibodies against 

phosphorylated histone H2AX (γH2AX), a marker of DNA double-strand breaks (DSBs) 

(Bonner et al., 2008; Rogakou et al., 2000). First, 150,000 Caco-2 cells/cm² were seeded on 

coverslips. After 24 h to allow attachment, the cells were exposed for 1, 6, or 24 h to 0.1, 1, or 

3 µg/mL Mesosilver™ or AgC suspension. Exposure to 500 fM calicheamicin was used as a 

positive control for inducing genotoxicity. At the end of treatment, cells were immediately fixed 

with 4% paraformaldehyde in PBS. After PBS washing, cells were permeabilized with 0.1% 

Triton X-100, washed in PBS, and blocked in PBS with 1% BSA overnight. After blocking, 

cells were incubated with mouse anti-phospho-Histone2AX (Ser139) antibody clone JBW301 

at a 1:1,000 dilution, followed by incubation with Alexa Fluor 488 goat anti-mouse IgG 

antibody at a 1:100 dilution. Coverslips were mounted using ProLong Gold antifade reagent 

with DAPI to counterstain the nuclei. Slides were visualized under a 40× objective on a Leica 

TCS SP8 AOBS inverted confocal microscope (Leica Microsystems, Mannheim, Germany). 

The number of γH2AX positive cells, expressed as the percentage of the total cell number, was 

calculated, based on the determination of a threshold of γH2AX intensity for untreated cells. 

The intensity of γH2AX was compared to this threshold for each treated cell, visualized with 

DAPI staining. A minimum of 50 cells per image and eight images for each condition were 

analysed in a blinded fashion. 

 

2.6 Statistical analysis 

Data are expressed as the mean ± standard error (SD). Statistical significance was calculated 

using one-way or two-way ANOVA with Dunnett’s multiple comparison test using GraphPad 

Prism software version 8.3 for Windows (GraphPad Software, San Diego, CA). Differences 

were considered statistically significant for a p-value < 0.05. 
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3 Results 

 

3.1 Characterisation of Mesosilver™ and AgC suspensions in pure form and diluted in 

cell-culture medium 

The physico-chemical properties of Mesosilver™ (20 µg/mL) and AgC (15 µg/mL) 

suspensions, in their pure form or diluted in culture medium (containing or not FBS 2% (v/v)), 

were monitored. Various techniques were used in parallel. TEM provided information about 

the core size, shape, and agglomeration state of the AgNPs. UV–vis spectroscopy made it 

possible to follow the surface plasmon resonance peak (SPR) of the AgNPs. In addition, the 

hydrodynamic diameter was established by DLS, while the zeta potential was determined by 

ELS. 

 

In its pure form, the Mesosilver™ suspension had a brown colour, with a strong absorption 

peak at a maximum wavelength (λmax) of 396 nm, as a result of plasmon resonance, 

characteristic of metal nanoparticles (Ashkarran et al., 2012; Gao et al., 2017) (Figure 1C). As 

observed in TEM images, the AgNPs were spherical (Figure 1A), with a diameter between 4 

and 31 nm (Figure 1B). Their mean diameter was 12.0 ± 4.1 nm, while the hydrodynamic size 

distribution was multimodal, with a large peak between 10 and 300 nm and a diameter at the 

maximum peak of 79 nm (Table S1 and Figure 1D). The zeta potential at the intrinsic pH of the 

Mesosilver™ suspension (pH=7.3) was −30.1 ± 4.8 mV. The AgC suspension was uncoloured 

and exclusively composed of ionic silver with no AgNPs observed by TEM or UV-vis 

spectroscopy (data not shown). 
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The modifications that occurred to the AgNPs, present in the Mesosilver™ suspension and 

diluted to a concentration of 3 µg/mL in the cell culture medium, containing or not 2% (v/v) 

FBS, were regularly monitored for a 48-h contact period (Figure S2). In contact with the culture 

medium, the λmax value at t = 0, initially 396 nm in pure form, increased slightly, reaching 402 

and 408 nm, with or without 2% (v/v) FBS, respectively (Figure S2B and S2A). The absorbance 

of MesosilverTM only slightly decreased after 24 h of exposure to the culture medium with 2% 

(v/v) FBS, which was accompanied by a redshift of λmax from 402 to 416 nm (Figure S2B). 

There was little change in the hydrodynamic diameter distribution (Figure S2D), with a slight 

increase in the hydrodynamic diameter at the maximum peak from 79 nm at t = 0 to 91 nm at t 

= 48 h (Table S1). In contrast, there was a large decrease in the intensity of the Mesosilver™ 

absorbance peak around 400 nm over time in the culture medium without FBS (Figure S2A), 

which was associated with an increase in the hydrodynamic diameter at the maximum peak 

from 164 nm at t = 0 to 1,281 nm at t = 48 h (Table S1, Figure S2C). The zeta potential changed, 

independently of the presence of FBS in the culture medium, becoming less negative, with 

values reaching -9.2 ± 0.2 mV at t = 0 and -13.5 ± 0.3 mV at t = 48 h in the absence of FBS and 

-9.0 ± 1.0 mV at t = 0 and -9.7 ± 0.4 mV at t = 48 h, in the presence of FBS (Table S1). 

 

3.2 Determination of cell viability of Caco-2 and Caco-2/HT29-MTX cell cultures 

during repeated exposure to Mesosilver™ and AgC suspensions  

First, the effect of Mesosilver™ and AgC suspensions on cell viability in Caco-2 monocultures 

and Caco-2/HT29-MTX co-cultures in 24-well plates during 18 days of repeated exposure (i.e. 

every 2 days) was evaluated for a wide range of concentrations (0-12 µg/mL). Both 

Mesosilver™ and AgC induced a loss in cell viability, as measured using the AlamarBlue® 

assay, in a concentration-, time-, cell model-, and colloidal silver product-dependent manner. 

The AlamarBlue® assay estimates the oxidative metabolism of viable cells by converting a 
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redox dye (resazurin) into a fluorescent end product (resorufin). Indeed, after 2 days of 

exposure, cell viability gradually and significantly decreased (P < 0.001 or P < 0.0001) for both 

Mesosilver™ and AgC at concentrations from 6 µg/mL in both monoculture and co-culture cell 

models (Figure 2). Early signs of loss of cell viability were also observed at 3 µg/mL AgC for 

Caco-2 cells (P < 0.0001, Figure 2B). A significant loss of cell viability was obtained (P < 0.01 

or P < 0.0001) after 7 days of exposure, regardless of the cell model for both Mesosilver™ and 

AgC from concentrations of 3 µg/mL, which was further confirmed (P < 0.0001) after 18 days 

of exposure; once again, a decrease in viability was observed for AgC only from 1 µg/mL in 

Caco-2 monocultures (P < 0.01, Figure 2B) and Caco-2/HT29-MTX co-cultures (P < 0.05 or P 

< 0.01, Figure 2D). Interestingly, a significant increase in metabolic activity occurred in the 

Caco-2/HT29-MTX co-culture after 7 and 18 days of exposure to a low concentration of 

Mesosilver™ or AgC of 0.5 µg/mL (P < 0.01 or P <0 .0001, Figure 2C and 2D); this was also 

true for the Caco-2 monoculture treated with AgC at a concentration of 0.1 or 0.5 µg/mL (P < 

0.01, Figure 2B). 

 

Based on these results, further assays were carried out using Mesosilver™ and AgC at a 

restricted concentration range of 0.1, 1, and 3 µg/mL. Impedance measurements were 

performed using the xCELLigence system for the Caco-2 monoculture and Caco-2/HT29-MTX 

co-culture. The xCELLigence system measures the electrical impedance of cells grown on 

electrodes in situ and in real time. The electrical impedance is displayed as the change in cell 

index (Figure 3), which provides information on the cell number and inherent morphological 

and adhesive characteristics of the cells (Solly et al., 2004). The repeated exposure of Caco-2 

and Caco-2/HT29-MTX cells to Mesosilver™ or AgC had no visible influence on the cell index 

for concentrations of 0.1 and 1 µg/mL. In contrast, for the highest concentration of 3 µg/mL, 

the cell index gradually decreased to reach statistical significance (P < 0.001) after 5 days of 
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exposure on monocultures (Figure 3A) or co-cultures (Figure 3B), with similar profiles for the 

two types of colloidal silver products. Finally, cell viability using the AlamarBlue® assay was 

measured for Caco-2 and Caco-2/HT29-MTX cells cultured on Transwells after 18 days of 

exposure (Figure 4A and 4D). For the Caco-2 monoculture, there was a significant and marked 

decrease in cell viability at 3 µg/mL Mesosilver™ and from 1 µg/mL AgC (P < 0.0001, Figure 

4A). For the Caco-2/HT29-MTX co-culture, the loss in metabolic activity occurred from 1 

µg/mL, regardless of the colloidal silver-containing product, with P < 0.0001 for AgC and P < 

0.01 for Mesosilver™ (Figure 4D). 

 

3.3 Determination of trans-epithelial electrical resistance in Caco-2 and Caco-2/HT29-

MTX cell cultures during repeated exposure to Mesosilver™ and AgC suspensions  

The measurement of TEER is classically used to assess the intestinal barrier integrity and 

permeability (Brun et al., 2014; García-Rodríguez et al., 2018; Vila et al., 2018). Here, TEER 

was monitored in situ and in real time using the cellZScope system for Caco-2 and Caco-

2/HT29-MTX cells grown on Transwells and repeatedly exposed to Mesosilver™ and AgC at 

concentrations of 1 and 3 µg/mL for 18 days. For the Caco-2 monoculture, a significant 

decrease in TEER (P < 0.05) was observed for Mesosilver™ at 3 µg/mL and AgC from 1 µg/mL 

(Figure 4B and 4C). In contrast, TEER was not impaired by the repeated exposure of the Caco-

2/HT29-MTX co-culture to Mesosilver™ (Figure 4E) or AgC (Figure 4F). A slight and 

transient increase in TEER was only recorded between the 11th and 13th day of exposure for 

AgC at 3 µg/mL (P < 0.05, Figure 4F).  
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3.4 Determination of silver uptake and translocation in Caco-2 and Caco-2/HT29-MTX 

cell cultures after repeated exposure to Mesosilver™ and AgC suspensions  

Silver uptake by Caco-2 and Caco-2/HT29-MTX cells, after 18 days of repeated exposure to 

Mesosilver™ or AgC at a concentration of 3 µg/mL, was monitored by CytoViva™ 

hyperspectral imaging (Figure 5). Regardless of the cell model, discrete silver spots, consisting 

of AgNPs and/or Ag colloids, were distributed within the cell layer, with slightly preferential 

accumulation at the basolateral side, in close vicinity to the Transwell surface (Figure 5). High-

resolution chemical imaging using HIM-SIMS was performed on the Caco-2 monoculture to 

gain further insight into the intracellular localisation of silver. The elemental distribution of 

107Ag+ and 12C14N- in the cells is shown in Figure 6. The distribution of the 12C14N- cluster was 

chosen as a cell “fingerprint”. The intracellular presence of Ag was observed for both 

Mesosilver™ and AgC (Figure 6). In addition to CytoViva™ and HIM-SIMS imaging, 

demonstrating silver uptake by intestinal epithelial cells, ICP-MS was carried out to evaluate 

silver translocation from the apical to basolateral compartments in Caco-2 monocultures and 

Caco-2/HT29-MTX co-cultures after the 18 days of exposure to Mesosilver™ or AgC at 3 

µg/mL (Figure 7A and 7C and Figure 7B and 7D, respectively). Silver concentrations were 

measured by ICP-MS in the apical (Figure 7A and 7B) and basolateral (Figure 7C and 7D) 

media. The silver concentration was close to 1000 ng/mL in the apical medium and between 1 

and 2 ng/mL in the basolateral medium, regardless of the colloidal silver product and cell model 

(Figure 7). Overall, these results imply that the silver present in the Mesosilver™ and AgC 

products was internalized and able to cross the epithelial barrier of the Caco-2 and Caco-

2/HT29-MTX cells, although it was not possible at this stage to determine in what form (i.e. 

AgNPs and/or ionic silver). In parallel, immunofluorescence staining of mucus in the Caco-

2/HT29-MTX cells was performed using the anti-MUC5AC antibody. Mucus did not form a 

uniform layer over the cell surface, but rather showed a patchy structure for untreated cells 
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(Figure S3C), as well as cells repeatedly exposed to Mesosilver™ and AgC (Figure S3D and 

S3E). 

 

3.5 Evaluation of genotoxicity induced by Mesosilver™ and AgC suspensions on 

proliferative Caco-2 cells 

The presence of DNA double-strand breaks (DSBs) was examined in proliferating Caco-2 cells 

acutely exposed for 1, 6, or 24 h at concentrations of 0.1, 1, and 3 µg/mL to evaluate whether 

Mesosilver™ and AgC products are potential genotoxic agents. The presence of phosphorylated 

H2AX (γH2AX), a classic marker for DNA DSBs, was therefore studied by 

immunofluorescence. All results are presented in Table 1 and representative images obtained 

after 6 h of treatment at 1 µg/mL are shown in Figure S4. Cells exposed to 500 fM calicheamicin 

were used as a positive control. 

 

No genotoxic effect occurred after treatment with either colloidal silver product at 0.1 µg/mL 

or 1 h of treatment (Table 1). However, γH2AX intensity significantly increased after 6 h of 

exposure to Mesosilver™ (P < 0.05) or AgC (P < 0.0001) at 1 µg/mL (Figure S4 and Table 1). 

The percentage of γH2AX-positive cells was significantly higher for AgC than Mesosilver™ 

(P < 0.001), with 31.0 ± 4.2% versus 16.0 ± 3.1%, respectively (vs 4.4 ± 1.4% for untreated 

cells), suggesting higher genotoxicity of the AgC suspension. This was confirmed following 24 

h of treatment at 1 µg/mL: at this timepoint, exposure to AgC induced cytotoxicity, whereas 

Mesosilver™ exposure induced genotoxicity (21.1 ± 5.1% positive cells, P < 0.0001) (Table 

1). For the highest concentration of 3 µg/mL, more deleterious effects were once again observed 

for AgC than Mesosilver™: after 1 h, exposure to AgC induced genotoxicity that resulted in 

cytotoxicity after 6 or 24 h of exposure, whereas Mesosilver™ induced genotoxicity at 6 h (41.5 
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± 5.5% positive cells, P < 0.0001), which was further associated with cytotoxicity after 24 h of 

treatment (Table 1).  

 

4 Discussion 

 

Given the growing interest in the antimicrobial properties of AgNPs and/or ionic silver, 

numerous colloidal silver products are currently being marketed for a wide range of health and 

disinfectant applications. In particular, dietary supplements advertised as immune boosters can 

easily be found in the US and Europe, even though silver no longer appears in the list of 

authorized vitamins and minerals in Europe. Toxicity studies have mainly focused on 

commercially available or laboratory-synthesized AgNPs tested at high unrealistic 

concentrations, up to 100 µg/mL (Georgantzopoulou et al., 2016; Saez-Tenorio et al., 2019; 

Williams et al., 2016), which are not representative of the ingested forms present in such dietary 

supplements. Indeed, the structural and physico-chemical characteristics of “real” AgNPs, such 

as concentration, particle size distribution, and/or interfacial properties, may differ from those 

of model AgNPs. Few studies have characterized the presence of AgNPs in colloidal silver 

products (Cascio et al., 2015; De Leersnyder et al., 2020; Reed et al., 2014; Rogers et al., 2020; 

Rong et al., 2018) and, furthermore, little is known about their fate, behaviour, or toxicity in 

the gastro-intestinal tract (Reed et al., 2014; Rogers et al., 2020; Rong et al., 2018).  

 

The aim of the present study was to compare the physico-chemical properties of two colloidal 

silver products, Mesosilver™, produced by Purest Colloid in US (Farmen et al., 2012; Reed et 

al., 2014; Rong et al., 2018) and AgC marketed in France, and to assess their respective effects 

in vitro using realistic scenarios that mimic human exposure (i.e. low dose and repeated 

exposure). First, the physico-chemical properties of the AgNPs present in Mesosilver™ in its 



22 
 

pure form were assessed. The AgNPs were spherical with a core diameter deduced from TEM 

analysis, of approximately 12 nm, a hydrodynamic diameter, measured by DLS, of 33 nm, and 

a negative zeta potential of -30 mV, in accordance with published data (Rong et al., 2018). In 

the aforementioned study, the authors found 10.6% of silver as dissolved silver (ionic silver), 

whereas the rest was present as AgNPs (Rong et al., 2018). This is lower than the 22% and 46% 

values reported by Farmen et al. (2012) and Rogers et al. (2018) respectively. These 

discrepancies are likely explained by differences in the measurement methods and preparation 

of the samples. In contrast to Mesosilver™, the AgC suspension was only composed of ionic 

silver (i.e. no AgNPs detected), confirming the high variability in the relative percentage of 

particulate vs. soluble silver, observed among drinkable commercial colloidal silver-containing 

products (Cascio et al., 2015) and later on a broader range of consumer products advertised to 

contain colloidal silver (Rogers et al., 2018). 

 

UV-visible spectroscopy was complementarily used to identify the presence of metallic AgNPs 

in the Mesosilver™ suspension. An absorption peak at 396 nm (λmax) was detected, 

corresponding to a size of the AgNPs of approximately 10 nm (Paramelle et al., 2014), in 

accordance with published data (Rogers et al., 2018). As interactions of AgNPs with their 

environment can lead to major physico-chemical modifications with subsequent modulation of 

their toxicity (Durán et al., 2015), the stability of AgNPs present in Mesosilver™ was evaluated 

in the cell culture medium used for the further assessment of their toxicological impact in vitro. 

In the presence of FBS, a relatively small redshift of λmax of 20 nm was observed, suggesting 

the binding of biomolecules to AgNPs (Ashkarran et al., 2012; Burcza et al., 2015); such a 

biomolecular corona around the AgNPs may be involved in the protective role exerted by FBS.  
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As colloidal silver is consumed orally, the first barrier to exposure is the gastrointestinal tract. 

Two in vitro gut models, a Caco-2 monoculture and a Caco-2/HT29-MTX co-culture, were thus 

used to evaluate the toxicological impact of Mesosilver™ and AgC suspensions. AgNPs and/or 

ionic silver are known to induce interference with a large number of viability assays (Mello et 

al., 2020; Riaz Ahmed et al., 2017). Therefore, the resazurin-based AlamarBlue® assay, 

reported to be a non-interfering method (Mello et al., 2020), was chosen to evaluate the 

cytotoxicity of Mesosilver™ and AgC. A loss in cell viability was observed for both 

Mesosilver™ and AgC in Caco-2 monocultures and Caco-2/HT29-MTX co-cultures in a 

concentration-dependent manner; for the 24-well culture, time-dependent effects were also 

found with increased cytotoxicity after repeated exposure. Despite the different culture systems 

used, the cytotoxicity profiles in the 0.1 to 3 µg/mL range were similar. However, for the 3 

µg/mL concentration, Caco-2 and Caco-2/HT29-MTX cells cultured in Transwells and 

repeatedly exposed to Mesosilver™ or AgC for 18 days were less sensitive than those cultured 

in 24-well plates, probably due to differences in cell differentiation. For a low concentration of 

0.5 µg/mL, there was an increase in metabolic activity after 7 or 18 days of treatment of Caco-

2/HT29-MTX cells with Mesosilver™ or AgC (also seen for AgC in Caco-2 cells). This ability 

to stimulate cell growth at low (nano)silver concentrations, or “hormetic effect” (Iavicoli et al., 

2018), is in accordance with published results on synthetic AgNPs in Caco-2 cells after short-

term exposure (Chen et al., 2016). Comparison of the cytotoxicity induced by the colloidal 

silver products showed AgC to undoubtedly have more deleterious effects than Mesosilver™, 

as seen in the 24-well plate and Transwell culture systems. The presence of γH2AX was thus 

studied as a classic marker for DNA DSBs and genotoxicity to further the analysis and explain 

the observed cytotoxicity. For a given concentration and exposure time, γH2AX levels were 

higher for AgC- than Mesosilver™-exposed Caco-2 cells. These differences undoubtedly 

originate from the predominance of the ionic form of silver in the AgC suspension, generally 
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described to be the main driver for silver toxicity (De Matteis et al., 2015; van der Zande et al., 

2016), although several studies have reported specific AgNP-mediated toxic effects (Arai et al., 

2015; Garcia-Reyero et al., 2014). Overall, a loss of viability was observed for differentiated 

Caco-2 cells, raising the issue of the toxicity of chronic exposure to colloidal silver, and 

proliferating Caco-2 cells showed increased levels of γH2AX, suggesting a genotoxic effect, as 

recently reviewed (Hadrup et al., 2020).  

 

Real-time cellZScope measurements of Caco-2 cells repeatedly exposed to Mesosilver™ for 18 

days showed a concentration- and time-dependent decrease in TEER, as an indicator of 

progressive intestinal barrier impairment. In contrast, the same TEER alterations were obtained 

at 1 and 3 µg/mL of AgC, reinforcing the more deleterious impact of this 100% ionic-silver 

containing product. Interestingly, exposure of the Caco-2/HT29-MTX co-culture to 

Mesosilver™ or AgC did not induce any marked changes in TEER when using the 1 and 3 

µg/mL concentrations, suggesting that intestinal barrier integrity remained unaffected under 

these conditions, even though a loss in cell viability and a decrease in the cell index were 

observed. A similar trend of a decrease in cell viability without TEER changes was previously 

described for a Caco-2/HT29 mucus-secreting cell model exposed to synthetic AgNPs (Saez-

Tenorio et al., 2019). One possible explanation is that mucus compensates, at least to some 

extent, for intestinal barrier alterations, as it was shown to contribute to TEER in HT29-MTX 

cells (Pontier et al., 2001). Due to the multilayer conformation of Caco-2/HT29-MTX cells 

(Figure S3B), it is also possible that cell mortality occurred without affecting intestinal barrier 

integrity, contrary to the Caco-2 monolayer (Figure S3A). 

 

Concerning the influence of the cell model and the role of mucus, no striking differences in 

terms of cell viability were observed between Caco-2 and Caco-2/HT29-MTX cells, the key 
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driver rather being the type of colloidal silver product. Due to its physical and chemical 

properties, mucus may trap dietary inorganic nanoparticles, such as AgNPs, thereby decreasing 

their toxicity to the host or, on the contrary, inducing high local accumulation with subsequent 

increased toxicity (Gillois et al., 2018). To date, few in vitro studies using intestinal cell models 

have considered mucus in the toxicological assessment of AgNPs and were limited to short-

term exposure conditions. In the study of Georgantzopoulou et al. (2016), Caco-2TC7/HT29-

MTX (90/10) cells were acutely exposed to synthetic AgNPs (10–100 µg/mL) for 24 h. The 

mucus layer was able to trap 200-nm AgNPs, thus reducing their interaction with the cellular 

membrane and resulting in lower levels of toxicity, oxidative stress, IL-8 release, and proteomic 

alterations than for 20-nm AgNPs and silver nitrate, used as a control (Georgantzopoulou et al., 

2016). More recently, Caco-2/HT29-MTX (75/25) cells were acutely exposed to pristine vs in 

vitro digested lipoic acid- and citrate-coated 50-nm AgNPs (250–2500 µg/mL) for 24 h. 

Exposure to increasing concentrations of AgNPs resulted in a concentration-dependent increase 

of total Ag and AgNP content in the cellular fractions, with lower levels observed for digested 

AgNPs relative to their pristine counterparts. Confocal microscopy imaging showed clusters of 

silver or AgNPs mainly localized to the cell cytoplasm and, to some extent, the nucleus 

(Abdelkhaliq et al., 2020). Moreover, Saez-Tenorio et al. (2019) described a time-dependent 

increase in cellular uptake and internalization after exposure of Caco-2/HT29 cells to small 

(approximately 5 nm) laboratory-synthesized AgNPs. After 24 h of exposure, most of the 

AgNPs were embedded in the mucus layer and at the end of the exposure period (96 h), a higher 

number of AgNPs was able to cross the mucus barrier and enter the cells (Saez-Tenorio et al., 

2019). To gain further insights of the role of mucus in our conditions (commercial colloidal 

silver products, low doses, Caco-2/HT29-MTX cell model, repeated exposure), 

immunofluorescence staining of mucus was performed using the anti-MUC5AC antibody, as 

MUC5AC is the major gel-forming mucin produced by HT29-MTX cells (Lesuffleur et al., 
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1993). Mucus did not form a uniform layer over the cell surface, but rather a patchy structure, 

as observed by confocal microscopy. This observation is in agreement with those of previous 

studies in which mucus patches were visualised in HT29-MTX cell layers (Coïc et al., 2012; 

Etzold et al., 2014; Radziwill-Bienkowska et al., 2017; Sperandio et al., 2013; Talbot et al., 

2018), Caco-2/HT29-MTX co-cultures (70/30) (Dorier et al., 2017) and Caco-2/HT29 co-

cultures at varying ratios of 70/30, 80/20, and 90/10 with no differences in mucus secretion or 

distribution (García-Rodríguez et al., 2018). However, it was also reported that mucus secreted 

by Caco-2/HT29-MTX co-cultures (90/10) formed a mucus layer that completely covered the 

cell surface (Mahler et al., 2009). These discrepancies stress the necessity of examining the 

mucus when HT29-MTX cells are used for the toxicological assessment of AgNPs and other 

dietary inorganic nanoparticles. After repeated exposure to Mesosilver™ or AgC, confocal-

microscopy based qualitative inspection showed that mucus secretion remained unchanged in 

repeatedly-exposed cells relative to untreated cells, as previously reported for TiO2 

nanoparticles (Dorier et al., 2017). Due to its patchy structure, the mucus was probably unable 

to exert its trapping properties and thus mitigate the deleterious effects of Mesosilver™ or AgC 

on Caco-2 cells. This is why both the Caco-2 and Caco-2/HT29-MTX cell models exhibited 

comparable silver translocation, albeit to only a slight extent (between 0.09 and 0.20% of apical 

silver content), as measured by ICP-MS in the basolateral compartment at the end of the 

repeated treatment with Mesosilver™ or AgC. These findings differ from those reported by 

Vila et al. (2018), who found no silver translocation in Caco-2 cells after 24 h of acute exposure 

to 1 to 50 μg/mL of synthetic AgNPs. However, in the study reported by Imai et al. (2017) on 

Caco-2 cells acutely exposed to AgNPs at 5 µg/mL, 0.28% and 0.22% of silver transported to 

the basolateral side were measured for citrate-ligand and lipoic-acid capped AgNPs, 

respectively (vs 0.27% for ionic silver). Interestingly, in the aforementioned study, the amount 

of silver found in the basolateral medium was markedly lower when the cells were treated with 
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AgNPs or ionic silver at 4°C, suggesting active transport (Imai et al., 2017). Abdelkhaliq et al. 

(2020) obtained values below 0.1% for the translocation of either pristine or digested AgNPs 

through acutely-exposed Caco-2/HT29-MTX cells, either as total Ag or AgNPs. This is of the 

same order of magnitude as our results, despite different products and exposure regimes.  

 

TEM was used as a first approach to visualize internalized AgNPs to support these findings on 

silver uptake and fate in vitro, but no clear presence of these particles was detected inside the 

cells, probably due to the granulated nature of the cell cytoplasm (data not shown). Dark-field 

hyperspectral imaging (CytoVivaTM) and high-resolution SIMS-based chemical imaging are 

powerful techniques that are increasingly used to investigate the distribution of NPs and 

chemical elements within biological matrices. CytoViva™ hyperspectral imaging was thus 

performed on Caco-2 and Caco-2/HT29-MTX cells repeatedly exposed to Mesosilver™ or 

AgC. CytoViva™ is a high contrast optical dark‐field system , used in the nanotoxicology field 

for imaging TiO2 NPs (Konstantinova et al., 2017) and, more recently, AgNPs (Fizeşan et al., 

2019; Mehennaoui et al., 2018). Nanoparticles and other light-scattering objects appear as 

bright features on a dark background; thus, fluorescent labelling of NPs, which could modify 

their physico-chemical properties, is not required. Complementarily to CytoViva™, high-

resolution chemical imaging was used on the same repeatedly-exposed samples; only Caco-2 

cells were considered. Helium Ion Microscopy (HIM, ZEISS, Peabody, USA) consists of 

scanning the sample with a finely focussed He+ ion beam of sub-nm resolution and detecting 

secondary electrons to generate images (Hlawacek and Gölzhäuser, 2016). In contrast to 

conventional Scanning Electron Microscopy (SEM), which uses an electron beam to scan the 

sample, HIM provides better contrast details due to smaller beam-sample interaction volumes, 

a better depth of field, and the possibility to image insulating samples without prior deposition 

of a conductive film. In addition, the HIM used for this study was equipped with a Secondary 
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Ion Mass Spectrometer (SIMS) system developed by LIST, Luxembourg (Dowsett and Wirtz, 

2017; Wirtz et al., 2019). The integrated HIM-SIMS instrument allows the acquisition of both 

high-resolution structural information and elemental/chemical information from the same field 

of view. It has been successfully applied to imaging a lithium titanate and magnesium oxide NP 

mixture (Dowsett and Wirtz, 2017) and correlating the morphology and composition of AgNPs 

(Fizeşan et al., 2019). In the present study, the CytoViva™ and HIM-SIMS results converged 

on the cell uptake and internalization of silver (AgNPs and/or ionic silver) for both colloidal 

silver products and cell models, which may be influenced by the formation and nature of the 

biomolecular corona around AgNPs (Barbalinardo et al., 2018; Monteiro-Riviere et al., 2013). 

 

In conclusion, the results of this study demonstrate that differences in the relative percentage 

of particulate (AgNPs) vs. soluble silver (ionic silver) in commercially available colloidal silver 

products, here Mesosilver™ and AgC, influence their toxicological impact in vitro on Caco-2 

and Caco-2/HT29-MTX intestinal cell models, under realistic conditions that mimic human 

exposure, with low doses (0.1-12 µg/mL) and a repeated exposure regimen (every two days for 

18 days). The most striking effects, including cytotoxicity and intestinal barrier impairment on 

differentiated Caco-2 cells, and genotoxicity on proliferating Caco-2 cells, were observed with 

the commercial product containing only ionic silver (AgC). Due to its patchy structure, the 

presence of mucus on intestinal cells in the Caco-2/HT29-MTX co-culture model only slightly 

mitigated these effects, underlining the necessity of examining mucus when HT29-MTX cells 

are used for the toxicological assessment of dietary inorganic nanoparticles and other 

chemicals. Regardless of the cell model, silver uptake and intracellular localization, as shown 

by CytoViva™ and HIM-SIMS, and subsequent silver translocation, were similar for both 

colloidal silver products. These findings demonstrate that high-resolution (chemical) imaging 

is a powerful approach to provide novel insights into mechanisms behind nanoparticle toxicity.  
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Beyond analytical developments for the in-depth characterization of silver forms in native 

colloidal-silver based consumer products and biological fluids and tissues after exposure, future 

studies are needed to explore their gut toxicity in physiologically relevant in vitro and in vivo 

models to better understand the potential human exposure risks posed by these consumer 

products, which are becoming a growing concern. 
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Table 1. Proportion of γH2AX-positive cells after exposure of proliferating Caco-2 cells to 

Mesosilver™ or AgC. Values correspond to the mean ± SD of eight images for each condition. 

Values for the positive control with 500 fM calicheamicin and untreated cells are given. 

* P < 0.05; **** P < 0.0001 vs untreated cells; ### P < 0.001 vs Mesosilver TM.  
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Figure 1. Physico-chemical characterization of commercial colloidal silver Mesosilver™ in its 

pure form. (A) Representative TEM image of AgNPs and (B) Core size distribution of AgNPs 

based on diameters measured on TEM images. (C) UV–vis spectrum with the maximum 

absorption wavelength (λmax) labelled. (D) Hydrodynamic diameter distribution of AgNPs 

obtained from DLS measurements. 
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Figure 2. Effect of colloidal silver products on cell viability for Mesosilver™ (A,C) and AgC 

(B,D) after 2, 7 and 18 days of repeated exposure in Caco-2 monoculture (A,B) and Caco-

2/HT29-MTX co-culture (C,D) in 24-well plates. Cell viability is expressed as the percentage 

of that of control (untreated cells). Significant differences from untreated cells are marked with 

asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001). 
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Figure 3. Changes in the cell index measured in real-time using the xCELLigence system. 

Caco-2 cells (A) or Caco-2/HT29-MTX cells (B) cultured in E-plates were exposed to 

Mesosilver™ or AgC at each medium refreshment (red arrow) every two days for 18 days. 

Significant differences from untreated cells are marked with asterisks (** P < 0.01; *** P < 

0.001). 
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Figure 4. Cell viability after 18 days of repeated exposure to Mesosilver™ and AgC and 

changes in trans-epithelial electrical resistance (TEER). Cell viability, expressed as the 

percentage of that of control (untreated cells), was measured on Caco-2 monoculture (A) and 

Caco-2/HT29-MTX co-culture (D) in Transwells, at the end of the 18-day repeated exposure to 

Mesosilver™ or AgC. TEER was monitored in real-time using the cellZScope system on Caco-

2 cells (B,C) and Caco-2/HT29-MTX cells (E,F) exposed to Mesosilver™ or AgC. The culture 

medium was refreshed every two days for 18 days (red arrow). Significant differences from 

untreated cells are marked with asterisks (* P < 0.05; ** P < 0.01; **** P < 0.0001). 
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Figure 5. High-resolution dark-field microscopy images (CytoVivaTM) of Caco-2 cells (A,B) 

and Caco-2/HT29-MTX cells (C,D) repeatedly exposed to Mesosilver™ (A,C) or AgC (B,D) 

at a concentration of 3 µg/mL for 18 days. The Caco-2 monolayer and the Caco-2/HT29-MTX 

multilayer, as well as the Transwell membrane, are visible; silver spots are artificially labelled 

in red. Scale bar corresponds to 12 µm. 
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Figure 6. Distribution maps of Ag element (first column) and CN cluster (allowing 

visualization of the cell morphology, second column) detected by the Helium Ion Microscopy 

– Secondary Ion Mass Spectrometry (HIM-SIMS) instrument on Caco-2 cells cultured on 

Transwells and repeatedly exposed to Mesosilver™ or AgC at a concentration of 3 µg/mL for 

18 days. The third column corresponds to image overlapping (silver in red, CN in green, 

overlapping of both in yellow). Silver spots are highlighted by white circles. Scale bar 

corresponds to 2 μm.  

  



49 
 

 

 

Figure 7. Total silver concentration measured by ICP-MS in apical (A,B) and basolateral (C,D) 

media after 18-day repeated exposure of Caco-2 cells (A,C) and Caco-2/HT29-MTX cells 

(B,D), cultured in Transwells, to Mesosilver™ or AgC at a concentration of 3 µg/mL. LOD and 

LOQ are 0.241 ng/mL and 0.536 ng/mL, respectively. 
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Supplementary Information 

 

 

Material and Methods 

 

Histology of Caco-2 and Caco-2/HT29-MTX cells 

Caco-2 and Caco-2/HT29-MTX (90/10) cells were cultured in Transwells for 28 days. 

Transwells were washed with PBS and fixed in Carnoy’s fixative (60% (v/v) ethanol, 30% (v/v) 

chloroform, 10% (v/v) glacial acetic acid) for 20 min. Thereafter, polycarbonate membranes 

were cut and processed by a Shandon™ Excelsior™ ES Tissue Processor using the following 

program: 2 × 60 min anhydrous ethanol, 2 × 60 min butanol, 480 min butanol, 3 × 80 min 

paraffin at 60 °C. Samples were included in paraffin blocks using a HistoStar™ Embedding 

Workstation (Thermo Fisher Scientific). 5-µm transversal sections were made using a 

Microm™ HM 340 E microtome (Thermo Fisher Scientific) and attached on slides. Samples 

were deparaffinised using Ottix Plus™ (Microm Microtech, Brignais, France) and subsequently 

dehydrated by increasingly diluted ethanol-water series. Staining was performed by 2 min in 

Hematoxylin, 10 min in running water, 15 min in Alcian Blue solution (pH 3.0) followed by 5 

min in running water, 2 min in Eosin, 2 min in 95% (v/v) ethanol, 2 min in dry ethanol and 

ending with 3 baths of American Ottix Plus™, followed by mounting with Diamount mountant 

(DiaPath, Martinengo, Italy). Samples were imaged using a Nikon Eclipse 90i microscope fitted 

with a DXM 1200 F Digital Camera. Image sets were taken with 200x magnification. 

 

Immunostaining of Caco-2/HT29-MTX cells for mucus detection  

At the end of the 18-day exposure period to the Mesosilver™ or AgC suspension (concentration 

of 3 µg/mL), Caco-2/HT29-MTX cells were fixed with 4% (w/v) paraformaldehyde in PBS and 
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permeabilized with 0.5% (v/v) Triton X-100. Untreated cells were also considered as control. 

After PBS washing, cells were blocked in PBS with 3% (w/v) BSA and 0.1% (v/v) Igepal 

(Sigma) overnight. After blocking, cells were incubated with a rabbit anti Muc5AC (Abcam, 

Paris, France) at a 1:250 dilution, followed by incubation with Alexa Fluor 594 goat anti-rabbit 

IgG antibody (Invitrogen) at a 1:100 dilution. Transwell membranes were cut with a scalpel 

and mounted using ProLong Gold antifade reagent with DAPI (4′,6-diamidino-2-phenylindole, 

Invitrogen). Slides were visualized under a 20× objective on a TCS SP8 AOBS 

inverted confocal microscope (Leica Microsystems, Mannheim, Germany). 

 

Table and figures 

 

 

Table S1. Main characteristics of Mesosilver™ in pure or diluted form (at a concentration of 3 

µg/mL) in cell culture medium containing or not 2 % (v/v) FBS after 48 h of exposure. 

 

  

Mesosilver™   [FBS]   Time   TEM_Diameter   DLS_ Diameter   PDI   Zeta potential   pH 
    % (v/v)   (h)   (nm)   (Maximum Peak - nm)       (mV)     

In pure form   -   -   12.0 ± 4.1   79   0.60   -30.1 ± 4.8   7.3 

In culture medium 
at 3 µg/mL 

 0  0  -  164  0.27  -9.2 ± 0.2  7.2 

 0  48  -  1281  0.45  -13.5 ± 0.3  7.7 

 2  0  -  79  0.22  -9.0 ± 1.0  7.2 

  2   48   -   91   0.47   -9.7 ± 0.4   7.7 
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Figure S1. Schematic representation of repeated exposure of Caco-2 and Caco-2/HT29-MTX 

cells to Mesosilver™ and AgC.  
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Figure S2. Physico-chemical characterization of Mesosilver™ at 3 µg/mL in cell culture 

medium without (A,C) or with (B,D) 2% (v/v) FBS. (A,B) Time variation of UV–vis 

absorbance during 48 h of exposure with the maximum absorption wavelength (λmax) labelled; 

(C,D) hydrodynamic diameter distribution of AgNPs, initially and after 48 h of exposure, 

obtained from DLS measurements. 
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Figure S3. Characterization of in vitro cell models. (A,B) Representative images of Caco-2 

monoculture (A) and Caco-2/HT29-MTX co-culture (B) after Hemalun & Eosine staining with 

Alcian Blue; (C-E) MUC5AC immunofluorescence staining of Caco-2/HT29-MTX cells, 

untreated (C) or repeatedly exposed to Mesosilver™ (D) and AgC (E) at a concentration of 3 

µg/mL for 18 days. 
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Figure S4. Representative images of genotoxicity induction by Mesosilver™ or AgC 

(concentration of 1 µg/mL) on Caco-2 proliferating cells after a 6 h acute exposure. 

Genotoxicity induction was measured by γH2AX immunofluorescence staining (A-D); DAPI 

was used to stain cell nucleus (E-H). Positive control with 500 fM calicheamicin (A,E); 

untreated cells (B,F); cells exposed for 6 h to 1 µg/mL Mesosilver™ (C,G) or AgC (D,H). Scale 

bar corresponds to 75 μm. 
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