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A B S T R A C T   

Although silver nanoparticles are known for their antibacterial activity, little research has been carried out on 
what synthesis method provides the most effective particles. In this study, silver nanoparticles were synthesised 
via chemical reduction by using silver nitrate as the silver precursor, ascorbic acid as the reducing agent and 
sodium citrate as the stabilising agent. The solutions were adjusted to several pH values employing sodium 
hydroxide, citric acid or nitric acid. Dynamic light scattering and absorption spectra in the ultraviolet/visible 
region characterisation revealed that employing nitric acid to adjust the pH produced more varied and larger 
silver particle sizes. Then, silver nanoparticles were supported on montmorillonite and saponite through wet 
impregnation or ion exchange methods. Scanning electron microscopy, energy-dispersive X-ray spectroscopy and 
transmission electron microscopy characterisation confirmed that silver nanoparticles were successfully loaded 
onto the clay minerals. Next, the antibacterial activity of the samples was evaluated against Escherichia coli and 
Staphylococcus aureus by determining their minimum inhibitory concentrations and minimum bactericidal con
centrations. The free silver nanoparticles did not show any antibacterial activity at 125 mg/L. In contrast, the 
silver-loaded samples obtained by wet impregnation and with a higher silver content displayed the strongest 
antibacterial effect. Finally, the cytotoxicity of the samples was determined in GM07492-A cell line by using an 
XTT colorimetric assay. The calculated IC50 values revealed that the supported silver nanoparticles were barely 
toxic. Thus, the silver-loaded clay minerals obtained here are promising antibacterial materials with a high-grade 
safety profile.   

1. Introduction 

The emergence and spread of antimicrobial resistance have recently 
been highlighted as one of the top 10 threats to global health (Micoli 
et al., 2021; Liguori et al., 2022). Infectious-resistant microbes are ex
pected to kill 2.4 million people worldwide in the next 30 years, costing 
3.5 billion US dollars in medical care (Hofer, 2019). In fact, some pre
dictions stand that resistant bacterial infections will become the leading 
cause of death worldwide by 2050 (O’Neill, 2014). In this context, 
nanoantibiotics have been shown to be promising alternatives to tradi
tional antibiotics to overcome this challenge (Mamun et al., 2021). And, 
within antibiotics, nanoparticles with antimicrobial activity are 

arousing increasing interest (Tran et al., 2016). 
Nanoparticles are particles that have a diameter of less than 100 nm 

in at least one dimension (Garcés et al., 2021). Silver nanoparticles have 
become one of the most compelling nanomaterials due to their expo
nential number of applications (Akter et al., 2018). Among nano
particles that present high bioactivity, silver nanoparticles are the most 
promising because of their broad-spectrum activity (Roy et al., 2017). 
Thus, they have been demonstrated to be efficient against bacteria, fungi 
and viruses (Tariq et al., 2022). For example, recent studies have shown 
that they can present antiviral activity against SARS-CoV-2 (Almanza- 
Reyes et al., 2021; Baselga et al., 2022). 

These antimicrobial properties have led to silver nanoparticles being 
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applied in different fields. For instance, they have been used in polymers 
in the food packaging industry, such as beverage bottles or storage 
containers (Duncan and Pillai, 2015). Examples of this are several 
products commercialised in the USA, such as Kinetic Go Green Basic 
Nanosilver Food Storage container, Oso Fresh Food Storage container 
and FresherLonger™ Plastic Storage bags (Echegoyen and Nerín, 2013; 
Azizi-Lalabadi et al., 2021). 

They can also be used in the disinfection and purification of water. 
For example, Vilela et al. (Vilela et al., 2017) built microbots decorated 
with silver nanoparticles that were able to kill 80% of bacteria from a 
water sample in 15 min. There are also commercialised products in the 
USA like water filters (e.g., 989 Bacteriostatic Water Filter Media and 
NATURE2 G45-VC40) or algaecides (e.g., Algeadyn and Nu-Clo Silver
cide) (Nowack et al., 2011). Likewise, silver nanoparticles have also 
been used as air disinfectants in air filters, creating both antibacterial 
(Xiao et al., 2021) and antiviral (Joe et al., 2016) materials. 

Finally, where the antimicrobial properties of silver nanoparticles 
have stood out the most is in medical applications. For instance, they 
have been employed to speed up the healing of infected wounds (Liu 
et al., 2022) or treat burn injuries (Ying et al., 2019). They have also 
been utilised in surgical implants (Ziąbka et al., 2018), tissue engi
neering (Srivastava et al., 2019), and healthcare products such as 
AgTive® silver-nanoparticle-impregnated central venous catheters 
(Antonelli et al., 2012) and Acticoat™ wound dressings (Khundkar 
et al., 2010). Moreover, they have been shown to be effective against 
medical device-associated infections (Tran and Tran, 2021) and even 
dental biofilms (Takamiya et al., 2021). 

There are multiple possible methods for the synthesis of silver 
nanoparticles. On the one hand, there is chemical reduction, where a 
precursor silver, usually a silver salt like AgNO3, is reduced to elemental 
silver by reducing agents like ascorbic acid (Zhang et al., 2022) or 
borohydride (Khatoon et al., 2023). The drawback of this method is that 
most of the chemicals and solvents employed are toxic (Sharma et al., 
2022). Another possibility is the photochemical method, in which the 
reduction is achieved through the aid of photo irradiation (Zahoor et al., 
2021), like LEDs (Leong et al., 2022). Third, silver nanoparticles can be 
synthesised by physical methods (Vishwanath and Negi, 2021), such as 
evaporation-condensation, ball milling and laser ablation (Naganthran 
et al., 2022). Finally, there is the biological method. This recently 
appeared methodology consists of using plant parts to produce envi
ronmentally friendly materials (Garg et al., 2022). 

This example of green chemistry allows the preparation of green- 
synthesised silver nanoparticles, which have been reported to present 
lower toxicity levels compared to chemically synthesised nanoparticles 
(Akter et al., 2018; Younas et al., 2022). Thus, there are numerous ex
amples in the literature that employ vegetal compounds as reducing 
agents, like extracts of marine algae (Algotiml et al., 2022), eucalyptus 
leaves (Balčiūnaitienė et al., 2022), saffron (Khorasani et al., 2022), 
coconut shell fiber (Das et al., 2021), coffee waste (El-Desouky et al., 
2022) or banana peels (Sengupta and Sarkar, 2022). 

The physicochemical characteristics of nanoparticles favor their ag
gregation, which in turn limits their effectiveness (Shameli et al., 2011). 
To overcome this fact, several support strategies have been proposed, 
like cyclodextrins (Gill et al., 2021), surfactants (Pisárčik et al., 2021) or 
polysaccharides such as pectin (Shankar et al., 2016). However, these 
strategies can be difficult to find and manipulate (Giraldo et al., 2016) or 
be expensive, which complicates their application in low-resource set
tings, where they could benefit from their use. 

Clay minerals have proven to be excellent carriers for metal nano
particles in general, and silver nanoparticles in particular, due to their 
numerous advantages, like natural abundance, cost-effectiveness, non- 
toxic nature, chemical inertness, and high absorptive capacity (Roy 
et al., 2017). This allows obtaining a material with great bioactivity and 
prolonged duration since a slow release of silver species from the sup
port is achieved (Giraldo et al., 2016; Roy et al., 2017). The low cost and 
toxicity and environmentally friendliness of clay minerals (Giraldo et al., 

2016) have also led to their use in other fields, like catalysis (Cecilia and 
Jiménez-Gómez, 2021), as drilling fluids (Morariu et al., 2022) or as 
adsorbent materials for CO2 capture (Tao et al., 2022) or contaminants 
removal (Gil et al., 2021), such as antibiotics (Hacıosmanoğlu et al., 
2022) or heavy metals (Jiang et al., 2021) from wastewater. 

Clay mineral-supported metal nanoparticles can be synthesised 
employing a wide variety of methods (Gil et al., 2000; Varadwaj and 
Parida, 2013). Firstly, it is necessary to introduce the metal precursor by 
chemical vapor deposition, deposition-precipitation, wetness impreg
nation, ion exchange and sol-gel, among other procedures. If the syn
thesis of the metal is required, additional steps such as hydrogen 
reduction under atmospheric pressure, polyol or borohydride methods 
or other chemical reduction routes are required. 

In the case of silver nanoparticles, the most common methodologies 
to introduce them into the structure of clay minerals are wet impreg
nation and ion exchange (Sato et al., 1997; Holešová et al., 2013; Cao 
et al., 2014; Lavorgna et al., 2014; Tian et al., 2014; Jou and Malek, 
2016). As the silver precursor is an aqueous solution of AgNO3, a sub
sequent reduction is needed, with chemical reducing agents like sodium 
borohydride (Miyoshi et al., 2010; Praus et al., 2013; Nunes Pessanha 
et al., 2014), ascorbic acid (Liu et al., 2007), hydrazine (Papp et al., 
2008; Bagchi et al., 2014), hydrothermal treatment (Wu et al., 2010), 
phenolic derivatives (Makwana et al., 2020), plant natural extracts 
(Sohrabnezhad et al., 2015) or even electrochemical procedures (Huang 
et al., 2012). 

Nonetheless, although silver nanoparticles are appealing for their 
antimicrobial efficacy, their toxicity toward mammalian cells is causing 
increasing concern (Chang et al., 2021a, 2021b). For this reason, the 
potential risks against human health (Hakimov et al., 2022) are moti
vating more studies to focus on evaluating their cytotoxicity. 

The main task of this study is the comparison of the antibacterial 
activity and cytotoxicity of silver nanoparticles prepared by chemical 
reduction and silver-loaded montmorillonite and saponite prepared by 
wet impregnation and ion exchange were compared. The objectives of 
this work are notably original for several reasons. On the one hand, there 
is limited evidence in the literature of the comparison of different syn
thesis methods since most works focus on analysing a specific method
ology without comparing it with previous ones. On the other hand, 
saponite was employed as a carrier of silver nanoparticles. Again, in the 
literature, there are limited examples of the use of this clay mineral for 
the preparation of materials with antibacterial activity since other clay 
minerals such as montmorillonite or kaolinite are more often utilized 
(Liu et al., 2007; Miyoshi et al., 2010; Huang et al., 2012; Holešová et al., 
2013; Praus et al., 2013; Cao et al., 2014; Lavorgna et al., 2014; Tian 
et al., 2014; Sohrabnezhad et al., 2015; Jou and Malek, 2016; Makwana 
et al., 2020). Finally, the cytotoxicity of the silver-loaded clay mineral 
samples was evaluated. Although it is true that there is an increasing 
number of studies that analyses the potential toxicity of silver nano
particles, the evidence of this fact in silver-loaded clay minerals still 
remains extensively limited. 

2. Experimental section 

2.1. Materials and reagents 

For the synthesis of silver nanoparticles, silver nitrate (AgNO3, 
99.0%, Panreac, Barcelona, Spain) was used as the silver precursor. 
Ascorbic acid (C6H8O6, 99.0%, Panreac, Barcelona, Spain) and sodium 
citrate (Na3C6H5O7⋅2H2O, 99.0%, Probus, Badalona, Spain) were uti
lised as reducing and stabilising agents, respectively. Citric acid 
(C6H8O7, 99+%, Alfa Aesar, Kandel, Germany), sodium hydroxide 
(NaOH, 98.0%, Panreac, Barcelona, Spain) and nitric acid (HNO3, 65%, 
Panreac, Barcelona, Spain) were employed to adjust the pH of the so
lutions. A commercial colloidal silver solution with a concentration of 
500 mg/L (Fairvital, Landgraaf, The Netherlands) was used as reference 
material. All these reagents were utilised as received without further 
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purification. Ultrapure water (conductivity < 1 μS/cm) was employed 
throughout all experiments to prepare the aqueous solutions. Montmo
rillonite (Tsukinuno) and synthetic saponite (Kunimine Industries Co., 
Ltd.), both purchased from The Clay Science Society of Japan, were used 
as solid supports for silver nanoparticles. Some of the characteristics of 
these materials are a specific surface area (SBET) of 23 m2/g and a 
Cationic Exchange Capacity (CEC) of 1.19 x 10-3 eq/g in the case of 
montmorillonite, and an SBET = 216 m2/g in the case of saponite. The 
CEC value for this last clay mineral was not specified by the supplier. 

2.2. Synthesis of silver nanoparticles 

For the preparation of silver nanoparticles, the procedure reported 
previously by Qin et al. (Qin et al., 2010) was followed. Like that, the 
synthesis was performed by reducing an AgNO3 solution with ascorbic 
acid (see Eq. (1)) (Piñero et al., 2017). Sodium citrate was used as a 
stabilising agent, thus controlling the size of nanoparticles and ensuring 
a size as small as possible. 

2Ag+ +C6H8O6→2Ag◦ +C6H6O6 + 2H+ (1) 

Briefly, an 8.0 mL aqueous solution containing ascorbic acid 6.0 x 10- 

4 mol/L and sodium citrate 3 x 10-3 mol/L was prepared, with a 
measured pH of 6.6 (from now on this solution will be reference sample 
0CN). Then the solution was adjusted to pH values between 6 and 11 
(samples 1C-6C) by adding NaOH 0.1 mol/L or citric acid 0.2 mol/L. 
After these values were reached, 0.08 mL of an AgNO3 0.1 mol/L 
aqueous solution was added under constant stirring at 700 rpm at room 
temperature. The reaction samples were observed to change from 
colorless to yellow and then brown (pH=11) or turbid blue (all other 
samples). After 15 min, no further change in color took place, indicating 
the reactions were completed (see Figure S1). As a modification of the 
reported procedure, a strong acid was also employed to adjust the pH, 
with the aim of obtaining lower pH values and thus completing the 
study. Like that, the solution was also adjusted to pH values between 3 
and 6 (samples 7N-10N) by adding HNO3 0.1 mol/L, keeping the 
resting methodology unchanged. This acid was specially selected to 
avoid the incorporation of new components in the samples that could 
interfere with the results. Just as citric acid and sodium citrate 
contribute the same citrate ion, HNO3 and AgNO3 provide the same NO3

- 

ion. These samples were seen to change from turbid blue to turbid green, 
stopping the reactions after 15 min. The reference sample 0CN was 
used as a negative control without silver in the following experiments of 
this study. The specific reagents used in the synthesis of each sample are 
shown in Table 1. 

2.3. Synthesis of silver nanoparticles supported on clay minerals 

In this study, two lamellar clay minerals were used as solid supports: 
montmorillonite and synthetic saponite. Two methods were employed 
to fulfill the support: wet impregnation, which allows a fixed amount of 
metal to be introduced either in one or successive impregnations 

through physical incorporation (Giraldo et al., 2016), and ion exchange, 
which allows a quantity of metal to be introduced by substituting the 
cations present on the surface of the clay mineral. This second method 
depends on the ion exchange capacity of the clay mineral and achieves, a 
priori, a greater dispersion of silver on the surface and smaller particle 
size than the first method (Shameli et al., 2011; Giraldo et al., 2016; Roy 
et al., 2017). 

For the support of silver nanoparticles by wet impregnation, the 
procedure formerly described by Giraldo et al. (Giraldo et al., 2016) was 
followed. In this way, a first impregnation was made by adding 2 mL 
AgNO3 0.1 mol/L to 5 g of montmorillonite. When the situation of 
incipient humidity was reached, the mixture was dried at 70◦C for 16 h, 
obtaining sample 11M. This impregnation process was repeated a total 
of three times to prepare sample 12M, as well as a total of five times to 
synthesise sample 13M. The same methodology was followed, utilising 
saponite instead of montmorillonite, to get samples 14S (one impreg
nation), 15S (three) and 16S (five). 

The support of silver nanoparticles by ion exchange was performed 
according to the procedure presented beforehand by Shameli et al. 
(Shameli et al., 2011). Like this, a solution was prepared by dissolving 
0.5670 g AgNO3 in 150 mL of ultrapure water, which represents an 
amount of silver equivalent to six times the cation exchange capacity of 
montmorillonite, a quantity proposed by Roy et al. (Roy et al., 2017). 5 g 
of montmorillonite was introduced into the solution and was left for 6 h 
at room temperature without stirring. Then the suspension was centri
fuged at 7000 rpm for 30 min. The obtained precipitate was washed with 
ultrapure water several times until it became free of residual silver ions. 
After drying at 70◦C for 16 h, sample 17IM was finally obtained. The 
same methodology was followed, utilising saponite instead of mont
morillonite and employing the same AgNO3 solution (because the CEC 
value of this clay mineral was not specified by the supplier), to get 
sample 18IS. Montmorillonite and saponite as received constituted 
reference samples 0M and 0S, which were used as negative controls 
without silver loading in the following experiments of this study. The 
specific reagents used in the synthesis of each sample are shown in 
Table 2. 

2.4. Characterisation techniques 

The absorption spectra in the ultraviolet/visible region (UV-Vis) of 
silver nanoparticles were collected over the range of 300-800 nm with a 
Jasco V-730 UV-Vis spectrophotometer. The size of the nanoparticles 
was investigated through a Dynamic Light Scattering (DLS) analysis 
carried out in a Malvern DLS/Zetasizer 3000. 

The surface morphologies of silver-loaded clay minerals were studied 
through Scanning Electron Microscopy (SEM) and the elemental 
composition through Energy-Dispersive X-ray spectroscopy (EDX), both 
techniques on a Tescan Vega 3 Model EasyProbe. Samples were 
dispersed in the stub with carbon tape and then coated with a thin layer 
of gold by a Quorum SC7620 coating system. 

Finally, the qualitative morphology of the supported silver 

Table 1 
Description of reagents used in the synthesis of samples of silver nanoparticles.  

Sample Reagent used to adjust pH Final pH Silver source Silver concentration (mg/L) 

1C Citric acid 0.2 mol/L 6 0.08 mL AgNO3 0.1 mol/L 154 
2C NaOH 0.1 mol/L 7 0.08 mL AgNO3 0.1 mol/L 154 
3C NaOH 0.1 mol/L 8 0.08 mL AgNO3 0.1 mol/L 154 
4C NaOH 0.1 mol/L 9 0.08 mL AgNO3 0.1 mol/L 154 
5C NaOH 0.1 mol/L 10 0.08 mL AgNO3 0.1 mol/L 154 
6C NaOH 0.1 mol/L 11 0.08 mL AgNO3 0.1 mol/L 154 
7N HNO3 0.1 mol/L 3 0.08 mL AgNO3 0.1 mol/L 154 
8N HNO3 0.1 mol/L 4 0.08 mL AgNO3 0.1 mol/L 154 
9N HNO3 0.1 mol/L 5 0.08 mL AgNO3 0.1 mol/L 154 
10N HNO3 0.1 mol/L 6 0.08 mL AgNO3 0.1 mol/L 154 
0CN None 6.6 Reference sample without silver 0  
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nanoparticles was observed through Transmission Electron Microscopy 
(TEM) on a Tecnai Spirit Twin TEM microscope operating at 120 kV. 
Samples were prepared by grinding the material into fine particles and 
then deposited on carbon-coated palladium films supported on 300 
mesh-capped grids. 

2.5. Evaluation of the antibacterial activity 

To evaluate the in vitro antibacterial activity of the samples, their 
minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) were determined according to Clinical and Labo
ratory Standards Institute (CLSI) guidelines. Escherichia coli ATCC 25922 
and Staphylococcus aureus ATCC 25923 were used for these antibacterial 
effect assays. As culture media, tryptic soy broth (TSB) was obtained 
from bioMérieux (Marcy l’Étoile, France), and tryptic soy agar (TSA) 
was prepared by adding 15 g of agar per litre of TSB, according to the 
supplier. Sterilisation of all glassware and materials was carried out in 
an autoclave at 121◦C for 30 min before the experiments. 

MICs were calculated by serial two-fold dilutions in TSB, performed 
in 96-well round bottom polystyrene plates (TPP® Merck KGaA, 
Darmstadt, Germany). Briefly, the samples with silver nanoparticles 
(samples series C and N) were adjusted to an initial concentration of 
125 mg/L by diluting them in TSB, and the samples with supported 
silver nanoparticles (series M, S and I), to an initial concentration of 
250 mg/L, in order to make all the samples comparable. Then, the serial 
two-fold dilutions were carried out in TSB, achieving concentrations 
between 125 and 0.12 mg/L (series C and N) and between 250 and 0.24 
mg/L (series M, S and I), in a volume of 100 μL per well. Negative 
controls without samples and with reference samples 0CN, 0M and 0S 
were also included. As a positive control, a commercial colloidal silver 
solution 500 mg/L (Fairvital, Landgraaf, The Netherlands) (from now 
on, reference sample Ag-Ref) was used as received without further 
dilution, taking advantage of its activity in these strains proven in pre
vious experiments of the authors of this study. 

Both E. coli and S. aureus strains were grown aerobically in TSA for 12 
h at 37◦C. Then, these cultures were diluted in TSB and adjusted to a 
concentration of 1.0 × 106 CFU/mL. 100 μL was inoculated in every 
well, achieving a final concentration of 5.0 × 105 CFU/mL, and incu
bated aerobically for 24 h at 37◦C without shaking. All tests were done in 
triplicate. MICs of samples were determined by the lowest concentration 
of the sample which completely inhibited the growth of bacteria indi
cated by a clear well after incubation. 

Lastly, MBCs were determined by culturing 10 μL of the well with no 
apparent growth and the two following more concentrated wells in TSA 
plates. Incubations were performed aerobically for 24 h at 37◦C. All tests 
were done in triplicate. MBCs of samples were determined by the lowest 
concentration of the sample which completely inhibited the growth of 
bacteria in these TSA plates. 

2.6. Cytotoxicity assay 

A cytotoxicity assay was performed to ensure the safety of the sam
ples. Samples 0M, 0S, Ag-Ref, 13M and 15S were selected based on the 
results of the previous antibacterial activity studies. The cytotoxicity 
was evaluated in human fibroblasts (GM07492-A cell line) through an 
XTT colorimetric assay (Roche Diagnostics, São Paulo, Brazil), following 
the manufacturer's guidelines. 

Briefly, fibroblasts were cultured in a 96-well plate at a concentra
tion of 104 cells/well, in Dulbecco’s Modified Eagle Medium (DMEM) 
with Nutrient Mixture F-10 Ham (Ham’s F-10) (1:1, v/v) (Sigma- 
Aldrich, São Paulo, Brazil) supplemented with 10% fetal bovine serum 
(FBS) (Nutricell, Thermo Fisher Scientific, São Paulo, Brazil). After an 
incubation of 24 h at 37◦C without shaking and with 5% of CO2, the cell 
cultures were treated with different concentrations of samples 0M, 0S, 
13M and 15S ranging from 312.5 to 2500 mg/L, and with concentra
tions of reference sample Ag-Ref that varied from 56.25 to 450 mg/L. 
After this treatment, the plate was incubated under the same conditions 
for 24 h. Then, the cells were washed with phosphate-buffered saline 
(PBS) and exposed to 50 μL of Ham’s F-10 medium (Cultilab, São Paulo, 
Brazil) supplemented with 25 μL of XTT, and incubated again for 17 h 
under the same conditions. At the end of the indicated time, the cell 
viability was assessed by determining the absorbance of the wells in a 
microplate reader (Biochrom Asys UVM340/ MicroWin 2000) at 450 
nm. Cell viability was expressed as a percentage of untreated cells, once 
the negative control without any sample was designated as 100%. 
Finally, the cytotoxic activity of the samples was assessed by calculating 
the IC50 value i.e., the concentration required to inhibit 50% of cell 
viability, which was determined by the linear regression model using 
GraphPad Prism 5.0 (La Jolla, California, USA). All tests were done in 
triplicate. 

3. Results and discussion 

3.1. Synthesis of silver nanoparticles 

In this study, silver nanoparticles were synthesised by chemical 
reduction, using AgNO3 as the silver precursor, ascorbic acid as the 
reducing agent and sodium citrate as the stabiliser agent, a procedure 
previously reported by Qin et al. (Qin et al., 2010). The critical step of 
this methodology was the addition of AgNO3 to the solution with the 
other two reagents under stirring conditions. As soon as the silver source 
was added, the colour of the solutions began to change, indicating the 
initiation of the chemical reaction (Qin et al., 2010; Shameli et al., 
2011). This colour change is a sign that the reduction of silver ions is 
taking place due to the reducing action of the ascorbic acid (Bhakya 
et al., 2016). Although in this case the colour change occurred imme
diately after the addition of the silver precursor, it can take much longer 
if other synthesis methods alternative to chemical reduction are used, 
such as biosynthesis. For example, Nithya Deva Krupa and Raghavan 
(Nithya Deva Krupa and Raghavan, 2014) observed that the colour 

Table 2 
Description of reagents used in the synthesis of samples of supported silver nanoparticles.  

Sample Starting clay mineral Support method Silver source Silver concentration (mass %) 

11M Montmorillonite Wet impregnation 2 mL AgNO3 0.1 mol/L 0.43 
12M Montmorillonite Wet impregnation 6 mL AgNO3 0.1 mol/L 1.29 
13M Montmorillonite Wet impregnation 10 mL AgNO3 0.1 mol/L 2.15 
14S Saponite Wet impregnation 2 mL AgNO3 0.1 mol/L 0.43 
15S Saponite Wet impregnation 6 mL AgNO3 0.1 mol/L 1.29 
16S Saponite Wet impregnation 10 mL AgNO3 0.1 mol/L 2.15 
17IM Montmorillonite Ion exchange 0.5670a g AgNO3 in 150 mL H2O 6.72 
18IS Saponite Ion exchange 0.5670a g AgNO3 in 150 mL H2O 6.72 
0M Montmorillonite None Reference sample without silver loading 0 
0S Saponite None Reference sample without silver loading 0  

a This represents an amount of silver equivalent to six times the cation exchange capacity of montmorillonite, a quantity proposed by Roy et al. (Roy et al., 2017). 
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change began to occur after 24 h when reducing AgNO3 with the 
aqueous fruit extract of Aegle marmelos, attributable to the slow action of 
the enzymes present in the plant root extracts compared to chemical 
reagents. 

The literature also highlights the importance of this step in the pre
vention of the aggregation of nanoparticles. Thus, after the entire silver 
source has been added and the colour change has stopped, agitation 
should be discontinued to prevent aggregation (Mulfinger et al., 2007). 
The same happens if the salt is not added continuously and the reaction 
stops. For this reason, in this study the stirring conditions were brought 
to an end when observing that the colour no longer varied, which 
occurred 15 minutes after adding the silver source. This was in accor
dance with what was described by the authors of the procedure. It has 
been also described that aggregation may be suspected if the colour of 
the sample changes to dark gray (Mulfinger et al., 2007; Badiah et al., 
2019). In this research, the colour of the samples remained unchanged 
for months, suggesting silver nanoparticle stability. 

In their work, Qin et al. (Qin et al., 2010) demonstrated that the size 
of spherical silver nanoparticles was tunable by using ascorbic acid as 
the reducing agent, since the variation in pH varies the reactivity of 
ascorbic acid, thus being effective in mediating the reduction rate of the 
silver precursor. Like that, the reduction of AgNO3 is promoted at 
elevated pH values due to risen activity of ascorbic acid, which means a 
decrease in the size of the nanoparticles with the increase of the pH of 
the reaction. The employment of pH variation to modify the reactivity of 
the reagents has also been described in the synthesis of gold nano
particles (Ji et al., 2007), platinum nanoparticles (Sadalage et al., 2022) 
and copper nanocrystals (Lyu et al., 2022). 

The absorbance spectra of the samples were studied using UV-Vis 
absorption spectroscopy. The measurements showed absorbance max
ima ranging from 400 to 432 nm (see Fig. 1). In addition, the absorption 
peaks became narrower as the pH increased. These results agree with 
those described by Qin et al. (Qin et al., 2010). The authors found ab
sorption peaks between 412 and 480 nm. Furthermore, numerous 
studies have shown that spherical silver nanoparticles exhibit a char
acteristic peak in the region of 400 to 420 nm (Song et al., 2009; 
Nakamura et al., 2011; Chhatre et al., 2012; Jiraroj et al., 2014; Lu et al., 
2017; Singh et al., 2020). This typical maximum, also shown by the 
nanoparticles in this work, represents the dipole component of the 
plasmon resonance of the surface of small spherical silver particles 
(Evanoff and Chumanov, 2004). The narrowing of the spectra as the pH 
increases can be related to the decrease in particle size and the degree of 
anisotropy (Slistan-Grijalva et al., 2005; Qin et al., 2010). 

Qin et al. (Qin et al., 2010) also describe that their product syn
thesised at pH=6 presented a shoulder band located at 390 nm, which 
indicated the anisotropic character of those particles. In this study, a 

shoulder band can also be observed at 652, 612 and 700 nm in the case 
of samples 1C (pH=6), 2C (pH=7) and 10N (pH=6), respectively. This 
demonstrates the concordance of the results with those of the literature. 

Finally, it should be noted that the samples of the C series, prepared 
according to the methodology reported by Qin et al. (Qin et al., 2010), 
presented a spectra morphology and absorption peaks wavelengths 
almost identical to those described by the authors. This suggests that the 
results are comparable, despite the minimal changes in the synthesis 
procedure (a stirring speed of 700 rpm versus their conditions of 900 
rpm for the same 15 min until the color of the reactions changed). The 
samples of the N series, whose preparation methodology has been 
proposed for the first time in this work, also presented similar 
morphology and wavelengths, which suggests that these nanoparticles 
are comparable to those of the C series. Reference sample Ag-Ref also 
exhibited alike characteristics. This implies that it can be considered a 
valid positive control for subsequent antibacterial activity studies. 

Lastly, the characterisation of silver nanoparticles was completed 
with the measurement of their size through DLS technique. The results of 
this analysis are shown in Table 3. The samples of the C series con
tained nanoparticles with diameters ranging from 10.9 to 2.9 nm. It was 
also observed that as the pH of the samples increased, the size of the 
nanoparticles decreased. In their work, Qin et al. (Qin et al., 2010) ob
tained average sizes and standard deviations of 73 (±22%), 63 (±15%), 
56 (±20%), 50 (±19%), 40 (±17%) and 31 (±19%) nm in the particles 
prepared at pH of 6, 7, 8, 9, 10 and 10.5, respectively. They used TEM 
characterisation to investigate these data. It is possible that they did not 
get diameters as small as those achieved in this study because their 
maximum pH reached was 10.5, instead of 11. The authors also argued, 
as mentioned before, that the decrease in nanoparticle size with 

Fig. 1. UV-Vis absorption spectra of silver nanoparticles prepared via reduction of AgNO3 using variable pH values. Samples series C (left), N and the reference 
commercial product Ag-Ref (right) are shown. 

Table 3 
Measurement of the diameters of silver nanoparticles through DLS technique.  

Sample pH Diameter (nm) 

1C 6 10.9 ± 0.53 
2C 7 11 ± 0.57 
3C 8 5.7 ± 2.30 
4C 9 28 ± 4.95 
5C 10 3.6 ± 3.23 
6C 11 2.9 ± 0.65 
7N 3 171.3 ± 15.93 
8N 4 43.9 ± 0.76 
9N 5 29 ± 3.63 
10N 6 7.4 ± 3.58 
Ag-Ref - 4.8 ± 2.54 

Results are presented as average diameter ± standard deviation of 10 inde
pendent measurements. 
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increasing pH occurred because the reduction of the silver precursor was 
promoted at elevating pH, alleging an enhancement of ascorbic acid 
activity. 

Regarding reference sample Ag-Ref, a diameter of 4.8 ± 2.54 nm 
was found. Finally, the samples of the N series, whose synthesis pro
cedure has been proposed for the first time in this work, contained 
nanoparticles with diameters ranging from 171.3 to 7.4 nm. Again, there 
was a trend of smaller sizes as the pH increased. Although sizes as small 
as those described in the samples of the C series were not achieved 
(perhaps because such high pH values were not reached), this series is 
more interesting than the one proposed by Qin et al. (Qin et al., 2010) 
since more varied and larger sizes were obtained. This suggests that the 
use of nitric acid instead of citric acid is more appealing if what is being 
sought is to synthesize nanoparticles with diameters as diverse as 
possible. 

3.2. Synthesis of silver nanoparticles supported on clay minerals 

In this study, silver nanoparticles supported on clay minerals were 
synthesised to overcome their potential aggregation. There are 
numerous works in the literature that employ different matrices to 
incorporate silver species, most of which use AgNO3 as the silver source 
(Duncan and Pillai, 2015). For instance, inorganic polymers such as poly 
(vinyl alcohol) (PVA) (Kyrychenko et al., 2017) or polyethylene (Ibarra- 
Alonso et al., 2015) have been utilised as matrices. However, mont
morillonite has been extensively employed as a carrier due to its un
numbered advantages, such as a large specific surface area, lack of 
toxicity, high natural availability, low cost and high intercalation and 
sportive capabilities (Liu et al., 2007; Miyoshi et al., 2010; Wu et al., 
2010; Holešová et al., 2013; Praus et al., 2013; Cao et al., 2014; Lav
orgna et al., 2014; Saha et al., 2014; Tian et al., 2014; Sohrabnezhad 
et al., 2015; Roy et al., 2017). In fact, montmorillonite has also been 
reported as a support for numerous species seeking for antibacterial 
activity, such as CuO nanocomposites (Nouri et al., 2018) and Cu (Yan 
et al., 2019), SnO2 (Phukan et al., 2017), Ag2CO3 (Sohrabnezhad et al., 
2015), Zn (Malachová et al., 2011) or Ag/TiO2 (Wu et al., 2010) 
nanoparticles. 

However, silver-montmorillonite nanohybrids have been reported to 
present better antibacterial properties than other metal species, due to 
the clay’s high adsorptive capabilities for silver ions and nanoparticles 
(Roy et al., 2017). In addition, their cheap preparation (Giraldo et al., 
2016) has made them a promising material with described applications 
in medicine as a wound curative (Subha et al., 2022), food packaging 
systems (Costa et al., 2012; Kuorwel et al., 2015) and paint products 
(Kaegi et al., 2010). For example, 20 mg of silver-montmorillonite 
nanoparticles were enough to prolong the shelf life of fresh fruit salad 
(Costa et al., 2011). 

To synthesise these silver-clay hybrids, some metal cations of 
montmorillonite surface, like Mg2+, Al3+ and Fe2+/3+, are substituted 
for others with similar atomic size, without altering the SiO4 groups of 
its octahedral sheet (Giraldo et al., 2016; Roy et al., 2017). Traditionally, 
the incorporated cations have come from surfactants, like polyurethane 
(Wang et al., 2012), but ionic liquids i.e., salt in the liquid state, are 
being increasingly employed since a more efficient substitution is ach
ieved in less time (Takahashi et al., 2012; Giraldo et al., 2016). In this 
study an ionic liquid was utilised, as the clay minerals were impregnated 
with an AgNO3 solution. 

Once the Ag+ ions are incorporated into the montmorillonite surface, 
it has been observed that the reduction of Ag+ to Ag0 and further coa
lescence of Ag0 results in the formation of silver nanoparticles. Their 
immobilization on montmorillonite sheets prevents further agglomera
tion and allows a slow diffusion from the clay mineral, providing a 
prolonged antibacterial activity (Roy et al., 2017). To achieve this 
reduction, silver-loaded montmorillonite has been after-treated with 
reducing agents like glucose (Shabanzadeh et al., 2015; Sade
ghianmaryan et al., 2021), ethylene glycol (Wang et al., 2018), 

quaternary ammonium nitrate (Zhang et al., 2018), N,N- 
dimethylformamide (Wang et al., 2018), sodium citrate (Bonga et al., 
2016), hydrazine (Bagchi et al., 2014), sodium borohydride (Praus et al., 
2013), ethanol (Wei et al., 2013), formaldehyde (Praus et al., 2010) or 
glycerol (Valásková et al., 2008). In addition, it has also been described 
how the use of electrochemical methods (Yuan and Golden, 2020), UV 
(Gabriel et al., 2017), microwave (Kesavan Pillai et al., 2013; Kheiralla 
et al., 2014) or γ (Kamyar et al., 2010) radiations can also promote this 
reduction. Even so, the formation of silver nanoparticles without the use 
of any reducing agents has also been reported, because montmorillonite 
itself not only prevents nanoparticle aggregation but also assists in the 
chemical reduction process of silver (Shameli et al., 2011). This is not 
unexpected, since silver element has a high reduction potential (+ 0.80 
V), and silver nanoparticles may develop under the influence of heat and 
light (Roy et al., 2017). For this reason, no reducing agents nor further 
reducing processes were employed in this work other than the silver 
source and the solid support. 

Although the support of silver nanoparticles in montmorillonite has 
been widely described, other clay minerals have also been employed as 
carriers, like kaolinite (Papp et al., 2008; Jou and Malek, 2016; Moosa, 
2019; Bekissanova et al., 2022), halloysite (Hong et al., 2021; Shevtsova 
et al., 2022), sepiolite (Kahangi et al., 2020; Li et al., 2022), synthetic 
Laponite (Wu et al., 2018) or organovermiculite (Holešová et al., 2013). 
However, little has been reported about the antibacterial activity of 
silver nanoparticles supported on saponite, only the works of Sprynskyy 
et al. (Sprynskyy et al., 2019) and Sato et al. (Sato et al., 1997) to the 
best of the knowledge of the authors of this study. Saponite, although 
synthetic, serves as an important industrial material due to its low cost 
and easy production (Marchesi et al., 2020), finding applications in 
agriculture, construction, ceramics, catalysts and polymer materials 
(Carniato et al., 2020). Its high specific surface area, acidity, adsorption 
and thermal stability have been of great interest in these applications 
(Tao et al., 2016; Zhou et al., 2019). For this reason, in this work more 
research was done in this direction to compare which support, mont
morillonite or saponite, results in a product with greater antibacterial 
activity. 

In this study, silver nanoparticles were supported on montmoril
lonite and saponite employing two methods: wet impregnation and ion 
exchange. Both procedures allow the introduction of Ag+ ions on the 
surface of the clay mineral substituting native ions, but their mecha
nisms of action are different. Wet impregnation consists of immersing 
the porous support in a solution, which enables fast and sufficient 
dispersion of the species of the solution into the porous structure of the 
support, if the solid support is porous (Krūmiņš et al., 2022), which 
montmorillonite is (Cecilia et al., 2013; Onwuka et al., 2021). Thus, wet 
impregnation allows more species to be loaded onto the carrier than 
other methods (Yuan et al., 2018; Tao et al., 2022), in addition to being a 
simpler, cheaper and faster procedure (Martín et al., 2016). However, 
the amount introduced into the clay mineral is theoretical, since in 
practice the exact amount that has been introduced is not known, 
although reaching the situation of incipient humidity allows controlling 
the amounts deposited (Jaber et al., 2014). The ion exchange method 
relies on the CEC value of the clay mineral, which describes its physical 
property of cation retention and diffusion processes of charged and 
uncharged molecules (Meier and Kahr, 1999). Therefore, this procedure 
requires knowing the CEC value, information that is not always avail
able, and whose experimental determination is not easy and varies ac
cording to the method used. However, it achieves a greater dispersion of 
silver on the surface and smaller particle size than wet impregnation 
(Shameli et al., 2011; Giraldo et al., 2016; Roy et al., 2017). 

It has been described how the initial concentration of AgNO3/Ag+ is 
the most important factor in determining the size of the silver nano
particles that will form in the lamellar space of the clay minerals 
(Shameli et al., 2011; Giraldo et al., 2016). This is the reason why suc
cessive impregnations were carried out in this study to obtain samples 
11M-13M and 14S-16S since what was sought was to expose the clay 
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minerals to different concentrations of AgNO3. Finally, the supported 
silver nanoparticles were characterised through SEM, EDX and TEM 
techniques. 

The elemental composition of the samples was analysed through EDX 
technique. The mapping generated by this characterisation method 
allowed the observation of the silver content of the samples, which 
indicated successful incorporation of this species. Apart from the silver 
content, their aluminum and silicon content also stood out, which makes 
sense if the fact that both montmorillonite and saponite are layered 
aluminosilicates is considered. The characterisation also showed a reg
ular distribution of the elements, which suggests that the samples were 
homogeneous and no dense particles of any kind were formed. For 
example, the elemental composition of sample 13M is shown in Fig. 2, 
where this description can be observed. 

The surface morphology of the samples was investigated through 
SEM and TEM techniques. SEM studies revealed the typical morphology 
of these clay minerals, consisting of a “house of cards” morphology with 
layered flaky platelets superimposed on top of each other (Shameli et al., 
2011; Roy et al., 2017). It has been described how the cause of such 
aggregated superstructure can be the hydration produced by Na+ ions 
(Roy et al., 2017). The silver nanoparticles could also be observed, 

which suggests their adequate introduction in the structure of these 
materials, as shown in Fig. 3. The samples with montmorillonite and the 
samples with saponite showed practically indistinguishable 
morphology. In addition, the morphology of reference samples 0M and 
0S, consisting of montmorillonite and saponite without silver loading, 
was also very similar to that of the samples, suggesting that the silver 
incorporation process did not imply a transgression of the morphology 
of the supports. 

TEM studies showed small and spherical silver nanoparticles deco
rating the surface of the layers of the clay minerals, as seen in Fig. 4. The 
images allow observing darker zones, which correspond to the clay 
mineral platelets, and black circles on these darker zones, which are 
silver nanoparticles deposited on the platelets (Roy et al., 2017). In 
addition, a large number of silver nanoparticles were deposited at the 
outer surface of the clay minerals layers, which was also noticed by 
Shameli et al. (Shameli et al., 2011). Lastly, like in SEM micrographs, no 
significant morphological differences between reference samples 0M 
and 0S and the silver-loaded samples were appreciated. 

As mentioned before, it has been described how different-sized silver 
nanoparticles can be synthesised in the lamellar space of clay minerals 
by varying the initial concentration of AgNO3/Ag+ (Shameli et al., 2011; 

Fig. 2. Elemental composition of sample 13M analysed through EDX technique. Elemental mappings of silver (A), aluminum (B), calcium (C), iron (D), magnesium 
(E), sodium (F), oxygen (G), and silicon (H), in addition to the elemental analysis (I) are shown. 
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Giraldo et al., 2016). However, there have been contradictions on this 
point. While some studies affirm that an increasing concentration of Ag+

ions allows larger particle sizes (Shameli et al., 2011) to be obtained, 
others state that larger particle size is obtained by decreasing the con
centration of Ag+ ions (Roy et al., 2017). In this work it was not possible 

to determine the size of the supported silver nanoparticles, since TEM 
characterisation was used to qualitatively investigate the morphology of 
the samples and not to measure the particle size. 

The conclusion that can be drawn from the results of the three 
characterisation techniques is that it was possible to verify the 

Fig. 3. SEM micrographs of reference sample 0M (A-C), sample 13M (D-F) and sample 15S (G-I). The typical montmorillonite morphology, consisting of a layered 
surface with some large flakes (Roy et al., 2017), and the supported silver nanoparticles (red arrows) can be observed. No significant morphological differences 
between montmorillonite without silver loading (reference sample 0M), the sample with montmorillonite (sample 13M) and the sample with saponite (15S) are 
appreciated. 
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incorporation of silver nanoparticles into clay minerals. Furthermore, no 
significant morphological differences were observed between reference 
samples 0M and 0S and the silver-loaded samples, suggesting that the 
silver incorporation process did not imply a transgression of the 
morphology of the supports. 

3.3. Evaluation of the antibacterial activity 

In this study, the antibacterial activity of silver nanoparticles and 
silver-loaded clay minerals was evaluated against Gram-negative E. coli 
and Gram-positive S. aureus. Most E. coli strains live harmlessly in the 
intestines, as this species is the predominant facultative anaerobe of the 
human colonic microbiota, and rarely causes disease in healthy in
dividuals (Nataro and Kaper, 1998; Gomes et al., 2016). Nonetheless, 
there are pathogenic strains that present the ability to produce a broad 
spectrum of human diseases, like urinary tract infections, neonatal 
meningitis, enteritis, central nervous system disease, diarrheal illness 
and sepsis (Nataro and Kaper, 1998; Allocati et al., 2013; Gomes et al., 
2016). In fact, diarrheagenic strains of E. coli are traditionally divided 
into dissimilar categories according to their pathogenic mechanism: 
enteropathogenic (EPEC), enterohemorrhagic (EHEC), enter
oaggregative (EAEC), enterotoxigenic (ETEC) and enteroinvasive (EIEC) 
E. coli (Nataro and Kaper, 1998). Taken together, these organisms are 
probably the most common cause of severe pediatric diarrhea world
wide, especially in developing countries (Gomes et al., 2016; Ipshita 
et al., 2022) and a prominent cause of traveler’s diarrhea (Hyesuk et al., 
2022; Jones Jr. et al., 2022). E. coli is also an important cause of noso
comial infections (Alhazmi et al., 2022), and it is even possible to ac
quire the infection via the maternal-fetal pathway (Teweldemedhin 
et al., 2017). The treatment of E. coli infections is increasingly compli
cated because it is one of the most common multi-drug resistant bacteria 
(Abdi et al., 2022; Huang et al., 2022a), whose arousal is mainly due to 
the spread of mobile genetic elements, like plasmids (Allocati et al., 
2013). The emergence of antimicrobial resistance has become a serious 

problem (Shahbazi et al., 2018, 2022), since multidrug-resistant bacte
ria cause 35000 deaths every year in the USA (Mahdi et al., 2022). It is 
estimated that the global annual mortality rate due to antibiotic resis
tance will exceed 10 million by 2050 (Opoku-Temeng et al., 2019; 
Mahdi et al., 2022). 

On the other hand, S. aureus is part of the usual microbiota of the skin 
and nasopharynx (Foster, 2002), to the point that it is estimated that 25- 
40% of the human population will be colonised by this organism at some 
point (Lowy, 1998; Tong et al., 2015). However, it can also provoke a 
wide variety of infections like bacteremia, endocarditis, pneumonia and 
ocular, bone, skin, soft tissues and central nervous system infections 
(Foster, 2002; David and Daum, 2017; Ondusko and Nolt, 2018). 
Community-acquired (Muñoz et al., 2022) and nosocomial infections 
(Ghanbari et al., 2022) caused by S. aureus still pose a growing concern 
due to its high morbidity and mortality. In addition, this species is 
among the main ones presenting problems related to multidrug resis
tance (Rosa et al., 2022). In fact, already in the 1960s S. aureus strains 
resistant to methicillin were isolated, which is why these strains are still 
known today as "methicillin-resistant S. aureus" (MRSA), although 
methicillin is not used anymore (David and Daum, 2017). Likewise, 
S. aureus is the most common organism responsible for surgical site in
fections (Shetye et al., 2022), where it can also form biofilms on im
plants, catheters and other medical devices (Otto, 2008; Niraj et al., 
2022; Pinto et al., 2022). Finally, S. aureus can also induce food 
poisoning by contaminating it with enterotoxins (Chopra et al., 2023). 

E. coli and S. aureus have been chosen as target strains in this study 
because they embody the most representative species of the two main 
groups of bacteria based on their cell wall structure: Gram-negative and 
Gram-positive bacteria, respectively. Outside the bacterial cell mem
brane, Gram-positive bacteria present a thick layer of peptidoglycan of 
about 80 nm, reinforced with teichoic and teichuronic acids. On the 
other hand, in Gram-negative bacteria the plasma membrane is sur
rounded by the periplasmic space, followed by a thin peptidoglycan 
layer of approximately 8 nm and an additional outer membrane 

Fig. 4. TEM images of reference sample 0M (A-B), sample 11M (C-D), reference sample 0S (E-F) and sample 14S (G-H). Note the laminar structure of the clay 
minerals (yellow arrows). The darker zones correspond to the clay mineral platelets and the black circles on these darker zones are the silver nanoparticles deposited 
on the platelets (red arrows in samples 11M and 14S) (Roy et al., 2017). Note how a large number of silver nanoparticles are deposited at the outer surface of the 
clay minerals layers. No significant morphological differences between montmorillonite without silver loading (reference sample 0M), the sample with mont
morillonite (sample 11M), saponite without silver loading (reference sample 0S) and the sample with saponite (14S) are appreciated. 
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enriched in lipopolysaccharide (LPS) 1-3 μm thick (Slavin et al., 2017). 
Outside these layers, both types may or may not present a capsule 
comprised of polysaccharides (Whitfield et al., 2020; Huang et al., 
2022c). It has been suggested that this difference in wall structure may 
be responsible for the distinguished antibacterial activity of metal 
nanoparticles. 

Regarding the antibacterial activity of silver nanoparticles, their 
exact mechanism of action is not completely understood. Several pos
sibilities have been described in the literature, although it is not known 
which of them contributes the most to this effect. Firstly, silver nano
particles may interfere with cell wall synthesis, denature ribosomes and 
impede DNA replication and other metabolic pathways (Yin et al., 
2020). Silver nanoparticles may also release Ag+ ions, which also 
participate in the antibacterial effect (Feng et al., 2000; Tran et al., 
2016). Therefore, both Ag+ and Ag0 contribute to the antibacterial ac
tivity of silver nanoparticles (Morones et al., 2005). 

One of the most described mechanisms of action is the disruption of 
the membrane and its power functions, like permeability and respiration 
(Murray et al., 1965; Feng et al., 2000). Silver nanoparticles are elec
trostatically attracted to negatively charged bacterial cell wall (Pan 
et al., 2013; Ivask et al., 2014). In the process, these particles accumulate 
in the bacterial membrane and periplasmic space, forming pits in the cell 
wall that increase its permeability and cause irreversible damage and 
bacterial death (Sondi and Salopek-Sondi, 2004). It has been suggested 
that the shape of the nanoparticles may influence this mechanism, since 
it seems that triangular ones have more effect than spherical or rod ones 
(Sukdeb et al., 2007). It has also been seen how Ag+ can interact with 
phosphate, carboxyl and hydroxyl groups of lipoproteins of the bacterial 
cell wall (Giraldo et al., 2016), which can provoke plasmolysis (sepa
ration of cytoplasm from bacterial cell wall) and inhibition of bacterial 
cell wall synthesis (Song et al., 2006). 

Another widely described mechanism of action is an increased pro
duction of reactive oxygen species (ROS) (Bragg and Rainnie, 1974; 
Ivask et al., 2014). ROS are highly reactive species of oxygen that are 
produced during basic cell metabolism when oxygen enters unwanted 
reduction states and transforms into free radicals, superoxides, and 
peroxides, rather than water (Slavin et al., 2017). Stress on the cell, like 
UV light, DNA damage or metal nanoparticles, can increase ROS pro
duction to a toxic level, causing important cell damage and even cell 
death by oxidising vital biomolecules (Madl et al., 2014). To counteract 
the action of ROS, cells have several antioxidant strategies, such as 
glutathione (GSH). GSH is a tripeptide that, when oxidised to gluta
thione disulfide (GSSG), can reduce ROS molecules and eliminate their 
harmful action (Ramalingam et al., 2016). In addition, the oxidative 
stress produced by ROS is quenched by the action of ubiquinone or co
enzyme Q10, a component of the electron transport chain that is essential 
for aerobic respiration (Ivask et al., 2012). However, the toxic level of 
ROS can surpass this antioxidant defense of the cell causing glutathione 
depletion. This produces damage to the cell membrane (Leung et al., 
2014; Wang et al., 2014a), in addition to being able to produce lipid 
peroxidation, which inhibits bacterial growth (Kim et al., 2007; Jahnke 
et al., 2016). In addition to this lipid damage (Juan et al., 2021), ROS 
also induces DNA damage (Srinivas et al., 2019) and alterations in the 
structure and activity of proteins, as sulfur-containing amino acids like 
cysteine and methionine are highly susceptible to ROS action (Ezraty 
et al., 2017). 

Increased ROS production has been also described as a mechanism of 
other metal nanoparticles, like ZnO (Padmavathy and Vijayaraghavan, 
2008; Applerot et al., 2009), TiO2 (Kumar et al., 2011), MgO (Leung 
et al., 2014) and Se (Geoffrion et al., 2020) nanoparticles. In this late 
case, Se presents a special effect in biofilm-forming bacteria (Tran and 
Webster, 2011; Shoeibi and Mashreghi, 2017), particularly if polymeric 
medical devices like polyvinyl chloride (PVC), polyurethane (PU) and 
silicone are coated with this species to avoid biofilm formation (Wang 
and Webster, 2012; Tran and Webster, 2013). Lastly, another example is 
the work of Habeeb Rahman et al. (Habeeb Rahman et al., 2018), where 

they were able to investigate through Field Emission Scanning Electron 
Microscopy (FE-SEM) how the increased production of ROS caused by 
ZnO:Fe nanoparticles was able to produce cell membrane rupture in 
Salmonella typhimurium cultures in just 45 min. 

In addition to membrane disruption and increased ROS production, 
other antibacterial mechanisms of silver nanoparticles have also been 
described, like inhibition of proper ribosome function, enzyme inacti
vation or direct interaction with DNA, proteins and other metabolites 
(Shockman and Barren, 1983; Jiang et al., 2004; Raffi et al., 2007; 
Guzman et al., 2012; Slavin et al., 2017). Ag+ also can produce protein 
denaturation, loss of DNA replication ability and inactivation of other 
cytoplasmic components (Feng et al., 2000; Kim, 2007; Gupta et al., 
2008; Kumar et al., 2008). Although not yet known with certainty, it has 
been described that the most influential mechanism in Gram-negative 
bacteria may be membrane disruption and pits formation (Li et al., 
2010; Mirzajani et al., 2011), while in Gram-positive bacteria it may be 
the destruction of the thick peptidoglycan layer (Mirzajani et al., 2011). 

In this study, the antibacterial activity of silver nanoparticles and 
silver nanoparticles supported on clay minerals was evaluated against 
the reference strains E. coli ATCC 25922 and S. aureus ATCC 25923 by 
determining their MICs and MBCs according to CLSI guidelines. The 
results of these tests, which are shown in Table 4, were determined from 
three independent experiments, whose values obtained were identical. 
An MBC higher than 250 mg/L has been indicated in those situations 
where the MIC was 250 mg/L but when studying the MBC, growth of the 
bacteria was observed. No antibacterial activity was observed in refer
ence samples 0CN, 0M and 0S, which were used as negative controls 
without silver loading. This suggests that the original solution of 
ascorbic acid and sodium citrate, montmorillonite and saponite do not 
contribute to the antibacterial activity of samples. Therefore, any 
observed effect must be attributed, in principle, to the incorporation of 
silver in the samples. 

The first thing that stood out was that none of the samples of silver 
nanoparticles showed antibacterial activity at the maximum concen
tration of 125 mg/L. There may be various explanations for this. Firstly, 
it is possible that the specific synthesis procedure used in this study is not 
effective in preparing silver nanoparticles with antibacterial activity. In 
fact, Qin et al. (Qin et al., 2010) reported only the synthesis procedure 
but did not evaluate its antibacterial performance. This is a very useful 
finding because it implies that this methodology is not useful for syn
thesising silver nanoparticles with an antibacterial effect, contrary to 
other procedures reported in the literature (Ugwoke et al., 2020; 
Acharya et al., 2021; Bharti et al., 2021). In addition, those samples in 
which nitric acid was used to adjust the pH (samples 7N-10N) did not 
show any activity either. This is a valuable fact, because as the samples 
with citric acid did not present any effect, if the samples 7N-10N had 

Table 4 
MICs and MBCs for reference sample Ag-Ref and silver nanoparticles sup
ported on clay mineralsa.  

Sample Silver 
concentration 
(mass %) 

MIC (mg/L) MBC (mg/L) 

E. coli 
ATCC 
25922 

S. aureus 
ATCC 
25923 

E. coli 
ATCC 
25922 

S. aureus 
ATCC 
25923 

Ag-Ref 500b 31.25 125 125 > 250 
11M 0.43 62.5 125 250 250 
12M 1.29 31.25 62.5 31.25 250 
13M 2.15 31.25 62.5 31.25 125 
14S 0.43 125 125 125 250 
15S 1.29 15.625 62.5 15.625 250 
16S 2.15 31.25 62.5 31.25 62.5 
17IM 6.72 250 250 250 > 250 
18IS 6.72 250 250 250 250  

a MICs and MBCs were calculated according to CLSI guidelines. These results 
were determined from 3 independent experiments, whose values obtained were 
identical. 

b mg/L 
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done so, it would not have been possible to know whether to attribute it 
to the effect of the silver or to the low pH reached, since it has been 
described that acidic pH induces bacterial membrane disruption (Bel
fiore et al., 2007; Lou et al., 2011, 2012; Valle-González et al., 2018). 
The synergistic action of low pH and antimicrobials has also been re
ported. For instance, histidine-rich peptides (Mason et al., 2006; 
Kacprzyk et al., 2007), pyrazinamide (Zhang et al., 2003) or hydrogels 
with nanofiber networks (Wang et al., 2019) only produce membrane 
lysis under acidic pH conditions. Therefore, although as described in 
section 3.1 the use of nitric acid was more interesting since more varied 
and larger nanoparticle sizes were obtained, this did not translate into a 
higher antibacterial activity than the employment of citric acid. 

Another possible explanation for the lack of activity of silver nano
particles is that, despite the stabilising agent and the fact that the color 
of the samples remained unchanged for months and did not vary to dark 
gray, which may indicate aggregation (Mulfinger et al., 2007; Badiah 
et al., 2019), it is possible that eventually this agglomeration may have 
occurred. This could have reduced the interaction of the silver nano
particles with the bacteria, thus averting the development of their effect. 
If so, it is likely that the aggregation caused a wide particle size distri
bution, and it has been described that high-performance antibacterial 
activity is only observed if silver nanoparticles have narrow particle size 
distribution (Girase et al., 2011). 

An additional possible explanation could be the low concentration of 
silver in the samples, which was 125 mg/L. However, reference sample 
Ag-Ref (commercial colloidal silver solution) showed antibacterial ac
tivity with a MIC against E. coli of 31.25 mg/L. As this is lower than 125 
mg/L, it does not seem that the lack of effect can be attributed to a 
concentration problem. In fact, even lower concentrations have been 
reported to present antibacterial activity, showing MICs of 15.6 mg/L 
against E. coli and 9.4 mg/L against S. aureus (Platania et al., 2022). 

Regarding the antibacterial performance of silver-loaded clay min
erals, all samples showed effect. This suggests that the incorporation of 
the nanoparticles in a support allows their controlled release, which 
prevents their agglomeration. This enables these samples to have more 
effect than silver nanoparticles (Roy et al., 2017). This was also seen in 
this work, as the MICs and MBCs of the samples were generally lower 
than those of the reference sample Ag-Ref. It has even been reported 
that the effect of supported silver nanoparticles is greater even when the 
silver content is at least 10 times less compared to solutions of silver 
nanoparticles (Roy et al., 2017). 

It stood out that the samples synthesised via ion exchange (samples 
17IM and 18IS) showed less activity than those prepared through wet 
impregnation (samples 11M to 16S). This fact may be because in these 
samples there were free particles between the clay layers due to the 
synthesis process, which makes silver nanoparticles more available to 
interact with bacterial components. This did not occur in ion exchange 
samples, where there were only particles on the slides themselves. This 
could also justify a much slower release, which could also explain the 
lower activity of these samples. 

Within the samples synthesised through wet impregnation, although 
the trend was not entirely clear, it was observed that the higher the silver 
content of the sample, the greater its antibacterial effect, both in the 
samples with montmorillonite (samples 11M to 13M) and with sapo
nite (samples 14S to 16S), which is according to what is described in 
the literature. This trend may be due to two reasons. On the one hand, 
the more silver there is in the support, the more it can be released and 
therefore the greater the effect (Roy et al., 2017). On the other hand, the 
higher the silver loading in the clay mineral, the smaller the size of the 
released nanoparticles (Roy et al., 2017; Huma et al., 2018). The smaller 
the particle, the larger the surface available for interaction with bacte
rial components, which gives it a stronger antibacterial performance (de 
Lacerda Coriolano et al., 2021; Mehata, 2021). In addition, lesser par
ticle sizes lead to increased particle instability, which provokes the 
generation of more Ag+ ions that also participate in the bactericidal 
effect (Roy et al., 2017). Therefore, the concentration of AgNO3 loaded 

on the clay minerals directly affected their antibacterial activity. 
Finally, no noteworthy differences were observed between the ac

tivity developed by the samples with montmorillonite and the samples 
with saponite. This supports that saponite could be more commonly 
used as a support, not only because of what was discussed in section 3.2 
on the correct incorporation of silver nanoparticles, but also because of 
the antibacterial activity similar to that of montmorillonite demon
strated in these MIC and MBC studies. 

Likewise, it was observed that most of the samples presented a higher 
activity against E. coli, with greater MICs and MBCs than against 
S. aureus. It has been widely described that Gram-positive bacteria are 
more resistant to the mechanisms of action of metal nanoparticles 
(Slavin et al., 2017). The reason for this phenomenon is believed to be 
the differing cell walls. Although it has been determined that the cell 
wall of E. coli is more negative than that of S. aureus (Sonohara et al., 
1995), which could attract silver nanoparticles with more intensity, this 
fact may not influence so much because both Gram-positive and Gram- 
negative bacteria have a negatively charged cell wall (Varghese and 
Balachandran, 2021). The reason for this increased resistance could be 
that Gram-positive bacteria present a much thicker peptidoglycan layer 
than Gram-negative bacteria (80 nm vs 8 nm), in addition to being 
reinforced with teichoic and teichuronic acids (Slavin et al., 2017). This 
makes the thick peptidoglycan layer a protective coating, without which 
the membrane disruption produced by metal nanoparticles is more 
injurious for Gram-negative bacteria. 

In conclusion, the incorporation of silver nanoparticles into mont
morillonite and saponite resulted in products that exhibited potent 
antibacterial activity. These agents are attractive because the synthesis 
processes are advantageously low-priced and uncomplicated, so they 
can be carried out even in the most underprivileged environments. In 
addition, they have an environment-friendly nature because the re
agents employed in the preparation are not toxic nor dangerous, as some 
of those used in the synthesis of solutions of silver nanoparticle solutions 
could be. Therefore, these materials could be used as effective antibac
terial agents, making the applicable to biomedical systems (Persano 
et al., 2021), food packaging (Azizi-Lalabadi et al., 2021) or even food 
containers (Diana-Carmen et al., 2022) in circumstances with few re
sources. Further research in this direction is needed, both to validate the 
effect of the materials on other bacterial, fungal and viral species, and to 
ensure that the material maintains its antibacterial activity over time. 

3.4. Cytotoxicity assay 

To ensure the safety of the samples, their cytotoxicity was evaluated 
in human fibroblasts (GM07492-A cell line) through an XTT colori
metric assay. In the same way that silver nanoparticles can be harmful to 
prokaryotic cells, they can also damage eukaryotic cells. It has been 
described how the strong oxidative activity of silver nanoparticles in
duces cytotoxicity, genotoxicity, immunological responses and even cell 
death in biological systems (Składanowski et al., 2016; Wypij et al., 
2020). 

Recent studies have focused on examining what characteristics 
determine the cytotoxicity of silver nanoparticles. Firstly, this activity 
depends on the size. The smaller the size, the greater the toxicity 
(Devanesan and Alsalhi, 2021), because a higher production of ROS 
(Nguyen et al., 2021), lactate dehydrogenase (LDH) (Sriram et al., 2012) 
or inflammation (Wang et al., 2014b) is induced, among other mecha
nisms. This inflammatory response is mediated by increased production 
of inflammatory mediators like tumor necrosis factor (TNF-α) and in
terleukins 6 and 8 (Zorraquín-Peña et al., 2020). 

Their cytotoxicity also depends on the dose, since the higher the 
dose, the greater the toxicity (Iram et al., 2021), and on the aggregation, 
since more aggregated particles produce less toxicity (Lankoff et al., 
2012). It also depends on the shape, as it can influence the cellular 
uptake mechanism, which in turn modulates cytotoxicity (Akter et al., 
2018). For example, spherical nanoparticles appear to be more toxic 
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than other forms (Lee and Park, 2020). Likewise, when a coating is used 
to prevent aggregation, it also provides protection against cytotoxicity 
(Barbalinardo et al., 2021). This occurs because it maintains the surface 
chemistry of nanoparticles by increasing stability (Akter et al., 2018). 
Although the effect depends on the coating material, citrate (Malysheva 
et al., 2021) or PVP (Ilić et al., 2021) have been shown to reduce 
cytotoxicity more than other substances. 

Silver nanoparticles can penetrate eukaryotic cells through different 
uptake mechanisms, such as diffusion, phagocytosis, endocytosis, the 
membrane flip-flop mechanism or even direct penetration via ion 
channels (Haase et al., 2011; Murugan et al., 2015). Once inside the 
eukaryotic cell, their main cytotoxic effect is apoptosis-mediated cell 
death (Mohamed et al., 2021), which can occur through multiple 
mechanisms, some of which are common to those already described in 
prokaryotic cells. Firstly, silver nanoparticles can produce an increased 
generation of ROS (Hailan et al., 2022), which induces oxidative stress 
that finally leads to apoptosis (Salama et al., 2022). The reduction of 
GSH levels through the inhibition of GSH synthesising enzyme (Ara
goneses-Cazorla et al., 2022; El-Samad et al., 2022) and the depletion of 
the activity of other antioxidant enzymes (Amjad et al., 2022) also 
contribute to oxidative stress. The overproduction of ROS also induces 
apoptosis via p53, AKT or MAPK signaling pathways (Li et al., 2021; 
Chang et al., 2021b; Mohd Faheem et al., 2022), as well as through 
upregulation of pro-apoptotic Bax protein (Acharya et al., 2022). 

Silver nanoparticles also can include an increase in LDH activity and 
leakage (Akter et al., 2021; Barbasz et al., 2022), epigenetic dysregu
lation through DNA methylation, which can cause reprogramming of 
gene expression (Mytych et al., 2017), arrest of the cell cycle in G1 phase 
(Sun et al., 2021), membranolytic action (Alves et al., 2022) and loss of 
cytoskeleton proteins like β-tubulin and filamentous actin (Akter et al., 
2018). They can also disrupt mitochondrial function (Jabeen et al., 
2021) since they increase mitochondrial membrane permeability 
(Kaplan et al., 2022) and decrease mitochondrial membrane potential 
(Badirzadeh et al., 2022). This can induce the release of cytochrome c 
into the cytosol, which leads to apoptosis via caspase activation (Li et al., 
1997; Plackal Adimuriyil George et al., 2018; Tang et al., 2019). 

Finally, it has also been described that Ag+ ions released from 
nanoparticles may be the initial factor for toxicity induction (Abdellatif 
et al., 2021), in addition to empowering the global toxicity of nano
particles (Youssef et al., 2021). There are also studies that suggest that 
Ag+ ions are responsible for the overall toxicity of nanoparticles and not 
the nanoparticles themselves (Xiu et al., 2012). In conclusion, silver 
nanoparticles reduce cell viability (Salesa et al., 2021). 

Other metal nanoparticles also induce cytotoxicity by similar 
mechanisms. For example, TiO2 nanoparticles cause increased produc
tion of ROS (Vigneshwaran et al., 2021; Pedrino et al., 2022). This 
mechanism also occurs in gold nanoparticles (Lorenzo-Anota et al., 
2021). 

In addition, several works have studied in vivo the effects of silver 
nanoparticles in mice and rats. For instance, they have been shown to 
produce neurotoxicity in brain regions like the caudate nucleus, frontal 
cortex and hippocampus (Rahman et al., 2009; Dziendzikowska et al., 
2022). This happens because they can pass through the blood-brain 
barrier (BBB) by transcytosis of capillary endothelial cells (Gallardo- 
Toledo et al., 2021) or crossing the tight junctions of the BBB (Akter 
et al., 2018). They can also cause increased permeability of the BBB 
(Choudhary et al., 2022), astrocyte swelling (Opris et al., 2022), 
neuronal degeneration (Elblehi et al., 2022), synaptic disturbance 
(Chang et al., 2022) and depletion of dopamine (Attia et al., 2021). 
Silver also accumulates in other tissues like the cerebellum, muscle, 
spleen, duodenum and myocardial muscle (Pelkonen et al., 2003). It can 
also cause malformations and morphological deformities during embryo 
development in zebrafish (Cunningham et al., 2021). However, little is 
known about the impact on human physiology (González-Vega et al., 
2022). 

Although the cytotoxicity mechanisms of silver nanoparticles are still 

not entirely clear, there are many studies in this regard. However, there 
is a limited amount of work that focuses on the toxicity of silver-loaded 
clay minerals. It is generally accepted that they present lower cytotox
icity than nanoparticles with the same silver content (Long et al., 2022), 
perhaps because the existence of support reduces toxicity. The limited 
number of recent investigations that evaluated the cytotoxicity of silver- 
loaded montmorillonite found that there was hardly any disruption of 
cell viability or changes in cell morphology (Zhu et al., 2018; Ge et al., 
2019; Huang et al., 2022b). Furthermore, this material was also not 
neurotoxic in mice (Daniel et al., 2010). However, to the best of the 
knowledge of the authors of this study, there are no studies that evaluate 
the cytotoxicity of silver-loaded saponite. 

In this study, the cytotoxicity of selected samples was evaluated in 
human fibroblasts (GM07492-A cell line) through an XTT colorimetric 
assay. The chosen samples were reference sample Ag-Ref, and samples 
13M and 15S, as they showed promising results in the antibacterial 
activity studies. Likewise, reference samples 0M and 0S were also 
included in this assay to determine the toxicity of montmorillonite and 
saponite without silver loading. The results of the cytotoxicity assay are 
shown in Table 5. 

The XTT assay is a colorimetric method first described by Scudiero 
et al. in 1988 (Scudiero et al., 1988). It is a fast, simple, accurate and 
highly sensitive way to determine cytotoxicity (Karatop et al., 2022). It 
consists of evaluating how cells respond to different substances by 
assessing cell proliferation, quantification and viability. After incuba
tion of the cell line, the substances to be tested are added. After further 
incubation, XTT is also added. Metabolically active cells initiate a redox 
reaction that consists in reducing the tetrazolium salt XTT to orange- 
colored formazan, which is soluble in water and thus the color in
tensity can be measured with a spectrophotometer (Karatop et al., 
2022). As the intensity of the color detected is proportional to the 
number of metabolically active cells (Riss et al., 2004), cell viability and 
values like the IC50 can be assessed after designating the negative con
trol without testing substances as the 100%. 

Reference sample Ag-Ref presented an IC50 of 35.3 ± 6.8 μg/mL. It 
has been described in the literature how silver nanoparticles presented 
similar IC50 values, such as 16.3 μg/mL in human macrophages (RAW 
264.7 cell line) (Wypij et al., 2021), 27.98 μg/mL in cervical cancer cells 
(HeLa cell line) (Wei et al., 2020), 40 μg/mL in breast cancer cells (MCF- 
7 cell line) (Jiao et al., 2014), or 80 μg/mL in lung adenocarcinoma cells 
(A549 cell line) (Majeed et al., 2016). Other obtained higher toxicity 
levels, with values of 147.175 μg/mL in MCF-7 cell line (Das et al., 
2022). In this work, the cytotoxicity of the samples of silver nano
particles was not evaluated due to their lack of antibacterial activity. 

Reference samples 0M and 0S presented IC50 values of 1446 ±
162.9 and 687.7 ± 17.9 μg/mL, respectively. This suggests that the 
cytotoxicity of montmorillonite and saponite is scarce. As expected, after 
loading silver, the IC50 values decreased to 308.6 ± 7.4 and 553.9 ±
36.8 μg/mL for samples 13M and 15S, respectively. These values are 
highly promising because they suggest that silver-loaded clay minerals 
have an exceptional safety profile. These IC50 values may be lower than 
those of reference sample Ag-Ref because, as it has been previously 

Table 5 
IC50 values obtained against human fibroblasts (GM07492-A cell line) through 
an XTT colorimetric assay after 24 h of treatment with the samples.  

Sample Silver concentration (mass %) IC50 (μg/mL) 

Ag-Ref 500a 35.3 ± 6.8 
0M - 1446 ± 162.9 
13M 2.15 308.6 ± 7.4 
0S - 687.7 ± 17.9 
15S 1.29 553.9 ± 36.8 

IC50 represents the sample concentration that inhibits 50% of cell viability. 
Results are presented as mean ± standard deviation of 3 independent 
experiments. 

a mg/L 
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discussed, coating reduces cytotoxicity. No IC50 values could be found in 
the literature for comparison. This is because, to the best of the 
knowledge of the authors of this study, the cytotoxicity of silver-loaded 
montmorillonite has been evaluated through alternative methods and 
there is no prior estimation of the cytotoxicity of silver-loaded saponite. 
Therefore, this study presents valuable results since it represents the first 
time that IC50 values of silver-loaded montmorillonite and saponite have 
been calculated. The promising obtained results suggest that these ma
terials present a high-grade safety profile. 

Therefore, these materials have the potential to be employed safely 
in biological systems. Extensive research in this direction is needed to 
further evaluate the safety of silver nanoparticles and silver-loaded clay 
minerals. 

4. Summary and conclusions 

In summary, in this study the antibacterial activity and cytotoxicity 
of silver nanoparticles and silver nanoparticles supported on clay min
erals were compared. Silver nanoparticles were synthesised by chemical 
reduction using AgNO3 as the silver precursor, ascorbic acid as the 
reducing agent and sodium citrate as the stabiliser agent. Silver nano
particles were supported on montmorillonite and saponite via wet 
impregnation or ion exchange methods. The antibacterial activity of the 
samples was evaluated against E. coli ATCC 25922 and S. aureus ATCC 
25923 by determining their MICs and MBCs according to CLSI guide
lines. Finally, the cytotoxicity of the samples was determined in 
GM07492-A cell line employing an XTT colorimetric assay. 

The results found that the use of nitric acid instead of citric acid to 
adjust the pH of the silver nanoparticles during the synthesis process was 
more interesting since more varied and larger nanoparticle sizes were 
obtained. Also, as the pH of the samples increased, the nanoparticle size 
decreased. 

The characterization techniques employed verified the successful 
incorporation of silver nanoparticles into clay minerals. No significant 
morphological differences were observed between montmorillonite and 
saponite and before and after silver incorporation, which suggests that 
both clay minerals provide similar support and that the silver incorpo
ration process does not imply a transgression nor modification of their 
morphology. 

The silver nanoparticles synthesised did not present any antibacterial 
activity. Therefore, the synthesis procedure used is not useful for this 
purpose, whether citric acid or nitric acid is used to adjust the pH during 
the synthesis process. In contrast, silver-loaded clay minerals did show 
antibacterial activity, which was greater in those samples synthesised by 
wet impregnation and with a higher silver content. The effect was 
greater against E. coli. The effect was similar whether montmorillonite 
or saponite was used as the support. 

Finally, silver-loaded montmorillonite and saponite were less toxic 
than reference sample Ag-Ref and presented IC50 values suggestive of a 
high-grade safety profile. This was the first time, to the best of the 
knowledge of the authors and from the revised literature, that the IC50 
value was calculated in silver-loaded montmorillonite and saponite. 
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agencies Fundação de Amparo à Pesquisa do Estado de São Paulo, 
FAPESP (2020/06712-6), Coordenação de Aperfeiçoamento de Pessoal 
de Nível Superior (CAPES) Finance Code 001 and Conselho Nacional de 
Desenvolvimento Científico e Tecnológico, CNPq (305180/2019-3). 

CRediT authorship contribution statement 

Adrián Gil-Korilis: Project administration, Supervision, Conceptu
alization, Methodology, Resources, Investigation, Data curation, Vali
dation, Writing – original draft, Writing – review & editing, 

Visualization. Mihail Cojocaru: Conceptualization, Investigation, Data 
curation, Writing – review & editing, Visualization. Melibea Berzosa: 
Methodology, Investigation, Writing – review & editing. Carlos 
Gamazo: Supervision, Methodology, Resources, Writing – review & 
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Palumbo, C., Cavallini, M., Gentili, D., 2021. Surface properties modulate protein 
corona formation and determine cellular uptake and cytotoxicity of silver 
nanoparticles. Nanoscale 13, 14119–14129. https://doi.org/10.1039/D0NR08259G. 
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