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Abstract 

The physicochemical properties of silver nanoparticles (AgNPs) in human whole saliva are 

investigated herein. In authentic saliva samples, AgNPs exhibit a great stability with over 

70% of the nanomaterial remaining intact after a 24-hour incubation in the presence of 

~0.3 mM dissolved oxygen. The small loss of AgNPs from the saliva sample has been 

demonstrated to be a result of two processes: agglomeration/aggregation (not involving 

oxygen) and oxidative dissolution of AgNPs (assisted by oxygen). In authentic saliva, AgNPs 

are also shown to be more inert both chemically (silver oxidative dissolution) and 

electrochemically (electron transfer at an electrode) than in synthetic saliva or aqueous 

electrolytes. The results thus predict based on the chemical persistence (over a 24-hour study) 

of AgNPs in saliva and hence the minimal release of hazardous Ag+ and reactive oxygen 

species that the AgNPs are less likely to cause serious harm to the oral cavity but this 

persistence may enable their transport to other environments. 
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Main text 

As one of the most commonly used nanoparticles, a considerable quantity of nano-silver has 

been accumulated in water, soil, plants and animals in the food chain.1-3 Silver nanoparticles 

(AgNPs) are further introduced in the processing, packaging of food containers and the food 

itself,4,5 as well as in drug delivery and biomedical applications.6 Direct exposure of the oral 

cavity to AgNPs is thus unavoidable. Diseases and abnormal activities of internal organs as a 

result of oral exposure to AgNPs have been reported.7-10 The local susceptibility to damage 

caused by AgNPs in the oral cavity however has not been investigated. In this work, the 

physicochemical behavior of AgNPs is studied in-vitro in human whole saliva. 

The metabolic process that gives rise to the toxicity of AgNPs has yet to be fully elucidated. 

The potential causes of AgNPs toxicity are suggested to be the interaction with the cell walls, 

the release of silver(I) ions (Ag+) and the generation of reactive oxygen species (e.g. H2O2, 

•O2
−, etc.), leading potentially to damage of DNA and important proteins.11-14 The toxic 

pathways mentioned above are strongly dependent on the chemical environments such as pH, 

concentrations of electrolytes and the presence of molecules that could interact with the silver 

or reactive oxygen species.15  

In the oral cavity, saliva is the major component for the maintenance of oral health. It is 

composed of ca. 99% water, inorganic and organic substances, enzymes, mucus and 

glycoproteins.16,17 The pH of saliva is ~6.8. To understand the toxicity of AgNPs to the oral 

cavity, one needs to directly investigate the course and fate of AgNPs in saliva. Hitherto only 

synthetic saliva, to the best of the authors knowledge, has been used to study the properties of 

the AgNPs.18,19 The work presented herein however shows that the chemical and 

electrochemical behaviors of relevant species in synthetic saliva are significantly different 

from authentic saliva.  

In this study, synthetic saliva (according to DIN 53160-1) was obtained from Synthetic Urine 

e.K., Germany. Authentic saliva samples were kindly donated by three consenting healthy 

volunteers without any known pathological conditions and were pooled for the 

measurements. Further details of authentic saliva collection are provided in the SI.  

The physicochemical properties including size, concentration, stability, integrity and 

electroactivity of AgNPs in human whole saliva are evaluated and discussed on the basis of 
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electrochemical and spectrophotometric arguments. The dissolution and hence toxicity of 

these materials is intimately associated with their redox behaviors. The electrochemical 

responses of AgNPs oxidation were investigated in authentic saliva samples in comparison 

with synthetic saliva and standard potassium chloride (KCl) solutions. The oxidation process 

was studied by two techniques: anodic stripping and nano-impact electrochemistry (single 

particle coulometry). The solution-phase stability and chemical activity of the AgNPs were 

investigated by UV-visible spectrophotometric measurements.  

In “anodic stripping” studies, an aliquot of AgNPs suspension consisting of 2.4 × 1016 moles 

of the nanoparticles was dropcast onto the surface of a freshly polished glassy carbon 

electrode to yield a coverage (projected surface area of AgNPs:electrode) of ca. 4.5%. The 

modified electrode was allowed to dry under a flowing nitrogen atmosphere. The AgNP-

modified electrode was then transferred to authentic saliva, synthetic saliva or standard KCl 

solutions (0, 1.0, 5.0, 10.0 and 20.0 mM), where the electrode was subjected to cyclic 

voltammetry measurements initially scanning anodically in the potential range of -0.2 V to 

1.0 V vs. Ag/AgCl (in 3.4 M KCl) leakless reference electrode at the scan rate of 10 mV s1. 

Figure 1 presents the voltammograms of AgNP anodic stripping in the different samples. A 

well-defined oxidative response of AgNPs can be obtained in authentic, whole saliva without 

any pre-treatment or added supporting electrolyte. The anodic stripping peak potentials 

appear at ~0.18 V in both synthetic and authentic saliva, which is the same potential as the 

oxidation of AgNP in 1.0 mM KCl solution. At higher chloride concentrations, the positions 

of the anodic stripping peaks occur at less positive potentials, in agreement with 

literature.20,21  

Below, the results as presented as ‘mean ± standard deviation.’ In standard KCl solutions for 

all the concentrations studied, the total charge (Q) transferred during the oxidation of the 

immobilized AgNPs was in the range of 16 ± 5 μC, corresponding to 22 ± 6 % of the 

expected charge (~75 μC, see SI for details). In synthetic saliva, the charge transferred was 

12 ± 1 μC, comparable to that obtained in the KCl solutions. However, the observed charge 

transferred in authentic saliva was 2.1 ± 0.6 μC significantly smaller than in the other cases, 

and hence suggests the more electrochemically inert nature of AgNPs in authentic saliva, vide 

infra.  
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Figure 1: Anodic stripping voltammograms of silver nanoparticles (AgNPs) immobilized on the surface of a 

glassy carbon electrode in potassium chloride solutions: 1.0 mM (green), 5.0 mM (light blue), 10.0 mM (pink) 

and 20.0 mM (purple), synthetic saliva (red), and authentic saliva (dark blue). Scan rate of 10 mV s1. Dashed 

lines show the voltammograms of synthetic saliva (grey) and authentic saliva (black) at a blank, unmodified 

electrode. Inlay: Schematic presentation showing AgNPs immobilized on the electrode surface and oxidized 

(anodic stripping) to form AgCl.  

 

In addition to anodic stripping voltammetry, nano-impact experiments were performed to 

study the electrochemical responses of AgNPs oxidation in-situ. In solution, AgNPs diffuse 

freely by virtue of Brownian motion. In the event that a AgNP arrives at the electrode held at 

a suitable potential (E > ~0.2 V), the AgNP is fully oxidized resulting in a current-transient 

spike.20,22-25 The charge transfer for each spike corresponds to the size of the AgNPs, while 

the diffusion-limited frequency of spikes is indicative of the concentration and agglomeration 

state of AgNPs in the suspension.   

Figure 2 displays examples of cyclic voltammetry responses of a carbon microdisk electrode 

(33 μm diameter) immersed in a 12 pM AgNP suspension (equivalent to 7.25×109 particles 

mL1), and the inlays clarify the representative spike shapes. This concentration of AgNPs 

was chosen for optimal conditions of the nano-impact measurements. In 20.0 mM KCl, the 

spikes were observed at the frequency of 4.6 ± 0.6 s1 (diffusion-limited frequency: 6.2 s1) 
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with the average charge transferred per spike of 0.32 ± 0.23 pC. These charges, when 

corrected by a factor of 0.605 to account for the quasi-spherical nature of the nanoparticles,26 

correspond to the particle diameters of 48 ± 9 nm in good agreement with the sizes obtained 

from transmission electron microscope (TEM) of 47 ± 6 nm (see SI). In synthetic saliva, the 

features were similar to that in 20.0 mM KCl with the frequency of spikes of 4.1 ± 2.2 s1 and 

the average charge per spike of 0.31 ± 0.21 pC. In contrast, no spikes were observed in 

authentic saliva samples. A small number of current-transient spikes with a frequency of 

0.13 ± 0.08 s1 were observed when authentic saliva was diluted (using synthetic saliva) by a 

factor of 100. The mean charge transferred per spike in diluted authentic saliva sample is also 

found to be significantly smaller, 0.19 ± 0.13 pC. The small charges and low response rate of 

AgNPs oxidation further support the hypothesis that AgNPs are relatively oxidatively inert in 

authentic saliva. Additional evidences and mechanisms are proposed below.  

 

Figure 2: a) Schematic diagram showing AgNPs diffusing freely in solution and oxidizing to AgCl as the 

particle hits the electrode. b-d) Cyclic voltammograms showing AgNPs nano-impact spike features in 

b) 20.0 mM KCl, c) synthetic saliva and d) authentic saliva diluted by a factor of 100 in synthetic saliva. The 

nano-impact in authentic saliva without dilution shows no spikes (SI). The inlays in figures b-d show 

representative shapes of the current-transient spikes as a result of single AgNP oxidation.  
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The stability of AgNPs in saliva specimens was further investigated by spectrophotometry. 

AgNPs display plasmonic responses where the position (λmax) and the magnitude of the peak 

(maximum absorbance; Amax) are related to size and concentration of the particles 

respectively.27 Consequently, the AgNPs (12 pM or 7.25×109 particles mL1) were 

incubated in synthetic and authentic saliva at 25 oC, and the spectra recorded as a function of 

time.  

Figure 3 presents the absorption spectra of the AgNPs in synthetic and authentic saliva 

samples before and after four hours incubation in the absence and presence of atmospheric 

oxygen (~0.3 mM dissolved oxygen).28 In synthetic saliva in the presence of dissolved 

oxygen, the maximum absorbance and hence the number of AgNPs in the sample decreased 

by 81% in four hours.†27 In authentic saliva, the concentration of AgNPs also decreased in the 

first four hours in the presence of oxygen, but to a much smaller extent of 27%. This 

indicates that there are (by a factor of three) more intact AgNPs left in authentic saliva than in 

synthetic saliva when the AgNPs are incubated in the samples for the same duration. The 

responses did not decrease further when left for longer (24 hours, SI). The spectro-

photometric results thus evidence the greater stability of AgNPs in authentic saliva samples 

as compared with synthetic saliva. 

In the above work, citrate-capped AgNPs were used experimentally. Similar 

spectrophotometric experiments were performed for AgNPs capped with different molecules 

including branched polyethylenimine (BPEI), polyethylene glycol (PEG), 

polyvinylpyrrolidone (PVP) and lipoic acid. In synthetic saliva, the losses of AgNPs after 

4-hour incubation under atmospheric oxygen were 61%, 85%, 4% and 30% for BPEI, PEG, 

PVP and lipoic acid respectively. In authentic saliva, there were 10%, 11%, 3% and 7% 

losses of AgNPs capped with BPEI, PEG, PVP and lipoic acid respectively. Consequently, it 

has been shown that AgNPs were significantly more stable in authentic saliva than in 

synthetic saliva for all the different capping agents studied (see SI). Note that the AgNPs 

tested herein are not intended for oral intake, but are the same types as those incorporated in 

textiles and other commercial products. The findings on the tested AgNPs are likely 

applicable to the ingested AgNPs.  
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The possible origins of the loss of AgNPs UV-vis signal may relate to the agglomeration/ 

aggregation and/or the dissolution of AgNPs. The latter likely only occurs in the presence of 

dissolved oxygen (SI). In the absence of oxygen, the loss of AgNPs is attributed to the 

agglomeration/aggregation of the particles.18,19 Consequently, to investigate the effect of 

oxygen on the disappearance of AgNPs, oxygen was removed from the samples by a strong 

flow of argon gas into the samples prior to the addition of AgNPs. It was found that after the 

elimination of oxygen, the AgNPs UV-vis signals still decreased but to much smaller extents 

of 45% and 11% losses of AgNPs after 4 hours incubation in synthetic and authentic saliva 

respectively (Figure 3). The results thus indicate that both agglomeration/aggregation and 

oxidative dissolution play important roles in the instability of the AgNPs in solution-phase. 

The results also indicate that the agglomeration/aggregation of AgNPs progresses to a smaller 

extent in authentic saliva as compared to synthetic saliva. This conclusion was further 

corroborated by the observation of the AgNP sizes in authentic vs. synthetic saliva under 

dark-field microscope (see SI).  
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†  The number of AgNPs can be interpreted from the value of the maximum absorbance according to Beer-

Lambert law.27  
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Thus far, the main observations on authentic saliva are that first the voltammetric oxidation 

of large ensembles of nanoparticles is inhibited in saliva. Second, the frequency of individual 

nanoparticle oxidations from the solution phase is significantly decreased in the presence of 

saliva. Moreover even in highly diluted authentic saliva samples, only small oxidative events 

are observed. Third, the UV-vis studies evidence a low rate of loss of the AgNPs in authentic 

saliva and that this loss of signal arises from both agglomeration and oxidative dissolution of 

the nanomaterial. In the presence of oxygen, AgNPs may undergo thermodynamically 

favorable oxidative dissolution to form Ag+ and reactive oxygen species, likely via the 

following reaction pathways.15  

½ O2  +  H+  +  Ag(s)    Ag+  +  ½ H2O2    (1) 

   Ag(s)  +  ½ H2O2  +  H+    Ag+  +  H2O   (2) 

The toxicity of silver nanoparticles as compared with the bulk silver is thought to result from 

the efficient divergent diffusion of hydrogen peroxide (H2O2) away from the particle surface, 

before it can be reduced further to water.14  

These observations are consistent with the behavior of the nanoparticles in authentic saliva 

being altered from synthetic saliva or aqueous solutions due to a change in their local 

chemical environment. This most likely arises from the adsorption of proteins,29 large organic 

fragments or other macromolecules present in authentic saliva onto the surface of the 

nanoparticles. The surface agents introduce steric stabilization, and hence prevent the 

formation of clusters. The presence of large organic layer on the AgNPs surface would also 

be consistent with the redox AgNP dissolution process being inhibited as demonstrated by 

both the UV-vis and electrochemical studies above, resulting in the greater stability of AgNPs 

in authentic saliva.  

As AgNPs remain intact in authentic saliva samples, it is likely that the particles would pass 

through the oral cavity into other parts of the body in their original forms. Oral ingestion 

could therefore be one route by which AgNPs may accumulate in liver, spleen and kidney as 

observed in laboratory animals.7-10 Several in-vivo studies demonstrated DNA damage, 

permanent genome alterations, changes in blood parameters as well as diseases and abnormal 

activities of internal organs upon oral intake of AgNPs in mammals.7-10,30 These damages are 

potentially caused partly by reactions with the highly oxidative products of AgNPs 

dissolution. In-vitro, the toxic effects of AgNPs dissolution on human and animal cells and 
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tissues have been validated.11-13 It was also suggested that AgNPs dissolution may require 

cellular internalization.31 This could possibly be due to the different modification of the 

AgNPs surface as in the case of authentic vs. synthetic saliva and/or the different 

environmental conditions such as pH (refer to the H+ dependence in eqn. 1-2) inside and 

outside the cells.  

In conclusion, this work proves on the basis of the conservation of the nanoparticles integrity 

that AgNPs are relatively stable in authentic human whole saliva, as compared with synthetic 

saliva or aqueous solutions. The formation of Ag+ and possibly reactive oxygen species in 

saliva are significantly lower. The presence of AgNPs in the oral cavity, whether by accident 

or intended for biodiagnostic, therapeutic or drug delivery applications,6 is thus to a first 

approximation predicted not to cause serious harm to the oral cavity. Finally, based on these 

results any method validations or in-vitro studies related to oral cavity are also recommended 

to be performed in authentic saliva, as opposed to synthetic saliva because of the significant 

difference in the physicochemical properties of chemical species in the two media. 
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