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Abstract: This study aimed to investigate the effect of exogenous nanoparticles on the rheological
properties of artificial saliva. There are four reasons for undertaking this type of research: Firstly, the
number of solid particles of various origins present in the air is still high. Secondly, nanoparticles
(including silver and gold nanoparticles) are increasingly used in food packaging and can migrate
into food. Thirdly, saliva is the first biological fluid that comes into contact with exogenous particles.
Finally, the function of saliva is also closely related to its rheological properties. Due to the remarkable
properties of nano-objects, nanoparticles of various origins in the body may cause effects that have
not been realised until now. Therefore, each type of nanoparticle must be tested in terms of its impact
on the body/body fluid. We used silver and gold nanoparticles because they are used in the food
industry, and diesel exhaust particles because they are standard components of air pollution. The
effect of various nanoparticles (e.g., their size and shape) on the rheology of saliva at two temperatures
was investigated. The constants of the power law constitutive equation were also estimated. Studies
showing the impact of nanoparticles on the rheology of body fluids are rare because it is one of the
less obvious ways of their affecting the human body. However, the results show that nanoparticles
are not neutral to the biological fluid, which may translate into a change in its properties and thus
disturb its functions.
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1. Introduction

The respiratory tract is the main route for air pollutants entering the body. Deposition
of solid particles, depending on their size, occurs in different areas of the respiratory tract.
The nasal cavity and the mouth are equally exposed to pollution, as we often breathe
through the mouth. If we breathe through the mouth, we first deprive ourselves of the
protective function of the nasal lining, puncturing many of the large particles/pathogens
flowing through the nasal cavity. This can lead to rapid irritation of the throat and lower
parts of the respiratory system. In addition, tissues and liquids in the oral cavity are
exposed to external particles such as nanoparticles and particulate matter.

Particulate matter in the atmosphere has a solid core consisting of elemental carbon,
with organic and inorganic substances adsorbed thereon. The particles’ size, the type
of compounds on their surface, and the amount and number of particles depend on
the emission source. The second major emitter of particulate dust is the automotive
industry. The diesel exhaust particles (DEPs—soot aggregates) emitted from diesel engines
without diesel particulate filter (DPF) constitute nearly 70% of solid particles present in
the atmosphere that have an aerodynamic diameter of fewer than 10 µm [1]. The soot
aggregates are composed of primary particles with an elemental carbon core. Primary
particles bind together and form fractal-like aggregates. An extensive surface area and
a complex shape characterise the DEPs. There are various organic (mostly polycyclic
aromatic hydrocarbons) and inorganic (sulfate and metallic ash) compounds adsorbed on
DEPs’ surfaces [2]. The chemical components on DEPs’ surfaces constitute nearly 80% of
the DEPs’ mass [3,4]. The size of DEPs varies from 10 nm even to 10,000 nm, and, like
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their shape and chemical composition, it strongly depends on fuel composition, engine
condition and age, etc.

It is estimated that almost 50% of urban particulate matter comes from vehicle emis-
sions [5]. Soot particles cause many diseases. Cancer is one of them. Cancers caused by
soot are both systemic and localised in character [6]. Respiratory disorders are the second
main health concern associated with soot, and they can occasionally become very severe.
Cardiovascular dysfunctions come in third. In addition to these illnesses, exposure to soot
has also been linked to a few unusual pathological observations [7].

The wide applications (e.g., textiles and fabrics, food containers, kitchen appliances,
cosmetics, deodorants, water filters, toys, and alternative health supplements) of silver
nanoparticles (AgNPs)-containing products lead to the exposure of both the environment
and individuals to their impact on the different phases of their life cycle [8]. This includes
synthesis and manufacturing, distribution, end-product use, and waste disposal. AgNPs
may be released into the environment via wastewater streams and effluent. In wastewater
disposal plants, AgNPs are retained in sewage sludge [9]. AgNPs delivered by inhalation
or ingestion are subsequently identified in blood and induce toxicity in various organs,
including the lungs, liver, kidney, intestine, and brain, according to in vivo biodistribution
and toxicity studies conducted on rats and mice [10].

Products containing gold nanoparticles (AuNPs) rank sixth among nanotechnology
consumer products [11]. The applications of AuNPs include, but are not limited to, elec-
tronics, sensors, solar cells, catalysis, cosmetics, and dietary supplements. The AuNPs’
biomedical applications are particularly interesting, including photothermal cancer ther-
apy [12], diagnosis, drug delivery, and tissue engineering. Recently, to reduce the risk
associated with systemic exposure, the use of inhaled AuNPs as drug carriers and radiosen-
sitisers [13] has been investigated. The increasing use of AuNPs in industrial processes and
biomedical research involves the exposure of a higher number of workers.

AuNPs are generally believed to be nontoxic. However, some studies have reported
damage to the liver and kidneys [14], delays in the development of eyes and pigmen-
tation [15], lung and kidney haemorrhage, lymphocytic infiltration, and inflammatory
response [16].

Both AgNPs and AuNPs, due to their bactericidal properties, are used in food packag-
ing, from where they can migrate to food and thus enter the body through the digestive
tract [17]. The time and intensity of migration depend on many factors, so qualitative
research is still needed to show the phenomenon’s scale. The effect of specific nanostruc-
tures on the human body must be determined separately, since the physical and biological
properties of materials are strictly connected to their size. Various effects are observed
for micro and nanoparticles formed from the same or similar material. Animal studies
prove that gold, silver, iridium, titanium dioxide, polystyrene, and carbon nanoparticles
ranging from 5 nm to 100 nm translocate across the air–blood barrier. Nanoparticles have
been found in bones and organs [18–22]. External particles were transported to organs
using body fluids such as saliva, nasal and bronchial mucus, lymph, and blood. There are
fundamental questions related to the above. Do nanoparticles present in biological fluids
affect the rheological properties of these fluids? And hence, do they lead to changes in, for
example, liquid viscosity? Can they disrupt their original functions?

Saliva plays a vital role in the breakdown of food and taste perception [23]. However,
one of the most crucial functions of saliva is to provide lubrication between hard and soft
tissues and protection against the mouth’s mechanical, chemical, and thermal irritations.
The functions of saliva are strictly connected to its composition, which also determines
saliva’s rheological properties. Salivary composition depends on age, activity, gender,
stimulating factors, etc. [24]. In terms of amount, the main component of saliva is water
(about 99% w/w). Still, more critical components include proteins (especially glycoproteins
such as mucins, enzymes, and antibodies), electrolytes, lipids, and sugars [25]. Their
presence gives the saliva the necessary chemical and rheological properties to perform the
described functions. Like other body fluids (mucus or blood), saliva is a non-Newtonian,
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pseudo-plastic fluid. The presence of mucins (large glycoproteins) and electrolytes also
determines the rheological properties of saliva. The viscosity of saliva decreases while the
shear rate increases. At a shear rate of 0.02 1/s, the apparent viscosity is 100 mPas, but at
95 1/s, it is 2.5 mPas [26].

The viscosity of saliva depends on many factors (age, gender, health condition, phys-
ical activity, etc.) [27,28], and changes in viscosity, as shown by Yas and Radhi [29], may
influence the severity of caries. Moreover, Sajewicz [30] found that at low saliva viscosity,
some instability of the tribological characteristics can be observed, and the probability of
severe wear of enamel substantially increases. However, according to the best knowledge
of the authors of this paper, research on the effect of exogenous particles of different origins
and sizes on salivary rheology has been minimal.

Penconek et al. [31] have studied the influence of Arizona Test Dust (ATD) on saliva
model rheology. ATD is commonly used in many applications, such as water and air filter
performance testing. It is obtained from raw Salt River Valley (Arizona) dust in a four-step
process. Therefore, it might be assumed that it is a good equivalent of natural dust. The
presence of ATD in the saliva model increased its apparent viscosity.

Penconek et al. [32] have used diesel exhaust particles (DEP) as an example of exoge-
nous anthropogenic particles. The results showed an unexpected decrease in the saliva
model’s apparent viscosity. The nature of particle–mucin interactions probably causes
this effect.

Przekop et al. [33] have studied the influence of microplastic, namely polyethylene
(PE) and polystyrene (PS), on the rheology of model saliva. At low shear rates, the viscosity
of artificial saliva increased due to the presence of microplastics. As the shear rate increased,
the effect became progressively weaker, as is usual for solid particle suspensions in flu-
ids [34]. Additionally, the presence of microparticles led to non-Newtonian behaviour of the
saliva, resulting in a significant decrease of the flow index value in the power law model.

These results may indicate another way air pollution impacts the human body—a
rarely considered path. Moreover, recent research shows that nanoparticles may have a
nontrivial influence on body fluids [35].

Therefore, our research aimed to determine the impact of environmental pollutants
such as DEPs, AgNPs, and AuNPs on the rheology of model saliva. Based on the results
obtained, it will be possible to determine potential changes in the functioning of saliva,
which may translate into health disorders. The results also constitute an essential input
into public discussion on new health risk areas resulting from technological development.

2. Materials and Methods
2.1. Exogenous Particles
2.1.1. Soot Aggregates—Diesel Exhaust Particles (DEPs)

Diesel exhaust particles (DEPs) were used as an example of exogenous anthropogenic
particles. The DEPs were obtained directly from the combustion of two sulphur-free diesel
oils for a diesel engine (Mercedes-Benz 240D, engine power 53 kW at 4200 rpm, torque
137 Nm at 2400 rpm, engine displacement 2399 cm3) in the way described in previous
studies [36]. Two types of diesel oil were used to generate the DEPs (Ecodiesel [cetane
number 51] and Verva [cetane number 55]). The DEPs were collected in a 50 mm diameter
glass Petri dish, similar to those described elsewhere [37], and stored in the dark at 4 ◦C.

The size distribution of the DEPs in the air was determined using a spectrometer
(FAPES Grimm, Ainring, Germany). The size distribution in water was obtained using the
Zetasizer (Malvern, UK). The morphology of DEPs was described based on SEM images
(Zeiss Ultra Plus, Jena, Germany) (Figure 1). The characteristics of DEPs are shown in
Table 1.
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Figure 1. The aggregates of DEPs.

Table 1. The characteristics of DEPs (DEPs 1 from Ecodiesel, DEPs 2 from Verva).

DEPs 1 DEPs 2

Mean diameter in air, nm 78 179
Mean diameter in water, nm 1178 1374

Mean diameter in water after sonication, nm 336 322
Shape Dendritic aggregates Dendritic aggregates

2.1.2. Gold Nanoparticles (AuNPs) and Silver Nanoparticles (AgNPs)

Two types of AuNPs (5 nm particle size—5.5 × 1013 #/mL and 50 nm particle size
3.5 × 1010 #/mL) and two kinds of AgNPs (40 nm particle size and 10 nm particle size,
both 0.02 mg/mL) purchased from Sigma-Adrich (Poznań, Poland) were used in the study.

2.2. Saliva

Several factors, including age, gender, health status, and even the saliva donor’s
emotional stress, can significantly impact natural saliva content, rheology, and flow [38].
To guarantee the reliability of the findings, we consequently decided to employ artificial
saliva in our investigation.

Artificial saliva was obtained based on the model described by Christersson et al. [39].
The following components were dissolved in deionised water: benzalkonium chlorides
((Sigma-Aldrich, Poznań, Poland) [0.02 g/L], EDTA (Sigma-Aldrich, Poznań, Poland)
[0.5 g/L], NaF (Chempur, Piekary Ślaskie, Poland) [0.0042 g/L], xylitol (Sigma-Aldrich,
Poznań, Poland) [20 g/L], methylparaben (Sigma-Aldrich, Poznań, Poland) [1 g/L], and
mucins (type II) (Sigma-Aldrich, Poznań, Poland) [35 g/L]. They were then placed on a
magnetic stirrer (500 rpm) for 2 h. The pH of the solution (7.00) was determined using
NaOH or HCl. The sample was stored and sealed at 4 ◦C.

3. Methodology

The rheological properties of saliva with DEPs, AgNPs, and AuNPs were investi-
gated. Two base suspensions of DEPs in ultrapure water were prepared at 0.2 mg/mL
and 0.6 mg/mL. They were sonicated in an ultrasonic cleaner (Sonic 14, Polsonic Pal-
czyński, Warsaw, Poland) for 30 min at 22 ◦C and then diluted to obtain test concentrations
0.01 mg/mL and 0.06 mg/mL, referenced in figures as c1 and c2, respectively.

The influence of AuNPs and AgNPs on saliva rheology was carried out at the following
concentrations:

c1 c2

10 nm AgNPs 0.01 mg/mL 0.002 mg/mL
40 nm AgNPs
5 nm AuNPs 2.75 × 1012 #/mL 5.5 × 1011 #/mL

50 nm AuNPs 1.75 × 109 #/mL 3.5 × 108 #/mL
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The rheological properties (flow curve and viscosity dependence as a shear rate
function) were determined using an oscillation rheometer (MCR102, Anton Paar, Graz,
Austria) equipped with a Peltier system in a plate–plate system for a 1 mm wide gap. The
shear rate range was 0–100 s−1, corresponding to typical activities such as the movement
of particles across the tongue, swallowing, speaking, and eating [40].

The test temperatures of 36.6 ◦C and 40 ◦C represented healthy and sick human
instances. The second temperature was selected to be much lower than the temperature of
protein denaturation and high enough to allow for the observation of a discernible variation
in viscosity. The Anton Paar RheoCompass 1.25 software was used to run the rheometer. In
the space between rotating parts (such as two plates or a cone and a plate), the oscillating
rheometer sheared a fluid sample. Shear stress in the studied sample is caused by a certain
shear rate forced by a measuring device’s established rotational frequency. The torque
applied on the measuring element’s axis was used to compute shear stresses. Finally, the
relationship between shear stress and shear rate, known as the flow curve, was achieved.

The appropriate sample of the investigated liquid was applied to the bottom plate
of the rheometer using an automatic pipette. The measurement was preceded by the
preparation procedure involving mixing for 1 h at a stirrer speed of 100 rpm at room
temperature (22 ◦C). The rheological measurement included two consecutive intervals. The
sample was subjected to a steady shear rate for two minutes during the first interval, and
the actual measurement was performed during the second one. The method of measuring
sample rheology was selected, considering the chain structure of the main component of
saliva—mucins. Mucins are long glycoprotein chains whose degree of order affects the
rheological properties of the solution. Long chains can be knotted and organised depending
on the degree of mixing, which immediately translates into perceived viscosity. Reduced
apparent viscosity is the result of improved chain alignment and less tangling. Our sample
preparation method and the two-interval measurement technique removed any possibility
that the uneven mixing of the examined samples would have affected the rheological
measurement outcome. The findings are the arithmetic mean of the measurements, each of
which was performed at least three times.

The Ostwald–de Waele power-law rheological model’s constants were found using
the least squares method:

τ = k
.
γ

n (1)

µ = k
.
γ

n−1 (2)

where n is the flow behaviour index, k is the flow consistency index, τ is the shear stress,
and µ is the apparent viscosity. The flow curve is described by Equation (1), and the relation
describing apparent viscosity is used to derive Equation (2) from Equation (1):

τ = µ
.
γ (3)

While the dimensions of the flow consistency index, k, depend on n, the flow behaviour
index, n, is dimensionless. For fluids that are pseudoplastic (shear thinning), n < 1. The
fluid is dilatant instead of pseudoplastic when n > 1. The fluid is Newtonian if n = 1. k
equals µ in this instance.

The Matlab R2022b Curve Fitting Toolbox was used for the analysis. In our case,
nonlinear least squares were the most suitable method for calculating model coefficients.
The following matrix form is included in a nonlinear model:

y = f (X,β) + ε (4)

where X is an n-by-m matrix of explanatory variables, ε indicates an n-by-1 vector of
unknown specification errors, y is an n-by-1 vector of response data, β is an m-by-1 vector
of coefficients, and f is a provided nonlinear function.

Next, the fitted curve is computed using the current set of coefficients. Then, ŷ = f (X,β)
yields the fitted response value ŷ, which is calculated using the Jacobian of f (X,β). A
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matrix of partial derivatives calculated concerning the coefficients in b is the definition of
the Jacobian of f (X,β). Lastly, the trust-region approach is used to update the coefficient
values [41]. Equation (1) was the subject of the regression analysis. Nonetheless, the flow
consistency and flow behaviour indices yielded precisely the same values in the regression
for Equation (2).

4. Results and Discussion

The saliva model is a non-Newtonian shear-thinning fluid. Its viscosity decreases
as the shear rate increases. The results presented in the figure are the ensemble average
values. Figure 2 shows the relation between shear stress, τ, and shear rate, γ, while Figure 3
presents the relation between apparent viscosity, µ, and shear rate. Figures 2 and 3 show
the same relations in two different ways. However, a graph of shear stress vs. shear rate
looks like the relations for Newtonian fluid, while the one presenting apparent viscosity vs.
shear rate proves the non-Newtonian behaviour for low shear rates.
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The calculated values of the flow behaviour index were 0.8978 and 0.9168 for the tem-
peratures 36.6 ◦C and 40 ◦C, respectively, with a coefficient of determination R2 exceeding
0.97 in both cases.

4.1. The Effect of DEPs on Saliva Rheology

The presence of both types of DEPs in saliva causes a decrease in saliva’s apparent
viscosity (Figures 4–7). However, DEP concentration does not significantly affect saliva
rheology in both cases. In addition, although the suspension was formed, it did not affect
the fluid’s nature; the calculated flow behaviour index was in the range of 0.85–0.92 for all
the cases. The k, n, and R2 values are shown in Tables 2 and 3.
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The shape and size of DEPs 1 and DEPs 2 in water are quite similar. Their main
difference is the chemical composition and the aggregates’ size in the air. Our previous
study [32] showed that the amount of PAH on the DEPs 1 surface is 153.3 µg/g, while it is
104.5 µg/g for DEPs 2. The difference in aggregates’ mean diameter in the air is irrelevant
in this case because the aggregates were suspended in water, and the diameter in the water
was very similar.

Since the observed effect on salivary rheology is identical for both types of DEPs, we
assume that the chemical composition of aggregates in the considered range has little or
negligible significance for the viscosity of saliva. Because we also did not observe any effect
of aggregates’ concentration, we assumed that only the presence of particles of a specific
size influenced the viscosity in this case.
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A decreased fluid viscosity by adding suspended particles is not typical behaviour, but
it has been observed in rare cases for complex fluids [35,42,43]. Recently, Przekop et al. [33]
have shown that plastic microparticles decrease the apparent viscosity of model human
mucus. Mucus contains mucins in even higher concentration than saliva. Recent research
by Ben-David et al. [44] demonstrated that the mucin network of jellyfish mucus captures
the microplastic particles rather than allowing them to form a suspension. This could be
the cause of any changes to its mechanical characteristics, which could have an impact
on those characteristics and reduce saliva’s apparent viscosity. DEPs had a diminishing
influence on mucus viscosity over the complete range of shear speeds that were examined.

Table 2. Power law constants at 36.6 ◦C.

Case k [mPasn] n [−] R2

Pure saliva 11.280 0.8978 0.9880
DEP1 c1 9.734 0.8914 0.9900
DEP1 c2 9.476 0.8960 0.9830
DEP2 c1 9.036 0.9010 0.9858
DEP2 c2 10.16 0.8554 0.9929

Au 5 nm c1 12.15 0.8643 0.9592
Au 5 nm c2 9.631 0.9195 0.8895

Au 50 nm c1 12.74 0.8482 0.9231
Au 50 nm c2 8.724 0.9221 0.9908
Ag 10 nm c1 10.23 0.8961 0.9759
Ag 10 nm c2 8.754 0.9419 0.9712
Ag 40 nm c1 9.188 0.9359 0.9585
Ag 40 nm c2 8.917 0.9126 0.9457

Table 3. Power law constants at 40 ◦C.

Case k [mPasn] n [−] R2

Pure saliva 10.570 0.9168 0.9653
DEP1 c1 7.823 0.9222 0.9698
DEP1 c2 9.618 0.8532 0.7809
DEP2 c1 8.452 0.8865 0.9875
DEP2 c2 7.976 0.8948 0.9947

Au 5 nm c1 9.811 0.8858 0.9533
Au 5 nm c2 8.561 0.9134 0.9350

Au 50 nm c1 7.689 0.9261 0.9829
Au 50 nm c2 8.209 0.9096 0.9562
Ag 10 nm c1 9.000 0.9118 0.9777
Ag 10 nm c2 10.57 0.9168 0.9653
Ag 40 nm c1 7.823 0.9222 0.9698
Ag 40 nm c2 9.618 0.8532 0.7809

4.2. The Effect of AgNPs and AuNPs on Saliva Rheology

The presence of AgNPs and AuNPs in artificial saliva, regardless of their size, type,
concentration, and temperature, has not significantly influenced saliva’s rheological prop-
erties (Figures 8–11). The obtained flow behaviour indexes were in the range of 0.84–0.94.
Considering the mean values and standard deviation, the apparent viscosity is equal for
saliva and saliva with gold and silver nanoparticles. The k, n, and R2 values are shown in
Tables 2 and 3.

The observed lack of influence of silver and gold nanoparticles on salivary rheology is
surprising, especially considering the results obtained by other researchers.

Barbero et al. [45] found that gold nanoparticles interact with mucins and form a com-
plex. They showed the effect of AuNPs concentration and no size effect on the formation
of complexes. Belgorodsky et al. [46] showed that such materials as carbon nanotubes,
fullerene-like WS2, or nanocolloidal suspensions of C60 fullerene create a complex with
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mucin glycoprotein. They demonstrated that mucins have capabilities for binding nano-
materials. Moreover, Hendler et al. [47] used mucins for synthesising stable chiral AgNPs
connected with mucin. They combined AgNO3 with bovine submaxillary mucin at room
temperature in an appropriate environment, which led to the production of silver nanopar-
ticles complexed with mucins.
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In each of these cases, the researchers received stable complexes. However, they did
not determine the effect of such a complex on mucins’ behaviour, which can be indirectly
observed due to the change of rheological properties.

In 2013, McGill and Smith [48] hypothesised that the nanoparticles entering the mucus
reorganise the mucins by crosslinking them, affecting mucus permeability as a protective
barrier. Mucus permeability is strictly connected with its viscosity, which depends on the
mucin structure.
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The conformation of mucin depends on various factors, such as pH [49] and ionic
strength [50]. When pH decreases, the crosslinking of mucins increases, just like their
viscoelasticity. Therefore, we assumed that binding the nanoparticles by mucins (present in
saliva) caused mucin crosslinking changes, leading to changes in rheological properties.

However, obtained results suggest that the rheological properties are immutable
regardless of whether silver and gold nanoparticles in sizes 5–10 nm and 40–50 nm are
present in saliva. The lack of influence of nanoparticles in the size range of up to 50 nm
compared to the observed influence of nanoparticles with a length of approximately 300 nm
may also result from the different probability of combining nanoparticles with mucin
chains depending on the size of the nanoparticles. Nanoparticles with a diameter of up
to 50 nm do not attach to mucin chains or connect to a limited extent and can move freely
between mucin chains. There is, therefore, a risk that such particles will not be retained by
the saliva or mucus layer in the respiratory tract (which also contains mucin chains) and
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will, therefore, be able to affect epithelial cells. Geiser and Kreyling [22] indicated that the
ability of inhaled 80 nm iridium nanoparticles to translocate to bones and soft tissues is
about one order of magnitude less than 20 nm. This shows that small-sized particles that
do not bind to mucin chains can freely penetrate and move inside the body. The smaller
the particle’s diameter, the easier the translocation and the more significant the potential
impact on the body.

5. Conclusions

We investigated two groups of nanoparticles: small (5–50 nm), spherical, single-
component gold and silver nanoparticles; and large (~300 nm), dendritic in shape, multi-
component soot aggregates. We demonstrated that the second group of nanoparticles
influenced the saliva’s rheology: the presence of DEPs caused a decrease in saliva viscosity.
Thus, we may conclude that DEPs are likely captured by mucin networks, which influence
their mechanical properties. The reduction in saliva viscosity due to the presence of DEPs
could also result from the release of ions from the DEP surface, which leads to an increase
in the ionic strength of the solution caused by the shrinkage of mucins. Considering
the influence of low saliva viscosity on the occurrence of instability in the tribological
characteristics, and the increase in the probability of severe wear of enamel observed by
other researchers, our results may be clinically relevant.
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