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Article info Abstract
Article history This study investigates the morphology and chemical composition of 21 salivary stones (sialoliths)
xﬁive‘j:. 20 August 2024 for the first time in Iran. The morphology and elemental composition of sialoliths were assessed using a
pted: 14 September 2024
Keywords: scanning electron microscope (SEM) coupled with an energy dispersive spectroscope (EDS). In addition,
;iii‘)'r‘;'ii:;r ;a'(':"hag%féglne biominerals and spectral features of functional groups in the sialoliths were identified using visible-near
composition, Morphology, infrared (NIR) and Fourier transform infrared (FTIR) spectrometers. Salivary stones had a mean size,
Mineral SPeCtr_Uf“- weight and hardness of 11.9 mm, 0.6538 g and 2.6, respectively, with dominant colours biassed to light
E c brown. Analysis of spectra obtained from Vis-NIR indicated that salivary stones consisted mainly of
el organic (C-H), carbonate compounds, and water. The FTIR spectra in all samples were qualitatively
roughly similar; thus, emission spectra in the samples happened at similar wavelengths. The spectral
differences were mainly related to the peak intensity. The FTIR spectra analysis obtained from sialoliths
also confirmed the presence of hydroxyl, amide, aliphatic, phosphate and carbonate functional groups.
High mean weight percentages of O, C, Ca and P also suggested the presence of phosphorated carbonate
biominerals. Regarding the presence of phosphate spectral features in the samples, it seems that the
chemical composition of sialoliths is typically similar to hydroxyl apatite, sometimes with substitutions
of carbonate ions with phosphate groups. The calculated crystalline index using the FTIR spectra
displayed weak crystallinity of all salivary stones. Furthermore, in most sialolith samples, a central core
was surrounded by inorganic components like small amorphous and semicrystalline aggregates and
sugarcane particles. The results of this study give a good insight into the sialoliths’ chemical composition
and can be considered a new research line for the status of salivary stones in Iran in future studies.

Introduction

Salivary stones, called sialoliths, are calcified
structures and concretions mostly found in the
submandibular ductal system or parenchyma. They may
lead to mechanical obstruction associated with saliva
stasis.

Salivary stones are comprised of both organic and
inorganic matter with different proportions (Jayasree et
al., 2008). Organic matrix ranges from 23 to 100% in
various sections of salivary stones and has a higher
proportion in the sialolith's core and external membrane

(Huoh and Eisele, 2011). Sialoliths' organic section
includes collagen, neutral and acidic glycoproteins, other
proteins, lipids and carbohydrates such as glucose and
mannose (Jayasree et al., 2008). Approximately 5 and 1%
of the dry weight of submandibular sialoliths are
composed of proteins and lipids, respectively (Williams,
1999). A small number of sialoliths are comprised
entirely of organic matter and most contain calcium
phosphates, especially hydroxyapatite (Ca5(PO4)30H)
and carbonated apatite (Perez-Tanoira et al., 2019). The
mineralised sector of sialoliths is proportional to their
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size, reflecting that the organic matrix mineralisation
increases over time (Harrison, 2006). All submandibular
sialoliths consist of hydroxyapatite, which is almost
associated with whitlockite, especially in Wharton’s
duct. Parotid sialoliths always contain hydroxyapatite.
Parotid sialoliths have higher amounts of whitlockite and
octacalcium phosphate than submandibular ones. Minor
inorganic components of sialoliths generally include K,
Na, Fe, Si, Sand CI (Szalma et al., 2013).

The chemical composition of salivary stones has been
investigated in a small number of studies around the
world (e.g., Kraaij et al., 2018; Omokanye et al., 2021).
To the best of our knowledge, the occurrence of sialoliths
in Iran has been assessed in three case studies (Shabani
Samghabadi et al., 2005; Niknami et al., 2012; Mostafavi
Tabatabaee and Sanatkhani, 2019), though no study has
been conducted on their elemental composition,
mineralogy and morphology. Hence, a comprehensive
assessment of salivary stones' chemical composition and
morphology sounds necessary. This research aims to
detect and assess major elements, minerals, surface
morphology and forming mechanisms of sialoliths
collected from Shiraz health centres.

Materials and Methods
Sampling

A total of 21 salivary stone samples were periodically
collected from Shiraz health centres over a period of 9
months. The samples were kept in clean, sterilized plastic
containers, labeled and sealed for further analysis.

Laboratory analyses

Physical properties of salivary stones, including
colour, size, weight and hardness, were evaluated in the
laboratory. The surface morphology and major elements
of sialoliths were analysed using a scanning electron
microscope (SEM) coupled with an energy dispersive
spectroscope (EDS; TESCAN-Vega3, Czech Republic).
Prior to SEM-EDS analyses, salivary stone samples were
cut and ground using a sterilized scalpel and coated with
gold in a sputtering coating instrument (R-ES150Q,
Quorum Technologies Co, England). The mineralogy of
sialoliths was assessed using Vis-Near Infrared (NIR;
NIRS XDS, Metrohm Co., Switzerland) and Fourier-
Transform Infrared (FTIR; Tensor II, Bruker Co.,
Germany) spectroscopes. Statistical analyses of the data
were performed using Excel 2016.

Results and Discussion
Physical properties and elemental composition of salivary
stones

Salivary stones had a mean size, weight and hardness
of 11.9 mm, 0.6538 g and 2.6, respectively, with
dominant colours biassed to light brown. The relative
number of sialoliths in males was higher than in females,
which is in agreement with studies conducted by Zenk et
al. (1999) and Kraaij et al. (2015). Sialoliths were mainly
observed in middle-aged individuals (on average, 48 y)
as indicated by previous studies (e.g., Huoh and Eisele,
2011; Kraaij et al., 2015).

Sialoliths were dominantly comprised of major
elements (98 %) in the order of O, C, Ca, P, Na and ClI,
respectively (Table 1).

Table 1- Descriptive statistics of major elements weight percentage in salivary stone samples.

Elt. Min. Max Mean Med. SD Cv Skew. Kurt.
C 14.14 51.04 29.4 25.56 12.35 0.42 0.53 -1.1

o} 36.04 48.99 42.2 41.63 4.19 0.1 -0.01 -1.52
Ca 3.93 26.4 17.27 17.7 6.99 04 -0.45 -0.86
P 3.37 11.54 8.41 9 2.76 0.33 -0.73 -0.76
Na 0.01 1.38 0.42 0.37 0.28 0.68 2.01 6.24

Cl 0.11 0.83 0.22 0.19 0.15 0.7 3.49 14.08
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The dominance of O, C, Ca and P may reflect the
presence of phosphorus-bearing carbonate biominerals in
the sialoliths. The elemental composition is in line with
the physical properties of sialoliths and previous studies
(e.g., Gadve et al., 2016; Omokanye et al., 2021). Cl and
Na had the highest coefficient of variance, non-normal
distribution and ranges of skewness and kurtosis (Table
1), suggesting that these elements were added to the
sialoliths' matrix due to processes such as adsorption and
elemental substitution, and/or associated with functional
groups.

Morphology and formation mechanisms of salivary
stones

In most salivary stone samples, inorganic components
were observed as amorphous, crystalloid and semi-
crystalline particles (Fig. 1). In the S1 sample, inorganic
components have fibrous shapes, indicating a crystalloid
fibrous core surrounded by inhomogeneous particles, as
previously reported by Omokanye et al. (2021). In other
sialolith samples, semi-crystalline and crystalloid
components have a sugar grain texture with relatively
dense small grains, which are located around a central
grain core. Nonetheless, the morphology of non-fibrous
biominerals in the samples was different, mostly due to
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their chemical composition. For instance, in S6 and S9,
inorganic components of the sialoliths have cluster
shapes. Additionally, in the S9 sample, clusters are
encompassed by stockwork fibres. Furthermore, in the
S15 sample, biominerals have a relatively cubic
arrangement, probably reflecting a semi-crystalline
orthorhombic network of calcite.

There are pits on the surface of sialoliths (as seen in
S7, S8, S13, S17 and S21), which are appropriate for the
presence, growth and colonization of microorganisms
like bacteria and the accumulation of sialoliths' biological
components. In patients with salivary stone
complications in this study, the microbial infection of
Staphylococcus aureus, also known as staph disease
(MRSA), was diagnosed as reported by previous studies
(Perez-Tanoira et al.,, 2019), which can lead to
colonization and biofilm formation on the surface of
salivary stones and further infection in the area of
salivary stones.

In general, the different morphology of salivary
stones is derived from the conditions of stone formation
and systemic abnormalities of calcium metabolism
(Lustman et al., 1990). However, the formation
mechanism of sialoliths is not fully understood and is still
unknown (Pachisia et al., 2019; Tretiakow et al., 2020).
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Fig. 1. Morphological analysis of salivary stone samples using SEM.

b) 20 pm.

Spectral properties and biomineral composition of
sialoliths

The spectral analysis of the samples in the visible and
near-infrared (VNIR) and short wavelength infrared
(SWIR) ranges indicates that the sialoliths comprise
organic matter (C-H), carbonates and H,O (Fig. 2). The
carbon and hydrogen bond is distinguished with
absorption spectra at 1.2 pm, double absorption at 1.7

S11(b)

£ s120)

S13(b) Rl
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S15(b)

Each sample includes two images in the scale of a) 100 um and

um, and absorption at 2.3 um. The important absorption
bands of carbonates occur in the SWIR range and at the
wavelengths of 2.3-2.35 um and 2.5-2.55 pm due to the
composition and overtone in COs*. Three weaker
absorption bands are observed around 2.12-2.16 um,
1.97-2.00 pm and 1.85-1.87 pum. The maximum
absorption at 1.9 um may be due to the presence of water
molecules.
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Investigation of the spectra (Fig. 2) indicates that the
overall shape of the spectra and the position of the
absorption patterns of all samples are mostly the same,
and the differences are related to the intensity of the

absorption patterns or the amount of reflection, which is
influenced by the concentration of molecules in the
composition. These differences in the present study seem
to be the result of the size of sialolite samples.
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Fig. 2. Reflectance spectrum of sialolith samples
spectrum.

All samples show absorption spectra related to water
molecules around 1.4, 1.45 and 1.93 um. The S9 sample
also exhibits the absorption feature near 0.97 pm that
pertains to hydroxyl. All samples except S9 show a weak
absorption near 2.04 um, probably related to the presence
of nitrate. Absorption spectra related to the C-H bond can
be observed near 1.18, 1.68, 1.73 and 2.3 um in all
samples, especially S8. Weak absorption spectra of
carbonate can be seen in all samples except S9, near 2.17,
2.34 and 2.46 pm. However, S11, S16, S19 and S20

0 15
Wavelength (um)
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in the short visible-infrared wavelengths; sample numbers distinguish each

samples show very weak absorption at 2.17 um, which
probably indicates the lower concentration of carbonate
ions in these samples.

The main functional groups identified in sialolite
samples and their corresponding absorption peaks are
shown in Figure 3. The thermal infrared (TIR) spectra in
all samples were qualitatively almost the same. The
emission peaks were located at similar wavelengths in all
samples. The difference in the spectrum of the samples
was mainly found in the intensity of the peaks. The
emission peaks near 563, 604, 960 and 1034 cm™ are
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related to phosphate ions, while signals near 872, 1418 seems that the chemical composition of the samples is
and 1458 cm™ correspond to carbonate ions. The peaks generally similar to the hydroxyapatite mineral, where
near 1650 and 1555 cm indicate the presence of amide phosphate ions are occasionally replaced by carbonate
1 and 2 structures. Weak peaks at 2965 and 2928 cm™ are ions. These findings are in agreement with previous
derived from aliphatic compounds, and the broad peak studies that identified apatite group biominerals,
near 3445 cm corresponds to the vibration of OH or NH especially hydroxyapatite, as the main inorganic
structures. composition of sialolites (e.g., Kraaij et al., 2015; Peng
The analysis of the spectra showed the predominant etal., 2021; Omokanye 2021).

presence of phosphate ions in most of the samples. It
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Fig. 3. FTIR spectrum of the S14 sample. Dashed lines represent the main absorption peaks related to the vibration of the most
important functional groups.

which means that the crystallinity index was not affected

Crystallinity Index by the sample size. Also, the bifurcation of the phosphate

The crystallinity index (CI) of sialolith samples in this peak near 600 cm in all samples, as well as the increase
study was calculated using the Termine and Posner of its peak intensity up to about 1020 cm* and its sharp
(1966) method and presented in Table 2. The results decrease near 1060 and 960 cm* suggests that all samples
indicated that S16, S14, S19, S10, S4 and S9 Samples had had a weak Crysta“inity and were s||ght|y beyond the
more crystallinity, respectively. It is worth noting that amorphous states.

S19 with a size of 3 mm had a high crystallinity index,

Table 2- Calculated crystallinity index for sialolith samples.

Sample Cl Sample Cl Sample Cl
S1 2.2 S8 21 S15 2.2
S2 21 S9 2.3 S16 2.3
S3 21 S10 2.3 S17 2.1
S4 2.3 S11 2.2 S18 2.0
S5 21 S12 2 S19 2.3
S6 2.2 S13 21 S20 2.2
S7 21 S14 2.3 S21 2.2
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Conclusions

The present study provided good insight into the
mineralogy and chemical composition of salivary stones.
In most of the samples, the inorganic components were
seen in the form of amorphous, semi-crystalline and
crystalloid components. Semi-crystalline components
were observed as relatively dense small grains and sugar
grains, which were located around a central grain core.
Spectroscopy of sialolite samples in the VNIR-SWIR and
TIR ranges indicated the presence of hydroxyl, amide,
aliphatic, phosphate and carbonate functional groups.
The analysis of the spectra showed the predominant
presence of phosphate ions in most of the samples. It
seems that the chemical composition of the samples is
generally similar to the hydroxyapatite mineral, where
phosphate ions are occasionally replaced by carbonate
ions. The calculation of the crystallinity index of the
sialolith samples indicated their weak crystallinity, which
was near the amorphous states.

The present study investigated the elemental
composition, morphology, and mineralogy of sialolites in
Iran. However, future studies can evaluate the occurrence
of salivary stones in terms of geographical area, the
chemistry of drinking water, and people's diets.
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Table 1. Descriptive statistics of major elements weight percentages in salivary stone samples.

Elt. Min. Max Mean Med. SD CV  Skew. Kurt.
C 1414 51.04 294 2556 1235 0.42 0.53 -1.1

o 36.04 4899 422 41.63 4.19 0.1 -0.01 -152
Ca 3.93 26.4 17.27  17.7 6.99 0.4 -0.45 -0.86
P 3.37 1154 841 9 2.76 0.33 -0.73 -0.76
Na 0.01 1.38 0.42 0.37 0.28 0.68 2.01 6.24

Cl 0.11 0.83 0.22 0.19 0.15 0.7 3.49 14.08
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Fig. 2. Morphological analysis of salivary stone samples using SEM. Each sample includes two images in the scale of a) 100 um and
b) 20 pm.
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Fig. 3. Reflectance spectrum of sialolith samples in the short visible-infrared wavelengths. Sample numbers distinguish each
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Table 2. Absorptive features position of chemical compounds in salivary stone samples (adopted from previous studies).

Absorption position (pm) State
Hunt, 1977) H202 molecules
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1.135 vitvatvs
1.38 vit+vs
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(Hunt, 1977; Clark et al., 1990y Hydroxyl
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1.4 2VoH
(Sutter et al., 2007; Cloutis et al., 2016) Nitrate
1.81 4v3
1.94 3vstvatvr
2.06 3vstvs
2.21 2v3t+2v2
2.42 3vs
(Clark et al., 1990) Carbonate
1.88 v1+3vs
2.00 2v1+2vs3
217 2v1+2v3tvy
or 3vi+2vs
231 3vs
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Table 3- Absorption peaks of functional groups in the studied samples within thermal infrared wavelengths (Kazarian and Chan,

2013).
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Table 4- Calculated crystallinity index for sialolith samples.
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