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Objective: The study aimed to analyze the formation process of submandibular stones based on the theory of
biological mineralization and inorganic crystal structure variation.

Study design: From January 2021 to December 2021, patients with submandibular stones treated in the Affiliated
Hospital of Stomatology, Sun Yat-sen University (Guangzhou, China) were selected. According to the criterion of
maximum transverse diameter >3 mm, a total of five submandibular stones meeting the requirement were
included. After the surface of sample stones were washed, they were cut along the maximum transverse diameter.
Next, the study employed Scanning Electron Microscope (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and
polycrystalline X-ray Diffraction (XRD) to analyze the composition and structure of submandibular stones.
Results: Five submandibular stones were included. The organic and inorganic compounds showed a rhythmic or
irregular distribution. Submandibular stones were highly occupied with carbon (C), oxygen (O), calcium (Ca), and
phosphorus (P). Hydroxyapatite (HAP) was the primary inorganic component. In addition, the precursor of HAP,
namely Amorphous Calcium Phosphate (ACP), was also found. Tetrahedral Substitution Index (TSI) and Ca/P
ratio reflected the degree of structural variation in HAP crystal, which fluctuated from 5.62-90.71 and 1.10-1.35,
respectively.

Conclusions: The development of submandibular stones was influenced by inorganic crystals’ chemical and
structural variation as well as the organics’ regulation towards the inorganic. The isomorphic substitution was
accompanied by the occurrence of inorganic crystals, resulting in the crystal structure change. Organics might
influence the appearance, aggregation, and mineralization of HAP during its formation.

1. Introduction Furthermore, there was no significant difference in the structure of the

dominant duct between patients with submandibular stones and healthy

Sialolithiasis is a common non-neoplastic disease characterized by the
development of calcified products in salivary glands, especially in the
submandibular gland. Patients often have swelling and pain in the
affected gland, and recurrent attacks and/or secondary infections can
lead to salivary gland dysfunction (Zenk et al., 2012; Galli et al., 2021).

Although exogenous factors such as foreign bodies (Xie et al., 2014b),
bacteria (De Grandi et al., 2019), inflammatory cells (Schapher et al.,
2020), and endogenous factors such as glandular anatomy and secretion
are suggested to be associated with submandibular stones’ formation, the
exact mechanism remains unclear. From these suggested factors, foreign
bodies are rarely observed in the ducts and stones of the submandibular
gland (Yu et al., 2010, 2013). Additionally, infection status is not clearly
associated with the appearance of stones (Buch et al., 2015).
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controls (Drage et al., 2002). Also, a new perspective on the formation of
submandibular stones is urgently needed.

Like stones in other parts of the body, submandibular stones can
essentially be considered pathologically mineralized products. Therefore,
studying submandibular stone composition and structure can help
explain the formation mechanism through biomineralization formation
theory.

Submandibular stones are composed of inorganic and organic sub-
stances, such as Hydroxyapatite (HAP), Whitlockite (WI), and Brushite
(BR) which are the main inorganic compositions among which HAP oc-
cupies the majority (Sakae et al., 1981). Due to the complexity of sub-
stances in body fluid and the flexibility of the HAP structure, the chemical
composition of HAP shows the phenomenon of isomorphism
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substitution. The isomorphism substitution results from other ions partly
occupying the positions of certain ions, atoms or molecules in mineral
crystals due to similar properties, eventually causing changes in min-
erals’ chemical constitution and crystal structure (Ismail et al., 2017; Liu
et al., 2013). Hydrogen (H), oxygen (O), calcium (Ca), and phosphorus
(P) are the main elements of standard HAP, but saliva also contains
carbon (C), sodium (Na), and magnesium (Mg). They are presented as
single ions or chemical groups, having the ability to produce the phe-
nomenon of isomorphism substitution. Therefore, understanding the
environment attributed to stones production and the crystal structure of
HAP can help us analyze the formation of minerals in submandibular
stones.

In addition, organic matters commonly found in humans, such as
proteins, polysaccharides and lipids, have the ability to influence inor-
ganic particles aggregation and control mineralizing process (Robin
et al., 2021; Sa et al., 2014). Organic compounds are also detected in
submandibular stones (Kraaij et al., 2014), but whether they are involved
in the mineralization process, and their specific effects on stone forma-
tion remains to be further investigated.

This study employed Scanning Electron Microscopy (SEM), Energy
Dispersive X-ray Spectroscopy (EDS), and polycrystalline X-ray Diffrac-
tion (XRD) to obtain submandibular stones’ internal morphology,
chemical composition, and crystal parameters, respectively. Notably, this
study aimed to identify biomineralization and use the Tetrahedral Sub-
stitution Index (TSI) and the Ca/P ratio to demonstrate the involvement
of homogeneous substitution in the formation of inorganic compounds in
submandibular stones. Furthermore, we searched for evidence of the
presence of organic matters in sample stones and tried to explain the
effects during the formation of submandibular stones.

2. Materials and methods
2.1. Samples inclusion

With the ethics committee’s approval (No.KQEC-2022-37-01), data
was collected from patients with submandibular stones at the Affiliated
Hospital of Stomatology, Sun Yat-sen University from January 2021 to
December 2021. Firstly, the inclusion criteria of patients were as follows:
1) Patients with submandibular stones had complete clinical diagnosis
and treatment records and auxiliary examination data; 2) Age of patients
>18 years old; 3) Patients had no previous history of salivary gland
disease or radiotherapy for the head and neck; 4) Submandibular stones
were entirely removed under general anesthesia in the operating room.
Furthermore, the size of sample stones was restricted in order to facilitate
the samples’ cutting.

Preoperatively, patients’ Cone Beam Computed Tomography (CBCT)
data were analyzed by RadiAnt DICOM Viewer 25.0 software. Firstly, the
definitions of maximum transverse diameter and maximum longitudinal
diameter were proposed. The maximum transverse diameter refers to the
maximum width of the stone along the ductal cross-section in the coronal
section of CBCT, and the maximum longitudinal diameter refers to the
maximum length of the stone along the long axis of the duct in the
horizontal section of CBCT (Huang et al., 2022). Once removed, stones
were washed with saline and distilled water, respectively, and left to dry
naturally. Next, submandibular stones were measured using vernier
caliper. Based on the preliminary experiments, the maximum transverse
diameter >3 mm was finally selected as the inclusion criteria for stone
samples, and samples were cut along the maximum transverse diameter.

2.2. SEM

The central and peripheral stones’ regions were analyzed using a field
emission SEM (TESCAN MIRA3, Czech Republic) (Im et al., 2017; Tre-
tiakow et al., 2020). After the samples were carbon-coated, SEM images
were acquired under an acceleration voltage of 10 kV, a beam current of
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15 nA, and a magnification of 300-500x. Due to the small field of view,
some images were presented as mosaics of multiple SEM images.

2.3. Elemental analysis

EDS (Quanta 400F, France) was used to analyze the elemental
composition with an acceleration voltage of 20 kV (Im et al., 2017). The
samples’ central and peripheral regions were first identified, and three
test areas were selected separately.

2.4. Analysis of inorganic matters

Crystal parameters were analyzed based on XRD analysis. Specif-
ically, an X-ray diffractometer (PANalytical, Netherlands) was utilized
with a voltage of 40 kV and an operating current of 40 mA (Kasaboglu
et al., 2004; Teymoortash et al., 2003). Samples were scanned with an
angle of 20°-80° at a speed of 0.026°/s. Then, the mineral species and
crystalline phases were determined using JADE 6.5 software combined
element results. The diffraction line spectra were plotted using Origin
2019b software.

2.5. Data analysis

The obtained data were statistically analyzed using SPSS 25.0 soft-
ware (IBM Corporation, Armonk, NY, USA). The data of each group were
firstly tested for normality. The t-test was used for comparison between
groups if the data were in line with normal distribution, and Spearman
rank correlation analysis was used for comparison between groups if the
data were not compliant. All p values <0.05 were defined as significant.

3. Results
3.1. Clinical data of sample cases

Five samples were obtained from five patients with submandibular
duct stones. Table 1 shows their basic clinical information. All patients
were female, the youngest was 23 years old, and the oldest was 70 years
old, with an average age of 51.8. Two patients had a stone in the left
submandibular duct and three in the right duct.

The size of sample stones significantly varied. The largest stone was
No. 3, having a maximum transverse diameter of 14.56 mm and a
maximum longitudinal diameter of 16.49 mm. In contrast, the smallest
stone was No.1, having a maximum transverse diameter of 3.00 mm and
a maximum longitudinal diameter of 5.25 mm. On average, the
maximum transverse diameter was 6.80 mm, and the maximum longi-
tudinal diameter was 9.54 mm.

3.2. Morphology features

Figure 1 shows the morphological features of the samples. The overall
profile view of samples could be divided into bright and dark areas ac-
cording to the brightness difference. The bright and dark bands of sam-
ples No.1, No.2, and No.3 were alternately distributed, showing a

Table 1. Patient characteristics.

NO. Sex Age(y) Occurrence site Number Size

1 Female 70 Right duct 1 3.00 x 5.25

2 Female 23 Left duct 1 6.10 x 6.15

3 Female 57 Right duct 1 14.56 x 16.49
4 Female 56 Right duct 1 4.41 x 12.67
5 Female 53 Left duct 1 5.95 x 7.13

Stone size: maximum transverse diameter x maximum longitudinal diameter,
unit: mm.
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Figure 1. SEM images of five samples. A, D, G, J, and M. Overall profiles (BSE images) of samples No.1-5, respectively. B, E, H, K, and N are magnified views (SE
images) of the region “a” in the five samples; C, F, I, L, and O are magnified views (SE images) of the region “b” in the five samples. SEM: Scanning Electron Mi-

croscopy, BSE : Backscattering Electron, SE: Secondary Electron.

laminar arrangement (Figure 1A, D, and G), notably No.2 and No.3. No.4
and No.5 were irregularly shaped (Figure 1J and M). No.4 was charac-
terized as having a dark area in the center and part of the peripheral area,
while No.5 was mainly characterized by an evenly distributed bright
area. Furthermore, magnified images observed spherical particles
(Figure 1B, C, E, F, H, I, K, L, N, and O), most of which fused to form
clumped structures with interspaces between them.

3.3. Elements composition

Element types and relative contents of stone samples are shown in
Table 2. C, O, Ca and P composed the majority of elements in five cases,
accounting for 98.77%, 99.37%, 99.18%, 99.17% and 98.83% on
average, respectively, while the contents of Na, Mg, silicon (Si), sulphur
(S), chlorine (Cl) and potassium (K) were minimal.
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Table 2. Element analysis of samples.

Kind 1 2 3 4 5
CEN PER CEN PER CEN PER CEN PER CEN PER
C 38.40 58.76 35.41 46.86 23.26 46.51 40.70 71.07 33.52 41.16
49.60 35.51 49.93 42.22 50.42 38.69 46.39 26.73 48.82 45.26
Ca 5.43 2.66 7.75 5.96 1473 8.05 6.33 0.74 8.40 7.21
P 4.89 2.27 6.19 4.41 10.63 6.06 5.71 0.67 7.58 5573
Na 0.60 0.33 0.33 0.32 0.48 0.39 0.29 0.21 0.50 0.19
Mg 0.19 0.07 0.16 0.07 0.30 0.12 0.32 0.02 0.60 0.30
Si 0.75 0.33 - 0.04 - - - 0.08 0.47 0.09
S 0.03 0.01 0.15 0.05 0.06 0.03 0.19 0.42 =
Cl 0.07 0.06 0.10 0.06 0.13 0.15 0.07 0.05 0.11 0.05
K 0.04 = - S S = - S 0.02

Relative content was calculated based on atomic number (%).
Abbreviations: CEN: center, PER: periphery, C: carbon, O: oxygen, Ca: calcium, P: phosphorus, Na: sodium, Mg: magnesium, Si: silicon, S: sulphur, Cl: chlorine, K:
potassium.

3.4. Inorganic compounds Na*
(CO;)? (Type-A)
Figure 2 shows five samples’ line spectra based on XRD results. N pr=ap-—-1 oo
Sample No. 3 had a relatively high degree of crystallization, because Mg* 7 :(_33;19':(1:_,(_)5)6{9_1{}2 T {
several highly picked diffraction peaks were observed. In contrast, other | Cl
samples’ overall identification was low, primarily samples No. 1 and No. K*

4. The diffraction patterns of all samples revealed the broad and short (—}\—\

crystal packages in the range of 30°-33°.
Combined with the elemental species and relative contents obtained (CO,)* (SO,)* (SiOy*+
from EDS, it was possible to infer the composition of inorganic com- (Type-B)
pounds in submandibular stones. The samples tested in this study mainly
consisted of HAP, WI, and BR. Figure 2A shows the comparison of the
sample with the HAP diffraction results. The diffraction curves of the five
sample stones exhibited varied intensity at 31.74°, where the signature
HAP peak (211) is located. Samples No.2, No.3, and No.5 also corre-
sponded to other signature peaks. Next, No.2-5 expressed a small amount
of weak WI signal compared with the standard WI profile, while No.1
failed to show any patterns (Figure 2B). Figure 2C compares the
diffraction data of the samples with the standard BR profile, and only one
low peak was apparent at 47.8° in No.3.

Figure 3. Isomorphism substitution of HAP. HAP: Hydroxyapatite.

3.6. TSI values

TSI = (Si + S + C)/P x100 (Stoppa and Yu, 1995)

TSI values are shown in Table 3. No.1 had the largest TSI value with
an average of 90.71, and No.3 had the smallest TSI value with an average
of 5.62. In five samples, TSI values in the central area were lower than
that in the peripheral area, but the difference was not statistically

significant.
3.5. Analysis of the variability of inorganic crystal structures
Phase analysis indicated that HAP mainly occupied inorganic matters. 3.7. Ca/P values
However, in addition to the basic elements that constituted HAP, the
samples also contained a large amount of C and trace elements such as Table 4 lists Ca/P values in different regions of sample stones.
Na, K, and Mg, and these elements could participate in the replacement of No.1 was the lowest, with an average of 1.10, and sample No.3
the HAP chemical structure (Figure 3). This study used TSI and Ca/P was the highest, with an average of 1.35. There was no statistical
values to illustrate the variation degree of inorganic crystals. difference between the center and the peripheral area in the samples.
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Figure 2. XRD analysis of five samples. A, B, and C represent diffraction peaks of the five samples, compared with the standard PDF of hydroxyapatite, whitlockite,
and brushite, respectively. XRD: X-ray Diffraction, HAP: Hydroxyapatite, WI: Whitlockite, BR: Brushite. “%>, ®, . . o’ marked the peak values of corresponding
standard spectra on XRD line spectra of No.1-5, respectively. The standard PDF card numbers for comparison for HAP, WI, and BR were 72-1243, 09-0169, and
11-0293, respectively.
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Table 3. Statistical analysis of TSI

No. CEN PER mean t value p value
mean SD mean SD

1 8.13 1.39 173.29 180.04 90.71 -1.59 0.187

2 5.93 1.62 15.11 13.52 10.52 -1.17 0.361

8 2.24 0.82 9.00 5.24 5.62 -2.21 0.092

4 7.50 2.62 152.48 106.88 79.99 -2.35 0.079

5 4.60 1.79 7.38 2.00 5.99 -1.79 0.147

Abbreviations: TSI: Tetrahedral Substitution Index, CEN: center, PER: periphery,
SD: standard deviation.

4. Discussion

Based on the research methods and formation theories of common
human body stones (such as gallstones, kidney stones and dental pulp
stones) and natural apatite minerals, we explored the formation mech-
anism of submandibular stones (Chatterjee et al., 2018; Milcent et al.,
2019; Peter et al., 2020). This study introduced the theory of biominer-
alization and inorganic crystal variation to explain the formation mech-
anism of submandibular stones based on their composition, structure,
and morphology. Five patients with submandibular stones were included
as the source of stone samples. The profile morphology of the stones in
the samples showed rhythmic or irregular structure, which was also
consistent with previous report (Tretiakow et al., 2020). Additionally,
structure analysis suggested sample stones were mainly composed of
HAP. Furthermore, composition analysis showed that submandibular
stones still contained C, Na, Mg, Si, S, Cl and K, in addition to the basic
elements of HAP crystals. Therefore, these findings suggest isomorphism
substitution phenomenon in HAP crystals in submandibular stones,
leading to structural changes. What’s more, we also concerned about the
potential role of organics in submandibular stones formation.

4.1. Clinical features of submandibular stones

Combined with typical clinical symptoms with auxiliary examina-
tions such as CBCT, ultrasound, and sialoendoscopy, most patients with
submandibular stones can be accurately diagnosed (Schwarz et al.,
2015). Additionally, minimally invasive stone extraction is an effective
treatment for relieving obstructive symptoms in patients, in which most
patients regain salivary flow and improve glandular function shortly after
stone removal. However, long-term follow-up studies suggested a risk of
recurrence. Three studies followed patients with submandibular stones
after stone extraction with a mean time of 19.8 months, 54.8 months, and
42 months, respectively. They found that all three study groups experi-
enced varied degrees of recurrence, with recurrence rates fluctuating
from 3.39 % to 10.4 %, and one patient even had a second recurrence of
stones (Galli et al., 2021; Kim et al., 2016; Zhang et al., 2010). The
recurrent patients bear a greater risk of gland removal than the first
therapy (Galli et al., 2021).

Table 4. Statistical analysis of Ca/P.

No. CEN PER mean t value p value
mean SD mean SD

1 1.11 0.10 1.10 0.12 1.10 0.07 0.946

2 1.24 0.10 1.29 0.18 1.27 -0.45 0.676

8 1.38 0.03 1.32 0.05 1.35 1.82 0.143

4 1.10 0.19 1.12 0.06 1.11 -0.21 0.848

5] 1.11 0.08 1.24 0.30 1.18 -0.72 0.514

Abbreviations: Ca: calcium, P: phosphorus, CEN: center, PER: periphery, SD:
standard deviation.
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The ideal disease diagnosis and treatment state is to prevent it and
reduce the number of patients entering the clinical stage, and under-
standing the disease development is the primary aspect of prevention.
The formation mechanism of submandibular stones has not been fully
elucidated yet, which hinders the preclinical treatment (Sigismund et al.,
2015). Submandibular stones are biominerals and form under an envi-
ronment similar to common human hard tissues such as teeth and bones.
Submandibular stones’ composition and structure can reflect the for-
mation process.

4.2. Biomineralization and formation of submandibular stones

Biomineralization refers to the formation of structurally diverse and
functionally specific minerals under the control of organic matter and
biomolecules in living organisms (Mann, 2005). Biomineralization
products are called biominerals, which are organic-inorganic complexes
with specific orientations and complex structures (Sharma et al., 2021).
Biominerals are divided into two main groups: calcified biominerals and
non-calcified biominerals. The former is mainly composed of carbonates
and phosphates, such as human bones and teeth, and the latter is mainly
in the form of silicide (Gower, 2008). Vitro nucleation kinetic studies
have confirmed that HAP formation requires three stages: induction,
crystallization, and maturation. In simulated body fluids, Ca and P form
precursor substances, mainly ACP, representing the appearance of the
induction phase. Following the induction phase, the pH decreases.
Finally, the crystallization maturation phase is reached once the pH
stabilizes (Chen et al., 2014; Xie et al., 2014a). The simplified chemical
equation of above transformation process is as follows :

3Ca3(POy4)x(s) + Ca*t + 2H,0 — 2Cas(PO4)3(OH) (s) 4+ 2H' (Jiang et al.,
2021)

From the XRD results, no obvious diffraction peaks were observed in
any samples at an angle of 30° at 20, indicating the existence of ACP
(Vecstaudza et al., 2019). The presence of ACP suggests that the forma-
tion of inorganic crystals in the submandibular stones undergoes trans-
formation of precursor substances.

4.3. Crystal chemistry and variation structure analysis

Under SEM fields, particles were the basic units making up subman-
dibular stones. According to XRD results, most particles mainly contained
HAP. They were spherical in shape and fused to each other. The mature
HAP crystals are slightly rounded and hexagonal, and the spherical
morphology suggests poor crystallinity and mineralization (Kasaboglu
et al., 2004). The basic elements of apatite are H, O, Ca, and P. However,
EDS did not detect H because of the lightest mass and the smallest atomic
number in all chemical elements and its unstable property. The absence
of H in the study did not mean that it was not presented in submandibular
stones. In addition, a large amount of C and trace amounts of Na, K, and
Mg were detected in sample stones, potentially replacing certain chem-
ical compounds in HAP, leading to the variation in the crystal structure.

The basic chemical formula of HAP is Ca;o(PO4)s(OH),. The type and
number of substitutions affect the degree of variability of inorganic
crystals (Cacciotti, 2019). Generally, (PO4)3' is a tetrahedral structure
with a negative trivalent. Although (PO4)3' has the same tetrahedral
structure as (C03)2', (SO4)2’, and (Si04)4’, these replacements make the
tetrahedra distorted because of the different charges carried by the
groups, with (CO3)? causing the most significant degree of distortion,
known as substitution type-B (Comodi and Liu, 2000). In addition, Na, K,
and Mg are able to participate in the Ca®" site substitution in the form of
Na™, K*, and Mg?", respectively. The participation of Na* and K* in the
Ca2* site does not significantly affect the crystallinity, but Mg?* substi-
tution causes a decrease in the crystallinity of HAP (Ibsen et al., 2016).
Since the average percentage of the three elements in this analysis was
extremely low and not detectable at some sites, it is reasonably presumed
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that the main site causing the structural variation of HAP in the sample
stones is not the Ca®" position. Cl in sample stones can occupy the
original (-OH) position. However, the overall HAP structure is less
affected by Cl1™ substitution (John et al., 1989). (C03)2' is also capable of
occupying the (-OH) position, namely type A substitution, yet it is rare in
biogenic mineralization (Hughes et al., 2019; Pasteris et al., 2008).

This finding showed that the primary location where HAP substitu-
tion occurred in submandibular stones was at the (P04)3' position. To
describe the degree of replacement, we firstly employed TSI value to
analyze the variation degree of (PO4)%". When no substitution occurs, the
value is 0 according to the calculation formula. From our observations,
the mean TSI value of the five submandibular stones fluctuated from 5.62
to 90.71, suggesting that the isomorphic substitution and structural
variation occur in HAP crystals. In addition, the TSI value is of great
significance for predicting the origin of apatite. In this study, compared
with S and Si, the content of C had an absolute advantage, which played a
critical role in TSI value. It has been confirmed that the structural
replacement of large amounts of (CO3)? can improve the formation rate
of HAP in vitro simulation experiment (Gibson and Bonfield, 2002).
Hence, it is reasonable to speculate that (CO3)? plays a promoting role in
the formation and progression of submandibular stones. However, due to
the presence of organic matter, the C content of the samples did not fully
reflect the extent of (COg)z' involvement in the formation of HAP.
Notably, the TSI values in the study were less than the calculated values.

Ca* and (PO4)* play an important role in the final mineral types, the
metal ion available for replacement in these samples is extremely low,
and the main replacement location is the (PO4)3' site. Therefore, Ca/P
values can reflect the degree substitution phenomenon. The replacing
elements were not involved in the calculating process, which avoided the
deviation caused by organic elements. Ca/P values in the study were
lower than the standard value (1.67). The replacement of (PO4)3' causes
the ratio to decrease. Furthermore, the decrease in Ca/P value weakens
the crystallinity of HAP in the submandibular stones, which is one of the
reasons for the poor quality of diffraction patterns. We found that the
standard crystallinity of HAP is 74.3%. As noted from previous study,
when Ca/P value drops to 1.50, 1.20 and 1.10, the crystallinity is 65.8%,
60.5% and 52.2%, respectively (Huang et al., 2001).

HAP synthesis requires the transition of multiple intermediates in
vitro, also known as the transition between multiple phases. Common
phases include ACP, Octacalcium Phosphate (OCP), and Tertiary Calcium
Phosphate (TCP), and the relative contents of Ca’" and (PO4)3' in these
matters are different from the standard HAP. Therefore, the Ca/P values
could be used to appropriately predict the presence of HAP precursor
components in submandibular stones (Johnsson and Nancollas, 1992;
Wang and Nancollas, 2008). The Ca/P ratio for ACP fluctuates between
1.2 and 2.2, whereas it for OCP and TCP is 1.33 and 1.50, respectively
(Dorozhkin and Epple, 2002). The average Ca/P value of the tested
samples fluctuated from 1.10 to 1.35, suggesting that HAP precursor
substances may exist in submandibular stones. Therefore, this may be a
reason for the poor identification of XRD results.

4.4. Potential effects of organic compounds

BSE (Backscattering Electron) and SE (Secondary Electron) imaging
methods were used in this analysis during SEM observation. BSE images
could not only observe the overall morphology of stone samples at a
lower magnification ratio but also reflected the overall chemical
composition of stone samples. SE images were used since local magnifi-
cation images paid more attention to the structure of basic constituent
units of samples (Saghiri et al., 2012). Under BSE conditions, the lumi-
nance difference is caused by the atomic number difference. Notably,
with an increasing atomic number, the brightness also gradually in-
creases (Sanchez et al., 2012). According to EDS results, C, O, P, and Ca
mainly occupied submandibular stones. The atomic numbers of C and O
are 6 and 8, respectively, while the atomic numbers of P and Ca rise to 15
and 20, respectively. The bright area contains more P and Ca, which are
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the main elements of apatite, and the dark area is mainly composed of C
and O. It is reasonable to expect that HAP dominates the bright area, and
the dark area indicates a large amount of organic matter (Tretiakow
et al., 2021).

Organic molecules can offer a framework for biomineralization,
provide sites for the generation of inorganic materials, and control crystal
growth. A study analyzed the protein composition in 29 cases of salivary
stones, with the maxilla as control. A total of 6,934 kinds of protein were
detected by liquid chromatography-mass spectrometry (LC-MS) (Busso
et al., 2020). The protein contained in salivary stones has a certain ho-
mology with bone morphogenetic protein, with an average of 53%.
Subsequently, functional analysis demonstrated that extracellular exo-
somes (EE) play an essential role.

Organics can provide the initial framework for the deposition of
inorganic minerals and affect the regulation of salt deposition and inor-
ganic mineral crystal morphology. Under the regulation template of
chitosan-polylactic acid, the crystalline phase of HAP was limited (Cai
etal., 2009, 2011). Boda et al. (2019) added Bone Morphogenetic Protein
2 (BMP-2) to mineralized fiber skeleton in vitro to analyze its effect on
the osteogenic ability of alveolar bone. After four weeks, the results
showed that the volume and density of alveolar bone in the experimental
group increased by 3 times compared with the control group. In addition,
organic matters have positive or negative regulatory effects on the for-
mation of teeth. Soluble proteins, lipids, polysaccharides as well as other
common organic substances in the human body promote the generation
and mineralization of enamel and dentin, while the clock protein
Rev-ERBs interferes with the mineralization of cementum (Fu et al.,
2022).

While the formation mechanism of submandibular stones needs to be
further explored and verified, simply preventive ways may help reduce
the rate of occurrence of submandibular stones. Compared with healthy
people, the mineral ion concentration of mixed saliva or submandibular
gland fluid of patients with submandibular stones has significant
changes, especially the concentration of Ca* is significantly higher than
that of normal people, suggesting that reducing the intake of foods rich in
Ca may help to inhibit submandibular stones’ production (Schroder et al.,
2017; Su et al., 2010). In addition, low levels of crystallization inhibitors,
such as citrate, phytate, and Mg, are detected in the saliva of patients
(Grases et al., 2003; Su et al., 2010). Drinking more water or consuming
acidic substances can accelerate saliva secretion and increase the flow of
saliva in the ducts, which may help to inhibit crystallization.

A major limitation of our study is the small sample size due to the
strict inclusion criteria. Another limitation is the methods we used are
basal. The extensibility of results was limited to some extent. Therefore,
further work is required to clarify the formation mechanism of sub-
mandibular stones in a large-scale cohort study and employ more accu-
rate methods.

In conclusion, inorganic crystals and organic compounds contributed
to the generation and development of submandibular stones. The for-
mation of HAP results from the transformation of precursor matters. In
addition, it was disturbed by foreign elements in saliva during HAP
formation, resulting in chemical structure changes in HAP crystal.
Simultaneously, the organic matters may provide the mineralization
framework, regulate the accumulation of inorganic minerals, and affect
the degree of mineralization of inorganic minerals during the formation
of submandibular stones.
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