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Abstract
Objectives Several theories have been proposed regarding
the genesis of sialoliths, including the organic core theory,
which suggests epithelial or bacterial etiology originating in
the central core. Our aim was to use novel methodologies to
analyze central areas (the core) of calculi from sialolithiasis
patients.
Materials and methods The structures of the halves of six
submandibular salivary stones were analyzed by scanning
electron microscopy (SEM). After structural analysis, from
the other six halves, samples from the central parts of the
core and peripheral parts of the core were digested with
trypsin and analyzed by matrix-assisted laser desorption
ionization–time of flight mass spectrometry. The peptide

mass fingerprints were compared with the results of in silico
digestion.
Results SEM analysis of the sialoliths showed that organic
structures (collagen/fibrous-like structures, bacterial frag-
ments) were visible only outside of the core in the concen-
tric layers of external areas, but not in the core area. The
mass spectrometry (MS)/MS post-source decay experiments
were completed from the four, most intense signals observed
in the MS spectrum and human defensin was proven to be
present in three of the examined samples, originated from
the peripheral region of three cores.
Conclusions Although proteomic analysis demonstrated
defensin protein in the peripheral region of the core in three
sialoliths, SEM failed to prove organic structures in the
core.
Clinical relevance New investigation modalities still cannot
prove organic structures in the core, henceforward challeng-
ing the organic core theory.

Keywords Sialolith . Calculus . Etiology . Submandibular
gland . SEM .MALDI-TOF . Defensin

Introduction

Sialolithiasis is one of the most common causes of obstruc-
tive salivary gland diseases, occurring worldwide in 0.1 to
1 % of the population [1, 2]. It is characterized by partial or
total salivary stagnation associated with pain, swelling, and
possible retrograde infection of affected gland [1, 2].
Obstructions mainly occur in the submandibular gland and
the Wharton’s duct rather than the parotid gland or the
parotid duct since there are two bends in the Wharton’s duct
and the submandibular saliva travels against gravity. The
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higher viscosity submandibular saliva has higher content of
mucin and calcium salts [3–7].

Kasaboglu et al. [8] described sialoliths as a composition
of organic and inorganic matrices having a central core and
a laminar peripheral structure with calcium phosphate as
major component. The stones are reportedly composed of
18 % organic and 82 % inorganic material [9]. Another
investigation showed that the organic components contain
approximately 5–6 % (of stone weight) proteins and 1 %
lipids [10]. Inorganic components are mainly calcium phos-
phates (hydroxyapatite, brushite, whitlockite, and octacal-
cium phosphate) and carbonates [11–14].

Prevalent theories of stone formation include the (1)
organic core theory; calcification of bacteria, foreign body,
or desquamated epithelial cells; (2) microlith theory: nor-
mally present in 80 % of submandibular glands; and the (3)
mucoepidermoid gel theory: calcification on high viscosity
mucins [13, 15–17]. Grases et al. [1] concluded that stone
formation depended on the presence of some kind of organ-
ically retained material (e.g., mucins) and on the balance of
a high hydroxyapatite to crystallization inhibitors, like phy-
tate, salivary magnesium, and citric acid.

In 1988, matrix-assisted laser desorption/ionization
(MALDI)–mass spectrometry (MS) was introduced by Karas
et al. [18]. MALDI-MS is highly sensitive and rapid, not
limited to measuring the mass of intact analyte molecules.
The sample containing the analyte of interest is mixed and co-
crystallized with matrix solution (generally small aromatic
organic acids). The matrix is very important, it serves to
absorb the laser radiation, prevent the analyte from the direct
laser ‘hit’, and transport the energy to the analytes. The laser
beam introduced to the molecules of the matrix, desorbed and
ionized the analyte molecules that are produced protonated
molecules of the analytes [19]. Time-of-flight mass analyzers
are used for accurate mass measurement and peptide sequenc-
ing. The ions are separated on the basis of their m/z values.
Complex protein mixtures are enzymatically digested (bot-
tom–up approach) into complex peptide mixture before the
mass spectrometric measurement. First the masses of intact
peptides are determined (peptide mass fingerprint (PMF)),
then these peptide ions are selected and fragmented to gain
information on their sequence and modifications (MS/MS).
MS/MS spectra are recorded for as many peptides as possible
and the results used to search databases to identify the protein
in the original mixture [20–22]. One critical problem is that
suppression effect between the analyte molecules is still fre-
quently arising. The probability of signal suppression effects
increases with higher analyte complexity.

Among mass spectrometric approaches, the bottom–up
technique was used in our study to identify the possible protein
candidates extracted from sialoliths [23]. After the subsequent
enzymatic digestion with trypsin, the resulted peptide pool was
analyzed by MALDI-TOF/MS. The latter was chosen because

of its sensitivity (down to low femtomole level) [24]. Addi-
tional advantages of using MALDI are that during the ioniza-
tion process, mainly single charged ions are formed that makes
the identification/data processing easier.MALDI is also known
to tolerate moderate concentration of salts originating from
different sources such as digestion buffers [25].

The aim of our study was to combine ultrastructural visu-
alization and proteomic approaches using SEM and MALDI-
TOF, respectively, to investigate possible protein structures of
sialoliths. The total proteomic analysis of salivary stones or
protein-rich periphery was not an aim, but rather the exact
analysis of the presumably related core with lithogenesis.

Materials and methods

Study design

Patient selection was limited to cases where salivary calculi
were located extra-glandular, in the Wharton’s duct. Fifteen
submandibular salivary stone removals were processed be-
tween July 2007 and August 2008 in the Department of Oral
and Maxillofacial Surgery (University of Pécs, Pécs, Hun-
gary). Before the operation, each patient provided fully in-
formed consent. The study was approved by the Regional
Research Ethics Committee of the Medical Center, Pécs (no.
4321.316-2671/KK15/2011). Each stone was removed fol-
lowing local anesthesia with block anesthesia of the lingual
nerve and with terminal infiltration of the sublingual area (2%
lidocain with 0.001 % adrenalin). Immediately after removal,
calculi were collected in sterile Eppendorf tubes containing
4 % neutrally buffered (with phosphates) formaldehyde solu-
tion (Molar Chemicals, Budapest, Hungary). Seven stones,
below 6mm in diameter, were excluded from this study due to
the limited size of the core and to the difficulties of sample
preparation. Thereafter, each calculus was cut into halves, one
of which was used for SEM. Two further calculi—without a
clearly visible core—were excluded from the study because
the examination of the core was not possible (Fig. 1a).

SEM analysis

For SEM observation, the calculi were dehydrated in a
graded ethanol series, air dried, and coated with a thin film
of evaporated gold. SEM observations were performed by
JEOL JSM 6300 microscope (Tokyo, Japan) between ×20
and ×20,000 magnification.

MALDI-TOF analysis

For MALDI-TOF analysis, 1-mm3 specimens were isolated
from the center of the core, as well as from the peripheral
areas of the core, as illustrated in Fig. 1b.
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Chemicals

Acetonitrile, (gradient grade) trifluoroacetic acid (TFA,
≥99 %), α-cyano-4-hydroxycinnamic acid (CHCA, ≥99 %),
D/L-dithiothreitol (DTT, >99 %), iodoacetamide (≥98 %), 2-
mercaptoethanol (≥98 %), ammonium bicarbonate (>99 %),
and urea were purchased from Sigma-Aldrich (Budapest,
Hungary). Peptide calibration standard (consisting of brady-
kinin, angiotensin II, angiotensin I, substance P, renin sub-
strate, ACTH clip (1–17), ACTH clip (18–39), and
somatostatin) and was obtained from Bruker Daltonics (Bre-
men, Germany). Trypsin (sequencing grade, modified) was
provided by Promega Corporation (Madison WI, USA).
Bidistilled water was prepared in our laboratory.

Tryptic digestion of calculi in solution

The samples were ground, extracted with urea, digested
with trypsin, and then analyzed by MALDI-TOF (Autoflex
II MALDI instrument, Bruker Daltonics, Bremen,
Germany).

The grinded salivary stones were dissolved in 400 μl
denaturing buffer consisting of 8 M urea and 0.5 M ammo-
nium bicarbonate (pH7.8), and shaken for 30 min at 37 °C.
After the denaturation step, centrifugation was performed
for 5 min at 10,000 rpm, in order to sediment the inorganic
part. Thereafter, 30 mM (15 uL) DTT solution was added to
the supernatant to break the disulfide bonds (37 °C, 30 min).
After the solution cooled down, 25 μl of 100 mM iodoace-
tamide solution was added for 15 min in darkness to alkylate
the cysteine groups. The reaction was stopped by the addi-
tion of 50 μl 100 mM β-mercaptoethanol and the mixture
was kept at ambient temperature for 15 min. The solutions
were then filtered through Microcon Ultracel YM-3 mem-
brane with a 3,000-Da cutoff, centrifuged (14,000×g,
60 min), and washed with 400 ml distilled water three times.
This step ensured the removal of excess substances through
the membrane. After the fourth centrifugation, the residues
of the modified proteins were recovered at 1,000×g (3 min)

and digested with 250 ng trypsin in 50 mM ammonium
bicarbonate solution overnight at 37 °C. The digestion was
ceased by adding 10 μL of 0.01 M TFA solution to the
digests. Once the digests were lyophilized, the peptides
were redissolved in 5 μL of water and analyzed.

The samples and the matrices solution were co-
crystallized on MTP 384 ground steel MALDI target plate.

MALDI-TOF/MS conditions

A solution of 8 mg/ml alpha-cyano-4-hydroxycinnamic-
(matrix) in 50 % acetonitrile and 0.1 % trifluoroacetic acid
was mixed with 1-μl sample in a 1:1 ratio on the target plate.
All mass spectra were monitored in positive mode with
pulsed ionization (λ0337 nm; nitrogen laser, maximum
pulse rate, 50 Hz, maximal intensity 20–30 % of the laser
for peptides). Peptides digests were measured in reflectron
mode using delayed extraction of 120 ns. The accelerating
voltage was set to +19 kV; the reflectron voltage was set to
+20 kV. Spectra of peptides were the sum of 1,500 shots.
Prior to each measurement, external calibration was imple-
mented using Pepmix I (Bruker Daltonics). The detection
was made in the 800–4,000m/z range. The resulted PMF
was analyzed using Mascot data search engine (Matrix
Science Inc., Boston, USA).

Data processing was accomplished with Flex Analysis
software packages (version 2.4., Bruker Daltonics, Bremen,
Germany). For the in silico digestion Sequence Editor Soft-
ware (Bruker Daltonics, Bremen, Germany) and the data-
base search, the following criteria were chosen: (1) all
cysteines were treated with iodoacetamide; (2) monoiso-
topic masses were allowed; and (3) the maximum number
of missed cleavage sites was two.

For the database search, the subsequent settings were
applied—database: NCBI or SwissProt; entries: all entries
or human; fix modification: carbamidomethyl (C); possible
modification: oxidation on methionine; enzyme: trypsin;
number of missed cleavage, two; peptide mass tolerance,
100 ppm; and fragment mass tolerance, 50 ppm.

Fig. 1 Photographs of salivary stones. Calculi, without clearly identi-
fiable core—represented in picture (a)—were excluded from the study,
whereas stones showing a significant core (b) were kept for further

examination. Samples for MALDI-TOF/MS analysis were taken from
the center of the nucleus of the calculi and from the peripheral area of
the core as illustrated (b)
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In every single case, searching in NCBI or SwissProt
database and the applied search with all entries or human
the defensin was the significant result in all the three
samples.

Results

Scanning electron microscopy

Sialoliths presented highly mineralized smooth and very
dense core surrounded by amorphous-looking (honey-
comb-like) structures (Fig. 2a). This core structure was
surrounded by columnal or pyramidal structures (Fig. 2b)
or at more peripherally by lamellar structures (Fig. 2c). The
external surface was coarse, in most of the cases, and usu-
ally presented with a globular or nodular appearance, al-
though in a few cases the external surface was smooth
(Fig. 2d). The SEM analysis failed to prove any organic

structures in the core of calculi, whereas peripheral concen-
tric lamellar structures consisted of different types of fine
fibrous-like or microorganism-like inclusions (Fig. 2e–f).

MALDI-TOF analysis

Peptide mass fingerprint measured from the tryptic digestion
of the extracted protein (Fig. 3) was analyzed by data search
engine under the abovementioned criteria. The identified
protein was the A chain of defensin HNP-3, with a nominal
mass of 3,832. The score value of the hit was high (79)
which serves as an evidence for the reliability of the iden-
tification. The sequence of this chain was DCYCRIPACI
AGERRYGTCI YQGRLWAFCL and was given with a one-
letter code. The identified part of this sequence is written in
bold.

To be able to gain information about the sequence cov-
erage measured, defensin HNP-3 was digested virtually (in
silico digestion). PMFs were compared to the in silico

Fig. 2 Scanning electron
micrographs from
submandibular salivary stones.
a Honeycomb-like structure of
the central area of the core; b
columnal and irregular struc-
tures of the perypheral parts of
the core; c concentric, lamellar
structure of the peripheral parts
of the calculus; d unusual
smooth appearance of the ex-
ternal surface of the calculus; e
microorganism-like structure
(probably bacteria) in the pe-
riphery; f collagen-like fibrous
structure (arrow) on the broken
surface in the peripheral area
adjacent to the core
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(virtually digested) peptides to gain information about the
sequence of the protein of interest. Peptides that resulted
from this software-assisted, virtual digestion are shown by
Table 1. Theoretical masses, experimental masses of the
peptides, and the delta masses (in parts per million) can also
be seen in Table 1.

As a matter of fact, from the result of the in silico digestion
four peptides with m/z 986.501, 1,142.570, 1,273.579, and
1,117.501 (Table 1) were found to be identical with those
measured from the PMF (Fig. 3). The start and end position

(in the amino acid sequence of the protein) of these peptides are
6–14, 6–15, 15–24, and 16–24 and the corresponding mass
error values were low (average errors were −73.43, 11.7, and
19.44 ppm, with mass tolerance range of 100 ppm). The
sequence coverage of the identified protein was found to be
63 %which is shown by Fig. 4. Out of the 30 amino acids of A
chain of defensin HNP-3, mass spectrometric measurements
allowed to identified 19 amino acids, as shown by Fig. 4.

To further support our results, the first two peptides (with
masses of 986.496 and 1,142.585) were chosen as parent

Fig. 3 Peptide mass fingerprint
of the sample extracted from
salivary calculus no. 3 from
peripheral area of the core

Table 1 In silico digestion of the defensin

Range Partials Sequence Theoretical
mass

1 2 3

Experimental
mass

Delta mass
(ppm)

Experimental
mass

Delta mass
(ppm)

Experimental
mass

Delta mass
(ppm)

[1–5] 0 DCYCR 773.27

[1–14] 1 DCYCRIPACIAGER 1,740.761

[1–15] 2 DCYCRIPACIAGERR 1,896.862

[6–14] 0 IPACIAGER 986.509 986.429 −80.7 986.52 11 986.501 −7.65

[6–15] 1 IPACIAGERR 1,142.61 1,142.51 −83.9 1,142.61 −4.63 1,142.57 −37.4

[6–24] 2 IPACIAGERRYGTCIYQGR 2,241.101

[15–24] 1 RYGTCIYQGR 1,273.61 1,273.58 22.1 1,273.58 −25.1

[15–30] 2 RYGTCIYQGRLWAFCC 2,110.941

[16–24] 0 YGTCIYQGR 1,117.509 1,117.45 −55.7 1,117.5 −8.58 1,117.5 −7.62

[16–30] 1 YGTCIYQGRLWAFCC 1,954.839

[25–30] 0 LWAFCC 856.348
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ions in a post-source decay experiments. The fragmentation
pattern of these two peptides provides additional evidences
concerning the sequence of the protein (Figs. 5 and 6).

Based on the differences between the masses of the
amino acid residues (the resulted fragment ions), the se-
quence of the peptides were determined (IPACIAGER for
986.496 and IPACIAGERR for 1,142.585). MS/MS se-
quencing gave the same result as the mass search from the
Mascot Database, therefore confirmed our results.

Discussion

The exact etiology of calculus formation during sialolithia-
sis has been the subject of much debate for the past 40–
50 years. The prevailing theory, namely the “organic core
theory”, describes salivary calculus as the apposition of
inorganic crystals around an organic matrix [1, 17]. How-
ever, a mechanistic proof of the genesis of this disease
remains unknown. Degenerative material synthesis into the
ductal system seems to have an important role in calculus

formation [6]. Salivary stagnation and inflammation and a
decrease in pH which decreases solubility of calcium phos-
phates should promote stone formation, whereas bacterial
organisms, epithelial cells, or foreign bodies may be the
originating cause of sialolithiasis by causing organelle de-
generation [11, 13, 26]. Boskey et al. [10] proposed that
initial hydroxyapatite deposition originates on lipids of
degenerating cells. Accordingly, Tanaka et al. [13] used
ultrastructural analyses to demonstrate that calcifications
are observed around degenerative organelles, like lipid-like
structures (droplets), mitochondria, and lysosomes. Lee and
Wong [26] observed that in minor salivary glands ducts,
there are more multiple sialoliths, thus concluding that the
ductal epithelium may constitute the nidus of stone forma-
tion. Whereas earlier reports (1980s) concluded according to
SEM or histologic or microradiographic investigations that
“the presence of microorganisms also in the nucleus of the
calculus seems to be one important etiological factor favor-
ing the formation of calculi” or “it is possible the glycopro-
teins of the submandibular gland to act as nucleating sites in
the formation of calculi” [27, 28], later investigations main-
ly after year 1995 (SEM, transmission EM, or X-ray photo-
electron spectroscopic studies) have clearly shown that
stone formation is not possible via a luminal organic nidus
in the absence of identifiable organic organelles in the core
[8, 29]. Furthermore—except for the abovementioned in-
vestigation [27]—microorganisms have not been described
in the core of sialoliths [8], but only in the peripheral parts or
the outer shell [17]. According to Hiraide and Nomura’s
theory [12], foreign body or microorganisms (whose genus

Fig. 4 The sequence coverage of the four identified overlapping
peptides

Fig. 5 MS/MS spectrum of
the peptide with a mass
of 986.496
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remains unknown) can act as a trigger of initial stone for-
mation, as the nucleus might be morphologically changed
during the latter development of stone formation. In con-
trast, many investigators suggest that stone formation is
secondary to sialoadenitis [8, 29, 30]. The swelling during
chronic sialoadenitis results in salivary stasis and the
calcium-rich secretory material that subsequently forms a
calcified core, indicating latter stone formation [30]. In
addition, Teymoortash et al. (2002) stated as evident con-
clusion that the nidus of salivary stones is primarily inor-
ganic [17].

Our ultrastructural investigations proved that organic
structures are present in calculi (epithelial cell, fine
fibrous-like structure, bacterial fragments) (Fig. 2). It is
important to note that similar to previous reports, organelles
were not identifiable in the core area [8, 26]. Furthermore,
we found that calculi have an amorphous and honeycomb-
like appearance devoid of organic structures [8, 11, 13, 17,
29]. In contrary to a previous report that found a nucleus in
each sample, we excluded two stones from this study be-
cause nidus was not observed [31]. Interestingly, these
stones were extracted from multiple calculi cases and both
stones were found proximally to the gland, behind signifi-
cantly sized calculi causing totally obstruction and salivary
stagnation in the Wharton’s duct.

Earlier reports failed to identify exact protein structures
or fragments or their origin in the core of calculi yet,
whereas the existence of tryptophan, tyrosine, disulfides,
phenylalanine, and hydroxyl proline was suggested in cal-
culus when “total stone” analysis was performed [32, 33].

Teymoortash et al. [17] identified moreover the presence of
Streptococci and Peptostreptococci inclusions in calculi,
although they stated clearly that these microorganisms con-
centrate in the outer layers of the periphery. Whereas total
salivary stone protein analysis results show more protein
findings (more than ten different identified proteins were
present in our researches), these proteins are extracted from
outer concentric layers, so according to our opinion, this
information correlates rather with appositional growth of
calculi, then with initiation. In addition, bigger stones usu-
ally result in more proteins [34], but the present study failed
to prove more proteins with MALDI from the cores of
“giant” calculi (>15 mm). Although, parotid stones usually
contain more protein [35, 36], meaning a good alternative
for protein analysis, these stones are very rare in our practice
(160 submandibular calculi in contrast with just three
parotid stones in the last 5 years in our department) and
usually are smaller in size than 5 mm as a limitation for
core preparation. Moreover, obstructions in the parotid
duct are mainly associated with “noncalcified stones or
mucous plugs” indicating more difficult selection for
analysis [37, 38].

Considering Hiraide and Nomura’s core “transformation”
theory during stone development, MALDI-TOF was used to
elucidate “ultra-structurally invisible” protein structures of
the core of calculi. No identifiable protein structures were
found in the central areas of the cores, but we reported here
the presence of human defensin (also known as HP3, DEF3,
HNP3, HP-3, or HNP-3) in the peripheral area of the core of
three calculi. Human defensin is a cysteine-rich, cationic,

Fig. 6 MS/MS spectrum of the
peptide with a mass of
1,142.585
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low molecular mass, antimicrobial peptide produced by a
number of epithelial cells, exhibiting potent antimicrobial
activity against Gram-negative and Gram-positive bacteria
and against fungi [39–42]. Defensin has clear roles in me-
diating the immune response, and the appearance of this
protein in calculi helps to understand the presence of chronic
inflammation (sialoadenitis) during the appositional growth
of calculi. It would be of interest to investigate the concen-
trations of different inflammatory proteins (e.g., with anti-
microbial activity) in the saliva samples of sialolithiasis
patients and the correlation with possible nucleating protein
findings in concurrent calculi.

Our MALDI results confirmed our structural observation
from SEM, namely that protein structure is identifiable in
salivary stones, however never in the central area of the
core. Although defensin was present in a calculus near to
the nidus, further studies will be required to establish its
possible role in sialolithiasis. Our novel approach to com-
bine MALDI-TOF with SEM may open up exciting possi-
bilities to identify novel mechanisms to target during
sialolithiasis.
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