480
Original Research M) Check for updates

https://doi.org/10.36377/ET-0121

XRF analysis of tooth enamel
under conditions of experimental erosion in vitro

Alexander V. Mitronin'(2), Angelina M. Fulova'(®' <, Alla V. Osipova'
Yulia A. IvankovaZ®(:), Alexey A. Prokopov'?

" Russian University of Medicine, Moscow, Russian Federation

? Boarding School of the Russian Ministry of Foreign Affairs, Losino-Petrovsky, Moscow Region, Russian Federation

° Kurnakov Institute of General Inorganic Chemistry of the Russian Academy of Sciences, Moscow, Russian Federation
< angelina.fulova@mail.ru

Abstract

INTRODUCTION. Dental erosion is a result of chemical processes — specifically, “acid attacks” on the tooth
surface that occur without bacterial involvement — leading to alterations in the mineral structure of dental
tissues. In recent years, the erosive potential of fruit juices, carbonated and non-carbonated soft drinks, as
well as alcoholic beverages, has been actively studied in an effort to better understand the mechanisms of
demineralization and to assess the impact of drink acidity. However, there is a lack of data on experiments
that provide a comprehensive profile of macro- and microelement content in erosion zones of varying severity
compared to intact enamel and dentin.

AIM. To examine, using X-ray fluorescence analysis, the dynamics of changes in the calcium-to-phosphorus
(Ca/P) ratio—an important indicator of tooth mineral content—under conditions of artificial erosion caused by
various acidic food and beverage solutions.

MATERIALS AND METHODS. The exogenous acidic agents used included solutions of lactic, acetic, and hydro-
chloric acids; lemon juice; dry red wine; Dobry Cola; and a solution of Acidin-Pepsin tablets (a drug prescribed for
hypoacid and anacid gastritis). Recently extracted intact teeth were immersed in the test liquids for three days.
Demineralization was assessed based on observed changes in elemental composition. The chemical analysis of
the solid dental tissues was performed using an M4 TORNADO X-ray fluorescence spectrometer (Bruker).
RESULTS. In all test conditions, demineralization occurred as evidenced by the active release of calcium and
phosphorus — the main macroelements — from the crystal lattices of hydroxyapatite, carbonate apatite, chlo-
rapatite, fluorapatite, and other mixed apatite forms found in enamel. Notably, the kinetics of calcium and
phosphorus loss differed significantly. In all cases, the Ca/P ratio increased substantially after three days of
exposure to the erosive medium, compared to baseline values in intact enamel. This finding indicates that
phosphate groups are the first to be lost during erosion, dissolving into the oral environment, followed by cal-
cium loss as a less intense secondary process.

CONCLUSIONS. Based on analysis of Ca/P ratios, enamel erosion appears to begin with dephosphorylation
of the crystalline lattice, followed by decalcification.
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Pe3iome
BBEOEHUE. 9po3us ecTb CNneaCcTBUE XMMUYECKUX MPOLLECCOB, @ UMEHHO «KMCIOTHOW aTaku» Ha 3y6 6e3

yyacTusa 6akTepuii, B peaysibTaTe 4ero nckaxaeTcsl MuHepasnbHas CTPyKTypa TkaHen 3yba. Apo3MBHbIN No-
TeHuunan GPyKTOBLIX COKOB, ra3npoBaHHbIX U HErasnpoBaHHbIX 6e3anKorofibHbIX U anKorosbHbIX HANUTKOB
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B NOCNieAHNE roAbl N3y4aeTC OCOOEHHO MHTEHCUBHO C LLENbI0 MOHATb TOHKUIA MEXaHNU3M AeMuHepanm3aa-
LMW, OLEHUTb BAINSIHWE CTEMNeHU KUCNOTHOCTM HanuTka. OaHako cBefeHuin 06 aKkCrnepuMeHTax, B KOTOPbIX
Oblna 6bl NoNyYeHa NosiHas KapTuHa No COAEPXXaHMIO Makpo- U MUKPO3IEMEHTOB B 30HAX 3P03UM pa3Hoi
cTeneHn B CpaBHEHNN C HENOBPEeXAeHHbIMU yHaCTKaMn SMaJin U AeHTUHAa, B 1imTepartype He 06Hapy>|<eHo.
LIESTb. N3y4nTb C NOMOLLbIO PEHTreHOMTyOPECLEHTHOrO aHan1M3a AMHaMNKu n3aMmeHeHns Hanbonee nokasa-
TenbHoro nHaekca Ca/P TkaHel 3y6a B yCNOBUSAX UCKYCCTBEHHOM 3p03U1K, BbI3BBAHHOM Pa3fINyHbIMU NULLEe-
BbIMU XMOKOCTAMM C MOHUXEHHbBIM 3Ha4YeHneM pH.

MATEPUAJIbl U METO/1bl. B ka4ecTBe 9K30reHHbIX MICTOYHMKOB KMCIOTHOIO pakTopa UCnosib30Banu pacT-
BOPbI KMCNOT (MOJIOYHAs, YKCYCHas, CONsiHas), COK IMMOHA, KpacHoe cyxoe BUHO, Jo6pbin Cola, a Takxe
pacTBop TabneTok npenaparta AUWMAWH-NENCKH, Ha3Ha4aemMoro nNpu aHauuaHoOM U rmnoauugHoOM racTpm-
Tax. MHTakTHblE cBEeXeyaaneHHble 3y6bl NOrpyxanu B UCCAeayemble XUAKOCTU Ha TPOE CYTOK, NMOCIe Yero
oueHmBann CteneHb npomcme,u,LueVl AemMumnHepanmn3adunm no Ha6mop,ae|v|bnv| N3MEHEHUAM COoaepXaHna ane-
MEHTOB. XMMNYECKMIN COCTaB 06pa3L0B TBEPAbIX TKaHEN 3yHa BbIMOMHANN HA PEHTFEHODTYOPECLEHTHOM
cnektpomeTpe M4 TORNADO (Bruker).

PE3YJIbTATbI. Bo Bcex cnyyasx Habnogancs npouecc AeMMHepanm3aumnm, CBA3aHHbIN C aKkTUBHBbIM BbIXOLOM
13 KPUCTaNIINYECKNX PeLleToK rmapokcruanatmnTa, kKapboHaranatuTa, xaopanatuTta, grtopanatuTta n opyrux,
CMeLlaHHbIX GOpM anaTUTOB, N3 KOTOPbLIX COCTOUT 3MaJib, OCHOBHbIX MakpO3/IEMEHTOB — Kasbuns n docdo-
pa, NpruyYemM KMHETUKA 3TMX ABYX MPOLLECCOB MENa CyLLECTBEHHbIE pa3nnymsg. Bo Bcex cnyyaax niaekc Ca/P
yepea TPoe CyToK NpebblBaHWS B 3PO3NOHHONM Cpeae 3HAYUTENbHO OTKOHUACSA B CTOPOHY YBEIMYEHUS MO
CpaBHEHUIO C UCXOOAHbIMN 3HAYEHUAMUN, XapaKTepPHbIMU ONA Henospex,u,eHHon amManu. 9To 06CTOATENLCTBO
NPSIMO yKa3blBaeT Ha TO, 4TO KpMCTasjibl anaTUTOB, COCTaBASAIOLWME 3MasieBble NPU3Mbl, MPU 3PO3UKn B Nep-
BYIO o4epenb nvwatotcs pocdaTHbIX rpynn, yXoasawmx B pOTOBYIO XNAKOCTb, C NOCNenyowWen gekanbumnHa-
Lumen B cTatyce MeHee MHTEHCUBHOIO BTOPUYHOIO npouecca.

BbIBObl. Ha ocHoBe aHannsa 3Ha4vyeHun niaekca Ca/P ycTaHOBNIEHO, 4TO Npu 3po3un aedocdopunn-
pOBaHWE KPUCTaNINYECKOM PELLETKM 3Mann ABASEeTCA NePBUYHBLIM NPOLECCOM, 32 KOTOPbIM CreayeT ne-
Kanbunoukauus.

KnioueBble cnoBa: 3p03UBHbLIA U3HOC, 3pP03Msa 3yDO0B, MCKYCCTBEHHAs 3p0o3usa 3y60oB, peHTreHodyopec-
LEHTHbI aHann3, MMHepanbHasa CTpykTypa 3yba

UHdopmauumna o ctatbe: noctynuna — 14.06.2025; ncnpasneHa — 10.08.2025; npuHara — 17.08.2025
KoH)AUKT uHTepecoB: ABTOPbI cO0OLLLAl0T 06 OTCYTCTBUM KOHDINKTA UHTEPECOB.
BbnaropaapHocTu: PMHAHCMPOBAHNE U MHOMBMAOYASbHbIE 6/1aro4apHOCTU AN OEKNapUPOBaHUS OTCYTCTBYIOT.

Ana untupoBanua: MutpoHuH A.B., dynoea A.M., Ocunosa A.B., MBaHbkoBa 0.A., Npokonos A.A. PeHTre-
HodNyopecuUeHTHbI aHanua (PMA) amanu 3yba B yCIOBUSX 9KCNEPUMEHTaNbHOM 3p03un in vitro. SHa040H-
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INTRODUCTION

Erosive tooth wear (erosion, erosive attrition) is
a contemporary medical issue closely related to oral
health. Data from various sources indicate a gro-
wing prevalence of erosion, ranging between 30-50%
of the population [1-3], while in certain geoche-
mical provinces, substantially higher figures have
been reported [4; 5]. It is generally accepted that
erosion results from chemical processes triggered
by an “acid attack” on the tooth surface without bac-
terial involvement. This process leads to the altera-
tion of the mineral structure of dental tissues, initially
affecting superficial layers and subsequently extend-
ing to deeper ones.

Erosion develops under the influence of dietary, and
consequently chemical, biological, and behavioral fac-
tors, which interact and produce diverse clinical mani-
festations. Early detection of erosion remains a criti-
cal challenge for dental practitioners, as functional
and aesthetic complications typically arise at more
advanced stages. Understanding the etiological fac-
tors of erosive tooth wear is essential for preventing di-
sease progression and for designing effective preven-
tive strategies [6; 71].

In recent years, the erosive potential of fruit juices,
carbonated and non-carbonated soft drinks, as well
as alcoholic beverages, has become increasingly evi-

dent and has been the subject of intensive study [8].
These investigations aim to elucidate the mechanisms
of demineralization and to assess how beverage acidity
and the combined effect of dissolved substances influ-
ence the intensity of the process. To date, numerous
highly cited publications have reported the results of in
vitro experiments on extracted teeth immersed in vari-
ous food-derived liquids or their analogues [9-11]. Re-
searchers have employed advanced methods such as
three-dimensional confocal laser microscopy, atomic
force microscopy, laser speckle imaging, microradiog-
raphy, and electron probe microanalysis.

However, we have not encountered studies that
provide a comprehensive characterization of macro-
and microelement composition within erosion zones of
varying severity compared with intact areas of enamel
and dentin. Such information would be of significant
practical value, as it could contribute to a more detailed
understanding of the chemical dimension of the erosive
process, which comprises a complex interplay of re-
versible and irreversible chemical reactions. The crys-
talline lattice components of hard dental tissues are
induced into these reactions by the surrounding liquid
medium.

X-ray fluorescence analysis (XRF), which we have re-
peatedly applied in dental research, has proven to be an
effective method for obtaining novel insights that allow
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for a re-evaluation of the etiology and development of
oral pathologies. This, in turn, provides clinicians with
the opportunity to implement more evidence-based
and thus more effective therapeutic strategies. In par-
ticular, the use of XRF has demonstrated fundamental
differences in the chemical mechanisms underlying
caries and erosion [12; 13].

AIM

To investigate, using X-ray fluorescence analysis
(XRF), the temporal dynamics of the calcium-to-phos-
phorus (Ca/P) ratio in dental hard tissues under con-
ditions of artificial erosion induced by various low-pH
food and beverage solutions with differing erosive po-
tentials.

MATERIALS AND METHODS

The study was conducted at the Departments of
Therapeutic Dentistry and Endodontics, and General
and Bioorganic Chemistry of the Russian University of
Medicine, as well as in the laboratories of the N.S. Kur-
nakov Institute of General and Inorganic Chemistry of
the Russian Academy of Sciences. Intact human teeth
extracted for periodontal and orthodontic reasons,
without signs of prior dental treatment, were used.
Samples were cleaned of soft tissues, disinfected, and
stored in distilled water at 4°C. The hydrogen ion con-
centration (pH) was measured using a portable elec-
tronic pH-meter (Hanna Instruments) at 25°C.

As exogenous sources of the acidic factor, we
used solutions of lactic, acetic, and hydrochloric ac-
ids; fresh lemon juice; commercial beverages (dry red
wine, Dobry Cola); and a solution of Acidin-Pepsin
tablets, a preparation prescribed for anacidic and hy-
poacidic gastritis. Healthy teeth were immersed in the
test solutions for three days, after which the degree of
demineralization was evaluated based on changes in
elemental composition.

The chemical composition of dental hard tissues
was analyzed using an M4 TORNADO (Bruker) X-ray
diffractometer, a micro-XRF spectrometer designed
for nondestructive qualitative and quantitative mate-
rial characterization. The method is based on the in-
teraction of high-energy X-rays with elements in the
sample, resulting in the emission of secondary X-rays
(X-ray fluorescence) characteristic for each atom. The
instrument was equipped with a rhodium fine-focus
X-ray tube (maximum excitation 50 kV, 30 W, 600 pA).
The MultiPoint mode was applied (analysis at several
points across the selected enamel surface area).

During measurements, the X-ray beam was directed
to a defined point of the enamel surface, and the ele-
mental composition was determined for a spot diameter
of 20 um. For each point, the system averaged 100 puls-
es and displayed the detected elements in the form of
a spectrum. The resulting spectrum was converted into
a table showing the percentage mass ratios of the de-
tected atoms relative to the total elemental content, with
the spectrum normalized to 100%. It is well established
that XRF cannot determine with sufficient accuracy the
elements of the first two periods of the Periodic Table

dHdodoHmus
————TLT

and sodium; however, this limitation did not affect the
objectives of our study.

The spectrometer was calibrated against a standard
sample of hydroxyapatite (Caio(PO4)s(OH)2) for calcium
and phosphorus content. The measurement accuracy
was 0.01%. Statistical analysis of the obtained data was
performed using a personal computer and the software
package Statistica 9.0.

For interpretation of deviations in elemental content,
the calcium-to-phosphorus (Ca/P) ratio was used as
a reference index. According to the literature, enamel
resistant to acidic challenge demonstrates a Ca/P ra-
tio in the range of 1.6-2.1 (by mass). In our study, the
Ca/P ratio for intact enamel samples from healthy teeth
ranged between 1.9-2.1. The trace elements identified
by XRF spectra corresponded to the typical elemental
composition of enamel both in nomenclature and quan-
titative distribution.

RESULTS

The three-day immersion period of intact teeth in lig-
uids with a predetermined erosive potential was chosen
in order to avoid random fluctuations characteristic of
shorter exposure intervals, while simultaneously estab-
lishing a high acid load from the outset. In our view, the
obtained results largely reflect the clinical picture that
develops in vivo under conditions of regular and sys-
tematic consumption of such beverages.

In all cases, demineralization was observed, asso-
ciated with the active release of calcium and phospho-
rus — the principal macroelements — from the crystal
lattices of hydroxyapatite, carbonate-apatite, chloro-
apatite, fluoroapatite, and other mixed apatite forms
constituting enamel. Notably, the kinetics of calcium
and phosphorus release demonstrated substantial dif-
ferences.

Under normal conditions, the heterogeneous equi-
librium of “demineralization—-remineralization” between
the solid phase (enamel) and the saturated solution (oral
fluid) can conventionally [14] be represented as:

Ca10(PO4)6(OH)2+8H3 S 1OC32++6HPO42_+ 10H20,

whereas at a critical pH value of 5.5 or below, a cascade
of ion-exchange reactions is initiated, beginning with
the hydration of apatites as calcium ions are replaced
by an equivalent charge of hydronium ions:

Cao(PO4)s(OH)2+2H;0" 5 Cag(Hz0")2(PO4)s(OH). + Ca®".

If the buffering capacity of saliva is insufficient to
neutralize the exogenous acid challenge, enamel de-
struction ensues. In vivo, however, the kinetics of equi-
librium processes is considerably more complex, being
additionally influenced by factors such as the electro-
lyte composition and ionic strength of oral fluids and
beverages, as well as gender, age, circadian rhythms,
and other systemic variables.

As an illustration, Fig. 1 presents a fragment of
a tooth sample immersed in “Dobry Cola”, accompa-
nied by the corresponding XRF spectrum (Fig. 2) and
the numerical values of relative elemental content at
analytical points (Fig. 3).
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DISCUSSION

The obtained results for the studied media, arranged
in order of increasing acidity, are presented in the table.
It was found that in all cases the Ca/P ratio, after three
days of immersion in erosive media, showed a signifi-
cant upward deviation compared to the baseline values
characteristic of intact enamel. This finding directly indi-
cates that, during erosion, the apatite crystals forming
enamel prisms initially lose phosphate groups, which
migrate into the oral fluid, with subsequent decalcifica-
tion occurring as a less intensive secondary process.

Fig. 1. Enamel area after tooth exposure
to “Dobry Cola” (RFA, MultiPoint mode)

Puc. 1. YyacTok amanu nocne Bbiaep>xkn 3ybda
B «[J0o6pbIi Cola» (PPA, pexum MultiPoint)
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This phenomenon has previously been noted in studies
of enamel affected by erosion both in vivo [15] and in
vitro [16], although without detailed consideration of the
underlying chemical processes.

In our view, the cascade of processes described
above should be regarded as the key mechanism in ca-
ries development, where the tooth is exposed to a com-
plex mixture of acids produced by bacterial metabolism
in the presence of numerous enzymes with affinity to
phosphate groups [14]. These enzymes facilitate con-
jugation and thereby contribute, to some extent, to the

Mass percent (%)
P Cl Ca Zn

7,80 0,41 91,50 0,29
8,47 0,43 90,81 0,29
P Cl Ca Zn
Mean value: 8,38 0,42 90,92 0,28
Sigma: 0,40 0,06 0,37 0,02
Sigma mean: 0,16 0,02 0,15 0,01

Fig. 2. X-ray diffraction spectra corresponding
to the tooth after exposure to “Dobry Cola”

Puc. 2. CnekTpbl POA, cooTBeTCcTBYIOLLIME 3YOY
nocne Bblaepxkn B «Job6pbii Cola»

cps/eV
50 ps/
40—
30—
e zn P Cl a Zn
20— Ca
10—
O_U‘L% T T T | T T | ‘I‘rl T | T T T | T T T | T T T
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Fig. 3. Data on the analysis of the tooth surface after exposure to «Dobry Cola» (RFA, MultiPoint mode)
Puc. 3. [JaHHble N0 aHann3y NoBepxHOCTU 3yba nocne ero Bblaepxku B «4o6pbin Cola» (PPA, pexum MultiPoint)
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stabilization of phosphate groups within the crystal lat-
tice. By contrast, in erosion, enamel is subjected to the
direct action of protons with varying degrees of hydra-
tion derived from exogenous acids. In this scenario, the
dominant reaction becomes:

PO43_ + H30+ —H PO42_ + Hzo,

driven by the high stability of the resulting hydrogen
phosphate ion, as indicated by its dissociation constant
(1.26x10712),

As shown in the table, erosion occurred in all tes-
ted solutions within the physiological pH values typical
of food products. Moreover, across the broad acidity
range (ApH=38.68-1.86=1.82, corresponding to a two-
order difference in proton concentration), no correlation
was observed between the degree of acidity and the se-
verity of erosive damage. At the same time, the ratio of
dephosphorylation to decalcification intensity was found
to remain statistically constant, with some variability
of recorded values within the examined enamel zone
being consistent with its natural heterogeneity.

It should be emphasized that the present observa-
tions refer to pH values characteristic of food products.
Exceeding these physiological boundaries exposes
the enamel crystal lattice to extreme conditions that
overwhelm compensatory mechanisms. This was con-
firmed in our analysis of tooth surfaces exposed to 14%
hydrochloric acid, where the measured calcium and
phosphorus contents and the corresponding Ca/P ratio
indicated profound, irreversible fragmentation of both
enamel and dentin (Table 1).

CONCLUSIONS

1. Using X-ray fluorescence analysis (in vitro), we
demonstrated that various food and beverage solutions
exhibit high erosive activity, which is virtually indepen-
dent of their pH values within the range of 3.58-1.86.

2. Based on the analysis of the Ca/P ratio, it was es-
tablished that during erosion, dephosphorylation of the
enamel crystal lattice represents the primary process,
followed by decalcification. A chemical rationale for this
observation has been proposed.

Table 1. Dynamics of the content of Ca, P, and the value of the Ca/P index in the enamel of healthy teeth

after three days of exposure to an erosive environment

Ta6nuua 1. JnHamuka cogepxaHus Ca, P n 3HavyeHns nHgekca Ca/P B amanun 340poBbix 3y60B
rnocne Tpex CyTok NnpebbiBaHUS B 3p0O3UOHHOM cpene

- Tooth Calcium content, % Phosphorus content, % Ca/P ratio mean
Liquid pH
Ne mean (range) mean (range) (range)
80% food-grade lactic 3.68 1 85.51 1411 6.06
acid solution (84.66-86.18) (183.44-14.98) (5.65-6.41)
2 86.16 13.50 6.38
(84.74-87.33) (12.34-14.89) (5.69-7.08)
Wine 2.83 1 86.54 12.36 7.01
(85.67-88.21) (10.78-13.24) (6.47-8.18)
2 85.13 13.86 6.14
(83.70-85.92) (13.06-15.19) (5.51-6.58)
Dobry Cola 2.70 1 85.84 13.46 6.38
(84.96-86.73) (12.57-14.45) (5.88-6.90)
2 85.58 13.96 6.13
(85.10-86.14) (13.35-14.47) (5.88-6.45)
Lemon juice 2.38 1 85.55 13.69 6.25
(85.08-86.19) (13.10-14.16) (6.01-6.58)
2 85.89 13.28 6.47
(85.74-86.21) (12.93-13.42) (6.39-6.67)
3 85.70 13.48 6.36
(85.03-86.73) (12.55-14.10) (6.03-6.91)
9% acetic acid solution 2.26 1 86.77 12.59 6.89
(85.99-87.59) (11.74-13.41) (6.41-7.46)
2 85.35 13.63 6.26
(84.37-85.90) (13.00-14.57) (5.79-6.61)
Solution of Acidin- 1.86 1 84.25 13.31 6.33
Pepsin tablets (83.40-85.53) (12.13-14.18) (5.88-7.05)
gfwtjtZ'StS in 100 mt 2 86.08 12.18 7.07
(84.62-88.37) (9.36-13.80) (6.13-9.44)
14% hydrochloric acid <0 1 73.85 21.22 3.98
solution (69.69-82.43) (11.96-26.60) (2.62-6.89)
2 67.17 19.81 3.39
(57.14-75.60) (12.86-25.62) (2.23-5.58)

dHdodoHmus
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