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Abstract: The aim of this study was to investigate 30 different types of Dalmatian wines as a potential
source of fluoride. A fluoride ion selective electrode was used to measure the fluoride concentration
in each sample. The direct potentiometric method and the standard addition method were evaluated,
the latter being suggested as more accurate and precise. Measurements were performed in two
buffers, acetate buffer and total ionic strength adjustment buffer (TISAB), to compare their influence
on fluoride determination. The obtained results show that TISAB is a better choice than acetate buffer
as a medium for fluoride determination. According to the proposed method, mass concentrations
of fluoride of 0.19 and 0.18 mg/L were found in the studied red and white wines, with standard
deviations of 0.04 and 0.03 mg/L, respectively. All determined fluorine levels in the tested wines were
within the recommended limits and do not pose a risk to human health. No significant difference
was found between the fluorine content in white and red wines, but there was a difference depending
on the place of origin of the wine. The measured pH values for all the wines studied (except one
sample) are very similar and show no significant correlation with the fluoride content.
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1. Introduction

Fluoride is the inorganic anion of fluorine, the thirteenth most abundant element in
the earth’s crust [1], constituting 0.065% by weight [2]. It is an inevitable component of the
biosphere and human life. As the most chemically reactive of all elements in the periodic
table, it has a strong affinity for some of the most abundant elements on our planet, such as
5i, Al, Ca, and Mg [1]. Therefore, it never or rarely occurs in the environment in elemental
form (electron configuration of fluorine 1s? 2s% 2p°), but in combination with other elements
such as fluoride compounds [3].

Its effects on health are significant. It is considered one of the essential elements that
should be taken for health [4,5]. For more than eight decades, it has been observed that
small amounts of fluoride have a beneficial effect on the prevention of dental caries [6],
activation of enzymes (adenylate cyclase, alkaline and acid phosphatases, and isocitrate
dehydrogenase) [7], bone health, and so on. This has led to fluoride being widely used in
public health practice. However, the effect of fluoride on humans is twofold. For example,
prolonged exposure to high fluoride concentrations causes it to be incorporated not only
into tooth enamel, but also into bones, making them more brittle and prone to cracking
(bone fluorosis) [3]. High fluoride concentrations also act as a direct cytotoxin by binding
to calcium and other cations important for homeostasis [8]. The negative effect of fluoride
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ions is also reflected in the increase in oxidative stress, lipid peroxidation, and decrease in
the activity of antioxidant enzymes such as superoxide dismutase, catalase, and glutathione
peroxidase, i.e., fluoride ions can act as an enzyme inhibitor, disrupting cellular respiration
and decreasing ATP production [3]. Similarly, in same severe cases ingested fluoride
can cause respiratory paralysis and death [7]. In addition, high fluoride concentration in
childhood is associated with a decrease in intelligence [9], which is why some authors place
it in the same category of harmful elements as lead, arsenic, and mercury [10].

For this very reason, one should be very careful with the intake of fluoride, because
there is almost no food, drink or dental care product that does not contain fluoride [11].
Various authorized agencies and organizations dealing with public health issues worldwide
have agreed to recommend daily intake of up to 3-4 mg of fluoride per adult, with the
maximum recommended fluoride intake not exceeding 10 mg per day [4,6]. In addition,
fluorides are commonly found in wines and their concentrations vary widely from the
lowest [7,11] to extremely high and dangerous to humans [6,12].

The interest of the scientific community and the importance of fluoride determina-
tion is best illustrated (besides the number of existing [13-19]) by the development and
publication of instrumental methods in recent years based on the following techniques:
Gas chromatography-mass spectrometry [20], inductively coupled plasma mass spec-
trometry [21,22], molecular absorption spectrometry [23,24], spectrophotometry [25], ion
chromatography [26], high-resolution continuum source graphite furnace atomic absorp-
tion spectrometry [27], etc. Unlike these enumerated techniques, potentiometry (one of the
nondestructive techniques of electrochemical analysis based on the measurement of the
potential difference under equilibrium conditions between the reference and the indicator
electrodes) does not require expensive equipment, elaborate and complex sample pretreat-
ment steps, and authorized skilled personnel. Moreover, potentiometry is widely used due
to its adaptability and ease of performance and handling. Ion-selective electrodes (ISEs), as
one of the indicator electrodes in potentiometry, generate a potential difference according
to the Nernst equation. Their great advantage is that they respond rapidly to the slightest
change in the concentration of free ions of a given species. The fluoride ion-selective
electrode (FISE) is still considered to be the most widely used of all ISEs because it rapidly
provides accurate results on the fluoride concentration in the test solution [9,28-30].

The aim of this study was to determine the fluoride concentration in 30 different wine
samples from 10 different Dalmatian areas using the commercial FISE and to compare
the fluoride content of the wine with each other and with wine worldwide. A statistical
comparison of the precision and accuracy of the fluoride concentration determined by
direct potentiometry and the recently proposed standard addition method [31] in the two
buffers studied was performed, as well as the statistical significance of the agreement
(correlation) of the fluoride concentrations obtained with the pH values measured.

2. Materials and Methods
2.1. Chemicals and Solutions

All chemicals used were of analytical reagent grade. Double distilled water was used
for the experiments. Sodium fluoride, glacial acetic acid, ethylenediaminetetraacetic acid
(EDTA), sodium hydroxide anhydrous and potassium nitrate were obtained from Kemika
(Zagreb, Croatia). Sodium chloride and sodium acetate trihydrate were purchased from
Merck (Darmstadt, Germany).

To prepare total ionic strength adjusting buffer (TISAB), 29.0 g NaCl, 18.5 g NaOH
and 28.5 mL glacial acetic acid were first added to 150 mL of a 0.1 mol/L EDTA solution.
The pH of the prepared solution was then adjusted to 5.5 by adding small amounts of
5.0 mol/L acetic acid solution. The prepared solution was thoroughly transferred to a
500 mL volumetric flask and made up to the mark with distilled water to prepare TISAB.
Finally, the TISAB dilution solution (TISAB_DS) was prepared by mixing the same volume
of TISAB and double distilled water.
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The acetate buffer pH 5.5 was prepared by mixing 154.0 mL of 0.1 mol/L acetic
acid solution and 846.0 mL of 0.1 mol/L sodium acetate solution. The dilute acetate
buffer solution (AcB_DS) was prepared by mixing the same volumes of acetate buffer with
0.01 mol/L potassium nitrate solution.

The fluoride ion standard solution (0.1000 mol/L) was prepared by dissolving 0.2100 g
of sodium fluoride (in 50.0 mL of TISAB_DS, i.e., AcB_DS), which was previously oven-
dried at 110 °C for 2 h and then cooled in a desiccator at room temperature.

2.2. Wine Samples
Each of aliquot for fluoride determination was made by adding 5.0 mL of the wine sample

to a 50.0 mL volumetric flask and filling up to the mark with TISAB_DS, i.e., AcB_DS. Aliquots
were transferred to the electrochemical cell to perform potentiometric measurements.

2.3. Apparatus

Potentiometric measurements were carried out by using milivoltmeter model Seven
Easy (Mettler Toledo, GmbH, Schwerzenbach, Switzerland). As an indicator electrode was
used the combined FISE (model perfectlONTM combination F-, P/N 51344715, Mettler
Toledo, GmbH, Greifensee, Switzerland). EcoStir (DLAB Scientific Co., Ltd., Beijing, China)
was used as magnetic stirrer. An electrode InLab Expert Pro (P/N 51343101, Mettler Toledo
GmbH, Greifensee, Switzerland) was used to measure pH.

2.4. Potentiometric Measurenments

The responses in the fluoride ion standard solutions are shown in Figure 1. The slopes
of the constructed calibration curves were 54.4 and 56.2 mV/decade within the linear
dynamic range of 6.3 x 107®ie, 1.6 x 107 to 1.0 x 107! mol/L for the measurements per-
formed in AcB_DS, ie, TISAB_DS. The linearity (R2) was also acceptable (0.9985 and 0.9971).
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Figure 1. Calibration curves for fluoride ions in experiments performed in AcB_DS and TISAB_DS
using commercial FISE.

For direct potentiometry, the fluoride concentration in the aliquot (cr) was first calcu-
lated using the Nernst equation
E=E+SxpF 1)

where E is the value of the potential read from the potentiometer, E’ is a conditional
standard cell potential, S is the slope of the calibration curve, while pF is the negative
logarithm of the fluoride ion concentration.
The equation
yr(mg/L) = cp(mol/L) x 1.9 x 10° )
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was used to calculate the mass concentration of fluoride ions in the wine sample (7).

In the standard addition method, small volumes of the 0.001 mol/L standard solution
of sodium fluoride were added successively to each of the prepared aliquots and the
potential was recorded. The obtained experimental values were recalculated according

to a recently published works [31,32], where the expressions % and LJFEVS are denoted

105
as the x-axis and y-axis of the equation of a straight line, respectively. The concentration

and the sum of increments of the sodium fluoride standard solution were ¢; and Vs, while
the initial volume of the tested aliquot, the difference of recorded potentials after each
increment of the standard solution, and the slope of the calibration curve were denoted by
V4, E, and S, respectively. The intersection of the x-axis of the obtained graph represented
a negative value of the fluoride concentration in the tested aliquots (—cr). An example of
the application of the proposed standard addition method is shown in Figure 2.
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Figure 2. Graph of the proposed standard addition method application for fluoride determination in
wine sample aliquot R9.

Finally, the mass concentration of fluoride ions in the wine sample (Yr) was calculated
using the following equation.

yr(mg/L) = —cp(mol/L) x 1.9 x 10° ©)]

Since the procedure for preparing the aliquot is identical, the factor by which the
fluoride concentration in the aliquot is multiplied is identical for direct potentiometry and
for the standard addition method.

All determinations of fluoride content were performed in five replicates and data were
reported as mean = relative standard deviations for each method.

2.5. Statistical Analysis

For statistical analysis, one-way ANOVA method, Tukey’s multiple comparison test, and
Pearson test were used using GraphPad Prism 7.0 statistical software (San Diego, CA, USA).
The significance level was set at least at p < 0.05.

3. Results and Discussion

A total of 30 wine samples were analyzed: 18 red wine samples (15 with protected
designation of origin) and 12 white wine samples (6 with protected designation of origin),
obtained from different grape varieties from different areas of Dalmatia.

In the first phase of the research, the influence of the composition of the solution
on the FISE response was studied by direct potentiometry. Since some groups of au-
thors used acetate buffer [33,34] while others suggested TISAB as optimal for fluoride
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determination [35-37], both were investigated in this study by comparing their influence
on fluoride determination. Evaluation of the direct potentiometry method and the standard
addition method in the determination of fluoride was also performed. The pH of each wine
sample was measured and the results obtained are summarized in Table 1.

Table 1. A list of wine varieties, regions of origin, pH values and fluoride contents determined by
direct potentiometry and the standard addition method in TISAB_DS, i.e., AcB_DS.

Sample

Sort

Vineyards Origin

pH

Mean of Yr (mg/L) + RSD (%)

dp-AcB_DS dp-TISAB_DS sam-TISAB_DS
R1(PDO) Plavac mali, Babica, Ljutun Kastela 3.58 0.14 2 & 10.0% 0.19° + 6.3% 0.17° 4+ 4.3%
R2(PDO) Plavac mali Kastela 3.47 0.192 4+ 8.1% 0.22° £52% 02120 + 3.6%
R3(PDO) Plavac mali Vis 3.65 0192 +8.1% 0.23° +45% 0.22° +3.0%
R4(PDO) Trnjak Vrgorac 3.27 0.122 +12.0% 0.16° + 6.3% 0.16° +4.2%
R5(PDO) Trnjak Vrgorac 3.78 0.152 +10.5% 020° £52% 0.19° £ 3.7%
R6 more red varieties Imotski 3.19 0.182 £9.1% 0.20° +55% 0.19 2P + 3.9%
R7(PDO) Plavac mali, Babica, Crljenak Kastela 3.64 0.152 £10.1% 0.17° +5.7% 0.18° +4.1%
Babi¢ 30%, Plavina 18.6%,
R8(PDO) Crljenak 5.5%, Syrah 8.9%, Sibenik 3.43 0.14 ™ £ 10.6% 0.14™ + 6.0% 0.14™ + 4.2%
Merlot 35.6%
RY Plavina 70%, Merlot 13%, Sibenik 3.42 0.14™ £ 9.9% 0.15" + 6.0% 0.15 ™ + 4.5%
Cabernet Sauvignon 17%
R10(PDO) Plavina 70%, Merlot 30% Drni$ 3.53 0.142 £ 92% 021° +4.8% 0.20° +3.2%
R11(PDO) Lasina Skradin 3.49 0.16 ™ +9.4% 0.15™ + 6.5% 0.15™ + 4.4%
R12(PDO) Plavac mali Vis 3.69 0.152 +9.8% 0.17° + 6.0% 0.17° + 4.5%
R13(PDO) Plavac mali Vis 3.38 0.182 +8.9% 0.24° +5.0% 0.23° +3.7%
R14(PDO) Plavac mali Kastela 3.92 0.162 +9.2% 0.25° +4.8% 0.23% +£32%
R15(PDO) Plavac mali Kastela 3.44 0.192 + 8.3% 0.22° £5.0% 02120 +3.3%
R16(PDO) Babica Kastela 3.84 023" +8.1% 0.22™ +5.1% 0221 + 3.4%
R17(PDO) Babi¢ Primosten 3.78 0.072 & 12.0% 0.11° + 6.8% 0.10° + 4.3%
R18 Plavac mali 52%, Syrah 35%, Braé 3.40 0.192 + 8.5% 026" + 43% 024" +2.9%
Cabernet Sauvignon 13%
W1 A mixture of white varieties Sinj 3.05 0.122 +£11.0% 0.15° + 6.1% 0.13 2P + 4.4%
w2 Debit Vrgorac 3.10 0.152 + 10.6% 0.17° + 6.0% 0.16 P + 4.4%
W3(PDO) Posip Kastela 3.60 0.17 " +9.4% 0.19™ +5.1% 0.18 ™ + 3.5%
W4(PDO) Debit Drnig 3.32 0.142 4+ 8.7% 0.18° £5.9% 0.18° + 3.7%
W5(PDO) Rukatac Vrgorac 1.98 0.16 2 + 8.3% 0.20° +59% 020" +4.3%
W6 70% Kujundusa, 15% Okatica, Imotski 341 0.127 + 11.4% 0.15" + 5.4% 0.14" + 3.5%
Marastina
W7(PDO) Posip Kastela 3.60 0.162 + 8.3% 021° +6.0% 022 +4.1%
w8 Debit 56%, Marastina 44% Sibenik 3.40 0.152 4 8.6% 0.18° +6.1% 0.17° 4+ 4.0%
W9(PDO) Vugava Vis 3.71 0.172 4+ 8.3% 0.24° +45% 0.22°¢ +3.4%
W10(PDO) Kujundusa Imotski 3.35 0.102 +10.9% 0.17° 4+ 5.7% 0.16 " + 4.4%
wil Kujundusa Imotski 3.48 0.182 £+ 8.9% 022° 4+ 4.7% 0.21° +3.6%
W12 Kut Bra¢ 3.02 0.192 + 8.0% 0.25° +4.9% 0.23° +3.8%

Values are expressed as mean of fluoride mass concentration =+ relative standard deviation (RSD) of five replicates;
R—red wine; W—white wine; PDO—protected designation of origin; dp-AcB_DS—direct potentiometry method
performed in the dilute acetate buffer solution; dp-TISAB_DS—direct potentiometry method performed in the
TISAB dilution solution; sam-TISAB_DS—standard addition method performed in the TISAB dilution solution;
"S—not significant. For statistical analyzes were used the one-way ANOVA method and Tukey’s multiple
comparison test. Different letters in the same row (%) denote statistically significant difference (p < 0.05) of
content of fluoride between each specific method.

3.1. Buffer Influence in Fluoride Determination

Therefore, fluorides were first determined by the direct potentiometry method to
determine the choice of buffer solution. As can be seen from Table 1 (a-b denote), the one-
way ANOVA method and Tukey’s multiple comparisons test showed statistical significance
(p < 0.05) for fluoride determination between the direct potentiometry method in the diluted
acetate buffer solution (dp-AcB_DS) and the direct potentiometry method in the TISAB
dilution solution (dp-TISAB_DS). The results obtained show that TISAB is a better choice
as a medium for fluoride determination in wines compared to acetate buffer. This is also
evident from the calibration curve (Figure 1) and even more so from the comparison of the
fluoride content obtained when calculating the results of the dp-AcB_DS and dp-TISAB_DS
used, which were 9.5% and 5.4%, respectively (Figure 3).
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Figure 3. Graphical description of the method’s accuracy expressed using mean values of RSD in

fluoride determination in wine samples.

This is consistent with the conclusions of numerous groups of authors proposing
TISAB as the optimal buffer for fluoride determination [35-37]. Additionally, the higher
values of fluoride concentration in the tested wine samples obtained with dp-TISAB_DS
(0.19 mg/L) compared to the results obtained with dp-AcB_DS (0.16 mg/L) are logically
due to chelation [36].

3.2. Method Evaluation

A statistical comparison was also made between the results obtained with dp-TISAB_DS,
i.e., with the standard addition method in the TISAB dilution solution (sam-TISAB_DS)
using Pearson’s correlation analysis. It showed a positive significant correlation between
the fluoride content determined by these two methods (r = 0.98, p < 0.0001, Figure 4).
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Figure 4. Pearson’s correlation analysis between the fluoride content in various kinds of white and
red wines obtained using dp-TISAB_DS and sam-TISAB_DS (p < 0.0001).

However, considering that the average values of RSD of direct potentiometry (5.51%)
are 43.1% higher than those of the standard addition method (3.85%), it is clear that the
latter provides more accurate and precise results (Figure 3). As such, it can be proposed for
the determination of fluoride. The different mean values for fluoride concentration obtained
with dp-AcB_DS or sam-TISAB_DS are due to the fact that the fluoride concentrations in
the wines are at the sensitivity limit of the electrode and it was expected that the addition
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of standards would be more precise and therefore more accurate due to the shift in the
sensitivity limit.

From all the obtained results and their statistical processing, it is clear that the most
repeatable values of fluoride mass concentrations are those obtained with the proposed
sam-TISAB_DS. Therefore, on the basis of these values, a further breakdown of the results
of the mass concentration of fluoride in the wines of the Dalmatian region was performed,
as well as a comparison with the fluoride content in wines around the world.

3.3. Fluoride Content in Wine Samples

According to the proposed method, the mass concentration of fluoride in the studied
red wines ranges from 0.10 to 0.24 mg/L (mean value 0.19 £+ 0.04 mg/L), while the
fluoride concentration in white wines ranges from 0.13 to 0.23 mg/L with a mean value of
0.18 + 0.03 mg/L.

Since there was no difference between the fluoride contests in the tested red and white
wines, Figure 5 shows the average fluoride content from 10 different Dalmatian areas.

—
ra
Ul

0.20

0.15

0.10

ye(mg/L)

0.05

0.00

Figure 5. Mean mass concentration of fluoride depending on the vineyard origin; (*) number of
different tested wine samples.

The samples from Kastela, Bra¢ and Vis have the highest average fluoride concentra-
tion, while the sample from Primosten has the lowest. It is known that, on the Central
Dalmatian islands, the pesticide cryolite used to be used even excessively to protect vine-
yards. However, until recently, a significant part of the industry of the entire country
was located in the area of Kastela. Thus, it can be assumed that for this reason slightly
higher fluoride levels were found in the wines (in comparison with other wines from the
Dalmatian region studied in this study) on the islands of Bra¢ and Vis, as well as in Kastela,
without taking into account the geological origin of the vineyards.

In the literature, it was found that fluoride concentrations in wines from the USA or
Europe, determined by the standard addition method in 12 different certified laboratories,
ranged from 0.12 to 3.08 mg/L [12]. Similarly, a group of authors comparing their results
with a number of results from the literature confirmed that the mass concentrations of
fluoride in wines from different regions of the world ranged from 0.12 to 2.02 mg/L [6],
which is significantly higher than the values obtained from wines from Dalmatia. The
results of fluoride content of all 30 tested wines from Dalmatia are particularly interesting,
as none of the analyzed wines exceeds the fluoride limit of 1 mg/L recommended by the
International Organization of Vine and Wine. This means that all tested wines meet the
criteria in terms of fluoride concentration. Studies on 50 different wine samples from the
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Canary Islands (the fluoride content ranges from 0.07 to 0.22 mg/L, if two wine samples are
excluded) [11] confirm that the relatively low values of the fluoride content of Dalmatian
wines are not exceptional.

Since small changes in pH significantly affect the sensory characteristics and stability
of wine [38,39], in this work the pH of wine samples studied was determined. If the pH
of sample W5 (Rukatac, Vrgorac) was disregarded, which is significantly different from
all Dalmatian white and red wines studied, significant difference in pH values was found
between none of them. The highest pH of 3.84 was measured in the red wine of the Babica
variety from the Kastela area, while the lowest pH of 1.98 was measured in the white
wine of the Rukatac variety from the Vrgorac area. The average pH of all wines was
3.43 £ 0.34. As can be seen from Figure 6, Pearson’s correlation analysis showed that there
is no significant correlation between pH and fluoride content in the tested wine samples
(r=0.04).

0200
E' o e
3 i * o\ °
= N3
g .
= 0.00} .
oD
k|

1 1 1 1 1
0.00 1.00 2.00 3.00 4.00 5.00
pH

Figure 6. Pearson’s correlation analysis between pH and fluoride content in various kinds of a tested
white and red wines in the dependence of sam-TISAB_DC and pH.

The obtained results are not in accordance with the conclusions of the group of authors,
who in their study found a close correlation between the fluoride content and the pH of the
wine [40].

4. Conclusions

In this study, potentiometry was used to determine the fluoride content in wines.
Based on the results obtained, total ionic strength adjustment buffer is proposed as a
suitable medium and the standard addition method as the determination method. The
fluoride levels in the tested wines show low values within the recommended limits and
do not pose any risk to human health. No significant difference was found between the
fluoride content in white and red wines, but the mentioned difference exists depending on
the place of origin of the wine. Additionally, no correlation was found between the fluoride
content and the pH of the tested wines.
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