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Several organic acids such as malic, tartaric and citric acids are key grape and wine constituents. They
greatly contribute to the organoleptic properties of grapes and wines and are responsible for their
acidity, a crucial wine property that is known to considerably vary as a function of grape variety,
environmental conditions and viticulture, as well as during wine maturation. A rapid and simple method,
requiring minimum sample pre-treatment and no chromatographic separation, based on direct infusion
electrospray ionization mass spectrometry (ESI-MS) was developed and validated to quantitate organic
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Accepted 24th September 2014 acids in wines and grapes. This method was also demonstrated to be able to monitor a common wine
adulteration procedure, that is, addition of citric acid for pH adjustment. ESI-MS data when treated via
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1. Introduction

Organic acids greatly contribute to the organoleptic quality of
wines and grapes and their preservative properties increase the
physical and chemical stability of this highly appreciated and
widely consumed beverage. Being produced from grapes, the
organic acids found in wine are mainly those found in grapes
such as malic and tartaric acids, which are the main compo-
nents responsible for the acidity (ca. pH 3) and the balance of
the gustatory characteristics of wine.* Grapes are one of the few
fruits where the 1 isomer (+) of tartaric acid is found in high
amounts, with most of the acid taste of wine due to this acid.
The 1-(—) isomer of malic acid is found in leaves and fruits and
is very common in nature but has little resistance to oxidation.
Although present in small amounts in grapes and wines, citric
acid plays an important role in the Krebs cycle, inhibits the
growth of yeasts, and is therefore frequently used as an acidi-
fying agent in food and beverages. Hence, an excessive amount
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of citric acid in wine indicates adulteration. The analysis of
organic acids in wines is necessary for quality control as well as
to monitor the evolution of acidity during the different stages of
winemaking since important changes in wine may be detected
by alterations in the acid content.?

The level of tartaric acid is also a critical control parameter in
the stabilization of wine. Malic and tartaric acids are dominant
in grapes and their levels are often used to determine the date of
harvest, since each acid behaves differently during the matu-
ration process. The content of malic acid declines continuously
during the ripening process whereas the content of tartaric acid
remains nearly constant resulting in different ratios between
these acids during ripening. The ideal harvest date of grapes
may be established based on the malic/tartaric acid ratio® and
the acid profile and concentration have also been found to
correlate with the grape variety, region of winemaking, pro-
cessing techniques (alcoholic and malolactic fermentation) and
maturation.*

Various techniques have been used to identify and quantify
organic acids in grapes, juice and wine, such as chromatog-
raphy, electrophoresis and spectrophotometry.>” Although
capillary electrophoresis has been shown to be faster and may
be used in a broader analytical range,*® liquid chromatography
seems to be more sensitive and precise.**®

Direct infusion electrospray ionization mass spectrometry
(ESI-MS) has been offered as an attractive alternative to char-
acterize complex chemical mixtures. The main advantages of
ESI-MS are that neither chromatographic separation nor deriv-
atization is needed, having minimal or no sample pretreatment
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at all, being also relatively simple and rapid. Our group and
others have been successfully applying this method for the
fingerprinting characterization of several complex mixtures
such as those found in propolis,'* plant extracts,'* wine,***"*
coffee,'® biodiesel," fruit juices,'®'* and essential oils.*

We have already applied direct infusion ESI-MS finger-
printing for wine analysis, more specifically to characterize
samples of must from six grape varieties during the fermenta-
tion process and samples of their respective wines after malo-
lactic fermentation.>® Chemometric analysis of wine ESI-MS
fingerprints was shown to group the samples and define diag-
nostic ions. The ESI-MS fingerprints also reflected the changes
in composition due to the fermentation process. This method
was also used to monitor the aging process of wines produced
from diverse varieties of grapes'® where PCA of the ESI-MS data
was found to group the samples by pinpointing markers for
each group. But in these studies the quantitation abilities of the
method was not tested since it was applied mainly for wine
typification and quality control.

The aim of the present study was therefore to test the ability
of this rapid and simple direct infusion ESI-MS fingerprinting
method as a step further in wine analysis. An analytical method
was developed and validated, not only to typify wines by their
organic acid contents but also to quantitate these organic acids
both in wine and grapes.

2. Materials and methods
2.1. Reagents

The standards used had a purity exceeding 99.0%: 1-(—) malic
acid, tartaric acid and citric acid (Sigma Aldrich). Stock solu-
tions of these acids were prepared in a de-acidified red wine
(DARW) at a concentration of 1000 pg mL™". Calibration curves
were prepared from these stock solutions.

DARW was prepared from red wine and the acids were
washed out using SPE cartridges. These C18 SPE cartridges
(Supelco) were initially activated with 1 mL of methanol
(analytical grade, JT Baker, 99.97%), then rinsed with 1 mL of
ultrapure water (Milli-Q, Millipore). Subsequently, 3 mL of red
wine was loaded on the cartridge and washed with 3 mL of
ultrapure water to remove the acids. The matrix retained in the
cartridges was then extracted with 3 mL methanol and stored at
6 °C in a refrigerator.

2.2. Wine samples

As Table 1 summarizes, samples of wines from different coun-
tries produced from the Syrah variety of Vitis vinifera, as well as
samples of wine from Paulista hybrid cultivar (Maximum IAC
138-22) and Brazilian wines from other grape varieties such as
Carmen, Merlot and Bord6, were used. Bordo is a common
denomination for Vitis labrusca grapes cultivated in the south of
Brazil.*

2.3. Grape samples

Samples of Carmen BRS-hybrid grapes, derived from Muscat
Belly and BRS-Rubea developed by the Brazilian Agricultural
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Research (Embrapa) were donated by the Corol Cooperative
juice industry, located in Rolandia, Parana State, Brazil.
Samples of Bordo grapes (Vitis labrusca) were purchased from
farmers in Santa Catarina State, Brazil. The other grape
samples: a hybrid (Maximum IAC 138-22), an American
(Niagara) and Vitis vinifera (Syrah) were donated by the College
of Agricultural Engineering of Campinas (FEAGRI), located in
Campinas, Sao Paulo State, Brazil. The grape samples were
frozen at —20 °C until analysis.

2.4. Preparation, extraction and recovery of samples of
grapes

An ultrasound assisted extraction method was used (UAE) to
extract and isolate organic acids from the grapes. Samples of
approximately 2.10 g of skins, pulp and seeds of grapes were
separately weighed, and lyophilized. Aliquots of 100 mg of the
frozen lyophilized samples were ground in the presence of
liquid N, and subsequently extracted with 1 mL of meth-
anol : water (1 : 1) solution, stirred using a sorbex (BenchMixer-
Benchmark) mixer for 1 min and then placed in an ultrasonic
bath (UNIQUE computed 1400) for 30 min. This material was
then centrifuged for 2 min and the supernatant was separated.
The extraction was repeated two more times on the remaining
precipitate and the supernatants were pooled. These extracts
were filtered through a 22 pm membrane and diluted again with
methanol : water (1:1) before ESI-MS analysis in different
proportions, because the dilution was optimized for each part of
the grapes. The validation of the recovery of tartaric and malic
acids from this material was performed using extracts of skins
and Syrah grapes at three concentration levels: low (1 mg mL™ %),
medium (2 mg mL ™) and high (3 mg mL™%).

2.5. ESI-MS

Samples were analyzed by direct infusion ESI-MS with an Acg-
uity TQD mass spectrometer (Waters, Manchester, UK) in
negative ion mode under the following conditions: capillary
voltage —3.5 kV, cone —30 V, source temperature 150 °C, des-
olvation temperature 350 °C, mass range 100-620. An aliquot of
10 pL of wine was dissolved in 990 pL of methanol containing
0.1% ammonium hydroxide solution (Hexis). The extracts of
skins, pulp and seeds were diluted with methanol : water in the
proportion of 1 : 25,1 : 100 and 1 : 40, respectively. All samples
were analyzed in triplicate.

2.6. Statistical analysis

Principal component analysis (PCA) was performed using the
Pirouette software version 2.60 from Infometrix, Woodinville,
WA, USA.

2.7. Validation of the method

After defining the best conditions for MS analysis and sample
dilutions, the ESI-MS method was validated in terms of selec-
tivity, accuracy, linearity, precision and limits of detection
(LOD) and quantification (LOQ).>***

This journal is © The Royal Society of Chemistry 2014
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Table 1 Concentrations of tartaric, malic and citric acids in samples of Brazilian and imported red wines as measured by direct infusion ESI(—)-

MS (mg mL™})¢

Wine Grape Origin Malic acid Tartaric acid Citric acid
1 Bord6* RS/Brazil 2.79 7.63 1.82
2 Bordo* + Merlot RS/Brazil 2.88 9.94 3.88
3 Bord6* + Merlot RS/Brazil 2.05 2.58 1.77
4 Syrah New Zealand 4.18 5.48 1.70
5 Isabel + Bord6* RS/Brazil 5.07 5.93 2.77
6 Syrah France 5.38 4.91 2.62
7 Carmen RS/Brazil 2.75 4.24 2.48
8 Merlot RS/Brazil 6.30 3.01 1.49
9 Syrah Australia 2.99 3.47 1.47
10 Syrah Italy 4.56 3.49 1.61
11 Syrah Chile 5.01 4.60 1.74
12 Syrah Greece 4.58 2.83 3.59
13 Syrah Portugal 3.61 5.55 1.78
14 Bordo* SP/Brazil 4.16 4.52 1.35
15 Isabel SP/Brazil 8.72 3.56 1.43
16 Syrah Argentina 4.49 6.73 2.85
17 Syrah Portugal 4.57 5.52 2.19
18 Syrah South Africa 2.81 4.34 1.82
19 Syrah Vale Sao Francisco, Brazil 4.20 3.74 1.39
20 Syrah Chile 4.79 6.32 2.46
21 Syrah Argentina 3.38 4.44 1.54
22 Maximum SP/Brazil 2.90 3.66 1.28
23 Syrah Chile 3.16 4.44 1.45
24 Maximum SP/Brazil 3.15 4.61 1.21
25 Syrah France 7.46 4.23 4.32
26 Merlot RS/Brazil 6.37 3.02 1.67

% Bord6* - Brazilian denomination for Vitis labrusca grapes cultivated in the south of Brazil.

2.7.1. Selectivity. Two sets of standard solutions in the
concentration range from 1.25 to 10.00 ug mL™ "' were analyzed:
the first group was prepared with standard solutions of malic
acid, tartaric acid and citric acid in methanol and the second set
of solutions was prepared in the de-acidified wine. Each solu-
tion for each concentration was prepared in triplicate to assess
the matrix effect. A simple statistical test (the F test) was
applied. The ratio between the variances of the two samples
(F = s,°/s,”) was calculated and compared with the critical value
of F at a given confidence level of 95% for three acids.**

2.7.2. Accuracy. Three samples of wine were fortified
with the organic acids at concentrations of 1.25 ug mL™*, 2.50
ng mL™" and 5.00 ug mL ", These samples were also prepared
and injected in triplicate. The accuracy of the analytical method
was expressed by the ratio between the experimentally deter-
mined average and the corresponding theoretical concentra-
tion, with the result given as recovery %.**

2.7.3. Linearity. The linear range was established using five
different solutions with concentrations obtained from dilutions
of the stock solution of 1000 ug mL~" of each acid (malic, tar-
taric and citric acids) de-acidified wine as follows: 1.25 pg mL™ ",
2.50 pg mL™*, 5.00 pg mL™*, 7.50 pg mL~ ' and 10.00 pg mL .
The samples were prepared and analyzed in triplicate and the
analytical curve for each acid was obtained by correlation
between the concentration and area of the analyte signal
through the linear least squares model (Origin 6.0).

This journal is © The Royal Society of Chemistry 2014

2.7.4. Limits of detection (LOD) and quantification (LOQ).
The limit of detection (LOD) was calculated as the lowest
detectable concentration (and not necessarily quantified)
whereas the limit of quantification (LOQ) was the lowest
concentration of the acid of interest that could be measured.
The LOD and LOQ parameters were calculated based on the
calibration curve, and expressed as:

LOD =3, 3 x s/S; LOQ = 10 x s/S

where ‘s’ is the estimated standard deviation of the regression
line equation and S is the slope of the calibration curve.**

2.7.5. Precision. Precision, defined as the evaluation of
the closeness of the results obtained from a series of
measurements of multiple sampling of the same sample, was
herein considered at three levels: through repeatability,
intermediate precision and reproducibility, and was
expressed by the standard deviation and coefficient of
variation.

2.7.6. Repeatability (intra-run precision). The repeat-
ability, which can be expressed quantitatively in terms of
characteristic dispersion of the results of areas, was obtained
by integration of the analytical signals. The intra-run preci-
sion was assessed by analysis of the standard solutions
prepared in de-acidified wine at three concentration levels
(2.0 pgmL™", 4.0 ug mL ™" and 8.0 pg mL ™). Five replicates of
each level of acid concentration were analyzed, thereby
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obtaining values of five areas with their respective standard
deviations.**

2.7.7. Intermediate (inter-run) precision. To determine
the intermediate precision, 5 replicates were analyzed at
three concentration levels: low (2 pg mL™'), medium (4
pg mL ") and high (8 pg mL ") for each acid on different days
by the same analyst. For each level of acid concentration, five
values were calculated as well as their respective standard
deviations.**

2.8. High resolution MS data

HRMS data were acquired using a 7.2T LTQ FT Ultra mass
spectrometer (Thermo Scientific, Bremen, Germany) equipped
with a direct infusion electrospray ionization source (ESI)
operating in negative ion mode under the follow conditions:
capillary voltage - 3.1 kV, tube lens - 160 V, temperature 280 °C.
Data acquisition was performed along the m/z 100-1000 range
by using the Xcalibur 2.0 software. Wine samples were prepared
by dissolving the wine in methanol (1 : 1). For ESI(—)-MS, an
aqueous solution of 0.1% ammonium hydroxide was added to
facilitate deprotonation of more acidic molecules (M) to form
[M — H] ions.

2.9. Addition of citric acid to simulate adulteration

Using the stock solution of citric acid, pure wine samples
were spiked with specified concentrations of citric acid
between 1.0 and 100.0 mg L™'. Since Brazilian legislation
fails to determine the maximum amount of citric acid that
may be added to wine, the purpose of this study was to
determine the LOD of citric acid that could be detected by
direct infusion ESI(—)-MS.

View Article Online
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3. Results and discussion
3.1. Method validation

The selectivity of direct infusion ESI(—)-MS was satisfactory
for all three organic acids measured. The F test showed no
significant difference between the variances of the set of
samples diluted with methanol and with de-acidified wine.
The matrix effect failed to affect the results, since the F value
calculated for the three acids was less than the critical F
(Table S1t). In complex matrixes, such as wine, co-ionization
of several molecules affects the ESI efficiency of each indi-
vidual molecule, usually reducing the relative abundance of
the respective ion. Although the average areas of the ion
peaks in methanol were greater than those using de-acidified
wine, the differences were not significant (¥ test). Although
we ran our calibration curves using de-acidified wine, solu-
tions of malic and tartaric acid standards in methanol/water
could also be used to build the calibration curves, further
simplifying the proposed method.

Table S21 shows the results of linearity, LOD, LOQ
and accuracy, expressed as percent recovery. The ESI-MS
method showed good linearity with R* values higher than
0.993 in all cases. The LOD between 0.278 and 0.711 ug mL~"
and the LOQ between 0.843 and 2.157 pg mL ™' were
relatively low, and similar to values reported for these acids
using other techniques.®'® The standard deviations were
lower than 5%, which demonstrates satisfactory
repeatability and instrumental stability, providing values
also similar to those obtained when applying more
demanding methods.*®

The accuracy of the ESI-MS method (Table S3t) was also
satisfactory and within the accepted limits of 70-120%.>* Also
for all acids, repeatability and intermediate precision tests were

Table 2 Concentrations of malic and tartaric acids in national samples of grapes and hybrids grown in Santa Catarina, Parana and Sdo Paulo®

Concentration of tartaric acid

Concentration of malic acid

Diluted sample

ug per 100 mg

Diluted sample ug per 100 mg

Sample pg mL™! CV% lyophilized material pg mL~! CV% lyophilized material
Carmen skins 4.66 1.14 18.65 9.82 0.77 39.30
Niagara skins 4.41 2.61 17.63 8.41 2.86 33.65
Bordo6* skins 2.91 0.64 11.63 4.88 1.32 19.51
Syrah skins 1.73 6.34 6.90 8.19 4.54 32.77
Maximum skins 4.55 6.29 18.18 6.05 3.26 24.22
Bord6* pulp 6.69 1.15 334.41 7.25 1.59 725.48
Carmen pulp 2.83 1.21 141.36 8.13 12.83 813.15
Maximum pulp 4.72 1.65 236.02 9.55 6.05 954.79
Niagara pulp 6.04 2.36 301.85 8.04 6.15 803.96
Syrah pulp 4.53 0.79 226.54 7.63 8.26 762.78
Bordo* seeds 2.02 20.61 40.39 1.22 9.74 48.99
Niagara seeds 4.05 13.13 81.07 4.60 11.78 184.15
Syrah seeds 3.32 4.70 132.72 7.86 10.04 314.31
Carmen seeds 0.94 3.42 37.55 5.51 6.56 220.25
Maximum seeds 2.60 7.85 104.03 5.24 9.21 209.77

“ Bord6* - Brazilian denomination for Vitis labrusca grapes cultivated in the south of Brazil.
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within the acceptable values: 5 and 15%, respectively.”® The
intermediate precision of the method was evaluated by
comparing the ion peak areas obtained for each acid on
different days by F test and no significant difference between
days was found (p < 0.01) for all the three organic acids. The
CV% (coefficient of variation) for intra-day precision ranged
from 0.82 to 2.99% and for inter-day precision from 0.82 to
4.26%, indicating good precision.

3.2. Concentration of malic, tartaric and citric acids in wine

Table 1 shows the concentrations of malic, tartaric and citric
acids found in wine samples using the direct infusion ESI-MS
method. Overall in wine samples, higher content of tartaric
acid was found compared to other acids, except in the
RS/Brazilian (Merlot grape), RS/Brazilian (Isabel grape) and
in the Chilean and Argentinian (both Syrah grapes) wines.
This variation is possibly due to the structure of these grapes,
especially the skins, where higher concentration of tartaric
acid is found. Another aspect that may have contributed to
the higher content of tartaric acid than malic acid in some
wines is malolactic fermentation (MLF) responsible for the
transformation of malic acid into lactic acid and carbon
dioxide through the action of lactic acid bacteria. Other
variables such as climatic conditions, grape maturation
cycle, preparation process and storage conditions can also
affect the acid content.

3.3. Validation of the procedure for extraction and analysis
of organic acids in grapes

Table S31 shows the results of the linearity of the analytical
curve, limit of detection and quantification accuracy for
grapes, expressed as percentage of recovery. The extraction
and dilution parameters were optimized and linear coeffi-
cients of the calibration curves were R* = 0.992 for malic acid
and R* = 0.998 for tartaric acid. The accuracy was considered
satisfactory (within the limits accepted by INMETRO** of 70
to 120% recovery), as well as the other parameters CV%,
recovery, linearity, LOD, and LOQ. The CV% values and
percentage of recovery of the extracts fortified with standards
at different concentrations showed good precision and
accuracy, as evaluated by the recovery tests.

3.4. Concentration of malic, tartaric and citric acids in
grapes

Quite opposite to the wine samples (Table 1), predominance of
malic acid over tartaric acid was observed for all grape samples
analyzed (Table 2). Grapes of American origin and hybrids
(Bordd, Niagara, Carmen and Maximum BRS) have skins and
pulp with higher levels of tartaric acid in comparison with Vitis
vinifera cultivar Syrah. For seeds, the reverse was observed and
the Vitis vinifera cultivar had a higher content of tartaric acid
than the group of American and hybrid grapes. Lower malic
acid content was found in the skin, pulp and seeds of Bordo
grapes.

This journal is © The Royal Society of Chemistry 2014
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3.5. PCA of the ESI-MS fingerprints

Wine ESI(—)-MS fingerprints were found to be similar to
those of grape skins and therefore they are placed closely
by PCA. When samples of wine and grape skins are individ-
ually evaluated, they formed however two distinct
groups (Fig. 1). The ESI(—)-MS fingerprints of samples of
skins, pulp and seeds of grapes differ mostly in the abun-
dance of common ions of m/z 115, 133, 149 and 179 (Fig. 2).
These fingerprints of the skins, pulp and seeds also present
other common ions of m/z 119, 179, 191, 341.113, 161, 195
and 321.

3.6. High resolution ESI(—)-MS fingerprints

High resolution ESI(—)-MS data of a wine sample permitted the
separation of isobaric ions of m/z 191 from quinic acid and citric
acid (Fig. 3 and Table 3). Although detected together in low
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Fig. 1 Principal component analysis (PC1 x PC2) applied to the
ESI(—)-MS data: (A) samples of skin, pulp (12-16) and seeds (7-11) of
grapes as well as wine samples; (B) samples of red wines (7-32) and
skins from different varieties of grapes: Niagara (3), Syrah (5) and
Maximum hybrid (6).
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Fig.2 ESI(—)-
indicated in (A

Fig. 3 High resolution ESI FT-ICR MS in the m/z 190-194 range showing resolution and accurate m/z values for [M — H]™ ions of citric (m/z
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191.01989), quinic (m/z 191.05611) and galacturonic (m/z 193.03547) acids.
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Table 3 Compounds identified in wine and grapes analyzed by ESI (=) FT-ICR MS

Acids Formula Theoretical m/z Experimental m/z Error (ppm)
Malic C4H;505 133.01430 133.01425 0.38552
Tartaric C4H;506 149.00924 149.00916 —0.10995
Citric CeH;05 191.01970 191.01973 —0.10995
Quinic C,H,,04 191.05611 191.05611 —0.01150
Galacturonic CgHoO- 193.03537 193.03538 —0.01547

resolution ESI(—)-MS as a single ion, both of these isobaric
acids normally produce less abundant ions of m/z 191 in wines
than the ion of m/z 193 from galacturonic acid. The m/z
191 : 193 ratio can be used therefore to monitor wine adulter-
ation by the addition of citric acid. Fig. 4 shows a typical ESI(—)-
MS fingerprint of wine with (A) a normal m/z 191 : 193 ratio as
well as the same sample spiked with citric acid. Note that

adega bordo 84 (0.294) Cm (53:344)

already at a concentration of 18 pg mL~" (less than 20 ppm),
this ratio is inverted. The presence of malic and tartaric acids in
the wine sample was also confirmed by high resolution MS
(Fig. 5). Note that no other ions of the same nominal m/z are
present, therefore the low resolution ESI(—)-MS is capable of
quantifying these acids without interference from isobaric
compounds.
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Fig. 4 Direct infusion ESI(—)-MS fingerprints of: (A) a pure wine sample as well as the same sample adulterated with citric acid to the
concentration of (B) 1.0 pg mL™%, (C) 3.0 ug mL™% (D) 18 ug mL™, (E) 70.0 ug mL™" and (F) 100 ug mL™%. Relative abundances of the ions of m/z
149-tartaric acid, m/z 191-citric acid and m/z 193-galacturonic acid can be observed.
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Fig. 5 High resolution ESI(—) FT ICR MS data showing accurate m/z values for [M — H] ™ ions of: (A) tartaric acid and (B) malic acid found in wines

and grapes.

4. Conclusions

Direct infusion ESI-MS is a method that provides quite
comprehensive wine analysis. As shown herein, it can be
successfully applied to quantitate organic acids in wine and
grapes. The main advantages are its speed (less than 5 min per
sample of total analysis time) and simplicity and the analysis of
the intact sample with no pre-separation or pre-derivatization
procedures. The linearity, precision, sensitivity and recuperation

Anal. Methods

were as good as those of chromatographic methods using pre-
separation via liquid chromatography*'® or capillary electro-
phoresis.>® Additionally, direct infusion ESI-MS also enables
wine typification as demonstrated herein via PCA analysis,
which grouped samples according to similar concentrations of
organic acids. Two groups were formed, the first group consist-
ing of wines originating from American grapes (Merlot and
Bordd) and the second one consisting of wines from national
and hybrid grapes (Syrah, Maximum and Carmen). Tartaric acid
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was found to be predominant in most national and imported
wines analyzed.

The method is shown to be also able to monitor wine adul-
teration by the addition of exogenous acids, and citric acid with
an LOD of ca. 20 ppm could be detected. Direct Infusion ESI-MS
was also shown to be applicable to monitor different stages of
ripeness in grapes and to establish the ideal time of grape
harvest as the concentrations of tartaric and malic acids can be
quantified. All national varieties and hybrid grapes were shown
to display similar chemical ESI-MS profiles but differ in abun-
dances of ions from malic and tartaric acids, therefore making
it possible to simultaneously evaluate, both qualitatively and
quantitatively, the presence of these key analytes in different
samples of grape skins, pulps and seeds.
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