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Abstract

Wine authentication is vital in identifying malpractice and fraud, and various
physical and chemical analytical techniques have been employed for this pur-
pose. Besides wet chemistry, these include chromatography, isotopic ratio mass
spectrometry, optical spectroscopy, and nuclear magnetic resonance (NMR)
spectroscopy, which have been applied in recent years in combination with
chemometric approaches. For many years, 2H NMR spectroscopy was the
method of choice and achieved official recognition in the detection of sugar addi-
tion to grape products. Recently, 'H NMR spectroscopy, a simpler and faster
method (in terms of sample preparation), has gathered more and more atten-
tion in wine analysis, even if it still lacks official recognition. This technique
makes targeted quantitative determination of wine ingredients and nontargeted
detection of the metabolomic fingerprint of a wine sample possible. This review
summarizes the possibilities and limitations of '"H NMR spectroscopy in ana-
lytical wine authentication, by reviewing its applications as reported in the lit-
erature. Examples of commercial and open-source solutions combining NMR
spectroscopy and chemometrics are also examined herein, together with its
opportunities of becoming an official method.
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(International Organization of Vine and Wine, 2017, 2019a)
(see Figure 1).

Wine is a very important food commodity in Europe. In
2018, the production of wine in the European Union (EU)
member countries reached 181.9 million hectoliters (Inter-
national Organization of Vine and Wine, 2019b). That
accounted for over 60% of the world wine production that
year and made a contribution of over €7 billion to the EU
trade balance (European Commission Directorate-General
for Agriculture and Rural Development, 2019); and the
world figures of wine trade reached €31 billion by 2018

Markets with such enormous production volumes and
values are often plagued by fraudulent practices. It may
be stated that wine fraud is one of the oldest and most
common cases of adulteration in the food industry (Ever-
stine, Spink, & Kennedy, 2013; Holmberg, 2010), through
the use of diverse malpractice techniques, starting from
the simple addition of chemicals to improve the charac-
teristics of wine (the most known case is probably the
diethylene glycol wine scandal in 1985; Briiders, 1999), up
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FIGURE 1 a.2018 world wine production data (European Commission Directorate-General for Agriculture and Rural Development,

2019)
FIGURE 1b 2008-2018 world wine export data (International Organization of Vine and Wine, 2017, 2019a)
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to the dilution/replacement of expensive wine types with
cheaper ones or mislabeling (such as the case with fake
Tuscany Brunello wines in 2008; Cavicchi & Santini, 2011)
and many others. Wine as an alcoholic beverage always
scores in the top ten list of the most often adulterated com-
modities (European Commission, 2019; Moore, Spink, &
Lipp, 2012). Indeed, wine adulteration is currently on the
rise in Europe: according to the latest report of the EU
Intellectual Property Office (EUIPO), the value of counter-
feit goods in this area amounts to €50 billion, with spirits
and wine accounting for €2.3 billion thereof (5.3% of direct
lost sales), with a consequent total employment loss of
31,858 jobs (European Union Intellectual Property Office,
2020). In 2019, over a dozen serious cases were reported
by law authorities in the EU acting against wine fraud
(European Commission’s Science and Knowledge Service,
2018, 2019a, 2019b, 2019¢, 2019d, 2019¢, 20191, 2019g), and
approximately the same number in 2020 (European Com-
mission’s Science and Knowledge Service, 2020a, 2020b,
2020c, 2020d). In the USA, only the criminal activity of
Rudy Kurniawan, who by 2006 sold counterfeit collection
wines for the total sum of $35 million, has inflicted so
much uncertainty to the auction market, that in several
years after his arrest in 2012 the average prices dropped
25 to 30%, though this did not significantly affect the
retail market (Fougere, Kaplan, & Collins, 2020). In the
UK, the Treasury estimates that the cost of alcohol fraud
accounts for approximately £1.3 billion of revenue loss
each year (Wine and Spirit Trade Association, 2015). It is
alleged that in China wine fraud is so widespread that as
much as 30% of all alcohol (Shen, 2018) or 50% of wine
that costs over $35 is actually counterfeit (Muhammad &
Countryman, 2019).

Therefore, in order to control such malpractices effec-
tively, it is necessary to use robust and reliable analytical
methods, both physical and chemical. For many decades
the classical methods of wine authentication have been
wet chemistry, for the determination of the total and
volatile acid content or the enzymatic analysis of sug-
ars, and instrumental analysis by high-performance liquid
chromatography (HPLC) and gas chromatography (GC)
coupled with detection methods such as mass spectrom-
etry (HPLC-MS or GC-MS), for the quantification of wine
components or by-products (Arvanitoyannis, 2010; Meier-
Augenstein, 1999; Montet & Ray, 2017). More recently, the
combination of different methodologies with chemomet-
rics has become increasingly popular in wine authentica-
tion, including, for instance, infrared (IR), ultraviolet and
visible (UV/VIS) spectroscopy (Ricci, Parpiniello, Laghi,
Lambri, & Versari, 2013), isotopic (Camin et al., 2017)
and biochemical (Medina et al., 2013) methods includ-
ing nuclear magnetic resonance (NMR) spectroscopy (Fan
et al., 2018).

NMR spectroscopy also has a long tradition in wine
authentication. For many years, the site-specific natu-
ral isotopic fractionation NMR (SNIF NMR) spectroscopy
developed by Martin and colleagues in the late 1980s (Mar-
tin & Martin, 1981; Martin, Martin, Mabon, & Michon,
1983,1988) has been the golden standard for the determina-
tion of nonauthorized chaptalization. In fact, SNIF NMR
spectroscopy is the only analytical method that can deter-
mine the addition of beet sugar prior to fermentation. This
quantitative method relies on the nonstatistic distribution
of deuterium in the starting sugar and its reflection in the
resulting ethanol after fermentation. The relation of the
D/H isotope ratio in the methylic and methylenic sites of
ethanol determined by 2H NMR spectroscopy verifies the
botanical origin of ethyl alcohol in wine (Martin, Martin,
Mabon, & Michon, 1982).

Nowadays, another NMR spectroscopic approach based
on proton (\H) measurement is becoming popular in wine
analysis. In contrast to deuterium analysis by SNIF NMR
spectroscopy, proton measurement is the classical applica-
tion of NMR spectroscopy in organic chemistry, which is
typically used for structure elucidation. In relation to wine,
it was applied for the identification, as well as quantifi-
cation, of its components (wine metabolites). This started
over 40 years ago (Anders, Tittgemeier, & Hailer, 1976),
with the analysis of ethanol content. With technological
improvements, such as the increase in electronics sensitiv-
ity, the possibility of obtaining precise temperature control
and the enhanced phase and baseline correction, this tech-
nique could be applied to the highly reproducible determi-
nation of minor organic components (see Amargianitaki &
Spyros, 2017; Fotakis, Kokkotou, Zoumpoulakis, & Zervou,
2013, for reviews). With these technical improvements, g
NMR spectroscopy makes targeted quantitative determi-
nation of substances in wine (quantitative NMR/qQNMR
spectroscopy) (Lopez-Rituerto et al., 2009; Remaud, Sil-
vestre, & Akoka, 2005) possible. Furthermore, it is possi-
ble to use the entire 'H NMR spectrum for analysis, inter-
preting it as a unique fingerprint of the wine sample and
predicting wine properties by classification models (non-
targeted approach) (Godelmann et al., 2013).

One of the main manufacturers of NMR spectroscopic
equipment, Bruker Biospin Corporation (Billerica, MA,
USA), commercially adopted the targeted and nontargeted
approach for the analysis of biological fluids, such as lig-
uid foods (Belton et al., 1996; Gil et al., 2004), in partic-
ular, fruit juices (Belton et al., 1998; Belton et al., 1997;
Spraul et al., 2008). This resulted in the creation of an
NMR spectroscopy-based automated tool for fruit juice
quality control, based on a 400 MHz device. The system
(called “SGF Profiling”; Humpfer et al., 2009; Spraul et al.,
2009) combines both targeted and nontargeted NMR spec-
troscopy for decentralized measurements according to a
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harmonized protocol and centralized data evaluation on
a Bruker server (single parameter and properties verifica-
tion), for a price. After refinement, the Bruker company
reported validation results for this product, available on the
market as “JuiceScreener” since 2009 (Monakhova et al.,
2014; Spraul et al., 2009; Spraul, Schiitz, Humpfer, et al.,
2009). This technology was extended to other food sec-
tors (Spraul et al., 2009) and Bruker released the “Wine-
Screener” or “Wine Profiling” system (Hofmann, 2015) as
well as the NMR “Honey-Profiling.”

Apart from this commercial and well-recognized propri-
etary solution, many studies have demonstrated the appli-
cability of 'H NMR spectroscopy to wine authentication,
mainly in feasibility studies, but its introduction for official
controls has not yet been completed (S. Esslinger, Fauhl-
Hassek, & Wittkowski, 2015; Esslinger, Riedl, & Fauhl-
Hassek, 2014; Riedl, Esslinger, & Fauhl-Hassek, 2015).
Therefore, the aim of this review is to discuss the appli-
cations of NMR spectroscopy to wine authentication as
well as the obstacles to their implementation in official
controls.

2 | STATUS QUO

2.1 | Site-specific natural isotope
fractionation (SNIF) NMR spectroscopy

SNIF NMR spectroscopy is based on the acquisition of a ?H
spectrum. Due to the low natural frequency of deuterium,
2H NMR spectroscopic measurement is not a conventional
application of NMR spectroscopy, unlike proton measure-
ment or 3C NMR spectroscopic analysis. The gyromag-
netic ratio of deuterium is about 6.5 times smaller than for
protons (*H), and the measurement sensitivity is therefore
significantly reduced. When using a 400 MHz NMR spec-
trometer, the measuring time for an alcohol sample is at
least 3 hours. Furthermore, a special probe head optimized
for deuterium acquisition is required for the measurement.

The intramolecular distribution of deuterium is neither
statistical nor random, but closely related to the origin and
synthesis of the substance of interest. Based on the sig-
nal intensities of deuterium in the various positions in the
molecule and on the relevant standard, it is possible to cal-
culate the D/H ratios for each specific position. The most
prominent application of SNIF NMR spectroscopy is the
2H NMR spectroscopic analysis of wine alcohol, particu-
larly with regard to the detection of beet sugar illegally
added to must prior to fermentation. The sample prepara-
tion in this case entails the distillation of the wine sample
using a specific apparatus, a spinning band fractionation
column (Baker, Barkenbus, & Roswell, 1940; Glenn, 1963;
Mayo et al., 1988), sometimes called Cadiot column (Cadiot

inFood Science and Food Safety

et al., 2004), in order to exceed a distillation yield of 96%
(International Organization of Vine and Wine, 2019c) to
avoid isotopic fractionation. In the case of wine must or
grape juice, it has to be fermented to complete exhaustion
of sugar prior to distillation using said device.

2H NMR spectroscopic analysis has been used success-
fully for decades in wine authentication official controls
(Christoph, Hermann, & Wachter, 2015). After adaptation
as an official method, a joint isotopic data bank of authen-
tic wine from all wine-producing EU member states was
established. Its purpose is to “ensure more effective con-
trol of wine product enrichment” and “help to verify con-
formity with the origin indicated in their name” (Euro-
pean Commission, 1991a, 1991b, 2000, 2008). The database
especially allows the comparison of dubious samples with
authentic data and thereby improved control of chaptaliza-
tion and water addition. Besides the D/H ratios obtained
by SNIF NMR, isotopic ratio mass spectrometry (IRMS)-
retrieved parameters, such as the 13C/12C ratio in ethanol
and the 180/!°0 ratio in wine water have been included
in the database. The SNIF NMR spectroscopic method is
thereby stipulated by official wine control regulations and
has been approved for its suitability in legal cases (Camin
et al., 2017).

2.2 | 'H NMR spectroscopy
For wine authentication, M NMR spectroscopy
shows some advantages in comparison with 2H NMR
spectroscopy—although one has to keep in mind that the
two methods consider different pieces of information,
compositional versus isotopic. With respect to data acquisi-
tion, 'H NMR spectroscopy is very fast because of the high
natural abundance of 'H isotope (99.9885 wt.%) (Holden,
Coplen, & Bohlke, 2018; Meija et al., 2016). Hence, mea-
suring takes only a few minutes (usually < 15 min), and
the number of scans commonly used here ranges from 8 to
64 (Ralli et al., 2018). Furthermore, 'H NMR spectroscopy
is now highly reproducible and has a wide linearity range.
It makes the quantification of a wide range of metabolites
in parallel, as well as the pattern analysis (prediction of
target properties), possible, using the same spectrum.
Thus, only one measurement is necessary to receive
multiple responses (to qualitative as well as quantitative
issues). Moreover, NMR spectroscopic measurements are
nondestructive (Arapitsas & Mattivi, 2018; S. E. Ebeler,
2015; Flamini, 2008; Zoecklein, Fugelsang, Gump, & Nury,
1999). In general, NMR spectrometers are very robust and,
compared with other systems, e.g., mass spectrometers,
almost free of maintenance.

There are also some disadvantages in using 'H NMR
spectroscopy for wine authentication. This method has
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lower sensitivity compared with other techniques such as
mass spectrometry, by approximately several nanomoles
when cryoprobes are used (Pan & Raftery, 2007), or by over
a micromole without them, whereas MS is 10 to 100 times
more sensitive (Emwas, 2015; Emwas et al., 2019).

Moreover, most of the organic compounds give com-
plex signals due to spin-spin coupling, resulting in several
peaks per single component and overlaid peaks from var-
ious components. This makes data interpretation particu-
larly challenging (Pinu, 2018).

The analysis of wine by 'H NMR spectroscopy can be
performed with targeted and nontargeted approaches. In
terms of sample preparation, both strategies require a sim-
ple but unspecific procedure and a low sample volume
(typically 0.6 ml). The literature mainly describes two
preparation procedures: (a) direct analysis or (b) freeze
drying (lyophilization) of the sample to remove water and
ethanol, so that their large signals do not overlap those
of minor components or otherwise affect them (Hu et al.,
2015; Zhu, Hu, Lu, & Xu, 2018). For specific purposes, such
as the analysis of phenolic compounds, specific extraction
steps might be necessary to avoid interferences. Wine must
was also freeze-dried, and freeze drying was used or extrac-
tion with various solvents (Fotakis et al., 2013) has been
used for the analysis of grapes.

Regardless of how the samples were prepared, the addi-
tion of a deuterated solvent (such as D,0, MeOD, or a
mixture of the two), for the deuterium lock signal, and
the addition of an internal standard for spectrum refer-
ence are necessary. The reference standards of the chem-
ical shift scale in ppm that are commonly used for aque-
ous samples in NMR spectroscopy are formic acid (or
its derivatives), 3-trimethylsilylpropionic acid (TSP) or
2,2-dimethyl-2-silapenthane-5-sulfonate (DSS) (Spyros &
Dais, 2012).

As the pH value affects the chemical shift of certain
signals, related to acids, it is advisable to adjust the pH of
the wine samples to a precise value (to the second decimal
point) in order to minimize the intersample variation of
the signal positions. The pH value of wine typically varies
between 2.8 and 3.4 (Jackson, 2014; Moreno-Arribas &
Polo, 2009), sometimes this range is being cited as wider,
for example 2.9 to 4.2 (Robinson & Harding, 2015) or 3.0
to 3.7 (Waterhouse, Sacks, & Jeffery, 2016) and wine itself
must be considered as a buffer system, due to its high
content in minerals and acids. Mathematical algorithms
have also been described as an alternative to physical pH
adjustment of samples, for example, ICOSHIFT (interval-
correlation-shifting) (Savorani, Tomasi, & Engelsen, 2010)
alone, or in combination with IFFD (fluctuation frequency
difference) algorithm (Wang, Barding, & Larive, 2015).

Due to the composition of wine, when direct analysis is
performed, its 'H NMR spectrum shows a predominance of

the water signal (~4.8 ppm), followed by the ethanol sig-
nals, the quartet of the methylene group at 3.6 ppm and
the triplet of the methyl group at 1.2 ppm, whereas further
signals are not visible at first glance in a simple 'H NMR
spectrum (see Figure 2).

Multiple signal suppression, in which the water, ethanol
methylene, and methyl group signals are suppressed eight-
fold, was introduced by Monakhova et al. (2011). This
results in significant signal enhancement of the minor
components. The distortion of the spectrum sections, close
to the suppressed areas, remains minimal, thus signals
very close to the suppressed range can be evaluated and
quantified as well (see Figure 3).

Wine is a complex mixture of several hundred organic
compounds of various classes (Jackson, 2014; Waterhouse
et al., 2016). Many of these were successfully identified
using '"H NMR spectroscopy, such as amino acids (Kosir
& Kidric, 2001), alcohols (Nilsson et al., 2004), sugars
(Castillo-Murnioz et al., 2008), carboxylic acids and their
derivatives (Baderschneider & Winterhalter, 2001), phe-
nolic compounds (Vitrac et al., 2005), and carbonyl com-
pounds such as aldehydes and ketones (Pinto et al., 2018).
The search for novel metabolites is never over, however;
and studies on this topic emerge constantly. For exam-
ple, nitrogen-containing glycoconjugate 3-indolyl-(2R)-O-
B-D-glucosyl-lactic acid was recently found in bordeaux
red wine, with the specific aim to use it as a tag (Fabre
et al., 2014). Glutathione, both reduced (GSH) and oxi-
dized (GSSG), is another example; here, these compounds
were identified by totally correlated 2D NMR spectroscopy
(TOCSY) (Kontogianni, Tsiafoulis, Roussis, & Gerothanas-
sis, 2017). New carboxylic acids, such as oleanic and
xanthurenic acids were also discovered in Italian wines
(Forino, Gambuti, & Moio, 2019). Isolation and character-
ization of dextran (exopolysaccharide) generated by cer-
tain species of bacteria during the production of Chinese
homemade wine (Du et al., 2018, 2019) is a more spe-
cific case and may possibly serve as an origin marker.
New substances have been isolated not only from wine
itself, but also from its precursors, for example, grapes:
such is the case of flavan-3-ol monohexosides (Zerbib
et al., 2018) and epicatechin-3-O-vanillate (Ma, Waffo-
Téguo, Jourdes, Li, & Teissedre, 2018), polyphenols (for
review, see Radovanovi¢, Radovanovié, & Arsié, 2018; Ye,
Wang, & Xu, 2015), as well as carbohydrate derivatives
(Cretin, Waffo-Teguo, Dubourdieu, & Marchal, 2019).

Other substances that may be present in wine are intro-
duced by wine production procedures, and these have
been studied and characterized using NMR spectroscopy
as well. For example, compounds such as quercoresino-
sides (bitter lignans) (Sindt, Gammacurta, Waffo-Teguo,
Dubourdieu, & Marchal, 2016) or triterpenoids (Gam-
macurta et al., 2019) are released into the wine by the
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FIGURE 2

wood of the oak barrels in which it is being aged. Other
types of compounds may be extracted from cork; these
are various derivatives of terpenes, polyphenols, and oth-
ers. There were recent reports about the reactivity of such
extracts with compounds in wine (Azevedo et al., 2017)
and a more comprehensive study using a metabolomic
approach (Pinto et al., 2019), including NMR spectroscopy,
to study the impact of the corks on wine.

2.2.1 | Quantitative analysis (targeted
approach)

NMR spectroscopy is often used for the quantitative anal-
ysis of individual substances in mixtures. Here, the inten-
sity of a resonance signal, which corresponds to the area
under the signal curve, is used: Under specific conditions,
the number of protons contributing to the signal can be
deduced from the integral. An internal standard can be
used for quantification, if added to the sample in a spe-
cific quantity. The analyte signals resonance assignment
and the standard must be known. The signals selected for
quantification should be free from overlapping or suitable

Typical proton NMR spectrum of wine sample without water and ethanol suppression

methods for integrating overlapping signals must be used
(e.g., deconvolution).

The quantification of components can also be carried
out without internal chemical standards for quantifica-
tion, by applying the so-called PULCON method, which
relies on the absolute intensities of two different spectra,
of the sample to be quantified and of the standard sam-
ple used for response calculation (Dreier & Wider, 2006).
gNMR spectroscopy is a relative primary method (Pauli,
Jaki, & Lankin, 2005, 2012): the analyte can be correlated
directly to the calibration standard, thus eliminating the
need for external standards and calibration curves (Godel-
mann, Kost, Patz, Ristow, & Wachter, 2016).

The quantitative determination of wine components (so-
called wine metabolites) by 'H NMR spectroscopy makes
it possible to perform wine authentication and control by
comparing the measured contents with the official reg-
ulatory limits (e.g., methanol) or with established indi-
cator values (e.g., shikimic acid). Suitability of specific
compounds for quantification is determined by such fac-
tors as signal multiplicity (singlets or simple multiplets
are preferable to complex multiplets), possibility of sig-
nal integration (i.e., the signal to be integrated should
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FIGURE 3 Typical proton NMR spectrum of wine sample with water and ethanol suppression

not overlap with adjacent one) and signal location (i.e.,
it should not be situated near the suppressed water or
ethanol signals, as it distorts the integral value). Exam-
ples of compound classes are acids (acetic, lactic, malic,
and fumaric), carbohydrates (glucose, fructose, sucrose),
alcohols (2,3-butanediol, methanol, ethanol) (Godelmann
et al., 2013; 2016). In addition, combining the quantitative
'H NMR spectroscopy approach with various chemometric
methods (profiling), such as principal component analy-
sis (PCA) and partial least squares (PLS), makes it possible
to identify various wine products parameters, such as, for
example, geographical origins (terroir in wines) (Fotakis
et al., 2013; Gougeon et al., 2018; Gougeon, da Costa,
Guyon, & Richard, 2019a; Sobolev et al., 2019), and grape
varieties (Amargianitaki & Spyros, 2017; Aru, Serensen,
Khakimov, & Toldam-Andersen, 2018; Magdas, Pirnau,
Feher, Guyon, & Cozar, 2019). Vintage identification by
'H NMR is also possible: as the weather and soil condi-
tions change from one harvest year to another, so do cer-
tain metabolites in the resulting wine. For example, con-
centrations oflactic acid, 2,3-butanediol, proline, and some
other components for 2006 and 2007 vintages of Meoru
Korean wines were quite different, thus allowing to sep-
arate one from the other (Lee, Hwang, van den Berg, Lee,

& Hong, 2009); also, changes in polyphenol levels made
it possible to separate 2005 and 2006 vintages of Agior-
gitiko wines (Anastasiadi et al., 2009). Analogously, sim-
ilar compound classes were found (with the aid of PCA)
to change from one vintage year to another in Riesling
and Miiller-Thurgau German wines (Godelmann et al.,
2013).Wine aging is a much less studied field; nevertheless,
it was possible to identify several compounds that undergo
changes in concentration during short-term aging such
as 5-hydroxymethyl-2-furfural in Cava sparkling wines
(Serra-Cayuela et al., 2013), acetaldehyde and formate in
Rioja and Priorat red wines (Kioroglou, Mas, & Portillo,
2020). An analogous targeted analysis of wine aging was
also carried out with support of PCA (Cassino, Tsolakis,
Bonello, & Gianotti, 2019; Godelmann et al., 2013). The
case of aged wines from wine rarity collections appeared
to be much more challenging (though still possible) due to
variability in aging even within one batch as it was demon-
strated on the case of several Chateau Mouton Rothschild
wines (Gougeon, da Costa, Richard, & Guyon, 2019b). An
interesting proposal of a specific NMR magnet design to
measure the contents of acetic acid, ethanol, and other
constituents in wine without opening the bottles should
also be noted (Sobieski, Mulvihill, Broz, & Augustine,
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2006; Weekley, Bruins, & Augustine, 2002; Weekley, Bru-
ins, Sisto, & Augustine, 2003).

The effects of various grape growing techniques on the
metabolites in berries were also investigated using 'H
NMR spectroscopy. The examples are metabolic changes
that occur in grapes due to genetic engineering (Picone
et al., 2016), the differences in organic and biodynamic
approaches to the cultivation of grape berries (Picone et al.,
2016), the effect of fertilization on berry characteristics
(Ciampa et al., 2019), and the metabolomic changes due
to terroir and years of harvest (Mazzei et al., 2019).

There is also one example of using NMR spectroscopy
for investigating ancient oenological practices (Jeandet
et al., 2015). One hundred sixty-eight bottles of cham-
pagne were found in a shipwreck discovered in the Baltic
Sea. The contents of three bottles were thoroughly ana-
lyzed using an array of analytical methods including,
among others, NMR spectroscopy, both 1-dimensional pro-
ton and 2-dimensional correlations. The NMR studies pro-
vide information about concentration of ethanol, sugars,
and 5-hydroxymethylfurfural in the samples (if present).
Together with the information from other analytical meth-
ods, it became possible to decipher some of the steps of the
winemaking processes used by that particular producer in
the early 19th century.

2.2.2 | Metabolic fingerprinting (nontargeted
approach)

The typical profiling approach uses quantitative informa-
tion on identified metabolites for the subsequent mul-
tivariate statistical evaluations (discrete analytical input
parameters), whereas nontargeted approaches are based
on the broad and unassigned input of spectral data in the
form of features (Esslinger et al., 2014; Riedl et al., 2015).
However, the evaluation of the acquired spectral NMR
data, the fingerprints, also needs a dedicated statistical
data preprocessing to reduce the data size and compensate
for differences, e.g., slight signal shifts, unequal baselines,
and noise. The most widely used mathematical approach
to reduce the acquired data size and to minimize peak
shift effects in NMR spectroscopy is the so-called buck-
eting (or binning) method. Bucketing is based on divid-
ing a spectrum into segments (so-called bins or buckets)
and taking the sum, mean, or integral area of the spec-
trum for each segment for further evaluation. This pro-
cedure results in a significantly reduced number of data
points (the typically used bucket size is 0.04 ppm). A major
drawback of bucketing might be the loss of a considerable
amount of information compared with the original spec-
tra. Some minor peaks shifts can be beneficially removed
by bucketing. However, in some cases, the borders of the
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buckets are fixed and applied rigorously and automatically,
irrespective of potential pH-related deviations. This means
that an incorrect alignment can lead to erroneous bucket
loads (Esslinger et al., 2014; Smolinska, Blanchet, Buydens,
& Wijmenga, 2012). Advanced bucketing approaches con-
sider peak shapes for segment definition and thereby the
bucket borders are typically set in baseline regions (Davis
et al., 2007; De Meyer et al., 2008).

Nevertheless, advance bucketing works only with a
defined set of spectra for which the bucketing is optimized.
When a new spectrum (from a different sample), with an
extra signal due to adulteration, is to be analyzed, advanced
bucketing may not fit well or, even worse, the chemical
shift region in question (with the extra signal) could have
been eliminated completely by the advanced bucketing
and not be considered at all. In the latter case, an extra sig-
nal will not be detected. This disadvantage leads to a lim-
ited use of this approach in authentication strategies (Davis
et al., 2007; De Meyer et al., 2008).

After NMR spectroscopic measurement, even with data
preprocessing, the resulting data matrices still comprise
numerous variables (depending on the bucket width), pos-
sibly including analytical results as well as, in some cases,
metadata (e.g., variety, geographical origin, vintage).

Multivariate statistics is usually performed after data
preprocessing. Because these approaches are based on
the variance in the data space, a check with respect to
the identification of outliers is to be carried out as a
first step. Reasons for outliers can be: unperformed water
and ethanol suppression during acquisition, erroneous pH
adjustment or sample spoilage. These types of outliers are
also detectable by applying PCA, which is typically per-
formed as a first step to obtain an overview on the acquired
data as exploratory analysis.

Multivariate statistics can generally be divided into
unsupervised and supervised methods. Unsupervised
methods aim at identifying patterns in the data that do not
assume any a priori knowledge of the data. There are sev-
eral tools useful for exploring the data such as PCA, fac-
tor analysis (FA) and hierarchical cluster analysis (HCA).
They are variable reduction techniques defining a number
of latent variables by making linear combinations of the
original variables.

In contrast, supervised methods use calibration or train-
ing sets with known information (e.g., about variety or
vintage) to build a classification model. Then, the model
is tested and validated using an independent sample set,
also with known information. The most popular super-
vised classification techniques include linear discriminant
analysis (LDA), partial least squares-discriminant analysis
(PLS-DA), and soft independent modeling of class anal-
ogy (SIMCA). An appropriate validation of the mathemat-
ical models is essential in the application of multivariate
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statistics. Only the validation process makes it possible to
obtain a reliable and sustainable development of predic-
tive models for future samples required for official con-
trol. One fair option for doing so is the creation of two
data sets, one training set, consisting of 2/3 of the ana-
lyzed samples, which is used to generate the classification
model, and one test set of 1/3 of the data to prove the predic-
tive ability of the model. This approach is called “external
validation” (Esslinger et al., 2015). If repeatedly performed
using resampling strategies, valuable uncertainty informa-
tion for the predictions can be revealed (Harrington, 2018;
Westad & Marini, 2015).

When interpreting statistical data, it is important to be
able to detect both known and unknown (unforeseen)
adulterations using the respectively established mathemat-
ical model. Typical multivariate methods (e.g., DA, LDA,
PLS-DA, SIMCA) perform better with a previous training
(by internal or external validation) of the adulteration of
interest. That implies that the relevant deviation from the
product is already known. Using these trained models to
detect unforeseen adulterations that have not been trained
might lead to false-positive or false-negative results. Some
approaches try to resolve this particular problem by uni-
variate data evaluation, e.g., quantile plot, z-score, or by
single parameters derived from the multivariate statisti-
cal process control, e.g., Mahalanobis distance (Dordevic,
Wehrens, Postma, Buydens, & Camin, 2012) and distance
to the model of X-space (DModX). DModX describes the
distance of the observation from the X model plane or
hyperplane and is also known as the residual error or the
residual standard deviation (Charlton, Robb, Donarski, &
Godward, 2008). The evaluation of the results is similar to
that of the Mahalanobis distance approaches, in that eval-
uation criteria are to be defined, e.g., a maximum value of
DModX for the unadulterated/authentic samples is to be
considered as the critical limit above which a test sample
could be considered as suspect.

Different questions of wine authentication have been
addressed with nontargeted approaches, concerning, for
example, the wine terroir, the grape variety, and other
properties (Cagliani, Scano, & Consonni, 2017; Fan et al.,
2018; Ralli et al., 2018). To study the effects of soil on
wine metabolome, Pereira and colleagues applied PCA
and PLS to a selection of French wine varieties (Cabernet
Sauvignon, Cabernet Franc, and Merlot), limiting the spec-
tral window to organic acids and aromatic areas (Pereira
et al., 2007), without taking into account minor volatile
metabolites. Son and coauthors (Son et al., 2008) studied
28 red wines from different regions (California, Australia,
France, and Korea) with 'H NMR spectroscopy using
PCA and PLS-DA analysis, and were able to clearly sep-
arate regions and grape varieties. Anastasiadi et al. investi-
gated red and white wines such as Agiorgitiko, Mandilaria,

Moschofilero, and Asyrtiko from the Greek wine making
regions of Nemea and Santorini, applying PCA and PLS-
DA (Anastasiadi et al., 2009). This made it possible to dif-
ferentiate between wineries in a certain region, as well as
between vintages within the same variety. Rochfort and
colleagues (Rochfort, Ezernieks, Bastian, & Downey, 2010)
used 800 MHz "H NMR spectroscopy for the Cabernet
Sauvignon and Shiraz varieties of the Sunraysia region of
Australia to study the effect of grape variety on the sen-
sory attributes of wines. The 0.5 to 5 ppm spectral region
was used to evaluate the relevant variables using PCA and
PLS-DA. The classification results was in agreement with
the ones obtained by sensory analysis. Ali et al. applied 'H
NMR spectroscopy to 59 white wine samples (Riesling and
Miiller-Thurgau) from the German Palatinate region using
PCA with Pareto scaling, PLS, and Orthogonal projections
to latent structures with Unit Variance (UV) scaling for sta-
tistical data analysis (Ali, Maltese, Toepfer, Choi, & Ver-
poorte, 2011). It was possible to identify which specific
components contributed most to the differences in quality,
varieties, and vintage. Koda, Furihata, Wei, Miyakawa, and
Tanokura (2012) applied NMR spectroscopy-based profil-
ing ("H NMR and F,-selective TOCSY) to rice wine sam-
ples, using bucketing and normalization to a constant sum
as data preprocessing and then performed PCA, which pro-
vided information on which varieties of raw materials were
used in the wine production. Hu and colleagues used 'H
NMR spectroscopy in combination with multivariate sta-
tistical analysis (PCA and PLS-DA) and HCA to study the
genotype of various grape varieties, such as Merlot, Ruby
Cabernet, Syrah, and Zinfandel and were able to separate
the varieties that differ in components associated only with
genetic differences (Hu et al., 2015). Geana et al. (2016) ana-
lyzed 56 samples of red wines using NMR spectroscopy
coupled with LDA. This study has shown a differentia-
tion between varieties, such as Cabernet Sauvignon, Mer-
lot, Feteasca Neagra, Pinot Noir, Mamaia as well as differ-
ent vintages. Wine evolution in amphorae was also stud-
ied by Baiano et al. (2015) using a combination of methods
including NMR fingerprinting in order to determine the
container effect. Fan et al. (2018) subjected 99 red and 71
Chinese white wine samples to NMR analysis with subse-
quent segment-wise peak alignment followed by PCA and
LDA for separating red and white wine samples as well as
different varieties. The average correct classification rates
for red and white wines did not differ significantly using
internal leave-one-out cross-validation (LOOCYV, 82% and
94%, respectively) as well as external repeated double ran-
dom cross-validation (RDRCYV, 83% and 90%, respectively).
In one of the latest studies by Hu et al., the effect of various
yeasts in Chardonnay wines from China were investigated
by nontargeted 'H NMR spectroscopy and PCA/PLS-DA
(Hu, Cao, Zhu, Xu, & Wu, 2019).
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2.3 | 1BC NMR spectroscopy and other
approaches

Quantitative *C NMR spectroscopy has some specialties.
The 13C atoms couple with the bound protons and complex
splitting occurs. For recording of 1*C spectra, protons are
therefore usually decoupled so that only one signal (sin-
glet) is obtained per chemically different '*C atom. For
quantitative investigations complete relaxation is impor-
tant, which is why for some carbons pulses should be fol-
lowed by very long waiting times. Another effect that influ-
ences quantitative 3C NMR spectroscopy is the nuclear
overhauser effect (NOE effect, polarization transfer from
protons to 3C), which is produced when the protons are
decoupled and can be different for different C atoms.
The amplification of individual signals can lead to over-
or under-indications of the relevant ingredients (Zerbe &
Jurt, 2013).

13C NMR spectroscopic analysis of wines and musts has
been used to analyze main constituents such as ethanol
and glycerol, but also for the determination of substances
present in lower concentrations such as amino acids or
some other organic acids (Chon, Poulard, & Rabiller, 1996).
Despite the simple sample preparation and elegant mea-
surement, without interference from the dominant water
signal, the application of *C NMR spectroscopic analysis
of alcoholic beverages for quantification of ingredients has
not been intensively pursued since the late 1980s (Rapp
et al., 1988).

Another special application of *C NMR spectroscopy is
the determination of the site-specific *C/'2C ratios in the
two positions of the ethanol molecule (Caer, Trierweiler,
Martin, & Martin, 1991; Jezequel, Joubert, Giraudeau,
Remaud, & Akoka, 2017). This technique corresponds, in
principle, to 2H SNIF NMR spectroscopy, although site-
specific determination of carbon requires an IRMS anal-
ysis of the absolute '*C/!2C ratios of ethanol in addition
to the sophisticated NMR measurement, as so far it has
been impossible to use an internal NMR standard for the
direct calculation of the 3C/C ratios (Thomas et al.,
2010; Zhang, Trierweiler, Jouitteau, & Martin, 1999). Very
recently a new approach was presented which includes the
use of an internal standard and the combination of quanti-
tative'H NMR and '*C NMR (Jezequel et al., 2017) for inter-
nal calculation. However, to date, the site-specific 13C ratio
in ethanol only gives limited information for the apprecia-
tion of certain products deriving from Crassulacean acid
metabolism plants, e.g., pineapple, in which the 3C/*2C
ratio of the two positions is different compared with cane
sugar or maize alcohol (Thomas et al., 2010). It has been
used only occasionally for wines so far (Gilbert et al., 2011),
but it has not revealed more information compared with
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the global 3C/'2C ratio of ethanol obtained by IRMS in
terms of vine water status, for example (Guyon et al., 2015).

Additional developments were proposed, such as combi-
nations of NMR spectroscopy with other well-established
analytical methods. One example is the parallel applica-
tion of stable isotope ratio analysis and 'H NMR spec-
troscopy (Monakhova et al., 2014), where over 1,300 wine
samples were analyzed by 'H NMR spectroscopy, and
over 700 of these were additionally investigated using
SNIF NMR spectroscopy as well as IRMS (D/H, *C/*2C,
and '80/'90). Subsequently, the collected data were pro-
cessed using the LDA, PLS-DA, FDA, and ICA statistical
techniques. Here, the evaluation of fused analytical data
resulted in a significant improvement of the ability to iden-
tify the geographical origin and vintage compared with the
statistical analysis of distinct data sets.

Another development occurred in 2017, when lig-
uid chromatography (LC)-solid-phase extraction (SPE)-
NMR spectroscopy was combined with mass spectrome-
try (specifically, time-of-flight mass spectrometry) (Kessler
& Godejohann, 2018). Here, 'H NMR spectroscopy func-
tioned in combination with the other techniques as part
of the computer-assisted structure elucidation system.
Apart from the usual 1D proton experiments, the authors
employed 2D correlational experiments such as ['H, C]
heteronuclear single-quantum correlation (HMBC) and
['H, 3C] heteronuclear multiple bond correlation (HMBC)
to identify new markers in Corvina and Primitivo wine
samples. Though the procedure is quite lengthy, the struc-
ture elucidation is automatic and user-friendly. Identifica-
tion of new compounds in such complex organic mixtures
as wines will aid in further honing the available detection
arsenal.

Another recent study demonstrates the potential of 'H
NMR spectroscopy in combination with GC-MS for deter-
mining various metabolites and aroma components, in
order to differentiate between several types of yeasts used
for the production of sparkling wine samples (Schmitt
et al., 2019). In addition, '"H NMR spectroscopy was suc-
cessfully used as a reference method for *C NMR spec-
troscopy, to determine the quantities of several fructose
isomers and ethanol in wine (Colombo, Aupic, Lewis, &
Pinto, 2015).

2.4 | Commercial application

As mentioned in the introduction, around ten years ago,
the Bruker Corporation developed a 400 MHz NMR
spectrometer-based automated quality control tool for fruit
juices, initially called “SGF Profiling” (Humpfer et al.,
2009; Spraul et al., 2009), which is now available on the
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market as “JuiceScreener” (Monakhova et al., 2014). It
combined both quantitative (targeted) and nontargeted 'H
NMR analysis, and it turned out (Spraul et al., 2009) that
the technique employed for juices could also be used for
other food products, provided that they are soluble or at
least semisoluble. Quite soon afterward, Bruker released
the “WineScreener” or “Wine Profiling” system (Hof-
mann, 2015), which can quantify over 50 parameters with
only one measurement; then, via subsequent statistical
analysis it is possible to verify the geographical origin of
wine products on a countrywide scale and, within a coun-
try (Link, Spraul, Schaefer, Fang, & Schuetz, 2013), the
grape variety and vintage of worldwide wine samples.
The “WineScreener” system follows a standardized and
widely automated workflow. Sample preparation is rather
simple. It consists of the addition of a buffer solution to the
wine sample and a subsequent adjustment of the pH value
to 3.1 by adding an acidic or alkaline solution. Afterward,
an aliquot of the solution is transferred into a NMR tube
and subjected to 'H NMR data acquisition (400 MHz spec-
trometer). Four experiments with different pulse programs
and acquisition and processing parameters are performed
automatically. The statistically evaluated NOE spectrum
is recorded with 32 scans and 8-fold signal suppression of
water and ethanol methylene and methyl group signals.
After recording the spectra file in the laboratory, in the
routine workflow, all spectra files together with the
respective wine properties are sent to a centralized data
evaluation process. This fully automated process results
in quantitative for certain ingredients and predicts wine
properties in a report file to the customer. Besides this
routine-friendly workflow, the “WineScreener” system
relies on a reference database composed of wine spectra
from various varieties, origin, and vintages. For example,
as of 2015 it contained 13,000 spectra for five countries
and regions (Germany, Austria, France, Italy, and Spain)
(Minoja & Napoli, 2014; Spraul, Link, Schaefer, Fang, &
Schuetz, 2015), and about 19,000 entries as of 2019. These
reference data are used to plot a distribution of quantitative
parameters for comparable wines as well as to create and
validate statistical models for wine properties prediction.
The “WineScreener” system relies on standardized and
automated chemical and data analysis routines in conjunc-
tion with a reference database. This commercial, ready-to-
use system has the advantage that only a '"H NMR mea-
surement of the wine sample is needed to assess multi-
ple aspects of wine composition, quality, and adulteration.
The system was created to be “lab-, user- and instrument-
independent” within one vendor of course (Spraul et al.,
2015), but a strict protocol must be followed, and in addi-
tion certain specified equipment (e.g., suited type of spec-
trometer) of one vendor is a prerequisite. It can analyze
many samples within a short time (about half an hour

per sample measurement). The data analysis, combined
with the cost of the samples, is licensed and performed
without user interaction in a closed workflow that also
includes the use of a comparison database owned and
maintained by the provider. Thus, the “WineScreener” sys-
tem offers a user-friendly solution for routine applications,
even though, on the one hand, it lacks full transparency
within the data evaluation process and, on the other hand,
the evaluation is based on a proprietary database operated
by a private company. These two factors are currently lim-
iting its use in official wine controls.

3 | CHALLENGES AND FUTURE
PERSPECTIVES
3.1 | Validation concepts, quality

assurance, and harmonization

A prerequisite for the application of an analytical method
in official wine control is its recognition as a validated
method by the standardization body, which, for wine, is the
International Organization for Wine and Vine (OIV). Cur-
rently, the only NMR spectroscopy-based approach that
is recognized as an official method to verify the authen-
ticity of wine is the SNIF NMR spectroscopic method. It
was adopted in the 1990s by the European Commission
(1990, 2009), and also by the International Organization
of Vine and Wine (OIV, 2019¢). 'TH NMR spectroscopy-
based methods for wine authentication have not been rec-
ognized as official standards, yet. However, several steps
have already been taken. A 'H NMR method comparable
to the operating principle of the “WineScreener” system,
comprising both quantitative and fingerprinting analysis,
has been successfully applied in scientific wine authen-
tication studies. Bruker laboratories received its “Wine-
Profiling” accreditation according to ISO/IEC 17025 in
2016 (Deutsche Akkreditierungsstelle GmbH, 2019) and
the technology is now offered by various companies, in
the form of contract analysis. A first step for the vali-
dation of the targeted approach was taken in a collabo-
rative wine compound quantification study published in
2016 (Godelmann et al., 2016). In this ring trial, 15 labo-
ratories from various countries quantified six parameters
(glucose, malic, acetic, fumaric, shikimic, and sorbic acids)
in 10 wine samples. Quantification of the six target ana-
lytes was done by manual integration of selected signals
independent from the automated data evaluations of ser-
vice providers. The obtained precision parameters were
acceptable according to established criteria. The authors
claim that the method is suitable for white, red, and rosé
wine types alike. Currently, this “Quantitation of glucose,
malic acid, acetic acid, fumaric acid, shikimic acid and
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sorbic acid in wine using proton nuclear magnetic reso-
nance spectroscopy” targeted method is in the final dis-
cussion phase within the OIV, pending its approval as the
official method (Herbert-Pucheta, Mejia-Fonseca, Zepeda-
Vallejo, Milmo-Brittingham, & Maya, 2019). Generally,
adoption of proprietary methods by standard-setting orga-
nizations such as Codex Alimentarius or the OIV requires
compliance with special provisions (Food and Agricul-
ture Organization of the United Nations & World Health
Organization, 2018), whereas here the discussion concerns
only the targeted application for the six analytes, indepen-
dent of one NMR vendor. Although the validation of the
targeted approach is (more or less) straightforward, as it
relies on traditional validation parameters such as limit
of detection, limit of quantification, measurement uncer-
tainty, accuracy with precision and trueness, the validation
of the nontargeted approach is still challenging (Esslinger
et al., 2014, 2015; Fauhl-Hassek, 2019; Riedl et al., 2015),
as it lacks a commonly accepted, standardized procedure.
In particular, there is a need for transparent model vali-
dation approaches, including algorithm independent per-
formance parameters, and a need for robustness verifica-
tion including long-term stability. Moreover, the databases
which the predictions rely on need to be clearly charac-
terized. There are few examples that present validation
strategies for authentication methods based on nontar-
geted approaches (Alewijn, van der Voet, & van Ruth, 2016;
United States Pharmacopeia, 2019). Their generalization
still needs to be demonstrated. The recognition of wine
authentication methods based on nontargeted approaches
might therefore have still a long way to go.

In addition to the validation of the analytical meth-
ods, quality assurance measures need to be established
in routine analysis and official control laboratories. Here,
in particular, maintenance strategies for the nontargeted
approaches are needed to follow the long-term perfor-
mance of multivariate models and update the models, if
required. A possible solution to achieve quality assurance
for nontargeted approaches is the inclusion of quality con-
trol samples. Their composition should be similar to that
of the authentic samples being investigated, so that they
can serve as performance control for the whole approach
(including sample preparation and NMR measurement)
with regard to repeatability and variance, as well as to time-
dependent drifts. Generally, the QC sample should have a
certain shelf life and the stability of the matrix itself must
be established. This is difficult because most foods are sub-
ject to alteration and spoilage over a certain period of time
(Esslinger et al., 2014). Due to the fact that, especially in
case of nontargeted analysis, the whole metabolome of the
QC sample is used for evaluation, the aspect of spoilage
and alteration, and its connected changes in the compo-
sition of the QC sample, have to be considered carefully.
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There are only a few studies dealing with the implemen-
tation of quality assurance measures or the analyses and
assessment of a QC sample in nontargeted analysis. Sang-
ster and colleagues described a possible method to verify
the readiness of the system for measurement, with a QC
sample and subsequent exploratory data analysis (PCA).
Unfortunately, this evaluation of measurement results is
not based on fixed limit values (transferable to other areas
or laboratories), but on the professional assessment of the
analyst, so it is both uncertain and subjective. Here, the
basic prerequisite for a reliable mathematical model is that
the variance of the QC sample replicates (sample prepa-
ration and measurement) must be smaller than the natu-
ral variance of the “authentic” samples (Sangster, Major,
Plumb, Wilson, & Wilson, 2006).

3.2 | Accessibility and applicability of
data processing tools and workflows

To profit from the advantages of 'H NMR spectroscopy
in routine applications and official controls, technical
progress is needed in the joint processing of spectra data.
Although wine sample preparation is quite simple and 'H
NMR spectroscopic measurement is fast and robust, data
evaluation is complex and in most cases not yet routine-
friendly. As previously discussed, so far, one proprietary
solution is known that demonstrates the proof-of-principle
for a routine-friendly wine authentication workflow. It
relies on a solid standardized protocol from sample prepa-
ration to NMR measurement performed by the spectro-
scopist, followed by an automated spectra evaluation on a
central proprietary platform. In this case, the user-friendly
data evaluation process has strong limitations with regard
to transparency. Meanwhile, many data evaluation tools
have been developed that are often based on open-source
scripts and that can be run in pipelined workflows, with
various levels of user-friendliness.

The data evaluation process, from NMR spectra
acquisition to prediction of wine properties, comprises
several steps of spectra processing, data processing
and statistical modeling for which a wide range of
software tools are available. Recent reviews critically
discuss these workflow steps and suitable bioinformatics
tools for complex biological mixtures (Emwas et al., 2018;
Mendez, Pritchard, Reinke, & Broadhurst, 2019; Puchades-
Carrasco, Palomino-Schitzlein, Pérez-Rambla, & Pineda-
Lucena, 2016; Ulaszewska et al., 2019). In research studies,
it is currently common practice to combine several vendor
and vendor-independent software solutions to perform
processing and statistical analysis. Commercial GUI-based
software such as AMIX and Assure (Biospin Corpora-
tion, Billerica, MA, USA), MNOVA (Mestrelab Research,
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Santiago de Compostela, Spain), SIMCA (Sartorius-
Umetrics, Umed, Sweden), Unscrambler (Camo Analytics,
Oslo, Norway) as well as commercial command-line soft-
ware such as MATLAB (MathWorks, Natick, MA, USA)
are used. Moreover, a number of open-source packages
have been developed based on the R programming lan-
guage, distributed under the GNU General Public License
(R Core Team, 2020), that are capable of spectra and data
processing and/or statistical analysis of 'H NMR spectra.
For an overview of selected R packages see Table 1; for a
more comprehensive collection, please refer to Hanson
(2020). The available command-line tools span a wide
range of functions and algorithms that can be combined
to create flexible data evaluation processes. However,
this requires thorough knowledge of the programming
languages, which often prevents practitioners from using
such tools.

To improve usability, web-based open-source tools
such as MVAPACK (Worley & Powers, 2014), Work-
flow4Metabolomics (Giacomoni et al., 2015), or NMR-
procflow (Jacob, Deborde, Lefebvre, Maucourt, & Moing,
2017), were developed, to, among other things, pro-
cess and statistically analyze NMR spectroscopy-based
metabolomics data in user-friendly workflows. Hereby,
NMRprocflow overcomes some of the limitations of the
steady web-based workflow tools. For instance, it allows a
flexible combination of spectra and data processing steps
for distinct chemical shift ranges and provides, in addi-
tion to the web-based access, processing capacity on a vir-
tual machine and an R package for individual processing
scripts.

With regard to these current developments, a combi-
nation of a web-based evaluation portal with underlying
open-source scripts seems promising in order to create
a transparent, flexible, and user-friendly data evaluation
process for the specific application of wine authentication.

3.3 | Datarepositories

Regardless of whether the analysis is performed in a tar-
geted or nontargeted way, a building block of wine authen-
tication using NMR spectroscopy is in most cases (except
the verification of regulated maximum values) the com-
parison of the analytical results/measured data with a
database (i.e. empirical values resulting from the analy-
sis of a large number of other comparable and authen-
tic samples). The “empirical” values are usually based
on data/databases that are as representative as possible
(Donarski, Camin, Fauhl-Hassek, Posey, & Sudnik, 2019).
These databases are indispensable, especially for nontar-
geted analysis and stable isotope analysis by NMR spec-
troscopy. The reason for this is that, among other things,
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the large variation of the samples (due to storage, vintage,
oenological procedures, etc.) directly influences the mea-
surement results/spectral information and thus the quality
of mathematical models (increasing uncertainty of predic-
tion ability).

However, the development of food authenticity
databases is usually associated with certain requirements
and hurdles (Donarski et al., 2019), especially considering
the increasing need not only to manage and use data as
an individual solution in one’s own laboratory, but also to
share them with other parties or actors in the food chain.
Issues such as the definition of uniform data exchange
formats and infrastructures, the choice of suitable stan-
dards and software to operate these databases, rights of
use and licenses, determination of the institution respon-
sible for maintenance, compliance with data protection
regulations, and much more need to be resolved.

Basically, there are two approaches to database systems:
(a) central database and (b) distributed/decentralized data
storage. It is becoming increasingly apparent that central
databases are no longer able to meet current and future
requirements (i.e., due to limited scalability and the lack
of data sovereignty of data owners).

Based on this, there are various studies and projects
investigating the development of relevant structures
and systems, i.e., EU projects Oleum (https://www.
oleumproject.eu/), Food Integrity (https://secure.fera.
defra.gov.uk/foodintegrity/index.cfm), COSMOS (https:
//cosmos-fp7.eu/index.html), MEDIFIT (https://prima-
med.org/results-of-the-call-prima-section-1-2019/), as
well as national projects such as the FoodAuthent project
(https://www.foodauthent.de/web/guest/home).

4 | CONCLUSION

'H NMR spectroscopy is a powerful tool for the analysis of
food products, and of wine in particular, as demonstrated
by multiple studies. This technology makes the analysis
fast, in principle nondestructive and requires less sam-
ple treatment before measurement compared with classi-
cal chromatographic and mass spectrometric methods. It
even has certain advantages over the classic “H SNIF NMR
spectroscopy. The 2H SNIF NMR spectroscopy approach is
well established in official wine control and the isotopic
information offers unique authentication of key features
particularly in terms of the detection of nonauthorized
chaptalization.

Wine authentication examples based on targeted as well
as nontargeted '"H NMR spectroscopic approaches show
great potential for the fast identification of suspicious sam-
ples in official wine control, although up to now no meth-
ods have been adopted by standardization bodies.
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Currently, these techniques are not used on their own
by control authorities to reject wines but they play a grow-
ing role as screening tools, indicating those samples that
need to be investigated further with other official meth-
ods of analysis or traceability approaches. From an official
control perspective, the current wine authentication pro-
cess offered by the WineProfiling has its weaknesses with
regard to the reliability and transparency of the entire data
evaluation process and the reference databases. To pro-
mote the harmonization of this valuable approach there is
a need for:

* accepted validation concepts for the targeted and non-
targeted approach (includes quality parameters for anal-
ysis, spectra, etc.),

» standardized data evaluation processes integrated in
transparent and user-friendly data processing work-
flows, and

* solutions for the joint usage and management of spectra
collections.

Therefore, further efforts and the collaboration of multi-
ple accredited international laboratories are necessary for
official recognition and for the testing of the trustworthi-
ness of this method.
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