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ABSTRACT: A novel fluorescence approach to monitor the evolution of anthocyanins and derivatives in red wine was
developed. Some red table wines and Port wine with different vintage years were first tested with the aim to determine the ideal
fluorescent conditions. The fluorescence contribution of both monomeric and polymeric anthocyanins was studied by comparing
their emission spectra. By measuring the F,yy/Fs4, ratio on different wine samples and applying an inverted exponential function,
it was possible to estimate the monomeric/polymeric anthocyanin absorbance ratio that is proportional to the relative content of
the two classes of compounds. The methodology was further developed by using pure compounds representative of monomeric
anthocyanins and anthocyanin—pyruvic acid adducts, namely, by using malvidin-3-O-glucoside and vitisin A. A fluorescence
excitation ratio (FERysq,s50) Was considered for estimating the absorbance ratio between vitisin A and malvidin-3-O-glucoside.
Overall, this work aims to use fluorescence to monitor the evolution of anthocyanin derivatives and to distinguish them from
their anthocyanin precursors, thereby allowing the evolution of anthocyanin pigments during wine aging to be monitored, but it
also may be useful to determine age markers or even geographical markers.
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B INTRODUCTION

The color of red wine and its changes during wine storage and
aging are associated with the chemical reactions involving
anthocyanins. Anthocyanins are soluble pigments that are
extracted from the red grape skins during maceration and
fermentation." These molecules are highly reactive and are
readily involved in chemical reactions with other red wine
components such as aldehydes or polyphenols (e.g., tannins),
yielding new anthocyanin derivatives.”'® Both anthocyanins
and anthocyanin-derived pigments contribute to the color of
young red wines and play a crucial role in color evolution
during aging.

Among the different classes of anthocyanin derivatives
formed during winemaking and aging, anthocyanin—pyruvic
acid adducts appear to be the major class of compounds
detected by HPLC after only 1 or 2 years of aging in Port
wine."!

A proper monitoring of anthocyanin pigments is critical
because of the impact that some of these pigments may have on
the overall color displayed by red wine. Such monitoring can be
made in the grape skins during ripening (maturation control)
or directly in red wine.'> The methods employed usually rely
on spectrog)hotometric assays or, more accurately, HPLC
analysis." "> In the case of the analysis in grapes, those methods
are destructive.

The nondestructive monitoring of anthocyanin compounds
during the wine aging phase would represent a significant
technological improvement in enology. Spectroscopic optical
methods are well suited for this purpose, once the optical
properties of the compounds to be monitored are known.
Reflectance spectroscopy in the visible—NIR spectral range and
colorimetry are largely employed to get information on the
anthocyanin content and other parameters of wine, mainly
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associated with chemometric analyses.'* Fluorescence spec-
troscopy of wine has been much less studied. It can add useful
information on specific molecules and can be more sensitive
than reflectance.

In general, anthocyanins are weakly fluorescent in solution (a
fluorescence quantum yield of 4.1 X 107> for malvin was
previously reported"”), probably because of the efficient excited
state proton transfer to water.'¢ However, aggregation or
complexation to other molecules can induce a significant
fluorescence of the resulting anthocyanin-derived compound.

Recently, the high excitation laser intensity of a confocal
microscope allowed for the detection of anthocyanin red
fluorescence, with excitation in the green, in anthocyanin-
containing plant cells.'” In this way, anthocyanin fluorescence
was used to study the anthocyanin intracellular transport in
grapevine cells'® or to visualize the dynamics of the vacuole in
red onion epidermal cells."

Red fluorescence detected directly in red wine was also
reported, but without explanation of the origin of this
emission.”’

In this study, a fluorescence approach to monitor the
evolution of anthocyanins and derivatives in red wine was
attempted. First, some red table wine and Port wine samples
were tested, and the technique was further developed by using
pure compounds representative of anthocyanins and anthocya-
nin—pyruvic acid adducts, namely, by using malvidin 3-O-
glucoside and vitisin A (Figure 1).
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Figure 1. Chemical structures of malvidin 3-O-glucoside (Mv 3-O-glc)
and malvidin 3-O-glucoside—pyruvic acid adduct (vitisin A).

B MATERIALS AND METHODS

Wine Samples. The studied wines were four red Port wines from
different vintage years (2009—2012) and two red table wines from two
different vintages years (2011 and 2012) made from a mixed variety of
grapes (Vitis vinifera) grown in the Douro Demarcated Region
(northern Portugal): 2009 Port wine (alcohol 19.1% (v/v), pH 3.54,
anthocyanins 18.6 mg/L, anthocyanin—pyruvic acid adducts 11.7 mg/
L); 2010 Port wine (alcohol 19.43% (v/v), pH 3.50, anthocyanins 19.5
mg/L, anthocyanin—pyruvic acid adducts 16.1 mg/L); 2011 Port wine
(alcohol 19.19% (v/v), pH 3.65, anthocyanins 101.1 mg/L,
anthocyanin—pyruvic acid adducts 18.6 mg/L); 2012 Port wine
(alcohol 18.63% (v/v), pH 3.70, anthocyanins 279.8 mg/L,
anthocyanin—pyruvic acid adducts in trace amounts); 2011 table
wine (alcohol 15.70% (v/v), pH 3.76, anthocyanins 504.2 mg/L,
anthocyanin—pyruvic acid adducts in trace amounts); 2012 table wine
(alcohol 14.68% (v/v), pH 3.80, anthocyanins 1362.2 mg/L,
anthocyanin—pyruvic acid adducts in trace amounts).

Malvidin 3-O-Glucoside Isolation. Malvidin 3-O-glucoside was
obtained from a grape skin extract according to what is reported
elsewhere.”"*> The purity of malvidin 3-glucoside was confirmed by
HPLC-DAD/MS and NMR.

Malvidin 3-O-Glucoside—Pyruvic Acid Adduct Synthesis and
Purification. The synthesis of malvidin 3-O-glucoside—pyruvic acid
adduct was obtained through the reaction of malvidin 3-O-glucoside
with pyruvic acid according to the procedure described in the
literature.”> The purity of the compound was assessed by HPLC-
DAD/MS and NMR.

Isolation of Polymerized Anthocyanins. Polymerized antho-
cyanins were isolated from a 2-year-old red Port wine made from
grapes of Touriga Nacional variety (V. vinifera) grown in the Douro
Demarcated Region (northern Portugal) aged in bottle for 18 months
[pH 3.5, 20% alcohol (v/v), total acidity 5.3 g/L, total SO, 22 mg/L].
The Port wine was fractionated by TSK Toyopear]l HW-40(S) column
chromatography using different aqueous solutions with increasing
percentages of methanol up to 100% (v/v).>* The obtained fractions
were analyzed by HPLC-DAD/MS,** and the fraction containing the
polymerized anthocyanins was the fraction obtained with 100% (v/v)
methanol (data not shown).

Spectroscopic Measurements. Anthocyanins were directly
dissolved either in an aqueous solution, containing 12% of ethanol,
adjusted to pH around 1.0 by adding HCI, or in 0.1 M acetate buffer at
pH 3.3 containing 12% of ethanol. At pH 1.0, only the flavylium cation
form is known to be present. The pH 3.3 solution, containing 12% of
ethanol, was used to simulate the acidic and alcoholic conditions
usually found in wine.

Fluorescence (emission and excitation) spectra were measured by a
Cary Eclipse spectrofluorometer [Agilent Technologies, Cernusco sul
Naviglio (MI), Italy] in a 10 X 10 mm quartz cuvette, diluting the
sample solutions to have an absorbance of about 0.1 in the 500—520
nm spectral region. Wine samples were diluted with the pH 3.3
solution. All fluorescence spectra were corrected for the spectral
response of the spectrofluorometer emission and excitation units.
Absorbance spectra were recorded by a Jasco model V-560
spectrophotometer (Jasco, Tokyo, Japan).
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Figure 2. Fluorescence emission spectra for excitation at S00 nm of
aged (2009) Port wine (solid line) and young (2012) table wine
(dashed line) diluted with aqueous/EtOH solution at pH 3.3 (A);
polymerized anthocyanins (solid) and malvidin 3-O-glucoside (Mv 3-
O-glc, dashed) in aqueous/EtOH solution at pH 3.3, (inset)
normalized spectra (B); normalized spectra of wines and young
wine with the addition of polymerized Anth or treated with Na,S,0¢
(C). Emission spectra, average of three independent measurements,
were corrected for differences in absorbance at S00 nm and smoothed.

B RESULTS AND DISCUSSION

Fluorescence Features of Red Wine Samples. During
aging, red wine anthocyanins undergo several chemical
reactions yielding new anthocyanin derivatives that display
different spectroscopic features resulting in color changes.
Because anthocyanins are weakly fluorescent in solution,
fluorescence spectroscopy of red wine has been poorly studied.
Nevertheless, it can add useful information on specific
molecules and can be more sensitive than reflectance as a
result of aggregation or complexation to other molecules
(including new derivatives) that can induce a significant
fluorescence of the resulting anthocyanin-derived compound.

Therefore, the fluorescence band in the red spectral region of
wines with different aging periods was assayed. The emission
spectra of a 2012 young table red wine and a 3-year-old Port
red wine, under excitation at 500 nm, are reported in Figure 2.
The aged wine fluorescence peaked at about 595 and 30 nm
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Figure 3. Relationship between the F,y/Fsg fluorescence ratio and
the absorbance ratio of monomeric and polymeric Anth compounds.

Table 1. F,y,/Fsq, Ratio of Different Wine Samples and
Resulting mon-/pol-Anth Absorbance Estimated by
Applying the Exponential Function Determined in Figure 5§

wine sample Fo00/Fsgo mon-/pol-Anth absorbance
table wine 2012 0.99 5.75
table wine 2011 0.73 1.80
Port wine 2012 0.70 1.49
Port wine 2011 0.68 1.20
Port wine 2010 0.61 0.42
Port wine 2009 0.60 0.32
young wine 0.87 3.66
young wine + pol-Anth 0.64 0.74
young wine + Na,$,05 0.58 0.12

Absorbance
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Figure 4. Absorption spectra of malvidin 3-O-glucoside (Mv 3-O-glc)
and its pyruvic acid adduct (vitisin A) in aqueous/EtOH solution at
pH 1.0 and 3.3. Spectra were normalized to their maximal absorbance
in the green band.

shifted toward shorter wavelengths with respect to that of
young wine (peak at 625 nm).

Aged wines usually contain larger amounts of polymerized
anthocyanin (pol-Anth) pigments and lesser amounts of
monomeric anthocyanin (mon-Anth) pigments compared to
young wines.”® It is likely that this different composition is
reflected in the wine emission spectra.26 Indeed, we found that
the fluorescence band of pol-Anth isolated from wine and
dissolved into the pH 3.3 ethanolic solution was quite similar
(peak at 597 nm) to that of aged wines (Figure 2B). The pol-
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Figure S. Fluorescence emission spectra of malvidin 3-O-glucoside
(Mv 3-O-glc) and of its pyruvic acid adduct (vitisin A) in aqueous/
EtOH solution at pH 1.0 and 3.3. Emission spectra, the average of
three to five independent measurements, were corrected for
differences in absorbance at 500 nm and smoothed.

Anth fluorescence is much more intense than that of a solution
of malvidin 3-glucoside (Mv 3-O-glc) at pH 3.3, used as
standard for mon-Anth, as reported in Figure 2B for solutions
at the same absorbance at 500 nm. The normalized spectra
show a bathochromic shift of about 40 nm for mon-Anth with
respect to pol-Anth (Figure 2B, inset).

When an aliquot of pol-Anth was added to the young wine
sample, a hypsochromic effect was induced and the
fluorescence spectral shape of the resulting mixture became
similar to that of the aged wine (Figure 2C). Furthermore,
treating the young wine with sulfur dioxide yielded again a shift
of the fluorescence spectrum to shorter wavelengths to match
the spectrum of old Port wine (Figure 2C). This is due to the
formation of colorless and nonfluorescent comyounds by the
reaction between sulfur dioxide and mon-Anth.”” In the case of
pol-Anth, they remain unbleached because the physical site of
sulfite binding is the same site engaged in the Anth
polymerization.*®

Considering this, we can assume that the fluorescence band
in the red spectral region of wines, under excitation at 500 nm,
is due to the linear combination of the two main contributions
from pol-Anth and mon-Anth pigments, as follows:

P = B 4

The fluorescence contribution of mon-Anth arises mainly
from Mv 3-O-glc. Hence, by comparing the emission spectra of
pol-Anth and Mv 3-O-glc (Figure 2B), it was observed that the
large difference present at shorter wavelengths around 550—
580 nm attenuated much when moving to longer wavelengths.
Therefore, it may be assumed that a fluorescence ratio between
these two spectral regions could be sensitive to changes in the
relative content of pol-Anth and mon-Anth compound classes.

To prove this, two aqueous solutions of pol-Anth and Mv 3-
O-glc were combined in different proportions, and the
fluorescence spectra of the mixtures were analyzed. The
fluorescence ratio F,y,/Fsq, between emission around 700 and
560 nm under excitation at 500 nm were plotted against the
absorbance ratio of Mv 3-O-glc and polymeric Anth
compounds (Figure 3). The absorbance ratio was calculated
considering the measured absorbance of the pure Mv 3-O-glc
and pol-Anth solutions and taking into account the Mv 3-O-
glc/pol (v/v) proportion used in each sample.
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Figure 6. Fluorescence excitation spectra for emission at 720 nm
(solid circles) and 600 nm (open circles) of malvidin 3-O-glucoside
(Mv 3-O-glc) (A, B) and vitisin A (C, D) in aqueous/EtOH solutions
at pH 1.0 (A, C) and pH 3.3 (B, D). Spectra with emission at 600 nm
are normalized to the peak value of spectra with emission at 720 nm.
Excitation spectra were corrected for differences in absorbance at 500
nm.

The relationship was found to fit well by an exponential
function (R* = 0.995), although a linear regression could also
be considered acceptable (R* = 0.98).

By measuring the F,y/Fs¢, ratio on different wine samples
and applying the above inverted exponential function, it was
possible to estimate the mon-/pol-Anth absorbance ratio that is
proportional to the relative content of the two classes of
compounds. The results of this analysis are presented in Table
1.

From the results obtained and shown in Figures 2 and 3,
older red wines are expected to have a lower F,/F;q, ratio and
a consequent lower mon-/pol-Anth A ratio. As seen from Table
1, this was indeed observed for the two table wines tested and
the four Port wines tested. Additionally, a young wine was
analyzed directly as well as in the presence of sodium bisulfite
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Figure 7. (A) Fluorescence excitation spectra of malvidin 3-O-
glucoside (Mv 3-O-glc) and vitisin A in aqueous/EtOH solution at pH
3.3 for emission at 640 nm. Solid line represents the difference
excitation spectrum between My and vitisin. (B) Fluorescence
excitation ratios between 550 and 425 nm (FERgs0/45) and between
350 and 425 nm (FERy5),4y5) as a function of absorbance of Mv 3-O-
glc and vitisin A, respectively. R* of linear regressions > 0.995.

or with polymerized anthocyanins. As expected, addition of
sodium bisulfite or polymerized anthocyanins decreased the
F,00/Fso and mon-/pol-Anth absorbance ratio. The addition of
sodium bisulfite results in the bleaching of monomeric
anthocyanins and hence a higher mon-/pol-Anth absorbance
ratio.

Both monomeric and polymeric anthocyanins include several
different kinds of pigments that are likely to present different
fluorescence features. It becomes extremely difficult and
complex to analyze all of these contributions as a whole.

Therefore, with the aim of better identifying the fluorescence
contribution of the different classes of anthocyanin pigments
present in red wine, more detailed assays were performed on
two pigments representative of monomeric pigments: Mv 3-O-
glc and vitisin A.

Spectroscopic Features of Mv-3-O-glc and Vitisin A.
Two representative of monomeric pigments, Mv 3-O-glc and
vitisin A, were selected to study the fluorescence properties of
anthocyanins and anthocyanin—pyruvic acid adducts. Malvidin
3-O-glucoside is the major anthocyanin detected in young red
wine, and vitisin A is the main anthocyanin-derived pigment
detected by HPLC after only 1 year of aging.''

The UV-—visible spectra of both pigments were first
determined to compare them and to analyze the particular
features arising from their different forms occurring in

dx.doi.org/10.1021/jf402398a | J. Agric. Food Chem. 2013, 61, 10156—10162
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Figure 8. (A) Fluorescence excitation spectra of malvidin 3-O-
glucoside (Mv 3-O-glc) and vitisin A in aqueous/EtOH solution at pH
3.3 for emission at 640 nm, with the presence of a fixed amount (A =
0.033) of pol-Anth. Volume/volume proportions of pure Mv and
vitisin starting solutions were 9:1 (solid line), 6:4 (dash-dot line), 4:6
(dot line), and 1:9 (dash line). (Inset) Relationship between
FERs0/425 and FERs3g0/455 as a function of Mv and vitisin absorbance,
respectively. (B) Relationship between FERjs)/s50 and the vitisin A/
Mv 3-O-glc absorbance ratio.

equilibrium. As already expected, the absorption spectrum of
Mv 3-O-glc was significantly dependent on the pH of the
solution. At pH 1.0, it showed a maximum absorption at 524
nm and shifted to 530 nm when the pH was raised to 3.3
(Figure 4). The enhanced absorption at longer wavelengths and
the small hump around 600 nm at the less acidic conditions are
likely due to the formation of the quinonoidal base. On the
other hand, the large increase in absorbance below 400 nm may
eventually be ascribed to the appearance of the hemiketal and
chalcone forms. In contrast to Mv 3-O-glc, the absorption
spectrum of vitisin A remained practically constant with the
main band peaked at around 510 nm and a secondary band at
370 nm (Figure 4).

The fluorescence spectrum of Mv 3-O-glc at pH 1.0 showed
a peak at 610 nm, which increased and shifted to 638 nm at pH
3.3. On the other hand, vitisin A showed a quite broad emission
band with highest values around 720 nm at pH 1.0, whereas at
pH 3.3 a significant increase in fluorescence was observed
around 630 nm (Figure $).

The fluorescence quantum yield of Mv 3-O-glc relative to
vitisin A was found to be 1.24 and 1.16 at pH 1 and 3.3,
respectively.

For both compounds and both pH values, a large Stokes shift
(>100 nm) between absorption and emission band maxima was

observed. This is due to the presence of an efficient excited-
state proton transfer (ESPT) from the excited flavylium cation
to water, forming the excited quinonoidal base that emits at
longer wavelengths.”” Even at pH 1, where the flavylium cation
is the only form present, the emission spectrum resulted from
the overlapping of two emission bands, one at shorter
wavelengths corresponding to the deactivation of the excited
acid form and the other at longer wavelengths due to the
relaxation of the excited base form. The increase in the
fluorescence intensity, for both Mv 3-O-glc and vitisin A, from
more to less acidic conditions can be explained by a pH-
dependent proton quenching.*

The presence of an excited-state deprotonation and emission
from the resulting base was confirmed by comparison of the
fluorescence excitation spectra recorded at 600 and 720 nm
(Figure 6). For Mv 3-O-glc at pH 1 the two excitation spectra
are properly overlapped (Figure 6A), meaning that both
emissions come from the same form. These spectra were
identical to the absorption spectrum of Mv 3-O-glc flavylium
cation (see Figure 4), indicating that the fluorescence is due to
the direct excitation of the flavylium form and the indirect
production of the excited base by ESPT.

At pH 3.3, the excitation spectrum of Mv 3-O-glc for
emission at 720 nm clearly deviates from that at 600 nm above
550 nm (Figure 6B). This means that a second fluorophore,
besides the flavylium cation, contributes to the total
fluorescence and that this contribution is likely due to the
direct excitation of the quinonoidal base in the steady state. In
fact, considering the pK, (3.20) of the flavylium—quinonoidal
base equilibrium,’" a significant concentration of the base is
likely to be present at pH 3.3. On the other hand, the
quinonoidal base possesses a significant absorption at 500 nm,
thus contributing to the emission in the red under this
excitation wavelength.'>*’

In the case of vitisin A, at both pH values (Figure 6C,D), a
good agreement was observed between the excitation spectra at
600 and 720 nm around the peak and on the long wavelength
side. This is consistent with the absence of large amounts of the
quinonoidal base at pH quite below the pK, (4.42).** Below
480 nm, the higher values of excitation for the 600 nm emission
compared to that of 720 nm probably derive from the tail of a
large emission excited at around 350 nm (data not shown).

Fluorescence Approach To Distinguish Mv 3-O-glc
from Vitisin A. From the difference excitation spectrum
between Mv 3-O-glc and vitisin A for emission at 640 nm
(Figure 7A), positive and negative maxima can be observed at
about 550 and 350 nm, respectively, and almost nil values
between 425 and 450 nm. Therefore, in a mixture of the two
compounds, the fluorescence excitation ratio (FER) between
wavelengths at the maximal difference and the isosbestic point
can be used to follow changes in their concentration. The linear
relationship between FERs /4,5 and FER3s,4,5 and absorbance
of Mv 3-O-glc and vitisin A, respectively, is shown in Figure 7B.
These were obtained by combining two aqueous solutions of
Mv 3-O-glc and vitisin A in different proportions and measuring
the fluorescence excitation spectra of the mixtures. The
absorbance of compounds was calculated considering the
measured absorbance of the pure starting solutions and taking
into account the Mv 3-O-glc/vitisin A (v/v) proportion used in
each sample.

The above fluorescence excitation indices can be useful to
follow the evolution of monomeric anthocyanins and their
pyruvic acid adducts in wine fractions free of the polymeric
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compounds. In whole wines, the strong contribution to
fluorescence by the pol-Anth (as previously analyzed) makes
it difficult to distinguish the two classes of pigments.

However, when a fixed aliquot of polymerized anthocyanins
was added to the Mv 3-O-glc/vitisin A mixtures, the linear
relationships between FER;sg425 (FER350/425) and Mv (vitisin)
absorbance were maintained (see inset of Figure 8A). The
differential changes of the excitation spectra as a function of the
different proportions between Mv 3-O-glc and vitisin A were
similar to those recorded in the absence of the pol-Anth (data
not shown). Decreasing and increasing the Mv 3-O-glc and
vitisin A contents produced a decrease of the 550 nm band and
an increase of the 350 nm band, respectively (Figure 8A).
FER;35/550 can therefore be considered related to the
absorbance ratio between vitisin A and Mv 3-O-glc, as reported
in Figure 8B.

Conclusions. The present work constitutes the first attempt
to use fluorescence to monitor the evolution of anthocyanin
derivatives and to distinguish them from their anthocyanin
precursors. This may allow not only the evolution of
anthocyanin pigments to be monitored during wine aging but
also the determination of age markers or even geographical
markers.

Nevertheless, although promising, more wine samples will
need to be tested to properly validate such methodology.
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