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H I G H L I G H T S

� Five monovarietal wines harvested at overripeness and processed with and without microwave (MW).
� MW improved polymeric pigment content in Cabernet Sauvignon, Malbec, and Syrah wines.
� In Nebbiolo and Pinot noir, MW had no effect on phenolics nor in chromatic characteristics.
� Dissimilar tannin to anthocyanin ratios produced wines with comparable polymeric pigment.
� MW-treated Cabernet Sauvignon wines showed improved sensory profile.
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A B S T R A C T

The effect of MW technology (1,200 Watts for 10 min) on the chemical and sensory composition of five mono-
varietal wines with different phenolic composition was studied relative to untreated Control wines. MW improved
polymeric pigment content by 30, 22 and 31% in Cabernet Sauvignon, Malbec, and Syrah wines, respectively, and
anthocyanin extraction and non-tannin phenolics by 24% in Malbec and Syrah wines, respectively. In Nebbiolo
and Pinot noir, MW had no effect on phenolics or chromatic characteristics. Anthocyanins in Nebbiolo wines were
the lowest and their pigment profile was composed of 18% pyranoanthocyanins, but tannins were the highest,
resulting in a tannin to anthocyanin ratio of 16. Pinot noir and Nebbiolo wines had comparable polymeric
pigment content, despite dissimilar tannin to anthocyanin ratios, suggesting different mouthfeel characteristics in
their respective wines. Conversely, wines of comparable tannin to anthocyanin produced wines of vastly different
polymeric pigment content. MW-treated Cabernet Sauvignon wines showed an improved sensory profile.
1. Introduction

Red wines own much of their sensory characteristics to phenolic
compounds, which are present on the skins and seeds of the berries of
Vitis vinifera L. and extracted during the maceration process of red
winemaking. The term “phenolic compounds” is used to describe
phenolic flavonoids, composed of a 15-carbon structure with a C6–C3–C6
configuration bearing hydroxyl and non-hydroxyl substitutions, as
opposed to nonflavonoids or simple phenols. Phenolic flavonoids, here-
tofore referred to as phenolic compounds, are very reactive and can
engage in both covalent and non-covalent reactions with other compo-
nents of the wine matrix. Phenolic reactivity is due to both the weak
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acidic character as well as the high electron density of the aromatic
phenolic rings, furthered by the presence of one or more electron-
donating hydroxyl groups (Fulcrand et al., 2006), which enables them
to undergo electrophilic substitutions. Electron delocalization and the
extended conjugated system of unsaturated bonds in the phenolic back-
bone also explain the light-absorption properties, and thus, the chromatic
characteristics of some of these molecules. Phenolic compounds are
located in the pulp or mesocarp of the berry, and, primarily in skins and
seeds. The pulp is rich in nonflavonoids, namely hydroxycinnamic acids
which are the substrates of enzymatic oxidations (Casassa, 2017).
However, skin and seeds are typically richer sources of phenolic com-
pounds. From a chemical and sensory standpoint, the flavonoid family's
cember 2022
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four most relevant phenolic classes in the skins and seeds of Vitis vinifera
L. berries are flavan-3-ols, flavonols, tannins, and anthocyanins (Casassa,
2017). Flavan-3-ols are low-molecular weight monomers mostly located
on the seeds, and once extracted into wine, can elicit bitterness (Thorn-
gate and Noble, 1995). Upon polymerization during grape ripening,
flavan-3-ols form tannins, and hence flavan-3-ols can be regarded as the
“building blocks” of tannins. Flavonols, of which the most abundant is
quercetin-3-O-glucoside, are confined to the skins, and act as copig-
mentation factors thereby influencing wine color through hyperchromic
and bathochromic shifts (Boulton, 2001). Flavonols may also be able to
elicit bitterness because of their low molecular weight and provide
astringency subqualities such as “velvety” (Hufnagel and Hofmann,
2008). Tannins are polymers of monomeric flavan-3-ols, located in both
seeds and skins of the grape berry. Tannins have molecular weight sizes
ranging from 5,000 to 22,000 DA in seeds and skins skin extracts,
respectively (Hanlin et al., 2011), sometimes referred as mean degree of
polymerization, or mDP. Upon wine consumption, wine tannins engage
non-covalently with a specific set of salivary proteins known as
proline-rich proteins, thereby precipitating them, and resulting in the
trigeminal tactile sensation of astringency. There is a vast array of
quantitative differences in tannin composition and concentration in red
wines as a function of the wine varietal. For example, in a set of 1,325
commercial wines, tannin concentration ranged from 30 to 1895 mg/L
among all wines measured (Harbertson et al., 2008). From a composi-
tional and sensory viewpoint, a recent study showed that, sensorially,
tannins in Cabernet Sauvignon wines were perceived as dryer and with a
longer duration of dryness than tannins in Pinot noir wines, which was
related to larger tannins in Cabernet Sauvignon wine (mDP of 6.3) than
in Pinot noir wines (mDP of 2.4) (Watrelot et al., 2019).

Anthocyanins are pigments responsible for the color of red wines and
are present as monomers of six glycosylated forms, namely malvidin,
cyanidin, petunidin, peonidin, delphinidin, and pelargonidin (He et al.,
2012). Glycosylation occurs at the C3 position whereas acylation at the C6
position of the glucose moiety by esterification with an aromatic (p-cou-
maric, caffeic, ferulic, and sinapic acids), or an aliphatic acid (acetic, malic,
malonic, oxalic, and succinic acids), renders the molecule more stable and
add purple and blue hues to the pigment features (Brouillard et al., 2003).
As with tannins, wines made from different grape cultivars show large
quantitative and qualitative variations in their anthocyanin profile. For
example, Cabernet Sauvignon wines are rich in acylated anthocyanins,
whereas Pinot noir may have total absence of acylated anthocyanins
(Dimitrovska et al., 2011). Nebbiolo, on the other hand, is particularly rich
in peonidin derivatives (Guidoni et al., 2002). Upon extraction into wines,
anthocyanins can react with low molecular weight carbonyl compounds
such as pyruvic acid or acetaldehyde, to form the so-called pyr-
anoanthocyanins. Anthocyanins can also react with tannins of various
molecular weights to give rise to polymeric pigments, which are key wine
components from both a chemical and sensory viewpoint. Polymeric pig-
ments are a heterogeneous family of winemaking artifacts that are not
originally present on grapes but formed duringwinemaking operations and
aging. From a sensory viewpoint, polymeric pigments provide stable color
during aging, and desirable mouthfeel characteristics (Weber et al., 2013).

The extraction and retention of phenolic compounds into wine is
modulated by multiple factors, including the grape cultivar, clone, and
rootstock, geographic origin and climatic conditions, degree of ripeness and
the maceration technique applied during winemaking. In general, phenolic
extraction and retention from grapes into wine increases with grape ripe-
ness up to a certain point, in such fashion that properly ripe grapes usually
display higher phenolic extractability than unripe ones (Garrido-Ba~nuelos
et al., 2019). Because phenolic extractability varies greatly both as a
function of grape maturity and vintage, there is a need to achieve a
consistent extraction of key phenolic compounds thereby counteracting
changes due to maturity levels at harvest time, vintage effects or disease
pressure. Numerous novel winemaking treatments are currently being
assayed to extract and retain specific phenolic classes. Among them, mi-
crowave technology (MW) applied to freshly crushed grapes is a novel and
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ecologically friendly alternative in winemaking, as it does not require water
input or any chemical aids, nor does generate any byproducts (Kwiatkowski
et al., 2020). MW technology may promote phenolic extraction by
enhancing mass transfer processes such as diffusion (Casassa et al., 2019a,
b), or indirectly by decreasing the activity of polyphenol-oxidases through
partial enzyme denaturation at the early stages of winemaking, thereby
preserving phenolics (Yuan et al., 2021). In Pinot noir, MW technology
produced a four-fold increase in tannin concentration, along with a
decrease in the native grape yeast-derived populations (Carew et al., 2013).
Another study reported that Merlot grapes harvested at three different
maturity levels and submitted to MW prior to alcoholic fermentation led to
initial early increases in wine color (from 175% to 300%), in unripe fruit,
with wines from riper fruit showing no positive effects upon treatment with
MW after 150 days post-crushing (Casassa et al., 2019a, b). In Dornfelder
wines, MW technology (1,200 Watts, 80 �C), increased the extraction of
total phenolics but no effect on color was observed in the finished wines
after maturation (Wojdyło et al., 2021). Finally, a recently published
multiyear study reported the effects of MW technology (1,200 Watts, 57
�C), applied to musts and stems from monovarietal Cabernet Sauvignon,
Merlot, and Syrahwines fromCalifornia (Casassa et al., 2022). In this study,
MW applied to musts resulted in a 278% enhancement in flavonol
extraction in Syrah wines, and overall improvements in the extraction of
monoglycosilated, acylated and anthocyanin-derived pigments of all the
wines. However, the previous study also reported little effect on tannin
extraction upon application of MW. Overall, MW technology seems to favor
the extraction of pigments into wine, but effects of lower magnitude are
usually observed in other phenolic classes. In all the previous studies, there
is, however, the underlying confounding factor of grape maturity, which
seems to play a critical role in the outcomes of MW technology.

The goal of the present study was to document the chemical effects of
MW technology applied to five very dissimilar wine varietals, namely
Cabernet Sauvignon, Malbec, Nebbiolo, Pinot noir and Syrah, with focus
on phenolic extraction and chromatic characteristics of their resulting
wines. Additionally, sensory characteristics imparted by MW technology
were determined in Cabernet Sauvignon wines. The selection of these
five cultivars aimed at capturing the widest possible range of quantitative
and qualitative phenolic variation within Vitis vinifera L., including cul-
tivars whose genetic origins were very dissimilar climatic regions,
including maritime climate (Cabernet Sauvignon), cool continental
climate (Pinot noir), and semi-alpine, cool climate (Nebbiolo). Unique to
this study, these five cultivars were grown in the semi-arid conditions of
Mendoza (Argentina). Grapes were purposedly harvested later during the
season to ensure relatively high phenolic extractability into wine.

2. Materials and methods

2.1. Grapes

Cabernet Sauvignon, Malbec, Nebbiolo, Pinot noir and Syrah grapes
(Vitis vinifera L.) were obtained from two commercial vineyards located
in Luj�an de Cuyo (33� 000 S, 68� 510 W), and La Consulta (33� 730 S, 69�

120 W), both located in west Mendoza, Argentina (Table 1). The fruit in
all cases was harvested targeting >25 Brix, as it is common local practice
for production of Premium and Ultra-premium wines (Casassa et al.,
2019a, b). A total of 150 kg of fruit were harvested for each variertal into
18-kg plastic boxes for a total of 750 kg. For the grape basic analysis,
three independent samples of 30 berries were analyzed at harvest for
basic fruit chemistry, including Brix (Atago, Tokyo, Japan), pH (Orion
model 701-A, Thermo Scientific, Waltham, MA, USA), and titratable
acidity, which was determined manually by titration with 0.1 N NaOH
and expressed as g/L of tartaric acid (Table 1).

2.2. Winemaking and application of microwave technology

Upon each harvest, grapes were transported to the INTA experimental
winery and processed in the same day of harvest as follows. Grapes were



Table 1. Basic growing characteristics and chemical composition of the five different grape cvs. submitted to the winemaking treatments. Values represent the average
of three independent grape samples replicates taken at harvest followed by the standard error of the mean (n ¼ 3).

Cultivar Vintage Appellation Trellis system Harvest date Brix pH Titratable acidity (g/L)

Cabernet Sauvignon 2014 Luj�an de Cuyo Vertical shoot positioning 04/30 26.4 � 0.1 ba 3.64 � 0.01 b 4.31 � 0.02 d

Malbec 2015 La Consulta Guyot 04/12 27.9 � 0.1 a 3.56 � 0.05 c 5.43 � 0.12 b

Nebbiolo 2015 La Consulta Vertical shoot positioning 05/01 26.0 � 0.1 b 3.53 � 0.01 c 6.32 � 0.05 a

Pinot noir 2015 Luj�an de Cuyo Overhead canopy ("parral") 02/12 25.2 � 0.3 c 3.69 � 0.03 ab 5.09 � 0.03 c

Syrah 2015 Luj�an de Cuyo Overhead canopy ("parral") 03/12 27.6 � 0.1 a 3.73 � 0.01 a 5.07 � 0.09 c

p-value — — — — <0.0001b 0.001 <0.0001

a Different letters within a column and a same vintage indicate significant differences for Tukey HSD test and p < 0.05.
b Significant p -values (<0.05) are shown in bold fonts.
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processed with a destemmer-crusher (Metal Liniers model MTL 12,
Mendoza, Argentina), and the musts placed into 20-L food-grade plastic
fermentors. The experimental design consisted of two winemaking
treatments applied to the fruit of each cultivar, namely Control wines
(not microwaved), and microwaved-treated wines (MW), with each
winemaking treatment replicated three times (n¼ 3). The MW treatment
was applied to musts immediately after crushing. Control wines were
produced by adding 50 mg/L of SO2, and allowing a maceration length of
14 days at 24.5 � 2.5 �C. Two daily punch downs (morning and after-
noon, 1 min each) were applied as a part of the cap management pro-
tocol. The MW treatments were established by microwaving the musts
(~15 kg of musts/fermentor), in a household microwave oven at 1,200
Watts for 10 min (~400 Watts/kg), reaching an average temperature of
approximately 40 �C (exact average temperature attained �standard
deviation: 41.55� 4.11 �C, n¼ 450), followed by an addition of 50 mg/L
of SO2. MW wines were allowed a maceration length of 14 days,
following the same cap management regime applied to Control wines.
The same MW protocol was applied to all five grape musts to keep this
protocol constant while only varying the grape varietal. Inoculation with
a commercial yeast strain (EC-1118; Lallemand Inc., Copenhagen,
Denmark) at a rate of 0.3 g/L occurred 8 h after crushing in all cases.
After completion of alcoholic fermentation and maceration length, wines
were racked into 20-L glass carboys an inoculated with a commercial
Oenococcus oeni culture (VP-41, Lallemand Inc., Copenhagen, Denmark)
to induce the onset of malolactic fermentation (MLF). Malolactic
fermentation was considered completed once the wines reached <0.5 g/
L of malic acid or when no significant assimilation of malic into lactic
acid was observed within 30 days from previous measurement. After
completion of MLF, the wines were racked, added with 30 mg/L of free
SO2, and allowed to undergo tartaric or cold stabilization for 45 days 1
�C. After completion of the cold stabilization period, wines were racked,
adjusted to 0.5 mg/L of molecular SO2, bottled and stored horizontally at
controlled and constant temperature (12 � 1 �C).

2.3. Wine basic analysis

Basic wine parameters, including ethanol content, residual sugars,
glucose, fructose, lactic and acetic acid, titratable acidity, and glycerol
were determined by a FOSS Wine-Scan (FT120) rapid-scanning infrared
Fourier-transform spectrometer (FOSS, Hillerod, Denmark). Density at
20 �C was measured directly with a densimeter (Fite, Buenos Aires,
Argentina), and pH with a pH-meter Orion model 701-A (Thermo Sci-
entific, Waltham, MA, USA). Malic acid was measured by enzymatic
determination (Vintessential Laboratories, Victoria, Australia), whereas
titratable acidity (as g/L tartaric acid) was measured by titration with 0.1
N NaOH as previously described (Iland et al., 2012).

2.4. Spectrophotometric analysis of the wines

Wine phenolic compounds and chromatic parameters were deter-
mined spectrophotometrically at pressing and post-bottling, as it was
considered necessary to document the effect of MW technology beyond its
3

previously reported effects immediately after pressing (Casassa et al.,
2019a, b). Cabernet Sauvignon wines were further analyzed after 3
months of bottle aging. Prior to spectrophotometric analysis, wine sam-
ples were centrifuged at 1,600 g (Gelectronic G-49, Buenos Aires,
Argentina), and subsequently filtered through a 0.45-μm membrane
(Sartorius, Goettingen, Germany). Spectrophotometric measurements
were carried out with a PerkinElmer Lambda 25 UV-visible spectropho-
tometer (PerkinElmer, Hartford, CT, USA). Wine color was determined
using the CIELab system, including L* (lightness), C* (saturation or
chroma), H* (hue angle), a* (green/red component), and b* (blue/- yel-
low component) as described previously (P�erez-Caballero et al., 2003),
using MSCV™ software (Grupo de Color de La Rioja, Logro~no, Spain).

Total phenolics (as mg/L (þ)-catechin equivalents, CE), and antho-
cyanins (expressed as mg/L malvidin-3-glucoside), were measured as
previously detailed (Harbertson et al., 2003). Protein precipitable tannins
(mg/L CE), were determined by protein precipitation with bovine serum
albumin (BSA, Fraction V, 1 g/L solution), and large polymeric pigments
(LPP), and small polymeric pigments (SPP) as previously described
(Harbertson et al., 2003). Total polymeric pigments (TPP) were calculated
as LPP þ SPP and are heretofore referred as “polymeric pigments”.

2.5. HPLC-DAD-mass spectrometry (MS) analysis of the wines

The anthocyanin and anthocyanin-derived pigment composition of
Malbec, Nebbiolo, Pinot noir and Syrah wines was determined post-
bottling by HPLC-DAD-(ESI)-MS as previously described (Blanco-Vega
et al., 2011). The HPLC system consisted of a PerkinElmer Series 200
HPLC-DAD with a quaternary pump and an autosampler (PerkinElmer,
Hartford, CT, USA) and a reversed-phase column (Chromolith Perfor-
mance C18, 100 mm� 4.6 mm i.d., 2 μm; Merck (Darmstadt, Germany)),
protected with a Chromolith guard cartridge (10 mm � 4.6 mm). The
gradient occurred at 25 �C and consisted of solvent A (water/formic acid,
90:10, v/v) and solvent B (acetonitrile), applied at a flow rate of 1.1
mL/min from 0 to 22 min and 1.5 mL/min from 22 to 35 min. The
gradient was as follows: 96 to 85%A from 0 to 12 min; 85 to 85%A from
12 to 22 min; 85 to 70%A from 22 to 35 min; followed by a final 100%
methanol wash and column re-equilibration. Diode-array-detection
(DAD) was performed from 210 to 600 nm, and the quantification was
carried out using peak area measurements at 520 nm. Anthocyanins and
anthocyanin derivatives were quantified using a calibration curve (R2 ¼
0.99) based on malvidin-3-O-glucoside chloride as standard (Extra-
synth�ese, Genay, France).

2.6. Sensory descriptive analysis of Cabernet Sauvignon wines

Cabernet Sauvignon wines and their replicates of the two treatments
(Control and MW), were submitted to sensory descriptive analysis after 3
months of bottle aging. The trained panel consisted of 21 individuals
with previous experience in wine sensory analysis, aged 24 to 65 years-
old. Training consisted of two sessions to accomplish terminology
development, attribute definition and familiarization with the standards.
Panelists defined by consensus the following attributes: color saturation,
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purple hue, vegetal aroma, fruity aroma, bitterness, and astringency),
with a provided definition and/or a standard (Supplemental Table 1).
One formal evaluation session was held throughout the experiment. The
intensity of each attribute was evaluated in a non-structured 10-cm line
scale with reference points located at 1 cm of each end of the line. All
wines replicates were poured in 25-mL aliquots into ISO wine glasses and
presented to each panelist following a balanced, complete block design.
Panelists were instructed to rinse their mouth with mineral water and eat
a cracker between wines samples following to minimize sensory fatigue
and carry-over. Informed consent was obtained from the members of the
panel and their identity during data handling was kept confidential.

2.7. Data analysis

The basic fruit chemical composition was analyzed by a one-way
analysis of variance (ANOVA). The basic, phenolic, and chromatic
composition of the wines of each wine varietal were analyzed at the last
sampling point (post-bottling in all wines and 3 months after bottle aging
in Cabernet Sauvignon wines), by a series of fixed-effect one-way
ANOVAs. In addition, the full data set was reevaluated by a series of fixed
effect two-way ANOVAs with interactions, including as main effects the
wine varietal and the two winemaking techniques (Control and MW-
treated wines), as well as the wine varietal � winemaking treatment
interaction (Supplemental Tables 2, 3, 4, and 5). The data generated by
the sensory descriptive analysis panel was analyzed by a fixed-effect one-
way ANOVA. In all cases, Fisher’s LSD test was used as a post-hoc com-
parison of means with a 5% level for rejection of the null hypothesis.
Partial Least Square Regression analysis (PLSR) was performed using the
detailed anthocyanin composition and general phenolic composition of
the all the wines as predictors of the chromatic composition of the
resulting wines. Data analysis of chemical and sensory data sets,
including PLSR, was performed using XLSTAT v. 2019 (Addinsoft, Paris,
France).

3. Results and discussion

3.1. Basic chemical composition of the fruit at harvest

Monovarietal wines from five chemically very distinct cultivars
grown to full ripeness were made into wine applying MW technology.
The selection of these five cultivars aimed at capturing the widest
possible range of quantitative and qualitative phenolic variation within
Vitis vinifera L., including cultivars whose genetic origins were very dis-
similar climatic regions, including maritime climate (Cabernet Sau-
vignon), cool continental climate (Pinot noir), and semi-alpine, cool
Figure 1. Detailed A) phenolic and, B) chromatic composition (CIELab values), of Ca
bottle aging. Different letters in the last sampling point indicate significant differenc
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climate (Nebbiolo). Unique to this study, these five cultivars were grown
in the semi-arid conditions of Mendoza (Argentina). Intendedly, the
grapes of all the five cultivars showed very high sugar levels and
advanced ripeness at harvest time (Table 1), which can be considered
physiological overripeness. The ripest examples were Malbec and Syrah,
which reached sugars levels above 27 Brix, whereas Pinot noir achieved
comparatively lower sugar levels (~25 Brix) due to higher yields than the
other cultivars (data not shown), and a trellis system (overhead canopy
positioning), conducent to that effect.

3.2. Basic chemical composition of the wines

Supplemental Table 2 shows a two-way ANOVA separating the effect
of the winemaking treatment, namely MW technology versus Control
wines, as well as their interaction. Ethanol levels were aligned with the
high sugar levels observed at harvest time. As expected, the factor “wine
varietal” significantly affected the basic chemical parameters of the
wines. The MW process applied to these five cultivars also affected some
of the basic chemical parameters, namely ethanol, titratable acidity, and
glycerol, which were higher in MW-treated wines. However, the effect of
MW technology on these parameters was of lesser magnitude relative to
the effect of the wine varietal, and thus unlikely to be of sensory
relevance.

3.3. Phenolic and chromatic composition of the five monovarietal wines

3.3.1. Cabernet Sauvignon wines
Cabernet Sauvignon wines were followed during winemaking and up

to 3 months of bottle aging, at which point a formal sensory analysis was
also performed on these wines (section 3.5). At pressing, extraction of
anthocyanins, tannins, total phenolics and non-tannin phenolics were
enhanced by MW, with improvements of 36, 53, 35 and 30% relative to
Control wines, respectively (Figure 1A). Because anthocyanins are pri-
marily responsible for wine color, initial improvements of the CIELab
parameters L* (lightness), C* (saturation or chroma), and a* (red hue) in
favor of MW-treated wines were also observed (Figure 1 B).

Polymeric pigments encompass an heterogenous chemical array of
pigments of variable molecular weight formed either via direct covalent
reactions between anthocyanins and tannins, and/or mediated by acet-
aldehyde, and/or other carbonyl intermediaries (Es-Safi et al., 2000).
Polymeric pigments form gradually during wine aging and because they
are resistant to bisulfite bleaching (Kumar et al., 2022), they provide
stable color and desirable mouthfeel characteristics (Casassa and Har-
bertson, 2014). The application of MW to Cabernet Sauvignon wines
improved polymeric pigment formation at pressing by 35% (Figure 1A).
bernet Sauvignon wines processed with and without microwave technology. BA:
es for Fisher’s LSD test and p < 0.05.



Figure 2. Comparative content of polymeric pigments and tannin to anthocy-
anin ratios in Cabernet Sauvignon, Malbec, Nebbiolo, Pinot noir and Syrah
wines processed with and without microwave technology.
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This initial increase can be accounted for by the positive enhancing effect
of MW in the initial anthocyanin and tannin extraction in these wines,
which act as primary building blocks of polymeric pigments.

After 3 months of bottle aging, total and non-tannin phenolics,
polymeric pigments, a*, b* (yellow hue when positive values), and H*
(hue angle) still showed significant differences favoring MW-treated
wines. Of note was a 30% improvement in polymeric pigment content
after 3 months of bottle aging in parallel with a general drop in the
anthocyanin and tannin content of the MW-treated wines, which in turn
equalized the tannin to anthocyanin ratio of Control and MW-treated
wines at this time (Figure 2). A previous study in Cabernet Sauvignon
wines in which MW technology was applied to both musts and stems
prior to alcoholic fermentation reported similar trends whereby MW-
treated wines showed initial increases in anthocyanins and tannins
relative to their respective Control wines (Casassa et al., 2022). However,
in the previous study, some of these improvements, notably that of an-
thocyanins and total phenolics, remained after 12 months of bottle aging.
In the present study, initial enhanced extraction of anthocyanins and
tannins derived from the application of MW technology was followed by
a decline. Consequently, in the last sampling point the tannin to antho-
cyanin ratio of Control and MW-treated wines was close to 1 (Figure 2). A
study of MW technology applied to Merlot wines made from fruit har-
vested at contrasting maturity levels showed that MWwas more effective
in inducing long-lasting (positive) chemical changes in underripe fruit
(21.1 Brix) relative to very ripe fruit (25.1 Brix) (Casassa et al., 2019).
This observation aligns with the results presented here whereby MW
applied to very ripe Cabernet Sauvignon fruit (26.4 Brix) had relatively
minor chemical effects. Similarly, in Shiraz harvested with 21, 23 and 25
Brix, ripe fruit (25 Brix), showed enhanced extraction of polymeric
phenols into wine, which was correlated with the deconstruction or
“opening-up” of the grape pomace during maceration mediated by
enhanced de-pectination of cell walls in riper fruit (Garrido-Ba~nuelos
et al., 2019). Moreover, the addition of pectolytic enzymes (Nel et al.,
2014), or presence of increasing levels of ethanol have also been shown
to favor phenolic extraction in unripe fruit (Canals et al., 2005). When
these results are compounded, it appears that unripe fruit may show
improved extraction in conditions of higher levels of ethanol, enzymatic
activity, or thermal processes that may favor de-pectination and there-
fore compromise the integrity of cell walls, thereby increasing extract-
ability of cellular components.

3.3.2. Malbec wines
Malbec wines were assessed at pressing to capture the full range of

phenolic compounds extracted after the maceration and reassessed after
bottling, once the wines were tartrate-stable and added with SO2
5

(Figure 3A). As well, the aggregate phenolic data including Malbec wines
and that of the other four wine varietals, plus the two winemaking
treatments was reassessed by a two-way ANOVA. Malbec wines showed
high tannin levels relative to the other wine varietals, with a tannin to
anthocyanin ratio of 0.99 (Figure 2), which was in turn related (though
not necessarily causatively), with a high content of polymeric pigments
(Supplemental Table 3). Malbec wines displayed the highest anthocyanin
content (almost 9-fold higher than Nebbiolo), and accordingly, the
higher color saturation (C*), as well as red hue values (a*), among all the
wines (Supplemental Table 4).

In Malbec wines, the application of MW increased anthocyanins by
24% (Figure 3A). However, the remanding phenolic and chromatic pa-
rameters, except for polymeric pigments and b* values, were unaffected by
MW technology. In MW-treated wines, the enhancement of polymeric
pigments (22% increase), occurred concomitantly with higher (positive)
b* values in these wines, which denote yellow hues. Contrastingly, at
bottling, Control wines were distinctively blue in hue, as denoted by
negative b* values. Polymeric pigments are chemically heterogeneous and,
as a result, chromatically diverse as well. For example, it has been shown
that polymeric pigments display a higher 280 to 520 nm absorbance ratio
(Casassa et al., 2013), and lower molar extinction coefficient (Laitila and
Salminen, 2020), compared to intact anthocyanins, thus displaying more
yellow or orange-red hues. This may explain why MW-treated Malbec
wines, having higher polymeric pigment content, showed higher b* values
(Figure 3A), and possibly contributed with a more red-orange/yellow hue
to the overall color displayed by their respective wines.

3.3.3. Nebbiolo wines
Figure 3B shows the evolution from pressing to post-bottling of key

phenolic compounds as well as chromatic characteristic of Nebbiolo wines.
Supplemental Tables 3 and 4 show these key parameters in the context of
the other four wine varietals and winemaking treatments via respective
two-way ANOVA. Nebbiolo wines had the lowest anthocyanin content,
followed by Pinot noirwines, which showed the second lowest anthocyanin
content (Supplemental Table 3). Accordingly, Nebbiolo wines showed the
lowest color saturation (C*) and red hue (a*), and the highest yellow hue
(b*). However, the tannin content of these wines was the highest, being
about 162% higher than that of Pinot noir wines. As a result, Nebbiolo
wines showed a tannin to anthocyanin ratio of 16, in sharp contrast with
the remaining four wine varietal wines, in which the tannin to anthocyanin
ration never exceeded 2 (Figure 2). Total phenolics and non-tannin phe-
nolics were also significantly higher in Nebbiolo wines. Although there are
no comparative studies reporting tannin levels in Nebbiolo wines relative to
other international wine varietals, a recent study found Nebbiolo wines to
be high in total phenolics and a parameter dubbed “tannin specific activ-
ity”, which reportedly implies these wines have tannins with high affinity
towards salivary proteins (Azevedo et al., 2020). The reaction between
wine tannins and salivary proteins, mediated by both hydrogen-bonding
and hydrophobic interactions, underpins the molecular basis of astrin-
gency perception in wines. Thus, because the Nebbiolo wines of the present
study showed exceedingly high levels of reactive tannins, it is plausible
these may also display very high levels of astringency. However, this sen-
sory parameter was not determined in the present study.

The application of MW to these very ripe Nebbiolo grapes had barely
any effect on the basic phenolic and chromatic composition of their
resulting wines (Figure 3B). This could be due to very ripe Nebbiolo
grapes having naturally higher extractability at harvest time, implying
MWwould be less efficient in extracting phenolics in fully ripe fruit. This
is indeed plausible, as a study reported that enhanced phenolic extract-
ability in Nebbiolo occurred in denser and thus riper grapes (Rolle et al.,
2011). Only a* values (red hue) were significantly affected by the
winemaking treatments, being higher in Control wines (Figure 3B).

3.3.4. Pinot noir wines
Figure 3C shows the phenolic and chromatic composition of Pinot

noir wines from pressing to post-bottling whereas Supplemental Tables 3



Figure 3. Detailed phenolic and chromatic composition (CIELab values), of A) Malbec, B) Nebbiolo, C) Pinot noir and, D) Syrah wines processed with and without
microwave technology. Different letters in the last sampling point indicate significant differences for Fisher’s LSD test and p < 0.05.
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and 4 show respective two-way ANOVA of phenolic and chromatic
characteristics. Pinot noir wines showed levels of phenolics and chro-
matic characteristics consistent with those previously observed in Pinot
noir wines from the same geographic origin (Casassa et al., 2019).
However, tannin levels of the Pinot noir wines of the present study were
higher than the reported average tannin content of 348 mg/L measured
in a population of 261 Pinot noir wines (Harbertson et al., 2008). As such,
the tannin to anthocyanin ratio of these wines was 1.74 (Figure 2).

The application of MW had no effect in any of the phenolic and
chromatic characteristics of Pinot noir wines. As alluded before, this lack
of effect of the MW treatment could be the result of the naturally higher
phenolic extractability of very ripe grapes, whereby an enhancing tech-
nology such as MW seemed to exert a lesser or even nil effect on phenolic
extractability relative to the untreated Control treatment. Another
explanation for this lack of effect of MW could be the working temper-
ature attained in the musts of the present study, which was 40 �C, with a
total residence time of 10 min. The working temperature applied in the
present study contrast with a previous report of MW technology applied
to Pinot noir and resulting in working temperatures of 70 to 71 �C, which,
once achieved, were hold for 10 min (Carew et al., 2013). Of note was the
fact that Pinot noir wines of the present study had the lowest but com-
parable polymeric pigment content than Nebbiolo wines, despite dras-
tically different tannin to anthocyanin ratios of 1.74 and 16, respectively
(Figure 2).

3.3.5. Syrah wines
Figure 3D shows the evolution of phenolic compounds and chromatic

characteristic in Syrah wines processed with and without MW technol-
ogy. Syrah wines showed the highest content of polymeric pigments
(Figure 2, Supplemental Table 3), and were the second most saturated
wines after Malbec wines (Supplemental Table 4). In Syrah wines, MW
increased total phenolics (18%), non-tannin phenolics (24%) and poly-
meric pigments (31%) relative to Control wines post-bottling
(Figure 3D). A previous report also in Syrah musts treated with MW
technology found increases in flavonol content up to 278% at day 1,235
post-crushing (Casassa et al., 2022). Flavonols act as copigmentation
Figure 4. Comparative anthocyanin composition showing selected anthocyanin cla
anoanthocyanins; B) the aglycone moiety; and C) the methylation and hydroxylation
cessed with and without microwave technology. Note the different scale, range, an
anthocyanin classes.
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factors, engaging non-covalently with anthocyanins and resulting in
hyperchromic (i.e., more color) and bathochromic shifts (i.e., blue hues),
in the visible spectrum of the wines. Flavonols may also influence
mouthfeel properties, such as the perception of a velvety astringency
subquality (Hufnagel and Hofmann, 2008), and taste sensations such as
bitterness. Whereas in the present study flavonols were not directly
determined, it is possible that these were also higher in MW-treated
wines, as reflected by the concomitant enhancement of total phenolics
in these wines resulting from the application of MW.

As previously stated, Syrah wines showed the highest content of
polymeric pigments, which was favored in MW-treated wines. These
Syrah wines had tannin to anthocyanin ratios which were comparable
with those observed in Pinot noir wines, yet the latter wines showed the
lowest polymeric pigment content (Figure 2). Therefore, the results
herein presented suggest that wines with very comparable tannin to
anthocyanin ratios can produce wines of vastly different polymeric
pigment content.

3.4. Detailed anthocyanin composition and Partial Least Square
Regression (PLSR) of phenolic and chromatic data

Figure 4 shows the detailed anthocyanin composition of Malbec,
Nebbiolo, Pinot noir and Syrah wines. All these wines came from a single
vintage, namely 2015 (Table 1). Anthocyanins and anthocyanin de-
rivatives were grouped as a function of the acylation pattern (Figure 4A),
the aglycone moiety (Figure 4B), and the methylation/hydroxylation
pattern (Figure 4C). Supplemental Figure 1 shows the results of a PLSR
analysis in which the detailed anthocyanin composition and general
phenolic composition of the wines were used as predictors of the chro-
matic composition of the resulting wines.

The total content of acetyl-glycosides, cinnamoyl-glycosides, A, pyr-
anoanthocyanins (including A- and B-type visitins), and flavonol-
anthocyanin adducts were all slightly increased in MW-treated wines
(Supplemental Table 5). However, these differences were so small in
magnitude that are unlikely to be of any practical or sensory relevance. In
contrast, vastly large quantitative differences as a function of each wine
sses grouped as a function of A) the acylation pattern and the presence of pyr-
pattern of the aglycone of Malbec, Nebbiolo, Pinot noir and Syrah wines pro-

d magnitude in the Y-axis for each monovarietal wine and across the different



Figure 5. Spider plot of sensory attributes of Cabernet Sauvignon wines pro-
cessed with and without microwave technology evaluated by a sensory panel
after 3 months of bottle aging. (*), (**), (***) denote significant differences for
Fisher’s LDS test and p < 0.05, 0.01 and 0.001, respectively.
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varietal were observed. For example, Malbec and Syrah wines showed
comparable levels of total anthocyanins in the 300 to 350 mg/L range,
whereas Nebbiolo wines showed trace amounts of anthocyanins (~50
mg/L), which were in turn much lower than the anthocyanin content
reported elsewhere for Nebbiolo wines (320 to 370 mg/L post-pressing)
(Río Segade, Pace, Torchio, Giacosa, Gerbi and Rolle, 2015). Syrah wines
showed the highest concentration of acetyl-glycosides, followed by
Malbec wines. Acylation in the anthocyanin moiety generally causes a
bathochromic shift towards more purple color in the pigment, possibly
due to intramolecular copigmentation reactions (Brouillard et al., 2003).
This higher content of acetyl-glycosides may explain the comparatively
lower b* values observed in Malbec and Syrah wines (Supplemental
Table 4). As b* values approach zero, or reach negative values, the hue of
the wine shifts from yellow (positive b* values) to purple/blue (negative
b* values). The PLSR analysis confirmed this trend whereby Malbec and
Syrah wines were inversely related with (positive, i.e. yellow), b* values
(Supplemental Figure 1).

Whereas Pinot noir wines showed a characteristically high proportion
of anthocyanin glycosides along with only trace amounts of acylated
anthocyanins (Dimitrovska et al., 2011), Nebbiolo wines showed rela-
tively high levels of type B and especially type A vitisins (Figure 4A).
Vitisins A and B are pyranoanthocyanins, formed by covalent reactions
between monomeric anthocyanins and either pyruvic acid (vitisin A), or
acetaldehyde (vitisin B) (Bakker and Timberlake, 1997). The proportion
of pyranoanthocyanins in Nebbiolo wines was high, accounting for 18%
of the anthocyanin profile, as compared with Syrah, in which pyr-
anoanthocyanins accounted for only 9% of the anthocyanin profile of
these wines. The higher proportion of pyranoanthocyanins, with their
characteristic hypsochromic shift bestowing them with orange to
orange-brown hues (Bakker and Timberlake, 1997), and comparatively
lower molar extinction coefficients relative to that of intact anthocyanins
(Håkansson et al., 2003), may explain the typical low color saturation
and hue observed in Nebbiolo wines. Thus, the color of both Nebbiolo
and Pinot noir wines, characterized by higher values of lightness (L*), b*
(yellow/orange hues), and H* (hue angle) (Supplemental Figure 1), can
be explained by comparatively higher levels of pyranoanthocyanins in
these wines.

Important insights were also derived from the analysis of anthocya-
nins in the finished wines grouped as a function of the aglycone moiety
(Figure 4B). The main anthocyanin aglycones included malvidin, del-
phinidin, cyanidin, peonidin, petunidin and pelargonidin (He et al.,
2012), although the later was not found in the current set of wines.
Malvidin derivatives dominated the anthocyanin profile of Malbec, Syrah
and especially Pinot noir wines, and were relatively unaffected by the
application of MW technology. In contrast, Nebbiolo wines showed the
highest proportion of peonidin derivatives and a more evenly distribu-
tion of anthocyanin aglycones than the other four varietal wines.
Peonidin-derivatives show red rather than purple hues due to their
O-methylation pattern (Casassa, 2017), and are prevalent, along with
malvidin-derivatives, in the anthocyanin profile of Nebbiolo grapes
(Guidoni et al., 2002) and wines (Río Segade et al., 2015). The latter is
consistent with the results herein presented and suggests that the quali-
tative anthocyanin composition of Nebbiolo wines, and indeed more
generally that of Vitis vinifera L. wines, may be little affected by drasti-
cally different climatic, soil, and geographical growing conditions, which
will predominately affect their concentration.

Finally, anthocyanins were grouped as a function of the methylation
and hydroxylation pattern of the aglycone (Figure 4C). The methylation
and hydroxylation pattern of anthocyanins bear implications for both
chemical stability and color, because the presence of hydroxyl and
methyl groups in the flavylium form of anthocyanins causes electron
delocalization within the structure. For example, anthocyanins with
more hydroxyl groups in the B ring (such as delphinidin and cyanidin),
show bluer hues, whereas the degree of methylation of the B rings (as in
malvidin, peonidin and petunidin), causes red hues (He et al., 2012). The
most noteworthy insight of this analysis was the almost exclusive
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presence of methylated derivatives in Pinot noir wines. Methylated de-
rivatives, of which malvidin-3-glucoside is the predominant form, also
show enhanced chemical stability (He et al., 2012). This suggest that
Pinot noir wine color, while lower in saturation relative to three of the
other varietal wines (Supplemental Figure 1), may indeed be more stable
over time, as previously suggested by phenolic chemist Raymond
Brouillard (Brouillard et al., 2003). Further studies linking chromatic
changes observed in Pinot noir wines with that of changes in monomeric
anthocyanins, polymeric pigments, and pyranoanthocyanins should be
instituted to confirm these results.

Of note as well was the lack of effect of the application of MW on the
anthocyanin profile of Nebbiolo and Pinot noir wines. On the other hand,
modest increases in most anthocyanin classes were observed in MW-
treated Malbec and Syrah wines, relative to their Control counterparts.
Overall, the absolute content of most anthocyanins and anthocyanin-
derived pigments was significantly higher in Malbec and Syrah wines,
which in turn explained comparatively higher values of C* (saturation)
and a* (red hues) in their respective wines (Figure 3A and C). Even
though the different anthocyanin classes varied greatly as a function of
each of the four wine cultivars, it should be noted that these were har-
vested at varying times during the vintage, and they were produced from
grapes with different cultivation methods (Table 1) which could further
explain observed differences in the detailed anthocyanin composition.

3.5. Sensory analysis of Cabernet Sauvignon wines

A trained panel of 21 experienced assessors was convened to describe
the sensory characteristics of MW-treated and untreated Cabernet Sau-
vignon wines. Figure 5 shows a spider plot with the comparative sensory
profile of Control and MW-treated Cabernet Sauvignon wines, as well as
significance levels of p < 0.05, p < 0.01 and p < 0.0001. Relative to
Control wines, MW-treated wines were higher in most of the descriptive
sensory terms except for vegetal, which showed less intensity in MW-
treated wines. On the other hand, color saturation and purple hue,
among color descriptors, and fruity aroma and astringency, among aroma
and tactile descriptors, were enhanced in MW-treated wines. These
sensory results are consistent with MW-treated wines showing higher
values of a* (red hue), and lower b* values (blue hues when negative),
than their Control counterparts (Figure 1B). As previously discussed,
polymeric pigments were 30% higher in Cabernet SauvignonMW-treated
wines, but because these may have comparatively lower molar extinction
coefficients than intact anthocyanins, it is expected that enhance poly-
meric pigment formation may have a larger impact in astringency
perception than in color saturation, which was indeed observed in these
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wines (Figure 5). It is also possible that not only overall astringency, but
astringency subqualities may be different in these MW-treated wines.
This is because polymeric pigments, which were enhanced by MW-
treated Cabernet Sauvignon wines, have potentially desirable mouth-
feel properties (Casassa and Harberston, 2014) that may trascend
astringency. Likewise, MW-treated wines showed enhanced bitterness,
which could be related to the higher non-tannin phenolic content of these
wines (Figure 1A). Non-tannin phenolics include monomeric
flavan-3-ols, flavanols as well as small dimers that cannot precipitate
proteins (Harbertson et al., 2014), but because of their smaller molecular
weight, they can enter taste pores within the taste bud structure and elicit
bitterness (Cheynier, 2006). Thus, comparatively higher content of
non-tannin phenolic in MW-treated Cabernet Sauvignon wines explain
enhanced perceived bitterness in these wines.

Finally, MW-treated Cabernet Sauvignon wines showed enhanced
fruitiness and a decrease in vegetal aromas. A previous study in which
Grenache, Carignan and Fer wines were treated by heat during 2 h at 70
�C, reported enhanced fruitiness in the resulting wines, which was
ascribed to enhanced ester formation and terpene retention (Geffroy
et al., 2015), in agreement with the results of the present study.
Vegetal aromas in Cabernet Sauvignon are attributed to isobutyl-
methoxypyrazine and isopropyl-methoxy-pyrazine, collectively referred
to as pyrazines. Pyrazines seem to be susceptible to thermal degradation,
and thus thermal processing of musts may help curb their content
(Hashizume et al., 1998). A study in which Merlot musts were treated
with MW technology found a decreased in the perception of herbaceous
aromas in MW-treated wines (Casassa et al., 2022). This agrees with the
present results and suggest that, on the aggregate, MW technology can be
used as a processing tool to decrease vegetal aromas in varietals known to
have pyrazines such as Cabernet Sauvignon, Merlot and Carmen�ere,
among others. However, these results must be confirmed by analysis of
these and other key volatile compounds by GC-MS.

4. Conclusions

The present study included five different wine varietals, chosen on the
basis of their dissimilar phenolic composition, which were systematically
treated with the same MW-technology protocol. The wines were followed
throughout winemaking to assess the impact of MW technology, as well as
the comparative impact of the inherent phenolic and chromatic profile of
each wine varietal. The overarching conclusion regarding the application
of MW technology was one of a moderate impact of this technology on
most phenolic classes. Variations in phenolic composition due to each
wine varietal were therefore more prominent than those elicited by the
application of MW technology. Whereas previous literature has reported
effects of larger magnitude upon application of MW technology to grapes
andmusts, the modest improvement observed in the present study may be
related to fruit maturity and phenolic extractability. Indeed, the present
study used overripe grapes, which are expected to have naturally high
phenolic extractability. In such conditions, the application of MW may
only and temporarily boost mass transfer processes, which are transient
and ultimately may be ineffectual for phenolic retention over time.

Another potential explanation for the modest effects achieved by MW
could be that of a subpar working temperature during the MW process.
Considering these assumptions, it is recommended to direct research
efforts towards the understanding of the effects of high-temperature MW
technology (>50 �C) applied to unripe fruit. The application of high-
temperature MW processing would also be recommended for process-
ing fruit affected by fungal diseases such as powdery mildew or Botrytis
sp., which may force the winemaker to harvest earlier than planned, in
which conditions there is a risk of low phenolic extractability into wine.
Likewise, higher working temperatures, in the range of 60 to 70 �C, may
achieve positive results even in ripe fruit. Optimization studies (residence
time and effective working temperature) should be also carried out in the
future, as different wine varietals may require different optimal ranges
for these two parameters.
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The results of present study, by surveying wines with vastly different
phenolic composition, suggest that wines with vastly different tannin to
anthocyanin ratios (T:A), produced comparable levels of polymeric pig-
ments. For example, Nebbiolo (T:A of 16) and Pinot noir (T:A of 1.6)
resulted in comparable levels of polymeric pigments. However, even
though comparable in absolute amounts, these polymeric pigments are
very likely compositionally different between the two wine varietals. The
implication of this is that Nebbiolo wines may own much of their
astringency to native tannins rather than polymeric pigments. We suggest
that the intensively high, drying astringency sensation often perceived in
iconic Nebbiolo-based wines such as Barolo and Barbaresco from Pie-
monte (Italy), may be explained (although not exclusively), by very high
levels of native tannins. Conversely, this study has also shown that wines
with vastly different levels of polymeric pigments had very similar and
comparable T:A. For example, with a T:A of 2, Pinot noir wines resulted
in about 0.6 AU of polymeric pigments, whereas the same T:A ratio in
Syrah wines resulted in about 4 AU of polymeric pigments. Although this
ratio relativizes differences in tannin concentrations between wine va-
rietals, our results suggest that the formation of polymeric pigments is
not solely modulated by anthocyanins and tannins but possibly by other
factors including wine pH, free SO2 levels, ethanol and polysaccharide
contents. In the case of Syrah, it is also possible that much of the
perceived astringency and astringency subqualities observed in these
wines may be derived from polymeric pigments rather than from native
tannins. As such, potentially positive astringency subqualities such as
“velvety”, “suede” or “round”, sometimes used to typify the mouthfeel of
Syrah wines, may be related with enhanced polymeric pigment content in
these wines. Such a hypothesis will have to be tested by follow-up studies
determining the detailed polymeric pigment composition of varietal
wines and relating that to astringency and astringency subqualities.
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