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Preface to ”Phenolic Compounds in Fruit Beverages”

In this current special issue, different aspects related to phenolic compounds in fruit beverages 
are presented.

The phenolic compounds, which naturally occur in many fruit-based beverages, may affect 
positively or negatively the sensory characteristics of food, including fruit beverages, with important 
impacts on color, flavor, and astringency. Also, phenolic compounds are secondary metabolites 
abundant in our diet. An adequate consumption of phenolic compounds may offer health benefits. 
After the consumption of foods rich in phenolic compounds, such as fruit beverages, the colon is 
the main site of microbial fermentation. Phenolic compounds are transformed into phenolic acids or 
lactone structures by intestinal microbiota, which produce metabolites with biological and antioxidant 
activity, and evidence suggests those metabolites have health benefits for humans.

A large amount of different phenolic compounds, are responsible for physicochemical and 
sensory characteristics of fruit beverages. However, the phenolic composition of fruit beverages 
depends on several factors, namely, fruit cultivar, fruit maturity level, growing environment of 
fruits, cultural practices, postharvest conditions, and also processing and preservation techniques. 
Thus, the main goal of this special issue of Beverages is to present high-level research papers related to 
the phenolic composition of fruit beverages.

This special issue is composed of nine different works written by a group of international 
researchers in order to provide up-to-date reviews and current research on the different dimensions of 
phenolic compounds in fruit beverages. Thus, three interesting reviews are published by Canas [1], 
Ricci et al. [2], and Cosme et al. [3]. The first work discusses the influence of wood barrel characteristics, 
namely the botanical species of the wood and the toasting process that wood undergoes during the 
cooperage management. In particular, that work focuses on the impact of wood barrel composition on 
phenolic content of distilled wine spirits. The second review addresses the topic of the application of 
pulsed electric fields (PEF) on the red winemaking process, especially to improve the polyphenolic 
extraction and color release. Authors reported on data from several different PEF experiments in 
relation to grape varieties and process parameters, particularly on phenolic composition of red wines. 
Finally, the third review by Cosme et al. [3], focuses on grape juice phenolic composition, with a 
special focus on the potential beneficial effects on human health and on the grape juice sensory 
impact. In that work, several points are addressed, namely: grape juice production and phenolic 
composition, biological activity of phenolic compounds present in grape juices, and the impact of 
phenolic composition on sensory characteristics of grape juices.

The six remaining papers present current research in different dimensions of phenolic compounds 
from different fruit beverages. In this context, the work from Makebe et al. [4] analyzed optimization 
of the juice extraction process on must fermentation of overripe giant horn plantains by the use 
of an enzymatic extraction process and the impact on chemical composition of the wine produced, 
including total polyphenols and flavonoid content. In addition, the impact of the presence of phenolic 
compounds in the antioxidant activity of the produced wine also were studied. The second research 
paper from Zhang et al. [5] studied the application of poly-3,4-ethylenedioxythiophene (PEDOT) 
electrodes for the characterization of polyphenols in white wines. In that case, a Chardonnay white 
wine was used. According to these authors, the use of PEDOT electrodes showed considerable promise 
for applications in electroanalytical chemistry, based on their responsiveness to oxidizable substrates, 
such as wine polyphenols.

The antimicrobial and health-promoting activities of phenolic compounds are well known. 
Thus, Sabel et al. [6] studied the potential impact of a selection of phenolic compounds (which
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included hydroxybenzoic and cinnamic acids, stilbenes, and hydroxybenzaldehydes) on growth and 
viability of wine yeasts, and lactic and acetic acid bacteria. In addition, several factors that could 
determine the inhibitory effect of phenolic compounds—namely enzymatic oxidations, pH, and 
organic solvents—also were studied. The results obtained confirmed the antimicrobial activities of 
ferulic acid and resveratrol and showed the important role of syringaldehyde as an antimicrobial 
agent. The research work by Porto et al. [7] evaluated the physicochemical stability, antioxidant 
activity, and acceptance of a beet/orange juice during refrigerated storage. According to those authors, 
it was evident that the mixture of beet and orange juice contributed to an increase of juice stability, 
in particular as a result of high total phenolic compounds and antioxidant capacity.

Another work, by Stein-Chisholm et al. [8] analyzed the impact of rabbiteye blueberry juice 
processing on phenolic composition, in particular anthocyanin content. Those authors, using LC-MS/MS, 
identified and semi-quantified the major and minor anthocyanins at various steps of the juice production 
process. The results obtained showed that 10 major and 3 minor anthocyanins were identified in blueberry 
juice during the production process. In addition, it was also clear that increasing the number of steps in 
production induced a greater loss of anthocyanins in the final juice produced. For the last research work, 
Aguilar et al. [9] reported on sustainability. They characterized an antioxidant-enriched beverage made 
partly from grape musts and extracts of winery and grapevine by-products. Those authors try to find a 
novel functionality for grape pomace, grapevine leaves, and canes through their reuse as a functional 
matrix for the extraction of antioxidants. According to the results obtained, grape pomace and grapevine 
leaves are an important source of additional polyphenols in the preparation of enriched grape juice.

It was with great pleasure that I accepted the opportunity offered by MDPI, the publisher, to 
coordinate and serve as the guest editor of this special issue of Beverages regarding the theme of 
Phenolic Compounds in Fruit Beverages. I am greatly indebted to the authors who have generously shared 
their scientific knowledge and experience with others through their contribution to this special issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The freshly distilled wine spirit has a high concentration of ethanol and many volatile
compounds, but is devoid of phenolic compounds other than volatile phenols. Therefore, an ageing
period in the wooden barrel is required to attain sensory fullness and high quality. During this process,
several phenomena take place, namely the release of low molecular weight phenolic compounds and
tannins from the wood into the wine spirit. Research conducted over the last decades shows that
they play a decisive role on the physicochemical characteristics and relevant sensory properties of
the beverage. Their contribution to the antioxidant activity has also been emphasized. Besides, some
studies show the modulating effect of the ageing technology, involving different factors such as the
barrel features (including the wood botanical species, those imparted by the cooperage technology,
and the barrel size), the cellar conditions, and the operations performed, on the phenolic composition
and related properties of the aged wine spirit. This review aims to summarize the main findings on
this topic, taking into account two featured barrel characteristics—the botanical species of the wood
and the toasting level.

Keywords: wine spirit; ageing; wooden barrels; oak wood; chestnut wood; toasting level; phenolic
composition; chromatic characteristics; sensory properties; antioxidant activity

1. Introduction

The aged wine spirit is one of the most representative alcoholic beverages, taking into account
production, trade [1], and consumption [2] worldwide. Its manufacture has a long history and a
relevant socioeconomic role in the traditional wine countries, mainly in Europe. Among them, it is
worth mentioning France and its regions of Armagnac and Cognac that date back to the 15th and 16th
centuries, respectively [3–5], producing the most prestigious and top-selling aged wine spirits. In this
scenario, Portugal and its Lourinhã region should also be highlighted, whose historical references on
wine spirit production date back to the early 20th century; it was delimited in 1992 as an exclusive
denomination for aged wine spirits, like the above-mentioned French regions [6].

According to the European legislation [7], the wine spirit can be aged for at least one year in wood
containers or for at least six months in wood containers with a capacity of less than 1000 L. For wine
spirits with geographical denomination, the ageing period is at least one year for Armagnac [8], and
two years for Cognac [9] and Lourinhã [10].

Actually, the freshly distilled wine spirit is characterised by a high concentration of ethanol and
richness of volatile compounds, but is devoid of phenolic compounds other than volatile phenols [11].
Ageing in a wooden barrel (of oak, chestnut, . . . ) is traditionally included in wine spirit production
technology, being recognized as a crucial step for adding value to the product. During this process,

Beverages 2017, 3, 55 1 www.mdpi.com/journal/beverages
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the beverage undergoes important modifications and becomes a complex mixture of hundreds of
compounds in an ethanol-water matrix [12], leading to sensory fullness and improvement of its quality.
There is much to know about the chemistry underpinning the ageing of wine spirits, but the scientific
community unquestionably accepts that those physicochemical and sensory changes result from
several phenomena [13–21] such as:

• Direct extraction of wood constituents;
• Decomposition of wood biopolymers (lignin, hemicelluloses and cellulose) followed by the release

of derived compounds into the distillate;
• Chemical reactions involving only the wood extractable compounds;
• Chemical reactions involving only the distillate compounds;
• Chemical reactions between the wood extractable compounds and the distillate compounds;
• Evaporation of volatile compounds and concentration of volatile and non-volatile compounds;
• Formation of a hydrogen-bonded network between ethanol and water.

Among these phenomena, the release of wood extractable compounds into the wine spirit,
namely low molecular weight phenolic compounds and tannins, plays a decisive role in its chemical
composition, sensory properties [22–24] and overall quality. In addition, oxidation reactions involving
these compounds and those of the distillate are of paramount importance [25–29]. They are triggered
by the slow and continuous diffusion of oxygen through the space between staves and through the
wood [30–32].

The research carried out over the last decades has shown that the aforementioned changes are
closely related to the action of factors ruling the ageing process, namely:

(i) The wooden barrel characteristics—the wood botanical species used, and the characteristics
imparted by the cooperage technology (especially the seasoning/maturation of the wood and the
heat treatment of the barrel), and the barrel size [33];

(ii) The cellar conditions—temperature, relative humidity and air circulation [18,34,35];
(iii) The technological operations performed during the ageing period, such as the refilling with

the same wine distillate to offset the loss by evaporation [18,20,36], the addition of water to
decrease the alcoholic strength [37], and stirring to homogenize the wine spirit and to enhance
the extraction of wood compounds [38].

Concerning the resulting sensory properties, positive correlations between the phenolic
composition and the color were established [23,39,40], which are in accordance with the findings
in studies on Porto wine [41] and wine [42–46]. Notwithstanding the intricate effect of compounds
on aroma and flavour owing to the complexity of their interactions and the multiple sensations
involved [47,48], some features have been often related to the phenolic composition of the aged
wine spirit and of other aged beverages. There is evidence on the relationship between: the vanilla
aroma and vanillin concentration [24,49,50]; the bitterness and phenolic acids, their ethyl esters, and
(+)-lyoniresinol concentrations [48,51–54]. Among these properties, the vanilla aroma should be
highlighted due to its outstanding importance for aged wine spirit quality [55–57]. The relationship
between astringency and ellagitannin and gallotannin concentrations is still unclear for thesekind of
beverages [48,51–54,58,59].

In addition, the phenolic compounds (in this case almost exclusively extracted from the wood)
exhibit a wide range of biological effects, many of which have been ascribed to their antioxidant
activity. Several studies mention the antioxidant activity of some phenolic acids [60–69], phenolic
aldehydes [70,71], coumarins [72], tannins [65,67,73–75], lignans [76], and of some volatile phenols [77].
This topic is of great relevance in a spirit drink, since the harmful effect of high alcoholic strength on
consumer’s health can be offset by the intake of such bioactive compounds [74,78–84]. Such benefits
are expected in beverages that have undergone ageing in wood, especially wine spirits and whisky,
but not in the traditional gins and vodkas [78].
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Despite the knowledge acquired through different studies on the phenolic composition and
related properties of the aged wine spirit modulated by the ageing technology, so far there have been
no published articles systematizing it. This review assembles the main findings on the topic, taking
into account two featured barrel characteristics—the wood botanical species and the toasting level.

2. Phenolic Compounds Found in Aged Wine Spirits

Several low molecular weight phenolics (Table 1) have been identified and quantified in aged
wine spirits using high performance liquid chromatography (HPLC) or capillary electrophoresis (EC).
All of them are non-flavonoid compounds; therefore, the phenolic composition of the aged wine spirit
differs from that of wine and wine aged in wood, in which flavonoid and non-flavonoid compounds
coexist [85,86].

Table 1. Low molecular weight phenolic compounds found in aged wine spirits.

Class Compound
Concentration

Range *
References Wine Spirits **

Phenolic aldehydes Sinapaldehyde 0.05–42.31 [13,15,29,38,74,87–105] a,b,c,d,e,j,l
Syringaldehyde 0.20–34.20 [13,15,17,29,38,74,87–94,98–105] a,b,c,d,e,j,l

Vanillin 0.10–18.40 [13,15,17,29,38,87–94,97–105] a,b,c,d,e,j,k,l
Coniferaldehyde 0.05–12.94 [13,15,29,38,74,87–89,91–93,98–100,102,103,105] a,b,c,d,e,j,l

Phenolic acids Gallic acid 1.00–168.67 [15,17,38,74,96,97,99,101,102,105] a,c,f,k,l
Ellagic acid 3.90–104.00 [38,74,97,99,101,102,105] a,c,k,l

Syringic acid 0.40–17.18 [15,17,29,38,74,88,89,99–102,105] a,b,c,d,l
Vanillic acid 0.20–10.95 [15,17,29,38,74,88,89,99–102,105] a,b,c,d,l
Ferulic acid 0.05–9.94 [15,88,89,102,105] a,b,c

Protocatechuic acid 0.12–2.27 [15] a
Coumaric acid 0.02–1.20 [15,88] a,b

Coumarins Scopoletin 6.00–301.10 [38,74,93–95,99,102] a,b,c,e,f,g,h,i,l
Umbelliferone 0.11–7.00 [38,93,102] a,b,c

Lignans Lyoniresinol 3.40–17.50 [92,99,106] c,j,l
Phenyl ketones Acetovanillone 0.51–6.21 [107] a

* Concentration in mg/L except for coumarins, which are in μg/L; the compounds are arranged in descending
order of quantitative importance within each class; ** a—Cognac; b—Armagnac; c—Lourinhã; d—Moldovan;
e—American; f—Spanish; g—Bulgarian; h—Canadian; i—Russian; j—Japanese; k—French; l—wine brandy.

Regardless the ageing conditions and the analytical methodologies employed, the results
presented in Table 1 show that phenolic acids are the most abundant phenolic compounds in wine
spirits, accounting for ca. 70% of low molecular weight phenolic compounds, followed by phenolic
aldehydes (ca. 15%), lignans (ca. 12%), phenyl ketones (ca. 3%) and coumarins (0.1%) (Figure 1).

 
Figure 1. Relative importance of some phenolic classes in the aged wine spirits.

These acids, aldehydes and coumarins already exist in oak and chestnut heartwoods in the
free form or linked to parietal constituents [108]. Nevertheless, their contents change considerably
through the thermal degradation of the wood lignin [109–113] together with the increase of wood

3



Beverages 2017, 3, 55

permeability [114,115] during the heat treatment of the barrel. Hence, higher amounts can be released
into the wine spirit over the ageing process. Besides, lignin’s hydrolysis occurring during ageing may
also contribute to the enrichment in some phenolic aldehydes and phenolic acids [14,29,116].

Gallic acid and ellagic acid are the most representative phenolic acids, followed by syringic,
vanillic, and ferulic acids. Protocatechuic acid and coumaric acid seem to be less important since they
have not always been detected in the aged wine spirit.

The syringyl-type aldehydes (sinapaldehyde and syringaldehyde) are more plentiful than the
guaiacyl-type aldehydes (vanillin and coniferaldehyde), probably due to the higher thermal stability
of the former and their consequently greater accumulation in the toasted wood [117,118].

Among coumarins, the literature indicates scopoletin as more abundant than
umbelliferone [38,93,102].

Concerning the lignans, few works report the presence of lyoniresinol in aged wine spirits. Despite
the non-negligible amounts found, more advanced analytical conditions required for the separation
and quantification of its two enantiomers [53,107,119] may justify their non-detection by HPLC under
common chromatographic conditions. One of the enantiomers, (+)-lyoniresinol, was also quantified in
oak wood [53,92,107], in which it remains stable under toasting until 200 ◦C [107,117].

As far as we know, acetovanillone was only quantified in small amounts in one study [106]
and was also detected in toasted wood [14,120], being mainly formed by the thermal degradation of
lignin [14,121].

In addition to the low molecular weight phenolic compounds, five hydrolysable tannins were
identified and quantified in aged wine spirits by liquid chromatography coupled to mass spectrometry
(LC-MS) and HPLC, respectively [122] (Table 2).

Table 2. Hydrolysable tannins found in aged wine spirits.

Class Compound Concentration Range

Ellagitannins Castalagin 2.81–20.75
Vescalagin 0.03–0.24
Roburin E 0.08–0.19
Grandinin 0.06–0.16

Gallotannins Monogalloyl-glucose 0.47–5.95

Concentration in mg/L gallic acid. Adapted from [122].

The four monomeric ellagitannins and the monomeric gallotannin are derived from the wood
(oak or chestnut), in which they are present in higher amounts, together with four dimeric ellagitannins
(roburins A, B, C and D) [67,123–126], and with other dimeric and trimeric gallotannins [127,128].
Therefore, their low content or absence in the aged wine spirits may result from the thermal degradation
during the heat treatment of the wood [117,126,129–131]. Moreover, low extraction [132], as well as
oxidation and hydrolysis of ellagitannins, may occur during ageing [99,101].

Among the identified ellagitannins, castalagin and vescalagin are the most representative ones,
followed by xylose and lyxose derivatives (roburin E and grandinin, respectively), as in the wood.
Taking into account the total average content of soluble ellagitannins in Cognacs (4–840 mg/L; [15,101])
and in Armagnacs (155–702 mg/L; [22]), the quantified ellagitannins (Table 2) only represent ca. 3%,
0.03%, 0.03% and 0.03%, respectively; that is, other unidentified ellagitannins are likely to be extracted
from the wood into the wine spirit and to have a greater contribution to the total amount. Actually,
so far, few soluble tannins have been found in the aged wine spirit, contrasting with the increasing
number of tannins and derived compounds detected in the aged wine [43,133].

Data from Tables 1 and 2 clearly illustrate the huge variability of the phenolic compounds
concentrations in aged wine spirits. Indeed, it encompasses the effect of the analytical methodology
used, but especially the impact of the barrel characteristics. Details on the last aspect and its

4
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repercussion on the chromatic characteristics, color, other related sensory properties, and antioxidant
activity of the aged wine spirit are presented in the following sections.

3. Influence of the Wood Botanical Species

The wood most commonly used for the ageing of wine spirits is from the oak species
Quercus robur L., principally from the French region of Limousin [37,134]. However, other wood
botanical species have been increasingly studied to evaluate their potential for the cooperage, focusing
their chemical composition: Quercus sessiliflora Salisb., particularly from the French region of Allier,
and Quercus alba L., mainly from North America [67,108,135,136]; Quercus pyrenaica Willd., grown in
Mediterranean countries [67,108,124,126,137]. Chestnut wood (Castanea sativa Mill.) has also been
exploited for this purpose, and is of particular significance in the countries bordering the Mediterranean
Sea due to historical, economical, and social aspects of its cultivation [138]. Its suitability for the
cooperage aiming the ageing of wine spirit has also been investigated [6,102,108,120,139,140].

3.1. Phenolic Composition

Considerable attention has been devoted by several research teams to the chemical composition
of wood used in oenology. However, only a limited number of studies about its impact on the chemical
composition of the aged wine spirit have been published. Moreover, their experimental designs are not
always fully described, hindering the comparison of results obtained in different approaches. To the
best of our knowledge, the exception lies in four older works that examined the effect of one kind of
wood. Baldwin et al. [13] found low levels of vanillin (ranging from 0.6 to 1.5 mg/L), syringaldehyde
(varying from 1.2 to 7.6 mg/L), coniferaldehyde (ranging from 0.3 to 1.8 mg/L), and sinapaldehyde
(ranging from 0.2 to 3.4 mg/L) in American wine spirits aged in new barrels of American oak. Similarly,
Nabeta et al. [92] reported low average contents of vanillin (0.6 mg/L), syringaldehyde (0.35 mg/L),
coniferaldehyde (1.4 mg/L), and sinapaldehyde (0.8 mg/L) in Japanese wine spirits aged over a
six-year period in new barrels of French oak wood. Tricard et al. [94] also observed low amounts
of vanillin (2.28 mg/L) and syringaldehyde (6.60 mg/L), but a considerable amount of scopoletin
(109 mg/L), in Cognacs aged over a seven-year period in new barrels of French oak. In contrast,
Puech and Moutounet [99] found higher contents of vanillin (8.2 mg/L), syringaldehyde (19.4 mg/L),
coniferaldehyde (17.8 mg/L), and sinapaldehyde (19.8 mg/L) in wine brandies aged over a seven-year
period in new barrels of Limousin oak. They also found high contents of ellagic acid (62.9 mg/L),
gallic acid (31.0 mg/L), vanillic acid (7.9 mg/L), and syringic acid (8.2 mg/L).

The most recent works [6,56,105] were based on a factorial design using the same wine distillate
from the Lourinhã region (produced by Adega Cooperativa da Lourinhã) aged over a four-year period
in barrels made from the following kinds of wood: Limousin oak (Q. robur L.) and Allier oak (Q.
sessiliflora Salisb.) from French forests; American oak (mixture of Q. alba L./Q. Stellata Wangenh.
and Q. lyrata Walt./Q. bicolor Willd.) from Pennsylvania/USA; Portuguese oak (Q.pyrenaica Willd.)
and chestnut (C. sativa Mill.) from the North of Portugal. The 250 L barrels were supplied by J. M.
Gonçalves cooperage (Palaçoulo, Portugal) and were placed in the cellar of Adega Cooperativa da
Lourinhã in similar environmental conditions.

Significant differences in the contents of the majority of low molecular weight phenolic compounds
of the aged wine spirit according to the wood used were observed (Table 3). Chestnut wood induced the
highest content of phenolic acids in the wine spirit, especially of gallic acid and ellagic acid, as noticed
for the ageing of red wine [141,142]. The highest levels of vanillin and syringaldehyde were also found
in the wine spirit aged in chestnut barrels. Portuguese oak wood promoted intermediate enrichment,
with the highest level of sinapaldehyde, while the other kinds of oak had a weaker performance.
However, the richness of coumarins associated with the American oak should be stressed, because
these compounds can act as chemical markers of this kind of wood [56,95].
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Table 3. Mean concentrations of low molecular weight compounds in wine spirits aged four years in
different kinds of wood.

Compound American oak Allier Oak Limousin Oak Portuguese Oak Chestnut

Ellagic acid 32.45 a 37.19 a 49.38 b 81.16 c 91.27 d

Gallic acid 10.49 a 13.46 a 11.52 a 37.80 b 218.19 c

Vanillic acid 2.97 b 2.04 a 2.62 a,b 2.96 b 6.15 c

Syringic acid 3.56 a 3.58 a,b 4.09 a,b,c 5.03 c 19.77 d

Ferulic acid 2.97 a 2.85 a 3.03 a 6.06 b 6.39 c

Vanillin 6.21 a,b 5.50 a 6.33 b 6.41 b 8.28 c

Syringaldehyde 15.06 b 11.73 a 15.02 b 14.94 b 15.89 b

Coniferaldehyde 9.04 8.27 9.12 8.75 7.78
Sinapaldehyde 16.71 b 14.63 a,b 16.76 b 19.65 c 11.94 a

Umbelliferone 1.48 c 0.78 a 0.95 b 0.98 b 0.92 b

Scopoletin 164.77 d 19.74 b 37.12 c 10.33 a 8.63 a

ΣLMW 122.68 a 127.68 a 144.03 a 224.0 b 395.93 c

Concentration in mg/L absolute ethanol except for coumarins, which are in μg/L absolute ethanol; mean values
(n = 24) followed by different letters (a, b, c, d) in a row are significantly different (p < 0.05); ΣLMW—Sum of low
molecular weight phenolic compounds concentrations. Adapted from [56].

Comparing the results of the oldest and most recent works, important differences in the
concentrations of phenolic aldehydes, phenolic acids and scopoletin in wine brandies aged in French
oak wood and American oak wood are observed. They may express the effect of the geographical
origin of the wood, as well as the interaction between the kind of wine distillate and the wood, in the
extraction kinetics of such compounds. Despite the observed variability, the American oak wood had a
lesser contribution to the phenolic composition of the aged wine spirit. Taking into account the results
of Puech and Moutounet [99], the performance of Limousin oak wood resembled that of Portuguese
oak wood.

The phenolic differentiation of wine spirits was ascribed to the pool of phenolic compounds
in the different kinds of wood under study [108,126,140,143] and to lignin hydrolysis during
ageing [14,29,102,116,144]. Furthermore, gallic acid and ellagic acid can be directly extracted from
the wood, or derived from the hydrolysis of gallotannins [112] and ellagitannins [101], respectively,
especially in the first years of ageing [22,101].

Comparing the hydrolysable tannins of the wine spirit aged in Limousin oak wood and
in chestnut wood, Canas et al. [122] did not observe significant differences in their contents
(Table 4). Monogalloyl-glucose was only present in the wine spirit aged in chestnut barrels, as
in the corresponding wood [123], although detection of this monomeric gallotannin in Quercus robur
wood already made by other authors [127]. The robustness of the methods used in the isolation and
quantification of the tannin fraction pointed to the conclusion that the above-mentioned effect could
be caused by the wood intraspecific variability [145].

Table 4. Mean concentrations of hydrolysable tannins in wine spirits aged four years in different kinds
of wood.

Compound Limousin Oak Chestnut

Castalagin 12.07 6.33
Vescalagin 0.11 0.17
Roburin E 0.14 0.12
Grandinin 0.12 0.14

Monogalloyl-glucose nd 5.16

Concentration in mg/L gallic acid; mean values (n = 9); nd—not detected. Adapted from [122].
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3.2. Chromatic Characteristics and Sensory Properties

The color is a core element in the perception of wine spirit quality, as for other beverages [146].
It determines the first impression and rules the consumer’s choice [147]. Among the few authors who
studied it in aged wine spirits [39,40,148], Canas et al. [23] remarked that the chromatic characteristics
(CIELab parameters) are closely related to the kind of wood used (Figure 2). In this investigation [23],
the wine spirit aged in chestnut wood stood out by its more evolved color than the wine spirits aged
in oak wood. It displayed higher color intensity (lower L*), higher red (a*) and yellow (b*) hues, and
higher saturation (C*) that made it look older than the latter. Indeed, there is scientific evidence about
the color evolution of wine spirits over the ageing time, which is marked by a decreasing of lightness
and an increasing of saturation, red hue and yellow hue [148]. Among the wine spirits aged in oak
wood, the one aged in Portuguese oak exhibited greater evolution of the chromatic characteristics than
those aged in Limousin oak, American oak and Allier oak. Once the wine distillate itself is colorless
due to the absence of phenolic compounds other than volatile phenols [11], the observed changes are
assigned to the wood stage. Recently, Rodríguez-Solana et al. [149] reported concordant results for a
grape marc spirit aged in Q. robur, Q. alba and Q. petraea wooden barrels.

Figure 2. Mean values (n = 24) of chromatic characteristics of the wine brandies aged in different kinds
of wood: (a) lightness (L*) and saturation (C*); (b) chromaticity coordinates (a*, b*); AmO—American
oak; AO—Allier oak; LO—Limousin oak; PO—Portuguese oak; CT—Chestnut. For each chromatic
characteristic, the differences between the aged wine spirits are very significant (p < 0.01). Adapted
from [23].

The different pool of phenolic compounds and extraction kinetics (Table 3), the oxidative
phenomena occurring during ageing [26,27,101], and the condensation reactions between phenolic
compounds promoted by each kind of wood possibly accounted for the differences in the chromatic
characteristics. Condensation reactions between tannins mediated by acetaldehyde (resulting
from ethanol oxidation and which may represent more than 90% of the aldehydes’ content of
the aged wine spirit [14,16]), by phenolic aldehydes and furanic derivatives, such as furfural and
5-hydroxymethylfurfural, are likely to happen, as in wine during ageing [146,150–152].

Interestingly, as described in the same work [23], the color perceived by the tasters (Figure 3) was
consistent with the chromatic characteristics of the aged wine spirits (Figure 2).
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Figure 3. Color profile based on the average panel score’s attributes of the wine spirits aged four years
in different kinds of wood. For each color attribute, the differences between the aged wine spirits are
very significant (p < 0.01). Adapted from [23].

The wine spirits aged in chestnut barrels were characterized by a more evolved color owing to
the highest intensities of topaz (orange, amber color), greenish color, and the lowest intensities of
golden and yellow straw (Figure 3). The wine spirit aged in Portuguese oak wood had high intensity
of topaz and golden while those aged in the other kinds of oak wood showed higher intensities of
golden, yellow straw and yellow green. Topaz is the main color of older wine spirits, resulting from
the combination of higher positive values of chromaticity coordinates a* (red hue) and b* (yellow hue),
whereas the golden prevails in wine spirits with less ageing time. Therefore, as for the analytical color,
the sensory color of the wine spirits expressed the differences in their phenolic composition.

Examining other sensory properties of the wine spirits, Caldeira et al. [153] found significantly
higher intensities of vanilla and astringency underlying the cluster formed by the wine spirits aged in
Portuguese oak and chestnut. For these attributes, the wine spirits aged in Allier oak and American
oak presented the opposite features, while those aged in Limousin oak showed an intermediate profile.
Similar results were obtained for grape marc spirits aged in Q. robur, Q. alba and Q. petraea barrels [149].
The observed behavior for the vanilla aroma is ascribed to the vanillin content (Table 2), while the
astringency seems not be related to the content of hydrolysable tannins (Table 3).

3.3. Antioxidant Activity

The antioxidant activity of some spirit drinks, namely the aged wine spirit, has aroused the interest
of the researchers. Indeed, the “French Paradox” showed that for apparently the same level of risk
factors, cardiovascular mortality rate is lower in France than in the European Northern countries [154].
Moreover, among the French regions, this phenomenon was particularly evident in the southwest
France, a region where people do not drink more wine than elsewhere, but often drink Armagnac [155].
Therefore, some research was conducted to evaluate the antioxidant activity of Armagnacs and
Cognacs [74,78,80] as well as of Spanish brandies [82,156], revealing its positive correlation with the
ageing time. Later on, the influence of the wood botanical species used was examined [122]. Similar
studies were also done with brandies [84,157] but the corresponding experimental designs raise many
doubts, and do not allow comparison of outcomes with those obtained for the aged wine spirits.

Studying the in vitro antioxidant activity of the same wine spirit aged in chestnut barrels and
in Limousin oak barrels, Canas et al. [122] concluded that the wood botanical species induced
significantly different antioxidant activity (measured by 1,1-diphenyl-2-picrylhydrazyl radical
scavenging activity—DPPH) regardless the toasting level. The antioxidant activity promoted by
the chestnut wood (DPPH inhibition = 93.5%) was two-fold higher than that promoted by Limousin
oak wood (DPPH inhibition = 45.7%)—Figure 4.
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Figure 4. Mean values of antioxidant activity of the wine spirits aged in different kinds of wood
(LO—Limousin oak; CT—chestnut). Adapted from [122].

This effect is explained by the highest phenolic content of the wine spirit aged in chestnut barrels;
synergistic phenomena [81,158] and antagonistic phenomena [159] between individual phenols are
also likely to occur. The antioxidant activity was mainly correlated with gallic acid (r = 0.9555) and
ellagic acid (r = 0.6138), whose contents were significantly higher in the wine spirit aged in chestnut
wood (Table 3). Actually, these phenolic acids are well-known bioactive compounds [61,62,66,69,160].
Syringaldehyde may also have contributed to this feature [70,71], especially in the wine spirit aged
in chestnut barrels. It is interesting to note that a similar relationship of the antioxidant capacity
was reported by Rodríguez Madrera et al. [143] for C. sativa and Q. robur wood extracts based on
the levels of phenolic acids and phenolic aldehydes. Regarding the role of hydrolysable tannins
in the observed behavior, no significant correlations were pointed out by Canas et al. [122] for
individual compounds and for the total content. However, strong correlations between the antioxidant
capacity and monomeric ellagitannins (castalagin, vescalagin, roburin E and grandinin), and dimeric
ellagitannins (roburins A–D) were emphasized for wood extracts including C. sativa and Q. robur [67].
On the other hand, Da Porto et al. [74] stated that ellagitannins are the major contributors to the overall
antioxidant activity of Cognac. So, this kind of discrepancy could be justified by the variability of wood
composition [145] plus the variability induced by the wood heat treatment together with differential
extraction from the wood and reactions involving ellagitannins during ageing, as aforementioned.

4. Influence of the Heat Treatment of the Barrel

Research on oak wood and chestnut wood have shown that the heat treatment of the barrel is of
remarkable importance to the pool of extractable compounds that can be released into the beverage
when it contacts the wood [102,109–113,117,118].

The heat treatment is part of the barrel making process, being performed by the French technique
using fire, or by the American technique using heated steam for bending the staves followed by
fire [161]. In European cooperage, the barrel is heated over a fire of wood shavings with various
techniques of spraying or swabbing with water to enable the bending of the staves to the concave
shape of a barrel without breaking—the bending phase [110,161]. Then, the barrel is placed again
over the fire to heat the inner surface and to cause significant toasting in order to modify the
structure [114], the physical properties [115], and the chemical composition of the wood [109,110,121],
which confer a distinct character to the wine or distillate aged in it—the toasting phase. Despite
the diversity of toasting protocols, the toasting level is usually classified as light, medium or heavy.
In practice, the result mostly depends on the binomial temperature/time applied to each wood
botanical species [109,110,143,162,163].
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4.1. Phenolic Composition

Scientific data about the influence of the wood toasting level on the phenolic composition and
related properties of the aged wine spirit are rather scarce. Notwithstanding, older works made on
Spanish brandies by Artajona et al. [96], on Cognacs by Cantagrel et al. [164] and Viriot et al. [101],
and on French wine spirits by Rabier and Moutounet [97] and Puech et al. [165] are noteworthy.
Artajona et al. [96] found increasing contents of phenolic aldehydes in brandies with an increasing of
barrel toasting intensity: ca 18 mg/L, 30 mg/L, and 58 mg/L under the influence of light, medium and
heavy toasting, respectively. Rabier and Moutounet [97] observed increasing contents of ellagic acid
(ca 15 mg/L and 60 mg/L), gallic acid (ca 4 mg/L and 9 mg/L), and vanillin (ca 0.5 mg/L and 1 mg/L)
in a wine spirit aged over a two-year period in new oak barrels with light and heavy toasting levels.
Puech et al. [165] also studied the influence of the toasting level (light, medium and heavy) in a wine
spirit aged over a two-year period in new barrels of Limousin oak. They found an increasing content
of vanillin with the rise of toasting intensity, which remained below 5 mg/L; a similar behavior was
observed for syringaldehyde with ca.1 mg/L, 7 mg/L and 11 mg/L under the effect of light, medium
and heavy toasting, respectively; for coniferaldehyde and sinapaldehyde, a sharp increase between
light and medium toasting (from ca 3 to ca 13 mg/L, and from ca 2 to ca 22 mg/L, respectively) and a
slight decrease under heavy toasting (ca 11 mg/L and 21 mg/L, respectively) were described.

In recent years, a comprehensive investigation was performed [6,56,120]. In that study, the same
wine distillate from Lourinhã region (produced by Adega Cooperativa da Lourinhã) was aged over a
four-year period in 250 L barrels. The barrels were made by J. M. Gonçalves cooperage (Palaçoulo,
Portugal) using the following kinds of wood: Limousin oak (Q. robur L.) and Allier oak (Q. sessiliflora
Salisb.) from French forests; American oak (mixture of Q. alba L./Q. Stellata Wangenh. and Q. lyrata
Walt./Q. bicolor Willd.) from Pennsylvania/USA; Portuguese oak (Q. pyrenaica Willd.) and chestnut
(C. sativa Mill.) from the North of Portugal. These barrels were divided into three groups. Then,
each group were submitted to one of the three levels of toasting—light (LT), medium (MT) and heavy
(HT)—according to the cooperage protocol: 10 min for light toasting, 20 min for medium toasting and
25 min for heavy toasting [120]. They were filled with the same wine distillate and kept in the cellar of
Adega Cooperativa da Lourinhã in similar environmental conditions.

Analysing the low molecular weight phenolic compounds of the wine spirits aged in them,
Canas [56] showed that the toasting level had a significant effect on the concentration of all phenolic
compounds, except for scopoletin (Table 5), confirming the results of previous studies [96,97,164,165].

Table 5. Mean concentrations of low molecular weight compounds in wine spirits aged four years in
barrels with different toasting levels.

Compound Light Toasting Medium Toasting Heavy Tosating

Ellagic acid 38.85 a 57.69 b 87.36 c

Gallic acid 42.27 a 55.44 b 54.22 b

Vanillic acid 2.05 a 3.20 b 4.48 c

Syringic acid 5.08 a 6.00 b 8.64 c

Ferulic acid 4.30 a 4.49 a 5.00 b

Vanillin 2.94 a 6.43 b 10.07 c

Syringaldehyde 4.31 a 13.00 b 26.28 c

Coniferaldehyde 3.25 a 8.64 b 13.55 c

Sinapaldehyde 3.99 a 14.49 b 30.60 c

Umbelliferone 0.47 a 0.92 b 1.64 c

Scopoletin 37.36 39.42 36.58
ΣLMW 117.82 a 197.10 b 295.08 c

Concentration in mg/L absolute ethanol except for coumarins, which are in μg/L absolute ethanol; mean values
(n = 56) followed by different letters (a, b, c) in a row are significantly different (p < 0.05); ΣLMW—Sum of low
molecular weight phenolic compounds concentrations. Adapted from [56].

10



Beverages 2017, 3, 55

Furthermore, Viriot et al. [101] and Canas [56] emphasized a positive relationship between ellagic
acid concentration in the wine spirits and the toasting intensity of the barrel. A different pattern
is identified for gallic acid; its concentration in the aged wine spirits increases under the influence
of medium toasting and slightly decreases under heavy toasting. Recent results obtained for grape
marc spirit corroborate it [149]. This pattern expresses the behavior of gallic acid in the toasted
wood, in which it undergoes degradation from the medium toasting as a consequence of higher
thermal sensitivity [97,166]. In contrast, higher level of ellagic acid is ascribed to its high fusion point
and greater accumulation in the toasted wood, as observed by Rabier and Moutounet [97]. As in
the untoasted wood [108] and toasted wood [109,137], ellagic acid and gallic acid still remain the
major phenolic acids of the aged wine spirits, being mainly derived from the wood ellagitannins and
gallotannins [118,129,130,167].

It was also demonstrated that the rise of toasting level of the barrel promoted an increase of vanillic
acid, syringic acid, ferulic acid and phenolic aldehydes contents in the aged wine spirits, as in the
aforementioned studies, except for coniferaldehyde and sinapaldehyde [165]. It is well-known these
compounds resulted from the wood lignin’s decomposition [117] (Figure 5). Under mild temperatures,
decarboxylation and cleavage of the aryl-alkyl ether bonds of the terminal units of this biopolymer
take place, originating the cinnamic aldehydes (coniferaldehyde and sinapaldehyde). At higher
temperatures, an oxidative cleavage of double C-C bond of the aliphatic chain of these aldehydes may
occur, yielding the corresponding benzoic aldehydes (vanillin and syringaldehyde). The resulting
concentrations express the balance between synthesis and degradation reactions. Therefore, the
slight decrease of coniferaldehyde and sinapaldehyde contents reported by Puech et al. [165] for
heavy toasting should have resulted from specificity of the toasting protocol, which induced higher
degradation of these aldehydes.As the temperature rises, the phenolic aldehydes thus formed give
rise, by decarboxylation, to the corresponding phenolic acids. Hence, they accumulate in the toasted
wood [109,130,137,163].

oxidation 

oxidation

Lignin 

Syringic acid 

Sinapic acid 

Vanillic acid 

Ferulic acid 

Vanillin 
Heat 

treatment 

Syringaldehyde 

Sinapaldehyde

Coniferaldehyde

oxidation

Figure 5. Mechanism of lignin’s decomposition and formation of derived compounds; proposed by [117].

Furthermore, higher permeability of the wood and better access of the wine spirit to wood
extraction sites caused by fragmentation of cell structures and reorganization of lignocellulose
network [114,115] may also facilitate their release into the wine spirit. Likewise, lignin’shydrolysis
during the ageing period may contribute to their increase in the beverage [14,29,102,116,144].
The presence of oxygen and the mild acidity of the medium, mainly modulated by the increase
of acetic acid content over time, favor this pathway [37].

Regardless the toasting level of the barrel and the ageing time, it has been found [29,56,102] that
syringyl-type aldehydes (sinapaldehyde and syringaldehyde) prevailed over those of guaiacyl-type
(vanillin and coniferaldehyde) in the aged wine spirits. On the other hand, an increase in the
syringyl/guaiacyl ratio with the toasting intensity has been referred [14,56,97]. In the above-mentioned
work [56], mean values of 1.34, 1.82 and 2.41 were obtained for the same wine spirit aged during
four years in barrels with light, medium and heavy toasting levels, respectively. This suggests that
higher thermal stability of the syringyl compounds and subsequent higher availability in the toasted
wood [117,118] was the causal effect.
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There is also evidence of the increase of umbelliferone content in the wine spirit with the toasting
level of the barrel [56], but the chemical mechanisms underpinning its formation/degradation during
the heat treatment of the wood are still unknown.

Concerning the hydrolysable tannins, no significant differences in wine spirits aged in barrels
with different toasting level were reported [122].

4.2. Chromatic Characteristics and Sensory Properties

As for the wood botanical species, data from the literature [23] show the modulating effect exerted
by the toasting level of the barrel on the chromatic characteristics of this beverage (Figure 6). The higher
the toasting level of the barrel the more the evolution of the aged wine spirit color (higher intensity,
saturation and red and yellow hues) with significant increments between levels. Acquisition of these
chromatic characteristics makes the wine spirit aged in heavy toasting barrels look older than those
aged in medium and light toasting barrels (as noticed for the wine spirit aged in chestnut wood when
compared with those aged in different kinds of oak wood). These outcomes are correlated with the
phenolic compounds extracted from the wood (Table 5) and are in agreement with those obtained
for wine aged in barrels with different toasting levels [167]. In addition, the oxidative phenomena
underlying the ageing process may also be responsible for the color acquired by the aged wine spirit;
the higher the toasting level the higher the wood permeability to oxygen [114,115], and therefore
greater extension of oxidation reactions are expected.

Figure 6. Mean values (n = 56) of chromatic characteristics of the wine spirits aged in barrels with
different toasting levels: (a) lightness (L*) and saturation (C*); (b) chromaticity coordinates (a*, b*);
LT—light toasting; MT—medium toasting; HT–heavy toasting. For each chromatic characteristic, the
differences between the aged wine spirits are very significant (p < 0.01). Adapted from [23].

From the sensory point of view, Canas et al. [23] indicated the predominance of yellow straw
and yellow green in the wine spirits aged in light toasting barrels, and the prevalence of golden and
topaz in those aged in medium and heavy toasting barrels, respectively (Figure 7). These results are
consistent with those obtained by the CIELab method (Figure 6), showing a faster ageing of the wine
spirit associated with the heavy and medium toasting levels.

Other sensory properties related to the phenolic composition, such as the vanilla aroma and
astringency, had higher intensities associated with the heavy toasting barrels [153]. The wine spirits
aged in light toasting barrels and medium toasting barrels revealed opposite and intermediate
intensities of these attributes, respectively. Increasing concentrations of vanillin with the toasting
intensity (Table 5) should explain the effect on the vanilla aroma. Regarding astringency, the existing
information does not allow the establishment of a reliable relationship with the phenolic composition.
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Figure 7. Color profile based on the average panel score’s attributes of the wine spirits aged during four
years in barrels with different toasting levels (LT—light toasting; MT—medium toasting; HT—heavy
toasting). For each color attribute, the differences between the aged wine spirits are very significant
(p < 0.01). Adapted from [23].

4.3. Antioxidant Activity

Only one approach [122] is found for the influence of the toasting level on the antioxidant activity
of the aged wine spirit. Surprisingly, in this work, it was observed that a non-significant variation of
the DPPH inhibition with the toasting intensity existed (60.6%, LT; 69.6%, MT; 63.5%, ST) (Figure 8).
Such an effect was assigned to the high variability associated with the toasting operation [102,164],
despite the significant influence found for the majority of low molecular weight phenolic compounds
(Table 5). Nevertheless, Híc et al. [168] noticed a similar behavior for the oak wood antioxidant activity
under the toasting effect.

 
Figure 8. Mean values of antioxidant activity of the wine spirits aged in barrels with different toasting
levels (LT—light toasting; MT—medium toasting; HT—heavy toasting). Adapted from [122].

5. Concluding Remarks

The reviewed literature demonstrates that the phenolic composition and some related properties
of the aged wine spirit are effectively modulated by the kind of wood and the toasting level of the
barrel. It is worth mentioning the highest enrichment of the wine spirit in low molecular weight
phenolic compounds through the contact with chestnut wood (Castanea sativa). As a consequence,
greater evolution of the chromatic characteristics and sensory color, as well as higher intensities of
vanilla aroma, and higher antioxidant activity are achieved. Q. pyrenaica and Quercus robur exerts a
similar influence. It means that these botanical species contribute to accelerate the ageing process and
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to give singular physicochemical characteristics and sensory profile to the aged wine spirit. The other
kinds of oak (Q. petraea and Q. alba) show a weak performance, providing lower contents of phenolic
compounds and promoting less intense related properties.

Regarding the toasting levels commonly used, higher concentrations of low molecular weight
phenolic compounds, more evolved chromatic characteristics, sensory color, and other related sensory
attributes are induced by the heavy toasting, followed by the medium toasting.

Thus, the wood botanical species together with the toasting level of the barrel are important
resources for the industry for more sustainable management of the ageing process, to differentiate
and to improve the quality of aged spirits. In addition, knowledge on the antioxidant activity of this
beverage resulting from different ageing conditions may support a proper management of the ageing
technology in order to add value to the final product. To be successful, the chemistry underlying
the ageing process must be better understood. For this purpose, further research, supported by
more advanced analytical methodologies, is needed on for key aspects such as: (1) identification and
quantification of other phenolic compounds, coumarins and tannins of the aged wine spirit; (2) chemical
reactions in which they are involved, and the relationship with chromatic characteristics and sensory
properties of the aged wine spirit; (3) bioactive properties of the aged wine spirit modulated by
thebarrel characteristics and other ageing factors. More studies about the heat treatment effect on
the wood constituents and derived phenolic compounds, namely the coumarins, will also be of great
relevance for a comprehensive insight into the ageing process.
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Abstract: Pulsed electric fields (PEF) technology is an innovative food processing system and it
has been introduced in relatively recent times as a pre-treatment of liquid and semi-solid food.
Low cost-equipment and short processing time, coupled to the effectiveness in assisting the extraction
of valuable compounds from vegetable tissues, makes PEF a challenging solution for the industrial
red winemaking; a tailored PEF-assisted maceration was demonstrated to promote an increase in
wine color quality and an improvement in the polyphenolic profile. Despite the application of PEF
has been studied and the positive effects in selected wine varieties were demonstrated on batch and
pilot-scale systems, there is a need for a more detailed characterization of the impact in different
grapes, and for a better understanding of potential undesirable side-effects. This review aims to
summarize the state of the art in view of a detailed feasibility study, to promote the introduction of
PEF technology in the oenological industry.

Keywords: pulsed electric field; polyphenolic extraction; red winemaking; color intensity

1. Introduction

The implementation of food products in terms of nutritional value and shelf-durability and the
optimization of the production processes (with a consequent reduction of the production costs) have
been the main challenges faced by the food industry in recent decades. Based on these premises,
innovative technologies with potential application on an industrial scale have been investigated with
the aim of enhancing food quality, increasing competitiveness in the food market and matching
costumer’s expectation [1–3].

Thermal processing is traditionally used for the biological stabilization, by subjecting the food to
a temperature range from 60 to above 100 ◦C for variable periods, and involving a massive energy
transfer from the heat source to the treated matrix [4]. Although the energy obtained is effective in
destroying or inhibiting undesirable microorganisms, many unwanted secondary reactions leading
to the loss of nutritional and sensorial quality of food have been highlighted in recent studies [5,6].
Mild thermal treatments are also applied to enhance mass transfer phenomena, obtaining the removal
of water from food and the release of nutraceutical compounds; despite the temperature supply is
limited compared to the pasteurization treatment, the use of heat in fresh food matrices potentially
results in the deterioration of sensory properties [7–9].

Non-thermal food processing involving ambient temperatures constitute a concrete alternative
to thermal technologies, improving food safety while maintaining product quality and economic
feasibility; several non-thermal technologies were proposed for preserving the nutritional constituents
of food including vitamins, minerals, and essential flavors. High hydrostatic pressures, oscillating
magnetic fields, intense light pulses, irradiation, the use of chemicals and biochemicals, high-intensity
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pulsed electric fields were all recognized as emerging solutions in the early 2000s [10,11]. Among them,
pulsed electric field (PEF) represents a promising emerging solution for the food industry, being effective
on the process scale and competitive in terms of cost. The use of pulsed electric field was introduced in
the food industry in the early 90ies, and it is based on the application of high-frequencies electric pulses
with intense field strengths, which are able to modulate the activity of biological membranes. The use
of high-voltage pulsed treatments was initially hypothesized for inactivation of microorganisms and
pasteurization of liquid foods [12]; afterwards, the improved understanding on the mechanisms
involved, and the development of efficient pilot-scale equipment with reduced processing time and
continuous flow applicability have extended the application fields in the food industry [13–15].

The “dielectric breakdown” theory provides a reliable mechanistic description of the impact of
electric pulses in the modification of biological membranes. Accordingly, the membrane of a cell is
modeled as a capacitor filled with a low-dielectric constant fluid; after being exposed to a strong
electric field, ions migrate along the fluid and toward the membrane walls, thus forming free charges
of opposite sign which accumulate at both membrane sides. Due to the attractive interaction of
charges, the cell wall undergoes a compression which reduces the membrane thickness; the mechanism
proceeds until the electric field strength gains a critical value, usually around 1V potential, at which
micropores are formed on the membrane, increasing permeability (electroporation). The electroporated
membrane may be damaged owing to the direct rupture, as a consequence of Joule overheating of the
membrane surface, or following the chemical imbalances caused by the enhanced transmembrane
transport throughout the membrane pores.

In a typical PEF treatment microsecond, intense electric pulses are applied to a conductive material
(whether it is liquid or solid) which is located between two working electrodes; the external electric
field induces a reversible or irreversible permeabilization of biological cells membranes in organic food
matrices, supporting step production processes like tissues soaking, peels removal or the extraction of
bioactive compounds [12,16–18].

The mechanism of alteration of transmembrane permeability has also gained specific interest for
the oenological industry, having a potential application for improving the maceration stage in red
vinification. As the majority of the compounds responsible for the quality and stability of wine color
(polyphenolic compounds, colour precursors, tannins) are located in the grape skin vacuoles of the
grape berries, the mass transfer is a critical mechanism for achieving their efficient extraction, and the
winemaking techniques aim to increase the permeability of cytoplasmic membranes to facilitate
their release; however, an effective extraction of such compounds strongly impacts the industrial
process in terms of duration and cost. Different techniques have been developed to enhance the
extraction of polyphenols and pigmented compounds improving the performances of the static
maceration: thermovinification, grape freezing, the use of maceration enzyme, among others, have been
tested on pilot and industrial scales [19–21]. To date, many of these approaches require a significant
amount of energy and cause losses of valuable nutraceuticals: conducting alcoholic fermentation at
high temperatures can cause fermentation failures and loss of volatile compounds, freezing grapes
was demonstrated to affect the wine quality on different extents, and commercial formulations of
maceration enzymes provide different levels of purity and potential contamination of detrimental
species like β-glucosidases [22–24].

Treating red grapes with pulsed fields is a challenging opportunity to enhance the mass transfer
phenomenon reducing the duration of the extraction process, thus limiting the economic impact and
potential side effects of maceration. The bulk of research on the oenological field has evolved over
the years 2007–2012, with few advances in the following years; during this period, along with the
efficacy of the treatment, attention was paid to the potential undesirable effects, which have inhibited
the application of PEF on an industrial scale so far [25].

The aim of this review is a critical evaluation of the state of art, to overcome actual limitations
and promote the application of PEF technology in the wine industry. The manuscript is structured
in the following sections: (i) generic overview on the PEF technology; (ii) a brief description of the
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PEF-assisted mass transfer of valuable compounds from vegetable tissues; (iii) presentation of the
main scientific contributions to the use of the PEF technology in winemaking, considering the decade
2007–2017, and also highlighting limitations and potential challenges.

2. An Overview on PEF Technology: Equipment and Processes

PEF involves the direct application of very short current voltage pulses to the food matrices;
the time duration of the pulses cycling is variable (ranging micro to milliseconds) during which the
material placed between two electrodes is treated with high voltages; the specific intensity of the
treatment could be modulated on the basis of the geometry and distance of the working electrodes,
the voltage delivered, the conductivity of the material treated. There is no strict definition regulating
such intensity: on the basis of empirical experience, treatment ranges required to increase polyphenols
and color extraction have been defined as high (E > 1 kV cm−1) medium (E ≈ 0.1–1 kV cm−1) and
low-intensity (E < 0.1 kV cm−1) electric fields [26].

The basic components of a typical PEF apparatus for producing exponentially decay pulses
are schematically represented in Figure 1: regardless the settings required for specific industrial
processes, the bulk of the equipment is constituted by a generator of electric pulses and a treatment
chamber. In the generator, a charger converts the AC to DC current supplying an energy storage device,
and a switch shortly turn on and off the high voltage circuit to generate electric pulses; the discharge
of electrical energy is a critical step due to high voltages and short timing involved, and the capacitor
is continuously monitored and stepped up if voltage collapse [27]. For square pulses, the electric
scheme is more complex involving several LRC circuits (electrical circuits consisting of a resistor (R),
an inductor (L), and a capacitor (C)) associated. The treatment chamber is composed by two electrodes
separated by isolating materials and a gap to be filled with the food to be treated; the distance between
electrodes, the voltage applied and the geometry of the chamber affect the treatment by defining
the strength of the electric field, and modulating the energy supplied per unit of area. The food
industry treatments frequently take place under continuous flow, thus making difficult modelling and
predicting the distribution of the electric field along the treated material; most preliminary studies
have provided static models were the electrodes have coaxial, co-linear (non-uniform electric field
distribution) or parallel flat (uniform electric field distribution) electrodes, and the scale-up provides
laminar flow at constant rates to optimize the treatment’s efficiency [28].

Figure 1. Schematic representation of a pulsed electric fields (PEF) circuit system for producing
exponentially decay pulses, including the structure of the most exploited treatment chambers.

After modulating the set-up of the apparatus, the following process parameters must be defined:
(i) electric field strength; (ii) pulse shape; (iii) pulse width; (iv) number of pulses; (v) pulse specific
energy, (vi) pulse frequency [27]. The electric field strength is also related to the uniformity of electric
field, which is dependent on the specific set-up of the apparatus as previously mentioned: in the
parallel configuration of electrodes the treatment is uniform along the treated matrix, while in collinear
and co-axial set-ups intensity gradients of the electric field are formed within the treatment chamber
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(Figure 1). The commonly used pulse shapes are exponential decays and square waveform, the latter
being the most suitable to maximize the effect of a PEF treatment: in square waveform any power decay
occurs and the intensity remains constant for the whole duration pulse width, increasing efficiency
compared to the pulses sent per unit of time. The specific energy delivered during the treatment is
a function of the voltage applied, duration of the treatment, resistance and conductivity of the material
treated, and temperature variation induced by electric field in the material, and it constitute a process
parameter that can be modulated based on preliminary trials; the parameters described are also used
to evaluate the PEF treatment efficiency and economic impact in prevision of scale-up [29].

3. Enhancement of Mass Transfer from Vegetable Tissues by PEF

Electroporation is a physical mechanism to induce permeabilization of cell membranes through
the application of external intense electric pulses, and it can be exploited in the food processing [30].
In more detail, the application of a PEF treatment in plant cell could assist the extraction of valuable
compounds such as pigments, antioxidants, flavors, contained in membranes and vacuoles of plant
tissues. In eukaryote plant cells permeabilization of the membrane is easier to obtain if compared with
bacterial cell, resulting in lower electric intensities required and subsequent lower energy consumption;
for this reason, PEF treatment is considered competitive in term of cost/effectiveness for industrial
treatments like pressing, extraction, drying and diffusion [31]. The reversible electroporation or the
electrical membrane breakdown are due to the intrinsic composition and electric properties of cell
membranes, which induce amplification of the external electric field. More specifically, the conductivity
of the intact cell membrane is several orders of magnitude lower than that of the medium and cytoplasm
where it is immersed. When an external electric field is applied, the opposite charges migrate and
accumulate at the interface of membrane with the medium, increasing the transmembrane potential.
Due to the thickness of the a typical vegetal cell membrane (≈5 nm), which is very low compared to
a typical plant cell radius (≈100 μm), the electric field accumulates distributing opposite charges at
the two interfaces (inner/outer) of the membrane itself; the electrostatic attraction of opposite charges
operates along the membrane, inducing a squeezing of tissues. When the electric field reaches a critical
value (Ec), ranging 0.2–1 V/m for vegetal cells, the compression induces a reversible (E ≈ Ec) or
irreversible (E >> Ec) formation of pores [32,33].

In Figure 2 the time course of the electroporation process is schematically represented, showing
that it is a non-instantaneous, dynamic process. The kinetic of electroporation is the reason for the key
role played by technological parameters such as the intensity, duration and the pulse shape in a typical
PEF treatment; moreover, the degree of degradation of cell tissues influences the kinetic of extraction
of desired compounds.

 

Figure 2. Time-course of a typical PEF experiment after releasing pulses on a generic eukaryote
vegetable cells.

4. PEF Technology in Red Winemaking (Decade 2007–2017)

Grapes skin contain a large number of phenolic compounds and natural pigments, which are
protected in the cell walls and cytoplasmic membranes of the skin vacuoles, and have high technological
relevance for the oenological industry; nevertheless, due to the presence of cellular barriers that increase
their resistance to the mass transfer, they are only partially (and slowly) extracted and released in
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wine during traditional maceration processes that usually lasts up to 2–3 weeks. The main phenolic
compounds contained in red grapes are anthocyanins, polyphenolic monomers, condensed tannins
and pigmented polymers, all contributing to the color quality and stability. The final content and
composition of polyphenols in wine is affected by several factors like grape variety, cultivation factor,
winemaking technique, efficient extraction yield of the maceration step. For instance, the extraction of
wine phenolics can be enhanced using technological alternatives to traditional maceration, but each
of them has showed limitations in terms of cost-effectiveness and potentially have a negative impact
on the sensory profile of wines. PEF has been recently introduced as an alternative pre-maceration
treatment to increase and speed-up polyphenolic extraction without altering the sensory properties,
highlighting effectiveness in improving wine stability and color quality [34]. An early-stage trial
conducted using a PEF-assisted juice expression of red grapes resulted in an increasing anthocyanins
content juice compared to non-thermal processes, such as high pressure treatment, supercritical CO2,
or the subjection to ultrasounds [35]. In 2007, the experiment was extended to Muscadelle, Sauvignon
and Semillon white grape varieties, with the aim of increasing the expression and quality of juice:
the PEF-assisted expression provided an increase of juice yield from 50% to 80% following a 5 bar
pressing for 45 min [36]. Following the improvement in grape juice quality, an increasing number
of experiment were conducted in the years 2008–2009, aimed to monitor not only the improvement
of juice expression, but also the possibility to increase the polyphenols extraction in grape juice.
The PEF-assisted low-pressure mechanical expression (maximum pressure: 1 bar) was also tested to
assay Chardonnay white grapes, increasing juice yield from 67% to 75%, and producing a 15% increase
of the polyphenolic content; moreover, the visual aspect of the juice was improved while reducing the
juice turbidity with respect to the control [37].

The promising preliminary results on grape juices have stimulated an increasing number of
experiments aimed to applying PEF prior to the maceration step of red wines. López et al. [38] have
investigated the effects of pre-treating Tempranillo grape skin with pulsed electric field treatments
(5 and 10 kV/cm) on the total polyphenols and anthocyanins content, color attributes. It was
observed a generic increase and improvement of the three parameters when the electric energy
irradiation raised from 5 to 10 kV/cm. After 50 h maceration the maximum index of polyphenols
and anthocyanins content was obtained in PEF-treated samples, while the same value was obtained
after 96 h in the control. Moreover, the total polyphenols index in PEF treated wines was 13.7%
higher (5 kV/cm treatment) and 29.0% higher (10 kV/cm treatment) with respect to the control after
96 h maceration. At the end of fermentation the Tempranillo treated wines showed a color intensity
of 23.93 (control), 27.04 (5 kV/cm treatment), and 29.33 (10 kV/cm treatment), confirming the color
improvement in induced by PEF pre-treatment [38]. The same Authors have investigate the influence of
the grape variety on the effectiveness of PEF treatments in red wine, performing the pulsed electric field
on autochthonous Spanish grape varieties (Garnacha, Mazuelo and Graciano). Irradiation treatments of
2, 5 and 10 kV/cm were applied to improve color intensity, anthocyanins and total polyphenols index,
guaranteeing a low energy consumption to obtain cell permeabilization of grape skins (0.4–6.7 kJ/kg)
and short processing times. The PEF treatment was more effective in Mazuelo variety than in Garnacha
and Graciano, reaching color intensity of 21.2% (2 kV/cm), 35.3% (5 kV/cm), 49.8% (10 kV/cm) and
anthocyanins 20.3% (2 kV/cm), 28.6% (5 kV/cm), 41.8% (10 kV/cm) higher than the control after 120 h
maceration [39]. Nevertheless, according to a study after Luengo et al. that was conducted few years
later, in 2014, the PEF treatment can be modulated to achieve optimal polyphenols extraction and color
expression in Garnacha red wine [40].

Tempranillo, Graciano and Garnacha Spanish grape varieties were also used as a template to
demonstrate that a PEF treatment induce an increase in the extraction yield of trans-resversatrol and
piceid-like compounds (stilbenes), which have a major antioxidant and nutraceutical impact but are
usually available in low concentrations in red wines, being difficult to release from grape tissues using
traditional extraction methods [41].
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Cabernet sauvignon is a native grape variety from the Bordeaux region, which has been
widespread in different geographical areas due to its ductility and excellent sensorial properties.
It produces intensely colored wines, with high contents in tannins and flavors, suitable for aging;
long maceration times and aging in oak barrels could enhance the sensory properties of pure or
blended Cabernet sauvignon wines. Due to its peculiar properties, Cabernet sauvignon has been one
of the main grape variety assayed to evaluate the advantages of PEF-assisted winemaking.

The intermediate 5 kV/cm PEF treatment was applied to the grape pomace of Cabernet Sauvignon,
with an irradiation energy of 2.1 kJ/kg. The aim of the experiment was to evaluate the evolution on
quality parameters and anthocyanins content on finished wine obtained after different maceration
times: 48, 72, 96, 248 h, using PEF as a pre-treatment, and comparing with the same wine without
applying electrical pulses to the grape juice. The PEF treatment of Cabernet sauvignon grapes was
confirmed to produce intensely colored wines at bottling, with shorter maceration times: evaluations
concerning the PEF experiment have highlighted the possibility of reducing the maceration time from
268 h (control) to 72 h (PEF treatment), obtaining comparable anthocyanins and polyphenols extraction
yields [42]. Nevertheless, a major concern regarded the evolution of polyphenolic and color profile
throughout aging in bottles. For this reason, the same grape variety was used to make a comparative
study between PEF-assisted maceration of the grape mass pumped through a co-linear treatment
chamber, and the use of 2 commercial enzymatic preparations in Cabernet sauvignon grapes under
static conditions. PEF treatment conditions were defined on the basis of previous experiment after
Lopez et al., and consisted of 50 pulses of 5 kV/cm at a frequency of 122 Hz, resulting in a total specific
energy of 3.67 kJ/kg. The following parameters were monitored: color intensity (CI), anthocyanins
content (AC) and total polyphenol index (TPI), from grape crushing to 3 months of wine aging in
bottle. After 3 months, both enzymatic preparations were increasing the CI level of 5% with respect to
the control, and only one of them reached the maximum increase of 11% (AC) and 3% (TPI). PEF was
evaluated as the best alternative, with higher increase of CI, AC, and TPI parameters (28%, 26%,
and 11%, respectively), compared to the control. The HPLC analysis also highlighted the improved
extraction of non-anthocyanins polyphenols in PEF-assisted maceration [43].

A further experiment after Puértolas et al. [44] provided the application of a PEF treatment
(50 pulses, 122 Hz frequency, 5 kV/cm electric field strength, 3.67 kJ/kg total specific energy) before
crushing of the Cabernet sauvignon grapes; musts obtained from PEF-treated grapes were fermented
concurrently with untreated grape must, and the evolution of the two bottled wines during 12 months
of storage was compared in terms of color intensity, anthocyanins, polyphenols as measured using the
Folin–Ciocalteu method. Assuming that the monitored parameters were higher on the PEF-treated
sample, it was found that aging did not affect the initial color intensity in both wines, whereas the
Folin–Ciocalteu index decreased. Individual polyphenolic compounds showed similar evolution
patterns during the 12 months storage, and the content of flavonoids and hydroxycinnamic acids,
which are valuable compounds for improving wine aging, was constantly higher in PEF wines [44].

The main challenge in the application PEF for improving winemaking provides the design of
a device operating in continuous flow; such a configuration would make feasible the introduction
of the PEF technology on the oenological industry scale. A continuous flow treatment should avoid
the backfilling and compaction of grape pomaces to be treated, to provide a constant flow steam and
ensure homogeneous distribution of electric pulses. Puértolas et al. [45] have developed a pilot-scale
system operating in continuous flow, powered by a progressive cavity pump to obtain a grape
mass flow rate of 118 kg/h which ensure a resident time in the treatment zone of 0.41 s/unit of
mass. The device was equipped with a co-linear treatment chamber; the co-linear design provided
two treatment zones of 2 cm between the electrodes, with the inner diameter of 2 cm. The simulation of
non-uniform distribution of the electric field in co-linear configuration (see Figure 1) was supported by
the Comsol Multiphysics software (Comsol Inc., Stockholm, Sweden). PEF parameters were consistent
with the treatments previously applied in Cabernet sauvignon to obtain an enhancement in color
and extractability [42,44], obtaining a moderate increase in the temperature of the treated mass
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(+2 ◦C maximum). Results of the PEF pilot-scale experiment confirmed previous achievements of
experiment conducted in batch systems of low capacity [45].

An ultimate study on Cabernet sauvignon berries was conducted comparing PEF treatment of low
strength, long duration and high energy (0.7 kV/cm, 200 ms, 31 Wh/kg) with high-strength treatment
(4 kV/cm, 1 ms, 4 Wh/kg); the experiment was mainly focused on the evaluation of amounts and
composition of extractable anthocyanins and tannins. In particular, the first treatment have highlighted
a major capacity in extracting the parietal tannins of the skin (+34%), while the second showed higher
effectiveness in anthocyanins extraction (+19%) and the resulting must was richer in vacuolar tannins.
In both cases, a depolymerisation of high-molecular weight fraction of skin tannins was observed,
improving the diffusion of small polymers along the cell membrane pores. Enological parameters were
monitored and they do not exhibit significant modifications; however, the sensory impact in terms of
astringency produced by low molecular weight tannins has not been tested in this work [46].

The same authors previously investigated the effect of pulsed electric field treatments with variable
energies (0.5–0.7 kV/cm) and duration (40–100 ms) of the treatment in Merlot grapes. Kinetical models
provided the evolution of total polyphenols, anthocyanins and color intensities content in juices,
while keeping the temperature variation below 5 ◦C. The increase in extractability was demonstrated
using kinetic parameters, and the sensory evaluation of treated wines evidenced an improvement in
the sensory properties of PEF-treated wines compared to the control [47].

The combination between pulsed electric field treatment and oenological practices to maximize
color quality in wine has been investigated in a study after Puértolas et al. The experimental design
was aimed to study the effect of maceration time (0–6 h), and maceration temperature (4–20 ◦C)
on the anthocyanin content during rose vinification of Cabernet sauvignon grapes, while keeping
constant parameters for the PEF treatment (5 kV/cm, 50 pulses). A surface response model analysis
was used to identify optimal process parameters, showing that after 2 h treatment the PEF treatment
allowed to obtain an anthocyanin level of 50 mg/L at the temperature of 4 ◦C; the same result was
obtained for the control (untreated) sample using a 20 ◦C temperature. Since an increasing processing
temperature results in the speed-up of oxidation mechanisms and loss of flavors, the PEF treatment
showed to be a promising technique to minimize temperature in rose vinification, avoiding undesirable
side-effects [48].

The use of PEF to improve polyphenols, anthocyanins and tannins extraction for Cabernet franc
grapes was investigated by El Darra et al. comparing moderate (0.8 kV/cm, 42 kJ/kg) and high
(5 kV/cm, 53 kJ/kg) intensities PEF treatments with moderate thermal (MT) and ultrasound-assisted
(US) extractions. Despite all pre-treatments have provided improved polyphenolic and color profiles
compared to the control, PEF treatments showed the high extraction yields of total polyphenols
(+51% for moderate and +62% for high-intensity treatments, respectively), and the highest color
intensities (+20% for moderate and +23% for high-intensity treatments, respectively) at the end of
maceration [49].

According to our knowledge only two autochthonous Italian varieties, Aglianico and Piedirosso
grapes, were subjected to PEF treatments to increase the polyphenolic content of related red wines,
and different electrical field strength were applied (0.5–1–5 kV/cm) obtaining specific energy inputs
ranging from 1 to 50 kJ/kg. It was observed that PEF had a major effect on Aglianico, increasing
the release of polyphenols (+20%), anthocyanins (+75%), color intensity (+20%), and enhancing the
antioxidant activity of the wine (+20%); contrariwise, same treatments had a minor impact in Piedirosso
composition in comparison to the control [50].

The contribution of PEF treatment coupled to conventional red wine fining techniques has also
been investigated. The evolution of chromatic and phenolic profiles of Cabernet Sauvignon during
aging in oak barrels and following bottling was studied, showing that the stabilising effect of applying
pulsed field prior must fermentation is maintained and even enhanced during aging in American oak
barrels: in the study, a panel triangle test was used to demonstrate that the wine quality remained
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unchanged in terms of color and phenolic content after 8 months bottling, regardless the bottling was
preceded by storage in wood under oxidative conditions [51].

Based on the results of published studies, we can conclude that the mass diffusion of valuable
polyphenols, anthocyanins, tannins and pigments is improved using PEF-assisted maceration,
in different extent when modulating engineering (field strength, specific energy, treatment time)
and technological parameters (grape variety, winemaking technology, storage time), and these findings
could support both red winemaking and the valorization of production wastes obtained during the
red vinification [52]. Table 1 summarizes the main findings of studies listed in this review, to obtain
a more generic overview of PEF applications which have showed to improve the red winemaking
practice so far.

Table 1. Summary of the main findings in PEF experiments in relation to grape varieties and process
parameters. Abbreviation: Total Polyphenols Index (TPI), Color Intensity (CI), Anthocyanins Content
(AC).

Grape Variety PEF Parameters Major Achievements (Compared to Control Wine) Ref.

Mazuelo (a) 2 kV/cm; 0.4 kJ/kg TPI + 19.8%; CI + 21.2%; AC + 20.3% (120 h maceration) [39]
(b) 5 kV/cm; 1.8 kJ/kg TPI + 24.0%; CI + 35.3%; AC + 28.6% (120 h maceration)
(c) 10 kV/cm; 6.7 kJ/kg TPI + 31.0%; CI + 49.8%; AC + 41.8% (120 h maceration)

Tempranillo (a) 5 kV/cm; 1.8 kJ/kg TPI + 13.7%; CI + 11.5%; AC + 21.5% (96 h maceration) [38]
(b) 10 kV/cm; 6.7 kJ/kg TPI + 29.0%; CI + 18.4%; AC + 28.6% (96 h maceration)

Garnacha 4.3 kV/cm TPI + 23.5%; CI + 12.5%; AC + 25% (7 days maceration) [40]
Cabernet sauvignon 5 kV/cm; 2.1 kJ/kg TPI + 45.2%; CI + 48.4%; AC + 42.2% (268 h maceration) [42]
Cabernet sauvignon 5 kV/cm; 3.67 kJ/kg TPI + 17%; CI + 28% (12 months aging); AC + 17% (end of maceration) [43]
Cabernet sauvignon 5 kV/cm; 3.67 kJ/kg TPI + 23%; CI + 29%; AC + 26% (4 months aging) [44]
Cabernet sauvignon 5 kV/cm; 3.67 kJ/kg TPI + 23%; AC + 34% (48 h maceration); CI + 38% (4 months aging) [45]
Cabernet sauvignon 5 kV/cm; 3.67 kJ/kg Decrease in maceration T from 20 ◦C to 4 ◦C to have comparable results with control [48]
Cabernet sauvignon (a) 0.7 kV/cm; 31 Wh/kg Tannins extraction + 19% [46]

(b) 4 kV/cm; 4 Wh/kg Anthocyanins extraction + 19%
Merlot (a) 0.7 kV/cm; 40 ms TPI + 18% (all) [47]

(b) 0.7 kV/cm; 100 ms CI—no significant differences
(c) 0.5 kV/cm; 100 ms Increasing kinetic of extraction with increasing process parameters

Cabernet franc (a) 0.8 kV/cm; 42 kJ/kg TPI + 51%; CI + 20%; AC + 49% [49]
(b) 5 kV/cm; 53 kJ/kg TPI + 62%; CI + 23%; AC + 60%

Aglianico (a) 1 kV/cm; 50 kJ/kg TPI + 13%; CI + 6%; AC + 9% (following treatment) [50]
(b) 1.5 kV/cm; 10 kJ/kg TPI + 31%; CI + 12%; AC + 54% (following treatment)
(c) 1.5 kV/cm; 25 kJ/kg TPI + 38%; CI + 19%; AC + 76% (following treatment)

Regardless the obvious advantages in PEF-assisted winemaking, the development of pulsed
electric fields in the oenological industry have been limited due to the limited understanding of
the impact of this treatment on wine composition and quality parameters. A recent review after
Yang et al. highlighted some concerning related to the use of PEF in the food industry: in particular,
it has been proven that the release of metals under the effect of the external electric field is the
main latent effect of PEF. Corrosion and migration of electrodes material can occur under specific
conditions, and this could result in food contamination and adulteration [53]. As an example, a study
conducted in beer has shown a significant increase in Fe, Cr, Zn, Mn concentrations, which are
oxidation catalysts; in this study, the impact of increasing metals concentration in the flavor of beer was
determined by the sensory panel [54]. Contrariwise, any sensory analysis conducted on PEF-treated
wines has highlighted detrimental modifications in comparison with the control wine, but there is
a lack in a detailed study of elemental and compositional modifications occurring in wines after the
application of electric treatments. A further negative effect following the application of PEF in wine
could be the selective electrochemical degradation of valuable chemical compounds, depending on
the electrodes used. A recent study compared the effect of three electrodes materials in aqueous
solution of anthocyanin-based compounds, showing that stainless steel retained cyanidin-3-glucoside
and cyanidin-3-sophoroside, while pure titanium and titanium-based alloy caused a higher extent of
degradation [55]. Lastly, the corrosion or migration of electrode materials should be investigated to
improve safety and prevent undesirable sensorial modifications in wines.

A further observation regards the limited number of publications made available in recent times,
the reduced number of technological parameters monitored, and the limited selection of grape varieties
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investigated. According to the information made available so far, the authors of this review consider
pulsed electric field a challenging solution for improving red winemaking, to be deepened and
extended to several case studies for a better understanding of electrochemical processes involved and
a safe exploitation of the technique in industrial applications.

5. Conclusions

The most recent findings in the field of red wine processing using the pulsed electric field (PEF)
technology have been summarized in this review. It has been demonstrated that the use of PEF could
enhance the extraction of phenolic compounds and increase color intensity in red wines. In the studies
presented, color stability was also assisted by the extraction of valuable polyphenolic compounds,
monomers (flavonoids, hydroxycinnamic acids, tannins) and polymers (condensed tannins from
grape skin). The main mechanism responsible for the increasing mass transfer was the electroporation
of vegetable cell membranes, which also enabled to reduce the maceration process, and to enhance the
extraction of bioactive compounds from grape using a low-cost technology. Regardless the advantages
reported for the application of PEF in red winemaking, the impact of the treatment in the overall
composition of wine has not been investigated in detail so far, and a major concern regards the potential
electrochemical contaminations induced by the electrodes. Moreover, a limited selection of grape
varieties was investigated, and there is a need for a more comprehensive study about the impact of
PEF treatments in the chemical and sensory properties of different red wines. The authors encourage
a more systematic study of PEF technique applied to winemaking, for improving safety and promoting
the development of this technology on an industrial scale.
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Abstract: The search for food products that promote health has grown over the years.
Phenolic compounds present in grapes and in their derivatives, such as grape juices, represent
today a broad area of research, given the benefits that they have on the human health. Grape juice
can be produced from any grape variety once it has attained appropriate maturity. However, only in
traditional wine producing regions, grape juices are produced from Vitis vinifera grape varieties.
For example, Brazilian grape juices are essentially produced from Vitis labrusca grape varieties,
known as American or hybrid, as they preserve their characteristics such as the natural flavour
after pasteurisation. Grapes are one of the richest sources of phenolic compounds among fruits.
Therefore, grape juices have been broadly studied due to their composition in phenolic compounds
and their potential beneficial effects on human health, specifically the ability to prevent various
diseases associated with oxidative stress, including cancers, cardiovascular and neurodegenerative
diseases. Therefore, this review will address grape juices phenolic composition, with a special focus
on the potential beneficial effects on human health and on the grape juice sensory impact.

Keywords: grape juice; phenolic compounds; antioxidant activity; bioactive compounds; sensory analysis

1. General Introduction

Grape juice is a clear or cloudy liquid extracted from the grapes using different technological
processes, being the main techniques employed “Hot press” (HP), “Cold press” (CP) and “Hot Break”
(HB). It is a non-fermented, non-alcoholic drink, with characteristic colour (red, white, rose), aroma
(characteristic of the grape variety that gave rise to the juice) and taste [1]. Grapes are one of the
earliest fruits used in the human diet and grape juices have become an economical alternative for
grape producing regions [2]. Grape juice can be produced from any grape variety once it has
attained appropriate maturity. In traditional wine producing regions, grape juices are produced
from Vitis vinifera grape varieties, while, in Brazil, the grape juices are essentially produced from
Vitis labrusca grape varieties that present as the main feature the preservation of the natural flavour
after pasteurisation. Most Vitis vinifera grape varieties have an unpleasant taste after the heat treatment,
while the American grape varieties keep in the juice the characteristic aroma of the natural grape [3].
Due to consumers’ preferences for aroma, colour and flavour, grape juice is mainly made from
American cultivars of Vitis labrusca species. However, cultivars of Vitis vinifera species, although being
preferentially used for the wine production, are also used for the juice production [4], especially the
‘Cabernet Sauvignon’ cultivar [5]. Grape juices have been broadly studied due to their composition
in phenolic compounds and their potential beneficial effects on human health, specifically the ability
to prevent various diseases associated with oxidative stress, including cancers, cardiovascular and
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neurodegenerative diseases [6–9]. Grape juices have a high level of phenolic compounds responsible
for functional properties; however, the phenolic compounds present in grape juice may also contribute
to defining sensory characteristics of this product. A market survey in USA, in 2007, revealed that
sixty percent of consumers who purchased functional beverages chose them in part for the presence of
antioxidants [10].

2. Grape Juice Production and Phenolic Composition

Grape juice world production is estimated to be between 11 and 12 million hectolitres, where the
main producing and consuming countries of this beverage are the United States of America, Brazil and
Spain [11]. In many European countries, grape juice is produced from Vitis vinifera grape varieties [12].
However, in the United States, the main cultivars used for juice production are mainly Concord and
Muscadine (Vitis rotundifolia) cultivars [13,14]. Juices from Brazil are produced from American and
hybrid grape varieties, the Vitis labrusca cultivars “Isabel”, “Bordô” and “Concord” being the base
for Brazilian grape juices [15]. Among the grape varieties of Vitis labrusca, the Concord variety is the
most used for the production of grape juice, due to its quality of producing a very aromatic juice
with good nutritional properties and being well accepted by the consumers [16]. The “Isabel Precoce”
(Vitis labrusca) originating from a spontaneous somatic mutation of the “Isabel” cultivar presents good
productivity, early maturation and the same characteristics of the original cultivar [17,18]. On the
other hand, hybrid cultivars “BRS Cora” and “BRS Violeta” are used for colour improvement in juices
deficient in this sensory attribute, where it is recommended to mix in a proportion of 15 to 20% of the
juice formulation [19,20].

Different processing technologies are available at an industrial scale for grape juice production,
the main techniques being the “Hot press” (HP), “Cold press” (CP) and “Hot Break” (HB)
processes [13,21]. These processes have undergone continuous improvements to increase the quality
and yield of the grape juice production. In the HP process, grapes are destemmed, crushed and
heated to temperatures ranging from 60 to 62 ◦C to facilitate the extraction of the substances inside
the grape cells (Figure 1). Pectinase enzymes are added to degrade pectins and facilitate juice
separation. The heated grapes are deposited in stainless steel tanks equipped with internal stirring to
facilitate the extraction of the compounds contained in the grape skins, a stage known as maceration.
Maceration time ranges from 30 to 90 min, depending on the grape variety, agitation intensity,
temperature and colour intensity desired [22]. The difference between the “Hot press” and the
“Cold press” processes are small, the main difference being the performance of the maceration at room
temperature and the addition of sulphur dioxide (SO2) after grape crushing to inhibit the action of
oxidative enzymes and undesirable microorganisms. Enzymatic preparations based on pectinases
are also added in order to degrade the grape skin structures and facilitate the release of phenolic
compounds in the juice. Lastly, in the “Hot Break” juice processing, the grapes are crushed and heated
at temperatures higher than 75 ◦C, usually between 77 ◦C and 82 ◦C, for a short time to deactivate the
polyphenoloxidases, and then cooled to 60 ◦C to add pectinase enzyme [1,14]. To enhance the juice
phenolic and aromatic composition, maceration during juice extraction is performed [14]. In addition,
heating of the crushed grape has the main objective to facilitate the release of the juice and anthocyanins
responsible for the juice colour. After grape pressing, the cloudy juice is subjected to clarification
treatments to remove the suspended solids, usually with the use of rotary vacuum filter or industrial
centrifuges, following stabilisation, pasteurisation at 85 ◦C for three minutes and hot bottling [13,21].
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Figure 1. Simplified grape juice flow diagram of hot pressing.

From these technological processes, the continuous hot-pressing process is the most adopted
technique worldwide since the cold press process extracts a very low juice yield (~18%) [22,23]. It is
also important to consider, in the choice of the grape juice processing technology, the efficient extraction
of phenolic compounds from skins, since these compounds are of extreme importance to guarantee
a high quality level of the final product, namely its colour and antioxidant capacity but also juice
astringency and bitterness [24]. Therefore, the extraction process is essential for the red grape juices’
chemical composition and sensory attributes.

In the grape berries, the phenolic compounds are distributed in the different parts of the fruit, as
shown in Figure 2. Consequently, the phenolic compounds present in grape juice are mainly those
ones extracted from the grape skins and, to a lesser extent, those extracted from the grape seeds [21].
Pastrana-Bonilla et al. [25] found a total concentration of phenolic compounds of about 2178.8, 374.6 and
23.8 mg/g GAE (gallic acid equivalent) in skin, seed and pulp, respectively. Grape skins are the main
source of grape phenolic compounds changing their content with grape variety, soil composition,
climate, geographic origin, cultivation practices or exposure to diseases, such as fungal infections and
reactions occurring during storage [1,26–28]. The total phenolic compounds content in grapes juices
(400 to 3000 mg/L) depends on the grape variety, grape maturity, geographical origin and soil type,
sunlight exposure, and many other factors [29], besides the grape juice processing technology, such as
grape juice extraction, contact time between juice and the grape solid parts (skins and seeds), pressing,
thermal and enzymatic treatments. Addition of sulphur dioxide and tartaric acid also interferes with
the quantity and the nature of the phenolic compounds present in grape juice [30]. The thermal
treatment of intact or crushed grapes enhances the release of phenol compounds, as a consequence
of both the increase mass transfer [31] and the higher solubility of cell components [32]. Normally,
the temperatures used in the extraction process are not lower than 60 ◦C [33,34] for different times
according to the processing technology. As referred by Celotti and Rebecca [35], the combinations
of time/temperature influenced in a different way the extraction yield of the phenolic compounds,
according to the molecular type; therefore, at 55 ◦C, tannin extraction is favoured over red pigment
extraction, but, at 63 ◦C, the maximum extraction of anthocyanins (red pigments) happens after
20 min. Given the importance of anthocyanin extraction during grape juice production, the adequate
combination of skin contact time and temperature treatment during maceration is essential to achieving
grape juice consumer’s acceptable chromatic characteristics as well as antioxidant activity.
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Figure 2. Schematic structure of a ripe grape berry and phenolic pattern biosynthesis distribution
between several organs and tissues (indicated by arrows).

Total phenolic compounds according to their chemical structure are classified into flavonoid and
non-flavonoid compounds.

Flavonoids are found mainly in grape seeds and skins. Proanthocyanidins in grapes are present
mainly in the berry skin and seed. Grape seed proanthocyanidins comprise only (+)-catechin,
(−)-epicatechin and procyanidins (Figure 3) [36], whereas grape skin proanthocyanidins comprise
both prodelphinidins and procyanidins [37,38]. Procyanidins are dimers resulting from the union
of monomeric units of flavanols [(+)-catechin, (−)-epicatechin] by C4–C8 (procyanidin B1 to B4) or
C4–C6 (procyanidin B5 to B8) interflavane linkage. Among grape varieties, there are differences in
procyanidins concentrations, but their profile remains unchanged among grape varieties; procyanidin
B1 is usually more abundant in the skin while B2 is more abundant in seeds [39]. Prodelphinidins are
only present in grape skin and their monomers are [(+)-catechin, (−)-epicatechin, (+)-gallocatechin and
(−)-epigallocatechin units] (Figure 3). Proanthocyanidins (procyanidins and prodelphinidins) are the
major phenolic compounds in grape seed and skins [39], about 60–70% of total polyphenols are stored
in grape seeds [40–42]. According to several published works [43,44], on average and on the basis of
fresh weight, the concentrations of proanthocyanidins are as follows: total monomers ((+)-catechin
and (−)-epicatechin), 2–12 mg/g in seeds and 0.1–0.7 mg/g in skins; total oligomers, 19–43 mg/g in
seeds and 0.8–3.5 mg/g in skins and total polymers, 45–78 mg/g in seeds and 2–21 mg/g in skins.

 

 Flavan-3-ols R1 
(+)-catechin H 

(+)-gallocatechin OH 

 

Flavan-3-ols R1 
(+)-epicatechin H 

(+)-epigallocatechin OH 

Figure 3. Cont.
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 Dimers (C4–C8) R1 R2 R3 R4 
Procyanidin B1 OH H H OH 
Procyanidin B2 OH H OH H 
Procyanidin B3 H OH H OH 
Procyanidin B4 H OH OH H 

Figure 3. Monomeric flavanols and procyanidins structures found in grapes.

In grape skins, it is important to notice that each grape species and variety has its unique set of
anthocyanins. Vitis vinifera grape varieties have only one molecule of glucose at the carbon 3 position
forming the 3-O-monoglycoside anthocyanins. The glucose part of the anthocyanins can both be
unsubstituted or acylated as esters of acetic acid, p-coumaric acid, or caffeic acid, Figure 4 (Mazza, 1995).
In the species Vitis labrusca, Vitis riparia and Vitis rupestrise hybrids, the glucose molecule appears in
positions 3 and 5 of the carbon, forming the 3,5-O-diglucoside anthocyanins, this being an important
factor in the differentiation of grapes [45,46]. Grape anthocyanins are flavonoids, and the monomeric
anthocyanins are six in total: cyanidin, peonidin, pelargonidin, delphinidin, petunidin and malvidin,
the latter being the main found in red grape juices [47]. Anthocyanins are the phenolic compounds
responsible for the red colour of grape juices [48,49]. Anthocyanin biosynthesis is influenced by several
factors such as climatic conditions, temperature, light and cultural practices [38]. The total anthocyanin
content in the grape skins from nine grape varieties studied by Jin et al. [50] ranged from 1500 to
30,000 mg malvidin equivalents/kg dry weight of grape skin. However, the grape juice anthocyanins
concentration depends on the factors related to the raw material, but the processing technology also
exerts a significant influence on the anthocyanin concentration of the grape juice, where the use of heat
treatments is fundamental for a greater extraction of the anthocyanins from the grape skins [51].

(A) 

(B) 

Anthocyanins R1 R2 
Pelargonidin-3-O-glucoside H H 

Petunidin-3-O-glucoside OCH3 OH 
Peonidin-3-O-glucoside OCH3 H 
Malvidin-3-O-glucoside OCH3 OCH3 
Cyanidin-3-O-glucoside H OH 

Delphinidin-3-O-glucoside OH OH 
R3 = H, glucose; R4 = H, acetyl, p-hydroxyxinnamoyl, caffeoyl. 

Figure 4. Anthocyanins structure found in Vitis vinifera (A) and in Vitis labrusca (B) red grape varieties.

Thus, anthocyanins are the main phenolic compounds in red grapes juices, while flavan-3-ols are
more abundant in white grape juices [52,53].

The flavonols present in the grapes are mainly represented by kaempferol, quercetin and myricetin,
and by simple O-methylated forms such as isoramnetin [54]. Phenolic acids are divided into benzoic
and cinnamic acids. In grapes, phenolic acids are mainly hydroxycinnamic acids found in the
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skins and pulps, in the form of tartaric esters [45]. The most important benzoic acid are vanillic,
syringic and salicylic acids, which appear to be bound to the cell walls and, in particular, gallic
acid, which is in the form of the ester of flavanols. Other benzoic acids that are present in lesser
amounts are the protocatechic and p-hydroxybenzoic acids. The most important cinnamic acids
are ferrulic, p-coumaric and caffeic acids [45]. Grapes also contain C6–C3–C6 stilbenes, such as
trans-resveratrol, cis-resveratrol, and trans-resveratrol glucoside [47]. Since the 1990s, resveratrol
has been extensively studied in grapes and their derivatives because of its bioactive activities, such
as antioxidant, anti-inflammatory, antimicrobial, anticancer, antiaging, cardioprotective effects and
inhibition of platelet aggregation [55,56]. Grape juice is considered a good source of resveratrol;
however, the concentration of resveratrol in grapes and consequently in the grape juices depend on
the climatic conditions, grape variety and grape growing conditions as well as on the juice processing
method used. According to Sautter et al. [57], the concentration of trans-resveratrol in grape juice
ranged from 0.19 to 0.90 mg/L.

3. Biological Activity of Phenolic Compounds Present in Grape Juices

Phenolic compounds are secondary metabolites, primarily located in the epidermal layer of
grape berry skin and seeds and are known as important bioactive compounds, as well as major
contributors of the biological activities in products derived from grapes, such as grape juice. Therefore,
the evaluation of the beneficial chemical compounds and bioactivity of commercial grape juices is
essential to consumer’s knowledge in order to provide information about their possible health benefits
and bioactivity. Many of these benefits are linked to the antioxidant compounds found in grape
juice, such as flavonoids (anthocyanins, proanthocyanidins), phenolic acids and resveratrol among
others [5,58]. Therefore, grape juice is consumed not only due to its appreciated sensory characteristics
but also because it is a cheap source of phenolic compounds that exert beneficial health effects when
consumed [59–61], as shown in Table 1.

The antioxidant activity of the phenolic compounds depends on their structure, particularly on
the number and position of the hydroxyl groups and the nature of the substitutions on the aromatic
rings [62]. Quercetin is considered to be one of the phenolic compounds with the highest antioxidant
activity. Among the different flavonols, it is possible to establish the following decreasing order of
antioxidant activity, quercetin, myricetin and kaempferol, which differ concerning their hydroxyl
substitution pattern on the B ring. It is noted that the presence of the third hydroxyl group on
aromatic B ring, at the C-5’ position, did not result in antioxidant capacity of myricetin higher than
quercetin. Catechin, which presented the same number of hydroxyl groups in the molecule as quercetin,
presented significantly lower antioxidant activity. This is due to the fact that the structure of catechin
does not have unsaturated bonds at the C2–C3 position in conjunction with the oxo (−C=O) on C ring,
which comparatively gives quercetin a higher antioxidant activity. With the addition of a hydroxyl
group on the catechin molecule B ring, this compound is called epigallocatechin and, with this new
structure, there is an increase in the antioxidant activity, but not equivalent to quercetin [63]. In general,
aglycones are more potent antioxidants than their corresponding glycosides [64]. In relation to the
phenolic acids, it is possible to observe that hydroxycinnamic acids are more effective antioxidants
than hydroxybenzoic acids. This is due to the conjugation through the double bonds of the ring to the
−CH=CH-COOH of the cinnamic acid structure, which enhances the ability to stabilize free radicals.
However, it must be emphasised that gallic acid has more antioxidant activity than catechin, which has
five hydroxyl groups in its structure [63].
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Grapes are one of the richest sources of polyphenols among fruits [25], being rich in a wide
range of phenolic compounds, many of them renowned for their therapeutic or health promoting
properties [65,66]. The bioactive compounds from grapes juices mainly include simple phenolic,
flavonoids (anthocyanins, flavanols, flavonols), stilbenes (resveratrol) and phenolic acids, shown to
have benefits related to human health by conferring the ability to sequester reactive oxygen species
(ROS), such as hydroxyl radical and singlet oxygen [67]. Several clinical studies on grapes and
their derivatives have demonstrated these properties, including protection against cardiovascular
diseases [68,69], atherosclerosis [70], hypertension [71], cancer [72], diabetes [73] and neurological
problems [74]. The mechanism of action has been attributed to antioxidant activity [75], lipid
regulation [76,77], anti-inflammatory effects [78], anti-cancer, antimicrobial, antiviral, cardio protective,
neuroprotective, and hepatoprotective activities [1,40,41,48,79–83].

In general, grapes produced under organic farming system are increasing around the world, since they
are perceived by the public as safer, and healthier, than those produced by conventional agriculture, as they
do not use chemical pesticides and fertilizers for growing. These grapes are more susceptible to the action
of phytopathogens, inducing the syntheses of higher amounts of phenolic compounds as protection and
defence [84]. Dani et al. [59] observed that the choice of agricultural practice (organic versus conventional)
resulted in different amounts of resveratrol, anthocyanins, and tannins in grape juices. This difference
is due to the fact that no pesticides are used in organic vineyards and by the fact that usually they have
a longer ripening period than conventional vineyards, and as flavonoids are formed during this period, it
is believed that organic vineyards yield grapes with a higher phenolic content [85,86].

4. Sensory Characteristics of Grape Juices

During grape juice processing, heat treatments can adversely impact grape juice flavour [87].
Other physical treatments, applied to grape juices, can also interfere with their sensory quality.
According to Treptow et al. [88], the storage period and irradiation promoted few physicochemical
changes in juices from ‘Niagara Branca’ and ‘Trebbiano’ grapes, whereas, sensorially, irradiation
reduced the intensity of flavour and colour attributes for both cultivars. While in juices made
from white grapes, UV-C irradiation does not improve juice quality, in juices from red grapes UV-C
irradiation influenced the physicochemical parameters of ‘Isabel’ cultivar. Good results were obtained
with dosages of 2 kJ m−2 (improved of aroma and colour intensities). According to these authors [88],
UV-C irradiation can keep the juices microbiologically stable, without spoiling their sensory quality.

Grape juices are known to have high concentration of phenolic compounds that contribute to
define sensory characteristics of grape juice [89], namely their colour, taste and flavour.

Colour is the most important attribute used, along with other variables, as an indicator of the
grape juice quality observed by the consumers. This characteristic is directly dependent on the juice
phenolic composition, namely on the anthocyanins present in the grape skin. Anthocyanins participate
in many reactions that promote changes in grape juice colour, mainly through copigmentation and
formation of polymeric pigments [90]. Hue and colour intensity can provide information with respect
to possible defects or quality of the raw material [91]. The colour of grape juices can vary according
to the origin and region of the grapes, juice processing technology [92] and physical and chemical
characteristics of pigments (anthocyanins) that are present in the juice [93]. Concentrating a grape-juice,
by reverse osmosis, may lead to an increase in total acidity, colour intensity, anthocyanin and phenolic
compounds, proportional to the volumetric concentration factor. The increase in soluble solids may be
associated with browning of the concentrated juice [91]. Moreover, and according to Gurak et al. [91],
as a consequence of the buffer characteristics of fruit juices, the stability of anthocyanins was favoured
by the low pH, lack of vitamin C and high concentration of sugar and the pH of the concentrated
juice, compared to single-strength juice. In a work performed by Meullenet et al. [94], to compare the
use of an internal density plot method to the external response surface approach by optimizing the
formulation of muscadine grape juices, the authors found that a red juice appearance is, on average,
preferable by consumers to white juices.
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Huckleberry and co-workers [95] studied 14 traditional wine grapes grown in Arkansas, aiming
to find their suitability for varietal grape juice. Chemical and sensory analyses were performed.
The preferred treatments for white grape juices were the immediate pressing treatment of Niagara and
Aurore and the 24-h skin contact treatment of Niagara, Verdelet and Vidal. A trained sensory panel
ranked the flavour of Verdelet and Aurore as high as the Niagara. In general, a non-heat treatment was
ranked highest for flavour of the red juices, with the exception of Gewürztraminer (a pink juice when
heated), while white grape varieties were closely ranked for colour (Vidal and Chardonnay grape
juices were ranked lowest after storage). For red and pink juices, heat treatments were ranked higher
than non-heat treatments in terms of colour attribute [95].

Grape juice consists of 81 to 86% of water and a high concentration of sugars (glucose and fructose).
It may also present high acidity due to the existence of tartaric, malic and citric acids. These acids guarantee
a low pH value, assuring the equilibrium between sour and sweet tastes [91]. Among the bioactive
compounds present, phenolic compounds are of great importance because their characteristics are directly
or indirectly related to the juice quality and affect its colour and astringency [96].

Meullenet et al. [94] in Muscadine grape juices found that the attribute “Musty” was also correlated
with the perception of Muscadine flavour. Juices perceived as having a general “grape flavour” were
also found to be high in metallics. Green/unripe flavour was associated with sour and astringent
juices. Products perceived as high in sweetness were also high in floral and apple/pear flavours.

A typically sour grape juice is made from unripe grapes. They can be processed into two products:
verjuice and sour grape sauce. In the “Middle Ages”, verjuice was widely used all over Western
Europe. The verjuice (“verjus” or “agraz”) is obtained by pressing unripe grapes, while sour grape
sauce is derived from verjuice that undergoes an additional concentration step followed by salting [97].
In Tuscany (Italy), there is a similar product called, “agresto” [98]. In Iran and Turkey, it is called
“abe ghureh” (Persian) and “koruk suyu” (Turkish), respectively [99]. In Iran, it is used in salad
dressings and digestive drinks [100]. Recently, unripe grape juice has been used as an alternative to
vinegar or lemon juice [97,100]. Unripe grape juice can also be used as a food preservative due to its
high organic acid content [101] and high concentration of phenolic compounds [102].

Unripe grape juice is characterised by high acidity, low sugar content and a sour/tart taste. It also
presents a high content of phenolic compounds, the latter of which have an astringent character [103].
The concentration of most polyphenolic compounds in general, and astringent tannins in particular,
reaches a maximum of around 45 days after flowering [45], a time approximately corresponding to the
harvest date for producing unripe grape juice.

In the sensory evaluation of verjuice done by Matos et al. [104], the most frequently used
descriptors perceived for taste were “acid” (74.19%), “astringent” (51.61%), “salty” (35.48%) and
“sweet” (25.80%), while the most common aroma terms were “herbaceous” (50.00%), “cooked apple”
(43.55%), “pear” (29.03%), “floral” (29.03%) and “green apple” (25.81%) (Figure 5).

 

Figure 5. To make verjuice, sour grapes, very small and very sour, are used (A); a grape vinegar
is made in Lebanon with sour grapes (B) in order to have something acidic to add to salads and
stuffed vegetables. This vinegar is called “husrum” or verjuice. The grapes are crushed and the juice
collected; the sour juice is salted and simmer over medium heat, skimming the foam until it disappears.
After cooling, it is poured into a glass or clay bottle, adding a thin layer of olive oil on top to prevent
microbial contamination and oxidation. The traditional recipe retrieved from: [105]
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5. Conclusions

The unique combination of grape phenolic compounds, including flavonoids (anthocyanins,
proanthocyanins), and stilbenes, makes grape, and grape juices, a promising source for the
development of novel nutraceutical products.

The grape juices’ high concentration of phenolic compounds contributes to defining their sensory
characteristics in terms of colour, taste and flavour.

In the last few years, there has been a wide range of food additives and nutritional products
originating from grapes, distributed in the worldwide market; however, we must retain that the
consumers search not only the nutraceutical products characteristics, but also their palatability.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The conducting polymer PEDOT (poly-3,4-ethylenedioxythiophene) has been polymerized
onto 3 mm and 10 μm electrodes from a propylene carbonate solution. The electrodes have then
been tested in a Chardonnay wine, including dilutions in a model wine solution, with comparisons
made to scans with a glassy carbon electrode. A well-defined oxidation peak was obtained for the
white wine at PEDOT in the 400 to 450 mV (Ag/AgCl) range, where peaks were also obtained for
the representative phenolics caffeic acid and catechin. The voltammetry at PEDOT was typical of
a surface-confined process. Significant preconcentration, leading to an increased current response,
was noted over a period of 20 min of holding time. Extensive PEDOT growth was observed in the
microelectrode case, leading to current densities for the oxidation of caffeic acid over 1000 times
greater than those observed at the macroelectrode, matching the high surface area and fractal-type
growth observed in SEM images.

Keywords: polyphenols; wine; cyclic voltammetry; PEDOT

1. Introduction

Electrochemical methods to characterize the phenolic content of wines have been applied widely
over the past 15 years, mainly based upon cyclic voltammetric analyses at carbon-based electrodes [1–7].
Many polyphenols contain ortho-diphenol (catechol) or triphenol (galloyl) groups, which are important
in beverage oxidation processes, given that they are they are recognized as the main initial substrate of
wine oxidation [7], and they are oxidized at a relatively low electrode potential. Dilution of wines is
generally required to improve peak resolution and to obtain a linear relationship between dilution
factor and peak current. The removal of free sulfites, through addition of acetaldehyde, has been used
to obtain a more reliable measure of the phenolic compounds present [7]. Under these conditions,
the anodic current response can be related to levels of monomeric phenolics determined by HPLC,
at least with white wines, where the phenolic composition is dominated by hydroxycinnamic acids
and small flavonoids [1,7]. The advantages of the use of differential pulse voltammetry have also
been reported, including improved peak resolution and a good correlation with spectrophotometric
measures of red wine phenolics [8–10].

A further approach that has applied to the voltammetric analysis of wines has been to use
a modified electrode. Poly-3,4-ethylenedioxythiophene (PEDOT) has been of particular interest [11–13],
with improved sensitivity and antifouling properties. Separate current signals due to ascorbic acid
and wine polyphenols have been obtained, which can merge at glassy carbon electrodes due to
inhibitory effects of adsorbed polyphenols on ascorbic acid oxidation [14,15]. In further work with
PEDOT electrodes, an improved response for tea catechins was obtained compared to glassy carbon
electrodes [16], and the most responsive PEDOT films were those prepared originally in a propylene
carbonate electrolyte [17].

Beverages 2017, 3, 28 49 www.mdpi.com/journal/beverages



Beverages 2017, 3, 28

At the same time, adsorption effects can be of increasing importance when high surface area
modified electrodes are employed. In this report, the application of PEDOT electrodes to the
characterization of polyphenols in white wines is presented, including the influence of holding-time in
the sample solution prior to taking the voltammetric scan. High surface area PEDOT microelectrodes
are also examined, with unique features being obtained.

2. Materials and Methods

2.1. Materials

Caffeic acid, (+)-catechin hydrate, 3,4-ethylenedioxythiophene (EDOT), propylene carbonate, and
lithium perchlorate were purchased from Sigma-Aldrich. A 2008 Chardonnay white wine was selected
for testing, a wine made within the University of Auckland Wine Science program under the Ingenio
label, using grapes sourced from Waiheke Island in the Auckland region. The wine had been bottled
under screwcap closure and was opened immediately prior to analysis in mid-2014.

2.2. Preparation of PEDOT Sensor

Electropolymerization of the PEDOT electrodes was undertaken on a 3 mm diameter glassy
carbon electrode (BAS MF-2012; 0.0707 cm2) in a solution of 0.1 M 3,4-ethylenedioxythiophene in
propylene carbonate with 0.1 M LiClO4, after the removal of oxygen by purging with nitrogen [13,16].
The glassy carbon electrodes were first polished using 0.05 μm alumina powder (BAS CF-1050) on
a cloth pad. Four preparative potential sweeps were run between −300 and 1200 mV (Ag/AgCl,
BAS MF-2052, +207 mV versus SHE) at 100 mV s−1 with a platinum wire as counter electrode in a
Bioanalytical Systems Electrochemical Analyzer (BAS100A). The PEDOT electrodes were then cycled
10 times at 100 mV s−1 from −200 and 800 mV (Ag/AgCl), in a model wine solution, consisting of
0.033 M L-tartaric acid in a 12% (v/v) ethanol-water mixture with the pH adjusted to 3.6 ± 0.2 with
1 M NaOH.

A further PEDOT preparation was undertaken on a 10 μm gold microelectrode (BAS MF-2006;
7.85 × 10−7 cm2). Between two and eight preparative sweeps were undertaken to 1200 mV (Ag/AgCl),
with a sharp rise in current beyond 1100 mV on the first scan, and from 900 to 1000 mV on
subsequent scans. SEM images of the PEDOT microelectrodes were taken after zero, two, and eight
preparative cycles, using a Philips XL30S FEG Scanning Electron Microscope, equipped with a SiLi
EDS detector [17].

2.3. Cyclic Voltammetry Measurements

The PEDOT electrodes were then transferred to the solution containing diluted wine or phenolic
standard, which had been previously deaerated by purging with nitrogen, and the first voltammetric
scan was recorded either immediately, or after a certain holding period. Cyclic voltammetry was
performed between −200 mV and a final potential as high as 1200 mV, at a scan rate of 100 mV s−1.
Where repeat runs were undertaken (n = 3) and values such as the peak currents obtained, the averages
with standard deviations are presented. A voltammogram was also taken in the model wine solution
on its own for background subtraction purposes. For comparison purposes, additional scans for the
diluted white wine were undertaken with a clean glassy carbon electrode in the absence of a PEDOT
film. In each case, both the raw current values and the current density with respect to the geometric
surface area of the underlying inert electrode are presented.

Solutions of the pure phenolic compounds, caffeic acid and catechin were also prepared in the
model wine solution at a range of concentrations from 0.01 to 0.2 mM, and tested at the PEDOT
electrodes. For each concentration value, a freshly prepared PEDOT film was used.
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3. Results and Discussion

3.1. Cyclic Voltammetry of White Wines

Voltammograms were recorded both at PEDOT and glassy carbon electrodes for the Chardonnay
wine, and for successive dilutions in the model wine solution (Figure 1). The scans were taken to
1200 mV (Ag/AgCl) to cover the full range of oxidizable phenolics expected to be present in the wine,
and in both cases the background response due to the PEDOT or glassy carbon electrode in the model
wine solution has been subtracted away. The rising current for potentials greater than 350 mV is mainly
due to the presence of catechol-containing phenolics such as caffeic acid derivatives and catechin, with
a further contribution from free SO2 also possible [7]. However, with an undiluted wine at a glassy
carbon electrode, the current lacks definition into well-resolved peaks, and after a scan to 1200 mV,
the presence of oxidized phenolic products on the electrode also limits the appearance of a quinone
reduction peak expected on the reverse scan [1]. By contrast, at the PEDOT electrode, a clear peak
was observed at 460 mV in the pure wine, and at close to 410 mV for the 10-fold diluted wine, while
after cycling to 1200 mV, a reduction peak at 320 to 350 mV was also seen. A further large current
peak at 900–1000 mV can be associated with more isolated phenolic groups, such as coutaric acid,
while a smaller peak or shoulder feature can be noted at around 700 mV. Furthermore, the intensity
of the current was around five times greater at the PEDOT electrode compared to the bare glassy
carbon electrode.

(a) (b)

Figure 1. Cyclic voltammograms of a Chardonnay wine, both pure and diluted successively, in a pH
3.6 model wine solution: (a) scans taken at a bare glassy carbon electrode; (b) scans taken at a PEDOT
electrode. All of the voltammograms were measured at 100 mV s−1 on 3 mm diameter electrodes, and
are presented after subtracting away the voltammogram obtained for a blank run.

3.2. Cyclic Voltammetry of Phenolic Standards

Further voltammograms at PEDOT electrodes were run on the representative catechol-containing
hydroxycinnamic acid, caffeic acid (Figure 2a), and the flavonoid, catechin (Figure 2b). The standards
were tested from 0.01 to 0.20 mM, and a well-defined set of redox peaks were obtained in each case in
the 300 to 500 mV potential range, due to the oxidation of the catechol group to a quinone-form, and
its reduction on the reverse scan. The mid-point potentials were, on average, 422 ± 2 mV for caffeic
acid and 386 ± 1 mV for catechin, close to those reported previously for these phenolic compounds in
a pH 3.6 model wine solution [1]. In each case, the peak separation decreased as the concentration of
the phenolics was lowered from 0.20 mM to 0.01 mM, moving from 120 to 52 mV for the caffeic acid
voltammograms, and from 88 to 37 mV for catechin, while the mid-point potentials were quite steady.
The height of the current peak for 0.050 mM caffeic acid or catechin, at 10.2 and 9.2 μA, respectively,
was comparable to the value of 8.8 μA recorded for the 10-fold diluted Chardonnay wine, which by this
measure would contain just over 0.5 mM of such phenolics in the undiluted wine (c. 100 mg/L caffeic
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acid equivalents). This value is typical of those obtained previously for voltammetric quantification of
the phenolics in white wines that can be oxidized at a potential less than 500 mV [18].

(a) (b)

Figure 2. Cyclic voltammograms at a PEDOT electrode of phenolic standards in the concentration
range from 0.01 to 0.20 mM, dissolved in the pH 3.6 model wine solution: (a) caffeic acid taken to
700 mV; (b) catechin taken to 900 mV. All of the voltammograms were measured at 100 mV s−1 and are
presented after subtracting away the voltammogram obtained for a blank run.

At the same time, the oxidation of caffeic acid was largely completed by 600 mV, at which point the
current returned to the background response due to the PEDOT conducting polymer itself (Figure 2a),
and without the ongoing current expected for a process under diffusion-control typical of caffeic acid
at a glassy carbon electrode [14]. Instead, the oxidation and subsequent reduction peaks point to
the electrochemistry of an absorbed species. At the same time, the peak separation between anodic
and cathodic peaks was non-zero, as would be expected for a fully-Nernstian response, pointing to
some kinetic limitations and partial irreversibility in the electrochemistry. In the case of catechin,
the additional current from 600 mV, peaking at around 720 mV, is expected due to the oxidation
of the extra meta-diphenol groups on the flavonoid A-ring. The anodic current seen in the 600 to
800 mV range at the PEDOT electrode in the Chardonnay wine (Figure 1b) could also derive from
this source. For catechin concentrations less than 0.10 mM, the current by 900 mV was in fact lower
than the background current due to PEDOT run in the absence of catechin (Figure 2b), giving rise
to negative currents at potentials between 800 and 900 mV, where the effects of adsorbed catechin
oxidation products may be affecting PEDOT electrochemistry.

3.3. Adsorption Effects at PEDOT Electrodes

To investigate the aspects of phenolic adsorption on PEDOT and glassy carbon electrodes, the
dependence of the first anodic peak current upon scan rate was examined for the situation in which
the voltammetry was run immediately after inserting the electrode into the test solution. For 0.02 mM
caffeic acid at the glassy carbon electrode, a log/log plot indicated that the behavior was close to that
expected for a process under diffusion control, with a slope of 0.593 close the value of 0.5, obtained
when the peak current is proportional to the square root of the sweep rate (Figure 3). In the case
of the PEDOT electrode, a slope of 0.829 for 0.02 mM caffeic acid and 0.857 for the 10-fold diluted
Chardonnay wine was closer to the value of 1.0 expected for a surface confined process with peak
current directly proportional to scan rate. Such behavior is typical of an absorbed layer of redox active
species, while some smaller diffusional component may serve to bring the value down from 1.0.
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Figure 3. Logarithm of the first anodic peak current (Ip,a) versus logarithm of sweep rate (v) for the
Chardonnay wine diluted 10-fold, and for 0.02 mM caffeic acid, both prepared in the pH 3.6 model
wine solution, taken at bare glassy carbon and PEDOT electrodes immediately after the electrodes were
inserted into the test solution.

The role of adsorption at PEDOT electrodes was further tested by introducing a holding time
from 3 to 20 min for the electrode immersed in the 10-fold diluted Chardonnay wine (Figure 4a).
A considerable increase in current was seen as the holding time progressed, with a value close to
the maximum being reached after 10 min of holding. The current dependence upon holding time
for three wine-dilution levels is shown in Figure 4b, and the effects of caffeic acid pre-concentration
can be seen in each case, which resemble the isotherms observed with the adsorption of species at
surfaces. There are benefits to enhancing the signal by introducing a holding time, but in the present
case this came at the expense of a loss of the linear relationship between wine dilution, and hence
concentration of phenolic compounds, and peak current. For a scan run immediately after inserting
the PEDOT electrodes into the diluted wines, the peak current nearly doubled, moving from 20-fold to
10-fold diluted wines (×1.8), and increased by a similar amount with the 5-fold diluted wines (×1.9).
By contrast, with a 20 min holding time, the response to the 20-fold diluted wine was over 50% of that
of the 5-fold diluted wine.

(a) (b)

Figure 4. Voltammetric response of PEDOT electrodes taken at 100 mV s−1 of the Chardonnay wine
diluted in a pH 3.6 model wine solution for different holding times: (a) voltammograms (background
subtracted) obtained for 10-fold diluted wine; (b) first anodic peak current (Ip,a) for three different wine
dilution levels at different holding times (n = 3).
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The analysis of phenolics on PEDOT electrodes after an accumulation time has also been described
for the case of epicatechin, as found in products such as biscuits containing cocoa [19]. After a period
of accumulation, the oxidation of the phenol then occurs as an example of adsorptive stripping
voltammetry, with complete oxidation of the adsorbed phenolic compound, and with a current much
higher than that obtained at glassy carbon electrodes. In that study, the current peak for epicatechin
reached a maximum after 25 min of accumulation time, and showed a linear response for epicatechin
concentrations up to 1.5 ppm (2.0 μA for c. 0.005 mM) using differential pulse voltammetry, with
linearity lost beyond 2.5 ppm [19]. A similar accumulation period was found to provide maximum
oxidation current in the present study for white wine phenols.

3.4. Cyclic Voltammetry of Caffeic Acid at PEDOT Microelectrodes

PEDOT electrodes were also prepared on a 10 μm diameter gold microelectrode, and used to
test solutions of caffeic acid. After two preparative cycles to 1200 mV (Ag/AgCl) for 0.1 M EDOT
in propylene carbonate, some PEDOT growth nodules were evident in SEM images (Figure 5a).
The PEDOT conducting polymer had also spread to a width of around 25 μm, somewhat larger than
the underlying gold microelectrode, which had been previously found to be very close to the expected
10 μm in SEM images of the bare microelectrode. During the electropolymerization, the current for
EDOT oxidation rose sharply for potentials greater than 1100 mV on the first preparative scan, but by
the third cycle the rise in current started from 900 mV, pointing to an electrocatalytic effect of the newly
formed PEDOT surface. The extremely high rate of growth was most evident in the following cycles,
and for continued cycling even to 16 prepared scans, a steady increase in current due to internal PEDOT
redox processes was observed. A SEM image of a PEDOT electrode formed by eight preparative scans
to 1200 mV is shown in Figure 5b, and the extreme nature of the fractal-type growth under these
conditions is evident. At this point, the PEDOT material extended some 50 μm out from the electrode
surface, anchored by an area about 25 μm wide.

(a) (b)

Figure 5. Scanning Electron Microscopy images of PEDOT growth on a 10 μm gold microelectrode,
after (a) two, and (b) eight electropolymerization cycles taken to 1200 mV (Ag/AgCl).

When solutions of caffeic acid were tested at the PEDOT microelectrodes (Figure 6),
a similar-shaped anodic peak was obtained at 400 to 500 mV, as seen at the 3 mm diameter
PEDOT macroelectrode (Figure 2a). Should the response have been under diffusion control at the
microelectrode, a plateau current at potentials greater than 400 mV would be expected. However,
the current density was now greatly enhanced, and provides a further example of adsorptive stripping
voltammetry. For the case of the macroelectrode with 0.02 mM caffeic acid, the peak current of 4 μA
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at the 0.071 cm2 electrode was thus 0.057 mA cm−2. By contrast, a current of 230 nA for 0.022 mM
caffeic acid (4 ppm), at the 7.9 × 10−7 cm2 electrode was 290 mA cm−2, over 1000 times larger than the
macroelectrode case. These ‘apparent’ current densities are reported in terms of the geometric surface
are of the underlying glassy carbon or gold electrodes, but it is clear that the effective electrode area of
PEDOT exposed to the solution in the microelectrode case is much larger, given the spherical shapes of
the PEDOT deposits seen in SEM images. With the 3 mm diameter electrode, if further preparative
scans with the PEDOT monomer were applied out to eight scans in total, the current response for
caffeic acid did not increase significantly beyond that obtained with a four scan preparation, which
was considered an optimum for the macroelectrode.

Figure 6. Voltammograms at PEDOT grown on a 10 μm gold microelectrode by eight preparative cycles
to 1200 mV (Ag/AgCl), for caffeic acid in the concentration range from 0.022 to 0.110 mM, dissolved in
the pH 3.6 model wine solution. The voltammograms were measured at 100 mV s−1 and are presented
after subtracting away the voltammogram obtained for a blank run, with only the forward anodic
scan shown.

Despite the very large current densities involved at the PEDOT microelectrode, the current
value had decreased back close to the background PEDOT response as the potential reached 600 mV,
showing that high conductivity of the PEDOT conducting polymer had allowed the caffeic acid
adsorbed throughout the PEDOT structure to be oxidized over the 3 s time period of the voltammetric
scan, passing from 300 to 600 mV. Comparisons can be drawn with the high surface area response
obtained with platinized platinum, compared to bright polished platinum, where roughness factors of
the orders of several hundreds have been obtained [20].

4. Conclusions

PEDOT electrodes show considerable promise for applications in electroanalytical chemistry,
based upon their responsiveness to oxidizable substrates, such as wine polyphenols, and the
separation of signals obtained when other reducing agents, such as ascorbic acid, are present.
Considerable pre-concentration of phenolic species occurs at PEDOT electrodes, which can be followed
by a stripping voltammogram for the quantification of phenolics present in beverages such as wines
and teas. The very high surface area afforded by certain PEDOT preparations at microelectrodes raises
the possibility of developing highly sensitive microelectrode systems. Further research is needed
to optimize experimental conditions, including holding time, along with further correlations with
phenolic composition by independent measures such as HPLC.
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Abstract: Microorganisms play an important role in the conversion of grape juice into wine. Yeasts
belonging the genus Saccharomyces are mainly responsible for the production of ethanol, but members
of other genera are known as producers of off-flavors, e.g., volatile phenols. Lactic acid and acetic
acid bacteria also occur regularly in must and wine. They are mostly undesirable due to their
capacity to produce wine-spoiling compounds (acetic acid, biogenic amines, N-heterocycles, diacetyl,
etc.). In conventional winemaking, additions of sulfite or lysozyme are used to inhibit growth of
spoilage microorganisms. However, there is increasing concern about the health risks connected with
these enological additives and high interest in finding alternatives. Phenols are naturally occurring
compounds in grapes and wine and are well known for their antimicrobial and health-promoting
activities. In this study, we tested a selection of phenolic compounds for their effect on growth and
viability of wine-associated yeasts and bacteria. Our investigations confirmed the antimicrobial
activities of ferulic acid and resveratrol described in previous studies. In addition, we found
syringaldehyde highly efficient against wine-spoiling bacteria at concentrations of 250–1000 μg/mL.
The promising bioactive activities of this aromatic aldehyde and its potential for winemaking deserves
further research.

Keywords: wine; microorganisms; phenols; sulfite; growth inhibition; syringaldehyde; resveratrol;
laccase

1. Introduction

Yeasts, lactic acid bacteria and acetic acid bacteria can play a role in winemaking and have
an influence on wine quality [1]. Bacterial growth in musts and wines is conventionally controlled by
the addition of sulfur dioxide. Unfortunately, the presence of sulfites in alcoholic beverages, particularly
in wines, can cause pseudo-allergic responses with symptoms ranging from gastrointestinal problems
to anaphylactic shock [2,3]. Other antimicrobials such as sorbic acid and dimethyl dicarbonate are
active against yeasts, but have less activity against bacteria [2,3].

Phenolic compounds affect bacterial growth and metabolism [2]. Enological extracts have been
found to inhibit clinically important microorganisms like Staphylococcus aureus, Escherichia coli, Bacillus
cereus, Campylobacter jejuni, Salmonella infantis and Candida albicans [4–7]. Phenols kill microorganisms
or inhibit the growth of bacteria, fungi or protozoa [8]. Several mechanisms of action in the growth
inhibition of bacteria are involved, such as permeabilization and destabilization of the plasma
membrane, or inhibition of extracellular microbial enzymes [2,9].

García-Ruiz et al. [10] investigated the inhibitory potential of 18 phenolic compounds (including
hydroxybenzoic acids, hydroxycinnamic acids, phenolic alcohols, stilbenes, flavan-3-ols and flavonols)
on wine-related lactic acid bacteria of the species Oenococcus oeni, Lactobacillus hilgardii and Pediococcus
pentosaceus. In general, flavonols and stilbenes showed the greatest inhibitory effects on the growth of
the test strains. Hydroxycinnamic acids and hydroxybenzoic acids and their esters exhibited medium
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inhibitory effect, and phenolic alcohols as well as flavanol-3-ols showed the lowest effect on the
growth of the strains studied. In comparison to the antimicrobial additives used in winemaking,
the inhibitory impact of most phenolic compounds was stronger than those of the commonly used
potassium metabisulfite and lysozyme.

In a subsequent study, García-Ruiz et al. [11] determined whether phenolic extracts with
antimicrobial activity may be considered as an alternative to the use of sulfur dioxide (SO2) for
controlling malolactic fermentation in winemaking. Growth inhibition of six enological strains of
Lactobacillus hilgardii, Lactobacillus casei, Lactobacillus plantarum, Pediococcus pentosaceus and Oenococcus
oeni by phenolic extracts from different origins (spices, flowers, leaves, fruits, legumes, seeds, skins,
agricultural by-products and others) was evaluated. A total of 24 extracts were found to significantly
inhibit the growth of at least two of the strains studied. Some of these extracts were also active against
acetic acid bacteria.

In a similar approach, Pastorkova et al. [12] investigated the antimicrobial potential of 15 grape
phenolic compounds of various chemical classes (phenolic acids, stilbenes and flavonoids) against
yeasts and acetic acid bacteria. Pterostilbene, resveratrol and luteolin were among six active compounds
that possessed the strongest inhibitory effects against all microorganisms tested. In the case of phenolic
acids, myricetin, p-coumaric and ferulic acids exhibited selective antimicrobial activity depending
upon the species of yeasts and bacteria tested. In comparison with potassium metabisulfite, all
microorganisms tested were more susceptible to the phenols.

Recent studies suggested the possible application of plant phenolic extracts to reduce the use of
sulfites in winemaking [13]. The use of polyphenols as a SO2 substitute thus presupposes that wine
yeasts are not influenced by the phenols in their fermentation activity, and only undesired organisms
are inhibited. Hitherto, many studies have been concerned with the antimicrobial action of phenols
against lactic acid bacteria but less with acetic acid bacteria and yeasts. The challenge is to find
differences in the inhibitory effect of phenols within the various desirable and undesirable species.

2. Materials and Methods

2.1. Microorganisms and Culture Conditions

The yeasts Wickerhamomyces anomalus AS1, Saccharomyces bayanus HL 77, Saccharomyces cerevisiae
× Saccharomyces kudriavzevii × Saccharomyces HL 78 and Saccharomyces cerevisiae 16.1 have been isolated
from local wineries in Germany and characterized as described previously [14–16]. Debaryomyces
hansenii 525 has been isolated from garden soil [17]. Strains of lactic acid bacteria (Lactobacillus hilgardii
20166, Lactobacillus plantarum 20174T, Pediococcus parvulus 20332T, Oenococcus oeni 20252) and acetic acid
bacteria (Gluconobacter cerinus 9533, Acetobacter acetii 3508) were obtained from the German Collection
of Microorganisms and Cell Cultures (DSMZ, Braunschweig).

Yeasts were cultivated in Sabouraud-glucose broth (DSMZ medium 1429) at pH 5.5 or 3.5
depending on the specific experimental conditions. Lactic acid bacteria (were cultivated in MRS
medium (pH 5.5) containing tomato juice (DSMZ medium 11). G. cerinus 9533 was grown in YPM
broth (DSMZ medium 360, pH 6.1) and A. acetii 3508 in YPS broth (with sorbitol instead of mannitol in
YPM, pH 6.6). All cultures were incubated on a shaker at 30 ◦C.

2.2. Chemicals

All reagents were of analytical grade. Polydatin, caffeic acid, ferulic acid, p-coumaric acid, sinapic
acid, 3,4-dihydroxybenzoic acid, gallic acid, ethylgallate, vanillic acid, syringaldehyde, and DMSO
were purchased from Sigma-Aldrich (Taufkirchen, Germany). Resveratrol and microbiological culture
media or constituents were supplied by Roth (Karlsruhe, Germany). Laccase from Botrytis cinerea
strain P16–14 was prepared as described recently [18].

58



Beverages 2017, 3, 29

2.3. Influence of Ethanol and DMSO on Yeast Growth

The phenolic compounds were prepared in organic solvents. Their possible impact on yeast
growth was tested as follows: Sabouraud-glucose broth media (pH 3.5) were prepared with 0, 1, 5, 10,
15 and 20% v/v ethanol and DMSO, respectively. The nutrient solutions were inoculated at initial cell
numbers of 106/mL and incubated at 30 ◦C on a shaker (75 rpm) for four days. Growth of the cultures
was recorded daily by determination of their optical densities (OD590) for 4 days.

2.4. Influence of Phenols on Growth of Microorganisms

The effect of phenols on the growth of microbial liquid cultures was tested at different
concentrations by monitoring the increase of cell densities for several days.

2.4.1. Method 1

The first experimental series was conducted using common glass culture tubes. Phenolic
compounds were dissolved at concentrations of 5, 10 and 20 mg/mL in DMSO (99.4% v/v) and
sterile-filtrated (0.2 μm). From each solution, 210 μL were added separately to 3.99 mL autoclaved
Sabouraud-glucose broth (pH 3.5) to achieve final phenol concentrations of 250, 500 and 1000 μg/mL.
The control media were prepared with 5% (v/v) DMSO. The inhibition effect of potassium metabisulfite
on microbial cultures was compared at the same concentrations as used for the phenolic compounds.

The media were inoculated at initial yeast cell numbers of 106/mL and incubated at 30 ◦C on
a shaker (75 rpm). Growth of the cultures was monitored by determination of their optical densities
(OD590) after 3 or 4 days with a Colorimeter model 45 (Fisher Scientific, Cambridge, UK). The optical
densities of the DMSO controls were defined as 100% in relation to growth under the influence of
phenolic compounds. The results are presented as the means of duplicate assays.

2.4.2. Method 2

The second experimental series was conducted in sterile 96-well plastic microplates (Roth,
Karlsruhe, Germany). The phenolic compounds were dissolved at concentrations of 5, 10 and
20 mg/mL in DMSO (50% v/v) and sterile-filtrated (0.2 μm). Ten μL of each concentration and
the DMSO control were added to 190 μL precultures of exponentially growing microorganisms (yeasts:
1 × 105 cells/ml; bacteria 1 × 106 cells/mL). The final concentrations of phenols were 250, 500 and
1000 μg/mL. The microplates were incubated in a wet chamber at 30 ◦C, acetic acid bacteria on a shaker.
Growth was monitored by measuring the OD590 spectrophotometrically using a FLUOstar Omega
microplate reader (BMG Labtech GmbH, Germany). The time of evaluation was set when the DMSO
control reached the middle of the exponential growth phase. The corresponding optical densities were
defined as 100% in relation to growth under the influence of phenolic compounds. The results are
presented as the means of triplicate assays.

2.5. Influence of Laccase Oxidation on the Inhibition Effect of Phenolic Compounds

Abiotic and/or enzymatic oxidation may alter structure and reactivity of phenols; particularly
laccase, a phenoloxidase produced by the wine-relevant fungus Botrytis cinerea plays an important
role in this respect. For this reason, we tested the effect of enzymatic oxidations on the antimicrobial
activities of selected phenols. The compounds were dissolved at concentrations of 5, 10 and 20 mg/mL
in DMSO (50% v/v) and sterile-filtrated (0.2 μm). To the solutions 0.03 units/mL laccase of Botrytis
cinerea P16–14 was added and incubation followed for 48 h at 30 ◦C. The controls contained no
phenoloxidase. The next steps were performed as described above for method 2.
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3. Results

3.1. Effect of Solvents

The phenolic compounds tested in this study are poorly soluble in water. For this reason, stock
solutions had to be prepared in organic solvents such as dimethoxy sulfoxide (DMSO) or ethanol.
As these solvents could have an impact on the inhibition experiments, we investigated the effect of
different concentrations on the growth of the test microorganisms (Figure 1).
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Figure 1. Influence of ethanol and DMSO on the growth of (A): S. cerevisiae 16.1; (B): S. bayanus HL 77;
(C): S. cerevisiae × S. kudriavzevii × S. bayanus HL 78. Culture medium: Sabouraud-glucose broth
(pH 3.5).

The Saccharomycetes exhibited quite different tolerances towards ethanol in the culture media.
The most sensitive strain was S. bayanus HL 77, already 1% v/v alcohol inhibited growth. The most
resistant S. cerevisiae 16.1 showed still—although a delayed—growth at 15% v/v, whereas the triple
hybrid HL 78 was completely inhibited by this concentration (Figure 1, top row). A higher ethanol
tolerance was expected for the wine yeast S. bayanus HL 77; however, it should be considered that
in natural must fermentations yeasts have the chance for gradual adaptation to increasing ethanol
concentrations, whereas in our experiments high amounts were already present from the start of
cultivation. W. anomalus AS1 showed delayed growth at 10% ethanol in the medium and was
completely inhibited by 15% and Debaryomyces hansenii 525 tolerated only 1% (not shown).

Regarding DMSO (Figure 1, bottom row), S. cerevisiae 16.1 showed no restricted growth in
presence of 5% v/v, but complete failure at 10% v/v. This finding is in accordance with results of
Sadowska-Bartosz et al. [19] reporting an inhibiting concentration of 5–10% v/v DMSO for this species.
S. bayanus HL 77 showed delayed growth at 5% v/v, but reached still high cell densities after 4 days.
Again, 10% v/v was not tolerated by this strain. This concentration was also the limit for the triple
hybrid HL 78, which showed nearly normal growth behavior at 5% v/v. W. anomalus AS1 was not
inhibited up to 5% v/v DMSO, whereas cell densities of D. hansenii 525 were drastically reduced at
this concentration (not shown).

Although yeast growth, with the exception of strain 525, was generally not significantly reduced
at 5% v/v DMSO, a second experimental series was performed with only half of this concentration.
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At 2.5% v/v, also lactic acid and acetic acid bacteria reached the same cell densities as the controls
without DMSO. Only A. acetii 3508T was more susceptible, the maximum OD595 was only 60% of the
control (not shown).

3.2. Influence of Phenols on Yeast Growth

Different classes of phenolic compounds were tested for their antimicrobial activities (Table 1).
The first experimental series was performed at 5% v/v DMSO in the culture medium of pH 3.5

(Figure 2).
Growth of S. cerevisiae 16.1 was generally not negatively impaired by phenols. Only high

concentrations of ferulic acid or potassium sulfite led to complete inhibition. In contrast, S. bayanus HL
77 and the triple hybrid were depressed by all phenols, even at low concentrations of p-coumaric acid
and ferulic acid.

Table 1. Phenolic compounds included in this study and their natural concentrations in wine.

Chemical Class
Representative

Structures
Examples

Mean Contents [μg/mL] 1 in

Red Wine White Wine

Hydroxybenzoic acids

Gallic acid 35.9 2.2
Vanillic acid 3.2 0.4

4-Hydroxybenzoic acid 5.5 0.2
Syringic acid 2.7 <0.01
Ethylgallate 15.3 nd

Cinnamic acids

p-Coumaric acid 5.5 1.5
Caffeic acid 18.8 2.4
Ferulic acid 0.8 0.9
Sinapic acid 0.7 0.6

Stilbenes
cis-Resveratrol 1.3 0.2

Trans-Resveratrol 1.8 0.4
trans-Resveratrol-3-O-glucoside 4.1 1.7

Hydroxybenz-aldehydes Syringaldehyde 6.6 <0.01

1 Source: http://phenol-explorer.eu; nd: no data.

The red line indicates maximum growth (optical density) of the controls which contained DMSO
[5.0% v/v].

W. anomalus AS1 and D. hansenii 525 were sensitive to low concentrations of sulfite, ferulic acid
and syringaldehyde. On the other hand, gallic acid stimulated growth of both non-Saccharomycetes.

The second experimental series was performed at 2.5% v/v DMSO in the culture medium of
pH 5.5 (Figure 3).

Growth of S. cerevisiae 16.1 was completely inhibited by high concentrations of sulfite, resveratrol
and ferulic acid and significantly impaired by syringaldehyde. The residual six phenols had no effect.
The fact that potassium sulfite was not as effective as in the previous experiments can be explained
in a diminished concentration of the effective molecular form (SO2) at pH 5.5 compared to pH 3.5.
S. bayanus HL 77 showed a very similar pattern, again resveratrol, ferulic acid and syringaldehyde
were the most antimicrobial. Under the given experimental conditions, both non-Saccharomycetes
turned out to be rather resistant to most phenols. However, a strong negative effect was exerted by
resveratrol, followed by syringaldehyde and ferulic acid.
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Figure 2. Influence of phenolic compounds on the growth of Saccharomyces cerevisiae 16.1 (A),
Saccharomyes bayanus HL 77 (B); Saccharomyces cerevisiae × S. kudriavzevii × S. bayanus HL 78 (C),
Wickerhamomyces anomalus AS1 (D) and Debaryomyces hansenii 525 (E). The red line indicates
maximum growth (optical density) of the controls which contained DMSO (5.0 % v/v) but no phenols.
Culture medium: Sabouraud-2% Glucose both (pH 3.5).
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Figure 3. Influence of phenolic compounds on the growth of S. cerevisiae 16.1 (A) 16.1, S. bayanus
HL77 (B), W. anomalus AS1 (C) and D. hansenii 525 (D). The red line indicates maximum growth
(optical density) of the controls which contained DMSO (2.5% v/v) but no phenols. Culture medium:
Sabouraud-glucose broth (pH 5.5).

3.3. Influence of Phenols on Growth of Lactic Acid Bacteria

The four lactic acid bacteria were completely inhibited by 0.25 mg/mL sulfite (Figure 4). As in
the case of yeasts, resveratrol but not its glycosylated form (polydatin) had a strong antimicrobial
effect. The cinnamic acids caffeic acid, ferulic acid and sinapic acid decreased cell densities in
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a concentration-dependent manner. Syringaldehyde at 1.0 mg/mL completely inhibited growth.
On the other hand, gallic acid had no effect or stimulated growth of Pediococcus and Oenococcus.
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Figure 4. Influence of phenolic compounds on the growth of Lactobacillus hilgardii 20176 (A), Lactobacillus
plantarum 20174T (B), Pediococcus parvulus 20332T (C) and Oenococcus oeni 20252 (D). The red line
indicates maximum growth (optical density) of the controls which contained DMSO (2.5% v/v) but no
phenols. Culture medium: MRS (pH 5.5).

3.4. Influence of Phenols on Growth of Acetic Acid Bacteria

In contrast to previous experiments, browning reactions were observed in the cultures, indicating
oxidation of the phenols. Thus, only the hitherto most effective compounds were tested (Figure 5).
Acetic acid bacteria did not grow in the presence of sulfite. G. cerinus 9533 was significantly inhibited
by syringaldehyde. The cinnamic acids showed no—and resveratrol only a transient—negative effect.
Gallic acid favored growth, as already observed with other microorganisms before. A. acetii 358 was
inhibited by high concentrations of ferulic acid and resveratrol.
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Figure 5. Influence of phenolic compounds on the growth of Gluconobacter cerinus 9533 after 24 h (A) or
48 h (B) and on Acetobacter acetii 3508 after 48 h (C). The red line indicates maximum growth (optical
density) of the controls which contained DMSO (2.5% v/v) but no phenols. Culture medium YPM
(pH 6.1) for (A) and (B) and YPS (pH 6.6) for (C).
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3.5. Effects of Enzymatic Oxidation

As observed with acetic acid bacteria in our experiments, oxidative transformations may alter
the molecular structure and reactivity of phenols. In must and wine, phenols can be enzymatically
oxidized by the action of phenoloxidases deriving from grapes or fungal sources [18,20]. In this study,
we tested the antimicrobial action of phenolic compounds after oxidation with laccase from Botrytis
cinerea (Table 2).

Table 2. Effect of B. cinerea laccase on the growth effect of phenols 1.

Species
Caffeic

Acid
Gallic
Acid

Resveratrol Polydatin
3,4-di-

HB
Ferulic
Acid

Sinapic
Acid

Syring-
Aldehyde

Ethyl-
gallate

S. cerevisiae +4.29 −3.98 +2.30 −103.00 +3.94 +5.51 −9.37 +9.63 +4.36
S. bayanus +24.23 +7.77 ±0 −106.00 −3.72 +3.98 −7.00 +2.07 −5.77
D. hansenii +7.11 −15.58 −4.74 −14.29 −19.94 +1.04 −4.12 −8.75 −32.30

W. anomalus +9.19 −0.89 +6.17 −88.13 −9.36 −4.98 −7.12 −1.58 −5.37
L. hilgardii +5.01 +3.71 −8.37 +15.57 +7.99 +1.49 +21.93 +0.49 +3.29

L. plantarum +10.00 +2.36 −4.41 −11.17 −7.94 +8.77 +23.12 −2.14 +5.06
P. parvulus +1.51 +8.16 ± 0 +0.68 +16.01 +8.34 +37.18 −31.65 +29.22

O. oeni +19.21 +115.74 +9.79 +40.63 +47.38 +12.20 +25.37 +3.01 +30.15
1 data are given in percentage positive (+) or negative (−) growth compared to the samples without laccase additions;
initial concentrations of phenols were 1 mg/mL.

After oxidation with fungal laccase the antimicrobial impact of phenolic compounds was
diminished or enhanced compared to the untreated controls. In general, oxidized caffeic acid and
ferulic acid were less toxic to all test microorganisms. In addition, lactic acid bacteria took benefit by
oxidation of sinapic acid, gallic acid and ethylgallate. In contrast, polydatin inhibited yeast growth
much stronger after oxidation than before. No general trend can be derived with respect to laccase
oxidation for resveratrol, hydroxybenzoic acid and syringaldehyde.

4. Discussion

Small amounts of SO2 have a good inhibitory effect on microorganisms which are undesirable in
wine production. The wine yeasts S. cerevisiae, S. bayanus and most of their hybrids have a relatively
high insensitivity to this preservative [21]. The use of wine phenols as a SO2 substitute thus
presupposes that the yeasts are not influenced by these compounds in their fermentation activity, and
only undesired organisms are inhibited.

In the present work, water-insoluble phenols were dissolved in DMSO. EUCAST (European
Committee on Antimicrobial Susceptibility Testing) and CLSI (Clinical and Laboratory Standard
Institute) recommend 1% v/v DMSO in the medium in inhibition experiments to exclude any solvent
effect. On the other hand, Sardowska-Bartozs et al. [19] found that Saccharomycetes are only inhibited
>8% v/v DMSO. We found impaired growth of S. bayanus HL77 at 5% v/v DMSO and decided to
perform the inhibition experiments at 5% and 2.5% DMSO in the medium. The main results of this
work are summarized in Table 3.

4.1. Influence of Phenolic Compounds on Yeast Growth

Examination of the inhibitory effect at culture medium pH 3.5 revealed that non-Saccharomycetes
are sensitive to ferulic acid, p-coumaric acid and syringaldehyde. In the case of the Saccharomyces
species, differences in the inhibitory effect were detected. Whereas S. cerevisiae 16.1 showed complete
inhibition only with 1 mg/mL of ferulic acid or resveratrol, the hybrid HL 78 and S. bayanus HL77
revealed marked sensitivities to phenols. Again, p-coumaric acid, ferulic acid and syringaldehyde
acted inhibitory. In the experiments conducted at pH 5.5, the negative effect of the cinnamic acids were
usually diminished, probably as they are in their deprotonated state (see Section 4.4).

Ferulic acid turned out as the phenolic acid with the strongest inhibitory effect. With p-coumaric
acid, a good inhibitory effect could also be achieved in some cases. This is consistent with the
work of Pastorkova et al. [12], who also observed a high sensitivity of wine-damaging yeasts
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for hydroxycinnamic acids. Harris et al. [22] ruled out the possible application of ferulic acid as
an antifungal agent for the control of Dekkera spp.

Table 3. Minimum inhibitory concentration [μg/mL] of phenolic compounds on wine-related
microorganisms.

(A) Yeasts 1

Compound S. cerevisiae S. bayanus S. c. × S. k. × S. b. W. anomalus D. hansenii

Caffeic acid >1000 >1000 nd >1000 >1000
p-Coumaric acid >1000 500 1000 1000 >1000

Ferulic acid 1000 250–500 1000 1000 500
Sinapic acid >1000 >1000 nd >1000 1000
Gallic acid >1000 >1000 1000 >1000 >1000

Vanillic acid >1000 1000 1000 >1000 >1000
Hydroxybenzoic acid >1000 >1000 nd >1000 1000

Syringaldehyde 250–1000 250–500 250 250 250–1000
Resveratrol 250 250 250 250–500 250
Polydatin >1000 >1000 nd >1000 >1000

Potassium sulfite 250–500 500–1000 500 250 250

(B) Lactic Acid Bacteria

Compound L. hilgardii L. plantarum P. parvulus O. oeni

Caffeic acid 250 >1000 250 250
Ferulic acid 250 250 250 250
Sinapic acid 250 250 250 250
Gallic acid >1000 >1000 >1000 >1000

Hydroxybenzoic acid 250 >1000 1000 500
Syringaldehyde 250 250 1000 250

Resveratrol 250 250 250 250
Polydatin >1000 >1000 >1000 >1000

Potassium sulfite 250 250 250 250

(C) Acetic Acid Bacteria

Compound G. cerinus A. acetii

Ferulic acid >1000 1000
Sinapic acid >1000 >1000
Gallic acid >1000 1000

Syringaldehyde 250 1000
Resveratrol >1000 250

Potassium sulfite 250 250
1 results from experimental series 1 and 2; nd: not determined S. c. × S. k. × S. b. = S. cerevisiae × S. kudriavzevii ×
S. bayanus.

Syringaldehyde gave surprisingly good inhibition results. The compound is one of the
less-explored polyphenols and, so far, there is little information on its antimicrobial activity, as well as
its other capacities [23]. Studies with the pathogenic yeast Candida guilliermondii showed a fungicidal
effect of syringaldehyde [24]. In general, it can be stated that the so-called wild yeasts were more
strongly inhibited than the Saccharomycetes with syringaldehyde. This observation suggests that it
is one of the compounds that could have the potential to be used as SO2 substitutes. This should be
given greater attention in the future.

Resveratrol had an inhibitory effect on most yeast species under investigation including
S. cerevisiae. This seems in some contrast to studies which revealed that the stilbene increases the live
expectancy of this most important wine yeast [9].

4.2. Influence of Phenolic Compounds on the Growth of Lactic Acid Bacteria

Phenolic compounds impaired growth of lactic acid bacteria in a concentration-dependent manner.
The inhibition effect increased generally in the order sinapic acid < caffeic acid < p-coumaric acid
< ferulic acid < syringaldehyde < resveratrol. Less effective were ethylgallate and 3,4-dihydroxy
benzoic acid. Polydatin behaved rather neutral, and gallic acid had even a growth stimulating
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effect on P. parvulus and O. oeni. Comparable results have been reported in previous investigations.
Stead [25] found that high concentrations of p-coumaric, ferulic and caffeic acids inhibited the growth
of Lactobacillus collinoides and Lactobacillus brevis, whereas low concentrations stimulated their growth.
In another study, Rozès and Peres [26] observed that caffeic and ferulic acids negatively affected the
growth of L. plantarum and increased the proportion of unsaturated fatty acids of the cell membrane.
Salih et al. [27] studied the inhibitory effect of hydroxycinnamic acids towards O. oeni and L. plantarum
and found a strong decrease in the growth rate and biomass production in O. oeni but only a growth rate
decrease was observed in L. plantarum. Ferulic acid had the strongest effect, followed by p-coumaric
and caffeic acids. Campos et al. [28] reported that hydroxycinnamic acids (and particularly p-coumaric
acid) were more inhibitory towards O. oeni and L. hilgardii than hydroxybenzoic acids; on the other
hand, some phenolic acids showed a beneficial effect on growth of L. hilgardii [28].

Cinnamic acids can also influence malolactic fermentation of lactic acid bacteria: 50–150 μg/mL
caffeic acid supported the degradation of malic acid in Merlot wine, whereas ferulic acid was inhibitory;
coumaric acid had even a more negative effect [9].

In line with our results, several authors reported a positive effect of gallic acid on the growth
of lactic acid bacteria [29,30]. Alberto et al. [31] found that low concentrations (up to 200 μg/mL)
of gallic acid stimulated growth of L. hilgardii, whereas at high concentrations (1000 μg/mL) gallic
acid was inhibitory to this bacterium. In later works, the same strain of L. hilgardii was shown to
be able to metabolise gallic acid, producing some phenolic compounds with oxygen-scavenging
capacity [32]. Similarly, Theobald et al. [33] reported that epigallocatechine gallate (EGCG) exerts
a concentration-dependent impact on the growth of the wine bacterium Oenococcus oeni strain B2.
It was shown that EGCG had a stimulating effect at 400–500 μg mL−1 but an inhibitory effect when
present above 540 μg mL−1 in the culture media. In relation to this, other authors observed that
flavanols with galloyl moiety exhibited more activity on bacteria growth than those without such
residues [34].

Landete et al. [35] reported that L. plantarum was more sensitive to hydroxycinnamic acids
(especially p-coumaric acid) than to hydroxybenzoic acids at the same molar concentrations.
García-Ruiz et al. [10] observed that stilbenes had a stronger inhibitory effect towards wine lactic acid
bacteria than phenolic acids at the same concentration levels.

4.3. Influence of Phenolic Compounds on the Growth of Acetic Acid Bacteria

Acetic acid bacteria are obligate aerobic microorganisms which are able to oxidize numerous
sugars, sugar alcohols and alcohols by the aid of various pyrroloquinoline quinone (PQQ)-dependent
membrane-bound dehydrogenases. In wine, they are notorious spoilage microorganisms by the
conversion of ethanol into acetic acid [1,36].

At 1 mg/mL syringaldehyde, we found a permanent growth reduction of A. acetii 3508 and
G. cerinus 9533, whereas resveratrol and ferulic acid only inhibited A. acetii 3508. The same strain was
inhibited by ferulic acid and resveratrol in investigations of Pastorkowa et al. [12]. Syringaldehyde was
not included their study. There are only a few other publications dealing with the effect of phenolic
compounds on the growth of wine-related acetic acid bacteria. García-Ruiz et al. [11] found that some
phenolic plant extracts inhibited growth of A. aceti and Gluconobacter oxydans.

In our study, we observed that acetic acid bacteria transformed phenols into brownish products.
This is in line with a study of Buchert and Niemelä [37], who investigated the effect of some
aromatic aldehydes on the growth of G. oxydans. The organism detoxified all possible inhibitors
except syringaldehyde by simultaneously oxidizing and reducing them to the corresponding acids
and alcohols.

4.4. Mode of Antimicrobial Action

Besides differing in structure and complexity, phenolic compounds also exhibit different properties
regarding their antimicrobial activities. Benzoic acid was one of the first authorized preservatives for
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use in the food industry to attain Generally Regarded As Safe (GRAS) status [2]. Although the precise
antimicrobial mechanism of phenolic acids is not well known, there is growing evidence that the
primary effect is to interfere with the cytoplasmic membrane, increasing its permeability and causing
leakage of intracellular constituents such as proteins, nucleic acids, and inorganic ions. They thereby
act as decoupling agents leading to a disruption of the transmembrane pH and charge gradient [38].
Phenolic acids are weak organic acids (pKa ≈ 4.2) and their antimicrobial activity is considered to
be dependent on the concentration of the nondissociated carboxyl group. Due to their lipophilic
nature, they can cross the microbial cell membrane in their non-ionic form and acidify the cytosol,
causing protein denaturation and interfering with cellular activity [2]. Destruction of the cell wall
structure is another bactericidal effect of phenolic compounds as observed for lactic acid bacteria [39].
Gram-negative bacteria are more resistant to phenolic compounds than Gram-positive bacteria due to
the presence of their protective outer membrane [2].

Benzaldehydes act primarily by combining with sulfhydryl groups of proteins on the external
surface of microorganisms. Other works have shown that these compounds can also cause cellular
leakage [2].

The hydroxystilbene resveratrol is one of the best analyzed compounds in wine, especially because
of its beneficial influence on human health [40,41]. Being a phytoalexin, the compound is produced by
plants in response to biotic and abiotic stress factors and has antifungal and antimicrobial activities.
Its glycosylated derivate (polydatin or piceid) occurs in red wines as much as tenfold higher. The
antibiotic action mechanism of stilbenes is not well understood. It has been suggested that resveratrol
inhibits the respiration of fungal cells, probably by acting as an uncoupling agent or by membrane
lipid peroxidation [20]. Pterostilbene is a methoxylated derivate of resveratrol originating from natural
sources like wine grapes or blue berries. Its potent capability against methicillin-resistant Staphylococcus
aureus (MRSA) has been related to bacterial membrane leakage, chaperone protein downregulation,
and ribosomal protein upregulation [42].

4.5. Enyzmatic Oxidations

Phenolic compounds of grapes can be rapidly transformed by phenoloxidases, thereby altering
their biological properties [18]. Here we found that the antimicrobial action of phenols mostly
decreased after laccase oxidation, but also the opposite situation. This may be explained by a different
biochemical reactivity of the oxidation products. It is generally believed that fungal laccases as such
from Botrytis cinerea detoxify phenolic compounds (e.g., the phytoalexin resveratrol) by oxidative
transformation to di-, oligo- or polymers which are less bioavailable and bioactive [20]. On the other
hand, the first enzymatic oxidation products from polyphenolics are high-reactive quinones which can
rapidly react with amino acids, peptides and proteins by Michael-type additions [43]. In the case of
enzymes this will lead to their inhibition [9,44].

5. Conclusions

The main subject of this work was to assess the different inhibition behaviors of phenols
against wine-associated microorganisms and factors influencing the inhibitory effect, e.g., enzymatic
oxidations, pH and organic solvents. The focus was on the evaluation of the individual phenols
as a potential sulfite substitute. The most promising compounds were ferulic acid, resveratrol and
syringaldehyde. Low concentrations of ferulic acids (250 μg/mL) inhibited potential wine-spoiling
bacteria but not growth of wine yeasts. The biotechnological potential of ferulic acid for medical and
food applications has already been highlighted [45].

Although antifungal activities of resveratrol are well known, its strong inhibition effect on bacteria
and yeasts is somewhat surprising but confirms previous studies [10]. Considering the technological
application of resveratrol in the process of wine stabilization, its concentration in wine is too low to
effectively inhibit spoilage microorganisms (Table 1). Therefore, wine fortification by addition of pure
stilbenes or plant extracts might be considered as prospective strategy [12]. Glycosylated resveratrol
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(polydatin) was ineffective in our study, whereas another derivate, pterostilbene, displayed up to
four times stronger antimicrobial efficacy than resveratrol [12]. Another possibility to increase the
trans-resveratrol content in wines is the enzymatic hydrolysis of glycosylated precursors by application
of β-glucosidases [46].

A main conclusion which can be drawn from our experiments is that among the phenols tested,
syringaldehyde seems to have the highest biotechnological potential, since it acted at relatively low
concentrations, especially on the wild yeasts and bacteria. Syringaldehyde as antimicrobial agent has
been given little attention so far. This gap should be closed in the future, especially since this phenol
also has health-promoting and antioxidant properties [23].

Another point that should be taken into account in the assessment of the inhibitory capacity of
phenols are their interactions with each other and with other wine constituents. For example, the
combination of different phenols may have a positive or negative effect on the inhibitory effect. Also,
the influence of phenoloxidases is not insignificant, as demonstrated in this work. The investigation of
these interactions is indispensable in order to be able to make a precise statement about the inhibitory
behavior of the phenols. Finally, the influence of antimicrobial plant extracts on the composition and
sensorial quality of wines needs to be considered [47]. Particularly, in the case of syringaldehyde the
sensory threshold in wine for this compound has been reported at 50 μg/mL, thus at a significant
lower level than the lowest concentration (250 μg/mL) tested in this study. The actual minimum
antimicrobial concentrations of syringaldehyde will be evaluated in consecutive research.
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Abstract: The recovery of antioxidants from complex winery and grapevine by-products into
Vitis vinifera must offers new opportunities for wine grapes by the development of a new, enriched
fruit juice. However, this demands the search for new valorization methods to get hold of additional
antioxidant compounds. The objective of this study was to find a novel functionality for grape pomace,
grapevine leaves, and canes by its reuse as a functional matrix for the extraction of antioxidants
into grape must. After thermomaceration, 22 polyphenols were identified by high performance
liquid chromatography and mass spectrometry. Grape pomace was a good source of anthocyanins
(malvidin-3-glucoside), while flavonols (quercetin-3-hexoside) and phenolic acids (caftaric acid) were
the main phenolic compounds in leaf extracts. Catechin dimer was the only polyphenol compound
present in all of the matrices. Enriched grape juice comprised by 40:20:40 (v/v/v) of pomace, leaf,
and cane extracts, yielded an oxygen radical absorbance capacity of pirogallol red and fluorescein
ratio of 0.70, indicating that the reactivity of antioxidants present in enriched grape juice was at least
as efficient as other polyphenol-rich beverages. Thus, pomace, leaves and canes supply additional
polyphenols to grape must that results into a beverage with promissory antioxidant activity and
potential health benefits.

Keywords: grape juice; thermomaceration; antioxidants; polyphenols; Vitis vinifera

1. Introduction

Since the observation of a lower mortality rate of coronary heart disease in France when compared
to Northern European countries, known as the “French paradox” [1], a number of studies showed the
health-promoting effects of phenolic compounds that are present in grapes and grape-derived products,
including pure grape juice [2–5]. Consequently, there is a steady global rise of grape juice production
over the last thirty years to fulfil a growing demand for pure grape juice by health-conscious consumers.
However, even if grape juice meets all health requirements, flavor and other product attributes are
critical for consumer acceptance. Thus, the increasing demand for healthy, sensory attractive fruit
juices by more demanding, better-educated consumers requires a continuous need for the development
of new juice products.

After comparing 13 commercially available fruit juices and juice drinks, purple grape juice
contained the highest levels of polyphenols and antioxidants [6]. Phenolic acids and flavan-3-ols were
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the predominant compounds in white grape juice, while the major groups of polyphenols that were
found in purple and red grape juices comprised anthocyanins and flavan-3-ols [6–9]. In particular,
several health benefits are associated with the consumption of purple grape juice, such as an improved
endothelial function, protection against LDL cholesterol oxidation, decrease in LDL-HDL cholesterol
ratio, inhibition of atherosclerosis, improved neurocognitive function, and improved antioxidant
biomarkers in blood [2,10–12]. The main beneficial effects of purple grape juices may be due to
their contents of flavonoids. In particular, procyanidin dimers, flavonols, and flavan-3-ols show
high antioxidant capacity among other polyphenols [13]. Primarily, flavonols and proanthocyanins
are associated with a marked decrease in platelet superoxide production and inhibition of platelet
aggregation [14], while oligomeric procyanidins improve vascular health [15]. Moreover, anthocyanins,
catechin, procyanidins, and E-resveratrol from grape skins and seeds show an inhibition of the growth
of human cancer cells [16–18], while anthocyanins and E-resveratrol may also suppress inflammatory
reactions [19].

Despite of high phenolic contents of grapes, the processing of grapes results in high amounts of
by-products, whereby a major part of the phenolics remain within the grape pomace after processing.
However, the content in bioactive phytochemicals that are detected in grape residues shows a strong
variation due to different agro-climatic and recovery conditions. Concerning the importance of the
up to nine million tons of vine and winery by-products produced globally every year from grape
industrialization [20], these by-products could provide extra desirable ingredients for health-food
applications improving juice quality [21,22]. Therefore, the aim of the present study was to find a
novel functionality for grape pomace, grapevine leaves, and canes by its reuse as a functional matrix
for the extraction of antioxidants into must of Vitis vinifera grapes. At the same time, it helps to add
value to those minor red grape cultivars that are not destined to the production of fine wines.

2. Materials and Methods

2.1. Reagents and Standards

Commercial standards of delphinidin-3-glucoside, petunidin-3-glucoside, malvidin-3-glucoside,
cyanidin-3-glucoside, quercetin-3-glucuronide, and chlorogenic acid were obtained from PhytoLab
(Vestenbergsgreuth, Germany). Extrasynthese (Lyon, France) provided peonidin-3-glucoside.
Commercial standards of quercetin-3-rutinoside, quercetin-3-glucoside, gallic acid, ferulic acid, p-coumaric
acid, (+)-catechin, (−)-epicatechin and Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid) were purchased from Sigma–Aldrich (St. Louis, MO, USA). Merck (Darmstadt, Germany)
provided formic acid, acetonitrile, methanol and water (all HPLC grade), while neocuproine
hemihydrate was obtained from Fluka (Buchs, Switzerland).

2.2. Samples

Grapes, grapevine leaves and canes from Vitis vinifera L., cvs. País (PA; an ancient, red cultivar)
and Lachryma Christi (LC; a Teinturier cultivar, commonly used for blending with pale red wines
to intensify red color) were collected from two vineyards that were located in the Itata Valley,
San Nicolas, Chile (36◦33′ S–72◦10′ W and 36◦30′ S–72◦05′ W, respectively) between March and
June 2013. After destemming, grapes were crushed (PAS.0540, Bertuzzi, Brugherio—Milano, Italy) and
pressed (D.64625, Willmes, Bensheim, Germany), prior to the collection of grape must and pomace
(skins and seeds) and storage at −20 ◦C. After vintage, autumn leaves and canes were cut and stored
at −20 ◦C until solid-liquid extraction.

2.3. Extraction Procedure

Aqueous extracts from unfrozen, ground (1–2 mm) pomace, leaves and canes were prepared
by using grape must as a solvent. Thermomaceration was carried out by mixing 55 g of winery
or grapevine by-product with 445 g of grape must in a 1-L double-wall glass vessel, stirred at
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500 rpm (Barnstead Thermolyne, Super Nuova magnetic stirrer, Thermo Scientific, Ashville, NC,
USA). Temperature was set at 60 ◦C using a Thermo/Haake DC10-K10 circulating heating bath
(Haake, Karlsruhe, Germany), while the extraction vessel was duly covered by parafilm and aluminum
foil to avoid solvent loss and light influence. The process time was fixed at 4, 6, and 8 h for cane,
pomace, and leaf samples, respectively, in order to achieve a grape must with a maximum amount
of polyphenols and antioxidants [23]. Then, enriched grape juice was prepared by mixing pomace,
leaf and cane extracts as follows: after filtration using 20–25 μm nylon filter bags, pomace, leaf, and
cane extracts were mixed in a ratio of 40:20:40 (v/v/v). After combining 250 mL of the País mixture to
an equal amount of Lachryma Christi mixture, the resulting blend, called enriched grape juice, was
bottled, heated (63 ◦C for 30 min), and stored at 20 ◦C until analysis.

2.4. Analytical Methods

2.4.1. Physicochemical Characterization

Standard enological parameters, such as pH, total acidity, soluble solids, free and total SO2,
and chromatic characteristics, were measured in must and enriched juice samples, according to the
official OIV methods of analysis [24]. All of the measurements were done in triplicate.

2.4.2. Spectrophotometric Assays

Spectrophotometric analyses were performed using an Analytik Jena Specord 200 Plus
spectrophotometer (Jena, Germany) set at the appropriate wavelength for each assay.

Total polyphenol content was measured by using the Folin-Ciocalteu colorimetric assay and the
results were reported in mg/kg of gallic acid equivalents [25]. Monomeric anthocyanin content was
analyzed using the pH-differential method, expressing the results in mg/kg of malvidin-3-glucoside
equivalents [26]. Total flavonoid content was evaluated using a colorimetric assay with aluminum
chloride using catechin as standard [27].

Additionally, total antioxidant capacities were evaluated by the ABTS (2,2′-azinobis(3-ethylbenzothiazoline
-6-sulfonic acid)) radical cation assay, CUPRAC (cupric reducing antioxidant capacity) method, ORAC
(oxygen radical absorbance capacity)—fluorescein (FL), and ORAC—pirogallol red (PGR) assays,
as described previously [23,28–30]. In all of the assays, Trolox was used as reference compound and
results were expressed in terms of mmol Trolox equivalent antioxidant capacity per kg of sample.
All of the measurements were done in triplicate.

2.4.3. Sample Preparation

Prior to HPLC separation, a solid-phase extraction using Oasis MCX cartridges (Waters, Milford,
MA, USA) containing a mixture of reverse-phase and cation exchange materials allowed for the
separation of anthocyanins from the remaining phenolic compounds to allow their determination
without interference. Five milliliters of each must or extract sample were diluted with 5 mL of 0.1 M
hydrochloric acid. This solution was passed through the 500 mg Oasis MCX cartridge previously
conditioned with 5 mL of methanol and 5 mL of water. After rinsing with 5 mL of 0.1 M hydrochloric
acid and 5 mL of water, the fraction containing flavonols, flavan-3-ols, and phenolic acid derivatives
was eluted by passing 3 × 5 mL of methanol, while the anthocyanins remained in the solid phase.
The anthocyanins were recovered by eluting 10 mL of 5% w/v ammonium hydroxide in methanol.
Subsequently, the solvents of these fractions were removed by vacuum rotary evaporation and the
residues dissolved in 5 mL of mobile phase used in HPLC separation.

2.4.4. HPLC-DAD-ESI-MS/MS

HPLC separation, identification, and quantification of specific phenolic compounds were carried
out using a Shimadzu HPLC Nexera system (Kyoto, Japan). This equipment consists of a quaternary
LC-30AD pump, DGU-20A5R degasser unit, CTO-20AC oven, SIL-30AC auto-sampler, CBM-20A
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controller system, and UV-Vis diode array spectrophotometer (model SPD-M20A), coupled in tandem
with a QTrap LC/MS/MS 3200 Applied Biosystems MDS Sciex system (Foster City, CA, USA).
The detector offers wide linearity (2.5 AU) and a noise level of 0.6 × 10−5 AU for a wavelength from
190 to 700 nm. Instrument control and data collection were done using CLASS-VP DAD Shimadzu
Chromatography Data System and Analyst software (version 1.5.2) for MS/MS analysis.

Anthocyanins were separated by HPLC using a C18 YMC 5 μm, 250 × 4.6 mm column with a C18
Nova-Pak 4 μm, 22 × 3.9 mm precolumn (Waters, Milford, MA, USA) with a flow rate of 0.3 mL/min
at 30 ◦C. The injection volume was 50 μL. The mobile phase consisted of 0.1% v/v trifluoroacetic acid
in water (A) and 100% acetonitrile (B). The gradient program was from 10% to 20% of solvent B in
15 min, followed by 6 min of stabilization, from 20% to 27% in 5 min, followed by 10 min stabilization,
from 27% to 100% in 1 min, and from 100% to 10% in 1 min, followed by an isocratic step of 10 min at
10% B.

HPLC separation of flavonols, flavan-3-ols and phenolic acid derivatives was carried out using a
Kinetex C18 column (core shell, 150 × 4.6 mm, 2.6 μm) with a SecurityGuard AJO-8768 C18 cartridge
(Phenomenex, Torrance, CA, USA). The injection volume was 10 μL. A binary mobile phase of 0.1%
v/v formic acid in water and acetonitrile was used at a flow rate of 0.5 mL/min. The acetonitrile
gradient ranged from 15% to 25% acetonitrile for 14 min, from 25% to 35% for 11 min, from 35% to
100% for 1 min, from 100% to 15% for 1 min, followed by a stabilization period of 10 min. The column
temperature was set at 30 ◦C for flavan-3-ols and phenolic acid derivatives, and at 40 ◦C for flavonols.

The analyses of stilbenoids were carried out using a C18 Kromasil 5 μm, 250 × 4.6 mm column
(Akzo Nobel, Bohus, Sweden) with a C18 Nova-Pak Waters 22 × 3.9 mm, 4 μm precolumn (Waters,
Milford, MA, USA) at 30 ◦C, using a mobile phase gradient consisting of 0.1% v/v formic acid in water
(solvent A) and acetonitrile (solvent B). The injection volume was 25 μL. The flow rate was 0.5 mL/min,
and the gradient program was from 15% to 20% of solvent B in 5 min, 20% to 44.5% in 45 min, and
44.5% to 100% in 1 min, followed by an isocratic step of 9 min at 100% and stabilization for 5 min at
15% of B.

The identity of phenolic compounds was assigned by ESI-MS/MS setting the following
parameters: negative ionization mode; collision energy, 5 V; ionization voltage, −4000 V; capillary
temperature, 450 ◦C; nebulizer gas, 15 psi. For identification of anthocyanins, a positive ionization
mode was used. The identity assignation of compounds was done by comparison of their retention
time (tR), UV-Vis spectra and mass (MS/MS) spectra with those of their respective commercially
available standards. Quantification was performed using a DAD chromatogram extracted at 280 nm
for flavan-3-ols, 306 nm for stilbenoids, 320 nm for phenolic acid derivatives, 360 nm for flavonols,
and 518 nm for anthocyanins. For quantitative determinations, calibration curves were made with
the commercial standards for flavan-3-ols, stilbenoids, phenolic acids, flavonols, and anthocyanins.
Standard solutions spanning the concentration range from 1.0 to 80 mg/L were prepared by appropriate
dilution of standard solutions in solvent A. The limits of detection and quantification were three and
ten times the noise signal from the chromatograms of low standard concentration.

2.5. Sensory Analysis

Sensory analysis was performed using a tasting panel of twelve trained judges (six men and
six women, aged 25–62 years, consisting of students and university employees) that compared
sensory attributes of several mixtures of pomace, leaf, and cane extracts of both País and Lachryma
Christi grapes. Panelists were seated in separate booths, each with appropriate lighting, ventilation,
and free from noise and other distracting stimuli. Thirty-milliliter samples coded with a random
three-digit number were presented at 20 ◦C to each panelist in blue color glass cups. Samples were
tested in three sessions over different days by preference ranking to evaluate flavor, taste, and tactile
attributes, where the judges were presented with the samples and were instructed to indicate their
preference for each sample on a hedonic scale (0–10) and to order them from least (0 score) to most
preferred ones (10 score). Panelists had to eat some piece of cracker and rinse their mouth with water to
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reduce carry-over effects between sample evaluations. At the end of each session, the judges completed
a questionnaire to give their perceptions of sensory attributes. The questionnaire included a list of
descriptors of odor (fruity, herbal, flowery, woody, spicy), taste (sweetness, acidity, bitterness, salty),
and tactile attributes (astringency, sandy).

2.6. Statistical Analysis

Analysis of variance was performed to assess statistically significant differences between data
of grape juice samples at a confidence level of 95% using the Statgraphics Centurion XVII software,
version 17.1.06 (Statpoint Technologies, Warrenton, VA, USA). Differences on the means were assessed
by Duncan’s multiple range test at a significance level of p < 0.05, using the Fisher’s least significant
difference procedure. Preference ranking data were analyzed using the Kruskal-Wallis test for
non-homogeneous samples at p = 0.05.

3. Results and Discussion

3.1. Phenolic Composition

In the current study, 22 polyphenol compounds, including five anthocyanins, eight flavonols, six
phenolic acids, and three flavan-3-ols, were identified by HPLC-DAD-ESI-MS/MS in grape musts and
extracts (Table 1). An unknown compound from Lachryma Christi grapes being a hydroxycinnamic
acid derivative according to its UV-spectra did not provide enough molecular information in order to
establish its identity. Malvidin-3-glucoside, quercetin-3-hexoside, caftaric acid, and catechin dimers
were the predominant compounds that were detected in these samples. Amongst polyphenols, catechin
dimer was the only component detected both in PA and LC must. Moreover, this component was
detected in all of the samples. A low number of phenolic acids and flavan-3-ols, and the absence of
anthocyanins and flavonols are observed in PA must, in contrast to LC must, which was particularly
rich in flavan-3-ols and anthocyanins. This agrees with the high levels of flavan-3-ols and anthocyanins
reported for purple grape juice among 13 commercial fruit juices [6].

Pomace of País grapes is an additional source of a diversity of phenolic compounds, supplying
substantial amounts of malvidin-3-glucoside, quercetin-3-hexoside, caftaric and coumaric acid,
catechin, and epicatechin to grape must (Table 2). Pomace from Lachryma Christi grapes yielded
an extract, which was highly fortified in anthocyanins with a maximum concentration of 1563 mg
malvidin-3-glucoside/kg extract (Table 2).

Additionally, delphinidin-3-glucoside and petunidin-3-glucoside are localized typically in grape
skins and seeds, but not in the pulp, being absent in must from Lachryma Christi grapes. Anthocyanins
from grape skins include malvidin-3-glucoside, delphinidin-3-glucoside, peonidin-3-glucoside,
petunidin-3-glucoside, amongst others [31,32]. However, grape seeds may also provide anthocyanins
to the must that depends on process conditions, such as time, temperature, and solvent and ultrasound
assistance to extraction [33]. Malvidin-acetyl-glucoside, detected in must and pomace extract from
Lachryma Christi grapes seems to be involved in complex formation with other organic cofactors,
which results in a product with a deep dark purple color. In Pinot noir and Sangiovese cultivars, the
lack of acetylated anthocyanins caused a minimum level of co-pigmentation [34].

Furthermore, pomace of Lachryma Christi cultivar provided other phenolic compounds, such
as myricetin, quercetin, and isorhamnetin derivatives, and hydroxybenzoic and hydroxycinnamic
acid derivatives, lacking in grape must. Although most of the anthocyanins and flavan-3-ols
(catechin, epicatechin, and procyanidin B2) are generally removed as skins and seeds during juice
processing [35–37], bioactive contents from grape pomace may still become available to fortify juice
after applying thermomaceration.
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Table 1. Chemical characterization (HPLC-DAD-ESI-MS/MS) of polyphenols in grape musts
and extracts.

Name tR (min) [M-H] (m/z) Product Ions (m/z) λmax (nm) Detected in 1

Anthocyanins

Delphinidin-3-glucoside 16.86 465 303 524, 277, 343 f
Petunidin-3-glucoside 20.23 479 317, 302 525, 277 f
Peonidin-3-glucoside 22.54 463 301, 286 517, 279 e, f, g, h
Malvidin-3-glucoside 23.36 493 331, 315, 287 527, 277, 346 b, e, f, g, h

Malvidin-acetyl-glucoside 34.30 535 331, 315, 287 529, 525 e,f

Flavonols

Myricetin-3-hexoside 7.04 493 317, 179, 299, 151, 271 556 c, f, g, h
Quercetin-3-rutinoside 8.02 609 301, 271, 256, 279, 151 354 c, g
Quercetin-3-hexoside 8.75 463 300, 271, 255, 179, 151 357 b, c, f, g, h

Quercetin-3-glucuronide 8.93 477 301, 151, 179, 274, 283 354 c, f, g, h
Kaempferol-3-hexoside 10.70 447,5 284, 205, 227, 183, 135, 197 346 c, g
Kaempferol-3-glucoside 11.70 447,3 284, 255, 227, 153, 179, 241 346 c, g
Isorhamnetin-3-hexoside 12.60 477 315, 285, 271, 299, 243, 151, 179 354 f, g

Isorhamnetin-3-glucuronide 13.30 491 315, 300, 271, 255, 179, 151 353 g

Phenolic acids

Gallic acid hexoside 6.76 331 271, 211, 169, 151, 125 276 a, c, d, f, g, h
Protocatechuic acid hexoside 7.38 315 153, 123 278 c, d, f, g, h

Ferulic acid hexoside 8.09 355 193, 165 275 c, f, g
Chlorogenic acid 8.55 353 191, 179, 161, 135 320 a, g

Caftaric acid 10.17 311 179, 149, 135 328, 300(sh) 2 a, b, c, d, f, g, h
p-Coumaric acid 13.47 295 163, 149, 119 311, 300(sh) 2 b, c, d, f, g, h

Flavan-3-ols

Catechin dimer 9.01 577 451, 425, 407, 289 280 a, b, c, d, e, f, g, h
(+)-Catechin 11.93 289 245, 203, 179, 161, 125, 137 280 b, c, d, e, f, g, h

(−)-Epicatechin 14.40 289 245, 203, 203, 179, 151, 137, 123, 109 279 b, c, d, e, f, g, h
1 (a) País must, (b) País pomace extract, (c) País leaf extract, (d) País cane extract, (e) Lachryma Christi must, (f)
Lachryma Christi pomace extract, (g) Lachryma Christi leaf extract, (h) Lachryma Christi cane extract. 2 Sh: shoulder.

Table 2. Concentration of phenolic compounds in musts and extracts from País and Lachryma Christi
grapes 1.

Name
Must Pomace Extract Leaf Extract Cane Extract

PA LC PA LC PA LC PA LC

Anthocyanins

Delphinidin-3-glucoside n.d. n.d. n.d. 232 ± 0 n.d. n.d. n.d. n.d.
Petunidin-3-glucoside n.d. n.d. n.d. 272 ± 1 n.d. n.d. n.d. n.d.
Peonidin-3-glucoside n.d. 527 ± 1 b n.d. 533 ± 2 a n.d. 426 ± 1 c n.d. 235 ± 1 d
Malvidin-3-glucoside n.d. 1419 ± 1 b 97.5 ± 0.0 e 1563 ± 0 a n.d. 717 ± 0 c n.d. 638 ± 1 d

Malvidin-acetyl-glucoside n.d. 348 ± 1 b n.d. 396 ± 0 a n.d. n.d. n.d. n.d.

Flavonols

Myricetin-3-hexoside n.d. n.d. n.d. 34.4 ± 0.2 b 14.1 ± 0.9 c 59.0 ± 0.3 a n.d. 8.0 ± 0.0 d
Quercetin-3-rutinoside n.d. n.d. n.d. n.d. 9.2 ± 0.4 b 22.1 ± 0.4 a n.d. n.d.
Quercetin-3-hexoside n.d. n.d. 21.4 ± 0.4 c 38.4 ± 0.7 c 834 ± 41 b 1100 ± 14 a n.d. 5.9 ± 0.2 c

Quercetin-3-glucuronide n.d. n.d. n.d. 43.6 ± 0.6 c 204 ± 0 b 568 ± 3 a n.d. 5.3 ± 0.6 d
Kaempferol-3-hexoside n.d. n.d. n.d. n.d. 11.7 ± 0.9 b 19.4 ± 0.1 a n.d. n.d.
Kaempferol-3-glucoside n.d. n.d. n.d. n.d. 69.1 ± 5.7 b 78.3 ± 0.2 a n.d. n.d.
Isorhamnetin-3-hexoside n.d. n.d. n.d. 15.8 ± 0.0 b n.d. 35.0 ± 0.0 a n.d. n.d.

Isorhamnetin-3-glucuronide n.d. n.d. n.d. n.d. n.d. 5.8 ± 0.0 n.d. n.d.

Phenolic acids

Gallic acid hexoside 1.7 ± 0.0 d n.d. n.d. 2.1 ± 0.1 c 4.5 ± 0.0 b 6.3 ± 0.0 a 1.5 ± 0.0 e 1.7 ± 0.0 d
Protocatechuic acid hexoside n.d. n.d. n.d. 2.0 ± 0.0 c 4.6 ± 0.1 b 6.6 ± 0.0 a 1.5 ± 0.0 d 2.0 ± 0.2 c

Ferulic acid hexoside n.d. n.d. n.d. 4.2 ± 0.0 a 3.9 ± 0.0 b 3.3 ± 0.0 c n.d. n.d.
Chlorogenic acid 1.7 ± 0.0 b n.d. n.d. n.d. n.d. 10.4 ± 0.1 a n.d. n.d.

Caftaric acid 4.0 ± 1.6 e n.d. 36.6 ± 1.0 c 4.0 ± 0.0 e 76.8 ± 1.4 b 125 ± 0 a 16.2 ± 1.3 d 5.3 ± 0.7 e
p-Coumaric acid n.d. n.d. 8.3 ± 0.4 c 2.6 ± 0.0 e 17.5 ± 0.1 b 20.9 ± 0.0 a 6.2 ± 0.0 d 2.2 ± 0.2 f

Flavan-3-ols

Catechin dimer 7.8 ± 1.0 c 5.9 ± 0.9 c 10.9 ± 2.5 c 26.7 ± 0.3 b 22.2 ± 0.1 b 54.1 ± 0.3 a 2.9 ± 0.2 c 24.0 ± 1.4 b
(+)-Catechin n.d. 54.2 ± 0.2 c 42.3 ± 0.1 f 96.6 ± 0.3 b 48.5 ± 0.2 d 110 ± 0 a 6.8 ± 0.2 g 45.5 ± 1.2 e

(−)-Epicatechin n.d. 14.4 ± 0.0 e 25.5 ± 0.0 d 92.4 ± 0.5 a 36.1 ± 0.9 c 82.4 ± 1.0 b 8.0 ± 0.0 f 11.6 ± 0.9 e

1 Data are expressed as mean ± standard deviation in mg/kg wet weight (n = 2). Different letters in the same row
indicates statistically significant difference (p < 0.05). PA: cultivar País, LC: cultivar Lachryma Christi.

Vine leaves are able to enrich grape musts in flavonols, phenolic acids, and flavan-3-ols
(Table 2). However, the availability of flavonols, flavan-3-ols and other flavonoids in grapevine parts
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depends on grape variety, stage of maturation, and recollection [38]. Concerning the flavonols,
quercetin-3-hexoside was the most abundant species followed by quercetin-3-glucuronide, whereas
myricetin and kaempferol derivatives were found at lower levels. Moreover, quercetin-3-rutinoside,
kaempferol-3-hexoside, kaempferol-3-glucoside, and isorhamnetin-3-glucuronide were exclusively
found in leaf extracts, being categorized as leaf-associated components. However, kaempferol-3-glucoside
has been detected before in very low concentrations (0.001 mg/g fresh weight) in V. vinifera grapes [39].
Furthermore, leaves did not supply additional anthocyanins to grape musts. Additionally,
thermomaceration provokes a significant loss of anthocyanins (derivatives of peonidin and malvidin)
in LC leaf extracts. The concentration of anthocyanins retained in leaf extracts depends on a
combination of thermo-induced effects, including co-pigmentation with flavonols, condensation and
polymerization with flavan-3-ols, partitioning between leaves and must, and adsorption to the solid
phase [34].

Grapevine canes are a less promising source of polyphenols to enrich grape must than grape
pomace or grapevine leaves. Polyphenol extraction from canes provided just a slight increase in
the concentration and number of compounds (Table 2). Caftaric, protocatechuic, and coumaric acid
were the predominant phenolic acids provided by PA and LC canes, respectively. The flavonols
myricetin-3-hexoside, quercetin-3-hexoside, and quercetin-3-glucuronide, which are present at low
concentrations, were from cane origin in case of Lachryma Christi. However, these compounds were
also detected in pomace and leaves (Table 1). The presence of these compounds was in agreement with
previous reports identifying caftaric acid, epicatechin, and quercetin and malvidin derivatives as the
main metabolites concerning grape stems [40,41]. Although the presence of stilbenes in grape canes
has been reported previously [42–44], these compounds were not detected in this study. The absence
of stilbenoids in grapevine extracts can be attributed to the use of polar aqueous extraction conditions
and the lack of UV-C irradiation in grapevines, as the biosynthesis of resveratrol in grape leaves
is strongly increased in response to UV-C irradiation [45], or the storage at −20 ◦C of grapevine
canes after collection. E-resveratrol levels in fresh cut canes that have been kept frozen were very
low, whereas post-pruning storage at room temperature induced E-resveratrol biosynthesis, giving a
significant rise of E-resveratrol levels after several months [43].

3.2. Physicochemical Characterization

Physicochemical differences were observed between enriched grape juice, i.e., a mixture of
pomace, leaf, and cane extracts, and base grape musts due to the extraction conditions and the addition
of compounds from leaf, cane, and pomace (Table 3).

Table 3. Physicochemical properties and chemical composition of grape musts and enriched juice 1.

PA Must LC Must Enriched Juice

pH 3.17 ± 0.01 b 2.88 ± 0.01 c 3.43 ± 0.02 a
Total acidity (g/kg) 2.46 ± 0.03 c 4.81 ± 0.05 a 2.73 ± 0.00 b
Soluble solids (Brix) 17.8 ± 0.0 a 15.9 ± 0.0 c 17.5 ± 0.1 b
Free SO2 (mg/kg) 9.6 ± 0.0 b 25.6 ± 3.2 a 1.5 ± 0.0 c
Total SO2 (mg/kg) 19.2 ± 0.0 b 41.6 ± 2.8 a 1.7 ± 0.3 c

Color intensity 1.49 ± 0.01 c 2.95 ± 0.03 b 4.64 ± 0.09 a
Hue—tint 1.37 ± 0.02 a 0.40 ± 0.01 c 0.92 ± 0.02 b

Total polyphenols (mg/kg) 763 ± 17 c 2015 ± 170 a 1559 ± 59 b
Total flavonoids (mg/kg) 711 ± 66 b 995 ± 351 ab 1326 ± 32 a

Monomeric anthocyanins (mg/kg) 0.70 ± 0.00 c 218 ± 8 a 61.0 ± 3.7 b
ABTS (mmol/kg) 9.59 ± 0.98 b 21.5 ± 4.6 b 77.2 ± 11.1 a

1 Data are expressed as mean ± standard deviation (n = 3). Different letters in the same row indicates statistically
significant difference (p < 0.05). PA: cultivar País, LC: cultivar Lachryma Christi.
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Unripe grapes were used to prepare musts according to ripeness criteria of soluble solids, acidity,
and pH for wine grapes [46]. Increased pH values and a relatively low total acidity found in enriched
juice may be due to the loss of volatile compounds during thermomaceration. On the other hand,
Lachryma Christi grapes result in an unusual juice that has been characterized by a relatively low
sugar content, high acidity, low pH, and high color intensity. Moreover, these grapes are a better source
of phenolics, in particular, monomeric anthocyanins and total polyphenols, when compared to País
grapes (Table 3). Additionally, total antioxidant capacity evaluated by ABTS+ scavenging showed a
significant increase for enriched juice when compared to starting materials. These results show the
potential of grape pomace, grapevine leaves and canes’ residues as new resources of antioxidants to
enrich fruit juices by using green extraction techniques. Relatively high free bisulfite concentrations
of base grape musts are important to stabilize them by preventing enzymatic browning and the
deterioration of aroma perception. Bisulfite is able to protect grape musts against enzymatic oxidation
by polyphenol oxidase via the formation of 2-S-glutathione caftaric acid, which is a relatively stable
grape reaction product [47]. This protective role may avoid the formation of O-quinones derived
from hydroxycinnamic acids and catechins that are known to react easily with cysteinylated aroma
precursors from grape juice and skins affecting aroma stability, as well as the formation of brown
oligomers [48]. Since the solid fractions used in juice enrichment contain additional flavonoids,
this results in a decline in protective bisulfite contents. Moreover, the relatively high process
temperature and surface aeration by intense stirring may facilitate some loss of bisulfite as well.
Analysis of color according to intensity and hue shows differences among samples. País had a more
yellow hue, while the color of Lachryma Christi and fortified juice samples shifted towards reddish hue.
Values of hue-tint and monomeric anthocyanin concentrations showed an inverse linear relationship
(Pearson coefficient r = −0.976; p < 0.01). Anthocyanins and in particular malvidin-3-glucoside were the
main pigments in grape juices with a positive correlation between malvidin-3-glucoside concentration
and color stability [49]. The relative loss of monomeric anthocyanins after thermomaceration for
enriched juice, in combination with an increase of color intensity, indicates co-pigmentation between
anthocyanins and flavonoids extracted from skins, seeds, leaves, and canes. Co-pigmentation is
an important phenomenon in the case of Teinturier grape cultivars [34]. Acylated anthocyanins
are the main pigments of the co-pigmentation complex with cofactors, such as hydroxycinnamic
acids (coumaric, caffeic, and ferulic acid), flavonol derivatives (myricetin, quercetin, and kaempferol),
or flavone derivatives (vitexin and orientin) [34].

3.3. Phenolics as Antioxidant Agents

The antioxidant capacity of enriched juice in this study, as measured by the ability of antioxidants
to scavenge ABTS+ radicals, was found ~3.6- and ~8.0-fold higher than for base grape musts (Table 3)
and exceeded the values reported for commercial white, red, and purple grape juices at least
three-fold [9,50]. Values of antioxidant capacity did not show a linear relationship with monomeric
anthocyanin contents (Pearson coefficient r = −0.080; p = 0.837) and total polyphenol contents (r = 0.317;
p = 0.407), contrary to flavonoid contents (r = 0.743; p = 0.022). The increase of antioxidant capacity
was stronger than the increment of monomeric anthocyanins and total polyphenols found after
thermomaceration. This suggests that grape pomace, grapevine leaves and canes contain specific
phenolics, whose molecular structures show a stronger antioxidant capacity than those that are
contained in base grape musts, or that synergism occurs between them. Both the configuration
and the number of hydrogen-donating hydroxyl groups are the main structural features influencing
the antioxidant activity of polyphenols. For example, the high activity of catechin dimers among
flavan-3-ols was attributed to their hydroxyl functional groups that are potent hydrogen donators [13].
Additionally, the ortho-dihydroxy structure on the B-ring, the 2-3-double bound conjugated with a
4-oxo function in the C-ring, and the free hydroxyl groups in position 3 in the C-ring and position 5 in
the A-ring are important structural features for flavonoids [13]. This may explain the relatively high
antioxidant activity of quercetin among flavonols, while the glycosylation of hydroxyl substituents
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on C3 will drop the antioxidant activity when compared to the aglycon [51]. Conjugated double
bounds in combination with a planar molecular structure of quercetin allow for electron delocalization
across the molecule, thus stabilizing the corresponding phenoxyl radicals [52]. In our study, both
catechin dimers and quercetin derivatives increased in grapevine extracts, being the main ingredients
of enriched grape juice. In addition, polyphenols are believed to scavenge free radicals by two major
mechanisms: by reduction via electron transfer and by hydrogen atom transfer, which may occur in
parallel [53]. The CUPRAC assay determines the antioxidant capacity of hydrophilic and lipophilic
dietary polyphenols in vitro based on the single electron transfer principle. The ORAC assay evaluates
the capacity of antioxidants to inhibit bleaching of a target molecule (probe) induced by peroxyl
radicals according to the principle of hydrogen atom transfer. Therefore, it is important to run multiple
antioxidant methods, rather than just the ABTS method to get a better estimate of antioxidant potency
of phenolic-rich foods on human health.

Enriched grape juice exhibited ORAC-FL values of 19.6 ± 0.0 mmol/kg, being similar to those
reported for red grape juices (14.6–25.0 mmol/kg) [53], while ORAC-PGR values (13.7 ± 0.1 mmol/kg)
were between those that were reported for white and red wines [30]. When comparing both assays, the
stoichiometry of reactions is more important than the reactivity of antioxidants for ORAC-FL, while the
absence of induction times in the kinetic profiles of PGR consumption would imply that the ORAC-PGR
index is more related to the reactivity of antioxidants than to stoichiometric factors. ORAC-FL is a
measure of the amount of reactive polyphenols available, while ORAC-PGR are influenced by the
quality of antioxidants present in the sample. The ORAC-PGR/ORAC-FL ratio would reflect the
average quality of antioxidants present in a beverage. A high value of this ratio would imply that
a high proportion of antioxidants that are contained in the sample are able to protect PGR against
bleaching induced by peroxyl radicals. The ORAC-PGR/ORAC-FL ratio of 0.70 for enriched grape
juice was similar to that of red, rosé, and white wines [54], but was 5 and 45 times higher than the
values of tea and herbal infusions, respectively [55]. Thus, the reactivity of polyphenols that are
present in enriched grape juice is at least as efficient as those present in other beverages that are rich
in antioxidants.

According to the CUPRAC assay, the antioxidant capacity of enriched grape juice was
3.62 ± 0.20 mmol Trolox equivalents/kg sample. CUPRAC-measured antioxidant capacity was
significantly lower than the ORAC values, indicating that enriched grape juice has a more potent
radical scavenging capacity by hydrogen atom transfer than reducing capacity via electron transfer.
Similar findings were reported after comparing ABTS- and FRAP-measured antioxidant capacities [9].

3.4. Sensorial Evaluation

The results of sensorial tests for LC extracts showed a significantly lower preference score of
panelists for leaf extract than for pomace or cane extracts (Table 4).

Strong herbal, tea-like notes and astringency of leaf extracts were considered as negative attributes.
These attributes were less notorious in case of PA extracts due to an increased sweetness, lower acidity,
and greater aroma complexity that may suppress negative sensory perception. High amounts of
flavan-3-ols found in LC leaf extracts can affect taste of this beverage. These compounds, in particular
oligomeric tannins, are related to astringency and bitterness [56].

As evidenced by the preference ranking scores (Table 4), LC juice supplemented with pomace,
leaves and canes at a ratio of 40:20:40 (v/v/v) was more attractive than other samples giving a complex
aroma and a well-balanced sweet acid taste, combined with a slight astringency. In addition, half of
País and half of Lachryma Christi juice enriched with pomace, leaves and canes at a ratio of 40:20:40
(v/v/v) should be mixed to yield a well-balanced taste of sweetness and acidity, together with slight
notes of a vegetal-woody odor and a reddish hue with increased color intensity.
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Table 4. Preference ranking score for blends of pomace, leaves and canes extracts 1.

First Level Target Second Level Target Score

País
Pomace 7.5 ± 1.2 a

Leaf 4.0 ± 1.0 a
Cane 3.5 ± 0.9 a

Lachryma Christi
Pomace 6.5 ± 1.1 a

Leaf 1.0 ± 0.6 b
Cane 7.5 ± 1.3 a

País
Pomace/leaf/cane ratio of 25/25/50 5.0 ± 0.5 a
Pomace/leaf/cane ratio of 40/20/40 3.0 ± 0.5 a
Pomace/leaf/cane ratio of 50/17/33 2.0 ± 0.4 a

Lachryma Christi
Pomace/leaf/cane ratio of 25/25/50 1.0 ± 0.3 b
Pomace/leaf/cane ratio of 40/20/40 7.0 ± 0.5 a
Pomace/leaf/cane ratio of 50/17/33 2.0 ± 0.4 b

Pomace/leaf/cane ratio of 40/20/40
País/Lachryma Christi ratio of 90/10 0.8 ± 0.2 b
País/Lachryma Christi ratio of 50/50 5.4 ± 0.5 a
País/Lachryma Christi ratio of 70/30 3.9 ± 0.5 ab

1 Different letters in the same block indicates statistically significant difference (p < 0.05).

4. Conclusions

The polyphenol-rich grape juice, made by thermomaceration using grape pomace, grapevine
leaves and canes, shows a promissory Trolox equivalent antioxidant capacity of 77.2 mmol/kg juice,
according to the ABTS assay that may offer health benefits. Catechin dimers and quercetin derivatives
with high antioxidant activity are main ingredients of enriched grape juice. Both grape pomace and
grapevine leaves are of primary importance as additional polyphenol sources in the preparation of
enriched grape juice. Pomace and leaf extracts of both País and Lachryma Christi cultivars evidenced
an elevated concentration of phenolic compounds, which is largely attributed to their anthocyanin,
flavonol, and flavan-3-ol content.
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Abstract: The study was initiated to optimize the enzymabtic extraction process of plantain pulp
using response surface methodology. Weight loss of plantain decreased until it became stable at an
over-ripe stage. The significant regression model describing the changes of extraction yield and Brix
with respect to hydrolysis parameters was established. Temperature contributed to reducing the
yield from 53.52% down to 49.43%, and the dilution factor increased the yield from 53.52% to 92.97%.
On the contrary, the dilution factor significantly reduced Brix from 21.74 ◦Bx down to 0.15 ◦Bx,
while the enzyme concentration increased Brix from 21.73 ◦Bx to 26.16 ◦Bx. The optimum conditions
for juice extraction from plantain pulp were: temperature: 25 ◦C; enzyme concentration: 5%; dilution
ratio: 1.10; and extraction time: 24 h. The implementation of these conditions led to (resulted in
obtaining) obtaining a must yield of more than 70% and Brix between 10 ◦Bx and 15 ◦Bx. The total
polyphenols and flavonoids were 7.70 ± 0.99 mg GAE /100 g and 0.4 ± 0.01 μg rutin/g for must and
17.01 ± 0.34 mg GAE/100 g and 4 ± 0.12 μg rutin/g and 7.70 ± 0.99 for wine, indicated the presence
of antioxidant activity in the produced wine. On the other hand, the total soluble solids were between
16.06 ± 0.58 ◦Bx and 1.5 ± 0.10 ◦Bx, which permitted obtaining a wine with low alcohol content.

Keywords: plantains; losses; extraction; response surface methodology; wine

1. Introduction

Although banana/plantain is a staple for many African countries, it has until recently not been
successfully exploited in food processing and assimilated industries due to the lack of adequate
post-harvest preservation technologies [1]. The high level of post-harvest losses is one of the food
security challenges facing African countries. In Sub-Saharan Africa, the annual value of these losses is
estimated at about USD 48 billion [2]. Cameroon produces about 3,882,741 million tons of plantain
annually [3]. Approximately half of this is consumed locally, while less than two fifths is exported.
The remaining quantities rot in the fields because of rapid ripening of the fruits, poor handling,
inadequate storage and transportation means and poor knowledge of food processing options [1].
It is estimated that more than 30% of the banana [4] and 35% of plantain [5] production are lost after
harvest in developing countries. In Cameroon, studies have estimated that 30% of post-harvest losses
are incurred during whole sale and about 70% during retailing [4].

Banana plants are important monocotyledonous perennial crops in the tropical and subtropical
world regions [6]. They include dessert banana, plantain and cooking bananas. Plantain (Musa paradisiaca)
is one of the most important crops of the tropical plants. It belongs to the family Musaceae and the
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genus Musa. Lately, wine production has been honed with different natural products, for example
apple, pear and strawberry, fruits, plum, pineapple, banana and oranges [7–9]. Wines are energizing
drinks that have been viewed as a characteristic solution for man’s disease from early days and are
said to help recuperation amid the gaining strength period [10,11]. Studies to upgrade banana juice
extraction were completed by utilizing diverse levels of pectinase enzymes and distinctive hatching
periods at 28 ± 2 ◦C [12]. The juice recuperation from over-ripe bananas was higher (67.6%) than
that from ordinary natural fruits (60.2%). A great quality wine was obtained from over-ripe banana
fruits [12,13].

There is an extensive misuse of bananas, particularly those that do not meet the quality standards
for export. Because of the way that the banana/plantain fruit is organically dynamic and completes
transpiration, ripening and other biochemical exercises even after harvest, the losses are high [5].
This phenomenon has shifted to break down the nature of leafy foods, making them unmarketable.
Wastage of the plantain fruit because of poor post-harvest handling or over-ripening remains a
noteworthy issue today. The change of over-ripe plantain into other important items has been the main
impetus behind this study. Over the span of this study, we chose to concentrate on the production of
wine from giant horn over-ripe plantains. This will be done using response surface methodology and
by applying industrial enzymes to quantitatively extract plantain juice, determining the parameters
for optimum yield and analyzing some physicochemical parameters before and after fermentation.

2. Material and Methods

2.1. Material

2.1.1. Biological Material

Giant horn plantain (Figure 1) was obtained from a farmer in Mamfe in the South West Region,
Cameroon. Enzymes’ characteristics utilized were as mentioned in Table 1. The white wine yeast
Lalvin ICV D-47 Saccharomyces cerevisiae was issued by The Home Brew Shop (Unit 3, Hawley Lane
Business Park, United Kingdom).

Figure 1. Giant horn plantains ((A) unripe; (B) over-ripe).

Table 1. Enzyme properties.

Enzymes (Origins, Suppliers)
Enzymes Percentage

in the Mixture

pH Temperature

Tolerance Optimal Tolerance Optimal

Amyloglucosidase (AMG 300 L, Novozymes) 43% 4.0–6.0 4.5 30–65 ◦C 60 ◦C

Alpha-amylase (BAN 480 L, Novozymes) 29% 5.0–6.0 5.4–5.8 37–75 ◦C 70 ◦C

Pectinase (Aspergillus aculeatus, Sigma Aldrich) 14% 3.5–6.0 4.5 30–55 ◦C 50 ◦C

Bioglucanase TX (Trichoderma reesei,
Kerry Bioscience) 14% 4.5–6.5 4.5–6.5 / 60 ◦C
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2.1.2. Chemicals

The following reagents were obtained from Fluka Chemika, Switzerland: 3,5-dinitrosalicylic
acid (DNS), ethanol, fructose, D-Glucose, NaOH and maltose; while ninhydrin, sodium carbonate
(Na2CO3), sodium potassium tartrate and sodium hydroxide were obtained from Chemphora
Chemical, Netherlands.

2.2. Methods

2.2.1. Sample Ripening

Unripe mature plantains were over-ripened for 11 days at 25 ± 2 ◦C utilizing a Heraeus-type
incubator (D-63450 Hanau, Germany) without the use of ethylene until they passed Stage 7 (over-ripe).
After that, samples were used immediately for wine production.

2.2.2. General Process Overview

The methods involved in wine production from over-ripe giant horn plantain are given in Figure 2.
The over-ripe plantains coming from the ripening process were washed three times with tap

water and peeled. After the peeling process, they were sized and crushed to get the pulp paste.
Then, the blanching process was executed at 80 ◦C for 5 min. Pulp paste was mashed using Doehlert
experimental design conditions when the enzyme mixture, sodium bicarbonate and water were added.
At the end of the mashing process, the mash was centrifuged (6500× g, 15 min) to remove pellets,
and the must was then pasteurized (90 ◦C, 3 min). After cooling, the must was fermented at 20 ◦C
for 7 days using yeast (4 g/L) and aged for 90 days. At the end of the aging process, the wine was
centrifuged (5000× g, 5 min) to remove pellets (trub and yeast) and bottled. The bottles containing
wine were then pasteurized at 65 ◦C for 30 min.

Figure 2. Process diagram for the ripe plantain wine production.

2.2.3. Experimental Design for the Extraction Process

Doehlert’s experimental design [14] was used to model four factors: extraction temperature (◦C),
enzyme concentration (%), dilution factor and extraction time (h). The experimental domains (Table 2)
over which factors were studied were based on the literature. These independent variables were
studied using the response surface methodology (RSM) at three different levels (−1, 0, +1) to give a
total of 25 experiments. The conversion of coded values into real values was done according to the
literature [15].
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Table 2. Experimental level of factors for ripe plantain fermentation.

Factors (Variables) Level

Temperature (◦C) 25–75
Enzyme mix concentration (%) 0.1–5

Dilution factor 0–4
Time (h) 0.5–24

2.2.4. Modelling and Optimizing

The model chosen was an empirical quadratic model, which determined the magnitude of the
contributions of each factor in the linear, quadratic and interaction forms. The model used to determine
the responses is given below:

Yi = β0 + ∑ βixi + ∑ βiixi
2 + ∑ βijxixj + ε (1)

where Yi is the response, β0 a constant, β1, β2, β3 the linear coefficients, β11, β22, β33 the quadratic
coefficients, β12, β23, β13 the coefficients of interaction, and x1, x2, x3, x1x2, x1x3, x2x3 and x2

1, x2
2, x2

3,
the linear, interaction and quadratic forms of the experimental variables respectively. ε is the error.
The determination of the coefficients of the models was done by a multilinear regression in which
we had: N the number of experiments in the design matrix, p the number of coefficients in the
chosen model, y the vector of experimental responses yi, y = (y1, y2, ...yN); η the vector of theoretical
responses ηi, η = (η1, η2, ..., ηN); X the matrix N × p, matrix of the model.

X =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

1 x11 x12 . . . x1,p−1

1 x21 x22 . . . x2,p−1

1
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.
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.
.

.

.

.
1 xN1 xN2 . . . xN,p−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

(2)

β is the column vector of the parameters to be estimated; βi . . . ; β =
(

β1, β2, β3, ..., βp−1
)
;
∧
β is the

column vector of estimators
∧
βi, ε is the column vector of experimental error ei, ε = (e1, e2, ..., eN).

Given the following classical matrix:
η = Xβ (3)

y = Xβ + ε (4)⎛
⎜⎜⎜⎜⎜⎜⎜⎝
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.

.
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⎟⎟⎟⎟⎟⎟⎟⎠

(5)

when N > p, the least squares method is used to estimate the coefficients of the polynomial.

∧
β = (X′X)

−1X′Y (6)

∧
β is an estimator of β

To this effect, Minitab software was used to determine the coefficients of the models.
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In order to write equations that allow for the prediction of responses in the domain defined
for the studies, it was important to validate the models. To that effect, the observed values and the
values predicted by the model were compared. Further statistical tools were used in addition to the
determination coefficient. Absolute average deviation (AAD) was calculated as follows:

AAD =

p
∑

i=1

( |Yi exp−Yitheo|
Yi exp

)
N

(7)

Yi exp is the experimental response and Yitheothe response calculated from model i; N is number
of experiments.

The bias factor (Bf ) and exactitude factor (A f ) were also expressed as follows:

Bf = 10B (8)

A f = 10A (9)

with:

B =
1
N

N

∑
i=1

log

(
Yitheo
Yi exp

)
(10)

A =
1
N

N

∑
i=1

∣∣∣∣∣log

(
Yitheo
Yi exp

)∣∣∣∣∣ (11)

Table 3 gives the acceptable values of the different indicators of valid models. The graphs and
contour plots were done using OriginPro 2016 b9.3.226 (OriginLab Corporation, www.originlab.com).

Optimization was done using the software Minitab® 17 (Build 17.3.1, Minitab, Inc.). The conditions
were fixed to maximize the extraction yield and Brix. After that, a compromise was made. The use of
Sigmaplot (Version 12.5, Systat Software, Inc.) allowed drawing the contour plots and superimpose
the graphs in order to determine the interest zone.

Table 3. Standard and acceptable values of the indicators of the validation of the models.

Indicators of Validation Standard Values Acceptable Values References

Adjusted R2 1 ≥0.8 [16]
AAD 0 [0–0.3] [17]

Bias factor 1 [0.75–1.25] [18]
Exactitude factor 1 [0.75–1.25] [18]

The analysis of variance (Table 4) was used to identify the influence of each factor and also the
significance of their effects. This was achieved by comparing the average square of each effect to the
experimental error. The significance of each factor was determined by the Fischer test. The significance of
the Fischer (F) ’ratio’ indicates the values necessary to reject the null hypothesis at the 0.05 probability level.

Table 4. Analysis of variance (ANOVA).

Source of Variation DF SS Mean Square Fisher (F-Test)

Regression (between) p − 1 SSR SSR
p−1

SSR
p−1
SSE
N−pResidue (within) N − p SSE SSE

N−p

Validity (N − p)− (n0 − 1) SSE2
SSE2

(N−p)−(n0−1)
SSE2

(N−p)−(n0−1)
SSE1
n0−1Error (n0 − 1) SSE1

SSE1
n0−1

Total N − 1 TSS
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2.2.5. Juice Extraction

Over ripe plantains were washed 3 times, hand peeled and sized. A Panasonic blender
(MX-GM1011) was used to crush the plantains, then they were blanched in water at 80 ◦C for 5 min in
a water bath (Memmert). The four enzymes, amyloglucosidase, alpha amylase (BAN 480 L), pectinase
and bioglucanase TX, were then introduced into biological reactors (beakers) containing 20 g of the
pulp with its respective dilutions, which was then incubated at a temperature and time specified by
the Doehlert experimental design in a water bath. After incubation, the pulp was then centrifuged at
6500× g for 15 min using a centrifuge (Heraeus-Kendro Lab products, model: Biofuge primo R, type:
D-37520, Hanau, Germany). The supernatant was collected and pasteurized at 90 ◦C for 1 min in the
water bath. Each experiment was conducted in triplicate.

2.2.6. Yeast Preparation and Must Fermentation

The white wine yeast Lalvin ICV D-47 Saccharomyces cerevisiae obtained from The Home Brew
Shop (Unit 3, Hawley Lane Business Park, United Kingdom) was used for the fermentation of the
giant horn plantain. Yeast, which was kept at 2–4 ◦C, was rehydrated at 30 ◦C in tap water (10 mL
of water/g of yeast) for about 10 min and stirred for 5 s. After rehydration, yeast was introduced
to the giant horn plantain juice extracted utilizing optimal conditions, and the mixture was mixed
to ensure must aeration and yeast distribution. The principal fermentation was then done at 20 ◦C
during 7 days and aging for 90 days in an incubator (SHP Biochemical Incubator 250 L, Shanghai,
Guangzhou, China).

2.2.7. Determination of Extraction Yield

The percentage of juice yield (% w/w) was calculated as the difference between the initial mass
and the weight of the pellet after centrifugation divided by the initial mass as follows:

Yield(%) =
mass o f pulp − mass o f pellet

mass o f pulp
× 100 (12)

2.2.8. Determination of Total Soluble Solids [19]

Before reading the value of total soluble solids, the Hanna HI 96801 refractometer (Hanna
instruments Inc., Woonsocket, RI, USA) was calibrated using distilled water. An equal number
of drops from the prepared plantain juice was placed onto the refractometer prism plate. The reading
on the prism scale is generated numerically. After each test, the prism plate was cleaned with (distilled)
water and wiped dry with a soft tissue.

2.2.9. Determination of pH

The initial pH of each plantain juice was determined using a pH meter (HANNA® Calibration
Check™ pH meter, HI 223 Type, Johannesburg, South Africa). Twenty milliliters of each
freshly-prepared plantain juice was placed in a glass beaker on a thermostatically-controlled electric
hotplate (mark: GMARK) at 25 ◦C. Before reading its pH, each sample was agitated (using a magnetic
stirrer) for 30 s until a stable reading was assessed. Each test was made in triplicate. Between readings,
the electrode was rinsed with distilled water for the accuracy of the measurement.

2.2.10. Determination of Turbidity

To the turbidimeter cell, the plantain juice was added up to the horizontal mark. After closing the
cell, it was wiped using a tissue and placed in the turbidimeter (Hach, Model 2100 N, Hach Company,
Loveland, CO, USA), and the sample was covered. The turbidity value was then assessed when the
reading was stable.
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2.2.11. Determination of Total Phenolic Compounds: Folin–Ciocalteu Method [20]

The volume of 0.02 mL of plantain juice before and after fermentation was mixed with 0.1 mL of
Folin–Ciocalteu reagent previously diluted with distilled water. A volume of 0.3 mL of 20% sodium
carbonate solution was added to the mixture, shaken thoroughly and diluted to 2 mL by adding
distilled water. The mixture was allowed to stand for 120 min, and the blue color formed was measured
at 760 nm with a spectrophotometer (JENWAY, Model: 7310, Serial No. 39756, JENWAY Limited,
Staffordshire, UK). Gallic acid was invoked as a standard for the calibration curve. The concentrations
of gallic acid in the solution, utilized for obtaining the calibration curve, were 0, 1, 2, 3, 4, 5, 6, 7, 8, 9
and 10 mg/L (R2 = 0.965). The total polyphenol content was expressed as mg of gallic acid equivalent
(GAE) per 100 g of fruit juice. All measurements were carried out in triplicate.

2.2.12. Determination of Titratable Acidity [21]

Titratable acidity was established according to the standardized method, with 0.1 N sodium
hydroxide (NaOH) in the presence of the phenolphthalein indicator. Ten milliliters of sample were
pipetted into a conical flask and 0.1 mL of phenolphthalein (0.05%) added. Titration is halted when the
initial color changes to pink and persisting for at least 30 s. The burette reading is noted. The titratable
acidity (TA) is expressed in g/L tartaric acid:

TA =
75 × C × V

T
(13)

where: V is the volume (mL) of the sodium hydroxide noted at the end point; C is the concentration of
the base; T is the volume of titrate.

2.2.13. Determination of Color by the Spectrophotometric Method [22]

The wavelength of the spectrophotometer (JENWAY, Model: 7310, Serial No. 39756, JENWAY
Limited, Staffordshire, UK) was set at 430 nm. The cell was filled with water and the absorbance set to
read as 0.00. The cell was then rinsed and filled with the sample (must and wine) and the absorbance
read. For samples with a turbidity above 1 EBC, a filtration was done before using a 0.45-μm membrane
filter (Whatmann, GE Healthcare, Chicago, IL, USA). The results were then expressed as follows:

Color (EBC) = A × f × 25 (14)

where: A is absorbance at 430 nm; f is the dilution factor; EBC is the European Brewery Convention units.

2.2.14. Dry Matter and Water (Moisture) Contents

Crushed plantain pulp (5 g) was weighed using a balance (SCIENTECH, ZSP250 MG Balance,
Scientech Inc., Boulder, CO, USA) and placed in a drying dish. The dish was then placed in an oven
(Heraeus, model: Kendro laboratory products, D-63450, GmbH, Hanau, Germany) previously set at
105 ◦C and left there till it attained constant weight. It was removed from the oven at the end of 24 h.
After cooling in a desiccator, the dish was then weighed again. The dry matter content represents the
difference in mass before and after drying in the oven. The dry matter (DM) content in 100 g of fresh
sample was calculated using the following formula:

DM(%) =
M2 − M0

M1
× 100 (15)

where: M0 is mass (in g) of empty drying dish; M1 is mass (in g) of sample before drying; M2 is mass
(in g) of drying dish + sample after drying.
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The water or moisture content (%W) was calculated using the following expression:

W(%) = 100 − DM (16)

2.2.15. Determination of Reducing Sugars by the DNS Method [23,24]

The 3,5-Dinitrosalicylic acid (DNS) reagent was made by mixing in 5 g of dinitrosalicylic
acid (Fluka Chemika, Fluka Chemie GmbH, Buchs, Switzerland) in 250 mL of distilled water at
80 ◦C in a water bath (Memmert, Memmert GmbH + Co., Äußere Rittersbacher Straße 38 D-91126
Schwabach, Germany). When this solution dropped to room temperature (25 ◦C), 100 mL of NaOH,
2 N (Fluka Chemika, Switzerland) and 150 g of sodium potassium tartrate (Fluka Chemika, Fluka
Chemie GmbH, Buchs, Switzerland) were introduced, and the volume was completed with distilled
water to 500 mL. The standard calibration curves were on glucose. According to the traditional method,
2 mL of dinitrosalicylic acid reagent and 0.1 mL of sample (must or wine), or distilled water (blank),
were added to test tubes. The tubes were plunged in a water bath (100 ◦C) for 5 min and then cooled
in cold water, while 7.9 mL of distilled water were introduced to each tube, resulting in the final
reaction mixture. The addition of water while the tubes are plunged in cold water is performed to stop
the reaction immediately. The optical density at 540 nm is read in the UV-visible spectrophotometer
(JENWAY, Model: 7310, Serial No. 39756, JENWAY Limited, Staffordshire, UK).

2.2.16. Flavonoids

The flavonoid contents in the produced must and wine were determined utilizing
spectrophotometric method [25]. The sample (20 μL) was added to 2 mL of 2% AlCl3 solution dissolved
in methanol. The samples were incubated for 1 h at room temperature (25 ◦C). The absorbance was
assessed using the spectrophotometer at λmax = 415 nm. The same steps were repeated for the
standard solution of rutin, and the calibration line was built. Based on the determined absorbance,
the concentration of flavonoids was read (mg/mL) on the calibration curve; and the flavonoid contents
of must and wine were expressed in rutin equivalents (μg rutin/g of extract).

3. Results and Discussion

3.1. Ripening of Plantain

3.1.1. Percentage of Weight Loss

The weight loss evolution of giant horn plantain with ripening time is presented in Figure 3.

Figure 3. Weight loss (%) of giant horn plantain during ripening.
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It was observed from the figure that the weight loss increased to reach a maximum weight loss of
18.2% after 10 days. The weight loss percentage obtained was higher than the 14.01% obtained after
plantain ripening for 10 days [26–29]. The percent of the weight reduction of ‘giant horn’ plantain
expanded constantly due to ripening because of a high storage temperature, ~25 ◦C. Like every
chemical reaction, the plant metabolism increments with temperature. Since high energy was required
to run the procedure, consequently, starch was changed over to sugar and utilized as energy. The most
striking post-harvest compound change that happens amid the post-harvest ripening of plantain
was the hydrolysis of starch and the amassing of sugars, like, sucrose, glucose and fructose [30,31],
which were responsible for the sweetening of the product (as it matures). In plantain, this breakdown
was slower and less complete and proceeds in over-ripe and senescent fruit [32]. The abundant energy
created therefore from the respiration process [33,34] was dismissed from the tissue by the vaporization
of water, which will in this way be transpired from the fruit, bringing on a weight reduction. A portion
of humidity reduction through the peel could be seen through shrinkage on the peel.

3.1.2. Moisture Content

The moisture content of the ripe plantain was 63.4% ± 0.52%. This value was in the range of the
value (61.3%) obtained in the literature [35]. The high moisture contents in the ripe plantain could be
as a result of moisture transfer from the peel to the pulp. It was reported that the increase in moisture
content of pulp occurred due to the increase in sugar content in the pulp as a result of starch hydrolysis
to sugar [35,36].

3.2. Modelling and Optimizing of Juice Extraction

Table 5 presents the findings of the juice extraction carried out on the blanched plantain pulp.
These results were later computed to develop statistical models for responses, amongst which were
the yield and Brix. They are written as follows:

Yrdt = 80.50 − 3.72x1 + 0.81x2 + 21.30x3 + 0.32x4 − 2.08x2
1 + 2.77x2

2 − 16.55x2
3 + 4.11x2

4
−2.11x1x2 + 0.33x1x3 − 0.15x1x4 + 3.12x2x3 + 0.41x2x4 − 3.90x3x4

(17)

YB = 11.025 + 0.810x1 + 1.166x2 − 12.852x3 + 0.821x4 − 0.26x2
1 − 2.25x2

2 + 9.31x2
3 − 2.018x2

4
+1.01x1x3 − 0.23x1x4 − 1.11x2x3 − 0.61x2x4 + 0.41x3x4

(18)

with: YB, Brix; Yrdt, yield; x1, extraction temperature; x2, enzyme concentration; x3, dilution factor
and x4, extraction time.

The R2 values, AAD, Bf and A f permitted the validation of the model. This was in accordance
with the literature [18,37,38]. Factors modeled were linear (x1, x2, x3 and x4), quadratic (x2

1, x2
2, x2

3
and x2

4) and with interactions (x1x2, x1x3, x1x4, x2x3, x2x4 and x3x4). They were considered statistically
significant or not if the probability (p) was ≤0.1 or ≥0.1, respectively (Table 6).

These models were the second-degree multivariable polynomial with interactions equations with
the following characteristics: R2 = 0.98 an, AAD = 0 for both, Af = 1.016 and 1.065 and Bf = 1.000
and 0.997, respectively, for yield and Brix.
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Table 5. Doehlert experimental design: coded variables, real variables and responses.

Number
Coded Variables Real Variables

Responses

Yield (%) Brix (◦Bx)

x1 x2 x3 x4 X1 X2 X3 X4 Exp Cal Res Exp Cal Res

1 1 0 0 0 75 2.55 2 12.25 73.10 74.70 −1.60 12.65 11.58 1.08
2 −1 0 0 0 25 2.55 2 12.25 83.75 82.14 1.61 8.90 9.96 −1.06
3 0.5 0.866 0 0 62.5 5 2 12.25 80.23 79.99 0.24 10.45 10.69 −0.24
4 −0.5 −0.866 0 0 37.5 0.1 2 12.25 82.08 82.30 −0.22 8.10 7.86 0.24
5 0.5 −0.866 0 0 62.5 0.1 2 12.25 81.73 80.41 1.32 8.15 8.67 −0.52
6 −0.5 0.866 0 0 37.5 5 2 12.25 84.23 85.53 −1.30 10.40 9.88 0.52
7 0.5 0.289 0.816 0 62.5 3.37 4 12.25 87.78 85.51 2.27 6.35 7.38 −1.03
8 −0.5 −0.289 −0.816 0 37.5 1.73 0 12.25 51.75 54.00 −2.25 27.90 26.87 1.03
9 0.5 −0.289 −0.816 0 62.5 1.73 0 12.25 49.68 50.62 −0.94 27.10 26.85 0.25

10 0 0.577 −0.816 0 50 4.18 0 12.25 51.48 52.02 −0.54 28.60 28.16 0.44
11 −0.5 0.289 0.816 0 37.5 3.37 4 12.25 90.53 89.57 0.96 5.50 5.74 −0.24
12 0 −0.577 0.816 0 50 0.92 4 12.25 86.40 85.85 0.55 5.40 5.84 −0.44
13 0.5 0.289 0.204 0.791 62.5 3.37 2.5 24 83.50 84.38 −0.88 8.75 8.53 0.22
14 −0.5 −0.289 −0.204 −0.791 37.5 1.73 1.5 0.5 79.33 78.44 0.89 10.80 11.01 −0.21
15 0.5 −0.289 −0.204 −0.791 62.5 1.73 1.5 0.5 76.63 75.38 1.25 11.00 11.79 −0.79
16 0 0.577 −0.204 −0.791 50 4.18 1.5 0.5 79.63 77.99 1.64 11.80 12.53 −0.73
17 0 0 0.612 −0.791 50 2.55 3.5 0.5 87.78 91.54 −3.76 6.25 4.54 1.71
18 −0.5 0.289 0.204 0.791 37.5 3.37 2.5 24 87.53 88.77 −1.24 8.50 7.70 0.80
19 0 −0.577 0.204 0.791 50 0.92 2.5 24 84.63 86.25 −1.62 7.95 7.22 0.73
20 0 0 −0.612 0.791 50 2.55 0.5 24 69.75 65.98 3.77 19.85 21.56 −1.71
21 0 0 0 0 50 2.55 2 12.25 80.83 80.50 0.33 11.35 11.03 0.32
22 0 0 0 0 50 2.55 2 12.25 80.28 80.50 −0.22 10.80 11.03 −0.23
23 0 0 0 0 50 2.55 2 12.25 80.76 80.50 0.26 11.00 11.03 −0.03
24 0 0 0 0 50 2.55 2 12.25 80.15 80.50 −0.35 10.95 11.03 −0.08
25 0 0 0 0 50 2.55 2 12.25 73.10 80.50 −7.40 12.65 11.03 1.63

Exp: Experimental value; Cal: Calculated value; Res: Residue (difference between experimental and
calculated value)

Table 6. Estimation of the regression coefficients and variables’ contributions for the yield and Brix of
over-ripe giant horn plantain juice.

Effects
Coefficients

df
Sum of Squares Mean Square F-Value p-Value

Yield Brix Yield Brix Yield Brix Yield Brix Yield Brix

Constant 80.50 11.025 14 2949.24 1045.51 210.66 74.679 31.57 48.12 0.000 0.000
Linear 4 2338.06 838.24 584.51 209.559 87.61 135.03 0.000 0.000

x1 −3.72 0.810 1 69.19 3.28 69.19 3.281 10.37 2.11 0.010 0.180
x2 0.70 1.010 1 3.29 6.80 3.29 6.801 0.49 4.38 0.500 0.066
x3 17.378 −10.487 1 2264.98 824.84 2264.98 824.837 339.47 531.49 0.000 0.000
x4 0.256 0.650 1 0.52 3.38 0.52 3.377 0.08 2.18 0.786 0.174

Square 4 591.34 190.62 147.83 47.656 22.16 30.71 0.000 0.000
x2

1 −2.08 −0.25 1 5.76 0.08 5.76 0.083 0.86 0.05 0.377 0.822
x2

2 2.08 −1.685 1 10.24 6.75 10.24 6.750 1.53 4.35 0.247 0.067
x2

3 −11.02 6.200 1 409.86 129.75 409.86 129.748 61.43 83.60 0.000 0.000
x2

4 2.57 −1.262 1 28.17 6.80 28.17 6.799 4.22 4.38 0.070 0.066
Interactions 6 18.61 1.86 3.10 0.310 0.46 0.20 0.818 0.968

x1x2 −1.82 0.00 1 3.33 0.00 3.33 0.000 0.50 0.00 0.498 1.000
x1x3 0.27 0.82 1 0.07 0.61 0.07 0.612 0.01 0.39 0.923 0.545
x1x4 −0.12 −0.18 1 0.01 0.03 0.01 0.029 0.00 0.02 0.966 0.894
x2x3 2.20 −0.79 1 5.83 0.74 5.83 0.742 0.87 0.48 0.374 0.507
x2x4 0.28 −0.41 1 0.09 0.20 0.09 0.204 0.01 0.13 0.909 0.725
x3x4 −2.52 0.27 1 8.45 0.10 8.45 0.095 1.27 0.06 0.290 0.810

Residual 9 60.05 13.97 6.67 1.552
total 23 3009.28 1059.47

3.2.1. Impact of Extraction Temperature

The impact of extraction temperature was only significant (p = 0.010, Table 6) on the extraction
yield. In fact, that temperature contributed to reducing the yield from 53.52% at 25 ◦C to 49.43% at 75 ◦C
(Figure 4) when fixing the enzyme concentration at 0.1%, the dilution factor at zero (no dilution) and
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the extraction time at 0.5 h. It was found that for an average of several hybrids of plantains, an amount
of water was absorbed after 30 min cooking [39,40]. When heated in excess water with a sufficient
amount of heat, native starch granules undergo irreversible phase transition, called gelatinization [41].
The highly-ordered structure becomes disordered. Gelatinization of starch has been broadly defined
as an irreversible endothermic transition, the “breakage of the molecular order”, breaking the
hydrogen bonds in the starch granule. Irreversible changes are observed: water gain, swelling
of the granule, crystalline melting, loss of birefringence, the solubilization of the starch and the increase
in viscosity [42]. During the heat treatment, the water enters in the first place in the amorphous regions,
which swell and transmit disturbing forces in the crystalline regions [43,44]. All of this results in the
reduction of yield extraction.

Figure 4. Evolution of extraction yield with temperature.

3.2.2. Impact of Enzyme Concentration

The impact of enzyme concentration was this time only significant (p = 0.066, Table 6) on the
Brix. In fact, the enzyme concentration contributed to increase the Brix from 21.73 ◦Bx at 0.1% to
26.16 ◦Bx at 5% (Figure 5) when fixing the extraction temperature at 25 ◦C, the dilution factor at
zero (no dilution) and the extraction time at 0.5 h. The use of multiple enzymes increased the
TSS (total soluble solids) content of juice. The enzymatic effect permitted the cell walls to be more
permeable, which generated the extraction of total soluble solids from the plantain puree. The presence
of polysaccharide-degrading enzymes (amyloglucosidase, α-amylase, pectinase and bioglucanase
activities) in the preparations was then linked to a higher degree of tissue breakdown, discharging
more compounds, such as sugars [45], which contribute to total soluble solids.

Figure 5. Evolution of Brix with enzyme concentration.
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3.2.3. Impact of the Dilution Factor

The effect of the dilution factor was significant (p = 0.000 for both; Table 6) on the increase of
extraction yield and the decrease of Brix.

The increase for extraction yield started from 53.52% at zero (no dilution) to 92.77% at four,
while the decrease of Brix (Figure 6) started from 21.74 ◦Bx at zero (no dilution) to 0.15 ◦Bx at four;
all this when fixing the temperature at 25 ◦C, the enzyme concentration at 0.1% and the extraction time
at 0.5 h.

The increase of water during the extraction process contributed to the increase of extraction yield
because at the fixed temperature of 25 ◦C, the starch granules were not gelatinized, and therefore,
the more water was added during the process, the more it was recovered during centrifugation
to obtain the juice; while, at the same time, the increase of water when proceeding to extraction
contributed to diluting the total soluble solids of that juice, which had as the impact the reduction of
the Brix, which expresses the concentration (in percentage) of total soluble solids in the juice.

Figure 6. Evolution of extraction yield and Brix with the dilution factor.

3.2.4. Optimization of Juice Extraction

Production of the juice took globally into account the compromise between the extraction yield
and the physicochemical composition of the juice extracted, since the extraction procedure could
influence the composition.

When trying to maximize the responses singularly, different optimal combinations were obtained.
For the Brix, the maximal value obtained was 28.19 ◦Bx for an optimal combination of 48.74 ◦C for
temperature, 3.81% for enzyme concentration, zero (no dilution) for the dilution factor and 13.08 h for
the extraction time; while the maximization of the extraction yield gave 99.47% using 25 ◦C for the
temperature, 5% for the enzyme concentration, four for the dilution factor and 0.5 h for the extraction
time. From the two singulars response maximization, it was obvious that a compromise should be
found. For that purpose, an extraction yield ≥70% and 10 ≤ Brix ≤ 15 ◦Bx were fixed as “good”
conditions. That choice was made because of the aim of producing a wine (low Brix) and to have at
the same time enough juice volume (high extraction yield). After superimposing the graphs for Brix
and extraction yield (Figure 7), it was obtained that the area that could permit reaching the target
(extraction yield ≥ 70% and 10 ≤ Brix ≤ 15 ◦Bx) was within the interest zone highlighted (that zone
was obtained after fixing the temperature at 25 ◦C and the extraction time at 24 h).

The optimal condition in the highlighted area was assessed as follows: temperature, 25 ◦C;
enzyme concentration, 5%; dilution ratio, 1.10; and extraction time, 24 h. That optimal combination
gave respectively for Brix 14.99 ◦Bx and for the extraction yield 80.22%.
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Figure 7. Interest zone for giant horn plantain juice extraction.

3.3. Evolution of Turbidity during Fermentation

Figure 8 shows the evolution of turbidity during the fermentation of over-ripe giant horn plantain
juice extraction using optimal conditions and during the first fermentation. Turbidity increased
from 144.33 ± 0.57 NTU (the initial day) to 1901.33 ± 26.31 NTU (the first day). After that first day,
the turbidity decreased till the value of 88.66 ± 0.57 NTU. The high turbidity observed the first day of
fermentation could be due to the fact that the yeast metabolized the sugars, and that produced a high
volume of CO2.

Gas escaping created turbulence in the medium and dispersing yeast. The progressive reduction
of turbidity could be linked to the reduction of CO2 production and, at the same time, the beginning
of yeast and other solids’ decantation. After 96 h, the drop of turbidity was drastic. This could be
explained by a significant reduction of CO2 gas and, therefore, a more efficient decantation.

Figure 8. Evolution of turbidity during fermentation of over-ripe giant horn plantain juice.

3.4. Physicochemical Characteristics of Must and Wine

Some physicochemical characteristics of the must and the wine (Figure 9) at the end of the 90 days
of the aging process are presented in Table 7.
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After extraction in optimal conditions, which gives 15.1 ± 0.42 ◦Bx, the juice was then pasteurized
to prevent fermentation starting prematurely by indigenous yeasts and bacteria.

Figure 9. Over-ripe giant horn plantain wine.

From Table 7, it was observed that the pH dropped from 4.26 ± 0.01 in must to 4.12 ± 0.21 in
wine. During the alcoholic fermentation, the pH of the must was constantly changing. Organic acids
consumed or produced undergo dissociation and release hydrogen ions in the fermentation medium,
thus influencing the pH. All hydrogen ions did not come, however, from dissociation of organic acids.
Some came from the assimilation of nitrogen source, including ammonium ions, probably amino acids,
which could contribute to the pH drop by amino acid assimilation of a positive charge. Alcohol was the
main product of fermentation and was also involved in the change in pH. It acted on the dissociation
constants of organic acids, on the density and the dielectric constant of the solvent and, thus, indirectly
on the pH [46].

Table 7. Physicochemical analysis of must and wine.

Analysis Must Wine

pH 4.26 ± 0.01 4.12 ± 0.21
Total soluble sugar (◦Bx) 16.06 ± 0.58 1.5 ± 0.10
Titratable acidity (g/L tartaric acid) 4.4 ± 0.09 8.19 ± 0.03
Flavonoids (μg rutin/g of sample) 0.4 ± 0.01 4 ± 0.12
Polyphenols (mg GAE/100 g of sample) 7.70 ± 0.99 17.01 ± 0.34
Color (EBC: European Brewery Convention unit) 23.67 ± 1.50 20.03 ± 0.04
Total sugars (g/100 mL) 9.61 ± 0.14 3.23 ± 0.09
Free amino nitrogen (mg/L) 138.94 ± 5.23 78.77 ± 2.75

For the total soluble solids, a decrease of Brix from 16.06 ± 0.58 ◦Bx to 1.5 ± 0.10 ◦Bx was
observed (Table 7). Yeasts are facultative aerobic organisms. When oxygen was available, glucose was
metabolized aerobically. In the absence of air, yeast must go against this by alcoholic fermentation.
As it produced less energy than aerobic respiration, the need for glucose increased significantly.
This phenomenon is named the Pasteur effect. Due to the limited production of energy, yeast multiplied
in the absence of air much less quickly than in its presence. In addition, the ethanol produced acted
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as a cellular poison. The need for glucose by the yeast contributed then to the decrease of sugar in
the medium.

Furthermore, the fact that the residual sugar content was 1.5 ± 0.10 ◦Bx could then be explained
as said earlier. The titratable acidity obtained was 4.4 ± 0.09 g/L tartaric acid for the must and
increased to 8.19 ± 0.03 g/L tartaric acid for wine (Table 7). Organic acids are essential elements of the
constitution of musts and wines, their qualities and their defects. Nature and concentration regulate
the acid-base balance and, therefore, control the acid taste of wine. During the fermentation, sugar
consumption by the yeast (glycolysis) results in the formation of typical organic acid fermentation [46].

The flavonoid content of the giant horn plantain must and wine is shown in Table 7. The flavonoid
content of must and wine samples was from 0.4 ± 0.01 μg rutin/g–4 ± 0.12 μg rutin/g, respectively.
The augmentation in flavonoid content in giant horn plantain wine as a result of fermentation could
be due to the increase in acidity during fermentation, which involves unchaining bound flavonoid
components and making them more available [47].

The total phenolic content of the giant horn plantain must and wine expressed as mg gallic
acid equivalent (GAE) per 100 g sample is shown in Table 7. Phenolic content for must and wine
samples analyzed in this study ranged from 7.70 ± 0.99 mg GAE/100 g to 17.01 ± 0.34 mg GAE/100 g,
respectively. In natural medium, phenolic compounds are linked with sugar, which decreases their
disponibility. During fermentation, proteases hydrolyze complexes of phenolics into soluble-free
phenols and other simpler and biologically more active ones that are readily absorbed [48,49].

From Table 7, a decrease in color from must to wine was also observed. That color level was
23.67 ± 1.50 EBC for must and 20.03 ± 0.04 EBC for wine. This could be explained by the yeast,
which has been shown to absorb anthocyanins onto its cell walls and cause color loss [50].

After analyzing free amino nitrogen (FAN) of the must and at the end of the fermentation (wine) in
Table 7, a drop from 138.94 ± 5.23 mg/L (must) to 78.77 ± 2.75 mg/L (wine) was observed. Generally,
during alcoholic fermentation, ammonium ions and most amino acids are completely consumed after
the first 50 h of fermentation [51,52]. It is also known that amino acids are involved in the synthesis of
higher alcohols by the yeast mechanism. Thus, the more a must is concentrated in available nitrogen,
a larger amount is consumed, as pointed out by the literature [53].

4. Conclusions

This study was aimed at valorizing over-ripe plantains in order to reduce post-harvest losses by
processing them into wine owing to 35% of the total plantains produced being wasted as post-harvest
losses. Mathematical models for the must extraction were successfully developed in order to predict
the appropriate conditions for optimal yield and Brix. A compromise of the optimum processing
conditions for both responses (extraction yield and Brix) was determined as 80.22% and 14.99 ◦Bx,
respectively. The must and wine produced were characterized for pH, turbidity, total soluble sugars,
total polyphenols, free amino nitrogen, color, total sugars, flavonoids and titratable acidity and tend to
have suitable properties, as well. It has been determined that over-ripe plantains that may be available
in bulk should not be wasted, as they can be processed with minimal problems to produce safe and
quality alcoholic beverages (wines).
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Abbreviations

ANOVA Analysis of variance
AAD Absolute average deviation
AAE Ascorbic acid equivalent
Af Exactitude factor
Bf Bias factor
◦Bx Degree Brix
Cal Calculated value from the model
DM Dry matter
DF Degree of freedom
EBC European Brewing Convention
Exp Experimental value
GAE Gallic acid equivalent
N Number of experiments
n0 number of points repeated independently
NTU Nephelometric turbidity unit
P Number of model coefficients
R2 Coefficient of determination
Res Residue (Difference between experimental and calculated values)
RSM Response surface methodology
SS Sum of squares
SSE Sum square of error
SSE1 Sum of the squares of the experimental errors (at the repeated points)
SSE2 Sum of the squares of the deviations (at other points) or validity.
SSR Sum of squares due to regression
TSS Total sum of squares

References

1. Olurunda, A.O. Recent advances in post-harvest technology of banana and plantains in Africa. Acta Hort.
2000, 540, 517–527. [CrossRef]

2. Essilfie, G. Analysis of the Post-Harvest Knowledge System in Ghana: Case Study of Cassava; CTA: Wageningen,
The Netherlands, 2014; p. 10.

3. Food and Agriculture Organization (FAO). Faostat Database Collections; Food and Agriculture Organization
of the United Nations: Rome, Italy, 2014.

4. Adeniji, T.A.; Tenkouano, A.; Ezurike, J.N.; Ariyo, C.O.; Vroh-Bi, I. Value-adding post harvest processing of
cooking bananas (Musa spp. Aab and abb genome groups). Afr. J. Biotechnol. 2010, 9, 9135–9141.

5. Hailu, M.; Workneh, T.S.; Belew, D. Review on postharvest technology of banana fruit. Afr. J. Biotechnol. 2013,
12, 635–647.

6. Strosse, H.; Schoofs, H.; Panis, B.; André, E.; Reyniers, K.; Swennen, R. Development of embryogenic cell
suspensions from shoot meristematic tissue in bananas and plantains (Musa spp.). Plant Sci. 2006, 170,
104–112. [CrossRef]

7. Fleet, G.H. Wine: Microbiology and Biotechnology; Harwood Academic Publishers: London, UK, 1993; p. 130.
8. Webb, A.D. The science of making wine. Am. Sci. 1984, 72, 360–367.
9. Isitua, C.C.; Ibeh, I.N. Novel method of wine production from banana (Musa acuminata) and pineapple

(ananas comosus) wastes. Afr. J. Biotechnol. 2010, 9, 7521–7524. [CrossRef]
10. Jay, J.M. Modern Food Microbiology, 5th ed.; Chapman and Hall: New York, NY, USA, 1996; p. 212.
11. Okafor, N. Modern Industrial Microbiology and Biotechnology; Science Publishers: Enfield, NH, USA, 2007; p. 530.
12. Kotecha, M.P.; Adsule, R.N.; Kadam, S.S. Preparation of wine from over-ripe banana fruits.

Beverage Food World 1994, 21, 28–29.
13. Akingbala, J.O.; Oguntimein, G.B.; Olunlade, B.A.; Aina, J.O. Effects of pasteurization and packaging on

properties of wine from over-ripe mango (mangifera indica) and banana (musaacuminata) juices. Trop. Sci.
1992, 34, 345–352.

14. Goupy, J.; Creighton, L. Introduction Aux Plans D'expériences, 3rd ed.; Dunod: Paris, France, 2006; p. 325.

99



Beverages 2017, 3, 19

15. Ekorong, A.A.J.F.; Zomegni, G.; Desobgo, Z.S.C.; Ndjouenkeu, R. Optimization of drying parameters for
mango seed kernels using central composite design. Bioresour. Bioprocess 2015, 2, 1–9. [CrossRef]

16. Joglekar, A.M.; May, A.T. Product excellence through design of experiments. Cereal Foods World 1987, 32,
857–868.

17. Bas, , D.; Boyac, I.H. Modeling and optimization i: Usability of response surface methodology. J. Food Eng.
2007, 78, 836–845. [CrossRef]

18. Dalgaard, P.; Jorgensen, L.V. Predicted and observed growth of listeria monocytogenes in seafood challenge
tests and in naturally contaminated cold smoked salmon. Int. J. Food Microbiol. 1998, 40, 105–115. [CrossRef]

19. ISO 2173:2003. Fruit and Vegetable Products—Determination of Soluble solids—Refractometric Method;
International Organization of Standardization (ISO): Geneva, Switzerland, 2003.

20. Marigo, G. Méthode de fractionnement et d’estimation des composés phénoliques chez les végétaux. Analysis
1973, 2, 106–110.

21. Association Française de Normalisation (AFNOR). Recueil Des Normes Françaises Des Produits Dérivés Des
Fruits Et Légumes, 1st ed.; Association Française de Normalisation: Paris, France, 1982.

22. Analytica-EBC. European Brewery Convention; Fachverlag Hans Carl: Nürnberg, Germany, 1998.
23. Fisher, E.H.; Stein, E.A. Dns colorimetric determination of available carbohydrates in foods. Biochem. Prep.

1961, 8, 30–37.
24. Fisher, E.H.; Stein, E.A. Enzymes, 2nd ed.; Academic Press: New York, NY, USA, 1960; Volume 4, p. 343.
25. Quettier-Deleu, C.; Gressier, B.; Vasseur, J.; Dine, T.; Brunet, J.; Luyck, M.; Cazin, M.; Cazin, J.C.; Bailleul, F.;

Trotin, F. Phenolic compounds and antioxidant activities of buckwheat (Fagopyrum esculentum moench) hulls
and flour. J. Ethnopharmacol. 2000, 72, 35–40. [CrossRef]

26. Oluwalana, I.B. Fruit cultivation and processing improvement in nigeria. Agric. J. 2006, 1, 307–310.
27. Oluwalana, I.B. Minimizing fruit wastages in nigeria. Int. J. Agric. Food Sci. 2010, 1, 77–87.
28. Oluwalana, I.B.; Oluwamukomi, M.O. Changes in qualities of ripening plantain fruits stored at tropical

ambient conditions. Int. J. Agric. Food Sci. 2010, 1, 203–207.
29. Oluwalana, I.B.; Oluwamukomi, M.O.; Olajide, S.T. Physicochemical changes in ripening plantain stored at

tropical ambient conditions. J. Food Technol. 2006, 4, 253–254.
30. Lœsecke, H.V. Bananas, 2nd ed.; InterScience: New York, NY, USA, 1950.
31. Palmer, J.K. The banana. In The Biochemistry of Fruits and Their Products; Hulme, A.C., Ed.; Academic Press:

London, UK, 1971; Volume 2, pp. 65–105.
32. Marriott, J.; Robinson, M.; Karikari, S.K. Starch and sugar transformation during ripening of plantains and

bananas. Trop. Sci. 1981, 32, 1021–1026. [CrossRef]
33. George, J.B.; Marriott, J. The effect of humidity in plantain ripening. Sci. Holtic. 1983, 5, 37–48. [CrossRef]
34. Pantastico, B.E. Postharvest Physiology, Handling and Utilization of Tropical and Subtropical Fruits and Vegetables;

AVI Publishing Co. Inc.: Westport, CT, USA, 1975.
35. Egbebi, A.O.; Bademosi, T.A. Chemical compositions of ripe and unripe banana and plantain. Int. J. Trop.

Med. Public Health 2012, 1, 1–5.
36. Patil, S.K.; Shanmugasundaram, S. Physicochemical changes during ripening of monthan banana. Int. J.

Technol. Enhanc. Emerg. Eng. Res. 2015, 3, 18–21.
37. Ross, T. Indices for performance evaluation of predictive models in food microbiology. J. Appl. Bacteriol.

1996, 81, 501–508. [PubMed]
38. Baranyi, J.; Pin, C.; Ross, T. Validating and comparing predictive models. Int. J. Food Microbiol. 1999, 48,

159–166. [CrossRef]
39. Dadzie, B.K. Cooking qualities of black sigatoka resistant plantain hybrids. Infomusa 1995, 4, 7–9.
40. Ngalani, J.A.; Tchango-Tchango, J. Cooking qualities and physicochemical changes during ripening in some

banana and plantain hybrids and cultivars. Acta Hortic. 1998, 490, 571–576. [CrossRef]
41. Wang, S.; Copeland, L. Molecular disassembly of starch granules during gelatinization and its effect on

starch digestibility: A review. Food Funct. 2013, 4, 1564–1580. [CrossRef] [PubMed]
42. Donovan, J.W. Phase transitions of the starch–water system. Biopolymers 1979, 18, 263–275. [CrossRef]
43. BeMiller, J.N. Pasting, paste, and gel properties of starch–hydrocolloid combinations. Carbohydr. Polym. 2011,

86, 386–423. [CrossRef]

100



Beverages 2017, 3, 19

44. Slade, L.; Levine, H. Non-equilibrium melting of native granular starch: Part i. Temperature location of the
glass transition associated with gelatinization of a-type cereal starches. Carbohydr. Polym. 1988, 8, 183–208.
[CrossRef]

45. Sreenath, H.K.; Frey, M.D.; Scherz, H.; Radola, B.J. Degradation of a washed carrot preparation by cellulases
and pectinases. Biotechnol. Bioeng. 1984, 26, 788–796. [CrossRef] [PubMed]

46. Akin, H. Evolution Du Ph Pendant La Fermentation Alcoolique De Moûts De Raisins: Modélisation Et Interprétation
Métabolique; Institut National Polytechnique de Toulouse Toulouse: Toulouse, France, 2008.

47. Adetuyi, F.O.; Ibrahim, T.A. Effect of fermentation time on the phenolic, flavonoid and vitamin C contents
and antioxidant activities of okra (abelmoschus esculentus) seeds. Niger. Food J. 2014, 32, 128–137. [CrossRef]

48. Shrestha, A.K.; Dahal, N.R.; Ndungustse, V. Bacillus fermentation of soybean: A review. J. Food Sci.
Technol. Nepal 2010, 6, 1–9. [CrossRef]

49. Ademiluyi, A.O.; Oboh, G. Antioxidant properties of condiment produced from fermented bambara
groundnut (Vigna subterranean L. Verdc). J. Food Biochem. 2011, 35, 1145–1160. [CrossRef]

50. Morata, A.; Gomez-Cordoves, M.C.; Colomo, B.; Suarez, J.A. Pyruvic acid and acetaldehyde production
by different strains of saccharomyces: Relationship with vitisin a and b formation in red wines. J. Agric.
Food Chem. 2003, 51, 7402–7409. [CrossRef] [PubMed]

51. Jiranek, V.; Langridge, P.; Henschke, P.A. Amino acid and ammonium utilization by saccharomyces cerevisiae
wine yeasts from a chemically defined medium. Am. J. Enol. Vitic. 1995, 46, 75–83.

52. Beltran, G.; Novo, M.; Rozès, N.; Mas, A.; Guillamón, J.M. Nitrogen catabolite repression in saccharomyces
cerevisiae during wine fermentations. FEMS Yeast Res. 2004, 4, 625–632. [CrossRef] [PubMed]

53. Taillandier, P.; Ramon-Portugal, F.; Fuster, A.; Strehaiano, P. Effect of ammonium concentration on alcoholic
fermentation kinetics by wine yeasts for high sugar content. Food Microbiol. 2007, 24, 95–100. [CrossRef]
[PubMed]

© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

101



beverages

Article

Physicochemical Stability, Antioxidant Activity, and
Acceptance of Beet and Orange Mixed Juice during
Refrigerated Storage

Maria Rita A. Porto 1, Vivian S. Okina 1, Tatiana C. Pimentel 2 and Sandra Helena Prudencio 1,*

1 Departamento de Ciência e Tecnologia de Alimentos, Centro de Ciências Agrárias, Universidade Estadual
de Londrina, Londrina 10011, Paraná, Brazil; mariaritaalaniz@hotmail.com (M.R.A.P.);
viviansayuri@gmail.com (V.S.O.)

2 Instituto Federal do Paraná, Rua José Felipe Tequinha 1400, 87703-536 Paranavaí, Paraná, Brazil;
tatiana.pimentel@ifpr.edu.br

Academic Editor: António Manuel Jordão
Received: 23 May 2017; Accepted: 13 July 2017; Published: 18 July 2017

Abstract: The objective of this study was to mix beet juice and orange juice in two proportions (1:1 and
1:2 v/v), evaluate their physicochemical stability and antioxidant activity during storage (4 ◦C for
30 days), and evaluate their acceptance by consumers. Beet juice (with or without pasteurization) and
pasteurized orange juice were used as controls. The presence of orange juice contributed to the pH,
betacyanin, betaxanthin, and antioxidant capacity stabilities during storage, whereas the presence
of beet improved the color stability. The mixed juices showed high total phenolic compounds
(484–485 μg gallic acid/mL), DPPH scavenging capacity (2083–1930 μg Trolox/mL), and ABTS
(1854–1840 μg Trolox/mL), as well as better sensory acceptance than the pasteurized beet juice.
However, the mixed juices had a more significant reduction in the ascorbic acid content (completely
lost at 15 days of storage) than the pasteurized orange juice (25% reduction at 30 days). The beet
and orange mixed juice is an alternative functional beverage that can contribute to an increase in the
consumption of beet and orange.

Keywords: phenolics; betacyanin; ascorbic acid; Beta vulgaris L.; Citrus X sinensis

1. Introduction

Beet (Beta vulgaris L.) is one of the most produced green vegetables in the world [1]. Beet juice is
a convenient alternative for vegetal consumption, and contains beneficial compounds for health, such
as potassium, magnesium, folic acid, iron, zinc, calcium, phosphate, sodium, niacin, biotin, the B6
vitamin, and soluble fiber. Furthermore, beet juice is a rich source of polyphenolic compounds, which
are biologically available antioxidants [2].

The intense and attractive color of the beet is due to the presence of hydrosoluble pigments
called betalains. The betalains are derived from betalamic acid and divided into two sub-classes:
betacyanin (purple-red pigments) and betaxanthins (yellow-orange pigments) [3]. These pigments
are important antioxidant substances, and present antimicrobial and anti-inflammatory activities, the
inhibition of lipid peroxidation, an increased resistance to oxidation of low-density lipoproteins, and
chemo-preventive effects [3–5].

Orange juice (Citrus sinensis) is responsible for half of the juice produced in the world, and it has
great acceptability because of its flavor. Orange juice is a source of ascorbic acid, a nutrient that has
a vitaminic action, and is a co-factor in several physiological processes, such as lysine and proline
hydroxylation, the synthesis of collagen and other proteins of the conjunctive tissue, the synthesis of
the norepinephrine and adrenal hormones, the activation of peptide hormones, and the synthesis of
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carnitine. Ascorbic acid also acts as an antioxidant, and facilitates iron absorption by the intestines and
the maintenance of ferrous ions in blood plasma [6–8].

According to recommendations by the World Health Organization (WHO) and the Food and
Agriculture Organization of the United Nations (FAO), the minimum consumption of fruit and green
vegetables for adults must be of 400 g/day (five or more daily portions) [9]. However, according
to data from the Chronic Diseases and Risk Factors Surveillance, only 20.2% of Brazilians eat the
recommended daily amount [10].

One of the alternatives to redress the balance between the real and the recommended ingestions in
a diet is the consumption of functional beverages rich in fruit and/or green vegetables. These products
can also be a source of antioxidants, provided that their functional components have been preserved,
and their commercialization will be effective if they are widely accepted by consumers [11].

Therefore, the combination of beet juice, rich in antioxidant compounds, with orange juice, highly
acceptable sensorially and rich in ascorbic acid and polyphenols, results in an interesting beverage.
As far as the authors know, there are no studies concerning the development of beet and orange mixed
juices and their stability during refrigerated storage. Therefore, the objective of this study was to
evaluate the acceptance as well as the physicochemical stability and antioxidant activity of beet and
orange mixed juices (1:1 or 1:2 v/v) during refrigerated storage for 30 days.

2. Materials and Methods

2.1. Preparation of the Juices

Five formulations of juices were prepared: non-pasteurized beet juice (BJ); pasteurized beet juice
(PBJ); pasteurized orange juice (POJ); beet and orange mixed juices, 1:1 (BOMJ 1:1); and beet and
orange mixed juices, 1:2 (BOMJ 1:2).

Fresh beets (Beta vulgaris L.) cv. Early Wonder were obtained from Central de Abastecimento
do Paraná S.A. (CEASA) in the city of Londrina, Brazil. The beets were washed in running water,
sanitized (150 mg/L Dinamica® fruit disinfectant with sodium hypochlorite for 30 min), and manually
peeled and crushed using a fruit processor (Mondial®, Brazil), originating the beet juice. To obtain the
orange juice, concentrated orange juice (66◦ Brix) was diluted with sterilized water in the proportion
of 1:6 (v/v), according to the manufacturer’s recommendation, until the soluble solids value was close
to 12◦ Brix. The concentrated orange juice was sugarless and preservative-free.

The beet and orange mixed juices were prepared from beet juice and the diluted orange juice,
mixing them in two proportions, 1:1 (BOMPJ 1:1) or 1:2 (BOMPJ 1:2) (v/v), respectively. The proportions
of the beet and orange in the mixed juices were based on a preliminary analysis in order to
obtain a product with suitable phenolic compounds and physicochemical and sensory characteristics.
The juices (PBJ, POJ, BOMJ 1:1, and BOMJ 1:2) were placed in transparent glass flasks (Farma®, Brazil),
and pasteurized at 70 ◦C for 30 min in a water bath. The BJ juice was not submitted to the heat treatment.

The juices were stored at 4 ◦C for 30 days, which is the shelf life of commercial pasteurized
Brazilian juices. The products were evaluated on days 0, 5, 10, 15, and 30 of storage.

2.2. Physicochemical Analysis

The pH determination was carried out by a calibrated digital potentiometer (Tecnal, Brazil).
The titratable acidity was measured by titration with a 0.01 M NaOH (Anidrol®, Brazil) solution until
pH 8.2, and expressed as a citric acid percentage [12].

A colorimeter (Minolta®, model CR400, Osaka, Japan) was used for the assessment of the color
parameters values (L*, a*, b*, and C (Chroma)). From parameters L*, a*, and b*, the total difference was
calculated (ΔE*ab) between each sample at a determined storage time, and the sample at the initial
time of storage, as follows: ΔE*ab = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2.
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2.3. Ascorbic Acid Determination by High Performance Liquid Chromatography (HPLC)

The ascorbic acid content was determined according to Souza et al. [13], with modifications.
The juice samples that contained orange juice (POJ, BOMJ 1:1, and BOMJ 1:2) were dissolved in 3%
metaphosphoric acid and filtered in a PVDF hydrophilic membrane (pores of 0.22 μm) (Millex-GV,
Millipore, USA). The chromatograph system (Shimadzu, Japan) consisted of two pumps (model
LC-10AD), a Rheodyne injecting valve with a sample handle of 20 μL, a column oven (model CTO-20A),
a UV/visible spectrophotometric detector (model SPD-10A), an interface (model CBM-101), the
CLASS-CR10 program, version 1.2 (Shimadzu, Japan), and a Spherisorb ODS1 (4.6 × 250 mm, 5 μm)
column (Waters®, Ireland). The analysis was conducted at room temperature using an isocratic elution
(0.5 mL/min) with a sulfuric acid solution (pH 2.5) as the mobile phase. The ascorbic acid detection
was done at 254 nm. The identification was based on retention times and co-elution with standards,
and the quantification by external standardization using a calibration curve with six points (measured
in duplicate) in the concentration range of 5 to 50 μg/mL.

2.4. Betalains Determination

For the extraction of the betalains, sample aliquots (except POJ) of 1 mL were diluted in 30 mL
distilled water by manual agitation for 10 s, and the mix was centrifuged (25 ◦C) at 6000× g for 20 min
(Eppendorf centrifuge 5804R, Germany). The betaxanthin and betacyanin content in the supernatants
were analyzed through absorbance readings at 476 and 538 nm in a UV/VIS spectrophotometer
(Biochrom Libra S22, UK). A reading at 600 nm was used to correct possible impurities (turbidity)
according to the methods of Stintzing, Schieber, and Carle [14], with some modifications. The betalain
content (BC), expressed in mg/mL of juice, was calculated from the equation = [(A × FD × MM
× 100)/(ε × I)], where A is the difference between maximum absorption (476 or 538 nm) and the
correction absorption at 600 nm, FD is the dilution factor, and I is the length of the cuvette path
(1 cm). For the quantification of betacyanin and the betaxanthins, the molecular masses (MM) and
molar absorptivity (ε) were: MM = 550 g/mol, ε = 60,000 L/mol cm in H2O and MM = 308 g/mol,
ε = 48,000 L/mol cm in H2O, respectively.

2.5. Total Phenolic Compounds Content Determination

The phenolic compounds were determined by the Folin–Ciocalteau method, as described by
Singleton, Orthofer, and Lamuela-Raventos [15]. An aliquot (0.2 mL) of sample was added to 1.5 mL of
Folin–Ciocalteau aqueous solution (1:10 v/v). The mix was left to stabilize for 5 min, and then mixed
with 1.5 mL of a sodium carbonate solution (60 g/L). Then, it was incubated at room temperature
for 90 min and the absorbance of the mix was read at 725 nm in a UV-VIS spectrophotometer, using
the respective solvent as the blank. The results were expressed in μg of gallic acid equivalents
(μg EAG/100 mL).

2.6. Antioxidant Activity Evaluated by the DPPH Free Radical Scavenging Method

The total antioxidant capacity was evaluated by the DPPH method according to Brand-Williams,
Cuvelier, and Berset [16], with some modifications. In a test tube were mixed 1 mL of 100 mM
sodium acetate buffer (pH 5.5), 1 mL of absolute ethanol, 0.5 mL of an ethanolic solution of DPPH
(250 μmol/L), and 50 μL of each sample. The test tubes were kept in the dark and at room temperature
for 30 min, and the absorbance was read at 517 nm in a UV-VIS spectrophotometer. The antioxidant
activity quantification was realized by a Trolox standard curve, and the results expressed in μmol of
Trolox/mL.

2.7. ABTS+ Cation Radical Scavenging Activity

The antioxidant activity was also analyzed by the sample capacity to eliminate ABTS free radicals,
using the modified methodology reported by Ozgen et al. [17]. When combined with an oxidant
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(potassium persulphate 2.45 mM), the ABTS (7 mM in phosphate tampon 20 mM, pH 7.4) reacts to
create a dark greenish-blue stable radical solution after 12–16 h of incubation in the dark. The solution
was diluted up to an absorbance of 0.7 ± 0.01 in 730 nm to form the reagent test. Reactional mixes with
10 μL of sample and 4 mL of reagent test were incubated at room temperature for 6 min. The antioxidant
activity was calculated in relation to the Trolox standard curve and expressed in μmol of Trolox/mL.

2.8. Sensory Analysis

The sensory analysis was conducted in the juices that had beet in the formulation (PBJ, BOMJ 1:1,
and BOMJ 1:2) on the 5th day of storage. The pure orange juice (POJ) was not evaluated for acceptance
because it is known that it has great acceptability, and the objective was to produce a juice with the
phenolic compounds provided by beet. The acceptance test of attributes (color, aroma, flavor, and
overall impression) was conducted with a 9-point hedonic scale (1 = disliked extremely and 9 = liked
extremely). The formulations were coded with 3-digit numbers and served at a temperature of 10 ◦C in
acrylic cups, one at a time, in random order. The sensory panel consisted in 72 untrained judges who
were habitual consumers of fruit juices. The project was approved by the Ethical Conduct in Research
Involving Human Beings Committee from the Londrina State University, through opinion CEP/UEL
342/2011, nº CAAE 0319.0.268.000-11.

2.9. Experimental Design and Statistical Analysis

The physicochemical analysis and antioxidant activity were carried out according to a split plot
design, in which the main treatment was the formulation and the secondary treatment was the storage
duration. The experiment was replicated three times. In each replication, analyses were conducted in
triplicate. The sensory experiment followed a randomized complete blocks design, where the juices
were the treatments and the blocks the judges. The data were submitted to an analysis of variance
(ANOVA) and the mean comparison Tukey test (p < 0.05). The statistical analyses were realized using
the Statistical Analysis System version 9.1.3.

3. Results and Discussion

3.1. Physicochemical Characteristics

The results for pH and titratable acidity of the juices are presented in Table 1. The mixed
formulations (BOMJ 1:1 and 1:2) presented titratable acidity (0.41%–0.59% citric acid) with intermediate
values between beet juice (BJ or PBJ; 0.08%–0.14% citric acid) and orange juice (POJ; 0.77%–0.79%
citric acid) (p ≤ 0.05), as expected. The same trend was observed for pH values, where the mixed
formulations (BOMJ 1:1 and 1:2) presented pH (4–4.21) with intermediate values between beet juice
(BJ or PBJ; 4.84–5.71) and orange juice (POJ; 3.83–3.88) (p ≤ 0.05). The presence of higher quantities of
orange juice (BOMJ 1:2) in the mixed juice resulted in more acidic products, with a decrease in the pH
values and an increase in the titratable acidity (p ≤ 0.05) when compared to the product with lower
orange content (BOMJ 1:1). The pH and titratable acidities of the beet and orange juices are similar to
those reported by other authors [18,19].

Organic acids contribute to the flavor and palatability of fruit juices. The greater acidity of the
mixed juices (BOMJ 1:1 or BOMJ 1:2) when compared to the beet juices (BJ or PBJ) could protect them
from the development of food spoilage micro-organisms, increasing their shelf life [19]. However,
it can decrease the sensory acceptance of the products, because consumers are not attracted to very
acidic products [20]. It is noteworthy, however, that the mixed juices (BOMJ 1:1 and BOMJ 1:2) still
had lower acidity than the conventional orange juice (POJ).
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Table 1. Titratable acidity and pH of juices stored at 4 ◦C for 30 days.

Titratable Acidity (% Citric Acid)

Juices
Storage Time (Days)

0 5 10 15 30

BJ 0.08 ± 0.00 cD 0.08 ± 0.00 cD 0.09 ± 0.00 cbD 0.09 ± 0.01 bD 0.14 ± 0.06 aA
PBJ 0.08 ± 0.00 aD 0.08 ± 0.00 aD 0.09 ± 0.00 aD 0.08 ± 0.00 aD 0.09 ± 0.01 aB
POJ 0.78 ± 0.00 abA 0.78 ± 0.01 abA 0.78 ± 0.00 abA 0.79 ± 0.00 aA 0.77 ± 0.01 bC

BOMJ 1:1 0.43 ± 0.01 aC 0.42 ± 0.00 bC 0.43 ± 0.01 aC 0.42 ± 0.00 bC 0.41 ± 0.00 bD
BOMJ 1:2 0.59 ± 0.01 aB 0.57 ± 0.01 bB 0.57 ± 0.00 bcB 0.56 ± 0.01 cB 0.54 ± 0.00 dE

pH

Juices
Storage Time (Days)

0 5 10 15 30

BJ 5.71 ± 0.02 aA 5.62 ± 0.01 abA 5.56 ± 0.02 bB 5.36 ± 0.21 cB 4.84 ± 0.26 dB
PBJ 5.70 ± 0.01 aA 5.69 ± 0.01 aA 5.68 ± 0.01 aA 5.68 ± 0.01 aA 5.49 ± 0.40 bA
POJ 3.88 ± 0.00 aD 3.83 ± 0.01 aD 3.87 ± 0.00 aE 3.83 ± 0.00 aE 3.88 ± 0.00 aE

BOMJ 1:1 4.17 ± 0.01 aB 4.18 ± 0.01 aB 4.16 ± 0.00 aC 4.21 ± 0.03 aC 4.16 ± 0.01 aC
BOMJ 1:2 4.03 ± 0.00 aC 4.00 ± 0.01 aC 4.02 ± 0.00 aD 4.03 ± 0.02 aD 4.03 ± 0.01 aD

The values represent the mean ± standard deviation (n = 9). Different superscript low-case letters in the same line
indicate significant difference (p < 0.05) for each juice in relation to storage time. Different superscript upper-case
letters in the same column indicate a significant difference (p ≤ 0.05) between juices for the same storage day.
BJ, natural beet juice; PBJ, pasteurized beet juice; POJ, pasteurized orange juice; BOMJ 1:1, pasteurized beet and
orange mix juice 1:1 (v/v); BOMJ 1:2, pasteurized beet and orange mix juice 1:2 (v/v).

During the storage period, the titratable acidity increased (p < 0.05) in the BJ juice, decreased in the
mixed juices (BOMJ 1:1 and BOMJ 1:2), and was maintained in the PBJ and POJ juices (p > 0.05). For the
pH values, the products with beet (BJ and PBJ) exhibited a decrease (p ≤ 0.05) in pH values during
storage, and the products with added orange (POJ, BOMJ 1:1, and BOMJ 1:2) maintained (p > 0.05)
this parameter. Probably, the presence of orange juice (POJ, BOMJ 1:1, and BOMJ 1:2) resulted in an
increase in the buffering capacity of the juices, maintaining the pH of the products [20], which did not
occur in the juices with beet only.

The color parameters (L*, a*, b* and Croma) are shown in Table 2. The total color difference
is presented in Figure 1. The initial values of a* for BJ (0.78) and PBJ (0.95) indicate that the
beet-added juices had a slightly red-purple color, probably originating from the presence of betacyanin.
The b* values for BJ (1.56) and PBJ (1.67) represent a slight predominance of yellow by the presence of
betaxanthins [21]. The POJ juice presented values of L* (36.61), a* (−2.49), and b* (16.34), demonstrating
the yellow color of the orange juice. The mixed juices presented color characteristics of both juices
(beet and orange) (L* = 23−24; a* = 4.59−8.76; and b* = 2.19−2.75).

During the storage period, all formulations had the same behavior for the L* and a* parameters,
as the products stored for 30 days had higher L* and a* values than the newer ones (day 0) (p ≤ 0.05).
These results indicate that the juices became redder and with a lighter color. The juices (BJ, PBJ, POJ,
BOMJ 1:1, and BOMJ 1:2) also had a decrease in the parameter b*, demonstrating a discoloration of the
yellow color. In the POJ juice, a more intense yellow color was observed (i.e., an increase in b* values),
and the total difference in color (ΔE*ab) was the greatest (6.25). Therefore, the beet juice made the color
of the juices more stable to the effects of refrigerated storage. The alterations in the color parameters
were probably caused by the oxidative and non-oxidative reactions of polyphenols, resulting in colored
condensation products. Furthermore, the Maillard Reaction or melanoidins’ formation could cause the
alteration [20].
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Table 2. Color parameters for juices stored at 4 ◦C for 30 days

L*

Juices
Storage Time (Days)

0 5 10 15 30

BJ 22.45 ± 0.16 cD 22.87 ± 0.04 bD 22.31 ± 0.07 Cd 22.37 ± 0.02 cD 24.16 ± 0.47 aD
PBJ 22.37 ± 0.02 cD 22.71 ± 0.10 bD 22.34 ± 0.14 cD 22.23 ± 0.06 cD 23.72 ± 0.20 aE
POJ 36.61 ± 0.14 dA 38.18 ± 0.04 bA 36.73 ± 0.03 dA 37.04 ± 0.17 cA 42.42 ± 0.73 aA

BOMJ 1:1 23.21 ± 0.04 cC 23.76 ± 0.06 bC 23.15 ± 0.02 cC 23.14 ± 0.05 cC 24.78 ± 0.17 aC
BOMJ 1:2 23.77 ± 0.04 cB 24.33 ± 0.07 bB 23.81 ± 0.06 cB 24.15 ± 0.04 bB 26.18 ± 0.27 aB

a*

Juices
Storage Time (Days)

0 5 10 15 30

BJ 0.78 ± 0.06 bD 0.68 ± 0.03 cD 0.74 ± 0.03 bcD 0.81 ± 0.03 bC 1.07 ± 0.16 aD
PBJ 0.95 ± 0.03 bC 0.82 ± 0.04 cC 0.87 ± 0.06 bcC 0.91 ± 0.03 bcC 1.19 ± 0.13 aC
POJ −2.49 ± 0.02

dE
−2.87 ± 0.02

bE
−2.51 ± 0.04

dE
−2.63 ± 0.05

cD
−3.64 ± 0.14 aE

BOMJ 1:1 4.80 ± 0.05 cB 5.18 ± 0.03 bB 4.78 ± 0.07 cB 4.59 ± 0.13 dB 6.13 ± 0.18 aB
BOMJ 1:2 6.65 ± 0.04 cA 7.07 ± 0.05 cA 6.65 ± 0.03 cA 6.68 ± 0.10 cA 8.76 ± 0.32 aA

b*

Juices
Storage Time (Days)

0 5 10 15 30

BJ 1.56 ± 0.04 aE 1.52 ± 0.03 aD 1.56 ± 0.03 aD 1.57 ± 0.03 aC 0.97 ± 0.16 bE
PBJ 1.67 ± 0.02 aD 1.61 ± 0.03 aD 1.63 ± 0.05 aD 1.64 ± 0.03 aC 1.21 ± 0.11 bD
POJ 16.34 ± 0.31 dA 17.03 ± 0.02 bA 16.46 ± 0.08 cA 15.95 ± 0.16 eA 18.34 ± 0.17 aA

BOMJ 1:1 2.39 ± 0.03 aC 2.38 ± 0.03 aC 2.35 ± 0.04 aC 2.19 ± 0.14 bB 2.23 ± 0.07 bC
BOMJ 1:2 2.75 ± 0.03 abB 2.82 ± 0.03 aB 2.68 ± 0.02 bB 2.26 ± 0.06 dB 2.47 ± 0.02 cB

Chroma

Juices
Storage Time (Days)

0 5 10 15 30

BJ 1.74 ± 0.03 aE 1.66 ± 0.02 aE 1.73 ± 0.03 aA 1.77 ± 0.02 aA 1.45 ± 0.12 bA
PBJ 1.92 ± 0.02 aD 1.80 ± 0.03 abD 1.85 ± 0.03 aB 1.88 ± 0.03 aA 1.69 ± 0.16 bB
POJ 16.53 ± 0.31 dA 17.27 ± 0.02 bA 16.65 ± 0.08 cC 16.16 ± 0.16 eB 18.70 ± 0.19 aC

BOMJ 1:1 5.36 ± 0.05 cC 5.70 ± 0.03 bC 5.33 ± 0.05 cD 5.08 ± 0.17 dC 6.52 ± 0.17 aD
BOMJ 1:2 7.19 ± 0.04 cB 7.61 ± 0.04 bB 7.17 ± 0.02 cdE 7.05 ± 0.11 dD 9.10 ± 0.31 aE

The values represent the mean ± standard deviation (n = 9). Different superscript low-case letters in the same line
indicate significant difference (p < 0.05) for each juice in relation to storage time. Different superscript upper-case
letters in the same column indicate significant difference (p ≤ 0.05) between juices for the same storage day. BJ, raw
beet juice; PBJ, pasteurized beet juice; POJ, pasteurized orange juice; BOMJ 1:1, pasteurized beet and orange mix
juice 1:1 (v/v); BOMJ 1:2, pasteurized beet and orange mix juice 1:2 (v/v).
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Figure 1. Total color difference (ΔE *ab) in juices stored at 4 ◦C for 30 days. BJ, raw beet juice; PBJ,
pasteurized beet juice; POJ, pasteurized orange juice; BOMJ 1:1, pasteurized beet and orange mix juice
1:1 (v/v); BOMJ 1:2, pasteurized beet and orange mix juice 1:2 (v/v).
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The physicochemical results demonstrated that the presence of orange juice in the mixed juices
improved the pH stability of the products to the effects of refrigerated storage, as demonstrated by the
maintenance of the pH of the orange and mixed juices. The alterations in the titratable acidity were
slight (0.2% citric acid for BOMJ 1:1 and 0.05% citric acid for BOMJ 1:2). On the other hand, the presence
of beet juice improved the color stability of the products, as the mixed juices showed a reduction of
only 7%–10% in yellow color intensity and an increase in color purity (Chroma) by 22%–27%, probably
due to the betalains’ stability. These results reinforced the viability of the production of mixed juices
with orange and beet. The physicochemical stability is desirable, because it confirms that the products
remain similar to those that are newly manufactured, even after several weeks of storage [19].

3.2. Ascorbic Acid Content

The ascorbic acid content is shown in Figure 2. The initial values were 37.19, 25.93, and
39.84 mg/100 mL for POJ, BOMJ 1:1, and BOMJ 1:2, respectively, with the mixed juice with a higher
quantity of orange juice (BOMJ 1:2) presenting higher ascorbic acid content than the other mixed
juice (BOMJ 1:1), as expected. The pasteurized orange juice (POJ) showed an ascorbic acid loss of
25% after 30 days of storage (p ≤ 0.05). The ascorbic acid stability is influenced by many factors,
such as storage temperature, concentration of salt, sugars, and minerals, pH, oxygen levels, and the
presence of enzymes or light [22]. However, the final values were in compliance with the legislation
that established a minimum limit of ascorbic acid of 25 mg/100 mL for juice [23].

In the mixed juices (BOMJ 1:1 and BOMJ 1:2), a rapid loss of the ascorbic acid content occurred,
with reduction right after 5 days of storage (p ≤ 0.05). In BOMJ 1:1, the ascorbic acid content was
completely lost at 15 days of storage, whereas in the BOMJ 1:2 juice a very low content was observed at
day 30. The ascorbic acid can act as an antioxidant, removing the oxygen and controlling the activity of
polyphenol oxidases enzymes, increasing the stability of the pigments [24]. In this study, it is possible
that the decrease in the ascorbic acid content in the mixed juices is associated with a greater stability of
the betalains pigments.
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Figure 2. Acid Ascorbic Content (mg/100mL) in juices stored at 4 ◦C for 30 days. The values represent
the mean ± standard deviation (n = 9). Different superscript lower case letters indicate significant
difference (p < 0.05) for each juice in relation to storage time. POJ, pasteurized orange juice; BOMJ 1:1,
pasteurized beet and orange mix juice 1:1 (v/v); BOMJ 1:2, pasteurized beet and orange mix juice 1:2 (v/v).
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3.3. Betalain Content

Table 3 shows the results for the betacyanin and betaxanthin content during the refrigerated
storage of the juices. The initial betacyanin content (Day 0) in pasteurized pure beet juice (PBJ)
(53.39 mg/100 mL) was lower than the content in the raw beet juice (BJ) (65.32 mg/100 mg), showing
that the pasteurization caused a reduction in betacyanins by 18% (p ≤ 0.05). For the betaxanthins, the
thermal treatment had no significant effect (p > 0.05).

Table 3. Betacyanin and betaxanthins content (mg/100 mL) in juices stored at 4 ◦C for 30 days.

Juices
Storage Time (Days)

0 5 10 15 30

Betacyanin
BJ 65.32 ± 1.58 aA 61.18 ± 1.72 bA 55.34 ± 2.09 cA 51.76 ± 3.51 cA 40.64 ± 7.79 dA

PBJ 53.39 ± 3.31 aB 50.52 ± 5.89 bcB 49.48 ± 2.61 cB 42.31 ± 3.68 dB 31.55 ± 5.64 eB
BOMJ 1:1 31.12 ± 0.89 aC 31.99 ± 0.59 aC 31.63 ± 0.76 aC 28.27 ± 5.19 bC 30.29 ± 1.94 abC
BOMJ 1:2 22.31 ± 0.98 abD 23.17 ± 0.77 aD 22.85 ± 0.78 abD 20.37 ± 3.77 bD 22.32 ± 1.40 abD

Betaxanthins
BJ 29.99 ± 1.86 aA 28.84 ± 0.79 abB 28.42 ± 2.34 bB 27.82 ± 2.77 bA 22.79 ± 5.61 cB

PBJ 31.76 ± 0.51 aA 30.43 ± 0.08 bA 30.40 ± 2.29 bA 27.80 ± 1.44 cA 25.69 ± 0.22 dA
BOMJ 1:1 11.96 ± 0.30 abB 12.08 ± 0.16 aC 11.76 ± 0.25 abC 11.44 ± 0.29 abB 10.74 ± 0.93 bC
BOMJ 1:2 8.80 ± 0.29 aC 8.84 ± 0.16 aD 8.52 ± 0.16 aD 8.21 ± 0.18 aC 7.82 ± 0.60 aD

The values represent the mean ± standard deviation (n = 9). Different superscript low-case letters in the same line
indicate significant difference (p < 0.05) for each juice in relation to storage time. Different superscript upper-case
letters in the same column indicate significant difference (p ≤ 0.05) between juices for the same storage day, BJ (raw
beet juice), PBJ (pasteurized beet juice), BOMJ 1:1 (pasteurized beet and orange mix juice 1:1 (v/v) and BOMJ 1:2
(pasteurized beet and orange mix juice 1:2 (v/v)).

The betacyanin and betaxanthins content of the mixed juices BOMJ 1:1 (31.12 mg/100 mL and
11.96 mg/100 mL) and BOMJ 1:2 (22.31 mg/100 mL e 8.80 mg/100 mL) were lower (p ≤ 0.05) than
those of the juices only with beet (BJ with 65.32 mg/100 mL and 29.99 mg/100 mL and PBJ with
53.39 mg/100 mL e 31.76 mg/100 mL). These results were expected, due to the dilution of the beet
juice with the orange juice, proportional to each mixed juice formulation.

At the end of the storage time, the beet juices (BJ and PBJ) showed a significant reduction of
37–41% in betacyanin content, while for the betaxanthins, a reduction of 19–24% was observed. In the
mixed juices (BOMJ 1:1 and BOMJ 1:2), the betacyanin (22.31–31.63 mg/100 mL) and betaxanthin
(7.82–12.08 mg/100 mL) content was maintained, when comparing the products at 0 and 30 days of
storage (p > 0.05). As discussed before, the results demonstrate that the orange juice contributed to the
stability of both classes of betalains in the mixed juices, probably due to the action of the citric acid and
the ascorbic acid. The citric acid is an antioxidant and chelating agent, and acts synergistically with
the ascorbic acid. The maintenance of these beneficial compounds in the mixed juices is of primary
importance in the development of functional foods.

3.4. Total Phenolic Compounds Content and Antioxidant Activity

Total phenolic content and the antioxidant activity (DPPH Trolox or ABTS trolox) are presented
in Table 4. All juices were significant sources of polyphenols. The raw beet juice (BJ) and the
pasteurized beet juice (PBJ) presented 521 and 497 μg EAG/mL, respectively; the mixed juices had
484–485 μg EAG/mL; and the orange juice (POJ) had 448 μg EAG/mL at day 0. In fact, orange
juices are good sources of polyphenolic compounds, including hydroxycinnamic acids and flavonoids
(mainly flavonas) [25], while beet juice has a high antioxidant action and is a rich source of polyphenols.
Among the beet extract phenolic acids, the 4-hydroxybenzoic acid is the main constituent, followed by
the cynamic, vanillic, and chlorogenic acids, the trans ferulic acid, and caffeic acid [2].

During storage time, the beet juices (BJ and PBJ) showed a significant loss (p ≤ 0.05) of phenolic
compounds by 14% and 13%, respectively, while the orange and mixed juices did not show any
significant variation (p > 0.05) when comparing the products at day 0 and 30 of storage. This was
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probably due to the joint action of the citric and ascorbic acids, which inhibited the oxidative reactions
of the phenolic compounds presented in the juices, demonstrating the beneficial effect of the addition
of orange juice to the beet juice.

In both methodologies of antioxidant activity evaluation (DPPH and ABTS methods), the samples
with greater antioxidant activity were the raw (2733 and 2179 μg Trolox/mL) and pasteurized beet
(2813 and 2081 μg Trolox/mL) juices, and the sample with the lowest antioxidant activity was the orange
juice (1408 and 1872 μg Trolox/mL). In fact, betalains’ antioxidant activity is greater than that of ascorbic
acid, and beet is one of the most powerful green vegetables with regard to antioxidant activity [26],
when beet juice is compared to other fruits that are well-accepted as having high antioxidant contents,
such as pomegranate and cranberry [27]. The mixed juices had intermediated antioxidant activity, with
1930–2083 μg Trolox/mL in the DPPH method and 1840–1854 μg Trolox/mL in the ABTS method.

During storage, the antioxidant activity decreased in all of the juices evaluated in one or both
methodologies (DPPH or ABTS) (p ≤ 0.05). Pasteurized beet juice (PBJ) showed the greatest loss (37%)
in the DPPH method, followed by POJ (32%), BJ (21%), BOMJ 1:2 (19%), and BOMJ 1:1 (no significant
loss). In the ABTS methodology, the decrease was: POJ (21%), PBJ (14%), BOMJ 1:1 (13%), and BOMJ
1:2 (12%). The decrease in ascorbic acid and total phenolic compounds is the probable cause for the
reduction in antioxidant capacity in the juice samples analyzed in this study. Therefore, this study
demonstrated that the orange juice maintained the stability of the phenolic compounds, and reduced
the loss of the antioxidant activity of the juices.

Table 4. Total Phenolic compounds (μg EAG/mL), DPPH Trolox (μg/mL), and ABTS Trolox (μg/mL)
in juices stored at 4 ◦C/30 days.

Juices

Total Phenolic Compounds

Storage Time (Days)

0 5 10 15 30

BJ 521 ± 19 bA 518 ± 9 bA 571 ± 86 aA 515 ± 62 bA 448 ± 48 cB
PBJ 497 ± 26 bABD 494 ± 20 bAB 555 ± 76 aA 517 ± 54 bA 431 ± 19 cB
POJ 448 ± 19 abC 473 ± 10 aB 477 ± 18 aBD 458 ± 15 abB 433 ± 41 bB

BOMJ 1:1 484 ± 33 cDB 499 ± 18 abcAB 519 ± 50 aC 514 ± 48 abA 485 ± 65 bcA
BOMJ 1:2 485 ± 50 abB 506 ± 29 aA 505 ± 42 aCD 490 ± 42 aA 459 ± 59 bAB

DPPH
BJ 2733 ± 188 aA 2527 ± 255 abA 2307 ± 325 bcA 2323 ± 419 bA 2157 ± 243 cA

PBJ 2813 ± 264 aA 2210 ± 285 bB 2040 ± 296 bcB 1870 ± 236 cdB 1760 ± 261 dB
POJ 1408 ± 245 aC 773 ± 96 bcD 1037 ± 153 bD 797 ± 167 bcD 957 ± 135 bcC

BOMJ 1:1 2083 ± 89 aB 2027 ± 187 abBC 1317 ± 318 cC 1670 ± 369 bBC 1853 ± 231 abB
BOMJ 1:2 1930 ± 246 aB 1803 ± 146 abC 1452 ± 120 cC 1596 ± 200 bcC 1554 ± 119 cB

ABTS
BJ 2179 ± 126 aA 1972 ± 209 bA 1950 ± 173 bA 2059 ± 145 bA 1720 ± 352 cAD

PBJ 2081 ± 142 aA 1741 ± 155 cB 1957 ± 206 bA 1999 ± 63 abA 1798 ± 62 cA
POJ 1872 ± 241 aB 1515 ± 93 bC 1507 ± 103 bcB 1575 ± 148 bB 1400 ± 113 cB

BOMJ 1:1 1854 ± 75 aB 1746 ± 136 abB 1642 ± 61 bcC 1711 ± 92 bcC 1604 ± 54 cC
BOMJ 1:2 1840 ± 131 aB 1667 ± 68 bB 1552 ± 51 cBC 1605 ± 84 bcBC 1614 ± 146 bcCD

The values represent the mean ± standard deviation (n = 9). Different superscript low-case letters in the same line
indicate significant difference (p < 0.05) for each juice in relation to storage time. Different superscript upper-case
letters in the same column indicate significant difference (p ≤ 0.05) between juices for the same storage day. BJ, raw
beet juice; PBJ, pasteurized beet juice; POJ, pasteurized orange juice; BOMJ 1:1, pasteurized beet and orange mix
juice 1:1 (v/v); BOMJ 1:2, pasteurized beet and orange mix juice 1:2 (v/v).

3.5. Sensory Acceptance

Consumer acceptance is presented in Table 5. Pasteurized beet juice (PBJ) acceptance was lower
(p ≤ 0.05) than that of the mixed juices (BOMJ 1:1 and BOMJ 1:2) with regard to the attributes aroma,
flavor, and overall acceptance. For the color attribute, it was not different from the BOMJ 1:2 (p > 0.05).
The PBJ juice had satisfactory acceptance in the color parameter (a score of 7.5 in a 9-point hedonic
scale), but, in aroma, flavor, and overall acceptance, the scores were low (<5.9).
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Table 5. Acceptance of the juices.

Juices Color Aroma Flavor Overall Acceptance

PBJ 7.5 ± 1.8 b 5.9 ± 1.7 b 4.9 ± 2.2 b 5.6 ± 1.8 b
BOMJ (1:1) 8.0 ± 0.9 a 6.6 ± 1.7 a 6.3 ± 1.7 a 6.8 ± 1.5 a
BOMJ (1:2) 7.8 ± 1.1 ab 6.9 ± 1.9 a 6.6 ± 2.0 a 6.9 ± 1.8 a

The values represent the mean ± standard deviation, where different lower case superscript letters in the same
column indicate significant differences (p < 0.05) between the juices for the same attribute or overall acceptance. PBJ,
pasteurized beet juice; BOMJ 1:1, pasteurized beet and orange mix juice 1:1 (v/v); BOMJ 1:2, pasteurized beet and
orange mix juice 1:2 (v/v). On the scale of acceptance, 1 = extremely dislike and 9 = like extremely.

The addition of orange juice to the beet juice increased the acceptance of the products in all
evaluated parameters (color, aroma, flavor, and overall acceptance). The mixed juices received scores
between 6.3 and 8 in a 9-point hedonic scale, indicating that the consumers liked the products from
slightly to much. The color was the attribute with the highest score (7.8–8), probably because of the
intensity and attractiveness that the beet gives to the product due to the presence of betalains.

The results of the present study demonstrate the applicability of the mixed juices, as the products
were well accepted. The pasteurized beet juice (PBJ) had a higher content of betacyanin, betaxanthin,
total phenolic content, and antioxidant activity; however, it was not well accepted by consumers, and
the functional components were less stable to the effects of refrigerated storage in this juice.

Currently, several studies have focused on the antioxidant capacity and consumption benefits of
the fruit and green vegetables juices, including beet juice [2,28,29]; however, there are no data related
to the sensory acceptance of these types of beverages by population.

4. Conclusions

The beet and orange mixed juices developed in this study could provide consumers with
strong natural antioxidant compounds and bioactive phytochemicals, and they had good acceptance.
The presence of orange juice contributed to the pH, betacyanin, betaxanthin, and antioxidant capacity
stabilities during storage, whereas the presence of beet improved the color stability. The mixed juices
showed high total phenolic compounds (484–485 μg gallic acid/mL), DPPH scavenging capacity
(2083–1930 μg Trolox/mL), and ABTS (1854–1840 μg Trolox/mL). The beet and orange mixed juice
is an alternative functional beverage that can contribute to an increase in the consumption of beet
and orange.
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Abstract: Blueberry juice processing includes multiple steps and each one affects the chemical
composition of the berries, including thermal degradation of anthocyanins. Not-from-concentrate
juice was made by heating and enzyme processing blueberries before pressing, followed by
ultrafiltration and pasteurization. Using LC–MS/MS, major and minor anthocyanins were identified
and semi-quantified at various steps through the process. Ten anthocyanins were identified,
including 5 arabinoside and 5 pyrannoside anthocyanins. Three minor anthocyanins were also
identified, which apparently have not been previously reported in rabbiteye blueberries. These were
delphinidin-3-(p-coumaroyl-glucoside), cyanidin-3-(p-coumaroyl-glucoside), and petunidin-3-(p-
coumaroyl-glucoside). Delphinidin-3-(p-coumaroyl-glucoside) significantly increased 50% after
pressing. The five known anthocyanidins—cyanidin, delphinidin, malvidin, peonidin, and
petunidin—were also quantitated using UPLC–UV. Raw berries and press cake contained the highest
anthocyanidin contents and contribute to the value and interest of press cake for use in other food
and non-food products. Losses of 75.7% after pressing and 12% after pasteurization were determined
for anthocyanidins during not-from-concentrate juice processing.

Keywords: not-from-concentrate juice; Vaccinium ashei; juice processing; anthocyanins; anthocyanidins

1. Introduction

Blueberries are a well-known source of health-promoting phytochemicals [1,2]. These phytochemicals
can be divided into different classes based on their chemical structures. Of the major classes of
phytochemicals, flavonoids are becoming popular for studies focusing on their health benefits. One of
the most unique classes of flavonoids are the anthocyanins. Anthocyanins give fruits and vegetables
their vibrant red, blue, and purple colors [3]. These compounds are unique because they exist in five
configurations and various colors based on pH. These configurations include the blue-colored anionic
quinonoidal base, the violet-colored quinonoidal base, the red-colored flavylium cation, the colorless
carbinol base, and the yellow-colored (E) or (Z) chalcone [4]. At lower pH values, anthocyanins are red
in color; as pH rises anthocyanins will be more blue in color but, as the pH shifts from more neutral to
basic, they turn clear, then above pH 10, the alkalinity generally destroys the compound [5].

There have been over 600 naturally occurring anthocyanins reported in plants [6]. Anthocyanins
are composed of an anthocyanidin backbone with varying glycosides. The five major anthocyanidin
classes in blueberries are cyanidin, delphinidin, malvidin, peonidin and petunidin [7]. Cyanidin is the
most common anthocyanidin found in plants and can have 76 different glycoside combinations [8].
The major anthocyanins in blueberries include 3-glycosidic derivatives of cyanidin, delphinidin,
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malvidin, peonidin and petunidin; with glucose, galactose and arabinose as the most abundant
sugars [9]. The lesser anthocyanins consist of acetoly, malonoyl, and coumaroyl conjugated
compounds [10].

Consumer demand for food and beverage products which are made from locally or regionally
grown raw materials are driven by the belief that these products help local communities, provide
healthier alternatives, as well as decrease carbon footprints [11]. With increased demand for natural and
less processed food options, local small scale juice producers are looking at not-from-concentrate (NFC)
juice products to meet demand and create niche markets [12]. In Europe, the NFC juice market segment
was up 5.4% in 2016 from 2015 [13]. In the United States, NFC juices have an expected annual average
growth of 5.3% through 2016 [14]. Utilizing NFC juices as a compromise between unpasteurized fresh
juices and highly processed juices reconstituted from concentrates allows small-scale local producers
to expand beyond the farmers markets [15,16]. Furthermore, the ability to process berries, especially
locally frozen fruit into juice is an efficient way to extend their shelf life and extend the profitability of
a grower’s harvest season [17].

The process of making berry juice may include heating before pressing as well as enzyme
treatments (creating a mash) to increase juice recovery and minimize anthocyanin loss [18]. Processing
can affect the anthocyanins and other phytochemicals, as well as the macronutrients in the berries [19].
It is proposed that one of the pathways of degradation of anthocyanins is caused by native enzymes,
mainly polyphenol oxidase (PPO), breaking down other polyphenols to form quinones. These in
turn react with the anthocyanins, forming brown pigments [19]. Heating the berries before pressing
denatures native enzymes and reduces enzymatic browning in juice [20]. The use of pectinases
increases juice recovery by degrading pectin in cell walls, improving liquefaction and clarification, and
aiding in filtration processes [21]. Heated mash is then pressed, removing remaining skins and seeds,
resulting in an unfiltered juice. Filtration is an optional step to reduce sedimentation to clarify the juice
and remove polymeric compounds which can affect overall color and turbidity [22]. Pasteurization is
a safety step used to decrease spoilage and contamination. Evaluating the aforementioned processes
builds information and awareness to help juice producers develop juice products that can maximize
profit and quality.

The “Tifblue” variety at one point was the most widely planted rabbiteye (RAB) blueberry in
the world [23]. It is still a very popular RAB berry cultivar today and is highly regarded for its
appearance, productivity, harvesting and shipping qualities, as well as a standard for comparison to
other selections and cultivars [24,25]. Many studies have been conducted on the processing effects on
blueberry juice anthocyanins, but to our knowledge, few have been carried out on RAB (Vaccinium ashei)
blueberries [26,27]. In this experiment, RAB blueberry anthocyanins and their anthocyanidin backbones
were identified in each juice processing step and their stepwise changes were evaluated. This NFC
juice evaluation contributes to the knowledge of RAB blueberry properties and pilot plant process
parameters affecting polyphenolics during various juice processing steps.

2. Materials and Methods

2.1. Juice Processing

Commercial “Tifblue” RAB blueberries (V. ashei) were harvested (Blue River Farms, Hattiesburg,
MS, USA) and commercially packaged (sorted, graded, washed, air-dried and forced-air rapid frozen
at −20 ◦C (Nordic Cold Storage, Hattiesburg, MS, USA). Using a 37.9 L steam-jacketed kettle (Groen-A
Dover Industries Co., Byram, MS, USA) 27 kg (two individual 13.5 kg boxes) of frozen berries (control)
were quickly heated to ~95 ◦C in roughly 14.5 min with constant stirring using a large wooden paddle.
Temperature was monitored with thermal probes (“K Milkshake”; ThermoWorks, Salt Lake City, UT,
USA) and the crude mash was held at 96.5 ± 1.1 ◦C for 3 min. The mash (sampled prior to enzyme
treatment and hydraulic pressing) was then poured into a 37.9 L stainless steel vessel and allowed to
cool to 55 ◦C for addition of pectinase enzyme. Rohapect 10 L (AB Enzymes, Darmstadt, Germany) was
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added at 200 mL ton−1 and allowed to activate with occasional stirring for 1 h. The enzyme-treated
mash was pressed warm (~45 ◦C) in an X-1 single-layer hydraulic press (Goodnature, Orchard Park,
NY, USA) at 12.4 MPa using a medium-weave polyester mesh press bag (Goodnature, #2636) for 1 min.
Pressed juice from each batch was individually collected in a stainless-steel vessel and cooled overnight
at 4 ◦C. Press cake (PRC) samples were collected and stored at −20 ◦C.

Half of the chilled pressed juice (PJ) was portioned off and pasteurized, delivering a pasteurized
pressed unfiltered juice (PPJ) and samples were collected at this point and stored at −20 ◦C.
The remaining pressed juice was filtered using ultrafiltration in a pilot unit (BRO/BUF, Membrane
Specialists, Hamilton, OH, USA) with a 100 L hopper tank. The unit consisted of an in-line membrane
filtration module (PCI B-1 Module Series, Aquious PCI Membrane, Hamilton, OH, USA) and a heat
exchanger fed by a 7.5 hp screw pump. Filtration occurred with a 200,000 molecular weight cut-off
(0.2 μm) XP-201 polyvinylidene fluoride (PVDF) membrane (ITT PCI Membrane Systems, Zelienople,
PA, USA), with the heat exchanger run at ambient (~25 ◦C) attaining a product flow rate of roughly
18.9–29.9 L h−1. After equilibrating the ultrafiltration unit, filtered not-from-concentrate blueberry juice
was collected for sampling (UF; ultrafiltered juice), then pasteurized (UFP, ultrafiltered pasteurized).

PJ and UF samples were pasteurized using a high-temperature short-time (HTST) pasteurization
unit (Electra UHT/HTST Lab-25EDH; MicroThermics, Raleigh, NC, USA) at 90 ◦C for 10 s, at
1.2 L min−1, followed by hot-filling at 85 ◦C into pre-sterilized 250 mL transparent glass media bottles
(Corning, Tewksbury, MA, USA) followed by inversion and ice water bath chilling. Pressed juice
which was pasteurized (PPJ) and ultrafiltered pasteurized juice (UFP) were frozen at −20 ◦C before
anthocyanins and anthocyanidins analysis.

2.2. Anthocyanin Analysis

2.2.1. Extraction

For the control and PRC samples, 5 g of raw berries were thawed and homogenized using a
Tekmar Tissumizer (SDK-1810, IKA-Werke, Staufen, Germany). Using 2 g of sample, all triplicated
samples were lyophilized in a VirTis Genesis 25ES freeze dryer (SP Scientific, Warminster, PA, USA).
After lyophilization, 100 mg of the powder was weighed into 2 mL centrifuge tubes and 1 mL of an
extraction solvent (70:30:1, v/v/v; methanol (MeOH): water (H2O): trifluoroacetic acid (TFA)) was
added [10]. The tubes were vortexed for 15 s and left undisturbed for 60 min. Following extraction,
the tubes were sonicated for 20 min and centrifuged (IEC CL, International Equipment Company,
Needham Heights, MA, USA) for 15 min at 1200 rpm. The supernatant was filtered through a 0.2 μm
syringe filter into a HPLC vial then stored at −20 ◦C.

2.2.2. HPLC–MS/MS Chromatography

Berry and juice samples were analyzed for anthocyanins using a LC–MS/MS method. Extracted
samples were analyzed on an Agilent 1200 HPLC with an Agilent Small Molecule Chip Cube interface
and Agilent 6520 Q-TOF MS/MS (Agilent, Santa Clara, CA, USA). The chip contained a 40 μL
enrichment column and a C18 (43 mm × 75 μL, 80 Å) column. The eluents were acidified H2O with
0.1% formic acid (A) and 90% acetonitrile with 9.9% H2O and 0.1% formic acid (B). The gradient was
held at 2% B then raised to 20% over 10 min, and then increased to 40% B to 18 min. The MS fragmenter
was set to 175 V, and the VCap at 1800 V. Capillary temperature was 300 ◦C with N2 as carrier gas
with a flow rate of 5 L min−1. The MS scan rate was 1 scan s−1 (10,000 transients). Auto MS/MS
had selected m/z ranges (Table 1) and the scan rate was 1 scan s−1. A semi-quantified peak area
abundance was calculated for each compound using the characteristic anthocyanin parent fragment
molecular weight ([M + H]+) along with the fragmented MS/MS backbone anthocyanidin molecular
weight (Table 1), as confirmed by the residual sugar (generally the 3 position in the C-ring or R3;
the R-O-sugar group) moiety fragment. Averaged ion counts from these identifying fragments were
utilized to measure and compare process changes in the anthocyanins in juices.
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Table 1. Major and minor anthocyanin compounds and mass spectrometry variables found
in blueberries.

Major Anthocyanin z Sugar Moiety
Molecular
Formula

[M + H]+

(m/z) y
MS/MS
(m/z) x

Rt (min)
HPLC w

Delphinidin-3-arabinoside Arabinose C20H19O11 435.0922 303.0500 10.94

Cyanidin-3-arabinoside Arabinose C20H19O10 419.0928 287.0550 11.47

Petunidin-3-arabinoside Arabinose C21H21O11 449.1078 317.0700 11.66

Peonidin-3-arabinoside Arabinose C21H21O11 433.1129 301.0700 12.20

Malvidin-3-arabinoside Arabinose C22H23O11 463.1235 331.0800 12.34

Delphinidin-3-pyranoside Galactose/Glucose C21H21O12 465.1027 303.0500 10.38

Cyanidin-3-pyranoside Galactose/Glucose C21H21O11 449.1078 287.0550 10.99

Petunidin-3-pyranoside Galactose/Glucose C22H23O12 479.1184 317.0700 11.29

Peonidin-3-pyranoside Galactose/Glucose C22H23O11 463.1235 301.0700 12.99

Malvidin-3-pyranoside Galactose/Glucose C23H25O12 493.1340 331.0800 11.98

Minor Anthocyanin z Sugar Moiety
Molecular
Formula

[M + H]+

(m/z)
MS/MS

(m/z)
Rt (min)
HPLC w

Delphinidin-3-(p-coumaroyl-glucoside) Glucose C30H27O14 611.1395 303.0500 13.11

Cyanidin-3-(p-coumaroyl-glucoside) Glucose C30H27O13 595.1446 287.0550 13.86

Petunidin-3-(p-coumaroyl-glucoside) Glucose C31H29O14 625.1552 317.0700 14.02

Peonidin-3-(p-coumaroyl-glucoside) Glucose C31H29O13 609.1603 301.0700 ND v

Malvidin-3-(p-coumaroyl-glucoside) Glucose C32H31O14 639.1708 331.0800 ND

Delphinidin-3-(6”-acetyl-pyranoside) Galactose/Glucose C23H23O13 507.1133 303.0500 ND

Cyanidin-3-(6”-acetyl-pyranoside) Galactose/Glucose C23H23O12 491.1184 287.0550 ND

Petunidin-3-(6”-acetyl-pyranoside) Galactose/Glucose C24H25O13 521.1289 317.0700 ND

Peonidin-3-(6”-acetyl-pyranoside) Galactose/Glucose C24H25O12 505.1340 301.0700 ND

Malvidin-3-(6”-acetyl-pyranoside) Galactose/Glucose C25H27O13 535.1446 331.0800 ND
z Compounds noted in different blueberry species, including rabbiteye, as reported in literature. y [M + H]+ =
Molecular ion weight. Values corroborated by several literature sources, listed in Table 2. x MS/MS = Fragmented
anthocyanidin molecular weight. Subsequently, this fragment ion (the backbone anthocyanidin), is free from the
sugar moiety cleavage product. w Rt = retention time (minutes) from the Agilent 1200 HPLC. v ND = Compounds
not detected in experimental samples. Theoretical molecular ion weights calculated based on literature.

Confirmation of anthocyanin identification was verified by the MS/MS scan of selected parent
ion fragments and the sugar moiety molecular weight denoted in Table 1, using the MassHunter
Workstation 6.00 software (Agilent, Santa Clara, CA, USA) [10]. Anthocyanin standards are difficult
to find and the few that are available are expensive, so an extensive literature search was utilized to
determine ions (Table 2).

Table 2. Anthocyanins in blueberries from the literature.

Anthocyanin Literature z

Delphinidin-3-arabinoside [3,10,19,28–32], [33], [34], [35], [36], [37], [38]
Cyanidin-3-arabinoside [3,7,10,19,29–32], [33], [34], [35], [37], [38]
Petunidin-3-arabinoside [7,10,19,28–32], [33], [35], [36], [37], [38]
Peonidin-3-arabinoside [10], [26], [28,29,32], [33], [34], [35], [37], [38]
Malvidin-3-arabinoside [7,10,19,28,29,31,32], [33], [34], [35], [36], [37]

Delphinidin-3-pyranoside [3,7,10,19], [26], [28–32], [33], [34], [35], [36]
Cyanidin-3-pyranoside [3,7,10,19], [26], [28–32], [33], [34], [35], [36,38]
Petunidin-3-pyranoside [3,7,10,19], [26], [28–32], [33], [34], [35], [36,38]
Peonidin-3-pyranoside [3,7,10,19], [26], [28–32], [33], [34], [35], [36,38]
Malvidin-3-pyranoside [3,7,10,19], [26], [28–32,34], [35], [36], [38]
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Table 2. Cont.

Anthocyanin Literature z

Delphinidin-3-(p-coumaroyl-glucoside) y [10]
Cyanidin-3-(p-coumaroyl-glucoside) [10]
Petunidin-3-(p-coumaroyl-glucoside) [10]
Peonidin-3-(p-coumaroyl-glucoside) [10]
Malvidin-3-(p-coumaroyl-glucoside) [10]
Delphinidin-3-(6”-acetyl-pyranoside) [7,10,28,29,31], [36]

Cyanidin-3-(6”-acetyl-pyranoside) [7,10,28,31]
Petunidin-3-(6”-acetyl-pyranoside) [7,10,28,29,31]
Peonidin-3-(6”-acetyl-pyranoside) [7,10,28,31]
Malvidin-3-(6”-acetyl-pyranoside) [7,10,28,29,31], [36]

z References denoted by bold font indicate rabbiteye blueberry samples. y “p” indicates para.

2.3. Anthocyanidin Analysis

2.3.1. Extraction

Berry samples were analyzed for anthocyanidins using a modified UPLC method [10,28],
as previously modified by Beaulieu et al. (2015) [39]. For the control samples, 10 g of raw berries were
thawed and homogenized using a Tekmar Tissumizer (SDK-1810, IKA-Werke, Staufen, Germany) and
a 2 g sample was lyophilized (VirTis Genesis 25ES, SP Scientific, Warminster, PA, USA). Press cake
(PRC) was lyophilized in 40 g samples from each batch and a 2.5 g sample was utilized for extraction.
Process step samples were 2 mL of lyophilized juice. All samples were allocated and weighed before
being stored at −20 ◦C. Extraction of the juices and control was done using the 2 g frozen lyophilized
powder in 2 mL of an extraction solvent comprised of 70:30:1 MeOH:H2O:TFA. Press cake samples
were extracted with 25 mL of extraction solvent and 2.5 g lyophilized powder. Each sample was
vortexed for 15 s and left undisturbed for 60 min. Following the extraction, the samples were sonicated
20 min then centrifuged (IEC CL, International Equipment Company, Needham Heights, MA, USA)
for 20 min at 7000 rpm and supernatant stored at −20 ◦C.

2.3.2. Acid Hydrolysis

The extracted samples (2 mL) were then hydrolyzed in a 4 mL vial, in which was mixed 200 μL
of 12N HCl [28]. After purging vials with nitrogen gas, the vials were sealed and vortexed for 5 s
and heated at 95 ◦C for 20 min. Immediately after heating, the samples were stored at −20 ◦C.
Hydrolysates were thawed and filtered using a 0.2 μm polyvinylidene difluoride (PVDF) syringe
filters, into autosampler vials.

2.3.3. UPLC Chromatography

Samples were analyzed on an Acquity ultra performance liquid chromatography system equipped
with an ultra violet detector (UPLC–UV) using an Acquity BEH C18 column (50 mm × 2.1 mm ×
1.7 μm) (Waters Corporation, Milford, MA, USA). The flow rate was 1.0 mL min−1. The eluents
consisted of acidified water with 3% phosphoric acid (A) and 100% acetonitrile (ACN) (B). The
gradient started at 10% B, ramped to 20% B at 2 min, increased to 100% B at 2.1 min, then held at 100%
B until 2.7 min, and returned to 10% B at 2.8 min. Detection was done with single-wavelength UV
at 20 points min−1 at 525 nm. Anthocyanidin standards cyanidin, delphinidin, malvidin, peonidin,
and petunidin (Chromadex, Santa Ana, CA, USA) were run at a concentration gradient of 0.001, 0.003,
0.010, 0.030 and 0.100 mg mL−1 (r2 ≥ 0.995) to report anthocyanidins (mg 100 g−1).
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2.4. Statistical Analysis

The experiment was repeated three times. Results are presented as mean ± standard deviation.
Anthocyanin and anthocyanidin values obtained by HPLC–MS/MS and UPLC–UV experimentation
are presented as the mean of three discreet batches, sampled three times, for a total of 9 data points for
each treatment. Data were analyzed using analysis of variance (ANOVA), using the SAS (version 9.4;
SAS Institute Inc., Cary, NC, USA). The means and standard deviations were compared using Tukey’s
studentized range method with p ≤ 0.05.

3. Results and Discussion

3.1. Identification of Anthocyanins and Anthocyanidins

3.1.1. Anthocyanins

Anthocyanins were identified to determine the effects of processing on juice quality due to their
heat sensitivity and as a marker of health benefits in blueberries [40]. Using literature to focus in and
narrow down specific compounds, 10 major and 10 minor anthocyanins were evaluated, including 5
coumaroly-glucosides and 5 acetyl-pyranoside anthocyanins (Tables 1 and 2). Of these 20 compounds,
10 major and 3 minor anthocyanins were identified in the various blueberry juices and were used to
visualize changes in juice quality through each processing step (Table 3).

Table 3. Average semi-quantitative LC–MS/MS anthocyanin peak area abundance in rabbiteye
blueberry during various processing steps.

Treatment z Del-3-ara y Cya-3-ara Pet-3-ara/Cya-3-pyr Peo-3-ara

PRC 0.2 ± 0.05 d x,w 0.04 ± 0.03 d 0.2 ± 0.03 d ND
Control 8.8 ± 1.8 a 8.4 ± 1.2 a 22.8 ± 2.9 a 5.1 ± 0.9 a

PJ 2.8 ± 0.5 b 2.4 ± 0.4 bc 7.0 ± 1.0 b 1.3 ± 0.2 bc
PPJ 2.7 ± 0.9 bc 2.6 ± 0.8 bc 7.3 ± 1.0 b 1.6 ± 0.5 ab
UF 3.6 ± 0.7 b 3.1 ± 0.6 b 8.3 ± 0.8 b 1.9 ± 0.2 b

UFP 1.7 ± 0.4 c 1.8 ± 0.4 c 4.4 ± 0.4 c 0.9 ± 0.2 c

Mal-3-ara/Peo-3-pyr Del-3-pyr Pet-3-pyr Mal-3-pyr

PRC 0.3 ± 0.1 d 0.5 ± 0.09 d 0.3 ± 0.03 d 0.5 ± 0.1 d
Control 49.2 ± 8.3 a 20.5 ± 4.1 a 18.8 ± 3.8 a 49.5 ± 9.7 a

PJ 16.5 ± 2.8 bc 7.1 ± 1.5 b 7.1 ± 1.6 b 24.7 ± 4.4 bc
PPJ 17.7 ± 5.6 b 6.0 ± 1.7 bc 7.0 ± 2.2 b 25.6 ± 7.9 b
UF 22.1 ± 2.3 b 8.4 ± 1.3 b 8.7 ± 1.9 b 30.5 ± 4.6 b

UFP 12.2 ± 3.6 c 4.0 ± 0.6 c 4.3 ± 0.9 c 18.2 ± 4.6 c

Del-3-cou Cya-3-cou Pet-3-cou
Total

Abundance

PRC 0.05 ± 0.01 c ND 0.1 ± 0.05 c 2.2 ± 0.4 d
Control 0.5 ± 0.1 b 0.3 ± 0.05 b 1.4 ± 0.5 b 185.2 ± 34.0 a

PJ 1.1 ± 0.3 a 0.4 ± 0.1 a 2.1 ± 0.7 ab 72.5 ± 13.4 b
PPJ 0.9 ± 0.4 a 0.4 ± 0.1 ab 2.2 ± 1.1 a 74.0 ± 21.2 b
UF 1.1 ± 0.4 a 0.5 ± 0.2 a 2.9 ± 1.1 a 85.2 ± 21.2 b

UFP 1.0 ± 0.3 a 0.4 ± 0.08 ab 2.1 ± 0.4 ab 50.9 ± 11.5 c
z PRC = press cake; PJ = pressed not filtered juice; PPJ = pasteurized pressed unfiltered juice; UF
= ultrafiltered juice; UFP = ultrafiltered pasteurized juice. y Del-3-ara = delphinidin-3-arabinoside;
Cya-3-ara = cyanidin-3-arabinoside; Pet-3-ara/Cya-3-pyr = petunidin-3-arabinoside/cyanidin-3-pyranoside;
Peo-3-ara = peonidin-3-arabinoside; Mal-3-ara/Peo-3-pyr = malvidin-3-arabinoside/peonidin-3-pyranoside;
Del-3-pyr = delphinidin-3-pyranoside; Pet-3-pyr = petunidin-3-pyranoside; Mal-3-pyr = malvidin-3-pyranoside;
Del-3-cou = delphinidin-3-(p-coumaroyl-glucoside); Cya-3-cou = cyanidin-3-(p-coumaroyl-glucoside); Pet-3-cou =
petunidin-3-(p-coumaroyl-glucoside). x Abundance values are reported as average ion counts min−1 ± standard
deviations, ×100,000, according to information presented per compound in Table 1. w Significant differences
(Tukey’s method with p < 0.05%) per parameter are designated by letters in each column. Means not connected by
the same letter are significantly different at p < 0.05.

Conformation of anthocyanins was determined by the anthocyanin molecular weight ion [M + H]+

and the backbone anthocyanidin molecular weight ion (MS/MS), as verified in literature [10,41]. With
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the exception of peonidin-3-arabinoside and cyanidin-3-(p-coumaroyl-glucoside) in the press cake,
all 13 major and minor anthocyanidins were identified in each processing step. This corroborates
with other studies identifying anthocyanins in blueberries, including RAB berries (Table 2) [34–36,38].
Several studies on southern highbush (SHB) and northern highbush (NHB) blueberries, as well as
bilberries, identified minor 5 acetyl-pyranoside anthocyanins, which were not identified in this study
(Table 2). This may be due to varietal and species differences between RAB berries and other blueberry
types [36,42]. A “Tifblue” RAB juice study by Srivastava et al. (2007) [26] created juice by thawing,
boiling and blending the berries in a household blender before treating them with a pectinase enzyme.
The berry slurry was then centrifuged and batch pasteurized to 85 ◦C for 2 min before bottling.
Results of their bench top experiment identified 8 anthocyanins using HPLC–UV (Table 2). Previously,
glucoside and galactoside anthocyanins were isolated in RAB berries [26], but they did not identify
as many arabinoside compounds as our experiment. An LC–MS overlay of the major anthocyanin
abundances in a raw berry sample (control) chromatogram shows how closely the compounds elute
relative to each other and how MS/MS can help to differentiate some of the different compounds
(Figure 1).

Figure 1. Overlay of [M + H]+ ions of major anthocyanins in raw berry sample.
(1) Delphinidin-3-pyrannoside (m/z 465 [M + H]+); (2) Delphinidin-3-arabinoside (m/z 435 [M +
H]+); (3) Cyanidin-3-pyrannoside (m/z 449 [M + H]+); (4) Petunidin-3-pyrannoside (m/z 479 [M +
H]+); (5) Cyanidin-3-arabinoside (m/z 419 [M + H]+); (6) Malvidin-3-pyrannoside (m/z 493 [M + H]+);
(7) Malvidin-3-arabinoside/Peonidin-3-pyrannoside (m/z 463 [M + H]+); (8) Peonidin-3-arabinoside
(m/z 433 [M + H]+).

In the major anthocyanins identified, separation issues were identified between the glucoside-
and galactoside-containing anthocyanins. These two sugar moieties proved difficult to separate the
6-carbon structures with identical [M + H]+ and MS/MS ions as well as similar elution times (Figure 1,
Peaks 1, 3, 4 and 6). Peonidin-3-arabinoside was not separated from cyanidin-3-pyranoside as well
as malvidin-3-arabinoside from peonidin-3-pyranoside (Figure 1, Peaks 7 and 8). These compounds’
elution times, almost identical [M + H]+ fragment ions MW, and difficulty to separate pyranoside
compounds made separation impractical. In the past, extensive LC method development for peak
separation has been reported [31]. Therefore, the unresolved co-eluding peaks were evaluated as one
peak response and not individual anthocyanins (Table 3).

As part of the complexing and/or co-pigmentation of anthocyanins, they can also form
esters with hydroxycinnamates and organic acids [41]. The lesser anthocyanins may consist of
acetoly, malonoyl and coumaroyl compounds [10]. In this study, 5 coumaroly-glucosides and
5 acetyl-pyranoside anthocyanins were searched for and three minor coumaroyl anthocyanin
compounds were identified using MS/MS ions, as confirmed in literature (Table 1) [30,41,43]. The
compounds were delphinidin-3-(p-coumaroyl-glucoside), cyanidin-3-(p-coumaroyl-glucoside), and
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petunidin-3-(p-coumaroyl-glucoside) which, to the best of our knowledge, have not been reported
in RAB blueberries (Figure 2). These three coumaroyl anthocyanins are reported in grapes, radishes,
red cabbage and black carrots [41,44]. A possibility for not identifying the other acetyl-pyranoside
anthocyanins as identified by other studies in RAB berry samples may be due to the inadequate LC
separation before MS detection of the compounds: including phase gradients, length of gradient, and
run times. Figure 3 illustrates the MS/MS scan of the 3-coumaroyl compounds and the ion fragments
of each compound. Further LC–MS/MS method development is apparently needed to better separate
and further confirm identification of the minor anthocyanins in RAB berries, which could provide
further tools to monitor processing variables and juice quality.

Figure 2. Chemical structure of delphinidin-3-(p-coumaroyl-glucoside) (A); cyanidin-3-(p-coumaroyl-
glucoside) (B) and petunidin-3-(p-coumaroyl-glucoside (C). Figure adapted from (Neveu et al.,
2012) [43].

Figure 3. MS/MS spectrum scan of 3 identified minor anthocyanins in unfiltered rabbiteye blueberry
juice: delphinidin-3-(p-coumaroyl-glucoside), top plate (A); cyanidin-3-(p-coumaroyl-glucoside),
middle plate (B) and petunidin-3-(p-coumaroyl-glucoside) bottom plate (C).
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3.1.2. Anthocyanidins

The five major anthocyanidins found in blueberries (cyanidin, delphinidin, malvidin, peonidin
and petunidin) were all identified in every step of the juice process. A chromatogram of the
anthocyanidins found in a press cake sample illustrates the elution order for the anthocyanidins
in RAB blueberries (Figure 4). Acid hydrolysis of anthocyanins produces anthocyanidins which are
identified with UV detectors. Sugar moieties have extremely similar molecular weights which can
complicate identification [28]. By removing the glycosides from the molecule, the anthocyanidin
backbones can be evaluated and precisely quantified to illustrate the classes of anthocyanin molecules
present in the sample.

Figure 4. Anthocyanidins found in rabbiteye blueberry press cake (PRC) as detected by HPLC–UV.

3.2. Changes of Anthocyanins during Blueberry Juice Processing

Anthocyanin amounts were measured to determine the effects of processing on juice quality.
Using the semi-quantitative LC–MS/MS peak area abundance data to compare anthocyanins, the most
abundant major anthocyanin identified in the control rabbiteye sample was malvidin-3-pyranoside
(Table 3). Malvidin-3-galactoside was the most abundant anthocyanin found in NHB blueberries [37].
Although peak resolution did not allow for the separation of the two 6 carbon sugars, herein,
malvidin-3-galactoside was included in the recovery of malvidin-3-pyranoside. The least abundant
major anthocyanin identified was peonidin-3-arabinoside. Comparing these results to a study by
Srivastava et al. (2007) [26], malvidin-3-pyranoside was also found to be the largest anthocyanin
recovered; however, they concluded that cyanidin-3-pyranoside was the least abundant anthocyanin
in “Tifblue” RAB juice.

After pressing, a large percentage of anthocyanins were not transferred to the PJ from the whole
berry (control). With one exception, there was an approximate 70% decrease between control and
PJ in all anthocyanins (Table 3). However, malvidin-3-pyranoside (Mal-3-pyr) only had a 50% loss.
Peonidin-3-arabinoside (Peo-3-ara) had the greatest loss (74%), decreasing from 5.1 ± 0.9 × 105 to
1.3 ± 0.2 × 105 counts. The anthocyanin decreases between the PJ and the pressed pasteurized
unfiltered juice (PPJ) were minimal and not significantly different. This may be explained by the
increased heat stability caused by possible polymerization and/or co-pigmentation of the anthocyanins.
Co-pigmentation of anthocyanins with other anthocyanins and polyphenols increases the molecule’s
heat stability [45].
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After the initial decrease from pressing the berries, the second greatest decrease in anthocyanins
occurred when ultrafiltered juice was pasteurized (UFP). The major anthocyanins significantly
decreased 40% to 53% after pasteurization in the UFP samples (Table 3). Major anthocyanins containing
delphinidin had the greatest degradation, with delphinidin-3-pyranoside (Del-3-pyr) decreasing from
8.4 ± 1.3 × 105 to 4.0 ± 0.6 × 105 counts. Delphinidin was less stable in elevated temperatures which
resulted in greater decreases in relation to the other anthocyanins due to its greater heat lability [26].

The minor anthocyanin trends after pressing were opposite compared to the major anthocyanins.
Both cyanidin-3-(p-coumaroyl-glucoside) (Cya-3-cou) and petunidin-3-(p-coumaroyl-glucoside)
(Pet-3-cou) increased (occasionally significantly) ~33% in PJ samples from their initial control levels.
Delphinidin-3-(p-coumaroyl-glucoside) (Del-3-cou) significantly increased 50% from 0.5 ± 0.1 × 105

to 1.1 ± 0.3 × 105 counts after pressing (Table 3). These increases may be due to the heat degradation
process by which anthocyanins break down into chalcone structures which can then undergo
transformation into a coumarin glucoside [46]. One possible cause of the recoveries for the minor
anthocyanins through processing involves the acylation of the anthocyanin molecule and its ability to
increase stability by preventing hydration when exposed to pH changes and heat [44,47]. On the other
hand, the greater anthocyanin degradation in the UFP juices as compared to the PPJ juices may be
directly related to the role that co-pigmentation and anthocyanin polymers and/or polymerization
play in the heat stability of the compounds themselves. Ultrafiltration removes many of the higher
molecular weight co-pigments and polymers from the juice. It can be assumed that the larger the
polymer or co-pigment, the greater the increase in heat stability of the compounds included in the
polymer [45].

There was a significant 61% decrease in total anthocyanins between the control and PJ samples in
the juice processing steps. The control berries contained 185.2 ± 34.0 × 105 counts min−1, while the PJ
juice contained only 72.5 ± 13.4 × 105 counts (Table 3). This was expected due to the large percentage
of anthocyanins that remain in the press cake [48]. There was an insignificant concentration increase in
the amounts of anthocyanin content of the UF samples, as compared to the PJ (Table 3). A concentrating
effect regarding monomer anthocyanins has been observed in grape juice filtration using varying sizes
of membranes [49]. Utilization of filtration to increase the concentration of beneficial compounds in
juices is a concept that is being explored in other fruits and can increase juice nutritional value [50–53].
Polyphenolics in the retentate (recirculated to the 100 L hopper) from the filtration process were
not evaluated in this experiment. However, since sugars from controls (12.7 ◦Brix) increased in the
residual retentate (16 ◦Brix), the residual retentate presumably accumulates other possible value-added
by-products that the producer may capitalize upon, in addition to the press cake. Removal of the
anthocyanin polymers could be utilized as more stable natural food colorings [51]. Ultrafiltered juices
(UFP) had significantly greater anthocyanin degradation due to pasteurization compared with the PPJ
juice. A 40% decrease in total anthocyanins after pasteurization of UF juices, similar to microfiltered
pomegranate juice [54], may be attributed to anthocyanin degradation from pasteurization due to the
removal of the co-pigmentation of the anthocyanins by ultrafiltration [55].

Significant anthocyanin losses have also occurred in NHB blueberry juice and
products [19,37,48,56,57]. There was 58.8% loss of monomeric anthocyanins in enzyme-treated,
non-clarified, batch-pasteurized NHB blueberry juice prepared from frozen blanched berries, but
only 27.5% loss in centrifuge-clarified juice [48]. A slightly different process using thawed, blanched
NHB blueberries treated with pectinase, pressed, then clarified and followed by HTST (90 ◦C)
pasteurization resulted in higher losses of 77.6% and 84.3% anthocyanin glycosides and anthocyanins,
respectively [19]. There was a 68.0% total anthocyanin loss in juice created with individually quick
frozen (IQF) NHB blueberries that were partially thawed, heated to 43 ◦C, treated with pectinase,
pressed, then HTST pasteurized (90 ◦C) [37]. In puree/juice made with NHB berries that were
manually crushed and machine-juiced, not filtered or clarified, then batch-pasteurized at 92 ◦C, there
was a substantial 95.7% loss of total anthocyanins [57]. In addition, there was a 76.2% and 79.1%
anthocyanin loss in Powderblue and Tifblue RAB blueberry varieties, respectively, that were thawed
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12 h at 5 ◦C, hot water blanched, homogenized in a blender, pectinase added, centrifuged, then
batch-pasteurized (85 ◦C) [26]. Overall, significant anthocyanin “losses” occur in processed blueberry
juices and, herein, we did not prevent losses using a heated mash and UF with NFC juices.

The MS/MS PRC samples had unusually low anthocyanin peak area abundance amounts
reported overall, compared to the remaining processing steps (Table 3). However, the low reports of
anthocyanins in the PRC were likely due to problems with the extraction method itself (discussed below
in Section 3.3.1) and did not reflect the actual amounts of anthocyanins found in the PRC. As discussed
below, anthocyanidin recoveries from the PRC support the supposition that our extraction protocols for
MS/MS PRC samples versus the liquid UPLC–UV samples were not comparatively effective, because
the majority of anthocyanidins indeed remained in the PRC.

3.3. Changes of Anthocyanidins during Blueberry Juice Processing

3.3.1. Individual Anthocyanidins

To better define the changes caused by juice processing on anthocyanins, anthocyanidins were
also evaluated. Malvidin (26.6 mg 100 g−1) and petunidin (25.9 mg 100 g−1) were the most abundant
anthocyanidins in the control samples, while peonidin (4.1 mg 100 g−1) was the least abundant.
Markedly higher amounts of anthocyanidins detected in the press cake are due to the majority of
anthocyanins being located in the skins of the berries [37]. Press cake samples contained 3-fold
greater total anthocyanidins (265.6 mg 100 g−1) than the control (85.1 mg 100 g−1). Since berry skins
account for 10% to 20% of the berry weight (13.0 ± 0.6% herein [58]) and as the main location for
anthocyanins in the berry, the majority of anthocyanins were left behind in the press cake, as previously
demonstrated [19,37,48]. Cyanidin was the most abundant anthocyanidin (77.7 mg 100 g−1) recovered
from PRC.

To further illustrate changes caused by juice processing, percent change was calculated for
individual anthocyanidins at each step as compared against the frozen berry controls. Delphinidin
retained the most from the control with 48.7% continuing into the PJ juice; however, only 22.5% of
petunidin was transferred (Figure 5). After pasteurization of PJ juice, cyanidin was retained 41.8%
from the initial control, while petunidin was retained only 20.3%. In UF juices, delphinidin again
was retained the most in the initial control anthocyanidins (34.2%) while petunidin was retained
the least (16.7%) (Figure 5). The same pattern was observed in UFP juices with delphinidin (34.9%)
and petunidin (14.1%). The percent change for total anthocyanidins summarizes the data further.
At pressing, 32.9% of the control total anthocyanidins were transferred to the resulting PJ juice,
resulting in a 67.1% loss of total anthocyanidins (Figure 5). After pasteurization, the unfiltered
pasteurized juice (PPJ) contained 29.7% of the starting control total anthocyanidins. Further processing
of the pressed juice (PJ) created the UF juice which had 24.5% of the initial control berry anthocyanidins,
hence increasing the total anthocyanidin loss to 75.5%. The UFP, lastly, had 21.7% of the total
anthocyanins that the control berries started with, rendering losses of 78.3% (Figure 5).

3.3.2. Total Anthocyanidins

Juice producers are more concerned with total anthocyanin changes then individual compounds
and the relation to how steps in the juice process affect the compounds that change clarity and
cause sedimentation. Since the anthocyanins are only semi-quantified and the PRC samples were
not adequately extracted for a good representation of the individual MS/MS amounts, the total
anthocyanins could not be utilized to track the percent of anthocyanins that proceeded forward
from the whole berry. This was, however, calculated with the UPLC quantified anthocyanidin data.
To determine how much of the juice and press cake came from the raw berries for each sample, relative
percentages were determined by utilizing previously collected data from pilot presses [58]. The
percentage of the whole berries broken down into relative free juice and press cake amounts were
74.0 ± 1.0% and 13.0 ± 0.6%, respectively (note that through experimental batch-like transfers, UF
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hopper residuals and measuring, 13 ± 0.5% juice was also lost, which was added to the value to
calculate “total juice” versus cake [58]). The percent of anthocyanidins that remained in the juice
and press cake after pressing, as well as percentage lost after each processing step were calculated
using these estimations (Figure 6). The sequential degradation or loss/polymerization of anthocyanins
begins with loss to pressing, which removed the majority of anthocyanidins. There was a 40.6% loss of
anthocyanidins to the press cake and 35.1% was lost to mashing and juice loss in the press cloth and
equipment. Of the total anthocyanidins in raw control berries, only 24.3% were transferred to the juice
(PJ) (Figure 6). Thereafter, juice that was not filtered lost another 9.6% through pasteurization (PPJ). This
translates to 29.7% of the original control amount of anthocyanidins being transferred to a non-filtered
pasteurized juice product (not counting the effectually concentrated PRC loss). By filtering juice, an
additional 25.4% of the anthocyanidins were removed from PJ samples before pasteurization (UF)
(Figure 6). Pasteurization of ultrafiltered juice (UFP) removed an additional 12.0% of anthocyanidins
in the final juice product. The UFP contained roughly 21.6% of the raw berry control anthocyanidins
after processing.

Figure 5. Percentage of control of anthocyanidins in rabbiteye blueberry juice processing steps. Mash
= crude mash following the steam-jacketed kettle (prior to enzyme treatment and hydraulic pressing);
PJ = pressed not filtered juice; PPJ = pasteurized pressed unfiltered juice; UF = ultrafiltration-filtered
juice; UFP = filtered pasteurized juice.

Figure 6. Percent anthocyanidin loss through unfiltered and ultrafiltered rabbiteye blueberry juice
processing. PRC = press cake; PJ = pressed not filtered juice; PPJ = pasteurized pressed unfiltered juice;
UFP = filtered pasteurized juice. Filtration box specifically refers to ultrafiltration (UF), as described in
the M&M.
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Literature on anthocyanidins in blueberries give varying results in comparison to our study.
A contributing factor is the difference in calculating total anthocyanidins by summation of individual
anthocyanidin amounts compared to using the pH differential method which calculates total
anthocyanidins as one group of compounds based on UV spectra [59,60]. In general, blueberry
results reported from a spectrophotometric method are higher in the same sample than results
from methods quantifying the individual anthocyanidins [19,30,61]. Yet, the reverse situation has
also been reported [62]. Although the pH differential method versus LC analyses can deliver
differing results from the same sample, blueberry data tend to be closely correlated, which indicates
that both approaches are reliable [60,61,63]. The loss to press cake is similar to the percentages
found in the literature [19,37]. Highlighting the amount of anthocyanidins remaining in the press
cake again confirms that economic opportunities abound for producers to further utilize their
waste stream. Minimizing waste from the juice production scheme should be accomplished as
value-added polyphenolic products could be developed from the press cake. Greener technologies,
like environmentally friendly hot water extraction, is an option for removing the remaining beneficial
compounds from press cake [64]. The seeds and skins which remain in the press cake can be separated
and utilized for seed oil, natural coloring, and confectionary products [15], creating sustainable and
unique perspectives for marketing niche products.

4. Conclusions

Ten major and three minor anthocyanins were identified in RAB blueberry juice processing steps.
There were three minor anthocyanins isolated, which have not been reported previously in RAB
blueberries. All five of the major anthocyanidin classes found in blueberry were identified as well.
Comparing the trends of the individual anthocyanins, the major individual compounds all significantly
decreased after pressing and pasteurization; the three minor anthocyanins, while increased slightly,
with significant changes varying based on the process steps through juice processing. Acylation of
the minor anthocyanins may increase stability when exposed to pH changes and heat, and this may
explain why different trends were observed in the minor coumaroyl anthocyanins compared with
the major anthocyanins. Raw control berries and press cake contained the highest anthocyanidin
contents. Pressed juice only contained 24.3% of the anthocyanidins transferred from raw control berry
quantities. Unfiltered juices only had 9.6% loss of anthocyanidins resulting from pasteurization, while
ultrafiltered juices had 12.0% loss from pasteurization, in addition to the 25.4% anthocyanidin loss from
the ultrafiltration step. Herein, we too realized that ultrafiltration concentrated monomer anthocyanins
slightly and ultrafiltration should be further evaluated and optimized to increase anthocyanins in
NFC juices. These findings also contribute to the value and interest of press cake for use in other food
and non-food products as value-added ingredients and product quality to boost health benefits. In
juice processing, the more steps in the process, the greater the loss of anthocyanins in the end product.
Nonetheless, further studies evaluating the storage effects on juice quality between unfiltered and
filtered NFC juices, taking into account lower molecular weight anthocyanins and polymers associated
with increased health benefits, would contribute to the important role of filtration in juice processing.
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