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Preface to “Anthocyanins”

The number of research articles on anthocyanin pigments have escalated
dramatically in the last 20 years. While PubMed shows 230 anthocyanin
publications in the decade from 1982 through 1991, there were 753 from 1992
through 2001, and 3043 from 2002 through 2011. Anthocyanin pigments have long
intrigued scientists, and earlier investigations documented the dynamic nature of
their chemistry and their role in the color quality of foods, particularly wine
because of its high economic value. Historically botanists have investigated these
pigments in chemotaxonomic and horticultural research to understand the role of
anthocyanins in the color quality of flowers and in fruit ripening. More recently,
the widely-publicized “French Paradox” made the public aware of the
epidemiological evidence that the French, despite a diet high in saturated fats, had
a lower than predicted rate of coronary heart disease compared to people in
several Western countries with similar risk factors. It was suggested that the
consumption of flavonoid-rich foods including anthocyanins that are abundant in
red wine and other fruit-based foods might account, at least in part, for the
phenomena. These findings have stimulated an explosion of investigations on
various phytochemicals, their bioactivities and their possible role in human health.
As part of an early working hypothesis, it was suggested that the antioxidant
properties of plant food phytochemicals could be a positive predictor of possible
health benefits. Numerous investigations revealed that there was a high
correlation specifically between the anthocyanin content of some vegetables, fruits
and especially berries and their antioxidant activity in vitro. However,
determining the in vivo significance of anthocyanin antioxidant activity in human
health has been more difficult since studies have shown that anthocyanins, in their
native food forms, are rapidly lost after intake. Notwithstanding there remains
abundant in vivo evidence from closely-controlled animal studies, and an
increasing amount of human clinical evidence that anthocyanins do indeed
provide beneficial health effects. Complementary mechanistic studies have shown
that anthocyanins can affect a variety of physiological processes in a beneficial
manner. Most encouraging perhaps is recent epidemiological evidence indicating
that anthocyanins specifically are associated with a reduced risk of cardiac events,
type 2 diabetes and cognitive decline in free-living human populations.

Ronald E. Wrolstad, M. Monica Giusti and Wilhelmina Kalt
Guest Editors
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Influence of Temperature and Preserving
Agents on the Stability of Cornelian
Cherries Anthocyanins

Bianca Moldovan and Luminita David

Abstract: Cornelian cherry (Cornus mas L.) fruits are known for their significant
amounts of anthocyanins which can be used as natural food colorants. The storage
stability of anthocyanins from these fruit extracts, at different temperatures (2 °C,
25°Cand 75 °C), pH 3.02, in the presence of two of the most widely employed food
preserving agents (sodium benzoate and potassium sorbate) was investigated. The
highest stability was exhibited by the anthocyanin extract stored at 2 °C without
any added preservative, with half-life and constant rate values of 1443.8 h and
0.48 x 1073 h™!, respectively. The highest value of the degradation rate constant
(82.76 x 1073 /h) was obtained in the case of anthocyanin extract stored at 75 °C
without any added preservative. Experimental results indicate that the storage
degradation of anthocyanins followed first-order reaction kinetics under each of the
investigated conditions. In aqueous solution, the food preservatives used were found
to have a slight influence on the anthocyanins’ stability.

Reprinted from Molecules. Cite as: Moldovan, B.; David, L. Influence of Temperature
and Preserving Agents on the Stability of Cornelian Cherries Anthocyanins. Molecules
2014, 19, 8177-8188.

1. Introduction

Cornelian cherry (Cornus mas L.) is a species of dogwood native to Southern
Europe and Southwest Asia. The fruit is an oblong, red drupe, 2-3 cm long,
containing a single seed, edible, but astringent when unripe. Fresh cornelian
cherry fruits contain twice as much ascorbic acid (vitamin C) as oranges, being
also rich in sugar, organic acids and tannins [1]. Cornelian cherry fruits also
contain significant amounts of anthocyanins which are known to possess antioxidant
and anti-inflammatory effects. The most popular application of cornelian cherries
is in different drinks, gels and jams, but they can also be eaten fresh, dried
whole or pickled. The use of Cornelian cherries for the medical treatment of
gastrointestinal disorders and diarrhea has been reported [2]. The anti-bacterial,
anti-histamine, anti-allergic, anti-microbial and anti-malarial properties of the fruits
are also known [3]. In Europe, Cornelian cherry fruits were reported to have food and
cosmetic applications [4]. Because of their health benefits, there are several reports




about Cornelian cherry fruits, especially regarding their physical and chemical
properties, as well as their polyphenolic, ascorbic acid and anthocyanin contents [5].

Anthocyanins are a class of naturally occurring phenols, being the largest
group of water-soluble pigments in plants. Many edible plants are sources of
anthocyanins [6-8]. These compounds play a significant role in the color of
many fruits, flowers, vegetables and products derived from them. In recent
years, various important biological activities, such as antioxidant, antimutagenic,
anticancer, anti-inflammatory and antiobesity properties of anthocyanins have been
reported [9-12]. The bright color of anthocyanins (orange, red, purple, blue), ensures
a high potential of being used as natural colorants, as a healthy alternative to synthetic
dyes. Color directly affects the appearance and the consumer acceptability of the
fruits and their derived products.

The color of anthocyanins depends essentially on the different structural forms
in which they can be found, these structures being strongly influenced by the pH
value. At pH values between 4 and 6 (typical for fresh and processed fruits) a mixture
of equilibrium forms of anthocyanins: red flavylium cation (I), blue anhydrous
quinoidal base (IV), colorless carbinol pseudobase (II) and yellow chalcone (III)
coexists (Scheme 1).
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Scheme 1. Chemical structures of anthocyanins at different pH values.



Anthocyanins easily convert to undesirable colorless or brown compounds as a
consequence of their high reactivity. The anthocyanin stability can be influenced by
many factors, the most important being temperature. The light, pH value, presence
of oxygen, ascorbic acid, sugars, hydrogen peroxide and enzymes also affect the
stability of these natural pigments [13-18].

Thus, investigation of anthocyanins degradation and measurement of their
content at various intervals of storage offers useful experimental information for the
food industry. However, to date, no information is available in the literature on the
degradation kinetics of Cornelian cherry anthocyanins. The accurate determination
of the degradation kinetics for these compounds during storage or thermal processing
is essential for predicting changes that may occur in food products containing
these anthocyanins.

Sodium benzoate and potassium sorbate are used as food preservatives due to
their antimicrobial properties. They are widely used in foods such as soft drinks,
jams and fruit juices. Although the effect of these compounds on the inactivation of
bacterial pathogens in fruit juices was reported [19], the influence of these synthetic
food preserving agents on anthocyanin degradation has been little investigated.
Thakur and Araya tested the effect of sodium benzoate and sorbate on the stability of
blue grape anthocyanins during storage at 15-35 °C [20], indicating that the stability
of the anthocyanins after 60 days was higher in samples preserved with sorbate than
with benzoate.

The objective of the present study was to evaluate the influence of temperature
and these two commonly used synthetic food preservatives on the stability of
Cornelian cherry anthocyanins. The investigated conditions (temperature and nature
of an added preservative) ensure a high compatibility with processing techniques
often applied in the food industry.

2. Results and Discussion

The influence of temperature and food preserving agents on the stability
of anthocyanins from the Cornelian cherry fruits extract during storage was
investigated. The determined values for the kinetic parameters (kinetic rate constants
and the half-life values) are summarized in Table 1.

The content of anthocyanins from Cornelian cherries aqueous extract during
storage at different temperatures (2 °C, 22 °C and 75 °C) were plotted as a function
of time. The initial total content of the extract was 68.68 + 0.088 mg/L. The linear
regression of the total anthocyanins content of Cornelian cherry fruits extracts during
storage confirmed that the degradation process of these pigments followed first order
reaction kinetics. These results are in agreement with previously reported literature
data [15,21-24] that indicated first order reaction kinetics for the storage and thermal
degradation of anthocyanins from various sources.



Table 1. Kinetic parameters of degradation of anthocyanins from Cornelian

cherriesextracts in different conditions.

Sample Temp. (°C) k1073 (A1) 1 ty2 () 2
Crude extract 2 0.48 (0.9632) 1443.752
Extract+sodium benzoate 2 0.57 (0.9733) 1215.78 P
Extract+potassium sorbate 2 0.65 (0.9903) 1066.15 ©
Crude extract 22 0.87 (0.9188) 796.55 2
Extract+sodium benzoate 22 0.93 (0.9739) 745.16 P
Extract+potassium sorbate 22 1.13 (0.9703) 613.27 ©
Crude extract 75 82.61 (0.9922) 8.382
Extract+sodium benzoate 75 78.84 (0.9908) 8.782
Extract+potassium sorbate 75 77.35 (0.9912) 8.951

1 Numbers in parentheses, R?, are the determination coefficients; 2 Values within a
column with different superscript letters are significantly (p < 0.05) different in the same

temperature group.

The thermal stability of the extracts was evaluated. As expected, the increase
of storage temperature (22 °C) resulted in a 1.8 times faster degradation as
compared to refrigerated storage (at 2 °C) while, at 75 °C, the degradation rate

was 172.1 times higher.

The total content of anthocyanins from Cornelian cherries extracts stored at 2 °C
was plotted as a function of time (Figure 1). By comparing the half-life values, one can
conclude that, the presence of food preservatives displayed a slightly destabilizing
effect on the anthocyanins from the investigated extracts.

-0.05

-0.1

In[C/Cq]

-0.2

-0.25 -

' Time (h)
350

@ crude extract
M benzoate

sorbate

Figure 1. Influence of different food preservatives on the anthocyanin stability

during storage at 2 °C (vertical lines represent SD, n = 4).

However, the difference between the two added food preservatives was not
significant, the degradation process being 1.14 fold faster in the presence of potassium
sorbate as compared to sodium benzoate.



As observed in the case of refrigerated storage, the Cornelian cherry
anthocyanins stored at 22 °C showed the same degradation profile (Figure 2). In
this case, storage of the extracts in the presence of potassium sorbate resulted in
faster degradation compared to storage with added sodium benzoate, the value of
the half-life ratio being 1.21.
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Figure 2. Influence of different food preservatives on the anthocyanin stability
during storage at 22 °C (vertical lines represent SD, n = 4).

As expected, the increase of temperature at 75 °C resulted in an accelerated
degradation of anthocyanins. During high temperature storage, as applied at
75 °C, the destabilizing effect of sodium benzoate and potassium sorbate on the
anthocyanin pigments (observed at lower storage temperatures) was not evident. In
contrast, the added food preserving agents had almost no influence on the stability
of these pigments (Figure 3), the half-life values being practically the same for all the
investigated extracts (8.4 +~ 8.95h).

The effect of temperature on the kinetics of the degradation process was
determined by fitting the rate constants to an Arrhenius type equation.

The anthocyanin degradation rate constants obtained for each extract were
plotted as a function of temperature (Figure 4).

The calculated activation energies (E,), frequency factors (K,) and the
temperature coefficients (Qjp) are given in Table 2.

Since high activation energy reactions are more sensitive to temperature, the
anthocyanins in the extract proved to be more susceptible to degradation by
exposure to elevated temperatures. The calculated E, values ranged from 54.09
to 58.55 kJ/mol. The highest influence of the temperature on the stability of the
investigated compounds (the highest value of E,) was observed for the anthocyanins
stored in the crude extract, while the pigments stored in the presence of potassium
sorbate exhibited lower susceptibility to thermal degradation, presenting the lowest



value of the E,. The low differences between the activation energy values suggested
that the added synthetic preservatives exhibited a slightly influence on the stability
of anthocyanins.
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Figure 3. Influence of different food preservatives on the anthocyanin stability
during storage at 75 °C (vertical lines represent SD, n = 4).
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Figure 4. The Arrhenius plots for degradation of anthocyanins in Cornelian

cherries extracts.

Table 2. Effect of temperature on the degradation of anthocyanins from Cornelian
cherry fruits extracts.

Solvent E, (kJ/mol) * K, (h™Y) Quo
2-22°C 22-75°C
Crude extract 58.55 (0.9307) 3.72 x 107 1.346 2.361
Extract+sodium benzoate 56.21 (0.9226) 1.57 x 107 1.277 2.311
Extract+potassium sorbate 54.09 (0.9446) 7.9 x 10° 1.318 2.219

2 Numbers in parentheses, R?, are the determination coefficients.



In order to evaluate the dependence of degradation rate on temperature, the
temperature coefficient Qjp (the change of degradation rate upon a temperature
increase of 10 K) was calculated.

Higher Qg values for storage temperatures of 22-75 °C were obtained,
indicating that anthocyanins are more sensitive to temperature elevations at high
storage temperatures compared to low storage temperatures (2-22 °C) where the Q9
values were ranged from 1.277 to 1.346, whereas the differences were insignificant.
The lowest temperature coefficient value (1.277 at 2-22 °C) was obtained for the
anthocyanins stored in the presence of sodium benzoate. Almost the same Q¢ values
were obtained for the degradation of anthocyanins stored at 2-22 °C for all the
investigated extracts (crude or with added preservative), proving that the influence
of the added food preserving agents was not significant. Storage at 22-75 °C resulted
in higher Qg values the calculated temperature coefficients for this storage interval
presenting almost the same value for all the investigated extracts. Higher Q1o values
indicate that at high storage temperatures (22-75 °C) anthocyanins are more sensitive
to temperature elevations than at low storage temperatures (2-22 °C).

All these results clearly indicate that low storage temperatures are required to
inhibit the degradation process of these pigments from Cornelian cherry extracts.

Significantly different temperature coefficients Q¢ for the two investigated
temperature intervals, may be due to a possible change in the reaction mechanism
of the degradation of Cornelian cherries anthocyanins at elevated temperatures,
such as 75 °C, compared to low temperature degradation process. The high
ascorbic acid content of Cornelian cherry fruits [1] could accelerate the degradation
of anthocyanins. The loss of anthocyanins caused by ascorbic acid (AA) occurs
due to the free radical oxidative cleavage of the pyrilium ring in which AA acts
as molecular oxygen activator. At high temperatures, AA itself undergoes a
degradation process, generating degradation products which are also responsible
for anthocyanins degradation [25]. Since no degradation studies were performed
on the Cornelian cherry anthocyanins, the determined t; ,; values are compared to
the literature reported data for the degradation process of anthocyanins obtained
from other fruits. Wang and Xu reported that the t;,, value for anthocyanin
degradation in blackberry juice at pH 2.86 was 4.7 h at 80 °C [23]. In blood
orange juice concentrate, the reported t;,, value at 4 °C was 55.7 days [26].
Compared to this value, our results are in the same range (t; , = 60.2 days at 2 °C).
The major anthocyanins in Cornelian cherries are cyanidin-3-O-galactoside,
pelargonidin-3-O-galactoside and delphinidin-3-O-galactoside [3]. However, the
major anthocyanins in blackberry are cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside
and cyanidin-3-O-malonyl-glucoside [27,28]. Therefore, the different stability of the
anthocyanins might be due to the varying composition of the fruit extracts; the major
constituents of these extracts being sugars, ascorbic acid, and flavonoids, which are



known to be intrinsic factors that influence anthocyanins degradation [29]. It could
be concluded that Cornelian cherry anthocyanins are more stable than anthocyanins
from other sources (e.g., blackberry), proving a quite good stability during storage
and heating, indicating a potential use of these pigments as natural colorants in
food industry.

3. Experimental
3.1. Materials

3.1.1. Plant Material

Samples of Cornelian cherry fruits were purchased in August 2012 from a local
market in Cluj-Napoca, Romania. Fruits were packed in polyethylene bags and kept
frozen at —18 °C before being subjected to extraction of anthocyanins.

3.1.2. Chemicals and Reagents

Potassium chloride, sodium acetate, acetic acid and HCl conc., were purchased
from Merck (Darmstadt, Germany). Sodium benzoate and potassium sorbate
were purchased from Chimopar (Bucharest, Romania). All chemicals and reagents
were of analytical grade and were used without further purification. The distilled
water was obtained using a TYPDP1500 Water distiller (Techosklo LTD, Drzkov,
Czech Republic).

3.2. Methods

3.2.1. Preparation of Anthocyanin Extract

Fifty grams of frozen Cornelian cherry fruits were crushed in a mortar. Thirty
five g of fruit puree were transferred to an Erlenmeyer flask and distilled water
(200 mL) and concentrated HCI (0.25 mL) were added. The mixture was stirred
for 1 h at room temperature and then filtered. The residue was washed twice with
extraction solvent (acidified water, 20 mL). The filtrate was quantitatively transferred
to a 250 mL volumetric flask and made up to 250 mL with solvent. The pH of the
extract was determined using a Hanna Instruments (HI) 99161 pH-meter and the
measured value was 3.02.

3.2.2. Determination of Anthocyanin Content

The total anthocyanin content was determined using optical spectroscopy, by
the convenient method of Giusti and Wrolstad [30]. This method is based on the
structural changes of the pigments as a function of pH. At pH = 1, the red to purple
oxonium form predominates while at pH = 4.5 the major structural form is the
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colourless hemiketal. The difference in absorbance of the anthocyanin solutions at
these two pH values permits an accurate and rapid determination of total monomeric
anthocyanin content in the sample matrix. The two desired pH values were reached
using two buffer systems: potassium chloride buffer (0.025 M, pH = 1.0) and sodium
acetate buffer (0.04 M; pH = 4.5).

Aliquots of Cornelian cherry fruits extract (5 mL) were transferred to a 10 mL
volumetric flask, made up to 10 mL with corresponding buffer (pH =1 and pH = 4.5)
and allowed to equilibrate for 15 min. The absorbance of each equilibrated solution
was then measured at 506 (the wavelength where the maximum of absorbance
occurs = Ayis max) and 700 nm (for haze correction), using an UV-VIS Perkin Elmer
Lambda 25 double beam spectrophotometer.

Pigment content was calculated using a molar extinction coefficient of
26,900 L/mol-cm and a molecular weight of 449.2 g/mol (cyanidin-3-glucoside).
Results were expressed as mg cyanidin-3-glucoside equivalents-L~! extract. Visible
spectra of samples were recorded by scanning the absorbance between 400 and
700 nm. Quartz cuvettes of 1 cm path length were used. Absorbance readings were
performed against distilled water as a blank. All the measurements were carried out
at room temperature (~22 °C).

The total anthocyanin content (expressed as cyanidin-3-glucoside equivalents),
was calculated from the experimental data, using the following equation [30]:

A-MW - DF -1000
TA =

1)

-l

where: TA = total anthocyanin content (mg/L) ; A = absorbance, calculated as:
[Equation (6)]

A = (ApH 1.0~ ApH45) 506 nm — (ApH 1.0 — ApH 4.5) 700 nm 2)

MW = molecular weight; DF = dilution factor; 1 = path length; ¢ = molar
extinction coefficient; 1000 = conversion factor from grams to milligrams.

Four determinations (n = 4) were performed for each analysis and the average
values of total anthocyanin content were used for kinetic parameters determination.

3.2.3. Degradation Studies

The influence of temperature on the storage stability was studied at 2 °C, 22 °C
and 75 °C. Each extract was divided into 50 mL portions and kept away from light
(well capped to avoid evaporation) at 2 °C (in refrigerator), at room temperature
(22 °C) and in a thermostatic water bath, preheated to 75 °C, respectively (+1 °C).
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To test the influence of food preservatives on the thermal stability of
anthocyanins from Cornelian cherry fruits extract, sodium benzoate or potassium
sorbate was dissolved in the fruits extract at a final concentration of 1 g/L.

Changes in total anthocyanin content of the samples were measured in order
to evaluate the stability of the pigments in the investigated extracts. Samples were
analyzed at 0, 1, 3, 4, 6, 8, 10 and 13 days for all extracts except for those stored at
75 °C, which were sampled at 0, 2, 4, 8, 10, 22, 24 and 26 h. The storage intervals
were different for the last thermal treatment due to the differences in anthocyanin
degradation rates.

3.2.4. Degradation Kinetics

The kinetics for the degradation reaction of the investigated anthocyanins can
be expressed by the equations:

In[TA] = In[TA] —kt 3)

t1/2 = —1n05/k (4)

where: [TA] = total anthocyanin content (mg/L) at time t; [TAg] = initial total
anthocyanin content (mg/L); k = reaction rate constant (h™1); t = reaction time (h);
t1 /2 = half-—life (h).

The effect of temperature on the kinetics of the degradation process was
determined by fitting the rate constants to an Arrhenius type equation [Equation (5)]:

k = KoeFa/RT )

where: k = rate constant (h~!); Ky = frequency factor (h~!); E, = activation energy
(kJ/mol); R = universal gas constant (8.314 ] /mol-K); T = absolute temperature (K).
The Qo temperature coefficient was calculated according to Equation (6):

. 10AT, = T))
0= 7% (6)

where: Qg9 = the temperature coefficient (K, ki, = rate constant (h™1) at
temperature Ty » (K).

3.3. Statistical Analysis

Data are reported as mean values of at least four experiments. Results were
analyzed using one-way variance analysis (ANOVA). Analysis of variance was
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performed using XLSTAT Release 10 (Addinsoft, Paris, France). Differences at p < 0.05
were considered statistically significant.

4. Conclusions

The total anthocyanin content of Cornelian cherries and the storage stability of
these compounds indicated that these fruits can be used as an important source
of natural red pigment for the food industry. The results of the present study
have provided detailed information on the degradation kinetic parameters of
anthocyanins during storage and heating. Increasing the temperature resulted
in higher degradation rate constants: the degradation rate of anthocyanins from
Cornelian cherries extract at 22 °C was 1.8 times faster than at 2 °C, while at 75 °C
this process was 172 times faster than at 2 °C. Comparison of the rate constants and
half-life values showed that the anthocyanin stability was slightly influenced by the
kind of the added organic food preservative.
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Anthocyanin Characterization, Total
Phenolic Quantification and Antioxidant
Features of Some Chilean Edible

Berry Extracts

Anghel Brito, Carlos Areche, Beatriz Septilveda, Edward J. Kennelly and
Mario J. Simirgiotis

Abstract: The anthocyanin composition and HPLC fingerprints of six small berries
endemic of the VIII region of Chile were investigated using high resolution mass
analysis for the first time (HR-ToF-ESI-MS). The antioxidant features of the six
endemic species were compared, including a variety of blueberries which is one of
the most commercially significant berry crops in Chile. The anthocyanin fingerprints
obtained for the fruits were compared and correlated with the antioxidant features
measured by the bleaching of the DPPH radical, the ferric reducing antioxidant
power (FRAP), the superoxide anion scavenging activity assay (SA), and total content
of phenolics, flavonoids and anthocyanins measured by spectroscopic methods.
Thirty one anthocyanins were identified, and the major ones were quantified by
HPLC-DAD, mostly branched 3-O-glycosides of delphinidin, cyanidin, petunidin,
peonidin and malvidin. Three phenolic acids (feruloylquinic acid, chlorogenic acid,
and neochlorogenic acid) and five flavonols (hyperoside, isoquercitrin, quercetin,
rutin, myricetin and isorhamnetin) were also identified. Calafate fruits showed the
highest antioxidant activity (2.33 + 0.21 pug/mL in the DPPH assay), followed by
blueberry (3.32 + 0.18 pg/mlL), and arrayan (5.88 + 0.21), respectively.

Reprinted from Molecules. Cite as: Brito, A.; Areche, C.; Septlveda, B.; Kennelly, E.J.;
Simirgiotis, M.J. Anthocyanin Characterization, Total Phenolic Quantification and
Antioxidant Features of Some Chilean Edible Berry Extracts. Molecules 2014, 19,
10936-10955.

1. Introduction

Fruits and vegetables are considered highly protective for human health,
particularly against ageing and various oxidative-stress related diseases, due to
their content of healthy phytochemicals [1]. Several epidemiological studies have
highlighted the association between the consumption of foods with high contents
of phytochemicals, mainly flavonols, phenolic acids and anthocyanins, and the
prevention of degenerative diseases such as cardiovascular diseases, ageing, cancer
and other degenerative disorders [2,3]. Anthocyanins are a group of red, purple,
violet and blue water soluble polyphenolic pigments widely distributed in berry
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fruits which can act as antioxidants or free radical scavengers, thus preventing
oxidative stress [4]. The term berry fruit generally refers to some small fruit that
lacks big seeds and can be eaten whole. Berry fruits are often the richest source
of antioxidant phytochemicals among fruits and vegetables [5], thus the chemical
study of native berry fruits is of great economic significance since it can support
the consumption and commercial activities of gatherers, growers, micro-companies
and industries associated with the use of native plants. Chilean fruits such as
arraydn, chequen, calafate, meli, maqui and murta (Figure 1) are small pigmented
native berries which were collected since pre-Colombian times by South American
Amerindians as a food source. At present, there is still some regional consumption of
the small berries from trees and shrubs belonging to the Myrtaceae (Chilean myrtle,
murta, arrayan, chequén, luma and meli), Berberidaceae (michay and calafate) as
well as Eleaocarpaceae (maqui) occuring in southern Chile and Argentina. In Chile,
“murta” or “murtilla” (Myrtus ugni Molina or Ugni molinae Turczaninov), a wild
perennial shrub also commonly known as Chilean guava, is the best-known of the
native Myrtaceae plants, where the people have long appreciated its red edible berries
for its unique aroma. Infusions of the leaves of this species are anti-inflammatory
and analgesic [6] and the fruits contain several volatile compounds responsible for
the aroma [7].

Arrayan (Luma apiculata (DC.) Burret is an evergreen Myrtaceae tree occurring
in southern Chile and Argentina of about 10 m in height with orange-red trunk and
edible purple black berries, 1-1.5 cm in diameter, that ripen in early autumn and
are half the size, with more intense color, but similar aspect and consistence as the
worldwide commercialized blueberries (Vaccinium corymbosum). Murillo [8] describes
the medicinal properties of Eugenia apiculata D.C. (a synonym for L. apiculata, also
known as Myrceugenella apiculata (DC.) Kausel [9]). The traditional use indications
include aromatic, slightly astringent, balsamic and anti-inflammatory uses. The
fruits were used to prepare liquor. This information is in agreement with the
aromatic flavor that is attractive for local producers of alcoholic beverages. The
fruits of Luma chequén (Molina) A. Gray, syn: Myrceugenella chequen (Mol.) Kaus
are edible small berries with similar size than those of arraydn and murta. de
Mosbach [10] refers to uses of L. chequen in infusions and syrups as an astringent.
The traditional use indications in traditional medicine can be related to the tannin
content of the plant which is also recommended as a wound wash and to treat
dysentery. Both L. apiculata and L. chequen fruits were used to prepare “chicha”,
a South American native fermented beverage [9]. Calafate or Magellan barberry
(Berberis microphylla G. Forst, sin. Berberis buxifolia, and Berberis heterophylla) is another
Patagonian shrub with edible dark small berries that can grow in a great variety
of areas [11]. The production of calafate is concentrated in small gardens in the
Regions of Aysén and Magallanes for local production of jams and juices [11]. This
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fruit contains several anthocyanins [12] and high content of cinnamic acids [13].
Maqui (Aristotelia chilensis) fruit is now one of the most famous dark colored Chilean
berries because of its high content of anthocyanins [14]. Calafate, maqui and murta
are antioxidant berries considered superfruits due to their high content of phenolic
compounds, including several anthocyanins [6,12,15]. Several edible Myrtaceae
fruits known worldwide present free radical scavenging constituents including
anthocyanins [16], while Chilean Myrtaceae with high anthocyanin contents have
been assessed for antioxidant activity and showed good antioxidant features [17-19].
Mass®spectrometry has undergone tremendous technological improvements in the last
years, especially with the development of ionization methods such as electrospray
(ESI), atmospheric pressure chemical ionization (APCI) and high resolution mass
detectors such as time of flight (TOF). Indeed, several antioxidant phenolics in
edible plants [20]; fruits [21-23]; nuts [24] and food byproducts [25] were analyzed
using HPLC hyphenated with accurate high resolution time of flight analyzers
(HPLC-PDA-ToF-MS). However, the chemical analysis regarding anthocyanins or
metabolomics present in wild Chilean berries including arrayan, chequén, murta, and
calafate was performed using low resolution methods (ESI-ion trap-MS) [12,15,19],
while the phenolic constituents of A. meli have not beenreported to the best of
our knowledge.

Figure 1. Pictures of (a) chequén, (Luma chequén) (b) murta, (Ugni molinae)
(c) arrayan, (Luma apiculata), (d) blueberries, (Vaccinium corymbosum) (e) meli,
(Amomyrtus meli and (f) calafate (Berberis microphylla) growing in the VIII region
of Chile.

18



The aim of the present work was the analysis by high resolution mass
spectrometry (HR-MS) of some important native berries from Chile, and the
comparison of the antioxidant properties and total phenolics. In the present work
the anthocyanin fingerprints and polyphenolic content of six small Chilean berries
(arrayédn, chequén, murta, calafate, meli and Chilean blueberry var. Brigitta, Figure 1)
from the VIII region of Chile were compared and correlated with the antioxidant
capacities measured by the DPPH radical bleaching, ferric reducing antioxidant
power (FRAP), and the superoxide anion scavenging activity (SA) assays. The
anthocyanins in berries were identified for the first time with the help of PDA
analysis and high resolution time of flight mass spectrometry (HPLC-ESI-ToE-MS)
plus comparison with authentic standards.

2. Results and Discussion

2.1. Accurate MS-PDA Identification of Anthocyanins in Six Small Berry Fruits from
Southern Chile

Anthocyanins in berry fruits were accurately detected and identified using
HPLC with UV-visible detection (PDA, Figure 2, Table 1) and high resolution time of
flight mass spectrometry (HR-ToF-MS, Table 1). The 31 anthocyanins identified in
the six berries (Figure 3) were mainly 3-O-glycoside conjugates and their derivatives.
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Figure 1. Cont.
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Figure 2. HPLC-PDA chromatograms of six berries from the VIII region of Chile.
(a) Vaccinium corymbosum, (b) Berberis microphylla, (c) Ugni molinae, (d) Luma chequén,
(e) Luma apiculata, and (f) Amomyrtus meli monitored at 520 nm. Peaks numbers
refer to those indicated in Table 1.
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O-R3
OH

Peak R, R, R; Peak Ry Rs Rg Ry
3* OH OH Gal 1 OH OCH3 Glu H
4 OH OH Glu 2 OH OCH; Glu H
6* OH H Gal 5 OH H Rha H
7* OH H Glu 8 OH OCH3 Rha H
9 OCH; OCH; Rha 9 OCH; OCH; Rha H
10* OH OCH; Glu 12 H OCHj; Rha H
11* OH OCH; Gal 21 OCH3; OCH; Cou H
13* H OCH; Gal 23 OH H Succ H
14 OCH; OCH; Gal 24 H OCH; Glu H
15 OH OH Ara 25 OH OH Cou-rha Glu
16* H OCH; Glu 26 OH OH Ac H
17* OCH; OCH; Glu 27 OH H Ac H
18 H OCH; Ara 28 OH OCH; Ac H

29 OCH; OCH; Ac H

30 OH OH Caff H

31 OCH; OCH; Ac H

Figure 3. Structures of the anthocyanins identified in six berries from the VIII region
of Chile. * Identified using standard compounds. Gal: Galactose; Glu: Glucose;
Ara: Arabinose; Rha: Rhamnose; Cou: Coumaric; Succ: Succinic acid; Ac: Acetyl
group; Caff: Caffeic acid.

Twenty three compounds were detected in blueberry (peaks 1-3, 6-15, 17, 19,
20, 22, 25-28, 30 and 31, Table 1) fourteen in calafate (peaks 3, 4, 7, 8, 10, 11, 15,
16-18, 21, 24, 28 and 29), nine in arrayan (peaks 2, 3, 7, 10, 14, 16, 17, 24 and 29),
and six in meli (peaks 3, 6, 7, 10, 11 and 17), chequén (peaks 3, 5, 6, 7, 10 and
11) and murta (peaks 5, 8, 11, 16, 18 and 23). Figure S2 and S3 (Supplementary
Material) show as examples full scan ToF-MS spectra of peaks 3, 8, 9, 10, 16, 17, 21,
22 and 28). Peaks 3, 6, 7, 10, 11, 13, 16 and 17 were identified by spiking experiments
with authentic standards as delphinidin 3-O-galactoside (HR-MS ion at 1m/z 465.1043,
Amax: 276-523), cyanidin-3-O-galactoside (HR-MS ion at m/z 449.1052, Apax: 280-511),
cyanidin-3-O-glucoside (HR-MS ion at 111/z 449.1099, Amax: 280-517), petunidin-3-O-glucoside
(HR-MS ion at m/z 4791233, Amax: 276-526), petunidin-3-O-galactoside (HR-MS ion
at m/z 479.1233, Amax: 276-523), peonidin-3-O-galactoside (HR-MS ion at m/z 463.1234,
Amax: 279-520), peonidin-3-O-glucoside (HR-MS ion at r1/z 463.1258, Amax: 279-523), and
malvidin-3-O-glucoside (HR-MS ion at m/z 493.1252, Amax: 276-527), (Table 1), respectively.
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Peaks 4 and 14 were identified as the monoglucosides delphinidin 3-O-glucoside
and malvidin-3-O-galactoside (HR-MS ions at m/z 493.1361 and 465.1038,
respectively [19,26,27]. Peaks 1, 2 and 24 showing HR-MS molecular ions at m/z
611.1614, 641.1687 and 625.1820 coincident with the formulas C,7H3z1016 (0.3),
CysH33017 (—4.8) and Cy3H33014 (8.2) were identified as petunidin (Amax: 276-523),
cyanidin (Amax: 280-517), and peonidin (Amax: 279-523), dihexosides [12,28]. In a
similar manner, peaks 5 (HR-MS at m/z 595.1478, Cp7H310;15, —31.0), 8 (HR-MS at m/z
625.1789, CpgH33016, 3.2), 9 (HR-MS at m/z 639.1911, Co9H35014, —2.2) and 12 (HR-MS
at m/z 609.1825, Cy3H33015, 0.8) were assigned as cyanidin, petunidin, malvidin
and peonidin rutinosides [12,26,29,30]. Peaks 15, 1820 and 22 (Figure 2) with
HR-MS molecular ions at m/z 435.0936 (Co9H 19011, 2.1), 433.1131 (Cp1Hp1 049, —0.92),
449.1066 (C7_1H7_1011, *4.0), 419.0978 (C20H19010, *1-9) and 463.1284 (C22H23011)
were identified as delphinidin (Amax: 276-523), peonidin (Amax: 276-527), petunidin
(Amax: 276-523), cyanidin (Amax: 280-517) and malvidin (Amax: 276-527) arabinosides,
respectively [26,31], While peaks 21 (HR-MS at m/z 639.1933, C3pH31014) and 23 (HR-MS
at m/z 549.1639, Co5Hy5014) were identified as malvidin 3-O-(6” coumaroyl) glucoside and
cyanidin-3-O-(6" succinoyl)-glucose [28,30]. Peak 25 with a molecular ion at 11/z 919.4460
(C4pH47053) present in blueberries was identified as the complex anthocyanin:
delphinidin-3-O-rutinose (4”’-O-p-coumaroyl)-2”-O-glucose [27,32]. Peaks 26-28 and
31 with HR-MS peaks at m/z 507.1135 (Cp3H»3013), 491.1206 (Cp3H»3015), 521.1293
(Co4Hp5013), and 535.1463 (Cp4Hy5013), were identified as delphinidin, cyanidin,
petunidin, and malvidin 3-O-(6" acetyl) glucosides as reported [27,31], while peak
30 (HR molecular ion at m/z 627.1393 coincident with a formula of C3yH;O15 (—6.8)
was identified as delphinidin-3-O-(6" caffeoyl)-glucose [29]. An isomer of peak 31
(peak 29, HR-MS ion at m/z 535.1451 (Cp5H,7043, —0.2), was identified as malvidin
3-O-(6" acetyl) galactoside [27,31].

2.2. Identification of Phenolic Acids and Flavonols

Other minor phenolic compounds [12,15,33] were present in all six blueberries
analyzed which were accurately identified (Figure 4). The phenolic acids: feruloyl-quinic
acid (HR-ToF-MS: 369.1105, MF: C;7H109, —0.3), chlorogenic acid (HR-ToF-MS:
355.1061, MF: Ci4H190O9, 9.0) and neochlorogenic acid (HR-ToF-MS: 355.1038,
molecular formula: C1H19Oy, 2.5), the flavonols quercetin (HR-ToF-MS: 303.0489, MF:
C15H110y, error —5.3), myricetin (HR-ToF-MS: 319.0459, molecular formula: C;5H;1Og,
—1.6) rutin (HR-ToF-MS: 611.1614, MF: Cp;H3101¢, 0.3) hyperoside (HR-ToF-MS:
465.1043, MF: C21H21012, 22) isoquercitrin (HR—TOF-MS 465.1032, MF: C21H21012,
—0.2) and isorhamnetin (HR-ToF-MS: 317.0670, MF: C14H1307, 2.8; this last flavonoid
was only present in chequén fruits).
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2.3. Total Phenolics, Flavonoids and Anthocyanin Contents

The total phenolic content (TPC) varied from 5.11 £ 0.18 for chequén to
65.53 + 1.35 uM Trolox equivalents/g DW for calafate fruits, and showed linear
correlation with the antioxidant assays (R? = 0.8755 and R? = 0.9143 for TPC/DPPH
and TPC/FRAP assays, respectively, Table 2) the TPC of our sample of calafate
showed values two times higher than a Chilean sample from Mafiihuales [11] but
was close to that reported for a Chilean sample from Faro San Isidro [12]. The total
anthocyanin content (TAC) ranged from 1.54 + 0.05 for chequén to 51.62 + 1.78 mg
cyanidin-3-glucoside/g DW for calafate and showed strong linear correlation with
the antioxidant assays (R? = 0.7044 and R? = 0.9914 for TAC/DPPH and TAC/FRAP
assays, respectively, Table 2). The total flavonoid content (TFC) showed similar
trend, varying from 2.57 + 0.11 for L. chequén to 45.72 + 2.68 mg quercetin/g DW for
Berberis microphylla. The TFC showed linear correlation with the antioxidant assays
(R? = 0.678 for TFC/DPPH and R? = 0.9856 for TFC/FRAP assays, respectively.
The total anthocyanin content for our sample of calafate was close to the values
reported for Chilean samples collected in La Junta and Darwin (16.76 mmol/g
fresh weigh) and Faro San Isidro (15.44 mmol/g fresh weigh) taking into account
conversion factors and 85% water loss (approximately 50.11 and 46.21 mg/g dry
weight, respectively) [12]. The levels of anthocyanins in the fruits can explain the
different intensity in the color especially for murta, which is red-rose, in comparison
with calafate which is purple and blueberry and arrayan which are black (Figure 1).

2.4. Quantification of Individual Anthocyanins

The major anthocyanins were quantified in the six edible berries, for some of the
species for the first time. The order for the sum of the major anthocyanins was:
calafate > blueberries > arrayan > meli > murtilla > chequen (Table 3) which is
coincident with the trend found for the total anthocyanin content (TAC) (Table 2)
measured by a colorimetric method. The HPLC quantification method showed good
performance, baseline was good (Figure 2), and the correlation coefficients for the
standard curves of the glycosilated standard anthocyanins varied from 0.998 to 0.999.
The limits of detection for three representative compounds were 0.08 to 0.12 ng/mL
and the limits of quantification were 0.24 to 0.35 pug/mL (Table 4). Repeatability for
retention time and peak area was good, relative standard deviations were below
2.00% [34]. As seen in Table 4 all recovery results varied from 97.93 + 0.33 to
99.72 + 1.34 and were within the usually required recovery range of 100% + 5% [34].
However, the anthocyanin concentration in our Chilean blueberries sample is quite
different from those published for blueberries from other locations [31,35] being the
major anthocyanins found peonidin-3-O-arabinoside and delphinidin-3-O-arabinoside
(3743 + 4.76 and 34.43 + 3.28 mg/100 g fresh weight, respectively) followed
by malvidin-3-O-glucoside and petunidin-3-O-rutinoside (Table 3). In the case of
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calafate (Berberis microphylla) the major anthocyanins were delphinidin 3-O-galactoside,
petunidin-3-O-glucoside and malvidin-3-O-glucoside (60.42 + 1.28, 51.39 + 1.65 and
42.94 + 1.25, mg/100 g fresh weight, respectively). We found as the major anthocyanin
in this species delphinidin 3-O-galactoside, but Ruiz et al [15] reported delphinidin
3-O-glucoside as the major constituent (8.83 + 1.53 umol/g fresh weight), followed by
petunidin-3-glucoside (4.71 & 1.08 umol/g fresh weight). For chequén (Luma chequen)
the main anthocyanins were cyanidin-3-O-galactoside, petunidin-3-O-glucoside and
petunidin-3-O-galactoside (43.46 + 1.39, 12.83 & 1.65 and 9.55 + 1.02 mg/100 g fresh
weight, respectively), and for arrayan (Luma apiculata) were petunidin-3-O-glucoside,
malvidin-3-O-glucoside, delphinidin 3-O-galactoside and cyanidin-3-O-glucoside
(4821 + 2.2, 4475 + 3.31, 3443 + 212 and 9.45 + 0.15 mg/100 g fresh weight,
respectively). Our sample of murtilla (Ligni molinae) showed two main anthocyanins
(petunidin-3-O-rutinoside and peonidin-3-O-glucoside, Figure 2, Tables 1 and 3)
and meli (Amomyrtus meli) showed six main glycosilated anthocyanins including
cyanidin-3-O-galactoside and petunidin-3-O-galactoside as major ones (Tables 1 and 3).
These compounds were quantified in these Luma species for the first time.

Table 2. Scavenging of the 1,1-diphenyl-2-picrylhydrazyl Radical (DPPH), Ferric
Reducing Antioxidant Power (FRAP), Superoxide Anion scavenging activity (SA),
Total Phenolic Content (TPC), Total Flavonoid Content (TFC), Total Anthocyanin
Content (TAC), and Extraction Yields of Six Edible Berry Fruits From the VIII

Region of Chile.

Species DPPH * FRAP # SA° TPC ® TEC ¥ TAC X Extraction
Yields (%) *

Vaccinium 33240184 96.15+539df 7261 £191r 4586 +3.46 1850 +3.75 p 2141 + 1.65 6.72

corymhosmn

Berberis 2.33 £ 0.21ab 124.46 + 6.54 81.31 2955 65.53 + 1.35 45.72 + 2.68 51.62 + 1.78 4.9

microphylla

Luma chequén 12.92 + 0.30 7622 +345¢ 4379 +£291t 5114018k 257 +0.11m 1.54 + 0.05 7.39

Luma apiculata 5.88 +0.21 934+ 4.68dg 64.22 +3.46 27.61+ 1.61 12.80+243np 1524 + 1491 6.34

Ugni molinae 10.94 +0.32¢ 81.10 +458¢hj 5222+ 181t 924+ 028k 5544091 mo 6.85 + 0.10 5.21

Amomyrtus 746 +£0.10b 8829 + 634 fghi  56.44 +2.32 1752+ 0.66 1176 £2.04n0  13.33 £2.691 4.89

meli

Gallic acid ¢ 136 +0.22 148.1 +8.35 94.39 + 1.98

(7.99 + 129 uM)
Cyanidin 847 +123¢ 9548 £ 6720 7685+ 171rs

3-O-glucoside ¢ (17.47 £+ 2.53 uM)

& Antiradical DPPH activities are expressed as ICsg in pg/mL for extracts and compounds.
B Expressed as uM trolox equivalents/g dry weight. © Expressed in percentage
scavenging of superoxide anion at 100 pg/mL. ® Total phenolic content (TPC) expressed
as mg gallic acid/g dry weight. ¥ Total flavonoid content (TFC) expressed as mg
quercetin/g dry weight. X Total Anthocyanin content (TAC) expressed as mg cyanidin
3-O-glucoside/g dry weight. * Extraction yields expressed in percent W/W extraction on
the basis of freeze dried material. ¢ Used as standard antioxidants. Values in the same
column marked with the same letter are not significantly different (at p < 0.05).

2.5. Antioxidant Features

The order of the antioxidant activity measured by the bleaching of the radical
DPPH and the ferric reducing antioxidant power (FRAP) showed by the six fruits
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was calafate > blueberry > arrayan > meli > murta > chequén which is also the
order found for the sum of the individual major anthocyanins measured by HPLC.
A similar trend was observed for superoxide anion scavenging activity (Table 2,
Figure S1, Supplementary Material). Calafate showed the highest antioxidant activity
(2.33 + 0.21 pg/mL and 124.46 + 6.54 uM TE/g dry weight in the DPPH and
FRAP assays, respectively, Table 2), followed by blueberry (3.32 + 0.18 pug/mL
and 96.15 + 539 uM TE/g DW), and arrayan (5.88 + 0.21 and93.4 + 4.68 uM
TE/g DW, Table 2). The bleaching of the radical DPPH for calafate was close
to that shown by the standards gallic acid and cyanidin-3-glucoside (1.36 + 0.22
and 8.47 + 1.23 ug/mL, respectively). The antioxidant activities showed positive
correlation with polyphenolic content assays (0.67 > R? > 0.9856). It is reported that
fruits antioxidant activities and composition of phenolics are dependent of genetic
differences among different species and environmental conditions and harvest
and/or ripeness within the same species [11,36] which can explain the differences in
phenolic composition and antioxidant capacities found between the species under
study and among other reports of antioxidant activities and phenolic composition of
the same species from other zones of Chile [11,12,15].
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Figure 4. Full scan ToF MS spectra and structures of minor phenolic

compounds detected in six berries from the VIII region of Chile. (a) Hyperoside,
(b) feruloyl-quinic acid, (c) chlorogenic acid (d) isoquercitrin (e) quercetin,
(f) neochlorogenic acid (g) rutin (h) isorhamnetin and (i) myricetin.
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3. Experimental

3.1. Chemicals and Plant Material

Folin—Ciocalteu phenol reagent (2 N), reagent grade Na,CO3, AlICl3, HCI,
FeCl3 NaNO, NaOH, quercetin, trichloroacetic acid, sodium acetate, HPLC-grade
water, HPLC-grade acetonitrile, reagent grade MeOH and formic acid were
obtained from Merck (Darmstadt, Germany) Cyanidin, delphinidin 3-O-galactoside,
cyanidin-3-O-galactoside,  cyanidin-3-O-glucoside, = petunidin-3-O-glucoside,
petunidin-3-O-galactoside, peonidin-3-O-galactoside, peonidin-3-O-glucoside and
malvidin-3-O-glucoside (all standards with purity higher than 95% by HPLC)
were purchased either from ChromaDex (Santa Ana, CA, USA), Extrasynthese
(Genay, France) or Wuxi Apptec Co. Ltd. (Shangai, China). Gallic acid, TPTZ
(24,6- tri(2-pyridyl)-s-triazine), Trolox, tert-butylhydroperoxide, nitro blue
tetrazolium, xanthine oxidase and DPPH (1,1-diphenyl-2-picrylhydrazyl radical)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All ripe
fruits for this study (aprox. 500 g each) were collected at Regioén del Bio-Bio, Chile.
Sampling was performed using sterile disposable gloves and rigid plastic sample
containers and each sample was submitted individually by overnight courier to our
laboratory in Antofagasta to prevent deterioration. This sampling methodology
was previously used for other edible fruits [19,23,33]. Random healthy ripe fruits,
representative of the lot, were collected from various specimens (at least 10 fruits
per specimen) and different locations (at least 3) in each growing area. Ripe fruits
of arrayan (L. apiculata (DC.) burret, chequén (L. chequén (Molina) A. Gray), and
murta (U. molinae Turcz) were collected in Re-Re, Chile in May 2011. Meli (A. meli
(Phil.) D. Legrand & Kausel and calafate (B. microphylla G. Forst) were collected
in the Andean woods of Santa Barbara, in May 2011. Blueberries (V. corymbosum)
variety highbush Brigitta were collected in April 2011 in the area of Chillan. Voucher
herbarium specimens including samples of fruits were deposited at the Laboratorio
de Productos Naturales, Universidad de Antofagasta, Antofagasta, Chile, with the
numbers La-111505-1, Lc-111505-2, Um-111505-1, Am-111805-1, Bm-111805-1 and
Vc-110704-1, respectively.

3.2. Sample Preparation

Fresh fruits (Figure S4-S9, supplementary material) were carefully washed,
separately homogenized in a blender and freeze-dried (Labconco Freezone 4.5 L,
Kansas, MO, USA). Ten grams of each lyophilized fruit was finally pulverized in a
mortar, defatted thrice with 100 mL of n-hexane and then extracted with 100 mL of
0.1% HC1 in MeOH in the dark in an ultrasonic bath for one hour each time, The
extracts were combined, filtered and evaporated in vacuo in the dark (40 °C). The
extracts were suspended in 20 mL ultrapure water and loaded onto an XAD-7 (100 g)
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column. The column was rinsed with water (100 mL) and phenolic compounds
were eluted with 100 mL of MeOH acidified with 0.1% HCI. This methodology was
previously used for other edible fruits [19,23,33]. The solutions were combined and
evaporated to dryness under reduced pressure (40 °C) to give 634.20, 739.20, 499.93,
672.24, 489.93 and 521.38 mg of L. apiculata, L. chequén, B. microphylla, V. corymbosum,
A. meli and U. molinae fruits, respectively.

3.3. Liquid Chromatography Analysis

A portion of each extract (approximately 2 mg) obtained as explained above
was dissolved in 2 mL 0.1% HCl in MeOH, filtered through a 0.45 pm micropore
membrane (PTFE, Waters, Milford, MA, USA) before use and was injected into the
HPLC-PDA and ESI-ToF-MS equipment. Qualitative HPLC-PDA analysis of the
extracts was performed using a Waters Alliance 2695 system equipped with 2695
separation module unit and 2996 PDA detector and a 250 x 4.6 mm, 5 um, 100 A,
Luna C-18 column (Phenomenex, Torrance, CA, USA), with a linear gradient solvent
system of 0.1% aqueous formic acid (solvent A) and acetonitrile 0.1% formic acid
(solvent B) as follows: 90% solvent A until 4 min, followed by 90%-75% solvent A
over 25 min, then 75%-10% A over 35 min, then going back to 90% solvent A until
45 min. and finally reconditioning the column with 90% solvent A isocratic for 15 min.
The flow rate and the injection volume were 0.5 mL/min and 20 uL, respectively.
The compounds were monitored using a wavelength range of 210-800 nm.

3.4. Validation of the HPLC Method

Quantification was done by external standardization, using the respective
standard anthocyanins, at the wavelengths of maximum absorption of the
compounds. For the validation of the analytical method based on HPLC factors,
linearity, precision, detection limits and accuracy were evaluated following [34].
Stock solutions of all seven standard compounds (3, 4, 6, 7, 10, 11, and 17) were
prepared by dissolving one milligram of each anthocyanin in methanol-formic
acid 1% (1 mg/mL). Several calibration levels were prepared by diluting the stock
solutions with methanol-formic acid 1% yielding concentrations of 15.65, 31.25, 62.5,
125,250 and 500 pug/mL. The calibration curves (R? > 0.098) were obtained by plotting
peak areas versus concentrations. Compound 15 was quantified using the calibration
curve obtained for 3, compounds 15-18 and 20 with the calibration curve of 11 and
compound 2 with the calibration curve of compound 7. Limits of detection (LOD)
and quantitation (LOQ) were measured for three representative compouns (3, 7 and
10, Table 4) and are reported as the concentrations that gave signal-to-noise ratios
of 3 and 10, respectively, from three replicate injections. Accuracy was determined
by spiking three standard anthocyanins (3, 7 and 10, Table 4) at three concentration
levels (10: low, 20: medium, and 40 pg/mL: high spike) in one gram of each fresh
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fruits, which was then extracted and assayed as described before. Mean percentage
recovery in relation to the theoretically present amounts (% recovery = amount
detected x 100/theoretical amount) were used as a measure of accuracy (Table 4).
The relative standard deviation (RSD%) within the measurements was considered as
a measure of precision and repeatability. The samples were prepared and analyzed
for anthocyanin concentration on the same day and on three consecutive days (n = 5)
for intra- and interday precision respectively.

3.5. Mass Spectrometric Conditions

Hyphenated PDA with high-resolution electrospray ionization-time of
flight-mass spectrometry (HR-ESI-ToF-MS) analysis was performed using a LCT
premier XE ToF mass spectrometer (Waters) equipped with an ESI interface and
controlled by MassLynx V4.1 software, using the chromatographic conditions as
stated above. The compounds were monitored using PDA with a wavelength range
of 210-800 nm, while mass spectra were acquired with electrospray ionization and
the ToF mass analyzer in both positive and negative modes over the range m/z:
100-1000. The capillary voltages were set at 3000 V (positive mode) and 2800 V
(negative mode), respectively, and the cone voltage was 20 V. Nitrogen was used as
the nebulizer and desolvation gas. The desolvation and cone gas flow rates were 300
and 20 L/h, respectively. The desolvation temperature was 400 °C, and the source
temperature was 120 °C. For the dynamic range enhancement (DRE) lockmass, a
solution of leucine enkephalin (Sigma—Aldrich, Steinheim, Germany) was infused
by a secondary reference probe at 200 pg/mL in CH3CN/water (1:1) containing
0.1% formic acid with the help of a second LC pump (Waters 515 HPLC pump). The
reference mass was scanned once every five scans for each positive and negative data
collection. Both positive and negative ESI data were collected using a scan time of
0.2 s, with an interscan time of 0.01 s, and a polarity switch time of 0.3 s. The full
chromatograms were recorded at two different aperture voltages. The most intense
fragmental ions and molecular ions could be obtained, when the aperture voltage
were set at 60 V and 0V, respectively. V-optics mode was used for increased intensity.

3.6. Antioxidant Assays

3.6.1. Free Radical Scavenging Capacity

The free radical scavenging capacity of the extracts was determined by the
DPPH:' assay as previously described [37], with some modifications. DPPH radical
absorbs at 517 nm, but upon reduction by an antioxidant compound its absorption
decreases. Briefly, 50 pL of processed SPE MeOH extract or pure compound prepared
at different concentrations was added to 2 mL of fresh 0.1 mM solution of DPPH
in methanol and allowed to react at 37 °C in the dark. After thirty minutes the

31



absorbance was measured at 517 nm. The DPPH scavenging ability as percentage
was calculated as: DPPH scavenging ability = (Acontrol — Asample/ Acontrol) * 100.
Afterwards, a curve of % DPPH bleaching activity versus concentration was plotted
and ICsg values were calculated. ICsy denotes the concentration of sample required
to scavenge 50% of DPPH free radicals. The lower the ICsy value the more powerful
the antioxidant activity. Gallic acid (from 1.0 to 125.0 ug/mL, R? = 0.991) and
cyanidin 3-O-glucoside (from 1.0 to 125.0 ug/mL, R? = 0.997) were used as standard
antioxidant compounds.

3.6.2. Ferric Reducing Antioxidant Power

The determination of ferric reducing antioxidant power or ferric reducing
ability (FRAP assay) of the extracts was performed as described by [38] with some
modifications. The stock solutions prepared were 300 mM acetate buffer pH 3.6,
10 mM TPTZ (2,4,6-tri(2-pyridyl)-s-triazine) solution in 40 mM HCI, and 20 mM
FeCl3- 6H,O solution. Plant extracts or standard methanolic Trolox solutions (150 uL)
were incubated at 37 °C with 2 mL of the FRAP solution (prepared by mixing 25 mL
acetate buffer, 5 mL TPTZ solution, and 10 mL FeCls- 6H,O solution) for 30 min in
the dark. Absorbance of the blue ferrous tripyridyltriazine complex formed was then
read at 593 nm. Quantification was performed using a standard calibration curve of
the antioxidant Trolox (from 0.2 to 2.5 umol/mL, R?: 0.995). Samples were analyzed
in triplicate and results are expressed in umol TE/gram dry mass.

3.6.3. Superoxide Anion Scavenging Activity

The enzyme xanthine oxidase is able to generate superoxide anion radical
(O ™) “in vivo” by oxidation of reduced products from intracellular ATP metabolism.
The superoxide anion generated in this reaction sequence reduces the nitro blue
tetrazolium dye (NBT), leading to a chromophore with a maximum of absorption
at 560 nm. Superoxide anion scavengers reduce the speed of generation of the
chromophore. The superoxide anion scavenging activities of isolated compounds and
fractions were measured spectrophotometrically in a microplate reader as reported
previously [23]. All compounds, and berry extracts were evaluated at 100 ug/mL.
Values are presented as mean + standard deviation of three determinations.

3.6.4. Polyphenol, Flavonoids and Anthocyanin Contents

The total polyphenolic contents (TPC) of Luma fruits and leaves were determined
by the Folin-Ciocalteau method [19,33,39] with some modifications. An aliquot
of each processed SPE extract (200 pL, approx. 2 mg/mL) was added to the
Folin—Ciocalteau reagent (2 mL, 1:10 v/v in purified water) and after 5 min of
reaction at room temperature (25 °C), 2 mL of a 100 g/1 solution of Na,CO3; was
added. Sixty minutes later the absorbance was measured at 710 nm. The calibration
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curve was performed with gallic acid (concentrations ranging from 16 to 500 pg/mL,
R? = 0.999) and the results were expressed as mg gallic acid equivalents/g dry
mass. Determination of total flavonoid content (TFC) of the methanolic extracts
was performed as reported previously [40] using the AICl; colorimetric method.
Quantification was expressed by reporting the absorbance in the calibration graph of
quercetin, which was used as a standard (from 0.1 to 65.0 pg/mL, RZ = 0.994). Results
are expressed as mg quercetin equivalents/g dry weight. The assessment of total
anthocyanin content (TAC) was carried out by the pH differential method according
to AOAC as described by [38,41]. Absorbance was measured at 510 and 700 nm
in buffers at pH 1.0 and 4.5. Pigment concentration is expressed as mg cyanidin
3-glucoside equivalents/g dry mass and calculated using the formula:

A X MW x DF x 10°
ex1

TA(mg/g) =

where A = (A510 nm — A700 nm) pH 1.0 — (A510 nm — A700 nm) pH 4.5, MW
(molecular weight) = 449.2 g/mol; DF = dilution factor; 1 = cuvette pathlength in cm;
€ = 26,900 L/mol.cm, molar extinction coefficient for cyanidin 3-O-f3-D-glucoside.
103: factor to convert g to mg. All spectrometric measurements were performed
using a Unico 2800 UV-Vis spectrophotometer (Unico Instruments Co. Ltd.,
Shanghai, China).

3.7. Statistical Analysis

The statistical analysis was carried out using the originPro 9.0 software packages
(Originlab Corporation, Northampton, MA, USA). The determination was repeated
at least three times for each sample solution. Analysis of variance was performed
using ANOVA. Significant differences between means were determined by Tukey
comparison test (p values < 0.05 were regarded as significant).

4. Conclusions

Thirty one anthocyanins, three phenolic acids (feruloylquinic acid, chlorogenic
and neochlorogenic acid) and six flavonols (rutin, quercetin, myricetin, hyperoside,
isoquercitrin and isorhamnetin) were identified for the first time in six edible berries
from the VIII region of Chile using ToF-MS. Among the 31 anthocyanins identified
in the six berries under study, twenty three compounds were detected in blueberry,
fourteen in calafate, nine in arrayan and six were present in meli, chequén and murta.
The anthocyanins detected were mainly branched 3-O-glycoconjugates of malvidin,
delphinidin, peonidin, petunidin and cyanidin. However, significant differences
in the amount of anthocyanins, (which were measured individually by HPLC for
the major ones and by TAC colorimetric method) were found for the six berries,
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which presented also different antioxidant capacities. Blueberry fruits showed the
most complex anthocyanin profile, while the fruits of chequen and murta showed a
simpler pattern with only six anthocyanins, whereas arrayan and chequén showed
a more complex pattern. However, the fruits of calafate (B. microphylla) presented
the highest antioxidant features and polyphenolic content followed by the fruits of
Chilean blueberries (V. corymbosumy), arrayan (L. apiculata) and meli (A. meli), which
makes calafate, arraydn and meli the better candidates for industrial crop production
and potential use in functional foods and nutraceuticals.

Supplementary Materials: Supplementary materials can be accessed at: http:/ /www.mdpi.
com/1420-3049/19/8/10936/s1.
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Composition and Antioxidant Activity of
the Anthocyanins of the Fruit of Berberis
heteropoda Schrenk

Li-Li Sun, Wan Gao, Meng-Meng Zhang, Cheng Li, Ai-Guo Wang, Ya-Lun Su
and Teng-Fei Ji

Abstract: In present study, the anthocyanin composition and content of the fruit of
B. heteropoda Schrenk were determined for the first time. The total anthocyanins
were extracted from the fruit of B. heteropoda Schrenk using 0.5% HCI in 80%
methanol and were then purified using an AB-8 macroporous resin column. The
purified anthocyanin extract (PAE) was evaluated by high-performance liquid
chromatography with a diode array detector (HPLC-DAD) and HPLC-high
resolution-electrospray ionization-mass spectrometry (HPLC-HR-ESI-MS) under the
same experimental conditions. The results revealed the presence of seven different
anthocyanins. The major anthocyanins purified by preparative HPLC were confirmed
to be delphinidin-3-O-glucopyranoside (30.3%), cyanidin-3-O-glucopyranoside
(33.5%), petunidin-3-O-glucopyranoside (10.5%), peonidin-3-O-glucopyranoside
(8.5%) and malvidin-3-O-glucopyranoside (13.8%) using HPLC-HR-ESI-MS and
NMR spectroscopy. The total anthocyanin content was 2036.6 & 2.2 mg/100 g of the
fresh weight of B. heteropoda Schrenk fruit. In terms of its total reducing capacity
assay, DPPH radical-scavenging activity assay, ferric-reducing antioxidant power
(FRAP) assay and ABTS radical cation-scavenging activity assay, the PAE also showed
potent antioxidant activity. The results are valuable for illuminating anthocyanins
composition of B. heteropoda Schrenk and for further utilising them as a promising
anthocyanin pigment source. This research enriched the chemical information of B.
heteropoda Schrenk.

Reprinted from Molecules. Cite as: Sun, L.-L.; Gao, W.; Zhang, M.-M.; Li, C.; Wang, A.-G,;
Su, Y-L.; Ji, T-E Composition and Antioxidant Activity of the Anthocyanins of the
Fruit of Berberis heteropoda Schrenk. Molecules 2014, 19, 19078-19096.

1. Introduction

Berberis heteropoda Schrenk, a type of Berberidaceae deciduous shrub that is
native to the Xinjiang Uygur Autonomous Region of China, is used in both medicine
and food [1]. Its ripe fruit contains glucose, fructose, malic acid, carotene, pigments
and other substances. It was reported that B. heteropoda Schrenk is a rich source of
anthocyanin compounds and that its beneficial effects are remarkable [2]. Its ripe
fruits had been used for treatment of dysentery, enteritis, pharyngitis, stomatitis,
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eczema and hypertension [3]. Moreover, the residents of Kazakh and Uighur have
drunk tea made from it for a long time. They also made it into jams. Thus, the
value of the B. heteropoda Schrenk fruit has great potential for development. To date,
only limited literature about this fruit is available, and most of it has focused on
extraction methods, optimization of technical conditions, determination of the total
flavonoid /berberine content, stability analyses or antitumor effects. However, the
major anthocyanin constituents and the antioxidant activity of the fruit of B. heteropoda
Schrenk have not yet been systematically studied, and in terms of large-scale
applications, the potential of plant is now basically untapped [2]. This situation has
largely restricted the research and development of the fruit of B. heteropoda Schrenk.

Anthocyanins are the most common pigmented flavonoids and are widespread
in the plant kingdom. These compounds are responsible for most of the brilliant
colors (orange, red, pink, purple and blue) observed in most fruits, flowers, leaves
and cereal grains [4]. The naturally occurring anthocyanins of plants are cyanidin,
delphinidin, peonidin, petunidin, malvidin, and pelargonidin [4,5]. From a chemical
point of view, the anthocyanin molecule is composed of a flavylium nucleus
bearing one or more sugar residues. The most prevalent of these sugars, including
D-glucose, D-galactose, L-rhamnose, D-xylose, and D-arabinose, are 3-glycosides or
3,5-di-glycosides [6,7]. In addition, these sugars may be esterified by aliphatic or
aromatic organic acids, which can greatly help to stabilize the anthocyanin structure.
However, anthocyanins are not stable and are prone to degradation. The stability
of anthocyanins is affected by several factors, such as their chemical structure, their
concentration, oxygen, temperature, pH, light, enzymes, metal ions and various
storage conditions [8].

In addition to their natural colorants role, anthocyanins have attracted
considerable global interest, mainly due to their health-promoting benefits, such as
reducing the risk of coronary heart disease and preventing several chronic diseases,
which are associated with their antioxidant properties. The likely mechanism
postulated for their effects is that anthocyanins act as potent antioxidants by
scavenging free radical species such as reactive oxygen species (ROS) or reactive
nitrogen species (RNS), inhibiting certain enzymes or chelating trace metals involved
in free-radical production and upregulating or protecting antioxidant defenses,
breaking the free-radical chain reaction [9,10]. Because of their beneficial health
effects as dietary antioxidant, dietitians have proposed that adding certain amounts
of exogenous anthocyanins derived from natural sources to the daily diet will delay
or prevent many degenerative diseases.

Identifying anthocyanins using HPLC-DAD is complicated by the fact that some
anthocyanins show similar retention times and spectroscopic characteristics [11]. In
the past several decades, a good number of technological advances in HPLC and the
introduction of the ultra-performance liquid chromatography (UPLC) have achieved

39



significant improvements in both speed and separation of anthocyanins. In addition,
advancements in mass spectrometry (MS), such as tandem MS, high-resolution MS
(HR-MS) and sequential collision MS (MSn) allow fast structural elucidation of
anthocyanins that play a important role in food anthocyanin research [12]. Due to
their “soft” ionization properties, leading to the production of intact molecular
ions and the corresponding anthocyanidin fragments, ESI-MS techniques have
been shown to be highly suitable for anthocyanin characterization. Now, HPLC
assisted by MS (HPLC-MS) has been frequently used as an excellent tool for the
simultaneous chemical separation and identification of anthocyanin compounds. To
our knowledge, the anthocyanin composition of the fruit of B. heteropoda Schrenk
has never been described. One of the objectives of this study was to identify
and characterize the anthocyanins of the fruit of B. heteropoda Schrenk using
HPLC-HR-ESI-MS/MS. Another objective was to evaluate the antioxidant activity of
its extracts according to the total reducing capacity, the DPPH-radical scavenging
activity, the ferric-reducing antioxidant power (FRAP) and ABTS radical-cation
scavenging activity.

2. Results and Discussion

2.1. Total Anthocyanin Content (TAC)

The amount of total anthocyanin in the PAE that was determined using the
pH differential method was 2036.6 + 2.2 mg/100 g of fresh weight of B. Heteropoda
Schrenk fruit, expressed as cyanidin-3-O-glucoside equivalents and calculated as
the mean value of three measurements and the standard deviation. This value is
considerably higher than that of other anthocyanin-rich fruits and vegetables. For
instance, the anthocyanin content of Berberis boliviano Lecher fruit is 1,500 mg/100 g
of fresh fruit weight [13], that of black chokeberries is 560 mg/100 g of fresh fruit
weight [13], that of wild Lycium ruthenicum Murr. from Dulan is 520 mg/100 g of
fresh fruit weight, that of wild Lycium ruthenicum Murr. from Gomud is 470 mg/100 g
of fresh fruit weight, and that of wild Lycium ruthenicum Murr. from Delingha is
475 mg/100 g of fresh fruit weight [4]. The anthocyanin content of each of the above
fruits was lower than that of the fresh fruit of B. heteropoda Schrenk.

2.2. HPLC Analysis

The HPLC-DAD chromatogram of the PAE of B. heteropoda Schrenk fruit that
was obtained at 530 nm is displayed in Figure 1. The method utilized provided
repeatable and satisfactory separation of the components of the PAE. Although
several other components of the PAE were detected in the present study, five
major anthocyanins were discovered as shown in the HPLC chromatogram. The
major anthocyanins represented approximately 97% of the total peak area, and
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the relative amounts of anthocyanins 1-5 were approximately 30.3%, 33.5%, 10.5%,
8.5% and 13.8%, respectively. However, two minor peaks (Compounds 6 and 7)
were also detected which were identified as peonidin and malvidin by HPLC and
HPLC-HR-ESI-MS/MS (Table 1).
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Figure 1. HPLC chromatogram of the five major anthocyanins of the fruit of
B. heteropoda Schrenk that were detected at 530 nm. The peaks were numbered in
order of their elution.
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2.3. Structural Elucidation

Five major anthocyanins were successfully isolated for the first time from the
fruit of B. heteropoda Schrenk using preparative HPLC techniques. Compounds 1-5
were identified by HPLC-HR-ESI-MS/MS and NMR spectroscopic analysis. Figures 1
and 2 shows the structures of these five anthocyanins.

Compound 1 was obtained as an amorphous red power. Its molecular formula
of Cp1H1015* (calculated m/z 465.1034), was established based on the molecular
ion at m/z 465.1027 [M+H]" observed in the positive-ion HPLC-HR-ESI-MS/MS
spectrum_ A major fragmentation that occurred at m/z 303.0486 [M+H—-162]" was
in accordance with the presence of a delphinidin aglycone and the loss of a hexose
moiety. The 'H-NMR spectrum revealed a symmetrical aromatic proton signal at
67.71 (H-2'/H-6', s), two meta-coupled doublet protons on the A-ring at § 6.63 (H-6,
J=15Hz) and ¢ 6.82 (H-8, ] = 1.5 Hz) and a singlet proton at ¢ 8.91 (H-4), suggesting
the presence of a delphinidin nucleus. The proton signals observed at 6 5.30-3.50
(H-1-Glu-H-6-Glu) indicated the presence of a glucopyranose moiety. The anomeric
proton signal at 6 5.30 (H-1-Glu, d, ] = 7.5 Hz) in addition to the C-3 carbon signal at
6 144.9 ppm indicated that a sugar moiety with a S-configuration was attached to
the C-3 position. From the above spectral studies, the structure of compound 1 was
determined to be that of delphinidin-3-O-B-glucopyranoside, which corresponded
with data in the literature [14].

Compound 2 was isolated as an amorphous red power. Its molecular formula
was established as Cp1H»1011* (calculated m/z 449.1082), with twelve degrees of
unsaturation, based on its positive-ion HPLC-HR-ESI-MS/MS analyses. A molecular
ion at m/z 449.1075 [M+H]* and a major fragmentation occurring at m/z 287.0538
[M+H—-162]* corresponded to those of a cyanidin aglycone and a hexose unit.
Similarly, the observation of a set of ABX-type aromatic proton signals at § 7.02
(H-5',d, ] =8.5Hz), § 8.05(H-2',d, ] =2.0 Hz) and ¢ 8.23 (H-6/, dd, ] = 9.0, 2.5 Hz),
two meta-coupled doublet protons on the A-ring at § 6.65 (H-6, | = 1.5 Hz) and
6 6.87 (H-8, ] = 1.0 Hz) and a singlet proton at é 9.00 (H-4) in the IH-NMR spectrum
also implied the presence of a cyanidin nucleus. From the appearance of the anomeric
proton signal at 4 5.28 (H-1-Glu, d, | = 7.5 Hz) and the C-3 carbon signal at § 145.6 ppm
indicated that a B-glucopyranose moiety was attached to C-3 position. Thus,
compound 2 was elucidated as cyanidin-3-O-B-glucopyranoside by comparison
of the spectral data with the literature [15].

Compound 3, which also formed an amorphous red power, showed a molecular
ion at m/z 479.1185 [M+H]* and a major fragment ion at m/z 317.0664 [M+H—162]* in
the positive-ion HPLC-HR-ESI-MS/MS spectrum, which was in agreement with the
molecular formula of CyyH301,* (calculated m/z 479.1192), with twelve degrees of
unsaturation. These data indicated the presence of a petunidin aglycon and a hexose
moiety. Comparison of the 'H- and '*C-NMR spectra of compound 3 with those of
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compound 1 demonstrated that the structure of compound 3 was very similar to that
of compound 1, except for the presence of a methyl group [y 3.98 (3H, s); ¢ 57.3].
Compound 3 was thus identified as petunidin-3-O-B-glucopyranoside by comparing
these spectral data with reference [16,17].

Compound 4 was also presented as an amorphous red power. The positive-ion
HPLC-HR-ESI-MS/MS spectrum showed its molecular ion at m/z 463.1223 [M+H]*
and a major fragment at m/z 301.0697 [M+H—162]*, corresponding to the molecular
formula of CyHyp3011 7 (calculated m/z 463.1229), with twelve degrees of unsaturation.
These data corresponded to those of a peonidin aglycone and a hexose moiety.
Further support for this structure was obtained by comparing the 'H and '*C-NMR
spectra of compound 4 with those of compound 2. The spectral features of compound
4 were almost identical with those of compound 2, except for the presence of a
methyl group [é11 3.99 (3H, s); dc 56.7]. Based on the above-described observations,
compound 4 was assigned as peonidin-3-O-f-glucopyranoside, which in accordance
with the relevant published data [18].

Compound 5 was also obtained as an amorphous red power and had the
molecular formula of Cy3Hy501,* (calculated m/z 493.1339), with twelve degrees of
unsaturation, as determined using positive-ion HPLC-HR-ESI-MS/MS. A molecular
ion at m/z 493.1332 [M+H]" and a major fragment at m/z 331.0762 [M+H-162]*
were consistent with a structure consisting of a malvidin aglycone and a hexose
moiety. By comparing their 'H and *C-NMR spectra, the structure of compound
5 was found to differ from that of compound 1 mainly in the substitution pattern
in ring B. The existence of a methyl group at Jy 3.99 (6H, s, OCH;3-3'/OCH3-5') in
addition to a carbon signal at ¢ 56.7 ppm and a symmetrical aromatic proton signal
at 6 7.97 (H-2'/H-6', s) revealed two methoxyl groups, one located at C-3 and the
other at C-5. Based on the above-described evidence, compound 5 was identified as
malvidin-3-O-B-glucopyranoside by comparison with previous data [19].

The detailed data obtained using HPLC-HR-ESI-MS/MS are presented in Table 1
and Figure 2, and the 'H- and '3C-NMR spectroscopic data are shown in Table 2.
This is the first time that all of the major anthocyanins in B. heteropoda Schrenk fruits
were systematically isolated and characterized.
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Figure 2. High-resolution electrospray mass spectrum of identified anthocyanins.
Peak 1: delphinidin-3-O-glucopyranoside; Peak 2: cyanidin-3-O-glucopyranoside;
Peak 3: petunidin-3-O-glucopyranoside; Peak 4: peonidin-3-O-glucopyranoside;
and Peak 5: malvidin-3-O-glucopyranoside.
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2.4. Antioxidant Activity

2.4.1. Total Reducing Capacity of the PAE

The total reducing power of the anthocyanins can be used as an index of their
antioxidative electron-donating activity. The total reducing capacity of the PAE and
the ascorbic-acid control are shown in Table 3 and Figure 3A, respectively. The results
showed that the reducing power of the PAE was approximately one-third that of
ascorbic acid. The ICs value, which was the concentration that raised the absorbance
at 700 nm to 0.5, of the reducing power of the PAE was 139.65 ug/mL. Furthermore,
both PAE and ascorbic acid exhibited a dose-dependent reducing power. Good
linearity was obtained using the PAE at concentrations of 90 to 190 pg/mL and
ascorbic acid at concentrations of 30 to 62 pug/mL. The calibration curve of the PAE
and ascorbic acid were Y (absorbance) = 0.0033X (concentration) + 0.0615 (r = 0.999),
Y (absorbance) = 0.0099X (concentration) + 0.0434 (r = 0.995), respectively.
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Figure 3. Antioxidant activities of the PAE of B. heteropoda Schrenk fruit determined
using the total reducing capacity assay (A) and the DPPH free radical-scavenging
assay (B). The data represented by different-colored bars are significantly different
(p <0.05).

Table 3. Antioxidant activities of PAE and ascorbic acid in terms of the total
reducing capacity assay, DPPH radical scavenging activity assay, ferric-reducing
antioxidant power (FRAP) assay and ABTS radical cation scavenging activity assay.

A700 nm = 0.5/Total Reducing

Samples Power (jg/mL) * ICs0/DPPH (pg/mL) ®
PAE 139.65 + 0.01 47.16 + 0.35
Ascorbic acid 46.12 £+ 0.04 9.30 + 0.21
Samples FRAP value (mmol/g) TEAC/ABTS
PAE 4.32 £0.03 2.250 + 0.17
Trolox 7.007 + 0.14 -

Notes: All the trials were performed in triplicate and all the data represent the
means + standard deviation (n = 3). Data in the same column with different letters
are significantly different (p < 0.05); ® The antioxidant activity was evaluated as the
concentration of the test sample required to raise the absorbance at 700 nm to 0.5; ® The
antioxidant activity was calculated as the concentration of the test sample required to
decrease the absorbance at 517 nm by 50%.

2.4.2. DPPH Radical-Scavenging Activity of the PAE

The effect of an antioxidant on DPPH radical scavenging is generally ascribed
to its hydrogen-donating ability. The decrease in absorbance at 517 nm reflects the
DPPH-radical reduction potential of samples. In the present study, the concentration
of the samples required to scavenge 50% of the DPPH radicals (ICsp) was used
as an indicator for comparing their antioxidant activities. The results are shown
in Table 3 and Figure 3B. As shown in Figure 3B, the DPPH radical-scavenging
activity of the PAE and ascorbic acid increased as the concentrations increased. At a
concentration of 90 pug/mlL, the PAE scavenged almost all of the DPPH radicals that
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were present (>95%). The ICsy value for the PAE was 47.16 ug/mL, however, the
ICs5 value for the control, ascorbic acid, was 9.30 pug/mL. In terms of the ICs, value,
DPPH radical-scavenging activity of the PAE was approximately one-fifth that of
ascorbic acid.

2.4.3. Ferric-Reducing Antioxidant Power (FRAP) of the PAE

A simple and reliable assay was adopted to evaluate the reducing capacity of
antioxidants in the present study. This assay is based on the reaction of an antioxidant
with the TPTZ-Fe(Ill) complex to generate TPTZ-Fe(Il). The absorbance of TPTZ-Fe(II)
at 593 nm was measured to evaluate the reducing power of the tested sample. The
corresponding FeSO, value provides quantification of the antioxidant activity of
the extract. A higher FeSO, value demonstrates a higher ferric-reducing capacity.
In this assay, the PAE exhibited a high antioxidant activity, with a FeSO,4 value of
4.32 mmol/g, whereas the FeSO, value of the Trolox control was determined to be
7.007 mmol/g (Table 3). As far as the FeSO, value be concerned, Ferric-reducing
capacity of PAE was approximately three-fifths that of Trolox.

2.4.4. ABTS* Radical-Scavenging Activity of the PAE

The ABTS* radical-scavenging assay is considered an excellent tool for
investigating the antioxidant activity of hydrogen-donating antioxidants and
chain-breaking antioxidants [20]. This assay is based on the inhibitory effect of
the antioxidant on the absorbance of ABTS", which reflects the antioxidant capacity
of the tested sample. The TEAC values were calculated using standard curves, with
a higher TEAC value indicating a higher antioxidant activity. The PAE exhibited a
good antioxidative activity in this test, with a TEAC value of 2.25 mmol/g (Table 3),
which was comparable to that of the extract of pigeon-pea leaves (1.095 mmol/g) [21].
Therefore, B. heteropoda Schrenk fruit is an excellent candidate antioxidant.

3. Experimental Section

3.1. Plant Material

Fresh ripe fruit (3 kg) of B. heteropoda Schrenk was manually harvested in
Daxigou (Latitude 44°26’ N, Longitude 80°46’ E, Altitude 1000 m), Huocheng County,
Yili Kazakh Autonomous Prefecture, Xinjiang Uygur Autonomous Region of China
during September 2012. The fruit was maintained at —18 °C from immediately
after collection until they were used. Samples were also preserved in a refrigerator
(—18 °C) for later analysis in the laboratory.
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3.2. Reagents and Apparatus

2,2-Diphenyl-1-picrylhydrazyl (DPPH), potassium ferricyanide and ascorbic
acid (vitamin C) were purchased from the Sigma-Aldrich Chemical Co. (Shanghai,
China); The FRAP and ABTS assay kits were obtained from the Beyotime Institute of
Biotechnology (Haimen, Jiangsu Province, China). The methanol and acetonitrile for
the HPLC analysis were of chromatographic grade and were purchased from J.T. Baker
(Phillipsburg, NJ, USA). All other reagents and solvents were of analytical grade.

The ultrasonicator was purchased from Tian Pong Electricity New Technology
Co. Ltd. (Beijing, China) The filter papers were produced by Hangzhou Special
Paper Industry (Hangzhou, Zhejiang Province, China). The 0.45-um reinforced nylon
membrane filter was purchased from ANPEL (Shanghai, China). The freeze dryer
used was an EYELA FDU-1100 model (Tokyo, Japan). The L5S spectrophotometer
was purchased from the Jingke Industrial Co. Ltd. (Shanghai, China). The multimode
reader was a PerkinElmer EnSpire model (Waltham, MA, USA).

3.3. Extraction and Primary Purification of the Anthocyanins

The fresh fruit of B. heteropoda Schrenk (100 g) were crushed using a pulverizer,
and then ultrasonically extracted for 30 min using 1 L of 0.5% HCL (v/v) in 80%
methanol in the dark at room temperature. This extraction process was repeated
three times to ensure exhaustive extraction. The supernatants were combined and
were filtered through filter paper to remove the fruit residues, proteins and the
polysaccharide-containing sediment. The filtrate was concentrated using a rotary
evaporator at less than 35 °C, and then was lyophilized to produce the crude
anthocyanin extract (22.666 g).

The crude anthocyanin extract was purified using an AB-8 macroporous resin
column (2.5 cm x 45 cm) to remove sugars, acids and other water-soluble substances.
The successive eluting agents were 0.5% aqueous HCI (1 L), 0.5% HCl in 95% ethanol
(1 L), 95% ethanol (1 L). The eluent obtained using 95% ethanol (0.5% HCI) was
evaporated under reduced pressure at less than 35 °C and was freeze-dried to yield
the PAE (10.956 g).

3.4. Isolation and Identification of the Main Anthocyanins in the PAE

3.4.1. Isolation

The PAE (5.0 g) was further fractionated using a medium-pressure
chromatographic column (4.9 x 46 cm) using a gradient elution of 0%, 20%, 25%,
30%, 35%, 40%, 50%, 70% CH3OH/H,0O (containing 0.1% HCI; 2 L of each eluent),
resulting in 37 fractions. The 37 fractions were concentrated separately under reduced
pressure at less than 35 °C and then were analyzed using HPLC. Fractions 12 (121 mg),
15 (209 mg) and 21 (201 mg) were further refined by preparative HPLC (Shimadzu
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LC-6AD, Kyoto, Japan) using a YMC-Pack ODS column (20 x 250 mm, 10 uM, YMC
Co. Ltd., Kyoto, Japan) at room temperature with a flow rate of 4.0 mL/min and
detection at 530 nm. The eluting solvents were CH3CN/H,O/TFA at a ratio of
12:87.9:0.1, 11:88.9:0.1, 13:86.9:0.1, which yielded compounds 1 (21.0 mg), 2 (21.0 mg)
and 3 (3.4 mg), 4 (3.0 mg) and 5 (5.0 mg).

3.4.2. NMR Identification

The structures of the isolated anthocyanins were elucidated by spectroscopic
analysis. 1H (500 MHz) and 3C (125 MHz) NMR spectra were obtained using
an Inova 500 spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA) in
CD;0D/CF3;COQOD (7:1, v/v) containing TMS as an internal standard. The chemical
shift values were expressed in é (ppm) and the coupling constant (J) values were
presented in Hertz.

3.5. Total Anthocyanin Content

The TAC was determined using the pH differential method [22,23]. The
absorbance at 530 nm and 700 nm was measured in pH 1.0 buffer (potassium
chloride-hydrochloric acid) and pH 4.5 buffer (sodium acetate-acetic acid). The
results were expressed as mg of cyanidin-3-glycoside equivalents /100 g of fresh fruit
weight. The TAC was calculated using the following equation:

A = [(As30 — A700) p 1.0 — (As530 — A700) pH 4.5] 1)

TAC (mg/100g) = A x MW x DF x >1< T X % x 100 (2)

where MW is the molecular weight of cyanidin-3-glucoside (449.2 g/mol), DF is
the dilution factor, ¢ is the molar extinction coefficient of cyanidin-3-glucoside
(26,900 L-cm~!'-mol 1), L is the cell-path length (1 cm), V is the extract volume
(mL) and M is the fresh fruit weight (g). The data were expressed as the mean
values + SD (n = 3).

3.6. HPLC-DAD Analysis

The anthocyanins were separated using an analytical HPLC system (Agilent
1290) equipped with a G4220A 1290 Bin Pump, a G4226A 1290 Sampler, a
G1316C 1290 TCC and a G4212A 1290 DAD. The analytical column used was an
Agilent ZORBAX Eclipse XDB C18 column (4.6 x 150 mm, 5 um, Agilent). The
PAE (10 mg/mL) was filtered through a 0.45-um reinforced nylon membrane filter
before injection. An aliquot of 5 puL of solution was injected. The anthocyanin
chromatograms were obtained in the visible spectral region (530 nm), and the
spectroscopic data from 200 to 600 nm were recorded throughout the entire run.
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A gradient program was applied for analysis of the anthocyanins. This program
followed a previously reported technique, with a slight modification [4]. The mobile
phases were as follows: A, a 3% formic-acid aqueous solution and B, 15% methanol
in acetonitrile. The applied gradient conditions were as follows: 0—40 min, linear
gradient from 3% to 11.5% B; 40-50 min, 11.5% B; 50-60 min, linear gradient from
11.5% to 13.5% B; 60-70 min, linear gradient from 13.5% to 15.5% B; 70-85 min, linear
gradient from 15.5% to 23% B; and 85-90 min, linear gradient from 23% to 3% B. The
flow rate was 0.8 mL/min, and temperature was 35 °C. The peaks of the anthocyanins
from B. heteropoda Schrenk fruit were numbered in order of their elution.

3.7. HPLC-DAD-HR-ESI-MS/MS

HPLC-DAD-HR-ESI-MS/MS  was performed using an Agilent 6520
Accurate-Mass Q-TOF LC/MS. The chromatographic separation was conducted
using an Agilent ZORBAX Eclipse XDB C18 column (4.6 x 150 mm, 5 pm, Agilent,
Wilmintton, DE, USA). The separation conditions were the same as those used
for HPLC/DAD analysis, described above. The concentration of the PAE was
1.0 mg/mL. The MS parameters were as follows: capillary voltage, 4000 V; gas
(N) temperature, 350 °C; flow rate, 8 L/min; and nebulizer pressure, 35 psi. The
instrument was operated in the positive-ion mode with scanning from m/z 0 to 1500.

3.8. Antioxidant Activity

3.8.1. Total Reducing Capacity Assay

The total reducing capacity of the PAE was evaluated as described by Cui et al.,
with a slight modification [22]. For this analysis, the PAE was dissolved in distilled
water for the preparation of solutions of various concentrations (90, 115, 140, 165, and
190 pg/mL). One milliliter of a sample solution was mixed with 2.5 mL of sodium
phosphate buffer (0.2 M, pH 6.6) and 2.5 mL of 1% (w/v) potassium ferricyanide. The
mixtures were incubated at 50 °C for 20 min in the dark and then was centrifuged at
1000 g for 10 min after adding 2.5 mL of 10% trichloroacetic acid. The supernatants
(2.5 mL) were collected and mixed in a test tube with 2.5 mL of distilled water and
1.0 mL of 0.1% (w/v) ferric chloride. After a 10-min incubation at room temperature
in the dark, the absorbance of the resulting solution at 700 nm was recorded using a
spectrophotometer. An equivalent volume of distilled water, instead of the sample,
was used as a control. The reducing power of ascorbic acid (30, 38, 46, 54, 62 nug/mL)
was also determined for comparison. The increased absorbance of the reaction
mixture at 700 nm indicated an increased reducing capacity. The concentration of
the test sample that was required to raise the level of absorbance to 0.5 at 700 nm
was calculated.
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3.8.2. DPPH Radical-Scavenging Activity Assay

A modified method was employed to evaluate the DPPH radical-scavenging
activity [24]. Briefly, 2.0 mL of an ethanolic solution of PAE at various concentrations
(5,10, 15, 20, 25, 30, 60 and 90 pg/mL) was added to 2.0 mL of 0.2 mM DPPH that was
dissolved in ethanol. The mixture was then shaken vigorously and was maintained
for 30 min at room temperature in the dark. The absorbance of the mixed solution
at 517 nm was determined. Ascorbic acid (vitamin C) was used as the reference
compound. All of the samples were analyzed in triplicate. The scavenging activity of
each sample was calculated according to the following formula:

Scavenging activity (0/0) = [1 - (A DPPH sample — Asample control)/ADPPH blank] % 100 (3)

where A pppH sample = absorbance of 2 mL of the sample solution + 2 mL of DPPH
solution; A sample control = absorbance of 2 mL of the sample solution + 2 mL
of ethanol; and A pppy plank = absorbance of 2 mL of ethanol + 2 mL of DPPH
solution. The concentration of sample required to cause 50% inhibition (ICs, value)
was determined.

3.8.3. Ferric-Reducing Antioxidant Power (FRAP) Assay

The FRAP of the PAE was determined using a total antioxidant-capacity assay
kit following the FRAP method (Beyotime Institute of Biotechnology, Haimen, China),
using a previous report as a reference [25]. The stock solutions included a TPTZ
(2,4,6-tripyridyl-s-triazine) solution, a TPTZ diluent, the detection buffer, 1.0 mL
of a 100 mM FeSOy solution and 0.1 mL of a 10 mM Trolox solution. A working
solution was freshly prepared by mixing the TPTZ diluent, the TPTZ solution and
the detection buffer in a 10:1:1 (v/v) ratio, respectively. The working solution was
maintained at 37 °C before use. An aliquot of 5 pL of the PAE solution was allowed
to react with 180 pL of the FRAP working solution for 3-5 min at 37 °C. Then, the
absorbance of the mixture at 593 nm was measured using a multimode reader. Five
microliters of distilled water, instead of a sample, was used for the blank. The
standard curve was obtained using FeSOj, in the concentration range of 0.15-1.5 mM.
The results were expressed as FeSO, values, which were calculated using on the
standard curve.

3.8.4. ABTS" Radical-Scavenging Capacity Assay

The ABTS* radical-scavenging capacity was determined according to the
instruction of the Beyotime Institute of Biotechnology and methods described
previously [21]. This capacity is based on the ability of different substances to
scavenge the ABTS* radical in comparison with that of a standard (Trolox). The
stock solutions included an ABTS solution and an oxidant solution. The green ABTS*
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solution was prepared by reacting ABTS with an equal quantity of an oxidant in and
allowing the mixture to stand for 12-16 h at room temperature in the dark before
use. The resulting solution was diluted with 80% ethanol to obtain an absorbance of
0.70 £ 0.05 at 734 nm. The solution was prepared freshly for each assay. An aliquot
of 10 uL of the PAE solutions was mixed with 200 uL of the diluted ABTS* solution
and maintained for 2-6 min at room temperature in the dark. Then, the absorbance
of the mixture at 734 nm was recorded. A calibration curve was prepared using
Trolox (a water-soluble analogue of vitamin E) in a range of concentrations from
0.15to 1.5 mM.

To ensure a correct measurement, the test sample was diluted with water
to the concentration at which the percentage of inhibition was 20%-80%. The
result was calculated based on the Trolox standard curve and was expressed as
the Trolox-equivalent antioxidant capacity (TEAC), which was defined as the mmol
of Trolox for which the antioxidant activity was equivalent to the activity of 1 g of
the sample.

3.9. Statistical Analysis

All of the assays of the antioxidant capacities (total reducing capacity, DPPH
radical-scavenging activity, FRAP and ABTS radical-scavenging capacity) were
performed in triplicate. The analytical data were expressed as the mean values
from assays conducted in triplicates and the standard deviation (SD).

4. Conclusions

Our research has provided the chemical basis for and evidence of high levels
of antioxidant activity of the fruit of B. heteropoda Schrenk. The high anthocyanins
content indicated that the fruit of B. heteropoda Schrenk can be considered as an
excellent source of natural colorants and a functional food that benefits human health
However, we have only taken a glimpse into the antioxidant activity of the fruit
of B. heteropoda Schrenk. Further investigations must be conducted to elucidate its
other biological effects. In conclusion, the composition of the major anthocyanins
and the antioxidant activities of the fruit of B. heteropoda Schrenk were systematically
investigated for the first time. The results of this research are important for the
further development of applications of the fruit of B. heteropoda Schrenk.

Supplementary Materials: Supplementary materials can be accessed at: http:/ /www.mdpi.
com/1420-3049/19/11/19078/s1.
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Expanded Snacks with Anthocyanins Using
an Extrusion Process and Response

Surface Methodology

Anayansi Escalante-Aburto, Benjamin Ramirez-Wong,

Patricia Isabel Torres-Chavez, Jaime Lépez-Cervantes,

Juan de Dios Figueroa-Cardenas, Jestiis Manuel Barrén-Hoyos,

Ignacio Morales-Rosas, Néstor Ponce-Garcia and Roberto Gutiérrez-Dorado

Abstract: Extrusion is an alternative technology for the production of nixtamalized
products. The aim of this study was to obtain an expanded nixtamalized snack with
whole blue corn and using the extrusion process, to preserve the highest possible
total anthocyanin content, intense blue/purple coloration (color b) and the highest
expansion index. A central composite experimental design was used. The extrusion
process factors were: feed moisture (FM, 15%—-23%), calcium hydroxide concentration
(CHC, 0%—0.25%) and final extruder temperature (T, 110-150 °C). The chemical and
physical properties evaluated in the extrudates were moisture content (MC, %),
total anthocyanins (TA, mg: kg_l), pH, color (L, a, b) and expansion index (EI).
ANOVA and surface response methodology were applied to evaluate the effects of
the extrusion factors. FM and T significantly affected the response variables. An
optimization step was performed by overlaying three contour plots to predict the best
combination region. The extrudates were obtained under the following optimum
factors: FM (%) = 16.94, CHC (%) = 0.095 and T (°C) = 141.89. The predicted extrusion
processing factors were highly accurate, yielding an expanded nixtamalized snack
with 158.87 mg- kg ~! TA (estimated: 160 mg-kg~!), an EI of 3.19 (estimated: 2.66),
and color parameter b of —0.44 (estimated: 0.10).

Reprinted from Molecules. Cite as: Escalante-Aburto, A.; Ramirez-Wong, B.;
Torres-Chévez, P1; Lopez-Cervantes, J.; de Dios Figueroa-Cérdenas, J.; Barrén-Hoyos, ] M.;
Morales-Rosas, I; Ponce-Garcia, N.; Gutiérrez-Dorado, R. Obtaining Ready-to-Eat Blue
Corn Expanded Snacks with Anthocyanins Using an Extrusion Process and Response
Surface Methodology. Molecules 2014, 19, 21066-21084.

1. Introduction

The energy density of ingested foods has increased globally; populations have
become more urban, and the high consumption of products with large amounts of
sugar, carbohydrates, dyes and saturated fats has been reported [1]. There is also
an increase in the worldwide consumption of cereal-based foods, especially snack
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products. This market is expanding rapidly and will continue growing in the coming
years. Snack foods are considered high energy density products, and they are directly
related to promoting weight gain and to causing certain illnesses such as obesity and
other related diseases (metabolic syndrome, cardiovascular events, hypertension,
cancer) [1].

Nixtamalized corn snacks are consumed mostly by the American and
Latin-American population. On the other hand, the extrusion process (EP) has
been used as a rapid and efficient technology to obtain a large variety of products,
including nixtamalized products. The EP has some advantages compared to the
traditional nixtamalization process, including requiring less time and energy input
and no production of water effluents (nejayote).

Producing extruded snacks with whole grains, such as corn, improves the
nutritional quality of the final product. The germ of the grain is composed of
polyunsaturated acids, the pericarp contains dietary fiber, and phytochemicals
(bioactive ingredients) such as anthocyanins are present in the outer part of the
endosperm (aleurone layer). These compounds have been isolated from pigmented
corn grains and have shown health benefits such as anti-radical activity, which plays
an important role in preventing chronic-degenerative illnesses [2].

The chemical structure of anthocyanins is based on the aglycon molecule (the
flavylium ion or 2-phenylbenzopirilium) with various substitutions of methoxyl and
hydroxyl groups in different positions. Generally, these compounds are linked to one
or more glycosidic molecules (hexoses and pentoses) and they also can be joined to
different organic acids (cinnamic and aliphatic acids). Nevertheless, anthocyanins
are unstable compounds at high pH levels and temperatures [3].

Anthocyanins are soluble compounds responsible for the blue/purple coloration in
pigmented corns. As the chemical forms of anhocyanins change, their color also changes.
The modification of certain process conditions such as pH and temperature, can produce
the formation of a bluish quinoidal base or a colorless carbinol pseudobase [4]. These
aspects affect the color of the products made with pigmented corns, modifying their
appearance and acceptance.

Several investigations have focused on products obtained from pigmented corns
produced by traditional, ecological and extrusion nixtamalization processes [5-10].
Nixtamalization by extrusion diminishes the anthocyanin losses in the end products
by up to 50%-60% (tortillas and expanded extrudates), and ecological nixtamalization
reduced the pH levels and the formation of compounds with proteins and
carbohydrates that positively affected the retention of nutraceutical compounds [11].
All of those investigations are focused in improving the anthocyanins retention, in
order to develop a healthy product with acceptable sensorial characteristics, which is
the goal of food technologists.
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It has been established that there are advantages to using whole grains with
additional nutraceutical value (phytochemicals) to diminish the prevalence of chronic
degenerative diseases. Innovations in snack products that already are on the market,
lead to finding new ways of processing that result in improved products with low
amounts of carbohydrates, dyes, saturated fats and low energy density.

The aim of this study was to produce expanded nixtamalized expanded snacks
using extrusion process with whole blue corn, and to apply response surface
methodology to obtain a product with a high total anthocyanin content, an intense
purple/blue coloration, and a high expansion index.

2. Results and Discussion

2.1. Effects of FM, CHC and T on Extrudates Moisture Content (MC)

The second order equations coefficients, analysis of variance (ANOVA) and
determination coefficients of feed moisture, final extruder temperature and calcium
hydroxide concentration effect on the chemical and physical properties of the
extrudates, are presented in Table 1.

The ANOVA showed that the FM was the processing variable that most affected
the MC in linear terms (p < 0.0001). The quadratic terms (FM)? and (T)? presented a
significant and a very significant effect on MC (p < 0.0152 and p < 0.0001, respectively).

The model fitting for MC in terms of the actual factors is presented in
Equation (1):

Ypmc = —160.23 + 3.57(FM) + 2.07(T) + 0.009 (FM)(T) — 0.11(FM)? —0.008(T)%> (1)

The extrudates MC varied from 8.1% to 14.7% (Table 2). Figure 1a shows that
higher values of FM yielded the highest MC in the extrudates at a T of 130 °C. In
Figure 1b, the interaction of FM*CHC shows that at low FM content, the CHC had no
effects the on extrudate MC. The interaction effect of T*CHC is presented in Figure 1c,
where T showed an interesting effect; at 130 °C, the extrudates reached the highest
MC regarding the CHC level.

According to the results presented in Table 2, the extrudates produced at higher
FM and T had greater losses of moisture content. The evaporation of water when the
product emerged from the die provoked proportional losses of moisture from 11%
up to 43% when compared with the original FM. It has been reported that after the
extrudate is released from the die and reaches the maximum expansion, the product
starts to contract under elastic recoil. The sudden drop of temperature diminishes
the viscosity, causing the evaporation of 8-10 g of moisture per 100 g of fluid [12].
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Table 1. Coefficients of the second order equations (prediction models), analysis
of variance and determination coefficients, showing the relationship among the
processing factors and the chemical and physical properties of the extrudates.

Coefficients MC? TA pH L a b EI
Intercept
B 13.45 147.63 6.85 21.61 3.87 —0.27 213
Lineal
B1 1.51 *** 5.55ns 0.021ns —2.54 *** —0.35 *** —0.23 #** —0.45 ***
B2 —0.33ns 1.93ns —0.0009ns 0.46ns 0.18 *** —0.016ns 0.002ns
B3 0.050ns 0.39ns —0.013ns 0.29ns 0.011ns —0.004ns —0.015ns
Quadratic
B —0.66 ** 2.86ns —0.008ns 1.11 0.17 *** 0.13** 0.11 **
B2 —1.29 *** 7.39* —0.035ns 0.31ns 0.23 *** 0.030ns —0.009ns
B33 —0.40ns 2.05ns —0.001ns 0.38ns —0.0007ns 0.063ns 0.001ns
Interaction
B12 0.27ns —4.94ns —0.006ns —0.62ns —0.15** —0.005ns —0.005ns
B3 0.25ns 3.26ns 0.0003ns —0.016ns —0.16 ** 0.020ns —0.035ns
B2 —0.005ns —1.66ns 0.020ns 0.53ns 0.033ns 0.010ns 0.021ns
R? 0.89 0.44 0.17 0.89 0.92 0.72 0.95

2 MC = moisture content; TA = total anthocyanins; L = white (100) to black (0), a = red (+)
to green (—), b = yellow (+) to blue (—), EI = Expansion index; 31, feed moisture; (35, final
extruder temperature; 3, calcium hydroxide concentration. ns = not significant (p > 0.1);
*p <0.1; ** Significant (p < 0.05); *** Very significant (p < 0.01).

Table 2. Experiment design used to obtain different combinations of extrusion
feed moisture/calcium hydroxide concentration/temperature for production of
expanded nixtamalized blue corn extrudates.

Process Factors ?

Response Variables ®

e FM T CHC MC TA pH L a b El
X1 Xz X3 Y1 Yz Y3 Y, Ys Ys Y7

1 19.(0) ¢ 130 (0) 0.13 (0) 136 1507 68 2243 401 —033 213
2 15 (—1.682) 130 (0) 0.13 (0) 100 1411 68 2889 501 035 326
3 19 (0) 130 (0) 0.13 (0) 140 1547 68 214 38 —035 205
4 19 (0) 130 (0) 0.13 (0) 133 1304 68 2238 400 —004 219
5 2138 (1) 141.89 (1) 02(1) 123 174 69 2147 369 —038 178
6 19(0) 130 (0) 0.13 (0) 132 1538 69 2096 376 —012 2.19
7 19(0) 130(0)  025(1.682) 131 1435 67 2249 417 011 202
8 2138(1)  11811(—1)  005(—1) 119 1655 68 1944 413 —017 172
9 19 (0) 130 (0) 0(—1682) 131 1426 7.1 2344 373 —040 233
10 2138 (1) 14189 (1)  005(—1) 116 1769 67 2017 405 —022 180
11 1662(—1)  141.89(1)  005(—1) 85 1708 67 2572 477 032 254
12 1662 (—1) 11811 (—1) 02(1) 94 1445 68 2396 433 012 262
13 23 (1.682) 130 (0) 0.13 (0) 147 1495 70 2118 383 —028 171
14 2138 (1) 11811 (=1) 02(1) 124 1834 68 2083 358 —032 176
15 19.(0) (7116082) 0.13 (0) 110 1633 68 2121 425 —023 221
16 1662(—1)  141.89 (1) 02(1) 80 1691 68 2928 497 014 280
17 19 0) 150 (1.682) 0.13 (0) 101 153 68 2235 494 —025 208
18 1662(—1)  11811(—1)  005(—1) 97 1538 67 247 42 041 258
19 19 (0) 130 (0) 0.13 (0) 130 1423 69 2073 387 —044 214
20 19 (0) 130 (0) 0.13 (0) 131 1574 69 2163 373 —033 206

2 FM = Feed moisture (%), T = Final extruder temperature (°C), CHC = Calcium hydroxide
concentration (%); ® MC = Moisture content (%), TA = Total anthocyanins (mg- kg_l),
L = White (100) to black (0), 2 = Red (+) to green (=), b = Yellow (+) to blue (—),
EI = Expansion index; ¢ Tr = Treatment; d Numbers in parentheses corresponded to

coded values.
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Figure 1. Moisture content (MC) of expanded nixtamalized blue corn extrudates,
as a function of: (a) feed moisture (FM) and temperature (T); (b) feed moisture (FM)
and calcium hydroxide concentration (CHC); and (c) temperature (T) and calcium

hydroxide concentration (CHC).

2.2. Effects of FM, CHC and T on Total Anthocyanins (TA)

The ANOVA (Table 1) showed that the quadratic term (T)? was the processing
factor that had the most significant effect (p < 0.0459). The model fitting for TA in
terms of the actual factors is presented in Equation (2):

Y1a = 960.61 —12.61(T) + 0.049(T)? )

The values obtained from this analysis ranged between 130.4 and 183.4 mg- kg !
(Table 2). The interaction effects of FM*T on the TA are shown in Figure 2a; at
higher levels of these process factors, the TA levels were the highest. At lower
FM and T levels, the TA was the lowest. These results are inconsistent with other
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studies where it was demonstrated that at higher temperatures, the destruction of
anthocyanins increased. Temperature has a notable effect on anthocyanin structures;
these compounds lose their color at elevated temperatures, and they become paler
because the equilibrium among the anthocyanin species shifts towards other chemical
forms [4].
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Figure 2. Total anthocyanins (TA) of expanded nixtamalized blue corn extrudates,
as a function of: (a) feed moisture (FM) and temperature (T); (b) feed moisture (FM)
and calcium hydroxide concentration (CHC); and (c) temperature (T) and calcium
hydroxide concentration (CHC).

However, the results obtained in our research are consistent with those from a
previous study [7], where it was demonstrated that even when the total anthocyanin
content decreased due to higher processing temperatures, there was an increment
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of 11.3% in the cyanidin 3-glucoside (major anthocyanin in blue corn) content.
Other authors [13] showed that purified anthocyanins degraded at a faster rate than
anthocyanins in unpurified extracts obtained from the food material. These findings
lead to the presumption that some anatomical parts of the grain (like the pericarp)
could be acting as protectors of the anthocyanins, reducing their degradation by high
processing temperatures.

In Figure 2b, it can be observed that there was no effect of CHC on AT content;
rather FM had a greater effect such that at high levels of this process factor, the
TA was slightly higher at any given CHC level. The interaction effect of T*CHC is
presented in Figure 2c, where TA contents were higher at temperatures of 141.89 and
118.11 °C.

Nevertheless, it has been reported that many factors affect the stability of these
compounds, such as extraction procedures and glycosylated substituents, which
could affect the total anthocyanin content in the extrudates samples [14].

2.3. Effects of FM, CHC and T on pH

There were no significant effects of the extrusion processing factors on pH values
(Table 1). This was probably due to the minimum calcium hydroxide concentrations
(range 0%—0.25%) used in the treatments to obtain the extrudates. These results differ
from those obtained by Zazueta et al. [15], who reported that the CHC had an effect
on physical and chemical properties of blue maize extrudates elaborated by extrusion.
In the case of the pH, alkaline media induced starch swelling and gelatinization,
which expose reactive sites of the starch. There are formation of starch-calcium
complexes that changes conformational and structural characteristics of the starch
based foods. The pH ranged from 6.7 to 6.1 in all the treatments (Table 2). It can
be seen that at the CHC used in this study, the anthocyanin content could not be
affected by pH, allowing the manipulation of other extrusion parameters.

2.4. Effects of FM, CHC and T on Color Parameters (L, a, b)

Luminosity (L) was evaluated on a scale of 100 (white) to 0 (black). Extrudates
with lower values of L appeared darker (purple) to the unaided eye. The ANOVA
(Table 1) showed that the FM affected the color parameter L very significantly in
linear (p < 0.0001) and quadratic (p < 0.0040) terms. The values of this parameter
ranged between 19.44 and 28.89 (Table 2). Figure 3a,b show that at low FM levels
and high CHC and T, the L parameter reached the highest values. The interaction
T*CHC had no significant effect on L values (Figure 3c).

The model fitting for L in terms of the actual factors is presented in Equation (3):

Y, = 109.27 —8.10(FM) + 0.185(FM)? 3)
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When anthocyanins are exposed to higher temperatures, some degradation
reactions occur, forming colorless structures that fade the original red-blue coloration.
It has been reported that in corn extrudates the parameter L was highly affected by
the FM of the extrusion process. It can be seen that at higher processing temperatures,
the lightness (L) increased in the blue corn extrudates (Figure 3a,c). Some authors [16]
have reported an increase in the lightness of anthocyanin extracts containing cyanidin
and pelargonidin with mono- and diglucoside moieties. This effect was attributed to
the transition of the colored flavylium cation into colorless and yellowish carbinol
and chalcone forms, respectively. It is possible that the same anthocyanin degradation
mechanism occurred in the extrudate samples obtained in this study.

The positive and negative values of the color parameter 4 indicate red and green
shades, respectively. The ANOVA (Table 1) showed that the linear terms of FM
(p <0.0001) and T (p < 0.0012) presented a highly significant effect. The quadratic
terms of these processing variables also had very significant effects: FM? (p < 0.0013)
and T? (p < 0.0001). The interactions FM*T and FM*CHC showed significant effects
(p < 0.0191 and p < 0.0140, respectively).

The model fitting of a in terms of the actual factors is presented in Equation (4):

Ya = 27.92 — 0.48(FM) —0.30(T) + 16.96(CHC) — 0.0052(FM)(T) —

0.88(FM)(CHC) + 0.029(FM)? + 0.0016(T)? @

The color parameter a of the extrudates ranged between 3.58 and 5.01 (Table 2).
The effects of the extrusion processing conditions are presented in Figure 4a—c. It
can be seen that the three processing factors affected this evaluation. The FM*T
interaction shows that at low levels of FM and high T, the color parameter g4, is the
highest (Figure 4a). In Figure 4b, the FM*CHC interaction, shows that as the FM
diminishes and CHC increases, the values for color parameter a are higher. The
stability of anthocyanins is highly dependent on pH at levels of 6-7 or higher. The
coloration of these compounds changes to blue-purplish and the quinoidal forms are
degraded rapidly by the air oxidation, thereby decreasing the positive a values.

Figure 4c shows the effects of T*CHC on the color parameter g, and it can
be seen that at higher T, the a values increases by increasing CHC. It is probably
that the release of acylated anthocyanins increases the relative proportion of the
stable red flavylium cation, thus protecting the red coloration at higher pH [3]. The
effect of CHC in the color parameter a of pigmented nixtamalized products was
evaluated by other authors [17], concluding that extrusion process improves the
retention of anthocyanins and produced more retention of blue-red colorations in
the obtained products.
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Figure 3. Color parameter L of expanded nixtamalized blue corn extrudates, as a
function of: (a) feed moisture (FM) and temperature (T); (b) feed moisture (FM)
and calcium hydroxide concentration (CHC); and (c) temperature (T) and calcium
hydroxide concentration (CHC).

In the color spectrum, positive and negative b values indicate yellow and blue
shades, respectively. The ANOVA (Table 1) results showed that the FM had a highly
significant effect on this parameter in its linear term (p < 0.0008) and a significant in
its quadratic term (p < 0.0325).

The model fitting of b in terms of the actual factors is presented in Equation (5):

Y, = 9.16 — 0.89(FM) + 0.0208(FM)? (5)

The values of b obtained in the extrudates ranged from —0.44 to 0.41 (Table 2).
Figure 5a shows the effects of FM*T on the color parameter b. The FM had a significant
effect: as the FM increased, the b values became positive, and practically no effects of
T. The effect of FM*CHC on color parameter b is presented in Figure 5b, which shows
the same trend as that in the FM*T interaction. As the FM decreased, the parameter
b increased regarding the CHC. Due to that anthocyanins are pH-dependent
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compounds, changes in this parameter were expected. However, the presence of
one or more acyl groups in the molecule prevents the hydrolysis of the flavylium
form and promotes the synthesis of quinoidal structures with blue shades, making
these types of compounds more stable and less sensitive to pH changes [4]. The
effects of T*CHC on color parameter b, are presented in Figure 5c. It can be observed
that b remained constant (non-significant effect) regarding the CHC and T. It can be
assumed that the acylated anthocyanins contained in the blue corn extrudates, were
not affected by these processing factors.
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Figure 4. Color parameter a of expanded nixtamalized blue corn extrudates, as a
function of: (a) feed moisture (FM) and temperature (T); (b) feed moisture (FM)
and calcium hydroxide concentration (CHC); and (c) temperature (T) and calcium
hydroxide concentration (CHC).
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Figure 5. Color parameter b of expanded nixtamalized blue corn extrudates, as a
function of: (a) feed moisture (FM) and temperature (T); (b) feed moisture (FM)

and calcium hydroxide concentration (CHC); and (c) temperature (T) and calcium
hydroxide concentration (CHC).

2.5. Effects of FM, CHC and T on Expansion Index (EI)

The ANOVA (Table 1) showed that the linear and quadratic terms of the FM
had a very significant effect in the EI values (p < 0.0001 and p < 0.0037, respectively).
The model fitting of IE in terms of the actual factors is presented in Equation (6):

Yr; = 12.75 — 0.931(FM) + 0.019(EM)? (6)
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The EI of the extrudates ranged from 1.71 to 3.26 (Table 2). The effects of FM*T
on the EI are presented in Figure 6a. At any T, the FM had a significant effect,
demonstrating that the higher the FM, the lower the EI. The same trend was observed
for FM in the FM*CHC interaction (Figure 6b), where CHC had no significant effect
on the EI; in addition the T*CHC interaction had no effect on the EI (Figure 6¢).

a

El

CHC (%) 0.13
130

Temperature (°C)
120

CHC (%) 0.00 110

Figure 6. Expansion index (EI) of expanded nixtamalized blue corn extrudates, as
a function of: (a) feed moisture (FM) and temperature (T); (b) feed moisture (FM)

and calcium hydroxide concentration (CHC); and (c) temperature (T) and calcium
hydroxide concentration (CHC).

The effects of FM on the extrudate expansion have been widely studied and its
role affecting this parameter was established because of the sudden drop of pressure
(from the inside of the extruder barrel to the atmospheric pressure). The pressure
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drop causes an extensive expulsion of water vapor from the melt, which emerges in
the form of bubbles and allows the expansion of the molten extrudate [18]. The results
obtained in our study were in according with those obtained by Thymi et al. [19], who
reported that the extrudate expansion is most dependent on the material moisture
content, as higher FM decreased the expansion of corn extrudates. The effects of
temperature on the expansion of starch-based extrudates have also been reported;
however, in the expanded extrudates, the effects of this processing factor were not
statistically significant, possibly because the temperature range (110-150 °C) was not
sufficiently large.

2.6. Optimization and Model Prediction Performance

In this part of the study, optimization was defined as the processing conditions
that provided an optimum value as a function (maximum or minimum) of certain
variables subject to constraints that were previously imposed [20]. Cereal snack
products containing natural compounds with additional health benefits (such
as antioxidants) are highly accepted by consumers. In addition, texture and
appearance (attractive color) are two of the most important sensorial characteristics
for these products.

The goals for optimization in this study were to maximize the total anthocyanin
content and the expansion index in order to obtain extrudates with the highest
amount of antioxidants (anthocyanins) and acceptable crunchiness, assuming that
the higher the expansion index, the crunchier the extrudate. In the case of color
parameter b, the goal was to minimize the value so that the blue/purplish coloration
was more intense, making the appearance of the extrudates more attractive.

Figures 7-9 show the central points of the best combination regions (optimum)
corresponding to the following processing factors: FM(%) = 16.62/T(°C) = 141.89,
FM(%) =17.27/CHC(%) = 0.11, and T(°C) = 141.89/CHC(%) = 0.08. From these three
set of values, an average one was computed for each processing factor, resulting
in the following processing factors: FM(%) = 16.94, T(°C) = 141.89 (fourth zone of
the extruder) and CHC(%) = 0.095. These conditions estimated the production of
expanded nixtamalized blue corn extrudates with a total anthocyanin content of
160 mg-kg~!, expansion index of 2.66, and color parameter b of 0.10.
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Figure 7. Overlay plot and optimized region (best combination) of the extrusion
processing factors feed moisture (FM) and temperature (T), for producing expanded
nixtamalized blue corn extrudates.
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Figure 8. Overlay plot and optimized region (best combination) of the extrusion
processing factors feed moisture (FM) and calcium hydroxide concentration (CHC),
for producing expanded nixtamalized blue corn extrudates.
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Figure 9. Overlay plot and optimized region (best combination) of the extrusion
processing factors temperature (T) and calcium hydroxide concentration (CHC), for

producing expanded nixtamalized blue corn extrudates.

Evaluations of the Expanded Nixtamalized Blue Corn Snacks Produced with the
Optimum Extrusion Conditions

The experimental validation of the processing factors was performed in the
extruder with the conditions obtained by the overlay plots. Results of the chemical
and physical characteristics evaluated in the nixtamalized blue corn expanded

extrudates are presented in Table 3.

Table 3. Predicted values and experimental results of chemical and physical
evaluations on the expanded nixtamalized blue corn extrudates obtained from

the optimum processing conditions.

Response Variable Predicted Value Experimental Value
TA (mg-kg™1) 2 160 158.87 +2.26 ¢
Color b® 0.10 —0.45 +0.08 ©
Expansion Index 2.66 319 +0.114

2 Total anthocyanins; b b = Yellow (+) to blue (—); Average + standard deviation, n = 4;
d Average + standard deviation, 1 = 40.
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Despite the use of biological material (whole blue corn), the model’s prediction
led to highly accurate results. The experimental value for TA in the extrudates was
158.87 mg- kg ! (estimated, 160 mg- kg~!), meaning 99.2% fitting. The experimental
result for the expansion index was 3.19. This parameter was higher than expected
(estimated, 2.66), representing 83.3% fitting and more expansion (crunchiness) in the
extrudate. Finally, the experimental result for the color parameter b was —0.45. This
result was better than expected (estimated, 0.10), meaning that the negative values
indicated an increased intensity of the blue/purple shades.

3. Experimental Section

3.1. Raw Material

Creole soft blue corn was obtained in Toluca, Mexico (2010 crop). The grains
(10 kg) were cleaned (Clipper BLOUNT/Ferrell-Ross, Model M2BC; Blufton Inc.,
Blufton, IN, USA) and ground in a six blade mill with rubbed shell (Pulvex SA de
CV, Model 200, serial 1030401, Mexico, DF, Mexico) and passed through a 0.8 mm
mesh. The ground corn was stored in sealed polyethylene bags and kept in the dark
(to avoid anthocyanin degradation) at 5 °C until use. Commercial lime (calcium
hydroxide) (Calhidra de Sonora, SA de CV, Hermosillo, Son., Mexico) and distilled
water were used.

3.2. Extrusion Process

Samples (300 g each) of ground corn were mixed in a laboratory blender (Kitchen
Aid, Model MK45SSWH, St. Joseph, MI, USA), with different concentrations of
calcium hydroxide (0%—0.25%) and distilled water (15%-23%) for 5 min. Each
ground corn sample was conditioned with calcium hydroxide and water according
to the experiment design (Table 2). The conditioned ground corn samples were kept
in sealed polyethylene bags at 5 °C in dark conditions for 12 h before extrusion.

A single-screw extruder (Brabender Instruments, Model E19/25 D, OHG,
Duisburg, Germany) with four heat/cool zones was used. The temperatures inside
the barrel in the first, second and third zones were 60, 80, 110 °C, respectively,
and the fourth zone temperature was set according to the experiment design
(110-141.89 °C). The conditioned ground corn was fed into the extruder under the
following conditions: screw number 3 (nominal compression ratio 3:1 and diameter
19 mm); screw speed of 120 rpm; hopper feed rate of 50 rpm; and 3 mm die opening
diameter. The obtained extrudates were cooled at room temperature (25 °C), dried at
60 °C for 30 min in a tunnel dryer, and then stored at 5 °C in sealed polyethylene
bags in the dark until analysis.
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3.3. Extrudate Evaluations

3.3.1. Moisture Content (MC)

The AACCI Approved Method 44-15.02 [21] was used, and three replicates of
the analysis were performed for each treatment

3.3.2. Total Anthocyanins (TA)

The analysis was assessed according to Abdel-Aal and Hucl [22]. Samples (3 g)
of ground extrudates were weighed in a 50 mL centrifuge tube, and acidified ethanol
(ethanol with 1 N HCI, 85:15 v/v, 24 mL) was added. The solutions were adjusted
at pH 1 with 4N HCl and then shaken and centrifuged (Thermo Scientific, Model
Heraes Biofuge Primo R., Dreieich, Germany) at 27,200 x g for 15 min; this step was
performed twice. The supernatant was separated into a centrifuge tube, and the
volume was adjusted to 50 mL with acidified ethanol. The absorbance was measured
at 535 nm (against a blank) in a UV-visible spectrophotometer (Varian Australia PT
LTD, Cary 50 CONC, Victoria, Australia). The analysis was made in triplicate.

3.3.3. pH

This determination was measured according the AACCI Approved Method
02-52 [23]. Three replicates were performed.

3.3.4. Color

The parameters L, 4, and b for each treatment were measured using a Hunter
Lab Miniscan XE Plus (Hunter Association Laboratories, Reston, VA, USA). The color
value L indicates lightness on a scale of 100 (white) to black (0), positive and negative
a color values indicate red and green shades, respectively, and positive and negative
b color values indicated yellow and blue shades, respectively. These measurements
were made in triplicate for each treatment.

3.3.5. Expansion Index (EI)

The expansion index was measured using a Digital Caliper (Mitutoyo Corp.,
Model CD-6 CS, Kanagawa, Japan) and was calculated as the ratio of the extrudate
diameter to the diameter of the extruder die (3 mm). Forty replicates of each
determination were performed.

3.4. Experimental Design and Statistical Analysis

A central composite experimental design of three factors and five levels was used
(Table 2). The independent variables were: feed moisture, FM (X1, 15%-23%); calcium
hydroxide concentration, CHC (Xj, 0%-0.25%) and fourth zone extruder temperature,
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T (X3, 110-150 °C), coded with levels of —1.682, —1, 0, +1 and +1.682. The response
variables in the extrudates were: moisture content (%), total anthocyanins (mg: kg’l),
pH, color parameters (L, a4, b) and expansion index (EI). The empirical model
representing the interaction between the independent and response variables is
presented in Figure 10.

FM (%)
CHC (%)
T (O

Figure 10. Empirical model of the interaction between processing and
response variables.

This mathematical expression is used to model the response variables (Y1-Y7)
where the k value changes from 1 to 7; where 3y represents a constant, {3; the linear
coefficient, By; the quadratic coefficient, 3y;; the interaction effect of the response
variables, and ¢ the experimental error.

All data obtained from the response variables were recorded, and an analysis
of variance (ANOVA) was performed with a confidence level of 95%. Besides, a
backward regression analysis was applied, and non-significant factors (p > 0.1)
were eliminated from the second-order polynomial equation. Then a new equation
was recalculated to achieve the final predictive model for each response variable.
Response surface methodology (RSM) was used [24]. Contour plots for each
determination were obtained using Design Expert Software V.7.0.0 (Stat-Ease,
Minneapolis, MN, USA).

3.5. Optimization of the Extrusion Process

To obtain the best combinations of factors for the extrusion process (FM, CHC, T),
response surface methodology was used. The response variables to optimize the
process were: total anthocyanins (maximize), color b (minimize) and expansion index
(maximize). Once the graphical contour plots were obtained, superposition surface
methodology was applied to achieve the optimization technique [17]. Three contour
plots were made, and the optimum combination of the processing variables were
selected. Validation of the optimization model was performed according to the
estimated processing values.
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4. Conclusions

The FM, in linear and quadratic terms, was the factor that most significantly
affected all of the evaluations performed in the extrudates, except for the TA
determinations, where the quadratic term of T showed the most significant effect. The
color parameter a4 was the response variable that was most significantly affected by
the three processing factors and their interactions. Certainly during the process, there
are complex transformations in anthocyanins showed by the effect of the extrusion
factors in the color parameter a. The TA content was not affected either by FM or
CHC, leaving the processing temperature as the most important factor influencing
the retention of anthocyanins during the elaboration of this kind of products.

According to the overlay plots, the optimum extrusion conditions to obtain
expanded nixtamalized blue corn extrudates were: FM(%) = 16.94, CHC(%) = 0.095
and T(°C) = 141.89, and the estimated values of TA, EI and color parameter b were:
160 mg-kg ™!, 2.66 and 0.10, respectively. The expanded nixtamalized blue corn
extrudates obtained experimentally under those conditions were: TA 158.87 mg- kg~ !;
EI 3.19; and color parameter b, —0.44 (intense blue/purple coloration).

The surface response methodology was a useful tool to obtain an expanded
nixtamalized blue corn snack with anthocyanins and acceptable texture and color.
Extrusion process and the anthocyanin content of expanded nixtamalized snacks can
be optimized to obtain functional products.
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Decreasing pH Results in a Reduction of
Anthocyanin Coprecipitation during Cold
Stabilization of Purple Grape Juice

David C. Manns, Passaporn Siricururatana, Olga I. Padilla-Zakour and
Gavin L. Sacks

Abstract: Anthocyanin pigments in grape juice can coprecipitate with potassium
bitartrate (KHT) crystals during cold stabilization, but factors that reduce these
adsorptive losses are not well understood. We hypothesized that coprecipitation on
a % w/w basis should be decreased at lower pH. In initial experiments, model juice
solutions containing an anthocyanin monoglucoside extract and varying pH values
were subjected to cold-storage to induce KHT crystallization, and anthocyanins in
the resulting precipitant were characterized by HPLC. The pH of the model juice was
directly correlated with the % w/w concentration of anthocyanins in the KHT crystals,
with a maximum observed at pH 3.40 (0.20% w/w) and a minimum at pH 2.35 (0.01%
w/w). A pH dependency was also observed for anthocyanin-KHT coprecipitation in
purple Concord grape juice, although the effect was smaller. Coprecipitation was
significantly greater for anthocyanin monoglucosides and acylated anthocyanins as
compared to anthocyanin diglucosides at pH > 3.05, but coprecipitation of mono-
and acylated forms declined more sharply at lower pH values.

Reprinted from Molecules. Cite as: Manns, D.C.; Siricururatana, P,;
Padilla-Zakour, O.I; Sacks, G.L. Decreasing pH Results in a Reduction of
Anthocyanin Coprecipitation during Cold Stabilization of Purple Grape Juice.
Molecules 2015, 20, 21066-21084.

1. Introduction

While a wide range of phenolic compounds have been detected in juices from
Concord grape juices and related grape cultivars, including hydroxycinnamates,
flavan-3-ols, flavonols, and stilbenes (e.g., resveratrol) [1,2], the major species are
the anthocyanins [1]. These anthocyanins are the major compounds responsible for
the pigmentation of red and purple grapes and are critical to consumer acceptance
of grape-derived products like juices and wines [3]. Additionally, the anthocyanins
along with other polyphenols and their metabolites have been implicated as
important phytonutrients capable of reducing the incidence of chronic disease [4,5].
Due to their overall importance to the acceptability of fruit juices and related
products, several publications have considered the impact of production practices
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on anthocyanin stability, particularly acid-catalyzed hydrolysis and polymerization
reactions [6-8].

In grape juice and wines, an additional source of anthocyanin losses during
production is coprecipitation of anthocyanins with potassium bitartrate [9-12].
Grapes are uniquely high in tartaric acid compared to other fruits, 2-14 g/kg, or
0.01-0.07 M [13], and also contain high concentrations of potassium, 0.01-0.06 M [14,15].
These concentrations are at or above the solubility of potassium bitartrate (KHT) in
pure water at 0 °C (0.01 M), although the apparent solubility of KHT in real juices is
higher due to the presence of polyphenols, polysaccharides, and other constituents
that can inhibit crystallization [16,17]. To prevent formation of KHT crystals in finished
products, a cold-stabilization step is usually performed on grape juices and wines prior
to bottling [18].

The factors affecting the kinetics and thermodynamics of KHT precipitation
are well studied [19-21]. Coprecipitation of anthocyanins with KHT resulted in a
20%-40% loss of total anthocyanins from Concord juice in one report [9], with similar
losses reported elsewhere [10,12]. The loss of anthocyanins during cold stabilization
is comparable to gains achieved by widely used juice processing treatments such as
the use of pectolytic enzymes [22] or thermal treatments [23]. Thus, elimination of
anthocyanin coprecipitation could be considered an unexploited route to increasing
final anthocyanin concentrations in grape juice. The coprecipitation process also
results in enrichment of the anthocyanins in the KHT precipitate compared to the
remaining solution by about an order of magnitude [10,12]. Coprecipitation of
tannins, hydroxycinnamic acids, flavonols, and other organic compounds are also
reported to occur, with preferential loss of less polar species [12].

The mechanism for the loss of anthocyanins during cold stabilization is not well
understood. Occlusion of anthocyanins within the crystal is unlikely to occur, as
the proportions of coprecipitating compounds are different than their proportions
in solution [16]. Rather, the interaction of anthocyanins and KHT appears to be
adsorptive in nature [11], a process which also inhibits crystal growth, changes crystal
morphology, and increases the apparent solubility of KHT in grape products vs. pure
water [16]. The interactions between the KHT crystal face and phenolics are variously
proposed to be ionic, hydrogen-bonding, or charge-transfer in nature [24,25]. X-ray
crystallography data indicates that the {010} face is populated by the bitartrate species,
and it was hypothesized that this would result in a positive surface charge on this
face created by excess potassium ions, and consequentially the adsorption of Lewis
bases, e.g. the neutral forms of anthocyanins [25]. In contradiction, Alongi et al. [10]
observed that anthocyanin species which favored the flavylium cation form (lower
pKy value) were more likely to be lost via coprecipitation, indicating that the
anthocyanins may interact directly with bitartrate at the surface.
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Regardless of the mechanism, the loss of anthocyanins and other polyphenolics
during KHT precipitation is undesirable to the wine and grape industries, but
strategies to reduce these losses are largely unknown. A study by our group showed
that anthocyanin coprecipitation is significantly less in juice concentrate (59 Brix) as
compared to single strength juice [10]. Cold-stabilization of single-strength Concord
juice prior to concentration resulted in moderate losses (~20%) of anthocyanins,
similar to previous reports, while concentration prior to cold-stabilization (so-called
“direct to concentrate”) resulted in no significant loss of anthocyanins. Compositional
analysis of KHT crystals yielded similar results—although comparable losses of KHT
occurred in both systems, the precipitate from the direct to concentrate had lower
anthocyanin content (0.13% vs. 0.80% w/w). The improved anthocyanin stability
achieved in concentrate did not appear to result from increased co-pigmentation.
Because anthocyanin species that existed more in charged forms (higher pKj
values) were more likely to coprecipitate, it was hypothesized that the reduction in
coprecipitation in concentrate could be credited to the lower pH of concentrate. The
pH of concentrate (2.5) is lower than single-strength juice (pH = 3.1), which should
result in a neutralization of the surface charge of the KHT surface [24]. However,
because concentrate differs from juice in many other respects (greater ionic strength,
lower water activity, etc.), this was not conclusive.

In this work, we investigated if a pH decrease could induce changes in the
degree of coprecipiation of anthocyanins with potassium bitartrate during grape juice
cold-stabilization. The current study investigated the effects of pH on coprecipitation
of anthocyanins with KHT, in both a model juice system and a purple Concord
grape juice.

2. Results and Discussion

2.1. Anthocyanin-Bitartrate Coprecipitation in a Model Juice

As an initial evaluation of this hypothesis, a model juice containing a
blackcurrant anthocyanin extract was prepared with potassium (0.02-0.04 M) and
tartaric acid (0.02-0.04 M) concentrations within the range ordinarily encountered
in grape juice: 0.01-0.06 M for potassium [14,15] and 0.01-0.07 M for tartaric
acid [13]. Initial concentrations of the four primary anthocyanins present in the model
blackcurrant juice were 46.35, 161.1, 32.38, and 197.2 pug/mL malvidin-3-glucoside
equivalents for delphinidin-3-glucoside (D-3-G), delphinidin-3-rutinoside (D-3-R),
cyanidin-3-glucoside (C-3-G), and cyanidin-3-rutinoside (C-3-R), respectively. The
pH range, 2.35-3.40, was selected to bracket the range typically observed in single
strength grape juice (pH = 3.0-3.5) as well as in 59 Brix juice concentrate (pH = 2.5).
We observed negligible KHT precipitation in most treatments with 0.02 M tartaric
acid and/or potassium (data not shown), and characterization of anthocyanin content
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in the resulting crystals was not feasible. As a result, only data for 0.04 M K* and
0.04 M tartaric acid with varying pH are reported. During cold storage of model
juices we observed precipitation of KHT (Figure 1A), with pH 2.95-3.40 model juices
precipitated 1.62-1.76 g (8.63-9.33 mmoles) of KHT, significantly greater than the
mass precipitated at pH 2.35 (0.790, or 4.2 mmoles) and pH 2.70 (1.31, or 6.98 mmoles).
Anthocyanins in KHT crystals were quantified by HPLC following redissolution,
and the concentration of anthocyanin in KHT crystals (%, w/w) as a function of pH
is shown in Figure 1B. The highest anthocyanin concentration was 0.19% w/w at
pH 3.4, and decreased to a low of 0.01% w/w at pH 2.35.
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Figure 1. Effects of pH on (A) mass (g) of KHT crystals recovered by filtration after
cold stabilization of blackcurrant model juices, and (B) total anthocyanin (% w/w)
coprecipitating with KHT crystals recovered from cold stabilized blackcurrant
model juice.
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Decreasing pH resulted in decreased coprecipitation for all four black currant
anthocyanins (Figure 2A), and significant differences (p < 0.05 by ANOVA) in the
relative losses of each species were also observed (Figure 2B). The delphinidin- and
cyanidin-3-glucoside were enriched by a factor of 1.5 to 3, while the corresponding
rutinosides were depleted by 10%-50%.
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Figure 2. (A) Anthocyanin concentration (nug/g) in KHT crystals as a function
of pH recovered from model juices containing 0.04 M tartaric acid and 0.04 M
KCl. The number in parenthesis represented the total anthocyanin in KHT crystals
(% w/w); (B) Selectivity of coprecipitation, calculated as the ratio of an anthocyanin
species concentration in KHT crystals (normalized to total anthocyanin in KHT
crystal) to the anthocyanin species concentration in original model juice (normalized
to total anthocyanin in original juice). D-3-G: delphinidin-3-glucoside; D-3-R:
delphinidin-3-rutinoside; C-3-G: cyanidin-3-glucoside; C-3-R: cyanidin-3-rutinoside.
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2.2. Anthocyanin-Bitartrate Coprecipitation in a Purple Concord Grape Juice

The model juice study was duplicated with a real Concord juice adjusted to one
of six pH values prior to cold-stabilization. The anthocyanin composition, organic

acid composition, and basic juice chemistry of the original juice are reported in
Table 1.

Table 1. Initial anthocyanin concentrations and basic juice parameters in

Concord juice.
Analyte Concentration ?
Anthocyanin Diglucosides
Del-3,5-Di 26.0 (0.38)
Cy-3,5-Di 32.0 (0.63)
Pet-3,5-Di 16.4 (0.65)
Peo-3,5-Di 33.9 (0.68)
Mvn-3,5-Di 30.2(0.72)
Anthocyanin Monoglucosides
Del-3-Glu 94.8 (1.0)
Cy-3-Glu 74.4(0.82)
Pet-3-Glu 28.4 (0.65)
Peo-3-Glu 13.7 (0.37)
Mvn-3-Glu 19.2 (0.59)
Acylated Anthocyanins 122.6 (1.3)
Total Anthocyanins 491.6 (0.84)
Organic Acids

Citric Acid 0.23 (0.01)
Tartaric Acid 11.5 (0.07)
Malic Acid 2.38 (0.03)

Total Soluble Solids 20.0 (0.1)

Initial pH 3.05

2 All anthocyanin units are in mg/L. The diglucosides are expressed in

malvidin-3,5-diglucoside equivalents. The monoglucosides and modified anthocyanins
are expressed in malvidin-3-glucoside equivalents. Organic acids are expressed as g/L.
The Total Soluble Solids measurement is expected to be >90% sugars in grapes [26] and is
expressed in units of Brix. Parenthetical values are standard deviations.

Although the KHT crystals had uniform appearance at high pH, the crystals
formed at lower pH were heterogeneous in appearance, with some nearly transparent
and others deeply pigmented (Figure 3).

As with the model juice, the total mass of KHT precipitate formed decreased
with decreasing pH (Figure 4A). For most anthocyanin species, the total mass of
each anthocyanin species (in grams) in the final juice and in the precipitate was
90%-110% of the initial mass (Supplementary Figure S1), except for two anthocyanins
with 80%-90% recovery (petunidin-3,5-diglucoside and delphinidin-3,5-diglucoside).
These two exceptions were challenging to quantify by HPLC due to their
low concentrations.
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Figure 3. KHT precipitates from Concord juices as a function of pH.
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Figure 4. Effects of pH on (A) mass (g) of KHT crystals recovered by filtration after
cold stabilization of Concord juices, and (B) total anthocyanin content (% w/w) of
KHT crystals recovered from cold stabilized Concord juice.

The concentration of anthocyanin in the KHT precipitate was at a maximum at
pH 3.25-3.45 (1.4% w/w, Figure 4B), and decreased significantly with decreasing pH
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below 3.05 to a minimum at pH 2.45 (0.8% w/w). Similar to what was observed with
model juice, decreasing the pH to 3.05 or lower resulted in a significant decrease in
total anthocyanin coprecipitation, with the lowest content observed at the lowest pH
(Figure 4B).

The mass fraction of each anthocyanin (%w/w) in KHT crystal (Figure 5A), the
percent loss of each anthocyanin from juice (Figure 5B), and the percent loss of each
anthocyanin class (Figure 5C) were determined by HPLC.
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Figure 5. Effects of pH on (A) the mass fraction (%w/w) of individual anthocyanins
in KHT crystals; (B) the percent loss ((Original—Final)/Original x100%) of
individual anthocyanin species lost from Concord juice; and (C) the percent loss of
anthocyanin classes lost from Concord juice.

Monoglucosides accounted for the majority of anthocyanin coprecipitate, with
delphinidin-3-glucoside accounting for nearly one-third of the total (Figure 5A).
However, when normalized against the original anthocyanin content of each
species in the juice, the percent decreases was roughly comparable across all
monoglucosides as well as acylated species, with losses in the range of 25%-35% for
these species (Figure 5B). Less coprecipitation losses were seen for all monoglucosides
at low pH, with losses in the range of 7%—-15% at pH 2.45. Small but significant
differences in the effect of pH on anthocyanin monoglucoside loss were observed
among aglycones. Specifically, the difference in this change was inversely
correlated to HPLC retention time on a non-polar column (p < 0.05). For example,
delphinidin-3-glucoside coprecipitated to a greater extent than malvidin-3-glucoside
at high pH, but this trend was reversed at the lowest pH value (Figure 5B). A
greater selectivity effect was observed as a result of the glycoside. At pH 3.25 or
greater, anthocyanin monoglucosides and acylated forms were enriched in the KHT
precipitate as compared to diglucosides (Figure 5C). As the pH decreased below 3,
the concentration of anthocyanin monoglucosides and acylated anthocyanins in KHT
precipitate also decreased, with maximum differences of 3- to 5-fold at pH 2.45 vs.
pH 3.25. By comparison, diglucosides showed no significant decrease in anthocyanin
content of KHT crystals until pH 2.45, and the difference was less than a factor of 2.
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2.3. Discussion

Previous work has shown that concentration of juice prior to cold-stabilization
decreases the mass fraction of anthocyanins lost to coprecipitation with potassium
bitartrate by over four-fold [10]. Because the loss of individual anthocyanin species
was correlated with the hydration constant (pKy) of the species, it was hypothesized
that the decrease in coprecipitation was due to the lower pH of concentrate and
resulting neutralization of the bitartrate crystal faces [7]. In exploratory studies,
we attempted to use commercial grape anthocyanin extracts in our model juice
systems. However, we observed very little coprecipitation of anthocyanins during
these preliminary experiments. A possible explanation is that the commercial
anthocyanin extract had already undergone cold-stabilization, resulting in the loss
of the species most prone to coprecipitation. As an alternative, we chose to use
commercially available black currant extract as our source of anthocyanins. Black
currants contain four dominant anthocyanins [27] which account for >99% of the
total anthocyanin content, which simplifies the chromatographic separation. Two of
these anthocyanins are major anthocyanin species in grapes (cyanidin-3-glucoside
and delphinidin-3-glucoside), while the other two (cyanidin-3-rutinoside and
delphinidin-3-rutinoside) are not observed in grapes.

The low concentrations of the KHT crystal formed at pH < 3 (Figure 1A) were
expected due to the low concentration of bitartrate species at pH < 3.0, the pK,
of tartaric acid. Interestingly, although the concentration of the bitartrate species
is predicted to be at a maximum at pH 3.65 [26], the pH 3.40 model juice did not
produce the most KHT precipitate. Instead, the model juices followed the order pH
2.95>pH3.2>pH3.4>pH27 > pH 2.35. This is likely due to increasing adsorption
of anthocyanins to the growing crystal faces at higher pH. This coprecipitation effect
is well known to limit crystal growth and the extent of precipitation [11,16,25].

The maximum anthocyanin concentration observed to coprecipitate
(0.19% w/w at pH 3.40) was less than the 0.8% w/w content of KHT recovered
from cold stabilization of single strength Concord grape juice [10]. The difference
between our model system and Concord may be due to the higher concentrations of
both acylated and monoglucoside anthocyanins in Concord, which are more likely
to coprecipitate [9,10]. pH had a significant and dramatic effect on anthocyanin
loss, with a sharp, order of magnitude decrease in anthocyanin content observed at
pH < 2.95 as compared to pH 3.4 (Figure 1B). The observation that a decreased pH
results in decreased coprecipitation supports the hypothesis previously advanced by
Alongi et al. [10] to explain differences in anthocyanin coprecipitation in concentrate
and single strength juice. The authors observed that KHT precipitation from juice
concentrate resulted in negligible losses as compared to precipitation from single
strength juice. The higher pH of juice (3.05) could result in a negative surface charge of
KHT and thus increase interactions between the flavylium form of anthocyanins and
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the deprotonated sites of the bitartrate crystals, while at the low pH of concentrate
(2.5) the KHT surface would be neutralized and interactions would diminish.
This suggests that the transition from neutral to charged surface occurs around
pH 3.0 for KHT. This is below the pH range usually observed for red grape juices
and wines, which may explain why this phenomenon had not been previously
reported. According to Celotti et al. [24], a transition in the surface charge appears
to occur between pH 2.8 and 3.0, as measured by streaming potential experiments.
Surprisingly, the authors report that the surface charge became more negative with
decreasing pH, an observation at odds with what would be expected to occur
to surface charge with decreasing pH, and thus may be an error in sign in the
earlier publication.

While pH had the major effect on the mass fraction of anthocyanin
coprecipitation (over an order of a magnitude), sugar moiety and aglycone also
had a smaller but still significant effect. Glucosides were preferentially lost over
corresponding rutinosides, and delphinidins were preferentially lost as compared to
cyanidins. The reason for the preferential loss of glucosides is unclear, but may be
because the rutinosides are sterically hindered as disaccharides and thus less able to
adsorb to the KHT crystal surface. The observation that delphinidins preferentially
coprecipitated as compared to cyanidins is in contradiction to our previous work [10],
where we observed a greater loss of cyanidin-3-glucoside from Concord grape juice
(15% decrease) than delphinidin-3-glucoside (3%) from single strength juice during
cold stabilization. This unexpected result is discussed in more detail later.

2.3.1. Anthocyanin-Bitartrate Coprecipitation in a Purple Concord Juice

As with the model juice system, decreasing pH resulted in a decrease in total
anthocyanin coprecipitation (Figure 5). The decrease in anthocyanin loss did appear
to be uniform among KHT crystals, however, and the heterogenous appearance
crystals at low pH (Figure 3) may indicate that adsorption of anthocyanins onto the
KHT face at pH < 3 involves cooperative binding by anthocyanin species, in which
initial adsorption is slow and subsequent binding is faster [28].

The maximum concentration of anthocyanin in the KHT precipitate was at
a maximum at pH 3.25 (1.4% w/w, Figure 4B), higher than that observed in
previous work on cold stabilization of single strength Concord juice (0.8% w/w, [10]).
The higher degree of coprecipitation may be due to the higher concentration of
anthocyanins in the current study as opposed to the previous work (492 mg/L vs.
278 mg/L as malvidin-3-glucoside equivalents).

Similar to what was observed with model juice, decreasing the pH to < 3.05
resulted in a significant decrease in total anthocyanin coprecipitation, with the lowest
content observed at the lowest pH (Figure 4B).
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The effect of pH on coprecipitation varied among anthocyanin classes.
Anthocyanin monoglucosides and acylated forms were enriched in the KHT
precipitate as compared to monoglucosides at higher pH values, pH > 3 (Figure 5A,B).
This was in agreement with a previous study which observed the trend acylated >
mono- > di- for % w/w anthocyanin in KHT precipitate from unadjusted Concord
juice (pH = 3.1) [10], which follows an order of increasing polarity. Similarly,
we observed that the loss of monoglucoside anthocyanin species at high pH was
inversely correlated to HPLC retention time (p < 0.05), suggesting that the likelihood
a species would coprecipitate at high pH was correlated to its hydrophobicity and
solubility in grape juice. In other words, less soluble species are more likely to
coprecipitate with KHT.

An alternate explanation for why monoglucoside and acylated forms of
anthocyanins coprecipitate more readily than diglucosides at pH > 3 may be due
to changes in KHT surface charge. As with model juice, the sharp decrease in
anthocyanin coprecipitation below pH 3 in both model and real juice may relate to
the neutralization of KHT surface charge below pH 3.1 [10]. Because diglucosides
generally have lower pK}, values than their corresponding monoglucosides [29],
they will exist in a neutral form to a greater extent and thus be less likely to
coprecipitate with the negatively charged KHT surface at high pH. Following KHT
surface neutralization at pH < 3, this mechanism is of less importance and under these
low pH conditions, coprecipitation would require interaction of neutral anthocyanin
species with the neutral KHT crystal face. This would explain why there would
be a much larger decrease in monoglucoside and acylated losses (higher pKy,) with
decreasing pH than in diglucosides (lower pKy,), as shown in Figure 5C. However, in
contradiction to this hypothesis, the effect of pH on losses of delphinidin-3-glucoside
(pKh = 2.35) and cyanidin-3-glucoside (pK}, = 3.01) was comparable (Figure 5B).

The observed decrease in coprecipitation with decreasing pH may partially
explain the decrease in coprecipitation observed with juice concentration prior to
cold-stabilization. In previous work with 59 Brix concentrate, a 6-fold decrease in
co-precipitation was observed (0.8% w/w vs. 0.13% w/w) as compared to juice [10].
This is somewhat higher than the ~2-fold decrease observed in the current work.
Because diglucoside coprecipitation is not affected by pH, the stronger effect of
pH on total anthocyanin loss observed in the earlier work may be partially due to
the low concentration of diglucosides (<2% as malvidin-3-glucoside equivalents)
as compared to ~25% in the current work. However, other differences exist in
juice concentrate (higher ionic strength, higher concentration of K*, HT~, and
anthocyanins) which could also account for the observed effects.
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2.3.2. Potential Implications for Juice Processing and Retention or Isolation
of Anthocyanins

Our study demonstrates that a lower pH reduces anthocyanin coprecipitation,
particularly for acylated and monoglucoside species. The 20%—40% losses of
anthocyanins observed during cold stabilization are comparable to gains achieved
by more common juice processing treatments like the use of pectolytic enzymes [22],
and thus may represent an interesting target for purple grape juice processors to
improve color. As a caveat, changes in anthocyanin concentration may not translate
into perceivable differences to consumers, since juice color will also depend on
other factors like copigmentation and pH [21]. Potentially, coprecipitation losses to
anthocyanins during cold-stabilization of grape juice and wine could be eliminated
by intentionally reducing the pH below 3 prior to production. Reducing the pH
much below 3 is likely undesirable, at least in single strength juice, as insufficient
KHT precipitation would occur. A reduction of pH can be achieved by concentration
prior to cold-stabilization, as previously demonstrated [10], but this is a complex
process, and would not be appropriate for wine or for juices that are intended to be
bottled without concentration. Alternatively, the pH could be reduced chemically
(i.e., by addition of tartaric acid) or by physical means (i.e., electrodialysis) prior to
cold stabilization. Following cold stabilization, the pH could be raised by analogous
chemical or physical processes. Cation-exchange resins could also be used to reduce
pH, but these resins are well known to adsorb anthocyanins [30], so an improvement
to anthocyanin content probably would not be realized.

Alternatively, coprecipitation with KHT could be exploited to selectively enrich
and isolate anthocyanins. Coprecipitation via adsorption is a classic analytical
strategy for enriching trace analytes, although the strategy has been used primarily
for enriching trace metal cations [31]. In the case of anthocyanins, commercial
products are generally sold as crude preparations due to the cost and difficulty of
purifying these compounds from complex natural sources [32,33]. As shown here,
the concentration of anthocyanins in KHT crystals can exceed 1%, comparable to the
loadings achievable with reversed phase resins, but with the advantage that KHT is
a fraction of the cost of commercial resins.

3. Experimental Section

3.1. Chemicals

Black currant powder containing 20% w/w anthocyanin as cyanidin-3-glucoside
equivalents was used as an anthocyanin source (Artemis International Inc., Fort
Wayne, IN, USA). Malvidin-3-glucose was purchased from Sigma-Aldrich, Inc.
(St. Louis, MO, USA). Citric acid monohydrate, malic acid, and anhydrous sodium
hydrogen phosphate were purchased from J.T. Baker Chemical Co. (Phillipsburg, NJ,
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USA). D-Glucose, D-fructose, L-(+)-tartaric acid, potassium chloride, sodium chloride,
and 0.01 M hydrochloric acid were purchased from Thermo Fisher Scientific Inc.
(Fair Lawn, NJ, USA). Water from a Nanopure water purifier (Barnstead Thermolyne,
Boston, MA, USA) was used throughout the study.

3.2. Preparation and Cold-Stabilization Treatments of Model Juices

A full factorial design was used to produce model juice systems with varying
pH values, K* concentrations, and tartaric acid concentrations. All model juices
contained 80 g/kg glucose, 80 g/kg fructose, and 250 mg/L anthocyanin as
cyanidin-3-glucoside equivalents (similar to red grape juice). Five pH values
were used: 2.35, 2.70, 2.95, 3.20, and 3.40, and were prepared by the appropriate
combination of 0.1 M citric acid and 0.2 M sodium hydrogen phosphate buffer
solutions. Two K* concentrations were used: 0.02 M and 0.04 M, added in the form of
KCl. Two tartaric acid concentrations were used: 0.02 M and 0.04 M. The total number
of model juice systems investigated was 5 pH x 2 K* x 2 tartaric = 20 systems. Each
juice system was prepared in duplicate. Cold stabilization was performed by storing
all model juices at —3 °C for 7 weeks without any bitartrate crystal seeding. The pH
of model juices was measured before and after cold stabilization using a pH meter
model Orion 3 Star Series pH Benchtop (Thermo Electron Corp., Beverly, MA, USA).

3.3. Processing, Preparation, and Cold-Stabilization Treatments of Concord Juice

Frozen deseeded Concord grape mash was obtained from the New York State
Agricultural Experiment Station collected from grapes harvested from the Lake
Erie region (New York, NY, USA) during the 2013 growing season. The frozen
juice was quickly defrosted during the initial stages of kettle pasteurization and
diluted to 20.0 Brix, determined by digital refractometry (Misco model #PA203X;
Misco Refractometer, Solon, OH, USA). The mash was depectinized with 30 mL of
Adex-G (DSM Enzymes, Heerlen, The Netherlands) per 19 L of mash. After bulk
pasteurization at 60 °C (140°F) using a 85 L tilting steam-jacketed kettle (model 20CD
1979; Lee Industries, Philipsburg, PA, USA), the juice was immediately pre-filtered
through several layers of cheesecloth before being passed through two plate filter
beds packed with 0.75% (w/w) Celite 503 (Imerys Filtration Minerals, San Jose, CA,
USA) using a size 7 Shriver plate and frame filter press (FLSmidth, Salt Lake City,
UT, USA).

Six equal aliquots of juice were pH adjusted from the base pH of 3.05 using
either 1 M HCl or 1 M NaOH as required to form the pH 2.45, 2.65, 2.85, 3.05, 3.25, and
3.45 sample series. Following adjustment, and prior to cold stabilization, samples
were analyzed for soluble solids by refractometry, organic acids by HPLC [34],
and anthocyanins. Triplicate 500 mL portions of each pH-adjusted juice were
transferred to autoclave-sterilized 500 mL Pyrex storage bottles (Thermo Fisher
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Scientific, Waltham, MA, USA) and cold stabilized for three weeks at —3 °C, shielded
from light.

3.4. Characterization of Anthocyanins in KHT Crystals

KHT crystals were collected by filtration on a glass fiber filter (Type A/E, PALL
Corp, Ann Arbor, MI, USA), followed by a washing step with cold 95% ethanol to
remove any loosely adhering material on the crystal surface. The crystals were dried
to constant weight in an oven at 60 °C and weighed prior to anthocyanin analysis.

3.4.1. KHT Solubilization

For the blackcurrant model juice samples, 50 mg of KHT crystals were dissolved
at room temperature in 3 mL of 1M NaCl acidified with HCI (0.01 M). When less
than 50 mg of precipitate was formed, a proportionally reduced volume of the
acidified NaCl solution was used for dissolution. After dissolution (approximately
15 min) each sample was immediately filtered through a 0.2 um regenerated cellulose
membrane (Sigma-Aldrich, St. Louis, MO, USA) in preparation for HPLC analysis.
The KHT crystals recovered from the Concord juice sample set were prepared in a
similar fashion with the exception that the entire recovered portion of KHT crystal
was dissolved in 500 mL of the NaCl/HCI solution.

3.4.2. HPLC Analysis of Anthocyanins in Model Juice Samples

For the blackcurrant samples, resuspended anthocyanins were analyzed using
an Agilent 1100 series HPLC system with inline degasser, autosampler and diode
array detector (Agilent Technologies, Santa Clara, CA, USA). A 250 mm x 4.6 mm
Varian LiChrospher RP-18 endcapped column (particle size 5 um, pore size 100 A;
Varian, Inc., Palo Alto, CA, USA) was maintained at 30 °C by an Eppendorf CH-30
external column heater. A 50 pL aliquot of each sample was injected on to the HPLC
system. Mobile phase A consisted of water/phosphoric acid (99.5:0.5) and mobile
phase B consisted of acetonitrile/water/phosphoric acid (50:49.5:0.5). Analytes of
interest were resolved over a 38 min gradient elution profile starting at 0% B for
2 min, increasing to 20% B over 5 min, increasing to 36% B over 15 min, increasing
to 100% B over 6 min, holding at 100% B for 2 min, followed by an 8 min return
to starting conditions. The flow rate was 1 mL/min. The eluent was monitored
at 520 nm. Analytes were identified based on comparison of relative retention
times to those previously reported for anthocyanins in blackcurrant juice [27].
Quantification of each anthocyanin was based on a malvidin-3-glucose standard
curve and thus reported in units of malvidin-3-glucoside equivalents, as is common
for anthocyanin analyses [35]. The total anthocyanin content was calculated as the
sum of all major anthocyanins identified by HPLC analysis and expressed in units

93



of malvidin-3-glucoside equivalents. Two analytical replicates were performed on
each sample.

3.4.3. HPLC Analysis of Anthocyanins in Real Juice Samples

Due to the presence of diglucosidic forms, anthocyanins from the Concord
juice sample set were resolved using a 100 mm x 2.1 mm ID (2.6 pm particle
size) Kinetex pentafluorophenyl (PFP) column (Phenomenex, Torrance, CA, USA)
attached to an Agilent 1260 HPLC system equipped with an inline degasser,
autosampler, thermostated column compartment, and diode array detector and
analyzed using a previously published method [36]. Retention times had been
previously demonstrated to not vary significantly among juice samples and standards.
Monoglucosides and modified anthocyanins (acylated, methylated, etc.) were
quantified using a malvidin-3-glucoside standard while diglucosides were quantified
using a malvidin-3,5-diglucoside standard. The stability of the anthocyanins in
the acidified NaCl solution preparation was evaluated by repeatedly analyzing
one sample from each pH solution at 0, 24, 48, 72 h. No significant differences
were observed.

3.5. Statistical Analysis

Results were reported in mean + standard deviation. Data were subjected to
analysis of variance (ANOVA). For treatments with a significant effect, means were
compared with Tukey-Kramer HSD at 95% confidence interval using the JMP® 8.0
statistical software package (SAS institute Inc., Cary, NC, USA).

4. Conclusions

At pH < 3, potassium bitartrate removal by cold stabilization of both real and
model juices results in significantly less coprecipitation of anthocyanins with KHT
crystals. This is likely due to changes in the charged of the KHT crystal surface,
and may explain a previous observation that cold-stabilization of concentrate results
in negligible coprecipitation. Potentially, pH adjustments could be made to juice
by chemical or physical processes prior to cold stabilization to reduce losses of
anthocyanins. Acylated and monoglucosides coprecipitate to a much greater extent
than diglucosides at pH > 3, but this effect was minimized at low pH. Other minor
selectivity effects were observed due to the aglycone.

Supplementary Materials: Supplemental Figure S1: Mass balance of anthocyanin
species before and after cold stabilization. Supplementary materials can be accessed at:
http:/ /www.mdpi.com/1420-3049/20/01/0556/s1.
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The Encapsulation of Anthocyanins from
Berry-Type Fruits. Trends in Foods

Paz Robert and Carolina Fredes

Abstract: During the last decade, many berry-type fruits have been recognised
as good sources of anthocyanins. Nevertheless, the use of anthocyanins in
the development of food colourants and healthy and/or functional ingredients
has been limited because of their low stability under given environmental
conditions and interaction with other compounds in the food matrix. This
review compiles information about the encapsulation of anthocyanins from twelve
different berry-type fruit species as a technology for improving the stability and/or
bioavailability of anthocyanins. Encapsulation by spray drying has been the primary
method used to encapsulate anthocyanins, and some studies attempt to keep
anthocyanin microparticles stable during storage. Nevertheless, more studies are
needed to determine the stability of anthocyanin microparticles in food matrices
over the product shelf life in the development of food colourants. Studies about
encapsulated anthocyanins in simulated gastrointestinal models have primarily
been conducted on the release of anthocyanins from microparticles to evaluate their
bioavailability. However, adding anthocyanin microparticles to a food vehicle must
guarantee the health properties attributed to the specific anthocyanins present in
berry-type fruits.

Reprinted from Molecules. Cite as: Robert, P; Fredes, C. The Encapsulation of
Anthocyanins from Berry-Type Fruits. Trends in Foods. Molecules 2015, 20, 5875-5888.

1. Introduction

Berry-type fruits have long been regarded as having considerable health benefits
because of their nutritional attributes, particularly their total antioxidant activity
against cellular oxidation reactions [1]. These benefits have stimulated research to
investigate the phenolic status and antioxidant activity of distinct berry fruit species
and new varieties in different countries. There is a great variety of species from
diverse botanical families (e.g., blueberries (Vaccinium corymbosum L., Ericaceae),
strawberries (Fragaria ananassa Duch., Rosaceae), red raspberries (Rubus idaeus L.,
Rosaceae), and blackberries (Rubus sp., Rosaceae)) that produce the small purple
or red fruits that are denoted as berries. In botanical terms, a berry is a fruit
with many seeds and mesocarp flesh that evolves from a flower with a superior
ovary [2]. Therefore, in strictly botanical terms, none of the above mentioned fruits
are true berries. Nevertheless, these fruit species share a red-blue colour and a
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high polyphenol content and antioxidant activity. Because of the various botanical
families and fruits to which berry-type fruits belong, a wide range of phenolic
contents and corresponding antioxidant activities can be expected according to the
specific compounds that are present in these species [34].

In recent years, other berry-type fruits from worldwide: bilberries (Vaccinium
myrtillus L., Ericaceae), blackcurrant (Ribes nigrum L., Grossulariaceae), pomegranate
(Punica granatum Linn., Punicaceae) and agai (Euterpe oleracea Mart, Arecaceae), have
also gained increased interest mainly due to the potential health benefits and the
consumer demand of novel fruits [1].

Anthocyanins are responsible for the colour of berry-type fruits [5-10]. In
addition to their colourant properties, anthocyanins have been associated with
a wide range of biological, pharmacological, anti-inflammatory, antioxidant, and
chemoprotective properties [11]. Anthocyanins are also beneficial against many
chronic diseases [12,13]. New evidence highlights the potential use of berry-type
fruit species as a source of bioactive compounds, primarily anthocyanins, in
food and nutraceutical industries. However, the use of anthocyanin-rich extracts
as food colourants and healthy foods is limited because of the low stability of
anthocyanins under the environmental conditions (heat, oxygen, and light among
others) experienced during processing and/or storage [14]. Anthocyanins are
water-soluble pigments that correspond to the glycoside or acyl-glycoside of
anthocyanidins and are stored in the plant cell vacuole [15,16]. The stability of
anthocyanins is affected by pH, temperature, the presence of light, metal ions,
oxygen enzymes, ascorbic acid, sugars and their degradation products, proteins
and sulphur dioxide [17]. Additionally, anthocyanin bioavailability is low because
of its sensitivity to pH changes. In general, anthocyanins are generally stable at pH
values of 3.5 and below and they degrade at higher pH values [11]. Because the
high instability of isolated anthocyanins from berry-type fruits has a direct impact
on their colour stability and potential health benefits, encapsulation technology
can be used to improve the stability and/or bioavailability of anthocyanins [18].
The objectives of this paper are to review the evidence regarding the encapsulation
of anthocyanins from berry-type fruits by spray drying and to compile the new
applications of anthocyanin microparticles in foods to propose future perspectives.

2. The Encapsulation of Anthocyanins from Berry-Type Fruits

Encapsulation is a technique by which active solid, liquid or gas compounds
are introduced into a matrix or a polymeric wall system to protect the “actives”
from environmental conditions, their interactions with other food components
or to control their release (for a specific place and/or time) [19]. The polymers
used in microencapsulation are called encapsulating agents (EA). The resulting
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microparticles are vesicles or small particles in which the size can vary from
sub-microns to several millimetres.

During the last four years, several studies on the encapsulation of anthocyanins
from different berry-type fruits have been reported (Table 1). In all of these,
anthocyanin encapsulation has primarily been focused on providing protection
from environmental conditions (light, oxygen, temperature and water), avoiding
oxidation and increasing the shelf life of active compounds. Currently, anthocyanin
encapsulation is focused on studying the anthocyanins released in simulated
gastrointestinal tracts [20-25].

In the encapsulation of anthocyanins, fruit pulps, juices and extracts are
selected from commonly consumed fruit species or exotic ones, and Andes berry
(Rubus glaucus Benth., Rosaceae), bayberry (Myrica gole L., Myricaceae), black
mulberry (Morus nigra, Moraceae), corozo (Bactris guineensis, Arecaceae), jaboticaba
(Myrciaria jaboticaba (Vell.) O. Berg, Myrtaceae) and kokum (Garcinia indica Choisy,
Guttiferae) have been used as raw materials. Pomace extract from bilberry [23,26],
blackcurrant [27] and blueberry [24,25] and peel extract from jaboticaba [28,29] have
also been used because anthocyanins are accumulated primarily in the fruit epicarp
(peel) [30]. The anthocyanins from berry-type fruit have been encapsulated primarily
by the oil dispersed phase, double emulsion (w/0/w), extrusion, emulsification/heat
gelation, microgel synthesis, freeze drying, supercritical CO2, spray drying and
ionic gelification (Table 1), but the most common method used to encapsulate
anthocyanins from berry-type fruits is spray drying (Figure 1). Compared to the other
encapsulation methods, spray drying allows one to obtain berry-type microparticle
powders in a one step process. In addition, spray dryers are equipment commonly
available in food and pharmaceutical industries.

2.1. Raw Materials

Several methods for treating fruits as raw materials for anthocyanin
encapsulation have been described. The simplest method is to employ fruit pulp [31]
or fruit juice [32-36] without any additional solvent; a filtration process is followed to
eliminate solids before the preparation of a feed drying solution for the encapsulation
process. The feed drying solution is obtained by homogenising the pulp or juice
with one or more EAs. More steps are involved when either fruit pomace (PO)
or peel (PE) are used as raw materials. Bilberry PO [23,37] commonly comes from
pomace extraction with methanol, following filtration, evaporation and lyophilisation
processes performed by providers. Bilberry PO also contains other polyphenols,
tannins, carbohydrates and roughage [23,37]. Jaboticaba PE [28] comes from a
peel extraction with ethanol (70%) that is acidified (pH 2.0) with hydrochloric acid,
following filtration and evaporation processes. The feed drying solution is obtained
in a similar way as that of the fruit extracts described above.
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Actives:
Fruit pulp or fruit juice

- Fruit extract
Raw materlal Fruit peel or pomace extract
Anthocyanin crude extract
Addition of encapsulating agent:
. . . Gum Acacia, gum arabic, mesquite gum
Formulation variables: Feed drying Whey proteins, soy proteins
Active / encapsulating agent ratio solution Maltodextrin, corn starch, yucca starch, inulin
Process variables:

Capsul® TA, Hi-CAP™100
Inlet air temperature

Outlet air temperature Sp ray d rying

Feed temperature
Atomisation pressure ‘

Feed rate
Microparticles
storage

Figure 1. Microencapsulation of anthocyanins from berry-type fruits by spray

drying and variables that must be considered in the feed formulation and process.

Some studies on anthocyanin encapsulation have described different methods
of anthocyanin extraction from fruits before the preparation of the feed drying
solution that involved more steps in the encapsulation process. Zheng et al. [20]
have described the use of a microwave-assisted extraction method for bayberry fruits
by using ethanol (80%) as a solvent and a rotary evaporation at 55 °C to remove
excess solvent and some other low boiling point impurities. Similarly, other authors
described the use of ethanol/water (1:1) for pomegranate arils [32], ethanol (96%)
for blueberry fruits [40] and ethanol (80%) and citric acid (0.5%) for blackcurrant
pomace [27]. Amberlite XAD16N column has been used to follow a solid-liquid
fractionation of anthocyanins from whole blueberries and blueberry pomace with
three different solvent systems (acetonic, ethanolic and methanolic) [24] and from
corozo fruits without seeds with methanol/acetic acid [41], then the resulting extracts
were freeze-dryed.

2.2. Encapsulating Agents (EA)

A variety of EAs have been studied for anthocyanin encapsulation. Natural
gums such as gum arabic [24,28,35,38], mesquite gum [40] and gum Acacia [36],
proteins such as whey proteins [24,34] and soy proteins [32], polysaccharides such
as maltodextrins of different dextrose equivalents [23,27,28,32-39], inulin [27], corn
starch [38] and yucca starch [38], and modified polysaccharides such as Capsul®
TA [28,38] and Hi-CAP™100 [38] have been successfully used in spray-drying.
The choice of EA is very important for the proper encapsulation efficiency (EE),
the stability of the active compounds in the microparticles during storage and the
release properties in foods and the gastrointestinal tract. In the microencapsulation
of anthocyanins, maltodextrin has been shown to be essential for preserving the
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integrity of anthocyanins for encapsulation [28]. Nevertheless, the use of this EA is
limited by its solubility in water, and the subsequent release of anthocyanins in liquid
media, which does not allow colour stability when the microparticles are applied in
liquid foods such as dairy products [32].

2.3. The Encapsulation of Anthocyanins from Berry-Type Fruits by Spray Drying

Spray drying is widely used in the food industry to encapsulate active
compounds and protect materials in an economic, simple and continuous way [19].
However, it is considered to be an immobilisation technology rather than a
true encapsulation technology because some active compounds may be exposed
superficially on the microparticles [43].

By using this technique, the feed or dispersion solution is sprayed (with a
nozzle or a rotating disc), in the form of fine drops in a hot air flow. When the liquid
droplets come into contact with the hot air, a resulting powder is instantaneously
produced by the rapid evaporation of water [44]. In addition to the simplicity of
spray drying, another advantage of this technique is that it is useful for encapsulating
heat sensitive materials because the time of exposure to elevated temperatures is very
short (5-30 s) [45]. Using this method, it is possible to obtain powder microparticles
with low water activity that facilitate the transportation, handling, and storage of the
product and ensure microbiological quality [44].

It is known that optimum drying conditions should be used to obtain a high
encapsulation efficiency, which leads to the use of experimental design. The feed
temperature, inlet air temperature and air outlet temperature (process variables)
and active/encapsulating agent ratio (formulation variable) [44] have been reported
as important variables in encapsulation efficiency, recovery, yield, and antioxidant
activity (Figure 1). Inlet air temperature has been associated with anthocyanin
oxidation and/or degradation reactions induced by heat. Different encapsulating
agents have different optimum parameters because encapsulating agent features,
such as solubility and viscosity, affect the formation rate of a crust on the particle
surface [44,46]. The response surface methodology is applied to optimise the response
variables that fit to some regression model, generally a second-order regression. For
multiple optimisations, a desirable function is used.

A laboratory spray dryer (BUCHI Labortechnik AG, Postfach, Switzerland) is
generally used for anthocyanin encapsulation experiments and, in this instrument,
the inlet air temperature can be regulated but the outlet air temperature varies
according to the inlet temperature.

2.4. The Characterisation of Berry-Type Fruit Microparticles

The EEs represent the anthocyanin-polymer interaction from electrostatic interactions,
or hydrogen bonding. Encapsulation efficiency is obtained by the quantification of the
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superficial and total anthocyanins [33]. Anthocyanin quantification is primarily achieved
either colourimetrically or by high-performance liquid chromatography (HPLC). The
principal method is the pH differential method by spectrophotometry, which is widely
used in industry because it is a rapid and easy procedure to perform [47]. However,
this method cannot provide any information regarding the compositional profile of
anthocyanins and the relative amounts of these compounds.

The EE of anthocyanins from berry-type fruits has commonly been determined
by quantifying the total anthocyanins by spectrometry [22-25,28,29,32,33,36,39,40,42]
or HPLC-DAD [21,23,26]. This profile indicates that the EEs of specific anthocyanins
have not been reported in those studies. The EE of each anthocyanin may have special
relevance when a fruit species has a wide profile of anthocyanins. For example,
fifteen and thirteen anthocyanins have been identified in different bilberry [48] and
blueberry [49] genotypes, respectively. Therefore, a wide range of EEs could be
expected because of the different structural features of the anthocyanins identified
in these fruits. However, there are not any studies on the structure-encapsulation
efficiency relation. Additionally, the EE of specific anthocyanins can be crucial
when the primary bioactivity and/or specific health effect of some fruits may
be attributed to certain anthocyanins with specific structural features. Fang and
Bhandari [33], using HPLC-DAD-ESIMS, have analysed the individual phenolics
(gallic acid, cyanidin 3-glucoside, quercetin 3-galactoside, quercetin 3-glucoside and
quercetin deoxyhexoside [tentatively identified]) of a bayberry juice solution before
spray drying, the powders obtained immediately after spray drying, and the powders
after 6 months of storage. The five phenolic compounds were found in the bayberry
powders, with a high retention percentage (~93%-97%). Nevertheless, at the end of
six months of storage, the phenolic contents declined at different rates, depending on
the storage conditions. Cyanidin 3-glucoside was not detected when the powder was
stored at 40 °C for 6 months, suggesting that the cyanidin 3-glucoside in bayberry
powder is less stable than gallic acid and flavonols under the conditions of the
study [33]. Different EAs could allow different EEs. Robert ef al. [32] reported that
the EE reached higher values for total anthocyanin than total polyphenol contents
performed by spectrometry, showing the ability of maltodextrin MD (DE 12-20) and
soybean protein isolate to bind anthocyanins. Thus, the flavylium cation could be
related to the better polymer-anthocyanin interaction. This finding was consistent
with Ersus and Yurdagel [50] who obtained the greatest pigment retention in the
microencapsulation of anthocyanins from black carrot (Daucus carota L.) by spray
drying with maltodextrin and DE 20-23.

The recovery from spray drying was reportedly influenced by the encapsulating
agent properties (viscosity and solubility), anthocyanin/encapsulating agent ratio,
and the inlet air temperature. A high recovery of anthocyanins could be attributed
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to short drying times or the rapid formation of a dry crust, which allows for water
diffusion but retains the active properties.

Some studies on the stability of anthocyanin microparticles during storage have
been reported [27,32,33]. Pseudo-first order kinetics for encapsulated anthocyanins
from pomegranate juice and pomegranate ethanolic extract with maltodextrin
(DE 12-20) and soybean protein isolate have been reported [31]. The storage
conditions of anthocyanin microparticles, such as the polymer nature, temperature,
and water activity (aw), among others influence their stability. The effect of
the polymer’s nature was observed in encapsulated blackcurrant with different
maltodextrins (DE 11, DE 18 and DE 21) and inulin during storage at 8 °C and
25 °C [27]. Anthocyanins were significantly more stable in inulin, and no effect from
the DE in maltodextrins was found [27]. In encapsulated pomegranate juice with
maltodextrin (DE 12-20) and soybean protein isolate stored at 60 °C, maltodextrin
showed the best anthocyanin protective effect, and it had the lowest degradation
rate constant [32]. The effect of the aw was studied in encapsulated bayberry juice,
with maltodextrin DE10 stored at different temperatures (4 °C, 25 °C and 40 °C)
and aw amounts (0.11, 0.22, 0.33 and 0.44) [33]. At a higher aw during storage,
the degradation of anthocyanins increases [33]. The storage temperature plays an
important role in the stability of anthocyanins, which is associated with the glass
transition temperature of a spray-dried powder (rubber-glassy transition).

Other studies have been conducted with spray-dried juice using carrier agents
although the encapsulation parameters were not evaluated [31]. In this context,
spray-dried acai juice with maltodextrin (DE10 and DE20), Arabic gum and tapioca
starch with aw of 0.33 and 0.53 were stored at 25 °C and 35 °C. The maltodextrin
DE10 and the lower aw powders showed the best anthocyanin protection [31].

3. Applications in Foods

3.1. Anthocyanins as Colourants

Stability is a crucial factor to consider when anthocyanin pigments are used as
food colourants. This issue has special relevance when natural colourants (based
on anthocyanins) are compared with synthetic ones. Arocas et al. [51] compared the
colour stability of three natural red colourants (cochineal (E120), enocyanin (E163)
and dark carrot (E163)) and three artificial colours (allura red (E129), Carmoisine
(E122) and Ponceau 4R (E124)), determining major differences in the natural colours’
responses to changes in pH (3-8) and temperature (80 °C for 30 min), thus giving
them a lower stability in relation to artificial colourants. Fracassetti et al. [52]
evaluated the storage effects on the total and individual anthocyanin content
of a lyophilised powder (used as a colourant) from wild blueberry (Vaccinium
angustifolium) at 25 °C, 42 °C, 60 °C, and 80 °C for 49 days. The storage reduced the
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total and individual anthocyanin contents, and the reduction was slower at 25 °C
(after 2 weeks), whereas it was more rapid at 60 °C and 80 °C after 3 days. Based on
this result, the half-lives were determined to be 139, 39, and 12 days at 25 °C, 42 °C,
and 60 °C, respectively. This result is less than five months at 25 °C.

The interaction of anthocyanins with ascorbic acid (AA) is particularly
noteworthy because the effect of this interaction is largely negative. West and
Mauer [53] have studied the colour and chemical stability of six anthocyanins (highly
purified and present in semi-purified extracts) from grape pomace, purple corn, and
black rice, in combination with ascorbic acid solutions at different pH values (3.0
to 4.0) and temperatures (6—40 °C), and in lyophilised powders at different relative
humidity values (43%-98% RH). The results indicated that in liquids, stability was
negatively correlated with increased pH and temperature, and that for powders,
stability was inversely proportional to the relative humidity, also confirming the
mutual destruction of the anthocyanins and ascorbic acid in solution. This finding is
particularly important for beverages because they form a product category in which
anthocyanins and AA are part of the same formulation.

The first antecedents of anthocyanin application in yoghurt were based on
the addition of agai juice [54] and lyophilised fruit from Berberis boliviana [55]
to commercial yoghurt. Nevertheless, these successful examples differ from
the results of studies about anthocyanin addition during the process of yoghurt
formulation. Karaaslan et al. [56] have evaluated the incorporation of wine grape
ethanolic extracts before the yoghurt production process, noting a significant
degradation of anthocyanins during storage. Similar results were reported by
Sun-Waterhouse et al. [57], who indicated that fermentation affects the anthocyanin
content of blackcurrant extract during the yoghurt formulation process. Additionally,
Scibisz et al. [58] determined that certain probiotic cultures significantly affect the
stability of anthocyanins from cranberry fruit when added to yoghurt.

Microencapsulation has been used as a strategy to address the stability of
anthocyanins that are used as natural colourants. Robert et al. [32] compared
the degradation kinetics of encapsulated and un-encapsulated anthocyanins from
pomegranate juice, obtaining similar degradation constants when they are applied to
yoghurt, showing the loss of the protection after addition to the yoghurt. This finding
may be explained by the solubility of the EA in hydrophilic matrices. Therefore,
the selection of an EA that allows microparticle dispersion may be an alternative
to designing a dairy product such as yoghurt with natural colourant based on a
berry-type fruit.

3.2. Anthocyanins in Healthy Foods

In recent years, encapsulation technology has increased in importance in the
food industry, particularly in the development of functional and/or healthy foods.
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The use of encapsulated anthocyanins as an ingredient in healthy foods should
allow for the protection of the anthocyanins (the preservation of their nutritional
properties) until they are consumed within the food vehicle [43]. However, to the best
of our knowledge there are not studies of anthocyanin release from microparticles
in food matrices. To find the kinetic release of anthocyanins from release curves
in food, the data are fitted to mathematical models (Peppas [59], Higuchi [60] and
Hixson-Crowel [61]), allowing researchers to obtain the release rate constants and
to explain the release mechanism. When the anthocyanin microparticles are soluble
in the food matrix, the anthocyanins are quickly released. Without this protection,
the anthocyanins would otherwise be exposed to adverse conditions in the food (pH,
enzymes, and other food components). In this case, the microparticles would be best
suited to functional dry-mixes or instant food. Contrary, when microparticles are
insoluble in food matrices, the release is very slow and they could be used for the
formulation of liquid functional-foods. Therefore, the solubility of encapsulating
agent determines the applicability of the microparticles in foods.

Some studies have been conducted on the effect of process variables of the spray
drying (inlet air temperature, outlet temperature, feeding rate, and polymer nature
(EA)) on the antioxidant capacity (measured by ABTS or DPPH) of berry-type fruit
powders [23,27,40]. In all of them, a reduction of anthocyanin content (mainly due
to the inlet air (140-205 °C) and outlet temperature) led to a decrease in antioxidant
capacity, the last being used as a response variable [23,27,40]. In other work, the effect
of storage temperature and aw on the antioxidant capacity of bayberry powders was
undertaken [33].

The information about EA was evaluated for anthocyanin controlled release
in simulated gastrointestinal digestion models [20-25], and they indicated the use
of ethyl cellulose [20], whey protein isolate [21,23,24], pectin, PGPR [22], amidated
pectin [23], maltodextrin + pectin [23], gum arabic [24], and potato starch/STMP [25].

Kropat et al. [26] have determined the anthocyanin release in cell culture from
two applied microencapsulation systems (Table 1). Fifteen different anthocyanins,
composed of five aglycons called delphinidin (del), cyanidin (cy), petunidin (pt),
malvidin (ma), and peonidin (peo) and three glycons called glucose (glc), galactose
(gal), and arabinose (arab), were identified in bilberry extract by HPLC-DAD, where
del-glycosides (34.3% wt) and cy-glycosides (27.6% wt) predominated. Although
the anthocyanins were stabilised by microencapsulation, the rate of the decrease in
the anthocyanin content appeared to be substantially affected by their respective
aglycon. Del-glycosides disappeared completely within 30 min, whereas cy-, pt-,
ma-, and peo-glycosides were relatively stable.
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4. Future Perspectives

During recent years, the official rules of the European Union (EU) and the
United States have restricted the use of synthetic colourants (especially red ones)
as food additives because of their potential adverse health effects. These effects are
related to their carcinogenic effects in experimental models [62,63], possible allergenic
effects [64], and hyperactivity in children (3 and 8-9 years) [65]. McCann et al. [65]
have evaluated the mixture of synthetic colourants with sodium benzoate (frequently
used in soft drinks and other foods), considering among the synthetic red colourants
azorubine red (Carmoisine (E-122), Ponceau 4R (E-124) and Allura red AC (E-129)).
Their findings indicated that childhood hyperactivity could be exacerbated by the use
of synthetic colourants. Since the establishment of this evidence, the European Food
Safety Authority has decreased the allowed daily intake levels of these synthetic
colourants. Additionally, Chilean Food Health Regulations do not allow the use of
colourants in infant foods (until 3 years) [66]. Therefore, international regulation
trends in addition to informed consumers are a market opportunity for natural food
colourants based on anthocyanin pigments in which microencapsulation is a key
technology for the development of natural colourants that are stable in food matrices.

Studies about encapsulated anthocyanins in simulated gastrointestinal models
have primarily been conducted on the release of anthocyanins from microparticles
without using a food vehicle [22-25]. The use of encapsulated anthocyanins as
ingredients in healthy foods should allow for the protection of anthocyanins until
reaching the gastrointestinal site where anthocyanin release is desired.
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Effect of Two Anti-Fungal Treatments
(Metrafenone and Boscalid Plus
Kresoxim-methyl) Applied to Vines on the
Color and Phenol Profile of Different

Red Wines
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Beatriz Cancho-Grande and Jests Simal-Gandara

Abstract: The effect of two anti-fungal treatments (metrafenone and boscalid +
kresoxim-methyl) on the color and phenolic profile of Tempranillo and Graciano red
wines has been studied. To evaluate possible modifications in color and phenolic
composition of wines, control and wines elaborated with treated grapes under
good agricultural practices were analyzed. Color was assessed by Glories and
CIELab parameters. Color changes were observed for treated wines with boscalid +
kresoxim-methyl, leading to the production of wines with less color vividness.
Phenolic profile was characterized by HPLC analysis. Boscalid + kresoxim-methyl
treatment promoted the greatest decrease on the phenolic content in wines.

Reprinted from Molecules. Cite as: Briz-Cid, N.; Figueiredo-Gonzalez, M,;
Rial-Otero, R.; Cancho-Grande, B.; Simal-Gandara, J. Effect of Two Anti-Fungal
Treatments (Metrafenone and Boscalid Plus Kresoxim-methyl) Applied to Vines on
the Color and Phenol Profile of Different Red Wines. Molecules 2014, 19, 8093-8111.

1. Introduction

The main difficulty in growing grapes for wine is the fight against fungal
diseases caused by fungi such as grey mold (Botrytis cinerea), powdery mildew
(Uncinula necator) and downy mildew (Plasmopara viticola). Although practicing
different traditional techniques it can be possible to minimize the incidence of these
fungi during cultivation of the grape, the most effective means to combat them
is the application of fungicides. With time, fungi can develop resistance to the
most frequently applied fungicides, making it necessary to replace the traditionally
used fungicides by others that include new generation active substances or new
fungicides [1]. Several studies report that fungicides applied to vine may persist at
trace levels in the grapes and thus be transferred to grape juice and ultimately to the
wine [2—-4], modifying the sensory quality of the final wine by causing changes in the
fermentation kinetics and in the aromatic profile [2,5-7].
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However, the effect of the presence of fungicide residues in grapes on the
extraction of polyphenolic compounds during the winemaking process or their
evolution during wine storage or aging remains almost completely unexplored.
Some studies have confirmed that the phenolic composition of Monastrell red
wines was altered by the presence of fungicide residues [4,8]. In fact, reductions
in the anthocyanin content were found in wines obtained from grapes treated
with famoxadone, fenhexamid and trifloxystrobin, while the hydroxycinnamic acid
content decreased in the case of treatments with famoxadone, fluquinconazole,
kresoxim-methyl and trifloxystrobin [4]. Thereby, the extraction of phenolic
compounds during fermentation could be affected as a consequence of the presence
of fungicide residues and this could originate problems in the stabilization of the
wine color characteristics during storage.

The main objective of the present study was to evaluate the effect of some new
fungicides (metrafenone, boscalid and kresoxim-methyl) on the accumulation of the
major phenolic compounds in Tempranillo and Graciano red wines produced in La
Rioja (N.E. Spain). For this, vineyards were treated with these fungicides under good
agricultural practices.

2. Results and Discussion

Tempranillo (T) and Graciano (G) are the most distinctive red grapes of La Rioja
(N.E. Spain). The first one is the most characteristic grape variety of this region and
is able to produce wines with long aging, very balanced in alcohol content, color
and acidity [9]. On the other hand, Graciano is often used as a blending partner of
Tempranillo-based wines due to its contribution to improve the color of T wines and
to add aroma, tannins and acidity [10]. Although it is less usual, some wineries also
produce monovarietal G wines [10]. Graciano presents a certain resistance to diseases
such as downy mildew and powdery mildew, has low fertility, is late maturing and
produces wines with considerable acidity and polyphenolic content, ideal for aging,
with a very intense aroma. The color and phenolic profile of both varieties as well as
the effect of fungicide treatments on these parameters were established in this study.

2.1. Influence of New Generation Fungicides Residues on the Color

The color of a red wine is closely related with the grape variety, degree of
ripeness, time and temperature of maceration process. The color of a red wine can be
established by using colorimetric indexes and the CIELab parameters. Regarding
colorimetric indexes, if we compare T and G control wines (without fungicide
treatments), T-Control showed a higher yellow color contribution (38%) and a
higher tonality (77) in comparison to G-Control (% yellow and tonality of 35 and
62, respectively). However, T-Control showed a lower red color contribution (49%)
and color intensity (0.5) than G-Control (% red and color intensity of 56 and 0.6,
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respectively). Regarding to CIELab space, T-Control wines showed lower chroma
(Cap* =29), higher lightness (L* = 70) and hue angle (h,, = 4) than G-Control wines
(whose values were 39, 67 and 1, respectively). All these results indicate that Graciano
variety provides darker and colorful wines than the Tempranillo variety. These results
are in agreement with those of other authors [9].

In addition, the effect of tested fungicides on the color of T and G wines has
been analyzed. The comparison between the colorimetric indexes in treated and
control wines for T and G varieties can be observed in Figure 1a. Independent of
the variety and fungicide treatment, the yellow, red and blue percentages in all
treated wines varied less than +10% with respect to the control. Nevertheless, the
treatment with boscalid + kresoxim-methyl caused an increment in the tonality of
wines of both varieties (87 in T and 74 in G wines) respect to their respective control
wines (77 and 62). The comparison between CIELab coordinates (h,p,, C,p* and L*) of
treated wines respect to the control wines can be observed in the Figure 1b. Some
marked differences (higher than 20%) were registered again in CIELab coordinates
for those wines obtain from grapes treated with boscalid + kresoxim-methyl. These
wines showed lower chroma and higher hue than their respective control wines and
as a consequence, this fungicide treatment could promote wines with higher tonality
and lower color vividness.

100

80 % red 7
% blue

(=)
(=}

N
(=1

Treated wines

20

+10% respect to Control wine
-=-+20% respect to Control wine

0 20 40 60 80 100
Control wine
» G-Metrafenone +G-Boscalid + Kresoxim-methyl
o T-Metrafenone 1 T-Boscalid + Kresoxim-methyl

(a)

Figure 1. Cont.
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Figure 1. Colorimetric indexes (a) and CIELab data (b) of treated wines (Y axis)
and control wines (X axis) for Graciano (G) and Tempranillo (T) wines.

In order to know if the differences observed in the CIELab parameters represent
chromatic changes that can be perceived by the human eye, the AE*,, parameter
(difference in color between treated and control samples in the CIELab space,
calculated as the Euclidean distance between their location defined by L*, a* and b*)
was calculated [9]. Changes in the CIELab parameters were more pronounced for
boscalid + kresoxim-methyl treatments since AE*,;, parameter ranged from 10.7 to
11.5, while in wines treated with metrafenone the value was around 4.

2.2. Influence of New Generation Fungicides Residues on the Phenolic Profile of Wines

2.2.1. Anthocyanins

Anthocyanins are the principal compounds responsible of the color of red
wines. They are transferred from the skin of grapes to the wine during the early
days of winemaking. Total anthocyanins of T and G wines and their distribution
(% monomeric, % copigmented and % polymeric forms), determined by UV-Vis
spectroscopy according to Boulton [11], can be seen in Table 1. The monomeric
forms decreased in the first stages because they participate in the copigmentation
process with other non- pigmented phenolic compounds, being flavonols the most
effective copigments [12]. On the other hand, acetaldehyde, tannins and other
phenolic compounds (catechins, proanthocyanidins), are involved in processes
of condensation-polymerization with monomeric anthocyanins, leading to the
formation of more stable polymeric pigments than the free monomeric forms [13-15].
For sample comparisons, a variability greater than 10% in the results determined
in treated wines respect to the control was considered as a difference statistically
significant (p < 0.05) according to the statistical treatment applied (t-Student test).
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As can be seen in Table 1, the total anthocyanins content was lower in T wines
than in G wines, although the percentages of monomeric, copigmented and polymeric
forms were similar in both varieties (around 30%, 42% and 25%, respectively).
Statistical tests confirmed a significant difference between control and wines treated
with boscalid + kresoxim-methyl for both varieties; meanwhile the metrafenone
treatment seems only to affect the anthocyanin percentages in G wines.

Monomeric anthocyanins content in T and G control wines, determined by
chromatographic analysis, was similar (232.16 and 231.65 mg-L~!, respectively),
as can be seen in Table 1. However, fungicide treatments applied in the field
affected the anthocyanin content differently, depending on the variety (as can
be seen in Figure 2). Thereby, while for T wines no effects were observed, for
G wines reductions of about 25% respect to the G-Control were observed for the
two treatments. The most abundant anthocyanin compounds in both wines were
malvidin derivatives (78.5% and 80.8% in T and G control wines, respectively),
being malvidin-3-O-glucoside the most abundant anthocyanin in all wines (Table 1).
Petunidin derivatives were the following most abundant derivatives for T wines
(12.7%), being petunidin-3-O-glucoside the main compound in this group; in contrast,
the second most abundant group for G wines was the peonidin derivatives (11.3%).
Concentrations of the other minor derivative groups (ranging from 0.5% to 6%) were
as follows: delphinidin > peonidin > cyanidin derivatives in T wines; meanwhile for
G wines the minor groups were: petunidin > delphinidin > cyanidin derivatives.

Field treatments

Hydroxycinnamic acids

Hydroxybenzoic acids

Flavonols

|
1

i

i

i

1

i

i

1

i

i

!

i

! Monomeric anthocyanins
i

i

i

1

i

i

1

i

i Flavan-3-olmonomers
i

|

1

-40 -30 -20 -10 0 10
% variationrespect to control wine

B G-Metrafenone T-Metrafenone
B G-Boscalid-Kresoxim-methyl T-Boscalid-Kresoxim-methyl

Figure 2. Effect of each antifungal treatment on the phenolic profile of Graciano (G)
and Tempranillo (T) wines.
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2.2.2. Flavan-3-ol Monomers and Proanthocyanidins

The total content of flavan-3-ol monomers was lower in T-Control than in
G-Control (28.6 versus 49.6 mg-L ™1, respectively), as can be seen in Table 2. This is in
agreement with other authors [16,17].

The main flavan-3-ol monomers in T and G wines were (+)-catechin (C),
(—)-epicatechin (EC) and (—)-gallocatechin (GC) (Table 2). While the contents of
C and EC in G-Control were similar, the content of EC in T-Control was about
40% of the C content. Significant differences were only observed for boscalid +
kresoxim-methyl treatments, independent of the variety, with reductions of about
13% (see Figure 2).

In addition to flavan-3-ol monomers, there are also dimeric, trimeric, oligomeric
and condensed procyanidins. These compounds are better extracted with
longer maceration in the presence of alcohol [18]. We can find procyanidins
—polymers of (epi)catechin that release cyanidin- and prodelphinidins —polymers of
(epi)gallocatechin that release delphinidin [19]. This large group of compounds
differs in the nature of their constitutive units, their number (degree of
polymerization) and the position of linkages between them. All of the structures
have not been analyzed, and only the procyanidin dimers and some of the trimers
have been completely identified.

After acid-catalyzed cleavage of the polymer in presence of phloroglucinol,
the mean degree of polymerization (aDP, calculated as the ratio of total units to
terminal units), the average molecular weight (aMW) and the total proanthocyanidins
concentration (calculated as the sum of all units) were determined [19,20]. As it can be
seen in Table 2, the concentration of total proanthocyanidins in T-Control was 241.94
mg-L~1, slightly higher than that obtained in G-Control (219.18 mg-L~!). In general,
no important effects of metrafenone residues in the total proanthocyanidins content
were observed (with reductions of around 5%) for T and G wines. Nevertheless the
treatments with boscalid + kresoxim-methyl produced a reduction of over 15% for T
and G wines. In addition, the aDP value obtained for T and G wines was 2.6 and 1.8,
respectively, indicating that the proanthocyanidins present in these wines are mostly
dimers. These results are in good agreement with those reported in similar wines by
other authors [21].
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2.2.3. Flavonols

Flavonols were the minor flavonoid group with respect to the other flavonoid
groups described above. As it can be seen in Table 3, flavonol content in T-Control
was 8.20 mg-L~!, being this concentration higher than that obtained in G-Control
(6.46 mg-L~1). Flavonol 3-O-glucoside derivatives are the main group contributing
to the total flavonol content for T- and G-based wines. Five 3-O-glucoside derivatives
(myricetin, quercetin, laricitrin, isohamnetin and syringetin) were detected in
G wines, while kaempherol-3-O-glucoside was also detected in T wines. The
concentrations of these derivatives ranged from 4.74 to 6.01 mg-L*1 in T wines,
myricetin-3-O-glucoside being the main flavonol; in G wines they ranged from
3.62 to 4.28 mg-L~!, syringetin-3-O-glucoside being the most abundant. The
next group is formed by the 3-O-glucuronide derivatives of myricetin, quercetin
and kaempherol, with concentrations ranging between 1.07 and 1.37 mg-L~! in
T wines, and between 1.12 and 1.43 mg-L™! in G wines. Furthermore, while in
T-Control two galactoside derivatives were identified (quercetin and kaempherol),
only quercetin-3-O-galactoside was detected in G-Control. Finally, four aglycone
forms (myricetin, quercetin, kaempherol and laricitrin) were identified in both
varieties in concentrations ranging from 0.35 to 0.60 and from 0.39 to 0.72 mg-L~! in
T and G wines, respectively.
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Statistical differences in the flavonol profiles were observed for both treatments
(metrafenone and boscalid + kresoxim-methyl) and varieties (Table 3) although
greater reductions (around 20%—-24%) were observed for T treated wines (Figure 2).

2.2.4. Acids

The total phenolic acid content in T-Control was about 38% higher than that
observed in G-Control. Stilbenes, hydroxybenzoic acids, hydroxycinnamic acids and
their derivatives identified in T and G wines are listed in Table 4. Hydroxybenzoic
acids content ranged between 27.82 and 32.20 mg-L~! in T wines, gallic and
3,5-dihydroxybenzoic acids being the main constituents among the five identified.
Meanwhile, the content of these compounds in G wines comprised between 19.90 and
25.46 mg-L~!, with gallic and vanillic acids being the most abundant compounds.
Hydroxycinnamic acids (caffeic and coumaric acids) and their respective esters
(caftaric and coutaric acid) were detected at concentrations between 27.57 and
30.43 mg~L*1 in T wines, and between 10.23 and 13.27 mg-L’l in G wines, caftaric
acid being the main compound in both varieties. In addition, the stilbene resveratrol
was identified in G wines, but at low concentrations (between 0.10 and 0.32 mg-L_l),
representing less than 1% of total non-flavonoids. This compound was not detected
in the wines obtained from T grapes.

The different phytosanitary treatments had a variable effect in the accumulation
of these compounds in the wines (Figure 2). In general terms, the treatments
with metrafenone had no effect on the accumulation of hydroxycinnamic and
hydroxybenzoic acids, except for G wines where a reduction of 22% respect
to the control wine was observed. To the contrary, treatments with boscalid +
kresoxim-methyl caused significant reductions for both acids and varieties, except
for hydroxycinnamic acids in T treated wines.

3. Experimental

3.1. Fungicide Experiments

Fungicide experiments were performed out in 2012 at two experimental
vineyards located in Aldeanueva de Ebro, La Rioja (N.E. Spain), belonging to D.O.Ca.
Rioja. The vineyards produce Vitis vinifera cv. Tempranillo and cv. Graciano red
grapes. The experimental vineyards were 3,000 m? in area, approximately, and
contained 30 rows with 40-50 vines each one; the gaps between rows and grapevines
were 2.6 and 1.2 m, respectively. Each experimental vineyard was divided into three
experimental plots: the first was untreated and used to produce the control wine,
the other two were treated with the phytosanitary products Collis® (BASF, 20% w /v
boscalid + 10% w /v kresoxim-methyl) and Vivando® (BASEF, 50% w /v metrafenone),
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respectively, in accordance with good agricultural practices (GAP), using the doses
recommended by the manufacturer and keeping the pre-harvest time in vines.

3.2. Winemaking Process and Wine Samples

The winemaking process was carried out in the experimental cellar located at
the University of La Rioja. Identical vinifications were performed with the grapes
from each experimental plot as follows: grapes were crushed, destemmed and placed
in a metallic fermentation vessel (40 L) that was supplied with SO, (at 50 mg-L_l)
concentration. The temperature during alcoholic fermentation—-maceration, which
took 14 days, was 17-21 °C. At the end of the process, the wine was strained off, grape
residues were pressed and the wine-must mixtures were transferred to a metallic
vessel where it was supplied with SO, (at 30 mg~L*1). Prior to bottling, a step of cold
clarification was carried out.

3.3. Analytical Standards, Reagents and Materials

Malvidin-3-O-glucoside chloride, quercetin, catechin, epicatechin, resveratrol,
and gallic, 3,5-dihydroxybenzoic, protocatechuic, vanillic, syringic, p-coumaric and
caffeic acids were purchased from Sigma Aldrich (St. Louis, MO, USA). Individual
stock solutions of each compound were prepared in methanol. Different working
standards solutions were prepared by appropriate dilution in 12% ethanol in water
and then stored in dark vials at —80 °C. Solvents (water, methanol, acetone and
ethyl acetate) of HPLC grade and other inorganic reagents (formic, hydrochloric,
acetic, trifluoroacetic and ascorbic acids, phloroglucinol, sodium acetate anhidro, and
sodium bisulfite) were purchased from Sigma Aldrich. The sorbent materials used
for SPE were: Oasis MCX cartridges (500 mg, 6 mL size) from Waters Corp (Milford,
MA, USA); Strata-X-A 33u Polymeric Strong Anion sorbent (60 mg, 3 mL size) and
Strata C18-E (2 g, 12 mL size) from Phenomenex (Torrance, CA, USA).

3.4. Characterization of the Color Fraction and Phenolic Content

The characterization of the color fraction was determined by spectrophotometric
parameters, colorimetric indexes and CIELab parameters, using a Beckman Coulter
DU 730 Life Science UV /Vis spectrophotometer. All of the measurements were
carried out in duplicate, using quartz cells of 1 mm path length. A hydroalcoholic
solution (12% ethanol) was used as blank in all measures.

Colorimetric indexes. Absorbances at 420, 520 and 620 nm were measured to
assess the must color by chromatic parameters such as % red, % yellow and % blue,
color intensity (CI) and tonality (T), according to Glories [22].

CIELab coordinates. The must color was also assessed by the CIELab space [23].
The parameters that define the CIELab space are: rectangular coordinates such as

127



red/green color component (a*), yellow /blue color component (b*) and lightness
(L*); and the cylindrical coordinates such as chroma (C,,*) and hue angle (h,p).

Copigmented, monomeric, polymeric and total anthocyanins. Each group of
anthocyanins was determined according to Boulton [11]. Briefly, this method
consisted of adjusting the pH of a wine to 3.6 and then filtering the wine through a
0.45 pm mesh filter. Then, the following tests were conducted:

Aacet; 20 uL of 10% (v/v) acetaldehyde was added to 2 mL of prepared wine
and the sample was allowed to sit for 45 min at room temperature before
measuring Asonm;

- A20: to another 100 pL of prepared wine, 1,900 uL hydroalcoholic solution was
added and absorbance Agyy nm Was also measured;

- AS92: 160 uL of 5% (w/v) SO, was added to 2 mL of prepared wine and
absorbance Asyg nm Was measured.

From these readings, the different forms of anthocyanins were expressed in
absorbance units as:

copigmented anthocyanins = A2t — A20
monomeric anthocyanins = A20 — ASO?
polymeric anthocyanins = AS©?

total anthocyanins = A%t
The percent distribution of the various forms was calculated as:

% copigmented = [(A%%€t — A20)/Aacet] x 100
% monomeric = [(A20 — ASO2)/Aacet] » 100
% polymeric = [ASO?/ A2¢t] x 100

3.5. Determination of Phenolic Compounds

3.5.1. Extraction Procedures

Flavan-3-ol monomsers and proanthocyanidins. Proanthocyanidins were
extracted and characterized according to the procedure described by Kennedy
and Jones [24], with minor modifications [20]. Briefly, bleaching of anthocyanins
pigments is necessary prior to retained proanthocyanidins by anion exchange sorbent.
After eluting with 75% acetone in water, proanthocyanidins were acid-catalyzed
in presence of phloroglucinol. This process followed by HPLC analysis is a useful
alternative for quantification and characterization of longer proanthocyanidins.

(a) Flavan-3-ol monomers and proanthocyanidins extraction. Wine (2 mL) was
adjusted to pH 1.0 with a drop of concentrated hydrochloric acid, transferred to
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a 5 mL test tube containing sodium bisulfite (800 mg) and stirred for 20 min. Under
these conditions, most of monomeric anthocyanins are combined with bisulfite to
form colorless sulfonic acid adducts [25], which can be readily retained by anion
exchange sorbents. This bleached wine was diluted 1:2 with ultrapure water and an
aliquot (2 mL) was loaded into a Strata-X-A mixed-mode anion exchange/reversed
phase SPE cartridge, previously activated with 75% acetone in water (2 mL) followed
by water (4 mL). Afterwards, the cartridge was washed with water (4 mL) and
flavan-3-ols and proanthocyanidins were eluted with 75% acetone in water (8 mL),
whereas anthocyanins and organic acids were still retained through anion exchange
interactions. This eluate was brought to dryness on a rotary evaporator at 35 °C and
then reconstituted in methanol (200 pL). In order to quantify monomeric flavan-3-ols,
a portion of this methanolic extract (50 uL) were diluted to 500 uL with 2.5% acetic
acid in water, filtered (0.20 pm) and analyzed by HPLC/DAD-ESI/MS.

(b) Acid-catalyzed degradation of proanthocyanidins in presence of phloroglucinol.
Proanthocyanidins were characterized following the acid-catalyzed cleavage of
the polymer in the presence of phloroglucinol excess according to the procedure
described by Kennedy and Jones [24] with minor modifications. In brief, a solution
containing 0.2 M HCl, 50 mg-mL~! phloroglucinol and 10 mg-mL~!L-ascorbic acid
was prepared in methanol as the phloroglucinolysis reagent. Methanolic wine extract
(100 puL) was allowed to react with phloroglucinol solution (200 pL) in a water bath
for 40 min at 50 °C. Afterwards, the reaction was cooled down and quenched by the
addition of 15 mM sodium acetate aqueous solution (2.7 mL). The reaction mixture
was then purified by SPE using a Strata-X-A cartridge SPE previously conditioned
with 75% acetone in water (2 mL) followed by water (4 mL). The cartridge was
washed with water (4 mL) and the phloroglucinolysis products were eluted with 75%
acetone in water (8 mL). This eluate was evaporated to dryness on a rotary evaporator
at 35 °C, reconstituted in 2.5% acetic acid in water (1 mL), filtered (0.20 um) and
analyzed by HPLC/DAD-ESI/MS.

Anthocyanins. Wine samples were previously evaporated under a stream
of nitrogen to remove ethanol and reconstituted with water. A sample of the
reconstituted wine (2 mL) was loaded onto a Strata C18 cartridge, previously
activated with methanol (10 mL) followed by water (10 mL). The sorbent was
dried by blowing N, for 30 min. After washing with ethyl acetate (20 mL), the
anthocyanin fraction was eluted with 0.1% TFA in methanol (30 mL). The eluate
was evaporated to dryness (35 °C, 10 psi) and redisolved in 12% ethanol in water
(1 mL). The ethanolic extract was passed through a filter of 0.45 pm pore size prior to
HPLC/DAD-ESI/MS analysis.

Phenolic acids, resveratrol and flavonols. Wine samples were previously
evaporated under a stream of nitrogen to remove ethanol and reconstituted with
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water. The reconstituted wine (3 mL, adjusted to pH 7) was loaded into a MCX
cartridge previously activated with methanol (5 mL) followed by water (5 mL). The
sorbent was washed with 0.1 M hydrochloric acid (5 mL) followed by water (5 mL).
The acid and flavonol fractions were eluted with methanol (15 mL). The eluate
was evaporated to dryness (35 °C, 10 psi) and redissolved in 12% ethanol in water
(1 mL). The ethanolic extract was passed through a filter of 0.45 pm pore size prior to
HPLC/DAD-ESI/MS analysis.

3.5.2. HPLC/DAD-ESI/MS Analysis

Identification of these groups of polyphenols was performed according to the
HPLC/DAD-ESI/MS procedures described by Figueiredo-Gonzélez et al. [26] and
Quijada-Morin et al. [20]. HPLC measurements were made by using a Thermo
Separation-Products (TSP, Waltham, MA, USA) system comprised of a P2000 binary
pump equipped with a TSP AS1000 autosampler, and a TSP SCM1000 vacuum
membrane degasser. An analytical column, Phenomenex C18 Luna (150 x 3 mm
id., 5 pm), with a guard column, Pelliguard LC-18 (50 x 4.6 mm i.d., 40 pm;
Supelco, Bellefonte, PA, USA) was used for separation of anthocyanins, phenolic
acids, resveratrol and flavonols and other analytical column, Phenomenex C18 Luna
(150 x 3 mm i.d., 3 um) was used for separation of flavan-3-ol monomers and
proanthocyanidins. UV-Vis spectra were scanned from 200 to 600 nm on a diode
array UV6000LP DAD detector. For confirmation purposes, the HPLC-DAD system
was coupled to a TSQ Quantum Discovery triple-stage quadrupole mass spectrometer
from Thermo Fisher Scientific (Waltham, MA, USA). The mass spectrometer was
operated in the negative electrospray ionization (ESI) mode under the following
specific conditions: spray voltage 4,000, capillary temperature of 250 °C, sheath gas
and auxiliary gas pressure of 30 and 10 units, collision energy 25 and tube lens offset
110. The detection was accomplished in the full-scan mode, from m/z 100 to 1,700,
and in the MS/MS mode.

Flavan-3-ol monomers and proanthocyanidins. Acetic acid extract (20 uL) was
injected into the column and eluted at 30 °C. Mobile phase A and B were 0.1% formic
acid aqueous solution and 95% acetonitrile (in 5% mobile phase A) respectively, and
the flow rate was 0.4 mL-min~!. The linear gradient used was as follows: 0-2 min,
98% A and 2% B; 20-22 min, 90% A and 10% B; 50 min, 85% A and 15% B; 60 min,
80% A and 20% B; 70 min, 60% A and 40% B; 72-80 min, 10% A and 90% B; 82-92 min,
98% A and 2% B. DAD chromatograms were registered at 280 nm.

Due to the lack of the corresponding standards, extension subunits, i.e.,
flavan-3-ol phloroglucinol adducts, were quantified using their molar response
factors relative to catechin as reported by Kennedy and Jones [24]. In any case,
the presence of the phloroglucinol adducts was confirmed by mass spectrometry.
The mass spectrum of the gallocatechin phloroglucinol adduct obtained in the
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ESI negative mode exhibited a [M—H]~ ion at m/z 429 and a [2M—H]- ion at
m/z 859. MS/MS fragmentation of m/z 429 produced a daughter ion at m/z 303
[M-H-C¢HgO3]~, which was indicative for a loss of phloroglucinol (126 Da) and
the retro-Diels-Alder (RDA) product at m/z 261 [M—H—CgHgO4] ™. The MS analysis
of catechin and epicatechin adducts showed a [M—H] ™~ ion atm/z 413 and a [2M—H]—
ion at m/z 827. MS/MS fragmentation product ions of m/z 413 were detected at m/z
287 [IM—H—-C¢HgOs3]~ (loss of phloroglucinol) and at m/z 261 [M—H—-CgHgO3]~
(RDA fission).

Anthocyanins. Ethanolic extract (20 pL) was injected into the column and eluted
at 35 °C. Mobile phase A and B were 5% formic acid aqueous solution and methanol,
respectively, and the flow rate was 1 mL-min~!. The following linear gradient was
used: 0-5 min, 90% A and 10% B; 15 min, 80% A and 20% B; 30 min, 70% A and
30% B; 40-85 min, 68% A and 32% B; 87 min, 60% A and 40% B; 96 min, 50% A
and 50% B; 98-108 min, 5% A and 95% B; 110-120 min, 90% A and 10% B. DAD
chromatograms were registered at 520 nm.

Phenolic acids and resveratrol. Ethanolic extract (20 uL) was injected into the
column and eluted at 35 °C. Mobile phase A and B were 0.2% formic acid aqueous
solution and methanol, respectively, and the flow rate was 0.8 mL-min~—!. The
following linear gradient was used: 0 min, 97% A and 3% B; 40 min, 70% A and
30% B; 50-53 min, 50% A and 50% B; 55-65 min, 5% A and 95% B; 67-77 min, 97% A
and 3% B. DAD detection wavelengths of 280, 320 and 309 nm were selected for
phenolic acids, hydroxycinnamic acids and resveratrol, respectively.

Flavonols. Ethanolic extract (20 pL) was injected into the column and eluted at
35 °C. Mobile phase A and B were 2.5% formic acid aqueous solution and methanol,
respectively, and the flow rate was 1 mL-min~!. The following linear gradient was
used: 0 min, 80% A and 20% B; 10 min, 75% A and 25% B; 30 min, 65% A and 35% B;
40-42 min, 60% A and 40% B; 45 min, 50% A and 50% B, 48 min, 40% A and 60% B;
50-60 min, 5% A and 95% B; 62-72 min, 80% A and 20% B. DAD chromatograms
were registered at 370 nm.

3.6. Statistical Analysis

For sample comparison, the data are presented as means + standard deviation
(SD) of analyses performed in triplicate. Significant differences among treated wines
and control wines for each variety and compound were assessed by the t-student
test. Data analyses were performed using the STATGRAPHICS Centurion XV 15.2.05
Software (Statpoint Technologies, Inc., Warrenton, VA, USA).
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4. Conclusions

Results showed that the wines obtained from grapes treated under good
agricultural practices with boscalid + kresoxim-methyl had lower chroma and higher
hue than control wines, resulting in less colorful wines. The AE*;, parameter
confirmed that these CIELab changes could be perceived by wine consumers. Although
significant differences were observed for all determined phenolic compounds in wines,
for both treatments and varieties, the results showed again that G and T wines obtained
from grapes treated with boscalid + kresoxim-methyl were the most affected.
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Antioxidant Activity and
Acetylcholinesterase Inhibition of Grape
Skin Anthocyanin (GSA)

Mehnaz Pervin, Md. Abul Hasnat, Yoon Mi Lee, Da Hye Kim, Jeong Eun Jo and
Beong Ou Lim

Abstract: We aimed to investigate the antioxidant and acetylcholinesterase inhibitory
activities of the anthocyanin rich extract of grape skin. Grape skin anthocyanin
(GSA) neutralized free radicals in different test systems, such as 2,-2'-azinobis-
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assays, to form complexes with Fe?* preventing 2,2'-azobis(2-amidinopropane)
dihydrochloride (AAPH)-induced erythrocyte hemolysis and oxidative DNA damage.
Moreover, GSA decreased reactive oxygen species (ROS) generation in isolated
mitochondria thus inhibiting 2',-7'-dichlorofluorescin (DCFH) oxidation. In an in vivo
study, female BALB/c mice were administered GSA, at 12.5, 25, and 50 mg per
kg per day orally for 30 consecutive days. Herein, we demonstrate that GSA
administration significantly elevated the level of antioxidant enzymes in mice sera,
livers, and brains. Furthermore, GSA inhibited acetylcholinesterase (AChE) in the
in vitro assay with an ICsg value of 363.61 pg/mL. Therefore, GSA could be an excellent
source of antioxidants and its inhibition of cholinesterase is of interest with regard to
neurodegenerative disorders such as Alzheimer’s disease.

Reprinted from Molecules. Cite as: Pervin, M.; Hasnat, M.A.; Lee, YM.; Kim, D.H,;
Jo, J.E.; Lim, B.O. Antioxidant Activity and Acetylcholinesterase Inhibition of Grape
Skin Anthocyanin (GSA). Molecules 2014, 19, 9403-9418.

1. Introduction

Free radicals or reactive oxygen species (ROS) play many important roles
in physiological and pathological processes. Oxidative stress is a biological
phenomenon that results from a biochemical imbalance between the formation
and clearance/buffering of free radicals [1]. Mitochondria are the major source of
cellular ROS. The accumulation of ROS induces oxidative damage of mitochondrial
DNA (mtDNA), proteins, and lipids, and has been shown to contribute to the decline
in physiological function of cells resulting in a variety of diseases and accelerated
aging [2].

Enzymatic systems in cells and body fluids regulate the level of ROS, which
otherwise might generate a cascade of products and lead to assailing oxidants.
The main classes of antioxidant enzymes in our antioxidant defense system are the
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superoxide dismutases (SOD), catalases (CAT), and glutathione peroxidases (GPx) [3].
Under oxidative stress conditions, antioxidant enzymes modulate the activities of
these ROS and play a role in vascular function [4].

Acetylcholinesterase (AChE) is a hydrolase that plays a key role in cholinergic
transmission by catalyzing the rapid hydrolysis of the neurotransmitter acetylcholine
(ACh) [5]. Natural products might slow the progression of Alzheimer’s disease
(AD) by simultaneously protecting neurons from oxidative stress and acting as
cholinesterase inhibitors [6].

Antioxidant supplementation is one plausible strategy to maintain redox
homeostasis by directly quenching excessive ROS and protecting or reinforcing
endogenous antioxidative defense systems against oxidative stress [7]. At present,
many antioxidants are synthetically manufactured. They may possess some side
effects and toxic properties to human health [8]. Therefore, studies of antioxidant
substances in foods and natural products have gained increasing interest.

Anthocyanins are flavonoids, a class of secondary plant metabolites, with
phenolic groups in their chemical structure that are responsible for the pigmentation
in several different fruits. In grapes, they are found almost exclusively in the skins,
with only a limited number of varieties showing these compounds in the pomace [9].
Recently, a great number of researchers have identified and characterized various
anthocyanins found in grape skin with Liquid chromatography—mass spectrometry
(LC/MS). The main Vitis vinifera grape anthocyanins, cyanidin, malvidin, delphinidin,
petunidin, and peonidin, are present as monoglucoside, acetylmonoglucoside, and
p-coumaroylmonoglucoside derivatives [10]. The most common anthocyanin in
V. vinifera is malvidin-3-O-glucoside [11]. Choi et al. [12] showed that anthocyanins
are primarily responsible for the antioxidant activity of this grape variety, which was
also reported in other grape varieties. Anthocyanins are used in the treatment
of coronary heart disease and are administered as dietary supplements for the
prevention and treatment of metabolic disorders, in particular, obesity, diabetes, and
osteoarthritis [13]. Anthocyanins also possess anticancer and antineurodegenerative
properties [14-16]. It has been shown that anthocyanins have beneficial effects on
memory and cognition, suggesting a clear neuroprotective role [17,18].

Therefore, the primary objective of our research was to investigate the
antioxidant effects of grape skin anthocyanins using various in vitro and in vivo
methods. In this study, physiologically relevant antioxidant activities of GSA,
including erythrocyte membrane protection, DNA protection, and mitochondria
protection were investigated for the first time. Moreover, we studied the in vivo
antioxidant activity of GSA in mice serum, liver, and brain. Another major objective
was to determine potential in vitro anticholinesterase activity of GSA.
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2. Results and Discussion

2.1. Radical Scavenging Activity

GSA'’s free radical scavenging activity was evaluated on different free radical
species: DPPH and ABTS. GSA was able to reduce the stable radical DPPH
to the yellow-colored diphenyl picryl hydrazine. GSA exhibited a significant
concentration-dependent inhibition of DPPH activity, with a 50% inhibition (ICsg)
at a concentration of 95.54 pg/mL. The results are presented in Table 1. The ICs
value of vitamin C was 71.50 ug/mL. These results indicate that GSA might act as an
electron or hydrogen donator to scavenge DPPH® radicals.

The ABTS radical scavenging assay is shown in Table 1. GSA showed scavenging
activity in a concentration-dependent manner. The concentration for 50% inhibition
of GSA and vitamin C were found to be 62.74 and 20.32 ug/mL, respectively. These
results indicate that GSA has strong scavenging power for ABTS radicals and should
be explored as a potential antioxidant. Previous studies have confirmed the free
radical scavenging activity of red grape pomace seeds and skin extracts [19].

Table 1. DPPH, ABTS radical scavenging and metal chelating activities of GSA.

DPPH Radical ABTS Radical Metal Chelating
Extract Scavenging ICsp Value Scavenging IC5p Value Scavenging IC5p Value
Activity (%) p g/mL Activity (%) p g/mL Activity (%) p g/mL
GSA 9554 +0.43° 9514 +1.13° 97.67 + 1.009 @ 62.74 4+ 043 ° 56.26 + 1.67 2 180.49 +19.40°
Positive 97.75 + 0.28° b 99.78 + 0.34° b 89.82 +2.69 P b
control (Vitaminc) /L0 £105 (VitaminC)  2032E£020%  mprAeo vy 700 X078

All data are expressed as mean + SD (n = 3). Different letters in each column denote
statistically significant difference compare to the positive control group at p < 0.05.
Scavenging activity (%) was determined at 500 pg/mL.

2.2. Fé?* Chelation

Chelation is an important parameter because iron is required for oxygen
transport, respiration, and the activities of many enzymes. However, iron is an
extremely reactive metal and can catalyze oxidative changes in lipid, proteins,
and other cellular components. Fe?* ion can trigger a Fenton reaction when it
encounters HyO,, and the product of this reaction (hydroxyl radical) can cause great
oxidative damage [20]. Therefore, ferrous ion-chelating activity is considered an
important indicator in any oxidative stress involving ferrous ion. Fe?* ion is the
most powerful pro-oxidant among the various species of metal ions [21]. Ferrozine
can quantitatively form complexes with Fe?*. However, in the presence of chelating
agents, the complex formation is disrupted, resulting in a decrease in the red color of
the complex. Measurement of color reduction therefore allows for estimation of the
metal chelating activity of the co-existing chelator. The capacity of GSA to chelate
Fe?* is shown in Table 1. We found that GSA could chelate Fe?* efficiently and
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therefore reduce the production of free radicals. The ICs5j value for GSA’s chelating
abilities was 180.49 ug/mL. EDTA was used as reference in this assay and its ICs
value for Fe?*-chelation was 7.08 ug/mL.

2.3. Oxidative Hemolysis Inhibition Assay

The oxidative hemolysis inhibition assay system is based on the property of
erythrocytes that renders them susceptible to oxidative damage and utilizes the
biologically relevant radical source, AAPH-derived peroxyl radicals, to attack the
erythrocyte membrane and cause erythrocyte hemolysis [22]. The rate of cell
lysis can be regarded as an in vitro marker of oxidative damage. As shown in
Figure 1, inhibition rates of erythrocyte hemolysis were 17.63%, 19.36%, 25.37%,
35.12%, 68.35%, and 68.35% for GSA, and 22.54%, 27.47%, 35.70%, 46.85%, and
72.89% for vitamin C at the tested concentrations of 31.25, 62.5, 125, 250, and
500 pg/mL, respectively. Our results are in agreement with other studies showing
that polyphenols are able to protect erythrocytes from oxidative stress or increase
their resistance to damage caused by oxidants [23,24].
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Figure 1. Anti- haemolytic activity of GSA on APPH-induced erythrocyte
haemolysis in vitro. Data are expressed as mean + SD (1 = 3). Columns with
different letters are significantly different at p < 0.05 level.

2.4. Oxidative DNA Damage Prevention

ROS, such as superoxide anion (O, ™), hydrogen peroxide (H>O;), and hydroxyl
radical (*OH) can cause damage to biological macromolecules leading to lipid
peroxidation, protein oxidation, and DNA base modification and strand breaks [21].
Permanent modification of DNA as a result of oxidative damage is the first step
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in several pathological and physiological conditions such as cancer and aging,
respectively. The inhibition of HyO,-induced DNA strand breakage by GSA was
assessed by measuring the conversion of the supercoiled pBR322 plasmid DNA to
open circular and linear forms by gel electrophoresis. Because hydroxyl radical (*OH)
modifies and destroys DNA in a nonspecific manner, protection capacity against
*OH-induced oxidation of DNA was also measured to evaluate an antioxidant.
Figure 2, shows the inhibitory effect of GSA on pBR322 plasmid DNA cleavage
caused by H,O,. Conversion of the supercoiled form of this plasmid DNA to
the open-circular and further linear forms has been used as an index of DNA
damage. The plasmid DNA was mainly in the supercoiled form in the absence
of Fe?* and H,O, (lane 1, control). After the addition of Fe?* and H,O,, the quantity
of supercoiled DNA decreased due to conversion into the relaxed circular and linear
forms. However, further fragmentation of linear form decreased in the presence of
GSA (125-500 png/mL). Both GSA and vitamin C were concentration—dependent
for preventing DNA damage. The observed scission-inhibition could be due to
the scavenging of hydroxyl radicals by GSA. Devasagayam et al. [25] studied the
ability of natural antioxidants, such as carotenoids and flavonoids to protect the
pBR322 plasmid DNA against ROS. In a previous study Noroozi et al. [26] reported
that flavonoids and vitamin C were effective against hydrogen peroxide initiated
oxidative DNA damage to human lymphocytes.

A)
<—— Open circular

<— Supercoiled

(®)

«—— Open circular

<— Supercoiled

1 2 3 4 5

Figure 2. Protective effect of GSA on hydroxyl radical-mediated pBR322 DNA
strand breaks. (A) GSA (B) Vitamin C. Lane 1: normal DNA control; lane 2:
FeSO4 + HyO, (DNA damage control); lane: 3-5: FeSO4 + HyO, + DNA in the
presence of GSA (125, 250 and 500 pg/mL, respectively).

2.5. Evaluation of Antioxidation of GSA Using a Mitochondria-Based Assay

Approximately 90% of cellular ROS are produced in the mitochondria [27].
ROS levels are thought to increase with age owing to the accumulation of damaged
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mitochondria in a self-perpetuating cycle. ROS-induced impairment of mitochondria
results in increased ROS production, which in turn leads to further mitochondrial
damage [28]. Measurement of ROS in living organisms has been a significant
analytical challenge. Most ROS are highly reactive and short lived and therefore
are difficult to detect in complex biological matrices. Additionally, ROS are often
produced and/or neutralized in subcellular compartments, which requires detection
methods specific to subcellular localization [29].

A physiologically relevant mitochondria-based assay was used to assess the
antioxidant capability of GSA against oxidative stress in mitochondria. Ascorbic
acid was used as the reference antioxidant. GSA could inhibit DCFH oxidation by
scavenging ROS, thus resulting in decreased fluorescence intensity. As illustrated in
Figure 3, the tested sample and ascorbic acid standard exhibited strong antioxidant
capacity in a concentration-dependent manner. Inhibition of DCFH oxidation was
29.59%, 32.78%, 38.73%, 46.22%, and 65.62% for GSA, and 31.40%, 38.46%, 40.40%,
47.61%, and 68.95% for vitamin C at the tested concentrations of 31.25, 62.5, 125, 250,
and 500 pg/mL, respectively (Figure 3). GSA did not show any significant difference
compared to vitamin C (p < 0.05). The method for monitoring H,O, generation
in isolated mitochondria by DCFH-DA chemical probe was first introduced in
1983 [30]. It is known that once DCFH-DA enters the cell, the acetyl moiety is
cleaved by intracellular esterases; subsequent oxidation by ROS, particularly H,O,
and hydroxyl radical, yields the fluorescent product, DCF. The principle of this
method is that antioxidants can scavenge ROS generated in mitochondria, thus
inhibiting DCFH oxidation.
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Figure 3. Protective efffect of GSA against oxidative damage on isolated mouse liver
mitochondria. ROS generation was assayed as inhibition of DCFH oxidation. Values
represent the mean + SD (n = 3). Columns with different letters are significantly
different at p < 0.05 level.
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2.6. Antioxidant Activities in Vivo

The cooperative defense systems that protect the body from free radical
damage include antioxidant nutrients and enzymes. As shown in Figure 4, after
administration of GSA (50 mg/kg) SOD, CAT, and GPx activities were noticeably
increased in mice serum, liver, and brain than those in the control group (p < 0.05).
In most of the cases, compared with the control group, levels of antioxidant enzymes
were not significantly elevated for the GSA extract at 12.5 and 25 mg/kg (p < 0.05).
Administration of ascorbic acid (50 mg/kg) also showed significant increase in SOD,
CAT, and GPx levels. These data suggest that GSA has significant effects on the levels
of antioxidant enzymes in mice.

Regarding the in vivo study, evidence has shown that ethanolic extract of
white button mushroom (Agaricus bisporus)-fed mice led to a significantly higher
level of antioxidant enzymes (SOD, GsH-Px, and CAT) in mice serum, liver, and
heart [31]. Grape skin anthocyanin activates the antioxidant enzymes SOD, CAT,
and GPx in H,O; treated retinal cells [32]. Puiggros et al. [33] provided evidence
that grape seed procyanidin extract increased the Cu/Zn-SOD activity in rats and
Fao cell line hepatocytes. In in vivo assay, numerous factors such as bioavailability,
digestibility, and metabolism of the compound may influence biological potentials.
Previous studies indicated that anthocyanin can rapidly reach the plasma after
oral administration. [34,35]. Two previous works reported the capacity of dietary
anthocyanins from grapes and berries to reach the brain [36,37]. Moreover, the results
of a previous clinical study suggested that antioxidative anthocyanins are obviously
absorbed from grape juice and wine [38].

2.7. In Vitro Cholinesterase Inhibition

Acetylcholinesterase (AChE) is a hydrolase that plays a key role in cholinergic
transmission by catalyzing the rapid hydrolysis of the neurotransmitter acetylcholine
(ACh) [5]. The use of acetylcholinesterase inhibitors elicits numerous responses,
which mediate the symptoms of Alzheimer’s disease [39]. When studied for its
possible inhibitory effect in the in vitro assay, GSA showed AChE inhibitory activity
in a dose-dependent manner. As illustrated in Figure 5, at tested concentrations
of GSA (31.25-500 pg/mL), acetylcholinesterase inhibitory activities were 17.94%,
21.47%, 29.16%, 45.57%, and 55.58%, respectively (ICsy = 363.61 nug/mL). Tacrine was
used as a reference inhibitor and was more active than GSA (p < 0.05). At 10 uM
tacrine showed a 66.30% inhibition of AChE. Several studies recently supported that
different plant extracts and active compounds, including anthocyanins (pelargonidin,
delphinidin and cyanidin), terpenoids, also have anticholinesterase activity [40-42].
The leaves of pomegranate and grapes exhibited considerable acetylcholinesterase
inhibitory activity [43,44]. Several studies showed that grape and blueberry
anthocyanin have clear neuroprotective roles [16,18,45].
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Figure 4. Effects of GSA on level of catalase (CAT) (A) SOD (B) and GPx (C) in
serum, liver and brain of mice. Values are the mean + SD (1 = 5); * p < 0.05 compared
with normal control group. All activities were expressed as unit per milligram of
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Figure 5. Acetylcholinesterase inhibitory activity of GSA. Values represent the
mean + SD (n = 3). * p <0.05, compare to the positive control group.

3. Experimental Section

3.1. Samples and Chemicals

Anthocyanin rich grape skin extract was manufactured by Kitolife (Pyeong-Teak,
Korea). The anthocyanin content of grape skin (Vitis vinifera L.) extract was standardized
at 80% (w/w) by high-performance liquid chromatography (HPLC) system. These
products were manufactured according to a previously described method [32]. In brief,
grap skin (V. vinifera L. cv. Aglianico) were collected and extracted in methanol (0.75%
HCI) solution for five days at room temperature. Anthocyanins extracted from skins of
grape contain the following four major compounds: malvidin 3-O-glucoside, petunidin
3-O-glucoside, delphinidin 3-O-glucoside, and cyaniding 3-O-rutinoside [13,32,46].

2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azinobis-(3-ethylbenzothiazoline-
6-sulphonic acid) diammonium salt (ABTS), gallic acid, sodium nitrite, Folin—-Ciocalteu
reagent (FC reagent), butylated hydroxyluene (BHT), ascorbic acid (AA),
a-tocopherol, potassium persulphate, ferrous chloride, ammonium thiocyanate,
ethylene-di-amino-tetraacetic acid (EDTA), linoleic acid, anhydrous sodium phosphate
(dibasic), anhydrous sodium phosphate (monobasic), 5,5'-dimethyl-pyrroline-
l-oxide (DMPO), pyrogallol and ferrous sulphate (FeSOy4), ethylene-bis-
(oxyethylenenitrilo)-tetraacetic acid (EGTA), HEPES, glutamate, succinate, and
2',7'-dichlorofluorescin diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Sodium hydroxide and ferric chloride were obtained from Wako
Pure Chemical Industries Ltd. (Osaka, Japan). The catalase assay kit and SOD assay kit
were purchased from Cayman Chemical Company (Ann Arbor, MI, USA). The pBR322
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DNA and 6x DNA loading dye were purchased from Fermentas Inc. (Cromwell Park,
Glen Burnie, USA). All other reagents were of analytical grade.

3.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activities

Free radical scavenging activity on DPPH by GSA was assessed by a previously
described colorimetric method [20]. In brief, an 80 uL aliquot of sample solution at
different concentrations (31.25-500 ng/mL) was mixed with 80 uL. DPPH solution
(0.3 mM in methanol). The reaction mixture was incubated for 30 min in the dark at
room temperature. The absorbance of the resulting solution was measured at 517 nm
with a spectrophotometer (Sunrise-Basic Tecan, Salzburg, Austria). Controls were
prepared in a similar manner using the corresponding extraction solvent in place
of the sample solution. The radical scavenging capacity of the tested samples was
measured using the following equation:

Scavenging activity (%) = (1 — Absorbance of sample/Absorbance of control) x 100

3.3. 2,2"-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
Radical-Scavenging Activity

Free radical scavenging activity on ABTS by GSA was determined using the
method described by He et al. [47] with slight modifications. The ABTS®** radical was
generated by the reaction of 7 mM 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulphonic
acid) diammonium salt (ABTS, 5 mL) with 2.45 mM of potassium persulphate
(88 puL). The mixture was left to stand for 12-16 h in the dark at room temperature.
Absorbance of the reactant was later adjusted to 0.70 + 0.02, at room temperature, at
a wavelength of 734 nm. Different concentrations of tested extract were mixed with
0.7 mL of ABTS** solution and the mixture was shaken for 5 min. The reduction of
the ABTS®** radical was determined by reading the absorbance at 734 nm using a UV
spectrophotometer (Pharmaspec UV-1700, Shimadzu, Kyoto, Japan). The controls
contained the extraction solvent instead of the test sample. The scavenging activity
of ABTS free radical was calculated as:

Scavenging activity (%) = (1 — Absorbance of sample/Absorbance of control) x 100

3.4. Fe** Chelation Assay

The ferrous ion-chelating activity of GSA was estimated in accordance with
the method described by Cheng et al. [20]. GSA (31.25-500 ng/mL). Each sample
was incubated with 50 pL of 2 mM FeCl; for 5 min. The reaction was initiated by
adding 200 pL of 5 mM ferrozine. After incubation for 5 min at room temperature,
the absorbance of the mixture was measured at 562 nm against the blank, which was
performed in the same way using FeCl, and water. EDTA (3.12-100 pg/mL) served as
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the positive control, and a sample without the sample or EDTA served as the negative
control. The Fe?*-chelating activity was calculated using the equation below:

Chelating activity (%) = (1 — Absorbance of sample/Absorbance of control) x 100

3.5. Oxidative Hemolysis Inhibition Assay

Anti-hemolytic activity was assayed according to the method described by
Carvalho et al. [23]. Blood was collected from female BALB/c mice (weighing
20 + 2 g). RBCs were separated from plasma by centrifugation at 1500 g for 20 min.
The crude RBC was then washed five times with five volumes of phosphate-buffered
saline (PBS, pH 7.4). The RBC was suspended in four volumes of PBS solution for
hemolysis assay. Two mL of RBC suspension were mixed with 2 mL of PBS solution
containing GSA (31.25-500 pg/mL). The erythrocyte suspension was agitated gently
while being incubated with APPH (final concentration, 50 mM) at 37 °C for 3 h.
After incubation, 8 mL of PBS solution was added to the reaction mixture, followed
by centrifugation at 1,000 g for 10 min. The absorbance of the supernatant was
recorded at 540 nm in a spectrophotometer. Percentage inhibition was calculated by
the following equation:

% Inhibition = (1 — Absorbance of sample/Absorbance of control) x 100

3.6. Assay for Effects of GSA on DNA Oxidative Damage

The protective effect of GSA on DNA strand breaks induced by hydroxyl radicals
was measured by the conversion of pBR322 DNA to an open circular form according
to the method described by Cheng et al. [20] with some minor modifications. Briefly,
1 uL of plasmid pBR322 DNA (0.5 ng/uL) was treated with 3 uL of FeSO4 (0.08 mM),
4 uL of 30% Hp O, (v/v), 3 uL distilled water, and 2 pL of the tested sample at different
concentrations (125-500 ug/mL). The mixture was then incubated in a water bath at
37 °C for 1 h. Then 2 uL of DNA loading dye (6 x) was added to the mixture. The
DNA samples were resolved on a 0.8% (w/v) agarose gel using ethidium bromide
staining. Gels were scanned on a gel documentation system (Nextep, Seoul, Korea)
and bands were quantified using NEXTEP analysis software. To avoid photolysis of
samples, experiments were conducted in the dark.

3.7. Mitochondria-Based Assay

3.7.1. Isolation of Mitochondria from Liver

Mitochondria were isolated from the livers of mice according to the methods
described by He et al. [47], with some modifications. Briefly, livers were rinsed using
cold homogenization media, and subsequently homogenized in the homogenization
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buffer A (1:4, w/v; sucrose 0.32 mol/L, EDTA 1 mmol/L, Tris~HCI] 10 mmol /L, and
bovine serum albumin (BSA) 65 mmol/L, pH 7.4). This homogenate was centrifuged
for at 45 g for 10 min, and the unbroken tissue, cells, and nuclei were discarded.
The supernatant obtained was centrifuged at 15,000 g for 10 min, and the pellet
was collected and resuspended in the homogenization buffer A. This procedure
was repeated until a single pellet was obtained. The pelleted mitochondria were
resuspended in 30 mL of buffer B (KCl 137 mmol/L, HEPES 10 mmol/L, MgCl2
2.5 mmol/L, and EDTA 0.5 mmol/L, pH 7.2) and stored at —20 °C until use. The
concentration of mitochondrial protein was determined using the Bradford protein
assay with BSA as a standard.

3.7.2. Mitochondrial Reactive Oxygen Species (ROS) Measurements

ROS production in mitochondria was measured using 2',7'-dichlorofluorescin
diacetate (DCFH-DA), a H,O,-sensitive fluorescent probe, as previously described
by He et al. [47], with modifications. Briefly, 40 uL of appropriate dilutions of extract
was added into a mixture containing 30 uL glutamate (40 mmol/L), 30 pL succinate
(40 mmol/L) and 165 uL HyO, buffer in a 96-well plate, and followed by 75 uL
DCFH-DA (52 umol/L). Then, 60 pL (1.5 mg/mL) mitochondrial suspension was
added to initiate the reaction, which was incubated at 37 °C for 10 min. The change
in fluorescence of the reaction mixture was recorded at 485 nm excitation and 530 nm
emission in a spectrophotometer. Inhibition of DCFH oxidation was calculated by
the following equation:

% Inhibition = (1 — Absorbance of sample/Absorbance of control) x 100
3.8. In Vivo Antioxidant Activity

3.8.1. Animals and Experimental Design

In vivo antioxidant activity was assayed according to the methods described
by Liu et al. [31] with some modifications. Female BALB/c mice (weighing
20 + 2 g, 8 weeks old) were purchased from Orient Bio Inc. (Seongnam, Gyeonggi,
Korea). Animals were acclimatized under controlled conditions for 1 week before
experimental feeding. Mice were housed in specific pathogen-free conditions in
an animal room at Konkuk University, maintained on a 12-h light/dark cycle, and
provided food and water ad libitum. All animal procedures were carried out according
to a protocol approved by the Institutional Animal Care and Use Committee of the
Konkuk University. After one week of adaptation, the mice were randomly divided
into five groups of 5 animals each: Group 1 (control) received vehicle (water), Group 2
received vitamin C (positive control), Group 3, Group 4, and Group 5 received GSA at
12.5, 25, and 50 mg/kg body weight, respectively, by gavage for 30 consecutive days.
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3.8.2. Biochemical Assay

Twenty-four hours after the last drug administration, mice were sacrificed and
blood samples were collected. The blood samples were then centrifuged at 10,000 g
at 4 °C for 10 min to obtain blood serum, which was then stored at —80 °C for further
analysis. The liver and brain were removed immediately, washed and homogenized
in ice-cold physiological saline to prepare a 10% (w/v) homogenate. Then, the
homogenate was centrifuged at 1,000 g at 4 °C for 10 min to remove cellular debris,
and the supernatant was collected for analysis.

Antioxidant enzymatic activities were determined using SOD, CAT, and GPx
assay kits (Cayman Ann Arbor, MI, USA) following the manufacturer’s instructions.
One unit of SOD is defined as the amount of enzyme needed to exhibit 50%
dismutation of the superoxide radical. Detection of catalase activity was based on the
reaction of the enzyme with methanol in the presence of an optimal concentration
of HyO,. The formaldehyde produced was measured spectrophotometrically
with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole as the chromogen. Catalase
activity was expressed as pmol of formaldehyde per min per g of protein from
homogenates. GPx activity was measured on the basis of the reaction of GSH and
5,5'-dithiobis-(2-nitrobenzoic acid). The protein contents in the supernatants obtained
from the liver and brain were determined by the Bradford Protein assay kit. All the
above treatments were performed at 4 °C.

3.9. In Vitro Anticholinesterase Inhibition Assay

The AChE inhibition assay was carried out in a multi-well plate using a modified
method, as described by Ellman et al. [48]. Electric eel acetylcholinesterase was used,
while acetyl thiocholine iodide (ATCI) was used as the substrate of the reaction.
5,5-dithiobis(2-nitrobenzioc) acid (DTNB) was used for measurement of AChE
activity. Briefly, 150 uL of 0.1 M sodium phosphate buffer (pH 8.0), 10 uL test
compound solution, and 20 pL of enzyme solution (0.09 units/mL) were mixed
and incubated for 15 min at 25 °C. 10 uL. of DTNB (10 mM) was then added
and reaction was initiated by the addition of substrate (10 pL of ATCI, 14 mM
solution). The hydrolysis of the ATCI can be measured by the formation of the
product, 5-thio-2-nitrobenzoate, a colored anion formed by the reaction of DTNB and
thiocholine, which is released by enzyme hydrolysis. Absorbance was measured at
412 nm (Shimadzu, 1200, Japan) after 10 min. Tacrine, a standard AChE inhibitor,
was used as positive control. The percent of acetylcholinesterase inhibition was
calculated as following;:

% Inhibition = 100 — [Absorbance of the test compound/Absorbance of the control] x 100
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3.10. Statistical Analysis

Data are expressed as mean =+ standard deviation (SD). All analysis was carried
out in at least three replicates for each sample. Results were analyzed statistically
using SPSS 15.0, Sigma plot 10.0, and GraphPad Prism 5 software (San Diego, CA,
USA). A value of p < 0.05 was considered statistically significant.

4. Conclusions

GSA possesses strong antioxidant activity as demonstrated by biologically relevant
assays, such as the oxidative DNA damage prevention assay, hemolysis inhibition assay,
liver mitochondria oxidative damage prevention assay. Administration of GSA could
significantly enhance the activities of antioxidant enzymes (SOD, CAT, and GPx) in mice
sera, liver, and brain. Moreover, the results suggest that GSA can inhibit cholinesterase
activities. Altogether, our results show that GSA has great value for preventing oxidative
stress-related disease and can be a prominent source of anticholinesterase activity.
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Effects of Climatic Conditions and Soil
Properties on Cabernet Sauvignon Berry
Growth and Anthocyanin Profiles

Guo Cheng, Yan-Nan He, Tai-Xin Yue, Jun Wang and Zhen-Wen Zhang

Abstract: Climatic conditions and soil type have significant influence on
grape ripening and wine quality. The reported study was conducted in two
“Cabernet Sauvignon (Vitis vinifera L.V)” vineyards located in Xinjiang, a semiarid
wine-producing region of China during two vintages (2011 and 2012). The results
indicate that soil and climate affected berry growth and anthocyanin profiles. These
two localities were within a distance of 5 km from each other and had soils of different
physical and chemical composition. For each vineyard, the differences of anthocyanin
concentrations, and parameters concerning berry growth and composition between
the two years could be explained by different climatic conditions. Soil effect was
studied by investigation of differences in berry composition and anthocyanin profiles
between the two vineyards in the same year, which could be explained mainly by
the different soil properties, vine water and nitrogen status. Specifically, the soils
with less water and organic matter produced looser clusters, heavier berry skins and
higher TSS, which contributed to the excellent performance of grapes. Compared
with 2011, the increases in anthocyanin concentrations for each vineyard in 2012
could be attributed to smaller number of extreme temperature (>35 °C) days and
rainfall, lower vine water status and N level. The explanation for higher anthocyanin
concentrations in grape skins from the soils with less water and organic matter
could be the vine status differences, lighter berry weight and heavier skin weight at
harvest. In particular, grapes from the soils with less water and organic matter had
higher levels of 3'5'-substituded, O-methylated and acylated anthocyanins, which
represented a positive characteristic conferring more stable pigmentation to the
corresponding wine in the future. The present work clarifies the effects of climate
and soil on berry growth and anthocyanin profiles, thus providing guidance for
production of high-quality wine grapes in different regions.

Reprinted from Molecules. Cite as: Cheng, G.; He, Y.-N.; Yue, T.-X.; Wang, J;
Zhang, Z.-W. Effects of Climatic Conditions and Soil Properties on Cabernet
Sauvignon Berry Growth and Anthocyanin Profiles. Molecules 2014, 19, 13683-13703.

1. Introduction

Anthocyanins are an important group of flavonoids and the predominant
pigments in red and black grape berries. After veraison, they accumulate in the grape
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skins via the phenylpropanoid biosynthetic pathway [1]. The anthocyanins in grapes
are responsible for the colour of the corresponding wines, which is an important
parameter used to evaluate wine quality [2]. Accumulation of anthocyanins in grape
skins is influenced by many environmental factors such as light and temperature and
nutrient supply [3]. In Vitis vinifera L. varieties, they occur mainly as glycosides and
acylglucosides of five anthocyanidins: malvidin, petunidin, peonidin, delphinidin
and cyanidin [4]. Monoglucosides exist as 3-O-glucosides in V. vinifera L. varieties,
and the acylated anthocyanins are formed by the combination with coumaric or
caffeic acid [5].

The concept of terroir, including the grape cultivar, always interacts with
climatic conditions, soils, cultural practices and training systems, all of which
influence the grape and wine quality [6]. Generally, cultivar, soil and climate
are considered to be the three main components of terroir [7]. It is known that
patterns of anthocyanins are controlled by strict genotype, and the anthocyanin
profiles for each variety are relatively stable and their distribution varies considerably
among different grape cultivars [8]. More recently, the wine industry has turned
its attention to the factors of soil and climate. They point out the soil type may
play an important role in determining wine characteristics and quality, resulting
in different wine styles, even under the same mesoclimate [7]. In addition, other
studies show that the influence of vintage on grape metabolic profiles is greater than
the soil, where climatic characteristics such as the temperature and water balance
are the main factors [9]. It should be noted that anthocyanin synthesis is depressed
by excessively high temperatures with considering the specific circumstances [7].
Further research has revealed that the inhibition of temperature stress on berry
secondary metabolites can be attributed to ABA-mediated actions [10]. Moreover,
some research has determined that moderate temperatures encourage anthocyanin
accumulation and alter partitioning, while others determined that high temperatures
could be inhibitory to accumulation due to the differences in gene expression and
chemical degradation of metabolites [7,11]. In addition to the effects of climate
and soil, there is a great need to evaluate the influences of water deficits and berry
exposure to sunlight on anthocyanin concentrations [12,13]. The water deficits enable
anthocyanin concentrations to rise by both increasing content per berry and reducing
fruit growth [14,15]. Generally, low level of light exposure could reduce flavonoids
content, but increased light results in increased contents of anthocyanins and other
flavonoids [16]. However, some authors have reported no change with different
light treatments [17], or even that high light resulted in decreased anthocyanin
concentrations [18].

Despite the fact that soil and climate are two important components of terroir,
little experimental work concerning their influence on wine grape composition has
been done in China. Therefore, in this work the effects of climate and soil on grape
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development and anthocyanin profiles were analysed. The soil effect was examined
in two vineyards with distinct soil types, and climate effect was studied through
the mesoclimate by inter-annual analysis. Specifically, the effects of soil components
and climatic conditions were evaluated on: (1) vine water and nutrient status;
(2) yield parameters and berry characteristics; (3) anthocyanin composition and
concentrations. The present work was designed to study anthocyanin biosynthesis
under different types of soils and climatic conditions. Special emphasis was put on
the relationship between anthocyanin accumulation and environmental conditions.

2. Results and Discussion

2.1. Climatic Conditions

The wine grape-growing regions of China display unique ecological conditions
either from south to north or from east to west. The two vineyards in the present
study were located in northwest China in a region with a semi-arid climate, with
high biologically effective day temperatures, a big temperature difference between
daytime and nighttime and low annual rainfall. All the meteorological data of 2011
and 2012 were obtained from the local meteorological administration. The two studied
vineyards were within a radius of 5 km with a uniform mesoclimate. With respect
to annual mean temperature and average maximum temperature, 2012 was warmer
than 2011 (Table 1). With regard to the study period, the accumulated heat expressed
as growing degree days (GDD, calculated from daily mean temperatures, base 10 °C)
and sunlight duration in 2011 was lower than in 2012. Total rainfall, calculated from
April to September, was 180.1 mm in 2011 and 103.6 mm in 2012 (Table 1). Regarding
the seasonal evolution of temperature and rainfall (Figure 1), rainfall in 2011 was
higher than in 2012 (mainly during 60-90 DAF), although vines did not get any
rainfall at harvest (90-120 DAF) in 2011. According to the seasonal pattern during
berry developmental phases (Figure 1), daily maximum temperature exceeded 30 °C
for most of the summer period. A higher number of days with extreme temperatures
(>35 °C) were observed in 2011 than in 2012 (23 and 13 days, respectively), mainly
during expanding stage and veraison (0-90 DAF). Rainfall was on the rise from
veraison (60-90 DAF) to harvest in 2012, but reduced gradually in 2011.

2.2. Soil Chemical and Physical Properties Analysis

The selected soils from two vineyards presented very different physical and
chemical properties (Table 2), although both of the soils were classified as “slit loam’
according to the texture classes in the soil survey manual. The soils from Yuanyi farm
were richer in sand than those of Guangdong farm, especially in topsoil (0-20 cm).
Specifically, the sand percentage was 41.99% at Yuanyi farm, and only 20.03% at
Guangdong farm (Table 2).

7
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Table 2. Physical and chemical properties of the selected soils in two vineyards at
different depths. Data are mean values of three replications.

. Organic Bulk Water
. Depth Clay Slit Sand Textural EC CEC .

Vineyards - “emy o) ) %) Class  PT (molem)  (emolkg) Moty 3{;‘,‘32 Copeent

0-20 859b  49.40b 41.99a  Siltloam  7.9a 0.18b 16.40b 1.40b 1.49 18.82b

Vuanvi 20-40 9.82b  61.66b 2852a  Siltloam  7.8a 0.20b 13.18b 0.99b 1.65a 26.49b

famz’ 40-60  1137a 5413a 3450a  Siltloam  8.la 0.19b 12.82b 0.56b 1.41a 26.83b

60-80  14.63a 49.87b 3549a  Siltloam  8.0a 0.20b 12.46b 0.54b 1.50a 25.61b

80-100  9.02a  5572b 3526a  Siltloam  7.9a 0.18b 11.74b 0.41b 1.55a 27.97b

0-20 15.99a  6397a 20.03b  Siltloam  7.5b 0.39a 23.21a 6.38a 0.98b 29.55a

20-40  1145a 635la 25.04b  Siltloam  7.3b 0.54a 25.36a 8.42a 121b 44.04a

Guangdong 45 5o 830b  55.69a 36.0la Siltloam  7.4b 0.56a 22.14a 6.85a 1.29b 38.89a

farm 60-80 9.17b  5435a 3648a  Siltloam  7.2b 0.98a 19.63a 5.02a 1.47b 36.13a

80-100  9.68a  58.12a 3220b Siltloam  7.2b 0.66a 18.55a 3.69a 151b 33.74a

Values within a column followed by different letters differ significantly in the same depth
between two vineyards (f-test, p < 0.05).

The soil pH at Yuanyi farm ranged from 7.8 to 8.1, which classified them as
slightly alkaline soils, while the pH at Guangdong ranged from 7.2 to 7.5, which
defined them as very slightly alkaline soils. At pH values above 5.0 to 5.5, grapevine
performance should not be seriously impeded [19], and none of the soils in Yuanyi
farm or Guangdong farm showed any signs of sodicity. Soil electrical conductivity
(EC) is a parameter which represents the amount of salts in soils (soil salinity). In
our study, the EC of soils from Guangdong farm was significantly higher than at
Yuanyi farm at each soil depth (54%-80%). According to the classes of salinity and
EC in the NRCS Soil Survey Handbook, all the selected soils from the two vineyards
belonged to the non-saline (0<EC<2) class. The relationship between cation-exchange
capacity (CEC) and organic matter at the two vineyards showed a positive correlation
(Figure 2), and both of them decreased as the soil depth deepened (Table 2). As
indicated in Table 2, the soils from Yuanyi farm had significantly higher bulk density
at each depth than the Guangdong farm ones, since total pore space in sands is less
than is silt or clay soils. For Guangdong farm, bulk density typically increased with
soil depth since the subsurface layers contained less pore spaces and higher organic
matter levels. Higher organic material may result in less compact soils. From the
survey of bulk density, Yuanyi farm had more compact soils than Guangdong farm.
Thus, the soils from Guangdong farm contained significantly higher percentages of
organic matter than those of Yuanyi farm. In previous research, the organic matter
content of soils in two vineyards located in Catalonia, Spain was 0.4%-2.0% [20].
Another report pointed out that soils with 0.7%—-0.9% organic matter were considered
to be poor, whereas those with 1.7%-1.8% organic matter were considered to be rich
soils [21]. Thus, the organic matter content of soils in Guangdong farm was excessive
(3.69%-8.42%) considering the general range of a rich soil. Nevertheless, the organic
matter content of soils in Yuanyi farm was within a reasonable range (0.41%-1.40%).
Water content of soils from Guangdong farm was significantly higher than at Yuanyi
farm at each soil depth (17.2%-39.9%). Those could be attributed to organic matter
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increasing the water holding ability of soils directly and indirectly. On the other
hand, higher bulk density consequently reduced the water holding capacity of soils.

30 — 7T T T T T T T T T T T T T
®  Yuanyi farm
A Guangdong farm 1

CEC (cmol/kg)

10 T T T T T 7 | A E T =
0 1 2 3 4 5 6 7 8 9
Organic matter (%)

Figure 2. The relationship between cation-exchange capacity (CEC) and organic matter
at Yuanyi farm and Guangdong farm. Data are mean values of three replications.

Principal component analysis (PCA) of soil properties from the two vineyards
was conducted by using the variables including total, effective and readily available
elements variables (Figure 3). PC1 explained 42.9% of total variance, and was
characterized by soils of all depths from Guangdong farm on the positive side.
PC1 separated the soil samples of Yuanyi farm from Guangdong farm, and was
mostly explained by total N, effective Na and available Fe having positive loadings.
Specifically, the concentrations of these elements from soil samples were significantly
higher in Guangdong farm (Table 3). Total K and available Mn had negative loadings,
and their concentrations were significantly higher in soil samples from Yuanyi farm
(Table 3). PC2 explained 30.1% of the variance and separated top soils (0-20 cm) of
the two vineyards from the middle and bottom soils (40-100 cm). The top soils of
two vineyards had abundant available elements such as P, Mn, Zn and B (Table 3).
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Table 3. Chemical properties of the selected soils in two vineyards at different
depths. Data are mean values of three replications.

Depth  Total Elements (%) Effective Elements (mg/kg) Available Elements (mg/kg)

Vi d
ineyards (cm) N P K Na Ca Mg N P K Cu Fe Mn  Zn B

020  0.04b 0.08a 1.83a 21.07b 349446b 140.62b 50.86b 10.10b 133.29b 0.75b 1.61b 1.0la 1.40a 0.47b

) 20-40 0.07b 0.08a 1.85a 3340b 3689.73b 219.12b 7693a 3.09  12270a 0.85a 1.09b 059a 129 0.11b
Yuanyi 40-60 0.04b 0.08a 1.80a 31.33b 3811.77a 233.70b 59.05b 145b  123.05a 0.75a 0.89b 0.65a 0.66a Nd
farm 60-80 0.05b 007a 18la 39.48b 3760.86b 266.62a 53.24b 433b  152.14a 0.72b 0.83b 065a 038 Nd
80-100 0.07b 0.07a 1.85a 39.77b  3800.32a 295.58a 55.61b 436b  13472a 076b 1.10b 091la 04la Nd

020 030a 01la 173b 51.83a 3789.53a 52598a 61.74a 7542a 175.10a 0.85a 19.68a 0.58b 1.35b 25la

2040 040a 0.10a 134b 57.28a 3775.11a 490.15a 69.34b 1825a 12957a 0.58b 22.65a 045b 0.82b 1.03a

Guangdong 4060  030a 0.06a 140b 66.10a 377649 33447a 9194a 568a  100.67b 0.61b 2979 041b 059 021
farm 60-80 0.24a 0.06a 157b 634la 382479a 26522a 86.13a 859a 7892b  0.84a 3392a 040b 035b 0.25
80-100 0.19a 0.08a 166b 5272a 3769.12b 219.11b 90.66a  8.93a  40.57b 0.85a 3326a 039 026b 0.75

Values within a column followed by different letters differ significantly in the same depth
between two vineyards (t-test, p < 0.05). Nd, not detected.
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Figure 3. Discrimination of the soil samples from two vineyards by some kind
of elements attributes and illustrated by the score (A) and loading (B) plots
from principal component analysis (PCA).Y, Yuanyi farm; G, Guangdong farm;
1 =0-20 cm; 2 = 20-40 cm; 3 = 40-60 cm; 4 = 60-80 cm; 5 = 80-100 cm; T, Total; E,
Effective; A, Readily available.

2.3. Vine Water and Nitrogen Status

Ambient CO, contains 98.9% of 12C isotope and 1.1% of 3C isotope. '?C is
more easily used by the enzymes of photosynthesis in their production of hexoses.
Therefore, the sugar produced by photosynthesis contains a higher rate of the >C
isotope than ambient CO,. This process is called ‘isotope discrimination’. When
grapevines are submitted to water deficits, isotope discrimination is reduced due
to stomatal closure [22]. Therefore, the '2C/13C ratio (so-called §'3C) allows a very
sensitive detection of grapevine water status during grape ripening [23].

With respect to vine water deficit thresholds [24], there was no water deficit in
vines from Guangdong farm during the two seasons (§!3C < —26). However, vines
grown in Yuanyi farm showed weak water deficit for its higher §'C values (—24.5 <
813C < —26) corresponding to its soils with lower water-holding capacity compared
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with Guangdong farm (Table 4). Thus, the water content in soils affected the vine
water status, which was confirmed by a significant negative correlation between 5'*C
and water content in soils (Table S1). Furthermore, N level was significantly lower
in the vines of Yuanyi farm than at Guangdong farm. Soubeyrand et al. [3] used the
chlorophyll content of the leaves to estimate the plant nitrogen status for the positive
correlation between them. The chlorophyll content of the leaves from vines grown
in Guangdong farm was significantly higher than that in Yuanyi farm. In addition,
there was a positive correlation between N status of the plant-leaf Chlorophyll, N
status of the planf-organic matter in soils (Table S1). This confirmed that the higher
nitrogen content in the soils of Guangdong farm led to an increase in nitrogen uptake
and assimilation by the vines. Aside from other considerations, examination of these
results showed the fact that there were differences in vine nitrogen and water status
between the soils of the two vineyards.

Table 4. Differences of vine water and nutrient status between Yuanyi and
Guangdong farm during two seasons. Data are mean values of three replications

at least.
Year Vineyards 813C (%o) N (%) Leaf Chlorophyll
2011 Yuanyi farm —25.34a 0.47b 45.01b
Guangdong farm —26.76b 0.54a 46.95a
2012 Yuanyi farm —25.06a 0.46b 45.75b
Guangdong farm —26.51b 0.49a 46.54a

Values within a column followed by different letters differ significantly between two
vineyards in the same year (¢-test, p < 0.05).

2.4. Some Parameters of Vine, Shoot, Cluster and Berries from Two Vineyards in
Two Vintages

Although there were no significant differences between the two vineyards
regarding shoot number, yield, yield/pruning weigh and leaf area/yield in 2011
and 2012 (Table 5), vines grown in Guangdong farm had significantly longer shoots
and less number of clusters per shoot than Yuanyi farm ones (Table 5). In addition,
Yuanyi farm had significantly lighter and looser clusters compared with Guangdong
farm (Table 5). From Table S1, there was a positive correlation between cluster
compactness-organic matter in soils, cluster compactness-water content in soils.
Thus, the clusters from the soils with less organic matter and lower water content
would be characterized by their looser clusters, and this conclusion is verified in the
discussion about anthocyanins.

159



Table 5. Survey of some parameters about yields from two vineyards at harvest in
2011 and 2012. Data are mean values of three replications at least.

Survey of Shoots Survey of Clusters

. Yield/Pruning Leaf

Years Vineyards A;ﬁzaogte Shoot Cluster Cluster Co(r:l};:::i:less (to:/l}?:tare) Weigh ArealYield
i k 2/ki

Length (cm) Number/m  Number/Shoot Weight (g) (OIV rating) (kg/kg) (m?/kg)

2011 Yuanyi farm 122b a 13.85a 1.80a 107.10b 4.00b 9.14a 5.49a 1.98a
Guangdong farm 127a 14.29a 1.64b 111.22a 5.67a 8.45a 5.32a 2.08a
2012 Yuanyi farm 132b 13.55a 1.79a 107.97b 3.67b 10.48a 5.66a 2.03a
Guangdong farm 136a 15.38a 1.58b 119.20a 5.33a 11.59a 5.78a 2.12a

Values within a column followed by different letters differ significantly between two
vineyards in the same year (t-test, p < 0.05).

Some physical and chemical characteristics of berries were measured for grape
samples from the two vineyards during different developmental stages (Figure 4).
During the grape development in 2011 and 2012, fresh weight per berry increased
until harvest in Yuanyi and Guangdong farm (Figure 4A). During the early stages
of berry development, berries grew faster at Yuanyi farm than at Guangdong farm
between 4 and 11 weeks after flowering (WAF). At harvest, fresh weight per berry
in Guangdong farm was higher than Yuanyi farm in the two-year study. Overall,
berries had a heavier weight in 2011 than in 2012. Skin weight per berry showed
an increasing trend from 4 to 11 WAE, then decreased from 13 WAF to harvest
(Figure 4B).

Low nitrogen would be expected to cause a lower rate of shoot growth and
chlorophyll formation [25]. The growth of the shoots is strongly affected by soil
conditions and they grow longer where soils are more fertile and can hold more
water [26]. In a previous report, cluster weight showed a negative correlation with
the number of clusters per grapevine, because of the increasing berry numbers per
cluster and weight caused by the decreasing cluster number [27]. Thus similar result
patterns were seen in the two vineyards regarding shoot and cluster parameters as in
previous research. Berry weight at Yuanyi farm was lighter in the soils with lower
water content and weak water deficit for vines, which was consistent with a low
water supply causing a reduction in berry weight [28]. In each vintage, the value of
skin weight for Yuanyi farm was higher than for Guangdong farm. Previous research
on deficit irrigation has shown an increase in skin weight [29], and a significant
negative correlation between skin fresh weight and leaf Chlorophyll in our study
(Table S1). Thus, the differences in the soil and vine parameters at Yuanyi and
Guangdong farm make it easy to draw conclusions on the basis of these results.

TSS exhibited a continuous increase from 4 to 15 WAF (Figure 4C). The
maximum values of TSS for Yuanyi farm and Guangdong farm were 23.0 and 23.2
°Brix in 2011, but 26.8 and 25.9 °Brix in 2012. On the other hand, the changes of
TA in juice of grapes from two vineyards in 2011 and 2012 are shown in Figure 4D.
Grapes from the two vineyards in 2012 had higher TA than in 2011, and for each year,
Guangdong farm had more TA in grape juice compared with Yuanyi farm.
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Figure 4. Some physical and chemical characteristics of berry changed with the
grape development in two vineyards in 2011 and 2012. Data are mean values of
three replications. Error bars show standard error (SE). Light grey background
represents the phase of bunch turning colour (veraison) from 10% to 100% of
coloured berries.

Adequate ripening may also be problematic in soils that are too wet [19]. While,
in this study, TSS was equivalent in the two vineyards at harvest in 2011, the TSS of
grapes from Yuanyi farm was higher than at Guangdong farm in 2012. A higher TA
in the grapes from Guangdong farm was consistent with the other findings where
canopies with excessive soil moisture had higher TA [30]. On the other hand, grapes
with lower TSS and higher TA at the Guangdong farm were attributed to wetter soils,
but this could also have been an effect of excessive organic matter.

2.5. The Concentrations of Anthocyanins in Grape Skins from Two Vineyards in 2011
and 2012

The anthocyanins extracted from the grape skins during crushing, pressing, and
fermentation are the major components responsible for red wine color [31]. The total
concentration of anthocyanins (TCA) and each kinds of anthocyanin with different
modifications showed continuous increases from 8 to 15 WAF (Figure 5A). The late
stage of veraison (9 to 11 WAF) was a period of rapid accumulation for anthocyanin
compounds. The maximum TCA values for Yuanyi farm were 873.3 mg/kg at harvest
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in 2011 and 880.4 mg/kg in 2012, but those for Guangdong farm were 568.9 mg/kg
in 2011 and 695.2 mg/kg in 2012 (Figure 5A). In 2011 and 2012, grapes harvested
from Yuanyi farm accumulated 35% and 21% more anthocyanins, respectively, than
those from Guangdong farm, if anthocyanin content was expressed as concentration
in fresh berry (mg/kg of berry fresh weight). This indicated that the effect of
vintage was more significant in Guangdong farm when discussing TCA during
the two seasons, while the regional differences always illustrated that grapes from
Yuanyi farm could accumulate much more TCA. Meanwhile, TCA in grape skins
is more variable than TSS (Figure 4C) between the two vineyards at each sampling
point, although the evolution of anthocyanins was parallelled by the accumulation
of sugars.

In previous studies, some reported vintage variation [32], whereas others
reported minimal influence of the season on anthocyanin accumulation [31].
Anthocyanin accumulation in grapes is light and temperature sensitive [32], so
air temperatures might also have an influence on anthocyanin accumulation.
Considering the climatic parameters such as mean temperature, the maximum
and minimum temperature and growing degree days, 2011 was a cooler year with
shorter sunlight duration and more rainfall compared with the same period in 2012
(Table 1), but extreme temperatures (>35 °C) were more frequent in 2011 than in 2012
(Figure 1). Although the lowest anthocyanin content was detected during the hottest
year [20], this conclusion could not be verified in our study in each vineyard over
two consecutive seasons. The total concentrations of anthocyanins at harvest in 2012
were higher than in 2011, especially in Guangdong farm, and their concentration
increased by 22% (Figure 5).

Furthermore, the concentrations of anthocyanins expressed in mg/kg grapes
were positively related to berry number and total skin surface per kilogram of
grapes, resulting in the smallest berries being characterized by the highest content of
anthocyanins [33]. In fact, exceedingly high temperatures (>35 °C) are particularly
inhibitory to anthocyanin synthesis [32], so the increase of TCA in 2012 for each
vineyard could be attributed to the decrease of berry fresh weight at harvest time
(Figure 5), and less number of extreme temperature (>35 °C) days. Moreover, there
was a significant positive correlation between TCA and §'3C, but negative correlation
between TCA and N (Table S1). Thus, higher vine water status and N levels were
also major causes for the low coloration of grapes in 2011.
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In this survey, the effect of the soils on vine behaviour was mediated through
varying water content and nitrogen levels of the grapevines. With regard to the
effect of water status, moderate and not severe water stress or drought stress have
been reported to increase anthocyanin concentrations [34]. For the different growth
rate of the skins and flesh responses to the change of water conditions, the mild
water deficits increase the concentrations of skin tannins and anthocyanins through
increasing skin weight, relative skin weight per berry, and therefore amounts of
skin-localised solutes [35]. In the present study, Yuanyi farm had higher value of
berry skins than Guangdong farm at harvest in each experimental season (Figure 4B).
Furthermore, there was a significant positive correlation between TCA and skin fresh
weight (Table S1). Research on terroir shows that a moderate nitrogen deficiency (like
a mild water deficit) has been correlated with improved grape quality [36]. For the
experimental samples, not only did Yuanyi farm have a faster speed of anthocyanin
accumulation during berry development, but also a higher TCA at harvest in the
two years (Figure 5). The above conclusions were also associated with lower water
content of soils and vine water status at Yuanyi farm (Table S1).

F3'H (flavonoid 3’-hydroxylase) and F3'5'H (flavonoid 3'5’-hydroxylase)
are involved in the biosynthetic pathway of cyanidin- and delphinidin-based
anthocyanins, respectively. 3'5'-Substituted anthocyanins contain delphinidin,
petunidin, malvidin anthocyanins and their derivatives. A higher accumulation of
delphinidin-based anthocyanins in grape skins is expected to produce more intensely
purple coloured berry and dark-colored red wine [37,38]. The concentrations of
3'5'-substituded anthocyanins showed an increasing trend during the developmental
phase as well as TCA for each vineyard (Figure 5B). However, the concentration
of 3'5'-substituded anthocyanins at Guangdong farm was 511 mg/kg, only 64%
and 80% of that at Yuanyi farm at harvest in 2011 and 2012. On the other
hand, the concentrations of 3’-substituded anthocyanins increased from veraison
to harvest, although they remained at low ranges compared with 3'5'-substituded
anthocyanins (Figure 5C). Additionally, 2012 showed higher concentrations of 3'5'-
substituted anthocyanins than 2011. It was worth noting that the concentration of
3’-substituded anthocyanins in grape skins from Yuanyi farm in 2012 was the highest
among all the developmental phases. From the analysis of correlation coefficients
between variables, both of 3'5'-substituded and 3’-substituded anthocyanins showed
significant positive correlations with skin fresh weight or §'3C, but significant
negative correlations with vine N status (Table S1).

Considering further modification, two types of acylated anthocyanins are
produced by acylation and cinnamylation in the grape skins of ‘Cabernet Sauvignon’'.
The concentrations of non-acylated, acetylated and cinnamylated anthocyanins
accumulated and peaked at harvest stage for each vineyard (Figure 5D-F). For
non-acylated and acetylated anthocyanins, the concentrations in the two vineyards
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in 2012 were higher than those in 2011 (Figure 5D-E), but the opposite was true
for the concentrations of cinnamylated anthocyanins in each vineyard in 2011 and
2012 (Figure 5F). The concentration of each class of anthocyanins at Yuanyi farm was
higher than at Guangdong farm at harvest, which could be associated with vine N
status, cluster compactness and skin fresh weight (Table S1).

In addition, O-methylation of the 3’ position of the anthocyanidins cyanidin and
delphinidin leads to the formation of peonidin and petunidin. Finally, O-methylation
of positions 3’ and 5’ of delphinidin, leads to the formation of petunidin and malvidin.
The methylated anthocyanins included peonidin, petunidin, malvidin anthocyanins
and their derivatives. Because of their phenolic B ring substitution, peonidin and
malvidin are relatively stable and represent the major anthocyanin pools in mature
grapes [39]. The concentrations of methylated anthocyanins were 772 and 495 mg/kg
in Yuanyi and Guangdong farm at harvest time in 2011, and 762 and 584 mg/kg in
2012, respectively (Figure 5G-H). Thus, the modification of anthocyanins influences
their resulting wines by the colour, and grapes from the soils with less water content
and organic matter are expected to produce more dark-colored red wine in the future
(Table S1).

2.6. Principal Component Analysis (PCA) of the Grape Samples from Two Vineyards
at Harvest

Previous research suggested that the anthocyanin fingerprint of grapes was related
to cultivar and weather conditions of the growing season according to PCA [40]. In
the present study, PCA was used to examine the effects of soil and vintage on the
composition of anthocyanins (Figure 6). Nineteen different anthocyanins detected at
harvest in two vintages were used as the variables, and each result contained three
replicates, although malvidin-3-O-(6-O-caffeoyl)-glucoside was not detected in grape
skins from Guangdong farm (Table 6). PC1 explained 59.6% of total variance, and
characterized all grape samples from Yuanyi farm on the positive side. PC1 separated
all the grape samples of Yuanyi farm from Guangdong farm, and could be mostly
explained by malvidin-3-O-glucoside and malvidin-3-O-(6-O-acetyl)-glucoside having
positive loadings. It is worth noting that malvidin-3-O-glucoside was the most prevalent
anthocyanin and malvidin-3-O-(6-O-acetyl)-glucoside was the major acylated anthocyanin
in all the grape samples from the two vineyards. Some similar observations are
obtained from research conducted on ‘Merlot” grape clusters in Prosser [41]. While
petunidin-3-O-(6-O-caffeoyl)-glucoside and cyanidin-3-O-(6-O-coumaryl)-glucoside had
negative loadings, and their concentrations were higher in grape samples from Guangdong
farm (Table 6). PC2 explained 22.7% of the variance and separated grape samples of 2011
from 2012. In previous research, the percentages of dephinidin-3-O-glucoside in warm
years was lower than in a relatively cool year [40]. In the present study, the grape
samples of 2012 were abundant in dephinidin-3-O-glucoside, cyanidin-3-O-glucoside,
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dephinidin-3-O-(6-O-acetyl)-glucoside, cyanidin-3-O-(6-O-acetyl)-glucoside, and those
of 2011 had higher concentrations of petunidin-3-O-(6-O-coumaryl)-glucoside,
peonidin-3-O-(trans-6-O-coumaryl)-glucoside, malvidin-3-O-(cis-6-O-coumaryl)-glucoside
and malvidin-3-O-(trans-6-O-coumaryl)-glucoside (Table 6). Most anthocyanins in grape
skins from Yuanyi farm showed higher concentrations at harvest in each year, and for
each vineyard, 2011 had higher concentrations of coumarylated anthocyanins than 2012,
so by using the concentrations of individual anthocyanin detected at harvest we could
clearly discriminate the effects of vineyard and vintage.
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Figure 6. Discrimination of the grape samples from two vineyards by the
concentration of individual anthocyanin detected at harvest in two vintages, and
illustrated by the score (A) and loading (B) plots from principal component analysis
(PCA). Each point means a biological replicate in plot A. Y, Yuanyi farm; G,
Guangdong farm.
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Table 6. The concentration of individual anthocyanin (mean + se; n = 3) detected
in grape skins of “Cabernet Sauvignon” from two vineyards at harvest in 2011

and 2012.
Anthocyanins 201 2012
Yuanyi farm Guangdong farm Yuanyi farm Guangdong farm
(mg/kg berry FW)  (mg/kg berry FW)  (mg/kg berry FW)  (mg/kg berry FW)
dephinidin-3-O-glucoside (A1) 5231+ 3.7 37.65 +1.28 66.83 + 0.86 63.20 +2.48
cyanidin-3-O-glucoside (A2) 6.97 +0.52 6.24 +0.27 8.49 +0.75 7.31 £0.21
petunidin-3-O-glucoside (A3) 42.36 + 3.09 31.94 + 1.61 4340 +1.35 3892 +1.29
peonidin-3-O-glucoside (A4) 2871 +2.22 2347 +1.39 39.28 +2.22 25.05 + 1.44
malvidin-3-O-glucoside (A5) 302.77 £ 14.46 201.11 £ 6.17 33249 £ 10.28 259.38 £ 10.72
dephinidin-3-O-(6-O-acetyl)-glucoside (A6) 2494 + 545 17.73 £ 5.19 28.22 +4.10 27.84 +3.43
cyanidin-3-O-(6-O-acetyl)-glucoside (A7) 545 +0.95 245 +0.18 7.91 +0.51 6.13 + 0.65
petunidin-3-O-(6-O-acetyl)-glucoside (A8) 17.74 + 1.76 12,51 £ 1.01 18.24 £+ 0.49 17.95 + 0.92
dephinidin-3-O-(6-O-coumaryl)-glucoside (A9) 7.67 +1.42 4.18 +0.40 4.98 + 0.67 4.88 +0.47
peonidin-3-O-(6-O-acetyl)-glucoside (A10) 18.20 + 0.86 13.99 4+ 0.51 19.32 + 0.34 12.58 + 0.58
malvidin-3-O-(6-O-acetyl)-glucoside (A11) 234.36 + 8.87 148.40 + 2.63 221.82 + 3.50 174.58 + 5.01
petunidin-3-O-(6-O-caffeoyl)-glucoside (A12) 0.49 +0.15 1.07 +0.28 0.55 + 0.00 0.31 +0.01
cyanidin-3-O-(6-O-coumaryl)-glucoside (A13) 2.05 £ 0.21 4.39 +0.54 2.00 £+ 0.74 2.00 + 0.76
malvidin-3-O-(6-O-caffeoyl)-glucoside (A14) 0.38 +0.10 Nd 1.21 4+ 0.05 Nd
petunidin-3-O-(6-O-coumaryl)-glucoside (A15) 6.28 £ 0.43 3.75+£0.23 4.36 £ 0.07 3.60 £ 0.17
peonidin-3-O-(cis-6-O-coumaryl)-glucoside (A16) 0.65 + 0.05 0.41 +0.01 0.64 +0.03 0.38 + 0.01
peonidin-3-O-(trans-6-O-coumaryl)-glucoside (A17) 12.88 + 1.99 6.85 + 0.39 8.95 + 0.32 4.85 + 0.19
malvidin-3-O-(cis-6-O-coumaryl)-glucoside (A18) 4.88 + 0.41 2.62 +0.16 3.65 +0.22 2.31 +0.09
malvidin-3-O-(trans-6-O-coumaryl)-glucoside (A19) 102.01 + 16.81 47.64 +2.77 68.04 + 0.60 43.95 + 1.22

Each value represents the mean of three replicates and their standard. Nd, not detected.

3. Experimental Section

3.1. The Experimental Site and Plant Material

’

The field experiments were performed at two commercial “Cabernet Sauvignon’
vineyards (Yuanyi farm and Guangdong farm) over two seasons (2011 and 2012). They
are both located in Manas County (belonging to Shihezi City), the wine-producing
region of Xinjiang, China. Yuanyi farm is located at 44°17'55" North, 86°12'2"" East
and at a altitude of 475 m, and Guangdong farm is located at 44°18'58"" North, 86°13'1”
East and at a altitude of 470 m. The growth area of ‘Cabernet Sauvignon” was 2000
hectares, which accounted for around 80% of the wine grape cultivation in this county.
The vines were planted in 2000, furrow irrigated, and grown on their own roots in a
north—south row orientation. All the vines were trained to a slope trunk with a vertical
shoot positioning trellis system, which we called Modified VSP (M-VSP) spaced at
2.5m x 1.0 m (Figure S1), with a spur-pruned cordon retaining 15 nodes per linear
metre. Crop load was normalized to approximately 30 bunches per plant. Grapevines
in each vineyard were replicated on 45 vines, arranged in three consecutive rows.

The vines were managed according to industry standards for nutrition and
pest management in the two vineyards. As in the preceding years, no nitrogen
fertiliser was added in 2011 and 2012, hence vine nitrogen uptake was mainly from
mineralization of organic matter. Pests and diseases were managed with application
of lime sulphur, potassium dihydrogen phosphate and fertilizer containing iron and
zinc in May and June, but diniconazole, mancozeb, and imidacloprid were used in
July and August. In either vineyard, the management was the same, and there were
no artificially induced differences between the two vineyards.
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3.2. Meteorological Survey

All the meteorological datas of 2011 and 2012 were obtained from the local
meteorological administration. Sunlight duration (h), temperature (°C) and rainfall
(mm) were recorded daily. Both of the studied plots had a similar mesoclimate, since
these two localities were within a distance of 5 km from each other and they had
very similar topographic characteristics (altitude, slope and orientation).

3.3. Soil Sampling and Analysis

The chosen soils belonging to the two vineyards were collected from five
different depths: 020 cm, 2040 cm, 40-60 cm, 60-80 cm, 80-100 cm. The 10 soil
sampling points were in a Z-shape, and 500 g of soil was collected from each depth
and point, maintaining a distance of 100 cm away from the trunk. Then, all the soils
from the same depth were mixed and 1 kg was retained for every sample based
on “quartering”. A Mastersizer 2000E laser particle size analyzer was used in the
determination of physical properties of the soil samples from the two vineyards. The
soil texture sorting method followed the criteria of the Soil Survey Manual [42]. The
soil bulk density and water content were measured and calculated by the cutting ring
method, air-dried and then heated at 105 °C till they reached constant weight. The
bulk density was obtained from the ratio between the dried mass and the volume
of the cylinder, and more compacted soils with less pore space will have much
higher bulk density .While water content of soils was calculated by the difference
between the fresh and dried mass. Organic matter, cation exchange capacity (CEC)
and pH of soil samples were measured by the potassium dichromate volumetry,
EDTA-ammonium salt and potentiometry methods, respectively. On the other hand,
nutrient elements in soils were determinated by plasma spectrometry (Vista-AX,
Varian, Palo Alto, CA, USA) after extraction and digestion.

3.4. Vine Water and Nutrient Status

For each vineyard, 513C measurements were carried out on three individual
samples of grape at harvest using an Isotope Ratio Mass Spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). The 2C/13C ratio in the sample is compared
to that in an international standard, the so-called PDB standard which is a rock in
which this ratio is particularly stable. The results vary from —20%. (severe water
deficit stress) to —27%. 5!3C are well-correlated to stem water potential [24].

Berry total nitrogen content can be used as a physiological indicator of vine
nitrogen status [36]. Vine nutrient status was assessed on berries collected from
the target vines at harvest time in the 2011 and 2012 vintages. The total nutrient
contents were analysed using an elemental analyzer (Flash EA1112 HT, Thermo
Fisher Scientific Inc., Waltham, MA, USA). Previous research has revealed that the
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chlorophyll content of the leaves is closely related to the N status of the plant [3].
Thus, the leaf chlorophyll content was measured non-destructively on leaves using a
Minolta-502 dual wavelength chlorophyll (SPAD) meter (Minolta Co. Ltd, Osaka,
Japan). In addition, thirty random measurements were made across each farm to
give an average value used to indicate the vine N status.

3.5. Yield and Grape Composition

The berries were collected from 4 weeks after flowering till commercial harvest,
and the sampling dates were scheduled at 2 week intervals. Forty five vines were
selected on the basis of uniformity of shoot growth and cluster development in each
vineyard, and the same plants were used at each sampling point. At veraison, the
sampling points were increased at the stages of 10%, 50% and 100% coloured berries
in both seasons. The sampling schedule in 2012 spanned the same developmental
stages as in 2011. Harvest dates were determined by the cooperating winery. All
the grape samples were harvested at technological ripeness, 23th and 24th Sep for
Yuanyi farm and Guangdong farm in 2011, and 20th and 24th Sep for Yuanyi farm
and Guangdong farm in 2012. For all the shoots from 10 vines, leaves were counted
and the main and lateral leaves in each vineyard were measured by the portable
leaf area meter (Yaxin-1242, Beijing, China) at veraison in the two seasons. On
the commercial harvest day, average shoot length, shoot number per meter, cluster
number per shoot were recorded for description of growth potential. Each survey was
carried on 10 vines as parallel experiments. In each year, at the end of October, canes
from 45 representative vines per vineyard were pruned and weighed to estimate
the annual vine growth. These data was then used to calculate the yield-to-pruning
weight ratio (kg/kg). Vine balance was also assessed by calculating the total leaf
area-to-yield ratio in both vineyards.

Yield data were collected by hand-harvesting fruit from vines of each replicate
on the commercial harvest day (18th Sep, 2011 and 20th Sep, 2012) in the two years.
Bunches per vine and yield per vine were recorded, from which average bunch
weights were determined. After clusters were weighed and compactness described
according to OIV rating [43], 300 berries (100 per replicate) were then randomly
separated from the pedicle of each vineyard using scissors, ensuring that berries were
taken from all parts of the clusters. Berry samples (150, 50 per replicate) were used
for determination of berry weight, then another 150 berry samples (50 per replicate)
were crushed in a hand press through two layers of cheesecloth. Berry skins were
obtained by carefully removing seeds and mesocarp. Berry skins were rinsed in
deionised water, then were weighed after blotting excess water. Total soluble solids
(TSS) was measured using a PAL-1 Digital Hand-held "Pocket" Refractometer (Atago,
Tokyo, Japan). Titratable acidity (TA) was measured by titration with NaOH to the
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end point of pH 8.2 and expressed as tartaric acid equivalent. Each experiment was
carried out in triplicate for berry and cluster samples from the two vineyards.

3.6. Extraction of Anthocyanins in Grape Skins

Anthocyanin analyses were done on frozen grapes after removing the stems.
Three replicates of samples of grapes (80 berry per replicate) were selected for each
developmental stage. While the grapes were still frozen, skins were separated from
the pulp. Berry skins were frozen, crushed and then freeze-dried at —40 °C. Both the
wet and dry weights were recorded.

The extraction of anthocyanins in grape skins was carried out according to
the previously published method of He et al. [44]. Grape skin powder (0.50 g) was
immersed in methanol (10 mL) containing 2% formic acid. This extraction was
performed with the aid of ultrasound for 10 min, and then the mixture was shaken in
the dark at 25 °C for 30 min at a rate of 150 rpm. The homogenate was centrifuged at
8,000x g for 10 min and the supernatant was collected. The residues were re-extracted
four times. All the supernatants were mixed, concentrated to dryness using a rotary
evaporator and then redissolved in 10 mL of solvent mixed with 90% mobile phase A
and 10% mobile phase B (see below). The resulting suspensions were filtered through
0.22 pm filters (Micro Pes, Membrana, Wuppertal, Germany) prior to HPLC-MS
analysis. Each sample was subjected to three independent extractions from three
biological repeats.

3.7. Chemicals and Standards

The standard, malvidin-3-O-glucoside was purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). HPLC grade methanol, formic acid and acetonitrile were
purchased from Fisher (Fairlawn, NJ, USA). Analytical grade methanol and formic
acid were purchased from the Beijing Chemical Reagent Plant (Beijing, China).

3.8. HPLC-MS Analyses of Anthocyanins

An Agilent 1100 series LC-MSD trap VL (Agilent, Santa Clara, CA, USA),
equipped with a G1379A degasser, a G1312BA QuatPump, a G1313A ALS, a G1316A
column, a G1315A DAD and a Kromasil 100-5 C18 column (250 x 4.6 mm, 5 um) was
used for anthocyanins detection. A flow rate of 1 mL/min at ambient temperature
was used. Solvent A was 2% (v:v) formic and 6% acetonitrile in water, and solvent B
was acetonitrile containing 2% formic acid and 44% water. Proportions of solvent
B varied as follows: 1-18 min, 10% to 25%; 18-20 min, 25%; 20-30 min, 25% to
40%; 30-35 min, 40% to 70% and 35-40 min, 70% to 100%. Injection volumes were
30 pL, and the detection wavelength was 525 nm. The column temperature was
50 °C. MS conditions were as follows: Electrospray ionisation (ESI) interface, positive
ion model, 30 psi nebulizer pressure, 12 mL/min dry gas flow rate, 300 °C dry gas
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temperature, and scans at m/z 100-1500. Anthocyanins were quantified at 525 nm
as malvidin-3-O-glucoside using calibration curves obtained within a concentration
range between 0.5 and 500 mg/L, with linear correlation coefficients greater than
0.999 in the two years. Both standards and samples were determined in triplicate.

3.9. Statistical Analysis

Significant differences were determined at p < 0.05, according to independent
t-test. Principal component analysis (PCA) of soil elements and anthocyanins in
grape skins was used to achieve a obvious discrimination of different soil depths,
regions and vintages. Statistical analysis was performed by SPSS (SPSS Inc., Chicago,
IL, USA) for Windows, version 20.0. All the figures were drawn using the Origin
8.0 software.

4. Conclusions

In the present research,, the effects of soil and climatic conditions were studied
on ‘Cabernet Sauvignon’ grapes in two vintages (2011 and 2012). The results showed
that the soils with less water and organic matter produced looser clusters, heavier
berry skins and higher TSS, which contributed to the excellent performance of the
grapes. Compared with 2011, the increased anthocyanin concentrations in 2012 for
each vineyard could be attributed to a lesser number of extreme temperature (>35 °C)
days and rainfall, lower vine water status and N level. The higher anthocyanin
concentrations in grape skins from the soils with less water and organic matter were
explained by vine status differences, lighter berry weight and heavier skin weight at
harvest. In particular, grapes from the soils with less water and organic matter
had higher levels of 3'5-substituted-O-methylated- and acylated anthocyanins,
which represented a positive characteristic responsible for more stable pigments
in the corresponding wine in the future. In summary, the soils with less water and
organic matter produce "Cabernet Sauvignon" grapes with much better quality in
some important aspects of winemaking quality, such as berry characteristics and
anthocyanin profiles.
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Simple Rain-Shelter Cultivation Prolongs
Accumulation Period of Anthocyanins in
Wine Grape Berries

Xiao-Xi Li, Fei He, Jun Wang, Zheng Li and Qiu-Hong Pan

Abstract: Simple rain-shelter cultivation is normally applied during the grape growth
season in continental monsoon climates aiming to reduce the occurrence of diseases
caused by excessive rainfall. However, whether or not this cultivation practice affects
the composition and concentration of phenolic compounds in wine grapes remains
unclear. The objective of this study was to investigate the effect of rain-shelter
cultivation on the accumulation of anthocyanins in wine grapes (Vitis vinifera L.
Cabernet Sauvignon) grown in eastern China. The results showed that rain-shelter
cultivation, compared with the open-field, extended the period of rapid accumulation
of sugar, increased the soluble solid content in the grape berries, and delayed the
senescence of the green leaves at harvest. The concentrations of most anthocyanins
were significantly enhanced in the rain-shelter cultivated grapes, and their content
increases were closely correlated with the accumulation of sugar. However, the
compositions of anthocyanins in the berries were not altered. Correspondingly,
the expressions of VoF3'H, VuF3'5'H, and VoUFGT were greatly up-regulated
and this rising trend appeared to continue until berry maturation. These results
suggested that rain-shelter cultivation might help to improve the quality of wine
grape berries by prolonging the life of functional leaves and hence increasing the
assimilation products.

Reprinted from Molecules. Cite as: Li, X.-X.; He, E; Wang, J.; Li, Z.; Pan, Q.-H. Simple
Rain-Shelter Cultivation Prolongs Accumulation Period of Anthocyanins in Wine
Grape Berries. Molecules 2014, 19, 14843-14861.

1. Introduction

The Chinese wine industry has developed with unprecedented speed in recent
years in terms of both production and consumption. Currently, it is one of the
top 10 wine-producing countries in the world regarding area under vine and wine
volume produced. The national appetite for wine has correspondingly more than
doubled in the past two decades [1]. China’s wine regions spread across the breadth
of the country. On the humid and monsoonal east coast, the provinces of Shandong
and Hebei and Tianjin City are responsible for a large amount of China’s national
production. These areas have formed the characteristic wine industry clusters. The
terroir of Shandong Province avoids the harsh continental extremes of the center of
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China, and instead has a maritime climate with cooler summers and warmer winters.
The Shandong wine-producing regions are affected by the East Asian Monsoon, a
weather system that brings cool and moist air from the Pacific Ocean to the shores of
the province, causing summer rains. Fungal vine diseases caused by high rainfall are
an important concern for vignerons in the late summer and early autumn.

Rain-shelter cultivation is a common kind of canopy management consisting
of building a polyethylene (PE) film roof one meter from the top of the grapevine
canopy. In China, rain-shelter cultivation is usually implemented in the production
of table grape berries along the midstream and downstream areas of Yangtze River
and in the south [2]. A large amount of viticulture practice has indicated that
rain-shelter cultivation can effectively eliminate the incidence of major diseases, such
as downy mildew (Plasmoparaviticola), powdery mildew (Uncinulanecator), botrytis
(Botrytiscinerea), rip rot (Glomerellacingulata), and sour rot (imperfect yeasts), by
keeping rainwater away from leaves and fruits. Under this circumstance, the use of
pesticides could be remarkably reduced [3].

Anthocyanins are a crucial class of phenolic pigments in grapes and wine,
and they contribute to the appearance (color), sensory quality (chromaticity and
color tone), stability (aging potential), and potential human health benefits [4-6].
Anthocyanins are accumulated predominantly in the skins of grapes from the
beginning of véraison. The biosynthesis of anthocyanins has two important branches,
the 3'-substituted anthocyanin synthesis (for example, cyanidin-3-O-glucoside and
peonidin-3-O-glucoside) led by flavonoid-3'-hydroxylase (F3'H), and the 3'5-substituted
anthocyanin synthesis (for example, delphindin-3-O-glucoside, petunidin-3-O-glucoside
and malvidin-3-O-glucoside) regulated by flavonoid-3'5-hydroxylase (F3'5'H) (Figure 1).

Some literature has reported that rain-shelter cultivation effectively delayed
the maturation of grapes [7], slowed the sugar accumulation by reducing
photosynthetically active radiation (PAR), significantly increased berry and cluster
weight, and improved economic returns [8]. Although rain-shelter cultivation
has been studied for its commercial value on table grapes and other fruits during
the past several decades [8-11], few studies have focused on wine grapes. Some
problems remain to be solved. For example, (i) does rain-shelter cultivation delay
the maturity of wine grape berries and decrease their quality?; (ii) what is the
effect on the composition and content of anthocyanins in the skins of grape berries
under rain-shelter cultivation? This study aimed to investigate the effect of simple
rain-shelter cultivation on the accumulation of anthocyanins in Vitis vinifera L.
Cabernet Sauvignon berries, and to evaluate the prospects for application in the
production of high-quality wine grapes in rainy regions.
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Figure 1. Biosynthetic pathway of anthocyanidins in grape (based on [12], only
detected anthocyanins are listed in this figure, (A)). The relative expression amount
of VoF3'H (B), VvF3'5'H (C) and VoUFGT (D) is shown using three heat maps.
Green squares from dark to bright represent the gene expression levels from high
to low during the mature period (DAF70 to 140) with respect to both open-field
cultivation (OF) and rain-shelter cultivation (RS). The yellow square shown in
the anthocyanins block indicates that the compounds from this branch have
higher concentration in berry skins under rain-shelter cultivation in comparison to
open-field at commercial harvest. Abbreviations: DAF, days after flowering; PAL,
phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:
CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3'H, flavonoid
3'-hydroxylase; F3'5'H, flavonoid 3',5'-hydroxylase; F3H, flavanone 3-hydroxylase;
DEFR, dihydroflavonol reductase; LDOX, leucoanthocyanidin dioxygenase; UFGT,
UDP-glucose: flavonoid 3-O-glucosyltransferase; OMT, o-methyltransferase; AATs,
anthocyanin acyltransferases.

2. Results and Discussion

2.1. Total Soluble Solid and pH Value

Figure 2 shows the variation of total soluble solids (°Brix) and pH value in
the grape berries under rain-shelter and in open-field cultivation from 2 weeks
before véraison (56 DAF) to the technological harvest (126 DAF) and post-maturity
(140 DAF), respectively. From 56 DAF, total soluble solids in the grape berries under
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the open-field cultivation rapidly accumulated by 98 DAF and then slowly increased
until the end of the experiment. Correspondingly, under rain-shelter cultivation,
the rapid accumulation period of soluble solids in the grape berries was extended
to 126 DAF and the peak value appeared at 126 DAF. During post-maturity, total
soluble solids in the berries of rain-shelter cultivation showed no significant changes.
At harvest, the content of sugar in the berries under rain-shelter cultivation was
significantly higher than the control, reaching 21.5 °Brix compared with 16.0 °Brix in
the open-field cultivated berries. Similarly, the maximum pH values were observed
at 98 DAF and 112 DAF, under the open-field cultivation and rain-shelter cultivation
respectively. After the end of véraison, pH values in the berries showed no significant
differences between the two cultivation modes.

The longer and greater accumulation of sugar in the berries under rain-shelter
cultivation was possibly related to a delay in canopy leaf senescence. We observed
that the grapevines under the rain-shelter cultivation still had more green leaves, even
at harvest, in comparison with the vines in the open-field cultivation (Figure 2C,D).
This indicates that the rain-shelter cultivation could effectively prolong the life of
functional leaves and therefore enhance the production ability of photosynthetic
assimilates of whole vines. The visible prolonging of functional leaves is inferred
to be related to a lower ultraviolet radiation (UVR) and lower canopy temperature
inside the rain-shelter. Simple rain-shelter cultivation improves the quality of a great
number of horticultural products, such as tomato, pepper, oat, blueberry, loquat
and table grape [10,13-17]. Previous research indicated that the plastic covering
materials used in rain-shelter cultivation can filter out part of UVR and PAR, and
help avoid the direct sunlight at noon [7,10]. In a field, temperature above the top of
canopy was about 5°C higher than inside the canopy [18], and the photosynthesis
in grape leaves was inhibited by UVR, specifically by UV-B radiation (UVBR) [19].
Similar inhibitory effects also had been observed in other plant tissues. For example,
high irradiance on bayberry leaves resulted in photo-inhibition and photo-damage
by inactivation of photosystem II reaction centers [12]. These results obtained in
the previous studies all imply that high irradiation can accelerate leaf senescence.
Accordingly, it is considered that rain-shelter cultivation can effectively delay the
process of leaf senescence and maintain the ability of leaf photosynthesis.
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Figure 2. The variations of total soluble solids (A) and pH (B) of grape juice between

vines grown under open-field cultivation and rain-shelter cultivation; and canopies
of vines grown under open-field cultivation (C) and rain-shelter cultivation (D) at
commercial harvest. Data are mean + standard deviation. The symbol “**” or “*”
above each set of columns represents that there are significant difference between
rain-shelter cultivation and open-field cultivation by Duncun analysis at 0.01 level

(p <0.01) or 0.05 level (p < 0.05). n = 6.

2.2. Accumulation of Anthocyanins and Expression of VoUFGT

The rain-shelter cultivation did not alter the composition of anthocyanins
in the grape berries (Table 1). The content of anthocyanins increased along
with berry maturation period, and a total of 19 anthocyanins were identified
in the berry skins at 140 DAF. The rain-shelter cultivation could advance the
generation of new anthocyanins during the maturation period of the grape berry.
Malvidin-3-O-(6-O-caffeoyl)-glucoside and peonidin-3-O-(6-O-caffeoyl)-glucoside
were quantified in the rain-shelter cultivated grapes at 105 DAF and 112 DAF,
respectively, whereas both of them were detected only at 140 DAF (post-maturity
stage) in the open-field cultivated grapes.
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The accumulation of anthocyanins displayed different trends in the open-field
and rain-shelter cultivated grapes (Figure 3A). Under open-field cultivation
conditions, the total concentration of anthocyanins in the grape skins increased
to the highest value at 91 DAF (3rd week after coloring), and then decreased slightly.
However, the increasing trend of the total anthocyanin content in the rain-shelter
cultivated grapes was extended to 126 DAF. Interestingly, the total concentration of
anthocyanins in the rain-shelter cultivated grapes was always lower than that in the
open-field cultivated grapes from 70 to 105 DAF, but the contrary occurred during the
following ripening phases. UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT)
has been demonstrated to be a critical enzyme for anthocyanin biosynthesis in grape
berries, and it can transfer the glucose residues of the UDP-glucose molecule to the
3 position of anthocyanidin in the C ring to form anthocyanins [20]. The expression
of VoUFGT was significantly up-regulated in the rain-shelter cultivated grapes
during the whole ripening period, with the exception of the 112 DAF (Figure 3B).
The variation of the total anthocyanin concentration paralleled well that of the
soluble solids in the process of berry maturation and to the accumulative expression
of VoUFGT under either of cultivation modes (Figure 3C,D). For the rain-shelter
cultivated grapes, the correlation was more significant in terms of the correlation
coefficient (the R? value was shown in Figure 3C,D).

These results showed that rain-shelter cultivation did not alter the compositional
proportion of anthocyanins, but increased the concentrations of almost all the
anthocyanin components detected in the ripening berries. This suggested that
rain-shelter cultivation could promote the whole anthocyanin biosynthetic pathway
rather than a specific branch. This promotion was possibly achieved by enhancing
the supplementation of photo-assimilates from the grape leaves since the senescence
of the leaves under the rain-shelter cultivation was delayed. Previous investigations
have shown that rain-shelter cultivation contributes to a higher yield [8,9], but few
of them were focused on fruit quality. For example, Meng et al. [2] investigated the
effect of rain-shelter cultivation mode on accumulation of phenolic compounds and
incidence of grape diseases, and found that both phenolic compounds of grape skins
and incidence of grape diseases decreased under rain-shelter cultivation compared
with open-field cultivation. They explained that lower solar radiation and higher
air humidity in the rain-shelter could produce a larger influence on the anthocyanin
accumulation than air temperatures. However, in the present study, the accumulation
periods of sugar and anthocyanins were both prolonged in the grape berry under
the rain-shelter cultivation, which might be attributed to the delay of senescence of
grape leaves and the change of sink-source relationship in this cultivation mode.
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of VoUFGT expression and a continuous accumulation of sugar.
expression level of VoUFGT did not correspond to the production of anthocyanins
in the early stage of berry maturation under the rain-shelter cultivation and the
accumulation speed of anthocyanin in the rain-shelter treated berries during véraison
was lower than that in the open-field berries. These results suggest that during this
period anthocyanin synthesis was still restricted by the production of upstream
metabolites (like sugar). This also demonstrated a close correlation between the

20 6.00 A) 0.16 | mmmm Open-field cultivation (B)
= —*— Open-field cultivation & EE Rain-shelter cultivation
s 500 | —e— Rain-shelter cultivation ok E 0.14
15} sk S} Hok
£ = 012
g 400 *k . =
5c kR kx Gy
4 [ > - © 0.10
— & S
g z 300 _— g
£R Z 008
S o 2.00 2
g & & 006
28 5
g 100 2 004
g |
S 0.00 o 002
S ~
© T T T T T T | 0.00
70 84 91 98 105 112 126 140 70 84 98 12126 140
Days After Flowering Days After Flowering
E 6.00 ®  Open-field cultivation ©) 2] 6.00 ®  Open-field cultivation (D)
= Open-field cultivation ‘s Open-field cultivation
§. 5.00 ®  Rain-shelter cultivation § 5.00 ®  Rain-shelter cultivation
8 Rain-shelter cultivation ) 2 2 Rain-shelter cultivation s
£ ~ s =
-8 400 = £ £ 400 .
= =
3z RS :
272 30 ER 3.0
© © &b
=l =l
S g 200 S g 200 i
£~ £~
] R¥(OF)=0.8798 & R(OF)=0.7283
§ 1.00 R(RS)=0.8952 oé 1.00 RY(RS)=0.9027
3 . 3 . .
0.00 0.00
4 6 8 10 12 14 16 18 20 22 24 0.0 .1 2 3 4 5 .6
Total soluble solid Accumulative expression amount of V'wUFGT

Figure 3. The variation of concentration of total anthocyanins (A) and relative
expression of VoUFGT (B) in berry skins of vines grown under open-field
cultivation (OF) and rain-shelter cultivation (RS). The linear correlations between
evolution of total anthocyanins and total soluble solids (C), as well as between total
anthocyanins and VoUFGT expression (D). Data are mean =+ standard deviation.
The symbol “**” or “*” above each set of columns represents that there are significant
difference between rain-shelter cultivation and open-field cultivation by Duncun
analysis at 0.01 level (p < 0.01) or 0.05 level (p < 0.05). n = 6.

The promotion in all kinds of anthocyanins was caused by both an up-regulation

supplement of photo-assimilates and the accumulation of anthocyanins.
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2.3. 3'5'-Substituted and 3’-Substituted Anthocyanins

In order to help to understand the influence of rain-shelter cultivation on
the different branches of the anthocyanin synthetic pathway in grape berries,
we grouped the detected anthocyanins into two types according to their B-ring
substitutions: 3'5'-substituted anthocyanins produced from F3'5'H branch (also
called delphinidin-type) and 3'-substituted anthocyanins from F3'H branch (also
called cyanidin-type). Of the 19 anthocyanins identified in this study, there were
eleven 3'5'-substituted anthocyanins, accounting for greater than 65% of total
anthocyanin concentration, and eight 3'-substituted ones (Table 1). Like the variation
of the total anthocyanin concentration, these two types of anthocyanins under
rain-shelter cultivation showed lower concentrations from 70 to 105 DAF, but higher
concentrations in the following maturity stages compared to those under open-field
cultivation (Figure 4A,B). Moreover, the amplitude of variation of 3'-substituted
anthocyanins was similar to that of 3'5'-substituted ones in post-véraison period,
indicating that these were similar effects of rain-shelter cultivation on the two branch
pathways of anthocyanin biosynthesis.

Generally, 3'5'-substituted and 3'-substituted anthocyanins are the downstream
products of flavonoid metabolism, in which flavonoid 3'-hydroxylase (F3'H) and
flavonoid 3'5'-hydroxylase (F3'5'H) lead to two branch pathways (Figure 1). The
transcriptional expressions of VoF3'H and VoF3'5'H in the berry skins showed
different trends under these two cultivation modes during the ripening period
(Figure 4C,D). The relative expression increase of VoF3'H was observed in the berries
under the rain-shelter cultivation. However, the open-field cultivated grape berries
showed a decreasing trend on the expression of VvF3'H from véraison through
ripening, and then was recovered at the post-maturity period. The relative expression
of VoF3’5’H was enhanced during the ripening stages in the berries under both the
open-field and rain-shelter cultivations.

It should be observed that the evolution of 3'-substituted and 3'5'-substituted
anthocyanins along with berry maturation were roughly accompanied with the
accumulative expression pattern of VoF3'H and VoF3'5'H under both of the
cultivations, respectively (Figure 4E,F). Comparably, the relationship between the
accumulation of anthocyanins and the expression of the genes tended to be closer in
the berries under the rain-shelter cultivation than the open-field cultivation. These
observations suggested that rain-shelter cultivation might promote the synthetic
branches of both 3'5'-substitued and 3'-substitued anthocyanins in grape berries. The
results indicated that the rain-shelter cultivation can promote the two branches of
anthocyanin biosynthesis to a similar extent.
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Figure 4. The variation of concentration of 3'-substituted anthocyanins (A),
3'5'-substituted anthocyanins (B), relative expression of VvF3'H (C) and
VvF3’5'H (D) in berry skins of vines grown under open-field cultivation (OF) and
rain-shelter cultivation (RS) in the process of maturing. And the correlation between
content of total 3'-substituted anthocyanins and accumulative expression amount
of VoF3’H (E), as well as between 3'5'-substituted anthocyanins and VvF3'5'H
expression (F). Data are mean + standard deviation. The symbol “**” or “*”
above each set of columns represents that there are significant differences between
rain-shelter cultivation and open-field cultivation by Duncun analysis at 0.01 level

(p <0.01) or 0.05 level (p < 0.05). n = 6.
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2.4. Acylating and Methylating Modification of 3'5’-Substituted and
3'-Substituted Anthocyanins

Regarding the acylation on glycosyl residues of anthocyanins, the compounds
can be divided into two kinds: acylated and non-acylated anthocyanins. Compared
with homologous non-acylated anthocyanins, the acylated ones have a better
stability in water [21]. Under these two cultivation modes, the concentration of
acylated anthocyanins accounted for about 40%, most of which were acetylated.
The proportion presented a decline initially, followed by an increase. Besides
the acylated delphindin-type anthocyanins (3'5'-substituted), the other three kinds
of anthocyanins had similar accumulation patterns (Figure 5A-D). Under the
open-field cultivation, the highest concentration appeared at 91 DAF, followed by
a big reducing concentration by 126 DAF. However, under rain-shelter cultivation
the accumulation increased slowly and reached the highest at 126 DAF. The four
kinds of anthocyanins (acylated and non-acylated cyanidin-type anthocyanins and
delphindin-type anthocyanins, respectively) under the rain-shelter cultivation had
lower levels than those under the open-field during 70-105 DAF, but showed
significantly higher levels during the following ripening time.

Non-acylated delphindin-type anthocyanins showed the highest concentration
and the greatest change, which played the primary role in leading to a higher
concentration of total anthocyanins under the rain-shelter cultivation. Combined
with the results in Table 1, it was found that the main compounds causing the
great change of 3'5'-substitued anthocyanins under rain-shelter cultivation were
malvidin-3-O-(6-O-acetyl)-glucoside and malvidin-3-O-glucoside.

The methylation of the B-ring on anthocyanin can bring down the chemical
activity of the hydroxyl groups [22], and reduce the activity of hydroxyl groups of
flavonoid substances [23]. The 3'-methylation and 3',5'-methylation of the B-ring can
also increase the wavelength of anthocyanin maximum absorption. Figure 5E-H
show the trends of the effect of cultivation modes on the accumulation of four kinds
of anthocyanins (methylated /non-methylated of cyanidin-type/delphindin-type).
These trends were similar with that of the impact on the total concentration of
anthocyanins. That is, the rain-shelter cultivation reduced the accumulation of these
four kinds of anthocyanins during 70-105 DAF, but enhanced the accumulation at
the following ripening stages.

Acylation, especially acetylation, can significantly increase the stability of
anthocyanins. The absorbing wavelength of acylated anthocyanins is blue shifted
relative to the corresponding non-acylated ones, owing to the formation of fold
structure inside aromatic nucleus molecules [21]. Methylated anthocyanins also
provide wine with redder colorations [24]. In this study, the berries under the
rain-shelter cultivation had higher concentration of acylated anthocyanins at the
technological harvest and post-maturity dates. This indicated that this cultivation
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mode in the experimental region could help to improve the quality of grape berry
and wine. In addition, the previous studies suggested that grapes under rain-shelter
cultivation were suggested to be late-harvested because of the delay of ripeness and
sugar accumulation [11,25]. In regions with grape growing season such as Penglai,
late harvest under rain-shelter cultivation is not required.

2.5. Climate Characters

The meteorological data of 2010 in Penglai region is shown in Figure 6. During
véraison (70-98 DAF), the average relative humidity was above 80% (Figure 6B),
while the high temperature appeared at the same period (Figure 6D). There were
four heavy rain episodes during véraison, at the end of véraison, at 127 DAF, and at
the post-maturity stage. Rainfall was accompanied by an increase of air humidity,
a decrease of diurnal temperature, and a lack of sunshine. The daily average
temperature declined gradually, from above 25 °C to around 10 °C. Taken together,
there were two brief periods during time series from véraison through ripening, DAF
91 t0 98 and 112 to 126, which were similar with “drier with cool-warm climate”, which
contributed to the promotion of anthocyanin concentration, with higher temperature
and sunshine hours, and lower rainfall and relative humidity [26].
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Figure 5. The variation in the concentrations of different kinds of anthocyanins in
berry skins of vines grown under open-field cultivation and rain-shelter cultivation
during berry maturation. These compounds are divided into acylated (A) and
non-acylated (B) anthocyanins from F3'5'H branch (3',5'-substituted) as well as
acylated (C) and non-acylated (D) anthocyanin from F3'H branch (3'-substituted).
Another classification is made according to methylation in 3'- or 3',5'-position(s)
of (E) and non-methylation (F) anthocyanins from F3'5'H branch, as well as
methylation in 3'-position of (G) and non-methylation (H) anthocyanins from
F3'H branch, respectively. Data are mean + standard deviation. The symbol “**”

s

or above each set of columns represents that there are significant differences
between rain-shelter cultivation and open-field cultivation by Duncun analysis at

0.01 level (p < 0.01) or 0.05 level (p < 0.05). n =6.
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Figure 6. Rainfall (A), relative humidity (B), sunshine hours (C), mean daily
temperature (D) and day-and-night temperature (E) during veraison (stage 2)
and maturation period (stage 3) in 2010, Penglai region, Shandong Province, China.
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3. Experimental Section

3.1. Field Treatment and Sample Collection

The field work was conducted during the grape growth season of 2010 in a
ten-year-old commercial vineyard of own-rooted Vitis vinifera L. Cabernet Sauvignon
in Penglai (37°48'N; 120°45'E), located in the east coast of Shandong Province, China.
The experimental plot comprised fifteen 30-meter-length rows (40 vines per row)
oriented north-south. The inter-rows had 2.5 m width. Vines were double-trunked,
trained to a bilateral cordon at 0.8 m aboveground, spur-pruned annually, and
covered with soil to assure overwinter protection. Shoots were trained upwards and
each vine carried ca. 20 clusters with uniform management. Experimental rows were
selected from these 12 center rows of the plot, and divided into six groups to create
three rain-shelter treatment replicates and three open-field control replicates (two
rows per replicate). All the experimental units were treated using similar production
management practices.

The rain-shelter roof with a colorless polyethylene (PE) film was set up at 14th
day after flowering (DAF, 28 June). For each row, rain shelter frame, with a height of
1.85 m from the ground, a width of 1.1 m, and an arc length of 1.25 m, was designed
as a jackroof to eliminate the rain and provide the natural ventilation. The rows
without the rain-shelter treatment were used as the control (also called open-field
cultivation) in the same vineyard. At least one control row was left between the
rain-shelter treated rows.

Sampling was carried out on the indicated dates. In this region, “Cabernet
sauvignon” grape berries are harvested generally at about 120 DAF. In the
present vintage, the grape berries started and completed coloring, and reached the
technological harvest at 70 DAF, 98 DAF, and 126 DAF, respectively. To investigate
whether the rain-shelter cultivation delayed the maturity of the grape berry, we
harvested the grape berries by 140 DAF. Sampling time was fixed at 10:00-11:00
in the morning. The samples were placed in foam boxes and transported to the
laboratory within two hours. Any physically injured, abnormal, or infected berries
were removed. Each time, about 300 berries were collected from at least 100 clusters.
Of these, 50 fresh berries were used for the analyses of soluble solid content and
pH, whereas the rest of the samples were frozen in liquid nitrogen and stored at
—80 °C. The berries were peeled and the skins were ground in liquid nitrogen to
the fine powder, and then lyophilized for 24 h at —50 °C using an LGJ-10 vacuum
freeze-dryer (Vibra-Schultheis, Offenbach am Main, Germany) prior to the analysis
of anthocyanins.
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3.2. Determination of Physicochemical Parameters

The soluble solids and pH value in the grape berries were determined according
to a published method with minor modifications [27]. After squeezing the berries,
the resultant juice was filtered through clean cheesecloth and decanted into a clean
centrifuge tube. The filtrate was used for determination of the soluble solids and
pH value. The percent soluble solids (Brix) was measured using a digital handheld
pocket Brix refractometer (PAL-2, ATAGO, Tokyo, Japan), whereas pH value was
analyzed using a pH meter (FE20, Mettler Toledo, Greifensee, Switzerland).

3.3. Extraction and Determination of Anthocyanins from Berry Skins

Anthocyanins in the grape skins were extracted according to the method
described by Liang et al. [28]. Briefly, 0.5 g of the dry skin powder was extracted
in methanol (10 mL) containing 2% formic acid. The extract was ultrasonicated for
10 min, followed by shaking in the dark for 30 min at 25 °C. Afterwards, the resultant
mixture was centrifuged at 8000x g for 10 min and the supernatant was collected.
The residues were re-extracted four more times using the same procedure. Finally,
all the supernatants were pooled into a distilling flask. Methanol was removed
using a rotary evaporator (5Y-2000, Shanghai Yarong Biochemistry Factory, Shanghai,
China) at 28 °C, and the residues were re-dissolved in 10 mL of 10% ethanol solution
(pH 3.7). The extracts yielded were filtered through 0.45 pm filters (cellulose acetate
and nitrocellulose, CAN) and directly used for HPLC analysis. The sample from a
replicate was carried out in two independent extractions. As a result, each data point
in the Tables and Figures represented the average of six values consisting of three
biological replicates multiplied by two extraction replicates.

The analysis of anthocyanins was performed according to a previously published
method [28] using an Agilent 1100 series LC-MSD trap VL instrument (Agilent
Technologies, Santa Clara, CA, USA), equipped with a diode array detector (DAD) and
a reverse-phase column (Kromasil C18, 250 x 4.6, 5 um). The injection volume was
30 pL with a flow rate of 1.0 mL/min. The mobile phase was comprised of solvent A
(water/acetonitrile/formic acid, 92:6:2, v/v) and solvent B (water/acetonitrile /formic
acid, 44:54:2, v/v/v). The gradient elution was applied as follows: 10% B for 1 min,
from 10% to 25% B for 17 min, isocratic 25% B for 2 min, from 25% to 40% B for 10 min,
from 40% to 70% B for 5 min, from 70% to 100% B for 5 min. The column temperature
was set at 50 °C and the detection wavelength on DAD was 525 nm. MS conditions
were described as follows: Electro-spray ionization (ESI) interface, positive ion mode;
Nebulizer pressure, 35 psi; dry gas flow rate, 10 mL/min; dry gas temperature, 350 °C,
and mass scan mode, all mass scan from #/z 100-1000.

Five individual anthocyanins, including dephinidin-3-O-glucoside,
petunidin-3-O-glucoside, = malvidin-3-O-glucoside,  cyanidin-3-O-glucoside,
and peonidin-3-O-glucoside, were identified by comparing mass spectra and order
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of retention time with the commercially available standards. The identification of
the remaining anthocyanins was achieved by analyzing the deprotonated ion and
product ion of these compounds. The cis and trans isomers of the coumaroylates for
peonidin-3-O-glucoside and malvidin-3-O-glucoside were distinguished by their
elution time and concentrations. The cis isomer was generally eluted earlier on a
reverse phase HPLC column and was present in a lower level compared to the trans
isomer according to previously reported data [29-35].

3.4. Analysis of Transcript Level by Real-Time PCR

The total RNA of the grape berry skins was isolated using Universal Plant
Total RNA Extraction Kit (Cat. # RP3301, BioTeke Co., Beijing, China), and digested
with DNasel (Code 2212, TaKaRa, Tokyo, Japan) to remove genomic DNA. The
quality of RNA was verified by the existence of intact ribosomal bands following
agarose gel electrophoresis and the absorbance ratios (A260/A280) of 1.8-2.0. The
reverse transcription procedure followed a published method [36]. For cDNA
synthesis, 2 uL of total RNA was reverse-transcribed in a 25 uL reaction mixture
using M-MLV Reverse Transcriptase (M1707, Promega, Madison, WI, USA) and
Oligo d(T);g Primen (Code 3806, TaKaRa) with the manufacturer’s instruction. The
synthesized cDNA was quantified and all the tested DNA samples were adjusted to
the same concentration.

Relative expression of genes was measured by real-time PCR using SYBR®
PremixEX Taq™ 1II (Code DRR081A, TaKaRa) on a 7300 Real Time PCR System
(Applied Biosystems, Foster, CA, USA). PCR reaction mixture (20 uL) was comprised
of 10 uL 2 x SYBR®PremixEx Taq™, 8.5 uL. ddH,O (TIANGEN, Beijing, China),
0.4 uL ¢cDNA, 0.4 pL 50 x ROX Reference Dye II, and 0.7 pL primers (forward and
reverse primers mixture, 10 umol/L). The template cDNA was denatured at 95 °C
for 30 s followed by 40 cycles of amplification at 95 °C for 10 s, 60 °C for 31 s, and a
melt cycle from 60 °C to 95 °C. The sequences of the primers used for real-time
PCR were referred from the previous studies [36-38] (Table 2). The specificity
of the primers was verified by an agarose gel electrophoresis with one specific
ribosomal band and dissociation curve with one specific peak. Quantification was
normalized to VoUbiquitinl fragments amplified in the same conditions according to
Bogs et al. [39]. There was identical amplification efficiency between target genes and
internal reference gene. Each grape sample was conducted from three independent
RNA extraction replicates to produce three RNA samples. Each RNA sample was
performed from two technological replicates in analysis of real-time PCR.
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Table 2. The primers of genes used in the Real-Time PCR assays.

Genbank . . Size of PCR
Genes Accession Primer Sequences (5'-3") Product (bp)

F: CCAAGTTTTCGGGAAGTAAATG

VoP3'H AJBB357 R: TACCCCTTGAGAATCATCGTTT 171
VOUFGT  ARO00372 R ACATGGGTGGAGAGTGAGIT 25
Vollbiguitin BNOO0T0S F: GTGGTATTATTGAGCCATCCTT 5

R: AACCTCCAATCCAGTCATCTAC

3.5. Statistical Analysis

Statistical analysis was performed by SPSS 11.5 software (Chicago, IL, USA).
Duncun analysis was used to assess statistically significant differences in the content
of various anthocyanins and the transcription levels of genes between the treated
groups and the control. Sigma Plot 10.0 (Systat Software Inc., Richmond, CA, USA)
was used to draft the graph. Each data point, expressed as milligram equivalent of
the respective standard per kilogram of dried grape skin, was the average of three
replications, n = 6.

4. Conclusions

Integrating the data from various analyses shown above, we found pattern
changes between grape berry anthocyanins produced by rain-shelter cultivation
and open-field cultivation. The life of green functional leaves was visibly prolonged
under rain-shelter cultivation conditions. The rain-shelter cultivation did not alter the
compositional proportion of anthocyanins, but increased the concentrations of almost
all the anthocyanin components detected in the ripening berries. Correspondingly,
the expression of VoF3'H, VvF3'5’'H and VoUFGT was greatly up-regulated and this
rising trend was kept until berry maturation. The accumulation period of both sugar
and anthocyanins was prolonged by rain-shelter cultivation, which was strongly
consistent with the delay of leaf senescence. In regions with grape growing season
such as Penglai, the rain-shelter cultivation could increase wine quality of grape
berries to a certain extent.
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Stability of Anthocyanins from Red Grape
Skins under Pressurized Liquid Extraction
and Ultrasound-Assisted

Extraction Conditions
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Carmelo G. Barroso

Abstract: The stability of anthocyanins from grape skins after applying different
extraction techniques has been determined. The following compounds, previously
extracted from real samples, were assessed: delphinidin 3-glucoside, cyanidin
3-glucoside, petunidin 3-glucoside, peonidin 3-glucoside, malvidin 3-glucoside,
peonidin 3-acetylglucoside, malvidin 3-acetylglucoside, malvidin 3-caffeoylglucoside,
petunidin 3-p-coumaroylglucoside and malvidin 3-p-coumaroylglucoside (trans). The
techniques used were ultrasound-assisted extraction and pressurized liquid extraction.
In ultrasound-assisted extraction, temperatures up to 75 °C can be applied without
degradation of the aforementioned compounds. In pressurized liquid extraction the
anthocyanins were found to be stable up to 100 °C. The relative stabilities of both the
glycosidic and acylated forms were evaluated. Acylated derivatives were more stable
than non-acylated forms. The differences between the two groups of compounds
became more marked on working at higher temperatures and on using extraction
techniques with higher levels of oxygen in the extraction media.

Reprinted from Molecules. Cite as: Liazid, A.; Barbero, G.F.,; Azaroual, L.; Palma, M;
Barroso, C.G. Stability of Anthocyanins from Red Grape Skins under Pressurized
Liquid Extraction and Ultrasound-Assisted Extraction Conditions. Molecules 2014,
19, 21034-21043.

1. Introduction

The anthocyanins are a group of compounds that belong to the flavonoid family
and these are of great interest in the food industry, mainly due to their colouring
properties [1,2]. However, interest in these compounds has increased in recent
years due to their antioxidant, anti-inflammatory, antiviral, antibacterial and even
anticarcinogenic properties [3-5].

Anthocyanins are found in many plants but red grapes are of particular interest
due to the presence of high concentrations of a wide variety of these compounds.
The stability of anthocyanins is dependent on various factors, such as the structure,
whether or not they are bound to sugars, the pH, light, the presence of ions and
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enzymes and, most importantly, temperature [6]. The levels of these compounds
obtained from plants are often influenced by the conditions used for their extraction.

Various techniques have been proposed for the extraction of anthocyanins
and these involve the use of methanol, ethanol, acetone, water, or mixtures of
these solvents [7]. The addition of small quantities of hydrochloric or formic acid
has been used as a way to improve the extraction outcome [8]. The techniques
used for extraction from semi-solid or viscous samples (such as grape must) have
mainly involved extraction by maceration with solvents [9], followed by liquid-liquid
extraction or the use of solid phase extraction (SPE) as a step for cleaning and/or
concentration of the extract. In any case, such techniques require long extraction
times and have limited efficiency.

For the reasons outlined above, new and more efficient techniques are currently
being used that enable a reduction in both the extraction time and the consumption
of organic solvents. Pressurized Liquid Extraction (PLE) and Ultrasound-Assisted
Extraction (UAE) are two techniques that can meet these requirements. In these
cases, the first step should be to test the stability of the compounds to be extracted at
different extraction temperatures used in these techniques in order to determine a
reliable working range.

UAE has been used in the extraction of organic compounds from soil, plant
tissues and packing materials [10]. Ultrasound has a mechanical effect that enables
greater penetration of the solvents into the matrix and increases the surface contact
between the solid and the liquid. In addition, the occurrence of cavitation leads to
cell breakage and this can increase the speed of extraction. An application of UAE
for the extraction of anthocyanins from red raspberries was found in a review of
the literature [11]; however, studies on the stability of these compounds during the
extraction process were not found.

PLE is a technique that is used to prepare samples when pressure and
temperature are the main extraction variables in the design of fast methods for
extraction from solid or semi-solid materials [12]. Pressure is used to increase the
contact between the liquid and the sample and also to maintain the solvent in a
liquid state when working at temperatures above its boiling point [13]. At these
temperatures, breakage of the analyte-matrix bonds is facilitated. Additionally, the
temperature can have a significant effect on the properties of the solvent and may
lead to a change in its dielectric constant, thereby affecting the selectivity of the
extraction. Applications of PLE for the determination of anthocyanins in grapes were
not found in our review of the literature.

The aim of the study described here was to determine the effects of various
possible extraction temperatures on the stability of anthocyanins from grape skins.
UAE and PLE working conditions were therefore assessed using anthocyanins
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previously extracted from grape skins. The results were compared with those
obtained previously on using microwave-assisted extraction (MAE).

2. Results and Discussion

For each extraction technique studied, a range of different temperatures
was evaluated according to the working range available. It must be noted that
extraction processes were not run because a solid matrix was not used, rather the
investigation was carried out on liquid samples, i.e., a standardized extract. The
standardized extract was prepared using grape skins as the solid material and
methanol as the solvent under very mild extraction conditions. The solid material
contained all types of anthocyanins previously determined in grape skins. UAE
and PLE conditions were applied to the standardized extracts at different working
temperatures. The experiments were run in order to assess the stability of both
glucosylated anthocyanins and their derivatives in the sample under given extraction
conditions. Therefore, full recovery would be expected if degradation processes did
not occur under the working conditions. On the other hand, recoveries of less than
100% with reference to the starting values in the extract would indicate degradation
of anthocyanins during the experiments. All experiments were evaluated statistically
in order to establish reliable results.

Temperatures above 75 °C were not studied in the ultrasound-assisted extraction
as this would lead to a low level of reproducibility, principally due to the evaporation
of water. As a consequence, it was considered that higher temperatures would not
be applicable in practice, even if the anthocyanins were stable under such conditions.
As far as PLE is concerned, temperatures were studied up to the point where clear
degradation of the anthocyanins was found.

For each technique, the standardized extract from the grape skins was used as
a reference at the same dilution as developed for each extraction technique. Two
references were processed, one at the beginning and one at the end of each day on
which the extractions were carried out with each technique. The average of the
chromatographic areas of each of the peaks was obtained from the chromatogram
and a value of 100 was assigned to the mean area of each.

One of the most likely degradation processes to occur under the extraction
conditions is the breakage of the bonds between the anthocyanins and the different
acids to which they are bound. As a consequence, the effects of the extractions on
the anthocyanins under investigation were divided into two groups for evaluation:
(i) glucosylated compounds and (ii) acylated derivatives of these compounds.

2.1. Ultrasound-Assisted Extraction

Extraction temperatures between 0 °C and 75 °C were evaluated. The presence
of methanol as the solvent for the standardized extract prevented freezing of the
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sample during the extraction process at 0 °C. Temperatures above 75 °C were also
assayed but, due to the high variability in the results and the need for the addition
of further solvent during the experiment, these higher temperatures were not taken
into account when analyzing the results. The average recoveries of the compounds
quantified in the chromatograms are shown in Figure 1.

No statistically significant differences were found between the results obtained
at the different temperatures studied. This finding implies that both the glucosylated
compounds and their derivatives are stable under the conditions used in the
ultrasound extraction up to 75 °C. Similar results were obtained for other
phenolics [14], but results on the stability of anthocyanins under UAE working
conditions have not been reported previously.

120

115
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100 T II +
95

90

Relative amount (%)
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80

n Average glucosides
Reference 0 25 50 75 “J Average derivatives
Temperature (°C)
Figure 1. Average recoveries (mean + standard deviation) of anthocyanins at
different working temperatures (0, 25, 50 and 75 °C) and the reference in the
ultrasound-assisted extraction system.

2.2. Pressurized Liquid Extraction

The PLE technique was used at temperatures from 75 to 125 °C. Lower
temperatures were not tested because the aim of the work was to find methods
that could, where appropriate, produce faster extractions than the more commonly
used methods, meaning that it was essential that high extraction temperatures were
used. The results, which are grouped into compound families, are shown in Figure 2.
It can be seen from Figure 2 that both the glucosylated anthocyanins and their
acylated derivatives are stable up to 100 °C. This means that extractions can be
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carried out up to this temperature without having an adverse effect on the stability
of the anthocyanins. It must also be noted that significant differences were not found
between the glucosides and their acylated derivatives in terms of their behaviour
under these extraction conditions.

On working at temperatures around 100 °C dramatic degradation was observed
for both glucosides and their acylated derivatives. Degradation levels between 40%
and 50% were reached. The degradation observed at 125 °C is probably the result
of oxidation reactions promoted by the very high temperature. It should be noted
that conversion from acyl derivatives to the glucosyl forms was not observed. This
result indicates that PLE would produce unreliable results if the system was operated
above 100 °C for the extraction of anthocyanins.
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Figure 2. Average recoveries (mean + standard deviation) of anthocyanins at
different working temperatures (75, 100 and 125 °C) and reference sample in the
pressurized liquid extraction system.

2.3. Effects on Individual Anthocyanins

In order to develop extraction methods for specific anthocyanins present in
the grape extract, it would be of interest to determine the sensitivity to degradation
of compounds on an individual basis, rather than globally, and for this reason an
attempt was made to determine the differences between the different compounds
analyzed. In this respect, significant differences have been described in the literature
for related compounds.
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The influence of the specific functional groups in the chemical structure on
the stability during extractions can also be obtained. This information would be of
interest when estimating the stability of other related compounds.

In order to achieve this goal, an analysis was carried out on the results obtained
in two different systems, PLE and MAE, carried out at the same temperature and
where partial degradation of the anthocyanins occurred, namely 125 °C. The MAE
system was selected because the extraction under these conditions can be run at the
same temperature as PLE but with a higher level of oxygen in the medium. This
study would enable the effects of high oxygen levels to be evaluated. The results
obtained are shown in Figure 3 and all of these compounds gave values that are
significantly lower than that of the reference.
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Anthocyanins

Figure 3. Recoveries of anthocyanins at 125 °C using microwave-assisted
extraction and pressurized liquid extraction conditions. AG1-AGS5: glycosylated
anthocyanins, AA1-AA5 acylated anthocyanin derivatives. See Table 1 for a full
identification of anthocyanins.

Table 1. Amounts of anthocyanins in the standardized extract.

Anthocyanin mg/L *

Delphinidin 3-glucoside (AG1) 26.8
Cyanidin 3-glucoside (AG2) 11.2
Petunidin 3-glucoside (AG3) 36.1

Peonidin 3-glucoside (AG4) 130.0
Malvidin 3-glucoside (AG5) 381.2
Peonidin 3-acetylglucoside (AA1) 14.5
Malvidin 3-acetylglucoside (AA2) 46.4
Malvidin 3-caffeoylglucoside (AA3) 79

Petunidin 3- p-coumaroylglucoside (AA4) 7.1

Malvidin 3- p-coumaroylglucoside (trans) (AA5) 61.6

*: Expressed as malvidin-3-glucoside.
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Comparison of the five glycosylated compounds (AG1-AG5) shows that,
regardless of their chemical structure, i.e., the ring substituents, their sensitivity
to degradation is practically the same both under the high oxidation (MAE at
125 °C) and the low oxidation (PLE 125 °C) conditions. On the other hand, acylated
derivatives of the glucosides were generally found to be more stable than the
glucosides themselves when the more oxidative conditions were used (MAE 125 °C),
whereas the degradation percentages were similar when the only factor favourable
to degradation was temperature. In any case, as in the case of glucosides, differences
were not observed between the different susceptibilities to degradation for the
five acyl derivatives studied individually, thus showing that this behaviour is also
independent of chemical substitution in the aromatic ring. The nature of the chemical
substituents in the aromatic rings does not influence the stability of anthocyanins
during the extraction process, i.e., the maximum extraction temperatures found in
this study could be applied to other anthocyanins present in different samples even
in cases where different functional groups are present in the aromatic rings.

3. Experimental Section

3.1. Samples

The grape skins were obtained from red grapes of the Tintilla de Rota variety
grown in Jerez (Spain). Levels for anthocyanins in the grape skins (mg Kg~! FW)
were as it follows: delphinidin 3-glucoside: 1.26; cyanidin 3-glucoside: 0.87;
petunidin 3-glucoside: 2.31; peonidin 3-glucoside: 4.33; malvidin 3-glucoside:
16.99; peonidin 3-acetylglucoside: 1.21; malvidin 3-acetylglucoside: 5.52; malvidin
3-caffeoylglucoside: 0.66; petunidin 3-p-coumaroylglucoside: 1.96; malvidin
3-p-coumaroylglucoside (trans): 12.46. The skins were separated from the seeds
and pomace, and then milled in a coffee grinder for 2 min, in bursts of 15 s in order
to avoid sample heating. The sample was stored at —20 °C prior to extraction. A
standardized extract with a known anthocyanin concentration was used in order
to evaluate the stability accurately. This extract was prepared because standards
for most of the anthocyanins were not available and, as a consequence, they had to
be obtained from real samples in order to assess their stabilities. This extract was
obtained by solid-liquid extraction of the ground grape skin in an ultrasonic bath. In
order to obtain a sufficient amount of extract, approximately 100 g of ground grape
skin was steeped in 250 mL of 100% methanol for 30 min at 25 °C. Re-extractions of
the solid sample were carried out. Extractions obtained using this protocol provided
approximately 1 L of grape skin extract. The extract was concentrated using a
nitrogen stream at 40 °C. It was not dried but used in liquid form. The resulting
concentrated extract was stored at —20 °C until it was used in the stability studies.
Concentrations of anthocyanins in the concentrated extract are shown in Table 1.
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Values are expressed as malvidin-3-glucoside equivalents because of most standards
were not commercially available. Identification for those compounds were previously
developed by the authors by HPLC-MS [15].

3.2. Chemicals and Solvents

All of the reagents used were of analytical grade: methanol and formic acid
were obtained from Merck (Darmstadt, Germany). HPLC grade water was obtained
from a Milli-Q system (Millipore, Bedford, MA, USA). All samples were filtered
through a 0.45 pm nylon syringe filter (Millipore) before chromatographic analysis.
All extractions were performed in triplicate.

3.3. Ultrasound-Assisted Extraction

UAE extraction conditions were applied in a water bath at 400 W (J.P. Selecta,
Barcelona, Spain). The extraction protocol was carried out on 1.5 g of the standardized
grape skin extract in approximately 9 mL of water for 20 min. The experiments were
performed at constant temperature by means of a temperature controller coupled to
the ultrasonic bath. Four temperatures were assayed: 0, 25, 50 and 75 °C. After each
extraction, the volume of extract was made up to 10 mL with water.

3.4. Pressurized Liquid Extraction

Extraction conditions were applied in a Dionex ASE 200 extractor (Dionex,
Sunnyvale, CA, USA). The standardized grape skin extract (8 g) was mixed with sea
sand (Panreac, Barcelona, Spain) and placed in an 11 mL stainless steel extraction
cell. A cellulose filter (Dionex, Sunnyvale, CA, USA) was placed at the bottom of the
extraction cell. Nitrogen was used to purge and dry the extraction chambers during
the extractions.

The extraction chamber was filled with water, pressurized to 100 atm, and
heated to temperatures ranging from 75 to 150 °C for 20 min. The extracts were
topped up to 50 mL with water, and these samples were then analyzed by RP-HPLC.

3.5. Ultra-Performance Liquid Chromatography (UPLC)

UPLC analyses were performed on a Waters Acquity Ultra Performance Liquid
Chromatographic system (Waters, Milford, MA, USA) equipped with a PDA detector,
an autosampler and a column oven to control the temperature of the analytical
column (35 °C). Data were collected and processed by Empower chromatographic
software (Waters). Chromatographic separation was achieved in an Acquity UPLC
BEH C18 column (100 mm x 2.1 mm, 1.7 um, Milford, MA, USA) equipped with
an in-line 0.2 pm Acquity filter. Mobile phase A was 5% formic acid in water and
mobile phase B was methanol. The gradient was as follows: 0 min, 5% B; 11 min,
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29.6% B; 12 min, 30% B; 12.5 min, 100% B. A flow of 0.7 mL-min—! was used. A
typical chromatogram of the diluted standardized extract is shown in Figure 4.
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Figure 4. Typical chromatogram of the standardized extract. 1: Delphinidin
3-glucoside; 2: cyanidin 3-glucoside; 3: petunidin 3-glucoside; 4: peonidin 3-glucoside;
5: malvidin 3-glucoside; 6: peonidin 3-acetylglucoside; 7: malvidin 3-acetylglucoside;
8: malvidin 3-caffeoylglucoside; 9: petunidin 3-p-coumaroylglucoside; 10: malvidin
3-p-coumaroyl-glucoside (trans).

4. Conclusions

The stabilities of anthocyanins under the working conditions used for UAE and
PLE were specifically studied for the first time. In view of the results, all assayed
anthocyanins showed full stability under the UAE conditions, including working
temperatures from 0 °C to 75 °C. It is therefore possible to employ extraction methods
based on UAE up to 75 °C without degradation of the components.

The high temperatures usually applied in PLE methods led to significant
degradation of anthocyanins. Specifically, the use of temperatures above 100 °C
led to 50% degradation for most anthocyanins. It is therefore recommended that PLE
for anthocyanins should only be employed up to 100 °C.

The glucosyl anthocyanins proved to be more susceptible to degradation than
the acyl derivatives, with the difference in susceptibility to degradation being greater
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on working at higher temperature and in the presence of greater levels of oxygen.
The results show that, depending on the specific compounds present in the samples
(glucosides or acyl derivatives), PLE or UAE can be selected as the extraction method
and the stability of anthocyanins would be guaranteed during the extraction process.

The stabilities of individual anthocyanins were also assessed and significant
differences were not found with respect to the susceptibility to degradation for the
studied compounds. Therefore, a relationship between the type of substituent present
in either glycosylated or acyl derivatives and the susceptibility to degradation was
not established. This means that information about stability of compounds beyond
the scope of this study cannot be extrapolated from the results obtained on the
assayed compounds.
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A New Solid Phase Extraction for the
Determination of Anthocyanins in Grapes

Marta Ferreiro-Gonzailez, Ceferino Carrera, Ana Ruiz-Rodriguez,
Gerardo F. Barbero, Jestis Ayuso, Miguel Palma and Carmelo G. Barroso

Abstract: A method for the concentration and cleaning of red grape extracts prior
to the determination of anthocyanins by UPLC-DAD has been developed. This
method is of special interest in the determination of phenolic maturity as it allows
the analysis of the anthocyanins present in grapes. Several different SPE cartridges
were assessed, including both C-18- and vinylbenzene-based cartridges. C-18-based
cartridges presented a very low retention for the glucosylated anthocyanidins while
vinylbenzene-based cartridges showed excellent retention for these compounds. The
optimized method involves the initial conditioning of the cartridge using 10 mL of
methanol and 10 mL of water, followed by loading of up to 100 mL of red grape
extract. Ten mL of water was used in the washing step and anthocyanins were
subsequently eluted using 1.5 mL of acidified methanol at pH 2. This method
simplifies the determination of individual anthocyanins as, on the one hand, it cleans
the sample of interference and, on the other hand, it increases the concentration to up
to 25:1.5. The developed method has been validated with a range of different grapes
and it has also been tested as a means of determining the different anthocyanins in
grapes with different levels of maturity.

Reprinted from Molecules. Cite as: Ferreiro-Gonzéalez, M.; Carrera, C.;
Ruiz-Rodriguez, A.; Barbero, G.F.; Ayuso, J.; Palma, M.; Barroso, C.G. A New Solid
Phase Extraction for the Determination of Anthocyanins in Grapes. Molecules 2014,
19, 21398-21410.

1. Introduction

Anthocyanins are natural pigments that belong to the flavonoids group and
those compounds that are responsible for the red color of many fruits, flowers and
food, especially in red grapes and wines, are the most abundant phenolic compounds
in the skin of red grapes [1,2].

The main anthocyanins present in grapes are the monoglucosides of five
anthocyanins, which are called delphinidin, cyanidin, petunidin, peonidin and
malvidin. Caffeoyl, coumaroyl and acetyl derivatives of glucosidic forms are also
found in grapes [3] (Figure 1).
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Figure 1. Chemical structures of anthocyanins.

The quantity and the profile of polyphenolic compounds in grapes, particularly
in the anthocyanins in red grapes, depend on the grape variety. However, these
parameters are highly influenced by climatic factors and viticulture practices and
techniques [4,5].

The phenolic compounds present in the grape play a fundamental role in
the sensory properties of wine [6] and are also related to various health benefits
associated with the consumption of wine [7]. The total contents of phenolic
compounds and the ratio between the different types of polyphenols, including
anthocyanins, in the red grape varieties are strongly related to the quality of resulting
wines. Therefore, the determination of phenolic levels provides very interesting
information in setting the best harvest date. The control of the phenolic maturity of
the berries is one of the most critical stages in the elaboration of red wines.

In a previous study, a new ultrasound-assisted extraction technique was
developed. Ultrasound-assisted extraction provides an alternative to the classical
maceration for the extraction of polyphenols, anthocyanins and tannins. This method
can be applied to grapes during the ripening process and allows the quantitative and
reproducible extraction of the phenolic compounds (total phenolic, total anthocyanins
and condensed tannins) present in grapes. The method only requires a short time
(6 min) and ethanol/water is employed as the extraction solvent [8]. Extracts should
also be suitable for the determination of individual phenolic compounds, although
the low levels found for individual phenolics would make a prior concentration
step necessary. A solid phase extraction (SPE) method allows both cleaning of the
sample by removing sugars and also concentration of the anthocyanins prior to
determination by chromatographic techniques.
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Solid phase extraction is one of the most common and least expensive
purification techniques in terms of the preparation of samples for analysis of both
major and minor food components [9-11]. This technique allows the development
of rapid and automated methods. In addition to the food industry, this technique is
used in the pharmaceutical industry [12] and environmental research [13].

The SPE technique has previously been applied for the extraction of anthocyanins.
He and Giusti [14] used this technique to obtain fractions of high-purity in
anthocyanins from different fresh fruits and vegetables (blueberry, raspberry,
strawberry and red radishes), as well as commercial extracts enriched in anthocyanins.
For biological samples, this technique is even more useful as it allows the removal
of matrix components such as proteins, carbohydrates or lipids as well as the
concentration of the analyte. Marti et al. [15] used the SPE technique to pre-concentrate
anthocyanins in the plasma of rats fed with grape pulp extract.

In this paper, a method is proposed in which solid phase extraction is used to
concentrate grape extracts obtained by ultrasound-assisted extraction for subsequent
analysis by UPLC with UV-Vis detection. Different solid phases (C-18- and
polymer-based phases) were assessed and working conditions were optimized to
guarantee full recovery of phenolics from the extracts.

2. Results and Discussion

2.1. Comparison of SPE Cartridges

The first step in the development of the SPE method was the selection of the
most appropriate SPE cartridge. The SPE protocol described in Section 2.4 was used.
The results for the relative anthocyanin concentrations in the sample loading step,
washing step and elution step obtained with all of the assayed SPE cartridges are
shown in Table 1. These values are quoted relative to the amount of each anthocyanin
in the original extract (100%).

The presence of anthocyanins in the resulting liquid residues from the loading
sample (sample residues) and washing (washing residues) steps is indicative of
inadequate retention by the cartridge. As can be seen, there are significant differences
in the retention of anthocyanins within the assayed SPE cartridges. Indeed, some
cartridges retained all anthocyanins whereas others had notable anthocyanin losses
during the sample loading step.
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Because of their polarities, the solid phases used should produce better results
for the less polar anthocyanins, therefore special attention must be paid to the
most polar components during sample loading. The most polar compounds, i.e.,
glucosylated anthocyanins, could be not retained by the solid phases, at least partially.
If not retained, low recoveries would be obtained. The C-18-based cartridges showed
losses of the glucosylated anthocyanins during sample loading step and these losses
reached more than 40% on using VC-18 and almost 20% on using DSC-18 in the case
of Pt3G. M3G (10%-23%) and D3G (23%-34%) were also lost during sample loading.
Therefore, the C-18-based cartridges were ruled out for use in the subsequent method
optimization. Of the vinylbenzene based cartridges, VEN cartridges also showed
losses of the glucosylated anthocyanins during the sample loading step (22% for
M3G to 30% for D3G and Pt3G) and, consequently, the use of VEN cartridges was
also ruled out. In contrast, Strata X and EN cartridges showed excellent performance,
retaining approximately 100% of the anthocyanins without observable losses either
during the sample loading or the washing steps. It means, Strata X and EN cartridges
are the only cartridges that are able to retain the total amount of anthocyanins from
the sample. Therefore, both of these cartridges were used for the optimization in the
next step, i.e., the determination of the breakthrough volume of the cartridges.

The breakthrough volume study was carried out by increasing the amount
of sample (from 10 mL of the extract to 100 mL) to an extent where losses can be
observed, a point that indicates saturation of the sorbent bed. A high breakthrough
volume will guarantee that losses will not occur during sample loading and
washing steps.

Both of the selected cartridges (Strata X and LiChrolut EN) showed full retention
of the anthocyanins with a sample loading up to 100 mL. Although both cartridges
showed similar results, the Strata X cartridge was selected for optimization of the
extraction parameters as it has previously shown excellent reproducibility [16].

2.2. Sample Loading Flow Rate

A long analysis time would be expected because high volumes of samples must
be used to obtain high concentration ratios. Therefore, in order to reduce the duration
of the method, different high loading flow rates were assessed by increasing the
loading flow from 0.5-15 mL. min~ !, 20 mL- min—! and 25 mL- min—!. Recoveries of
anthocyanins from the sample at the different rates are shown in Table 2. Values are
relative to the total amount of each anthocyanin recovered at a flow of 0.5 mL- min~1.

Regardless of the sample loading flow used, the recoveries were greater than
95% except for M3tCG with a sample loading flow of 25 mL- min~!, for which
the recovery decreased to 85%. A flow rate of 25 mL- min~!
optimization as this flow rate allowed the total loading time to be reduced from
200 min to 4 min versus the flow rate previously used (0.5 mL- min~!). The relatively

was selected for the
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low recovery for M3tCG is not a concern since it was expected that this could be
increased later after optimizing other extraction variables. Loading flows above
25 mL- min~! resulted in saturation of the cartridge and subsequent overpressure,

which stopped the SPE system.

Table 2. Effect of sample loading flow on the recovery of anthocyanins (1 = 3).

Sample Relative Anthocyanins Concentration (% + RSD)
Loading Flow
(mL- min—1) M3G PtAG MAG PtCG M3tCG
15 102.6 + 11.3 114.6 + 14.5 118.9 + 3.8 1043 +£5.1 116.4 +3.1
20 109.3 £ 8.7 1132 £ 05 108.9 + 4.9 108.6 + 4.4 952 £ 5.6
25 96.3 + 124 97.8 £ 34 98.7 £ 1.8 97.0 £ 1.6 85.6 +£2.8

2.3. Amount of Eluting Solvent

An important aspect to be considered when developing any method is to
minimize the quantities of solvents required, thereby obtaining a higher concentration
ratio and also a higher signal in the subsequent determination of the anthocyanins.
However, a reduction in the amount of elution solvent may result in an incomplete
or inadequate recovery of the anthocyanins from the cartridge. For this reason, it is
necessary to optimize the amount of elution solvent.

Elutions of anthocyanins with 1 mL and 1.5 mL of MeOH at pH = 2 were
compared. The recoveries obtained with 2 mL of acidified methanol (MeOH pH = 2)
were used as reference values. The results obtained on using different elution
volumes are shown in Table 3. Recoveries obtained with 1.5 mL of MeOH at
pH = 2 were approximately 100% for almost all anthocyanins. However, when
1 mL of MeOH was used, the recoveries of esterified anthocyanins dramatically
decreased and this mainly concerned the recovery of the PtCG (37 £ 64.1) and
M3tCG (31.6 & 70.3). These anthocyanins have a low polarity. It must also be noted
that repeatability dramatically decreased for the extraction using 1 mL of MeOH as
the eluting solvent. In some cases, RSD values of around 70% were found for some
components in the samples.

Anthocyanins present an acid-base equilibrium and, as a result, an adjustment in
pH values in the final elution step could also be of interest to increase selectivity and
recovery. A decrease in the pH of the elution solvent to below pH = 2 would allow
an easier removal of anthocyanins retained in the sorbent, thus allowing a reduction
in the elution solvent volume. With this aim in mind, the pH of the eluting solvent
(MeOH) was decreased to pH = 1.5 and pH = 1. However, despite the decrease in
pH (Table 3) of the eluting solvent differences were not observed in the recovery of
anthocyanins in the pH range tested and it was not possible to reduce the elution
solvent volume. Therefore, the elution solvent volume selected was 1.5 mL of MeOH
atpH =2.
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Table 3. Effect of eluting solvent volume and pH on the recovery of anthocyanins (1 = 3).

Relative Anthocyanins Concentration (% + RSD)

Elution Solvent

Elution Volume M3G PtAG MAG PtCG M3tCG
MeOH 1mL 111.3 £ 6.5 96.1 + 25 704 +25.8 37.1 £ 64.1 31.6 £ 703
pH=2 1.5mL 106.8 + 10.8 97.0 + 1.8 103.0 + 0.8 118.2 + 10.8 105.6 + 7.4
MeOH B 1mL 90.8 +9.0 839+7.0 48.4 +22.0 247 +275 21.3 + 184
pH=15 1.5mL 928 +1.8 102.2 + 3.1 104.8 + 6.1 771+ 42 87.8 +6.3
MeOH 1mL 100.7 £+ 3.8 100.2 + 38.0 523 +77.2 21.0 £ 309 19.9 + 10.8
pH=1 1.5mL 81.7 +29.1 97.6 +19.8 89.5 + 445 82.4 4203 72.2 +48.1

The final result of the extraction method can be seen in Figure 2, which shows the
resulting chromatogram of the sample before (original extract) and after application
of the method. As can be seen, the signal is almost 25 times higher for the compounds
found in the chromatogram after using the optimized method.
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Figure 2. Chromatograms obtained before (a) and after (b) applying the optimized
SPE method. 1: D3g, 2: Pt3G, 3: Pd3G, 4: M3G, 5: MAG, 6: MCafG, 7: PtCG and
8: M3tCG.
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2.4. Repeatability and Intermediate Precision

The repeatability and intermediate precision were determined by running the
developed SPE method for 15 extractions on three different days with the same
sample: nine extractions the first day and three extractions on the two following
days. Intra-day and inter-day residual standard deviation (RSD) was calculated for
different types of anthocyanins.

The RSD found for repeatability ranged from 3.9% for glycosylated anthocyanins
and 6.7% for acyl anthocyanins and cinnamyl derivatives. Regarding reproducibility,
the results for RSD ranged from 9.4% for the glucosylated anthocyanins to 9.6% for
acyl anthocyanins and cinnamyl derivatives.

2.5. Application to Real Samples

It has been reported previously that different red grape varieties contain
different ratios of individual anthocyanins and also different chemical forms of
the same anthocyanin, i.e., glycosyl, cinnamyl or acyl forms [17].

The suitability of the method developed in this work was evaluated on
real samples by using four different grape varieties: Petit Verdot (PV), Cabernet
Sauvignon (CS), Syrah (SY) and Tintilla de Rota (TR). Different anthocyanin levels
were obtained for the different grape varieties as shown in Figure 3. Tintilla de
Rota grapes showed the highest values for the main glucosyl derivatives, i.e., M3G
and Pd3G, while Petit Verdot showed the lowest values for these forms. Syrah and
Cabernet Sauvignon showed intermediate values for the main glucosyl forms but
Syrah showed the highest level for Pt3G. The highest levels of anthocyanins were
found for acetyl and coumaroyl derivatives in most varieties, with only Tintilla
de Rota showing a higher level for the glucosyl derivative of maldivin than for
acetyl/coumaroil forms. For Syrah, Cabernet Sauvignon and Petit Verdot, both MAG
and M3tCG were present in the highest levels of the anthocyanins found in the
samples. Levels for Syrah samples were particularly high: 21 and 23 mg of MAG and
M3tCG, respectively, per 100 g of samples.

With the aim of evaluating the applicability of the method to monitor the
evolution of anthocyanins during the ripening process and to determine the effects of
different cultivar practices, the Tempranillo grape variety was obtained from different
cultivar practices [cluster thinning (CT) and vines intercropped with cover crops
(CQO)] on different dates (August 25, September 13 and September 26), i.e., 30 days
and 13 days before harvest and also on the harvest day.
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Figure 3. Anthocyanin levels obtained for the different grape varieties (TR: Tintilla
de Rota, Sy: Syrah, CS: Cabernet Sauvignon, PV: Petit Verdot). **: There are two non
detected compounds; ***: There are three non detected compounds.

Cultivar practices affect the final levels of anthocyanins in grapes [18]. In
particular, cluster thinning at early ripening stages is used to increase the total amount
of anthocyanins in grapes for Syrah [18] and Tempranillo varieties [19]. This technique
works because fewer grapes are produced and harvested and, as a consequence,
the anthocyanins are present in higher concentrations in the grapes [18,20]. On the
other hand, it has been also described the effects of cover crops practices on total
anthocyanins of Cabernet Sauvignon grapes [21,22], however no information about
the effects of cover crops practices on individual anthocyanin levels has been found
in the revised literature. These two cultivar practices should also modify the relative
levels of anthocyanins. The resulting values for anthocyanins are shown in Figure 4.
Information from three different sampling zones (1, 2 and 3) in the vineyard is also
presented in F