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Abstract: The effects of temperature and ethanol concentration on the kinetics of anthocyanin
adsorption and desorption interactions with five cell wall materials (CWM) of different composition
were investigated. Using temperatures of 15 ◦C and 30 ◦C and model wine with ethanol concentrations
of 0% and 15% (v/v) over 120 min, the adsorption and desorption rates of five anthocyanin-glucosides
were recorded in triplicate. Small-scale experiments were conducted using a benchtop incubator to
mimic a single berry fermentation. Results indicate that more than 90% of the adsorption occurs
within the first 60 min of the addition of anthocyanins to CWM. However, desorption appears to occur
much faster, with maximum desorption being reached after 30 min. The extent of both adsorption
and desorption was clearly dependent not only on temperature and ethanol concentration but also on
the CWM composition.

Keywords: anthocyanin; cell wall material; adsorption; desorption; phenolics; extractability; grape;
red wine

1. Introduction

Anthocyanins constitute a large family of plant polyphenols and are responsible for many of the
fruit and floral colors observed in nature [1]. Anthocyanins are water-soluble pigments located in
the grape skin vacuoles that, during the fermentation process, are released into the wine. It has been
demonstrated that determining the amount of pigments present in the berries is not enough to estimate
the concentration of anthocyanin in the final product [2]. This lack of correlation is mainly attributed
to the interaction between the pigments and the skin cell walls during the extraction process [3,4].
Additionally, the adsorption of phenolics to solids in the fermentor after being released, such as grape
skins and yeast hulls, has previously been demonstrated [5–7].

Previous studies have shown that the interaction between polyphenols and skin cell walls is
dependent on the composition of the latter suggesting that specific cell wall constituents show different
adsorption capacities for polyphenols [3,8–11]. In the case of anthocyanins, the cellulose content
and the degree of methylation of the pectin have shown positive correlations with the adsorption
capacity [4,12]. Moreover, some studies suggest that other components of the cell walls, such as
proteins, can occupy binding sites resulting in overall lower anthocyanin adsorption [12].

Molecules 2019, 24, 3350; doi:10.3390/molecules24183350 www.mdpi.com/journal/molecules

http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0001-5688-0981
https://orcid.org/0000-0003-1800-9946
http://www.mdpi.com/1420-3049/24/18/3350?type=check_update&version=1
http://dx.doi.org/10.3390/molecules24183350
http://www.mdpi.com/journal/molecules


Molecules 2019, 24, 3350 2 of 14

Another factor that greatly influences the extraction of phenolics during wine fermentation has
been shown to be the temperature at which the fermentation is performed. Previous research has
shown that elevated fermentation temperatures (approaching 30 ◦C) produce finished wines that are
more highly colored and have greater concentrations of pigmented polymers [13]. The increase in
extracted phenolics at elevated temperatures has been accredited to two temperature related effects:
an increased permeability of the hypodermal cells of the grape skins and an increase in the solubility
of phenolics at higher temperature. It has also been shown that changes on the temperature can impact
the physical structure of the cell wall material (CWM). It has been postulated that, at high temperatures,
the cellulose structure opens up, potentially creating new sites and a faster exchange between the
molecules [14]. Additionally, an increase in temperature can disrupt hydrogen bonds between the
cell wall and the phenolics increasing its concentration in solution [15]. A second fermentation factor
that is also likely to have a significant effect is the production of ethanol (EtOH) during fermentation.
As the EtOH concentration increases during fermentation, the solubility of polyphenols, including the
larger and more hydrophobic phenolics, will increase [16]. Moreover, a decrease in the polarity of the
solution by the presence of ethanol can disrupt hydrophobic interaction, increasing the molecules in
solution [15].

To the best of our knowledge, there is only one other study that has investigated the decrease in
anthocyanin concentration over time when in contact with skin cell wall analogues [15]. No known
study has analyzed the synergistic effect of EtOH and temperature on the adsorption of anthocyanins
overtime as well as their influence on adsorption to different cell wall material components.

In this work, the effects of temperature and EtOH concentration on the kinetics of anthocyanin
adsorption and desorption interactions were investigated with five different CWM compositions.
Using temperatures of 15 ◦C and 30 ◦C and model wine with EtOH content of 0% and 15% over a time
period of 120 min, the adsorption and desorption interactions of five anthocyanin-glucosides with
CWM were analyzed.

2. Results and Discussion

2.1. Characterization of Cell Wall Material

Ash, lipid content, proteins, uronic acid, soluble polysaccharides, cellulose, Klason lignin, and
non-cellulosic glucose of all the different CWMs isolated were determined (Table 1).

In all cases, the ash content was lower than 5%. This agrees with previous characterization of
CWM from different cultivars [17] as the main components of CWM are cellulose, pectin, hemicellulose
and lignin. CWM4 and CWM5 had slightly higher protein content due to the absence of the phenol
wash during the isolation process. CWM2 exhibited a higher protein content than CWM1 and CWM3
potentially due to the linking of oligosaccharides to proteins [18]. CWM1 and CWM3, although
lower than the other CWM preparations, still contained a significant amount of protein due the
fact that the phenol buffer treatment only removes cytoplasmic proteins. Other types of proteins
may exist within the structure of the CWM matrix such as glycoproteins and wall proteins [19].
Regarding lipid concentration, CWM3 and CWM5 presented the highest values due to the absence
of the MeOH/chloroform extraction during the isolation process. As for soluble polysaccharide
content, the CWM that were extracted with HEPES buffer (CWM1, CWM3, and CWM4) presented
very low amounts. The small amounts found could be explained by the existence of glycolipids and
glycoproteins on the CWM that were not removed during the different washes [20]. The difference
in soluble polysaccharides between CWM2 and CWM5 may be the result of consecutive washings
of CWM2 to remove other CWM components resulting in inadvertent removal of polysaccharides.
The amounts of Klason lignin, cellulosic glucose and non-cellulosic glucose as well as uronic acids are
comparable for all types of CWM analyzed, as they are not influenced by any of the extraction solvents
used during the different isolation steps. The total polyphenolic content was less than 5% in all cases.
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Table 1. CWM composition. CWM 1–5 as defined in materials and methods. Different letters indicate significantly differences within a column using Fisher test p <

0.05 (n = 3).

CWM Protein (mg
BSA/g CWM)

Lipids (mg/g
CWM)

Soluble
Polysaccharides

(mg/g CWM)

Non-Cellulosic
Glucose (mg/g

CWM)

Cellulosic
Glucose (mg/g

CWM)

Lignin (mg/g
CWM)

Uronic Acid
(mg/g CWM)

Total Polyphenolic
Content (mg Gallic

Acid/g CWM)

Ash (mg/g
CWM)

CWM1 51.29 ± 1.14 c 18.51 ± 2.38 bc 3.00 ± 0.04 c 84.17 ± 0.59 b 51.23 ± 1.82 c 407.23 ± 10.51 ab 0.22 ± 0.00 a 0.035 ± 0.000 c 15.43 ± 2.08 e

CWM2 54.91 ± 1.74 b 13.62 ± 3.46 c 5.49 ± 0.35 b 94.23 ± 5.42 b 55.06 ± 0.80 b 418.42 ± 19.70 ab 0.21 ± 0.01 a 0.043 ± 0.003 b 19.34 ± 3.27 c

CWM3 48.86 ± 0.87 c 33.61 ± 5.04 a 3.04 ± 0.14 b 87.44 ± 2.30 b 54.10 ± 2.03 d 408.52 ± 40.68 ab 0.22 ± 0.01 a 0.049 ± 0.000 a 34.24 ± 5.01 b

CWM4 57.96 ± 2.36 a 15.08 ± 2.34 bc 2.33 ± 0.20 bc 111.29 ± 2.86 a 57.04 ± 1.12 a 371.96 ± 43.47 b 0.20 ± 0.01 a 0.043 ± 0.002 b 15.96 ± 2.33 d

CWM5 56.46 ± 1.73 ab 24.23 ± 5.18 ab 10.17 ± 0.88 a 111.13 ± 7.06 a 55.90 ± 0.29 ab 475.54 ± 27.83 a 0.22 ± 0.01 a 0.021 ± 0.002 d 49.41 ± 6.36 a
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Our findings are in agreement with previous studies that characterized grape CWM [4,21] although
this study is the only known investigation of the compositional impact of each CWM cleaning step.

2.2. Adsorption Kinetics

Figure 1 shows the adsorption kinetics of anthocyanins during experiments performed with
different types of CWM at low temperature (15 ◦C) in the presence of alcohol (15% EtOH). Under these
conditions, the percentage of anthocyanin molecules adsorbed onto CWM varied from 28% ± 2% to
48% ± 3%. Even though each type of CWM reached a different maximum adsorption percentage,
the time to this maximum adsorption was comparable for all, reaching a plateau after 60 min. Small
adsorption changes between 60 and 120 min were found to be significant for all treatments. Preliminary
experiments were carried out over 420 min but no significant changes were observed after 120 min (data
not shown). Previous studies investigating the binding of polyphenols to different cell wall components
found similar trends with the most binding occurring in the first 30 min to 1 h of contact [12,15,21,22].
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The adsorption capacity of CWM1 was larger than all others potentially due to the presence of
more binding sites available for the anthocyanin molecules (Figure 1). Conversely, CWM5 showed the
lowest percentage of adsorption of anthocyanins possibly attributable to the blocking of the binding
sites by the different macromolecules that would have been removed with the additional cleaning
steps present in other types of CWM. The composition of the different types of CWM suggests that
proteins and polysaccharides have a larger impact on the adsorption process, potentially due to their
larger concentration compared to that of lipids. In addition, polysaccharides and proteins are generally
larger molecules than lipids. This may explain the adsorption differences found among CWM2, CWM3
and CWM4, with CWM3 exhibiting a larger anthocyanin adsorption ratio than CWM2 and CWM4.
Larger molecules would likely occupy more space within the CWM matrix effectively decreasing the
accessibility to the binding sites for anthocyanin molecules resulting in lower maximum adsorption
percentages. This trend was consistently found for all the experiments performed. These results are in
agreement with previous findings where polyphenols were found to be bound less to CWM in the
presence of proteins due to potential blocking of binding sites [12].

The results showed that both temperature and EtOH concentration impacted anthocyanin
adsorption. For each type of CWM, an increase in EtOH concentration and/or temperature increased
the association of anthocyanin with molecules in solution rather than binding sites on the CWM. The
large difference found between CWM1 and CWM 2–5 in the presence of alcohol and higher temperature
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(15% EtOH, 30 ◦C) could be attributed to expansion of the CWM matrix caused by the temperature
and EtOH presence [23]. It has also been probed that changes on temperature and ethanol can modify
the interactions occurring between CWM and anthocyanins such as hydrogen bonds and coulombic
interactions [10,24]. The absence of the macromolecules interwoven with the CWM network (CWM1)
makes this CWM more sensitive to EtOH and temperature changes leading to an opening up of the
structure making more binding sites available.

Regarding the type of anthocyanin, no differences in binding were found between non-acetylated
and acetylated anthocyanin. Nevertheless, the detailed anthocyanin profile showed that delphinidin-
3-glucoside and petunidin-3-glucoside had a larger percentage adsorbed compared to the rest of the
molecules analyzed at all the conditions analyzed. The adsorption percentage of delphinidin 3-glucoside
ranged from 20% to 85% depending on the experimental conditions, and malvidin 3-glucoside adsorption
percentage ranged from 10% to 70%. This trend was found for all the types of CWM suggesting that the
presence of hydroxyl groups on the anthocyanin contribute to the potential hydrogen bonding between
the anthocyanin molecules and the CWM polysaccharides that influence adsorption kinetics. Similar to
these findings, previous studies found that non-acetylated and acetylated anthocyanin showed similar
behavior in the presence of skin CWM [12,15,24]. Additionally, Vasserot et al. obtained similar results
regarding polarity (hydroxylation on the B ring) on the study of adsorption of five monoglycoside
anthocyanins onto yeast CWM in the presence of alcohol [6]. Table 2 shows the percentage of
adsorption of individual anthocyanin species onto CWM1 under all the conditions analyzed. In the
absence of EtOH the order of anthocyanins was: delphinidin-3-glucoside, petunidin-3-glucoside,
malvidin-3-glucoside, malvidin-3-acetyl-glucoside and peonidin-3-glucoside. However, when EtOH
concentration increases to 15%, the order of anthocyanins changes to delphinidin- 3-glucoside,
petunidin-3-glucoside, peonidin-3-glucoside, malvidin-3-glucoside and malvidin-3-acetyl-glucoside.
Adsorption fluctuations could be due to the disruption of hydrogen bonds by EtOH [15]. Additionally,
the decrease in polarity of the solution in the presence of EtOH increased the concentration of the less
polar molecules in solution. The presence of EtOH did not have a large impact on the adsorption process,
this could be potentially due to the fact that the maximum concentration tested was 15%. Furthermore,
the order of anthocyanin adsorption was not impacted by temperature changes between 15 and 30 ◦C.
This trend was observed for all the different CWM matrixes tested.

Table 2. Percentage of adsorption of individual anthocyanins at 120 min for CWM1. Delph-
delphinidin-3-glucoside; Pet-petunidin-3-glucoside; Peo-peonidin-3-glucoside; Malv-malvidin-
3-glucoside; Malv-acet-malvidin-3-acetyl-glucoside.

Condition Delph (%) Pet (%) Peo (%) Malv (%) Malv-Acet (%)

0%EtOH; 15 ◦C 78.57 75.94 32.60 60.55 54.79
15%EtOH; 15 ◦C 68.89 65.10 42.04 38.34 29.08
0%EtOH; 30 ◦C 69.27 63.28 47.55 29.68 47.43

15%EtOH; 30 ◦C 23.58 20.73 16.81 15.06 16.16

In order to consider the ratio of the CWM to anthocyanin molecules in solution, weight per weight
calculations were performed. Figure 2 shows the amount of anthocyanins (mg) adsorbed per mg
of CWM after 120 min. The results indicate that for all the conditions CWM1 presented the highest
anthocyanin adsorption value, while CWM5 showed the lowest. As stated before, CWM3 tended
to reach a larger adsorption ratio than CWM2 and CWM4 likely due to the smaller size of the lipids
and the absence of larger molecules blocking the binding sites, although it was not significant in all
cases. Moreover, lipids are more significantly influenced by temperature and EtOH concentrations,
modifying their fluidity and likely making binding sites more available when the EtOH content or the
temperature increases compared to other macromolecules [25].
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Significant differences in the binding response between anthocyanin and the CWM at different
conditions were determined from triplicate experiments using a multi-way analysis of variance
(MANOVA). The results indicated that all the variables (temperature, cell wall composition and EtOH
concentration) have a significant impact on the adsorption process (p < 0.001).

It has been observed that anthocyanin molecules can undergo thermal degradation by breaking
the O-glycosidic bond [26–28]. In this study, the potential presence of break-down products produced
by the degradation of anthocyanins was investigated by means of LC-DAD-MS/MS. In all samples, all
screened break-down compounds fell below the LOD indicating changes in anthocyanin concentration
were due to adsorption. This could be due to the fact that 30 ◦C is a low temperature to breakdown the
short time period of the experiment (2 h).

2.3. Desorption Kinetics

Desorption assays were performed under the same sets of temperature and EtOH as those for
the adsorption experiments. The rates of the desorption process were faster than adsorption reaching
a plateau within the first 30 min. Figure 3 shows the kinetics of desorption for CWM2 at all the
conditions tested. As can be observed, the desorption kinetics depended not only on the conditions of
the experiment but also on the amount of anthocyanin initially adsorbed onto the CWM. Concerning the
type of anthocyanin, delphinidin-3-glucoside and petunidin-3-glucoside showed the lowest percentage
of desorption suggesting the breakdown of hydrophobic interactions by the solvent prior to hydrogen
bonds. Similar trends were found for the other CWMs studied.

Table 3 shows the amount of anthocyanin molecules adsorbed at the beginning of the desorption
experiment, the amount released after 120 min and the percentage desorbed after 120 min for each of
the experiments performed. At low temperature, the presence of alcohol resulted in an increase in the
desorption percentage likely due to the disruption of the hydrophobic interactions [29] or an increase
in the solubility of anthocyanins in solution. A similar trend was observed when the temperature
was increased in the absence of alcohol. However, at a higher temperature in the presence of EtOH
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(15% v/v) this trend was not noted (increase on the desorption), potentially due to the expansion of the
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Table 3. Values of the mass adsorbed and desorbed for each of the conditions analyzed after 120 min
(n = 3). Percentage of desorption reached for each condition at 120 min. RSD < 5% for all the
measurements performed.

EtOH (%) T (◦C) CWM Adsorbed (mg
Anth/mg CWM)

Desorbed (mg
Anth/mg CWM)

Percentage
Desorbed (%)

0 15 CWM1 0.160 0.029 18.12
0 15 CWM2 0.155 0.028 18.06
0 15 CWM3 0.172 0.025 14.53
0 15 CWM4 0.159 0.025 15.72
0 15 CWM5 0.148 0.025 16.89

15 15 CWM1 0.128 0.037 28.90
15 15 CWM2 0.108 0.043 39.81
15 15 CWM3 0.114 0.035 30.70
15 15 CWM4 0.103 0.035 33.98
15 15 CWM5 0.102 0.030 29.41
0 30 CWM1 0.137 0.024 17.51
0 30 CWM2 0.128 0.037 28.90
0 30 CWM3 0.132 0.025 18.94
0 30 CWM4 0.127 0.030 23.62
0 30 CWM5 0.125 0.029 23.20

15 30 CWM1 0.112 0.014 12.50
15 30 CWM2 0.100 0.013 13.00
15 30 CWM3 0.104 0.016 15.38
15 30 CWM4 0.093 0.013 13.97
15 30 CWM5 0.092 0.012 13.04

Follow up experiments performed with CWM with the same amount of anthocyanin adsorbed
indicated that both, temperature and EtOH concentration increase the desorption rate with temperature
having a larger impact (data not shown).

To better understand the types of interactions taking place during adsorption it is important to
point out that at the working pH, approximately 18% of the anthocyanin molecules were positively
charged [30], while the CWM fibers (mainly cellulose, hemicellulose and pectin derivates) have been
shown to have a negative surface charge. The results suggest the presence of different types of
interactions between the CWM and the anthocyanin molecules. The existence of a base layer with the
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strongest interactions (coulombic interactions) between the anthocyanin and the CWM cellulose/pectin
network, that will increase at higher temperatures due to the expansion of the CWM fibers, has
been previously reported [10]. Additionally, hydrogen bonding between the hydroxyl groups of
anthocyanins and the oxygen atoms of the cross-linked ether bonds of sugars present in the CW
polysaccharides [24] as well as hydrophobic interactions take place. Moreover, π-π interactions between
anthocyanin molecules can form anthocyanin self-association complexes, which can potentially stack
on to the CWM. CWM is also a complex porous structure, which may trap molecules in solution.

The desorption results suggest that the amount of anthocyanin molecules released from the CWM
depends on the strength of their interactions. Unlike the adsorption experiments, no clear trends on
the desorption process were found depending on the CWM composition, although the quantity of
molecules adsorbed was found to be dependent on CWM composition. The presence of the different
macromolecules on the CWM modify the availability of the binding sites thus controlling the amount
of anthocyanin adsorbed. Adsorption results suggested that anthocyanins do not interact with the
macromolecules (soluble polysaccharides, cytoplasmic proteins and lipids) within the CW network
and only with the polysaccharide network (primarily cellulose, pectin and hemicellulose) itself. Thus,
the macromolecule composition of the CWM does not have a direct impact on the desorption process,
explaining similar desorption from the different types of CWM.

3. Materials and Methods

3.1. Reagents

Acetone (reagent grade), acetonitrile (HPLC grade), methanol (MeOH) (reagent grade),
hydrochloric acid (HCl) (37%, reagent grade), trifluoroacetic acid (TFA) (HPLC grade), formic
acid (HPLC grade), sulfuric acid (96% reagent grade), diethyl ether (ACS reagent, 99%), phenol
(reagent grade), L-ascorbic acid (molecular biology grade), bovine serum albumin (BSA), HEPES buffer,
phenol solution equilibrated with 10 mM Tris HCl, potassium bitartrate (99%), (+)-catechin hydrate
(98%), (−)-epicatechin (90%), p-coumaric acid (98%), ferulic acid (99%), caffeic acid (98%), quercetin
(95%), gallic acid monohydrate (99%), syringic acid (98%), vanillic acid (97%), 4-hydroxybenzoic
acid (99%), 3,4-dihydroxybenzoic acid (99%), sulfamic acid (99.9%), 3-phenylphenol (85%), sodium
tetraborate (99%), d-galacturonic acid (97%), quercetin-3-glucoside (98.5%), and Toyopearl HW-50F
size exclusion media were purchased from Sigma Aldrich (St. Louis, MO, USA). Bovine albumin
standard solution (2.0 mg/mL) and Coomassie protein assay reagent were purchased from Thermo
scientific (Waltham, MA, USA). Orthophosphoric acid (88%) (HPLC grade) and sodium hydroxide
(ACS grade) were purchased from Fisher Scientific (Pittsburgh, PA, USA). Malvidin-3-O-glucoside
(95%) was purchased from Extrasynthese (Genay, France). Koptec brand ethanol (95%) was purchased
from Decon Laboratories, Inc. (King of Prussia, PA, USA). Deionized water was prepared in-house to
a final purity of 18.2 MΩ.

3.2. Instrumentation

An Agilent 1260 Infinity HPLC (Agilent Technologies, Santa Clara, CA, USA) equipped with
a diode array detector and an Agilent 6430 triple quadrupole mass spectrometer was used to analyze
the adsorption and desorption samples as well as the purity of the anthocyanin extract. Instrument
control and data analysis were performed using MassHunter (B.08.00) and Agilent CDS ChemStation
(Rev. B.04.03) software, respectively.

3.3. Isolation of Cell Wall Material

CWM was isolated from Thompson Seedless grape skins due to its lower phenolic content as
well as availability year-round. CWM was prepared using a modified method from Vidal et al. [16].
Skins were ground under liquid nitrogen using an analytical mill (A11 Basic, IKA® Works, Inc.,
Wilmington, NC, USA) and incubated overnight in 70% v/v acetone at 4 ◦C to remove polyphenolic
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content. The solids were vacuum filtered (Whatman™ 1001–125 Grade 1 Qualitative Filter Paper,
Diameter: 12.5 cm, Pore Size: 11 µm) and washed with 70% acetone until clear, followed by Milli-Q
water (resistivity of 18.2 MΩ·cm; Millipore Corporation, Billerica, MA, USA). Subsequent residues were
extracted with 40 mM HEPES buffer (pH 7) for one hour at room temperature (RT) to eliminate soluble
polysaccharides. The HEPES-insoluble skin material was washed with Milli-Q water followed by
100% acetone and then treated for 30 min with phenol buffer (5 M in Tris-HCl, pH 7.5) at RT to remove
cytoplasmic proteins [31]. The remaining CWM was vacuum filtered, washed with 80% v/v EtOH
followed by acetone and then incubated for 30 min in MeOH/chloroform (1:1 v/v) to remove residual
lipids. CWMs of different compositions were obtained by eliminating one of the washes from the
process as defined in Table 4. CWM1 underwent all the washes, CWM2 had soluble polysaccharides
left as it was not washed with the HEPES buffer, CWM3 had lipids left as it was not washed with
MeOH/chloroform, while CWM4 had proteins left due to no phenol wash and finally CWM5 had only
polyphenolics removed as it only went through the acetone wash. Finally, the CWM was dried under
vacuum, passed through a 500 µm mesh and stored at –20 ◦C until needed.

Table 4. types of CWM prepared and × indicate that the step was not performed.

Type of CWM 70%
Acetone

Buffer
HEPES

Phenol
Solution

MeOH/Chloroform
(1:1 v/v) Composition

CWM1
√ √ √ √

Clean cell wall material
CWM2

√
×

√ √
CWM1 + Soluble Polysaccharides

CWM3
√ √ √

× CWM1 + Lipids
CWM4

√ √
×

√
CWM1 + Cytoplasmic proteins

CWM5
√

× × × “Crude” cell wall material

3.4. Isolation of Anthocyanins

Anthocyanins were obtained from Cabernet Sauvignon grape skins. Cabernet Sauvignon was
chosen as it has a large concentration of anthocyanin and is an important variety in CA. Eighty grape
skins (8 g approximately) were ground (T18 digital ULTRA-TURRAX®, IKA® Works, Inc., Wilmington,
NC, USA) and incubated overnight at 4 ◦C with 50% acidified MeOH (0.1% v/v TFA) in a 1:10 w/v ratio.
The methanolic extractions were purified by means of low-pressure chromatography using Toyopearl
HW-50F as the stationary phase with a bed volume of 500 mL. The loaded sample was washed with
two bed volumes of aqueous 0.1% TFA solution to eliminate sugars and salts. Anthocyanins were
eluted using 30% acidified MeOH (0.1% v/v TFA). The eluate was concentrated under reduced pressure
and the purity was determined using a RP-HPLC method previously published [32]. The purity of
the anthocyanin material was always over 99%. The extract was lyophilized and stored at −80 ◦C.
The process was repeated until enough anthocyanin material was isolated. The composition of
the final anthocyanin extract was: 4.7% delphinidin-3-glucoside, 4.7% petunidin-3-glucoside, 4.6%
peonidin-3-glucoside, 68.3% malvidin-3-glucoside, 17.70% malvidin-3-acetylglucoside.

3.5. Cell Wall Material Characterization

3.5.1. Carbohydrate Composition and Ash Content

Non-cellulosic content was determined colorimetrically by means of the phenol-sulfuric
method [19] after digestion of one gram of CWM with 1M sulfuric acid for 2.5 h at 100 ◦C. Soluble
sugars were determined spectrophotometrically using the phenol-sulfuric assay [33] after the extraction
of one gram of CWM with 40 mM HEPES buffer for one hour at RT [17]. Cellulose was determined
as glucose concentration according to Lurie et al. [34] and using the phenol-sulfuric method for its
spectrometric determination. Klason lignin was analyzed gravimetrically as acid-insoluble residue [17].
Ash content of CWM was gravimetrically determined by overnight heating at 550 ◦C [35].
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3.5.2. Lipid Analysis

CWM lipids were extracted overnight using a Soxhlet apparatus with diethyl ether (45 ◦C).
Extracts were dried, and lipid content was determined gravimetrically.

3.5.3. Protein Analysis

The protein content of CWM was determined using the Bradford assay [36] after digestion of the
sample with 1M NaOH (10 min, 100 ◦C). BSA solution was used as standard to calibrate the analysis
with standards ranging from 0 to 2000 µg/mL in concentration. Protein content was expressed as mg
BSA/g CWM.

3.5.4. Uronic Acid Analysis

Uronic acids were determined in the sulfuric acid hydrolysate by the colorimetric
3,5-dimethylphenol assay. [37] Pure galacturonic acid was used as standard. Uronic acid content was
expressed as mg anhydrous galacturonic acid/g CWM.

3.5.5. Phenolic Content

Phenolic content of CWM was determined colorimetrically [38] after extraction with 1M NaOH
(100 ◦C, 10 min) using pure gallic acid as standard. Phenolic content was expressed as mg gallic
acid/g CWM.

3.6. Adsorption Kinetics of Isolated Anthocyanin onto Cell Wall Material

The effects of EtOH concentration, temperature and the composition of the CWM on the kinetics
of anthocyanin adsorption onto CWM were investigated using a full factorial design with temperatures
of 15 ◦C and 30 ◦C and EtOH content of 0% and 15% (v/v) for all the different CWMs isolated. The
experiments simulated a single berry fermentation environment [39]. Ten milligrams of isolated CWM
(CWM1-CWM5) equilibrated in 0.3 mL of model wine (5 g/L potassium bitartrate, 0.1% w/w ascorbic
acid, pH 3.5), with or without alcohol, were put in contact with 1 mL of anthocyanin solution reaching
a final concentration of 2 mg/mL. Contact between the CWM particles and the anthocyanin molecules
was maximized by using a rotator (H5600 Revolver™ Adjustable Lab Rotator, Labnet International,
Inc., Edison, NJ, USA). The supernatant was sampled (10 µL aliquots) after 5, 15, 30, 60, and 120 min.
Samples were diluted ten times in 0.1% aqueous HCl solution and stored at −80 ◦C until analysis.
All the experiments were carried out in triplicate. A control of the anthocyanin solution without CWM
was used to monitor potential side reactions and to calculate adsorption rate by comparison between
the blanks and the trials.

3.7. Desorption Kinetics Experiments

Desorption experiments were carried out after the completion of the adsorption study. Samples
were centrifuged at 15,000 rpm for 5 min and the supernatant was removed. One ml of model wine
(5 g/L potassium bitartrate, 0.1% w/w ascorbic acid, pH 3.5) containing either 0% or 15% EtOH, was
added to the CWM with the anthocyanin adsorbed. The test tubes were incubated under the same
conditions as used in the adsorption experiments. The analysis was performed in triplicate and 10 µL
aliquots were sampled after 5, 15, 30, 60, and 120 min. Samples were diluted ten times in 0.1% HCl v/v
solution to quench any reaction and stored at −80 ◦C until analyzed.

3.8. Determination of Anthocyanin and Break Down Products by LC-DAD-MS

Individual anthocyanins and their break down products were quantified by LC-DAD-MS/MS
using a Poroshell-120 C18 column (Agilent technologies, 2.7 µm, 120 Å, 2.1 × 50 mm) protected with
a guard cartridge (SecurityGuard™ ULTRA cartridges UHPLC, 2 µm, Phenomenex, Torrance, CA,
USA). The mobile phases were solvent A, 7.5% (v/v) formic acid in water and solvent B, 0.1% (v/v) formic
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acid in acetonitrile. The following linear gradient was used for solvent A (with solvent B making up
the remainder): 97% at 0 min; 77% at 4 min; 20% at 4.5 min; then returning to the starting conditions at
7–12 min, 97%. A flow rate of 0.55 mL/min was used with a column temperature of 40 ◦C. Anthocyanin
concentrations were determined using an external calibration curve of malvidin-3-glucoside and were
calculated as the sum of all the anthocyanins detected expressed as malvidin-3-glucoside. Anthocyanin
molecules were analyzed using DAD signal whereas break-down products were determined by means
of mass spectrometry MS analysis was performed in positive ionization mode using an ESI source.
N2 was used as the nebulizer and drying gas at flows of 35 psi and 12 l/min respectively. Parameters
were set to: capillary voltage of 3.5 kV and fragmentor voltage of 90 V; drying gas temperature 350 ◦C,
respectively. Detection was in multiple reaction monitoring (MRM) mode with the following transitions
for each break down product: syringic acid (m/z 125 > 155, 2.050 min), methyl gallic acid (m/z 139
> 167, 0.780 min), gallic acid (m/z 81 > 127, 0.413 min), vanillic acid (m/z 65 > 125, 1.380 min) and
protocatechuic acid (m/z 111 > 153, 0.595 min). External calibration curves based on the corresponding
standard were used to determine the concentration of individual phenolics.

3.9. Statistical Analysis

Significant differences in the processes and conditions were determined from triplicate experiments
by means of multi-way analysis of variance (MANOVA) (p < 0.001) using XLStat (Microsoft Office,
version 2018.5.53172).

4. Conclusions

Interactions between anthocyanin molecules and skin CWM can occur spontaneously and rapidly.
For all the experiments performed the maximum adsorption was reached after 60 min, suggesting no
influence of the composition of the CWM on the rate of adsorption. However, the presence of different
macromolecules (polysaccharides, proteins or lipids) on the CWM does result in the modification
of the binding capacity of the CWM. The amount of adsorbed molecules was found to be positively
influenced by the absence of large macromolecules blocking the binding sites, attaining the maximum
percentage of adsorption with the cleanest CWM (CWM1). Both temperature and alcohol percentage
had a significant impact on adsorption. All the experiments showed that an increase in temperature
and ethanol produces a decrease in the adsorption percentage potentially due to the increase of
the solubility of the pigments in the model wine. Anthocyanin polarity appeared to be important
as the more polar molecules showed a higher percentage of adsorption. Desorption was mostly
influenced by temperature and EtOH increasing the desorption rate—no trends were found regarding
CWM composition.

The results suggest the presence of different types of interactions between the CWM and the
anthocyanin molecules. The existence of a base layer with the strongest interactions (coulombic
interactions) between the anthocyanin and the CWM cellulose/pectin network has been previously
reported [10]. Additionally, hydrogen bonding between the hydroxyl groups of pigments and the
oxygen atoms of the cross-linked ether bonds of sugars present in the CW polysaccharides [24] as well
as hydrophobic interactions take place. Additionally, concentration related π-π interactions between
anthocyanin molecules can potentially form anthocyanin complexes, which can potentially stack on to
the CWM. CWM is also a complex porous structure, which may trap molecules in solution.

Our findings are in good agreement with the phenomena routinely observed in wineries where
wines with higher alcohol content or fermented at higher temperatures extract more phenolics and
color [26,40,41]. This work shows that a high concentration of phenolics in wine depends not only on
grape phenolic composition but also on temperature and EtOH conditions during fermentation as
well as adsorption/desorption interactions of the phenolics with solids in the fermentor. Additionally,
differences in the composition of grape CWM could directly affect both the release and adsorption
processes, leading to a different final wine phenolic profile.



Molecules 2019, 24, 3350 12 of 14

Author Contributions: Conceptualization, C.M.-P., J.W.B., L.L., N.D., R.P., T.B., D.E.B. and A.O. Methodology,
C.M.-P., J.W.B., L.L., D.E.B. and A.O. Investigation, C.M.-P. and J.W.B. Writing—original draft preparation, C.M.-P.,
A.O. Writing—review and editing, C.M.-P., J.W.B., L.L., N.D., R.P., T.B., D.E.B. and A.O. Supervision, A.O. Funding
acquisition, A.O. and D.E.B.

Funding: This research was funded by E&J Gallo Winery.

Acknowledgments: The authors gratefully acknowledge the Brian Jenkins Laboratory support on the analysis of
ash content.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Iwashina, T. Contribution to flower colors of flavonoids including anthocyanins: A review. Nat. Prod.
Commun. 2015, 10, 529–544. [CrossRef] [PubMed]

2. Guidoni, S.; Hunter, J.J. Anthocyanin profile in berry skins and fermenting must/wine, as affected by grape
ripeness level of Vitis vinifera cv. Shiraz/R99. Eur. Food Res. Technol. 2012, 235, 397–408. [CrossRef]

3. Hernández-Hierro, J.M.; Quijada-Morín, N.; Martínez-Lapuente, L.; Guadalupe, Z.; Ayestarán, B.;
Rivas-Gonzalo, J.C.; Escribano-Bailón, M.T. Relationship between skin cell wall composition and anthocyanin
extractability of Vitis vinifera L. cv. Tempranillo at different grape ripeness degree. Food Chem. 2014, 146,
41–47. [CrossRef] [PubMed]

4. Ortega-Regules, A.; Romero-Cascales, I.; Ros-García, J.M.; López-Roca, J.M.; Gómez-Plaza, E. A first approach
towards the relationship between grape skin cell-wall composition and anthocyanin extractability. Anal. Chim.
Acta 2006, 563, 26–32. [CrossRef]

5. Morata, A.; Gómez-Cordovés, M.C.; Colomo, B.; Suárez, J.A. Cell wall anthocyanin adsorption by different
Saccharomyces strains during the fermentation of Vitis vinifera L. cv Graciano grapes. Eur. Food Res. Technol.
2005, 220, 341–346. [CrossRef]

6. Vasserot, Y.; Caillet, S.; Maujean, A. Study of Anthocyanin Adsorption by Yeast Lees. Effect of Some
Physicochemical Parameters. Am. J. Enol. Vitic. 1997, 48, 433–437.

7. Sparrow, A.M.; Dambergs, R.G.; Bindon, K.A.; Smith, P.A.; Close, D.C. Interactions of grape skin, seed,
and pulp on tannin and anthocyanin extraction in pinot noir wines. Am. J. Enol. Vitic. 2015, 66, 472–481.
[CrossRef]

8. Bautista-Ortín, A.B.; Cano-Lechuga, M.; Ruiz-García, Y.; Gómez-Plaza, E. Interactions between grape skin
cell wall material and commercial enological tannins. Practical implications. Food Chem. 2014, 152, 558–565.
[CrossRef]

9. Bindon, K.A.; Bacic, A.; Kennedy, J.A. Tissue-Speci fi c and Developmental Modi fi cations of Grape Cell
Walls In fl uence the Adsorption of Proanthocyanidins. J. Agric. Food Chem. 2012, 60, 9249–9260. [CrossRef]

10. Padayachee, A.; Netzel, G.; Netzel, M.; Day, L.; Zabaras, D.; Mikkelsen, D.; Gidley, M.J. Binding of polyphenols
to plant cell wall analogues - Part 2: Phenolic acids. Food Chem. 2012, 135, 2287–2292. [CrossRef]

11. Le Bourvellec, C.; Bouchet, B.; Renard, C.M.G.C. Non-covalent interaction between procyanidins and apple
cell wall material. Part III: Study on model polysaccharides. Biochim. Biophys. Acta Gen. Subj. 2005, 1725,
10–18. [CrossRef] [PubMed]

12. Phan, A.D.T.; Flanagan, B.M.; D’Arcy, B.R.; Gidley, M.J. Binding selectivity of dietary polyphenols to different
plant cell wall components: Quantification and mechanism. Food Chem. 2017, 233, 216–227. [CrossRef]
[PubMed]

13. Gao, L.; Girard, B.; Mazza, G.; Reynolds, A.G. Changes in Anthocyanins and Color Characteristics of Pinot
Noir Wines during Different Vinification Processes. J. Agric. Food Chem. 1997, 45, 2003–2008. [CrossRef]

14. Froix, M.; Goedde, A. The effect of temperature on the cellulose/water interaction from NMR relaxation
times. Macromolecules 1976, 9, 428–430. [CrossRef]

15. Le Bourvellec, C.; Guyot, S.; Renard, C.M.G.C. Non-covalent interaction between procyanidins and apple
cell wall material: Part I. Effect of some environmental parameters. Biochim. Biophys. Acta Gen. Subj. 2004,
1672, 192–202. [CrossRef] [PubMed]

16. Sacchi, K.; Bisson, L.; Adams, D. A review of the effect of winemaking techniques on phenolic extraction in
red wines. Am. J. Enol. Vitic 2005, 56, 197–206.

http://dx.doi.org/10.1177/1934578X1501000335
http://www.ncbi.nlm.nih.gov/pubmed/25924543
http://dx.doi.org/10.1007/s00217-012-1744-5
http://dx.doi.org/10.1016/j.foodchem.2013.09.037
http://www.ncbi.nlm.nih.gov/pubmed/24176311
http://dx.doi.org/10.1016/j.aca.2005.12.024
http://dx.doi.org/10.1007/s00217-004-1053-8
http://dx.doi.org/10.5344/ajev.2015.15022
http://dx.doi.org/10.1016/j.foodchem.2013.12.009
http://dx.doi.org/10.1021/jf301552t
http://dx.doi.org/10.1016/j.foodchem.2012.07.004
http://dx.doi.org/10.1016/j.bbagen.2005.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16023787
http://dx.doi.org/10.1016/j.foodchem.2017.04.115
http://www.ncbi.nlm.nih.gov/pubmed/28530569
http://dx.doi.org/10.1021/jf960836e
http://dx.doi.org/10.1021/ma60051a009
http://dx.doi.org/10.1016/j.bbagen.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15182939


Molecules 2019, 24, 3350 13 of 14

17. DuBois, M.; Gilles, K.; Hamilton, J.; Rebers, P. Colorimetric method for determination of sugars and related
substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]

18. Slinkard, K.; Singleton, V.L. Total Phenol Analysis: Automation ans Comparison with Manual Methods.
Am. J. Enol. Vitic. 1977, 28, 49–55.

19. Ruiz-Garcia, Y.; Smith, P.A.; Bindon, K.A. Selective extraction of polysaccharide affects the adsorption of
proanthocyanidin by grape cell walls. Carbohydr. Polym. 2014, 114, 102–114. [CrossRef]

20. Vicens, A.; Fournand, D.; Williams, P.; Sidhoum, L.; Moutounet, M.; Doco, T. Changes in Polysaccharide
and Protein Composition of Cell Walls in Grape Berry Skin (Cv. Shiraz during Ripening and Over-ripening.
Phytochemistry 2009, 57, 2955–2960. [CrossRef]

21. Nunan, K.J.; Sims, I.M.; Bacic, A.; Robinson, S.P.; Fincher, G.B. Changes in cell wall composition during
ripening of grape berries. Plant Physiol. 1998, 118, 783–792. [CrossRef] [PubMed]

22. Higgins, P.A.; Peng, A.C. Lipid Composition of “Concord” grapes. Am. J. Enol. Vitic. 1976, 27, 32–35.
23. Bautista-Ortín, A.B.; Martínez-Hernández, A.; Ruiz-García, Y.; Gil-Muñoz, R.; Gómez-Plaza, E. Anthocyanins

influence tannin-cell wall interactions. Food Chem. 2016, 206, 239–248. [CrossRef]
24. Apolinar-Valiente, R.; Romero-Cascales, I.; López-Roca, J.M.; Gómez-Plaza, E.; Ros-García, J.M. Application

and comparison of four selected procedures for the isolation of cell-wall material from the skin of grapes cv.
Monastrell. Anal. Chim. Acta 2010, 660, 206–210. [CrossRef] [PubMed]

25. Renard, C.M.G.C.; Baron, A.; Guyot, S.; Drilleau, J.-F. Interactions between apple cell walls and native apple
polyphenols: Quantification and some consequences. Int. J. Biol. Macromol. 2001, 29, 115–125. [CrossRef]

26. Gennis, R.B. Biomembranes: Molecular Structure and Function; Springer: New York, NT, USA, 1989;
ISBN 9781475720679.

27. Lerno, L.; Reichwager, M.; Ponangi, R.; Hearne, L.; Block, D.E.; Oberholster, A. Effects of cap and overall
fermentation temperature on phenolic extraction in cabernet sauvignon fermentations. Am. J. Enol. Vitic.
2015, 66, 444–453. [CrossRef]

28. Piffaut, B.; Kader, F.; Girardin, M.; Metche, M. Comparative degradation pathways of malvidin 3,5-diglucoside
after enzymatic and thermal treatments. Food Chem. 1994, 50, 115–120. [CrossRef]

29. Lopes, P.; Richard, T.; Saucier, D.; Teissedre, P.-L.; Monti, J.-P.; Glories, Y. Anthocyanone A: A Quinone
Methide Derivative Resulting from Malvidin 3-O-Glucoside Degradation. J. Agric. Food Chem. 2007, 55,
2698–2704. [CrossRef]

30. Ben-Naim, A. Hydrophobic Interactions; Springer: Berlin, Germany, 1980; ISBN 9781468435450.
31. Padayachee, A.; Netzel, G.; Netzel, M.; Day, L.; Zabaras, D.; Mikkelsen, D.; Gidley, M.J. Binding of polyphenols

to plant cell wall analogues - Part 1: Anthocyanins. Food Chem. 2012, 134, 155–161. [CrossRef]
32. Vidal, S.; Williams, P.; O’Neill, M.A.; Pellerin, P. Polysaccharides from grape berry cell walls. Part I: Tissue

distribution and structural characterization of the pectic polysaccharides. Carbohydr. Polym. 2001, 45, 315–323.
[CrossRef]

33. Olle, D.; Lozano, Y.F.; Brillouet, J.M. Isolation and characterization of soluble polysaccharides and insoluble
cell wall material of the pulp from four mango (Mangifera indica L) cultivars. J. Agric. Food Chem. 1996, 44,
2658–2662. [CrossRef]

34. Peng, Z.; Iland, P.G.; Oberholster, A.; Sefton, M.A.; Waters, E.J. Analysis of pigmented polymers in red wine
by reverse phase HPLC. Aust. J. Grape Wine Res. 2002, 8, 70–75. [CrossRef]

35. Lurie, S.; Levin, A.; Greve, L.C.; Labavitch, J.M. Pectic polymer changes in nectarines during normal and
abnormal ripening. Phytochemistry 1994, 36, 11–17. [CrossRef]

36. González-Centeno, M.R.; Rosselló, C.; Simal, S.; Garau, M.C.; López, F.; Femenia, A. Physico-chemical
properties of cell wall materials obtained from ten grape varieties and their byproducts: Grape pomaces and
stems. LWT-Food Sci. Technol. 2010, 43, 1580–1586.

37. AOAC International Official method of analysis of AOAC International, 19th ed.; George, W., Latimer, J., Eds.;
AOAC International: Gaithersburg, MD, USA, 2012.

38. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein
Utilizing the Principle of Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

39. Ahmed, A.E.R.; Labavitch, J.M. A simplified method for accurate determination of cell wall uronide content.
J. Food Biochem. 1978, 1, 361–365. [CrossRef]

40. Ribéreau-Gayon, P.; Dubourdieu, D.; Donèche, B. Handbook of Enology; John Wiley: Hoboken, NJ, USA, 2006;
ISBN 0470010371.

http://dx.doi.org/10.1021/ac60111a017
http://dx.doi.org/10.1016/j.carbpol.2014.07.024
http://dx.doi.org/10.1021/jf803416w
http://dx.doi.org/10.1104/pp.118.3.783
http://www.ncbi.nlm.nih.gov/pubmed/9808722
http://dx.doi.org/10.1016/j.foodchem.2016.03.045
http://dx.doi.org/10.1016/j.aca.2009.09.020
http://www.ncbi.nlm.nih.gov/pubmed/20103164
http://dx.doi.org/10.1016/S0141-8130(01)00155-6
http://dx.doi.org/10.5344/ajev.2015.14129
http://dx.doi.org/10.1016/0308-8146(94)90106-6
http://dx.doi.org/10.1021/jf062875o
http://dx.doi.org/10.1016/j.foodchem.2012.02.082
http://dx.doi.org/10.1016/S0144-8617(00)00285-X
http://dx.doi.org/10.1021/jf9507506
http://dx.doi.org/10.1111/j.1755-0238.2002.tb00213.x
http://dx.doi.org/10.1016/S0031-9422(00)97003-1
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1111/j.1745-4514.1978.tb00193.x


Molecules 2019, 24, 3350 14 of 14

41. Lerno, L.; Reichwage, M.; Panprivech, S.; Ponangi, R.; Hearne, L.; Oberholster, A.; Block, D.E. Chemical
Gradients in Pilot-Scale Cabernet Sauvignon Fermentations and Their Effect on Phenolic Extraction. Am. J.
Enol. Vitic. 2017, 68, 401–411. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.5344/ajev.2017.16104
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Characterization of Cell Wall Material 
	Adsorption Kinetics 
	Desorption Kinetics 

	Materials and Methods 
	Reagents 
	Instrumentation 
	Isolation of Cell Wall Material 
	Isolation of Anthocyanins 
	Cell Wall Material Characterization 
	Carbohydrate Composition and Ash Content 
	Lipid Analysis 
	Protein Analysis 
	Uronic Acid Analysis 
	Phenolic Content 

	Adsorption Kinetics of Isolated Anthocyanin onto Cell Wall Material 
	Desorption Kinetics Experiments 
	Determination of Anthocyanin and Break Down Products by LC-DAD-MS 
	Statistical Analysis 

	Conclusions 
	References

