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A B S T R A C T   

The initial concentration of anthocyanin and proanthocyanidin in wine affects the development of SO2-resistant 
pigments, as well as color and non-color contributing polymeric fractions. However, the effect of extracted 
monomeric Pinot Noir (Vitis vinifera L. cv.) grape anthocyanins with seed proanthocyanidins are poorly studied. 
In model ferments, the reaction of purified Vitis vinifera L. cv. Pinot noir monomeric anthocyanins with seed 
proanthocyanidins extract were investigated at high and low concentrations of each reactant. During wine aging, 
monomeric anthocyanins decreased whereas SO2-resistant pigments increased. Higher anthocyanin concentra
tions retained more soluble tannins in model ferments during aging, while those with higher anthocyanin and 
lower proanthocyanidin concentrations had the highest MCP-tannin concentration in model ferments. HPLC 
analysis showed that the color contributing polymeric fractions are dependent upon the initial concentration of 
anthocyanin/proanthocyanidin ratios and more inclined towards high anthocyanin/low proanthocyanidin 
concentrations. Wine color parameters were measured in the form of L*, a*, b*, C (chroma) and H (hue) values 
and showed a decrease in hue and chroma in model wines after aging. The color data supported the HPLC 
findings that the initial anthocyanin/proanthocyanidin ratio was critical for the establishment of a color 
contributing polymeric fractions and stable deep red color in wines.   

1. Introduction 

The color of red wine is an important sensory attribute for customers, 
with the preference towards deep red color (González-Neves, Favre, & 
Gil, 2014). Anthocyanins are the key pigments in determining the bright 
red color of young wines, but anthocyanins are highly unstable and 
easily degraded over time (Dangles & Fenger, 2018; Waterhouse & Zhu, 
2020). Furthermore, different grape varieties have different amount and 
composition of anthocyanins. For example, Vitis vinifera L. cv. Syrah 
skins have more anthocyanin content in comparison with Vitis vinifera L. 
cv. Cabernet Sauvignon and Merlot. In terms of composition, Vitis 
vinifera L. cv. Pinot noir grapes are rich in malvidin-3-O-glucoside, 
whereas Vitis vinifera L. cv. Merlot has a higher content of peonidi
n-3-O-glucoside and Vitis vinifera L. cv. Syrah has higher content of 
petunidin-3-glucoside (Escudero-Gilete, González-Miret, & Heredia, 
2010; Romero-Cascales, Ortega-Regules, López-Roca, Fernández-
Fernández, & Gómez-Plaza, 2005). Final wine color is based on various 
factors including: the initial monomeric anthocyanin profile; the pres
ence of acetaldehyde, pyruvic acid and other yeast metabolites; and the 

formation of stable polymeric pigments (Cheynier et al., 2006; Hay
asaka, Birse, Eglinton, & Herderich, 2007). 

In Vitis vinifera red wines, monomeric anthocyanins (3-O-mono
glucosides) and other phenolic compounds including tannins interact 
with each other and undergo various chemical reactions during 
fermentation (Sidari, Postorino, Caparello, & Caridi, 2007) and aging 
(Bindon, McCarthy, & Smith, 2014). Early studies showed that seed 
tannin and monoglucoside anthocyanins mixed in white wine medium, 
resulted in polymeric pigments dependent upon the initial concentration 
of tannin and anthocyanin (Singleton & Trousdale, 1992). Furthermore, 
a later study utilising a model wine medium suggested the role of 
acetaldehyde and possibly other components in determining reactions 
between anthocyanins and tannins (Thorngate & Singleton, 1994). 

Recent studies also showed that grape tannin size distribution and 
subunit composition had an effect on the formation of polymeric pig
ments (Bindon, Kassara, Hayasaka, Schulkin, & Smith, 2014; Burtch, 
Mansfield, & Manns, 2017). It has been well documented in the litera
ture that direct condensation products of anthocyanin, such as ethyl and 
vinyl linked intermediate compounds in the presence of yeast 
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fermentation metabolites such as acetaldehyde and pyruvic acid, can 
lead to formation of polymeric pigment (Bindon, Kassara, et al., 2014; 
Bindon, Kassara, et al., 2014; Burtch et al., 2017; Harrison, 2018; Teng, 
Hayasaka, Smith, & Bindon, 2019). It has also been suggested that 
seed-derived phenolics which have generally a higher proportion of 
flavan-3-ol monomers and smaller mDP tannin subunits, compared to 
those extracted from skins, could react differently with anthocyanins 
(Kennedy, Saucier, & Glories, 2006; Mattivi, Vrhovsek, Masuero, & 
Trainotti, 2009). Recently, it has been shown that monomeric antho
cyanins in combination with tannins differing in molecular mass in wine 
resulted in the loss of tannins, inclined towards higher molecular mass 
via condensation/precipitation reactions mediated by acetaldehyde. 
However, despite the loss of tannins, SO2-resistant pigments were 
formed and assisted in retaining the stable wine color (Teng, Hayasaka, 
Smith, & Bindon, 2021). Multiple studies have also indicated that the 
initial concentrations of tannins and anthocyanins have an important 
role in the formation of polymeric compounds; high initial tannin and 
anthocyanin concentrations resulted in higher molecular weight poly
meric pigments and vice-versa (Cortell, Halbleib, Gallagher, Righetti, & 
Kennedy, 2005, 2007; Kilmister, Mazza, Baker, Faulkner, & Downey, 
2014; Ristic, Bindon, Francis, Herderich, & Iland, 2010). 

Recently, research has also looked at varied concentrations of mal
vidin-3-O-diglucoside on the extractability of tannins in model solutions: 
there was no significant effect detected on extraction of flavan-3-ols but 
a substantial increase in the formation of polymeric material was 
observed, and the newly formed polymeric material size decreased as 
anthocyanin concentration was increased (Campbell, Grosnickel, Ken
nedy, & Waterhouse, 2021). It has also been reported that the color of 
young wines also depends upon molar ratio, pH and co-pigmentation of 
anthocyanin with flavan-3-ols along with self-association of anthocy
anin (Czibulya, Horváth, Kollár, & Kunsági-Máté, 2012; T; Escribano-
Bailon & Santos-Buelga, 2010, 2012; B.; Zhang et al., 2017). Moreover, 
recent studies also indicated that this can be regarded as the first step in 
formation of the polymeric pigments and ultimately leading to the stable 
color formation in wines during the aging process (Belén Gordillo et al., 
2015; Belén Gordillo et al., 2018; B. Zhang et al., 2017; X.-K. Zhang, Lan, 
Huang, Zhao, & Duan, 2021). 

In summary, the aging potential of wines seems to be affected by 
relative anthocyanin/proanthocyanidin ratio, but it is not studied 
extensively. The aim of this study was to investigate the effect of the 
initial ratio of anthocyanin to proanthocyanidin on anthocyanin 
reduction kinetics and color modulation of wines during short aging 
process. Although previous studies have contributed to the under
standing of tannin-anthocyanin reactions, not all factors, such as the 
presence of lees and alcoholic fermentation have been included. 

Therefore, monomeric anthocyanins (extracted from L. cv. Pinot 
noir) were added in varying concentrations to model juice with varying 
levels of seed proanthocyanidins, fermented under standard conditions 
and stored for 12 weeks. Regular samples were taken during the aging 
period to analyse the concentrations of tannins, anthocyanin, phenolic 
compounds, SO2-resistant pigments and to determine color parameters. 

The information generated from this study will be helpful in filling 
the knowledge gaps from previous studies and will contribute to advise 
on anthocyanin to proanthocyanidin ratios in winemaking, directly 
benefitting wine producers. 

2. Material and methods 

2.1. Anthocyanin isolation 

Pinot noir grapes were sourced from the Lincoln University vineyard 
in Canterbury, New Zealand (43◦38′47.0"S, 172◦27′29.3"E) at com
mercial ripeness in the 2020 season. Grape bunches were destemmed, 
and juice was extracted by a pressing machine, remaining skins were 
collected and stored frozen at − 20 ◦C until used. Anthocyanin was 
extracted using the methods of Chorfa, Savard, and Belkacemi (2016) 

and Ferreiro-González et al. (2014) with slight modifications. Approxi
mately 1 kg of frozen skins were homogenized in a blender and then 
extracted for 18 h using acidified methanol (0.01% formic acid) at 1:2 
skin to solvent ratio. The extract was filtered and concentrated under 
reduced pressure using a rotational evaporator (Rotavapor-R, Bushi, 
Switzerland) at 45 ◦C. The extract was re-dissolved in 100 ml of acidified 
water (0.01% formic acid), this aqueous solution was then subjected to 
solid phase extraction (SPE) using Phenomenex (Sepra-ZT) column 
material (20 g dry weight, 50 cm3 of column volume), for which the 
column (30 cm length and 184.6 cm3 volume) was conditioned with 2 
bed volumes of methanol followed by washing with deionized acidified 
water. The aqueous solution was loaded on the column in 20 mL batches, 
followed by a washing step (acidified water) after which non-specific 
compounds were eluted with ethyl acetate. The monomeric anthocy
anin fraction was eluted with 10% v/v aqueous acidified methanol 
(0.01% formic acid). The eluted fractions of anthocyanin were collected, 
concentrated by using a rotary evaporator and freeze dried to powder. 
The freeze-dried powder was re-dissolved in acidified water and ana
lysed by HPLC equipped with a quaternary pump and DAD and FLD 
detectors for monomeric anthocyanins, as per the method of 
Gómez-Alonso, García-Romero, and Hermosín-Gutiérrez (2007). The 
HPLC result showed sharp peaks for malvidin-3-O-glucoside and other 
monomeric anthocyanins; trace quantities were found of catechin and 
epicatechin, but overall the 280 nm spectra was free from large tannin 
peaks and any late eluting polymeric area (Fig. 1). The HPLC spectra 
showed that 94% (by peak area) purity of extracted monomeric antho
cyanins including 75% of malvidin-3-O-glucoside in the anthocyanin 
profile. The absence of tannin was also confirmed using the MCP-tannin 
assay, as described by Mercurio, Dambergs, Herderich, and Smith 
(2007), where no MCP-tannin was determined. 

2.2. Treatments 

Synthetic grape model juice was prepared according to the methods 
of Bejaoul, Mathieu, Taillandier, and Lebrihi (2004) and Bindon, Kas
sara, Hayasaka, Schulkin, and Smith (2014) with slight modifications. 
Synthetic grape model juice was prepared by dissolving 110 g glucose, 
110 g fructose, 2.5 g tartaric acid, 3 g malic acid, 0.67 g (NH4)2HPO4, 
1.1 g KH2PO4, 1.5 g MgSO4⋅7H2O, 0.15 g NaCl, 0.4 g CaCl2, 0.0015 g 
CuCl2, 0.021 g FeSO4⋅7H2O, 0.2 g citric acid, 0.84 g proline and 0.0075 g 
ZnSO4⋅7 H2O; in 1 L distilled water and the pH adjusted to 3.2 with 2 M 
KOH. Model grape juice ferments (50 mL) were prepared by adding 
appropriate volumes of extracted stock anthocyanin solution to obtain 
final anthocyanin concentrations of 250 mg/L (A250) and 500 mg/L 
(A500), and commercial dry seed proanthocyanidin powder (GrapEx, 
Tarac Technologies, Australia) at 500 mg/L (T500) and 1000 mg/L 
(T1000). A total of 9 treatments were inoculated with yeast Saccharo
myces cervisiae (Lalvin EC 1118) at 250 mg/L in duplicate. Yeast was 
activated at 40 ◦C for 20 min in model grape juice in a hot water bath 
before adding to the ferment. Fermentations took place in 100 mL Schott 
bottles (bottles, caps and fermentation locks sterilised in an autoclave) 
capped with fermentation locks, maintained at 25 ◦C ± 1 ◦C with the 
headspace filled with N2. The ferments were stored in the incubator until 
the completion of fermentation; a daily weight change approach was 
used to determine the completion of fermentation and when the weight 
of ferments remained unchanged, reducing tablets (AimTab Reducing 
Substance Tablets, Ermaine Laboratories, Inc.) test was performed to 
confirm the completion of fermentation. Model wines did not undergo 
malolactic fermentation and no SO2 was added to model wines. The 
ferments were sealed with N2 and stored at the same temperature for 
12-week aging. Prior to sampling, pipette tips were also sterilised using 
alcohol wipes, and samples were centrifuged at 2900 g for 10 min before 
performing analysis. The first sampling was done immediately after the 
completion of fermentation period and this timing was termed as “week 
0” and so on until "week 12". 
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2.3. Analysis of model wines 

Total anthocyanin and SO2-resistant pigments were determined 
spectrophotometrically by the modified Somer’s assay as described by 
Mercurio et al. (2007). Thus, for determination of total anthocyanin 
concentration, a one in ten dilution using model wine buffer (0.5% w/v 
tartaric acid in 12% ethanol adjusted to pH 3.4 with 5M NaOH) was used 
and absorbance was read at 520 nm immediately after mixing. Similarly, 
one in ten dilution of sample wines in model wine buffer with 0.375% 
w/v sodium metabisulphite (Na2S2O5) were mixed, incubated for 1 h at 
room temperature and absorbance was read at 520 nm. Further, one in 
fifty dilution of model wines in 1M HCl were mixed and incubated at 
room temperature in the dark for 3 h, absorbance was read at 280 and 
520 nm. Anthocyanin concentration and SO2-resistant pigments were 
determined according to the calculation described by Mercurio et al. 
(2007). 

A first order reaction (Eq. (1)) was used to fit the data of dis
apperance of anthocyanin over time as previously reported by Burtch 
et al. (2017) and Danişman, Arslan, and Toklucu (2015): 

A=A0e− kt (1)  

t1/2 = ln (2)
/

k (2)  

where, A0 is the initial anthocyanin content and A is the anthocyanin 
content after aging time (week), and the half-life (t1/2) is given by Eq. 
(2). 

The methyl cellulose perceptible (MCP) method was used to deter
mine total tannins as reported by Mercurio et al. (2007). Total phenolic 
concentration was determined by a Folin-Ciocalteau micro method 
described by Slinkard and Singleton (1977) and Waterhouse (2002). SO2 
was not added in the model wines after fermentation as it can affect the 
sensitivity of Folin-Ciocalteau micro method and polymerisation of an
thocyanins and tannins (Saucier & Waterhouse, 1999). For the assay, 20 
μl sample was added to 1.58 mL water and 100 μL Folin reagent was 
mixed in a 2 mL cuvette, followed by a 4-min incubation at room tem
perature; 300 μL sodium carbonate solution was then added, and the 
cuvettes held at 40 ◦C for half an hour before determining the 

absorbance of each at 765 nm. For the results, absorbance was compared 
with a calibration curve and results were reported as gallic acid equiv
alents (GAE). Model wines were also analysed by HPLC Agilent 1100 
series (Agilent Technologies, Walbronn, Germany) according to the 
method described by Gómez-Alonso et al. (2007). The 10 μL wine 
samples were direct injected to C18 PFP-based column (ACE 3 μm, 150 
× 4.6 mm, Advanced Chromatography Technologies, Aberdeen, Scot
land) at the flow rate of 0.8 ml/min and spectra was recorded by DAD 
detector at 280 and 520 nm. Three solvents (mobile phase) were used as 
follows; solvent A: 0.05M NH4H2PO4 (pH = 2.6); solvent B: 100% 
acetonitrile; and solvent C: 0.2M H3PO4 (pH = 1.5). The spectra were 
recorded at 280 and 520 nm for week 0 and week 12 samples, polymeric 
peaks were observed for the week 12 samples between 55 and 70 min. 
The polymeric peaks were integrated at both 280 nm and 520 nm and 
polymeric area was defined as PA280 and PA520. Furthermore, polymeric 
color (%) was calculated as the ratio PA520 over PA280. 

Polymeric color (%)=
PA520

PA280
*100 

The colorimetric analysis method as described by OIV (2006) was 
used to establish the CIELab colorspace coordinates. The transmittance 
spectra (380–780 nm) of all samples were recorded at a constant interval 
(Δλ = 1 nm) with a UV–Visible spectrophotometer (Model UV-1800, 
Shimadzu Corporation, Japan), using 2 mm path length quartz cells 
and deionized water as a reference. The CIELab parameters were: L* (the 
correlate of lightness; ranging from 0, black, to 100, white) and two- 
color coordinates, a* (which takes positive values for reddish colors 
and negative values for greenish ones) and b* (positive for yellowish 
colors and negative for bluish ones). From these coordinates, other color 
parameters were defined: the hue angle (H, the correlate of chromaticity 
or tone), and the chroma (C, the correlate of saturation or intensity of 
color) using following equations: 

H = tan− 1b*

a*  

C=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a*2
+ b*2

√

Fig. 1. HPLC chromatograms of anthocyanin extract.  
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CIELab color parameters were calculated, according to OIV (2006). 
The change in total color (ΔE) was also calculated to indicate the color 
change from initial to final time. 

ΔE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
(ΔL*)2

+ (Δa*)2
+ (Δb*)2]

√

ΔE values > 1.0 in model solutions and >2.8 in wines have been used 
to determine obvious visual color difference perceived by eyes (Burtch 
et al., 2017; Martinez, Melgosa, Pérez, Hita, & Negueruela, 2001). The 
absorbance spectra were also plotted against wavelength to elucidate 
the aging changes on wine absorbance spectra. 

2.4. Statistical analysis 

Statistical analysis was done using Minitab (Ver.19) statistical soft
ware for analysing the results obtained from three replications. One-way 
analysis of variance (ANOVA) and Tukey’s post-hoc test was used to 
analyse the results to compare differences among the mean values at p <
0.05 level of confidence. Evaluation of the relationship among the 
analytical and color parameters was carried out by calculating the 
Pearson correlation coefficient at the p < 0.05 confidence level. 

3. Result and discussion 

3.1. Effect on anthocyanin content 

Anthocyanin content was found to decrease during the aging process 

in all model wines (Fig. 2a). In young wines (at week 0), a reduction in 
monomeric anthocyanin and formation of polymeric pigments had 
already occurred during fermentation. For the wines containing only 
anthocyanin (A250 and A500), some anthocyanin remained in solution 
even after 12th week. The model wines showed concentration and time 
dependent behaviour in retaining the monomeric anthocyanin in the 
wines. The log concentration of anthocyanins was plotted as a function 
of the aging time, and the data was fitted well to the first order kinetic 
degradation reaction (Fig. 2 b-c). The R2 was between 0.93 and 0.99, 
which suggested the good data fit and resultant degradation rate con
stant (k) and half-life (t1/2), i.e. the time needed for 50% reduction of 
anthocyanin were calculated. The degradation rate constant (k) of wines 

Fig. 2. Changes in monomeric anthocyanin concentration of wines during the aging. (a) monomeric anthocyanin concentration of model wines (same color bar 
represented differences between treatments at a certain time and significant differences are indicated by different lowercase letters, different uppercase letters 
represent statistical difference within a treatment over time). (b) anthocyanin values (log mg/L) over time at added anthocyanin concentration of 250 mg/L (c) 
anthocyanin values (log mg/L) over time at added anthocyanin concentration of 500 mg/L. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 1 
Anthocyanin degradation modelling parameters and integrated polymeric area 
of HPLC chromatograms of model wines.  

Samples k T1/2 

(week) 
R2 PA280 PA520 Polymeric color 

(%) 

A250 0.23c 2.96c 0.98 4.36f 2.80d 64.2b 

A500 0.24c 2.85c 0.96 13.83c 9.93b 71.8a 

A250þT500 0.29b 2.34b 0.99 7.31e 4.01c 54.8c 

A500þT500 0.30b 2.25b 0.96 20.96a 13.51a 64.4b 

A250þT1000 0.41a 1.66a 0.93 10.32d 4.05c 39.2d 

A500þT1000 0.42a 1.64a 0.97 19.16b 9.73b 50.7c 

*PA280 = polymeric peak area at 280 nm, PA520 = polymeric peak area at 280 
nm *Mean values in the same column followed by different superscript differ 
significantly at p < 0.05. 
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containing only anthocyanin (A250/A500) was 0.23 and 0.24 with half- 
lives of (T1/2) 2.96 and 2.85 weeks (Table 1). The losses of monomeric 
anthocyanin in model wines containing only anthocyanins (A250/ 
A500) were attributed to disapperance, anthocyanin-anthocyanin 
condensation reactions or reaction with other phenolics present in 
wine (Vidal, Meudec, Cheynier, Skouroumounis, & Hayasaka, 2004). It 
is well established that monomeric anthocyanins are transformed during 
wine aging (Gutiérrez, Lorenzo, & Espinosa, 2005), which increases the 
color stability of wines to pH changes (Wang, Race, & Shrikhande, 
2003). 

When proanthocyanidin was added to anthocyanin, k values 
increased with increasing concentration of proanthocyanidin (Table 1). 
Model wines containing low proanthocyanidin concentration (T500) 
with variable anthocyanins levels (A250/A500) had a higher rate con
stant (0.29 and 0.30, respectively) and shorter t1/2 (2.34 and 2.25 weeks, 
respectively) compared to the anthocyanin only treatment. Further
more, when high proanthocyanidin concentration (T1000) was added to 
anthocyanin containing wines (A250/A500), the reaction rate (k) 
further increased to 0.41 and 0.42 with shorter half-lives of 1.66 and 
1.64 weeks. The data suggested that half-life of anthocyanin in high 
proanthocyanidin (T1000) containing wines was almost half of that in 
wines containing only anthocyanins (A250/A500). These results 
demonstrated that the presence of tannin increases the rate of depletion 
of monomeric anthocyanins in solution, which are in agreement with 
earlier studies (Burtch et al., 2017; Lambert, Asenstorfer, Williamson, 
Iland, & Jones, 2011). 

3.2. Effect on total phenolics and tannin 

Total tannin and phenolic concentrations are reported in Fig. 3. 

Phenolic content decreased significantly (p < 0.05) in all wines during 
aging process except for the control sample (Fig. 3b). After 12 weeks 
aging, the total phenolic content of A250 and A500 wines remained at 
43% and 49%, respectively. A further reduction of total phenolic content 
was observed when proanthocyanidins were added with low level of 
anthocyanins (A250+T500 and A250+T1000 wines), with remaining 
total phenolic content at 26% and 21%, respectively. However, when 
proanthocyanidins were added with high level of anthocyanins 
(A500+T500 and A500+T1000), the total phenolic content was reduced 
slightly, remaining at 45% and 35%, respectively. This trend showed 
that wines containing proanthocyanidins along with a low concentration 
of anthocyanin (A250) had less remaining phenolic content in com
parison with high concentration of anthocyanin (A500) wines. Addi
tionally, the phenolic content of all samples declined significantly from 
week 0 to week 2, then remained steady until week 4before decreasing 
again until the completion of the aging process. The decrease in phenolic 
content observed during aging could be a result of phenolic compounds 
being converted to more stable condensed forms, which reduces their 
reactivity with the Folin-Ciocalteu reagent (Monagas, Gómez-Cordovés, 
& Bartolomé, 2006). Similar results were reported by Kalkan Yıldırım, 
Altındışli, and Altındı (2015), where total phenolic content was reduced 
in Carignane, Cabernet Sauvignon, Merlot, Grenache, Columbard, and 
Semillon grape wines during aging. 

The results showed an interesting relationship between monomeric 
anthocyanins and total phenolic content of wines. Total phenolic con
tent was higher when monomeric anthocyanins were present and 
declined after week 4, as monomeric anthocyanins were depleted. This 
suggests that the Folin-Ciocalteu assay, which measures total phenolic 
content, is more specific to monomeric phenols and free hydroxyl 
groups; a similar observation was observed by Blainski, Lopes, and De 

Fig. 3. Changes in MCP-tannin and phenolic concentration of wines during the aging. (a) MCP-tannin concentration of samples (b) phenolic concentration of samples 
(same color bar represented differences between treatments at a certain time and significant differences are indicated by different lowercase letters, different up
percase letters represent statistical difference within a treatment over time). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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Mello (2013). Blainski et al. (2013) reported the intensity of reaction of 
gallic acid (C7H6O5), catechin (C15H14O6), pyrogallol (C6H6O3) and 
tannic acid (C76H52O46) with Folin-Ciocalteu reagent. It was suggested 
that Folin-Ciocalteu reagent follows the classic structure-activity rela
tionship, in which reactivity is proportional to the available hydroxyl 
groups present on aromatic ring and its molar mass. Hence, pyrogallol 
showed maximum activity towards Folin-Ciocalteu reagent in compar
ison with others. Polymeric pigments formed during wine aging, 
possibly could have large free hydroxyl groups to molar mass ratio and 
their aromatic rings can also be influenced by groups that can change 
reductive potential of pigments (Singleton, Orthofer, & 
Lamuela-Raventós, 1999). Another reason for this reduction could be 
enzymatic and non-enzymatic oxidative processes supplemented with 
polymerisation of phenolic compounds (Kalkan Yıldırım et al., 2015; 
Monagas et al., 2006). 

In contrast to phenolic content, MCP-tannin gradually increased in 
wines containing only anthocyanin (A250/A500) during the aging 
process (Fig. 3a). However, a marked decrease in tannin concentration 
was observed in wines containing only seed proanthocyanidin (T500/ 
T1000) during the 12 weeks aging. This decrease in tannin concentra
tion may be the result of insoluble tannin precipitation. Similar reduc
tion in tannin was reported by Bindon, Kassara, et al. (2014), where seed 
tannins was used in model fermentation. Alternatively or in addition, 
this could be due to altered tannin structure by acid catalysed depoly
merisation, condensation, rearrangement and oxidation 

(Cerpa-Calderón & Kennedy, 2008; Chira, Jourdes, & Teissedre, 2012; 
Del Llaudy, Canals, Canals, & Zamora, 2008; Vidal et al., 2004). It is also 
well known that malvidin-3-O-glucoside in the hemiketal form can act as 
a nucleophile after acid catalysed depolymerisation, therefore addition 
of anthocyanins can increase the number of nucleophiles in the form of 
flavonoids (Nave et al., 2010). Intra- and inter-molecular interactions 
between tannin molecules and π-π bonding between aromatic rings of 
flavan-3-ols and bound anthocyanin could lead to structural change in 
tannin molecule (Poncet-Legrand et al., 2010). 

In contrast, for samples containing both anthocyanin and proan
thocyanidins it appeared that anthocyanin helped in keeping the tannins 
soluble in the medium. Singleton and Trousdale (1992) had previously 
reported the similar findings. Higher anthocyanin concentration (A500) 
performed better in comparison with low anthocyanin concentration 
(A250) in keeping the tannin soluble in wine. Fig. 3a shows that the MCP 
tannin concentration of A500+T500/T1000 was relatively higher than 
wines containing A250+T500/T1000. In contrast to the changes in 
tannin concentration for samples containing only anthocyanin (increase 
with time) or only proanthocyanidin (decrease with time), patterns of 
change in MCP-tannin were more complex for those wines containing 
both anthocyanin and proanthocyanidin. However, for the latter, the 
final tannin concentration was always greater than that for the equiva
lent samples where no anthocyanin had been added. 

Fig. 4. Color modulation during aging. (a) Pearson correlation coefficient between measured responses at p < 0.05 confidence level (Blue = highly positively 
correlated, Red = highly negatively correlated) (b) SO2-resistant polymeric pigment concentration (a.u) of samples obtained by modified Somer’s assay (lowercase 
letters represented significant differences between treatments at a certain time, different uppercase letters represent statistical difference within a treatment over 
time). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Effects on concentration of SO2-resistant pigments and HPLC 
analysis 

The contribution of SO2-resistant pigments to the polymeric fraction 
was also investigated. The development of SO2-resistant pigments 
increased significantly during aging (Fig. 4b). At week 0, the A500 and 
A500+proanthocyanidin wines had a higher concentration of SO2- 
resistant pigments than A250 containing wines. As aging progressed, the 
trend of production of polymeric pigments seemed to be consistently 
greater in A500 (+proanthocyanidin) wines in comparison with A250 
(+proanthocyanidin) wines. Moreover, this difference became more 
evident after 4th week of aging. 

SO2-resistant pigments were also observed in model wines contain
ing anthocyanins only, and showed a consistent increase during the 
aging process. These anthocyanin-derived polymeric pigments were also 
previously reported by Bindon, Kassara, et al. (2014) using direct infu
sion mass spectrometry analysis. The authors reported the formation of 
the ethyl and vinyl linked malvidin-3-O-glucoside dimers and trimers 
composed of quinoidal and flavylium cation forms. Results in the current 
study showed a similar trend as reported and explained by Bindon, 
Kassara, et al. (2014). The loss in anthocyanin concentration with aging 
was accompanied by a progressive increase in SO2-resistant pigments 
(Fig. 4). The wines containing T1000 with varied anthocyanin levels 
showed a decrease in SO2-resistant pigments at the 12th week in com
parison with the 8th week, which can also be correlated to the decrease 
in MCP-tannin concentration (Fig. 3a). The increase in SO2-resistant 
polymeric pigments in only anthocyanin containing wines, may indicate 
anthocyanin-anthocyanin condensation (Bindon, Kassara, et al., 2014). 
This can be explained by the fact that the presence of yeast metabolites 
can accelerate reactions between anthocyanin and tannins via ethyl or 
vinyl linkages (Drinkine, Lopes, Kennedy, Teissedre, & Saucier, 2007a; 
2007b). 

The HPLC chromatograms of different model wines at 0 week and 
12th week are shown in Fig. 6. No polymeric fraction hump was 
observed at week 0. However, at week 12, a polymeric material hump 
was observed between 55 and 70 min at both 280 nm and 520 nm in all 
the model wines. The polymeric color (%) for the model wines con
taining only anthocyanin (A250/A500) were 64.2% and 71.8% 
(Table 1), suggesting that anthocyanin-derived polymeric pigments 

contribute significant color in polymeric fractions. A similar observation 
was reported by Bindon, Kassara, et al. (2014), where the polymeric 
anthocyanin fraction along with smaller anthocyanin-derived pigments 
contribute to wine color. When proanthocyanidin was added to antho
cyanin containing model wines, the polymeric color (%) was decreased. 
Fig. 5(e–f) showed that at 280 nm, wines containing A500+T500 and 
A500+T1000 have almost similar peak intensities and areas. However, 
at 520 nm, the wines containing A500+T500 had increased peak in
tensities in comparison with A500+T1000 wines. This shows that high 
anthocyanin with low proanthocyanidin (A500+T500) contribute more 
to color pigmented polymeric tannins (520 nm), similar trends can be 
seen in terms of polymeric color (%) values. Hence, this result might 
indicate that the quantitative difference between anthocyanin and 
proanthocyanidin can lead to the formation of different types of poly
meric pigments. Also, the high proanthocyanidin addition led to an 
increment in the polymeric area at 280 more than 520. Moreover, PA520 
and PA280 was found to positively correlated to SO2–resistant pigments 
(r = 0.98, 0.90) and MCP-tannin was positively correlated to PA280 (r =
0.90) (Fig. 4a). 

The increase in SO2-resistant pigment was highest in high anthocy
anin (A500) and low proanthocyanidin (T500) wine. Other studies have 
also indicated that initial high tannin and anthocyanin concentration in 
wines leads to higher polymeric pigment during aging. Conversely, 
lower anthocyanin and tannin concentrations can be associated with a 
reduction in polymeric pigment formation (Cortell et al., 2005, 2007; 
Ristic et al., 2010). However, we observed that high anthocyanin and 
low proanthocyanidin concentration leads to maximum concentration of 
SO2-resistant polymeric pigments. In previous work of Bindon, Kassara, 
et al. (2014) reported that in wines, where the anthocyanin concentra
tion is high, the formation of small SO2-resistant pigments such as pyr
anoanthocyanins may have been favoured. This suggests that 
anthocyanins not only contribute to maintain tannin in solution, but also 
lead to color contributing polymeric fractions. This finding also sug
gested that the quantitative differences in phenolics are important along 
with compositional difference in understanding the formation and sta
bility of polymeric pigments. The current results indicate that the ki
netics of this aging process on phenolics are dependent upon initial 
proanthocyanidin and anthocyanin concentration. This highlights a 
greater need to understand the quantitative role of anthocyanin and 

Fig. 5. Color modulation during aging. (a) Absorption spectra of wines (b) RGB color pellet of wines (c) Hue and chroma values of anthocyanin containing wines at 
start and end of aging process. 
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proanthocyanidin in modifying the phenolics of wine during aging. 

3.4. Effect on color parameters 

Fig. 5a shows the absorbance spectra of wines recorded by spectro
photometer during aging of wines. At week 0, narrower peaks centred 
around 520–530 nm were observed in wines, a typical characteristic of 
young red wines. As the aging progressed, the absorbance peaks were 
decreased and became broader, which is generally an indicator of aged 
wine. These absorption curves suggested polymerisation and conden
sation of anthocyanin and proanthocyanidins (Heredia & 
Guzman-Chozas, 1993). 

The C, H color space parameters, in addition to CIELAB, are preferred 

by some industry professionals because they correlate well with color 
perception of the human eye. Hence, C and H parameters were calcu
lated from L*, a* and b*. Hue angle values (H) are represented in degrees 
ranging from 0◦ to 360◦ with different angles corresponding to different 
colors such as: 0◦ for red, 60◦ for yellow, 120◦ for green, 180◦ for cyan, 
240◦ for blue and 300◦ for magenta. 

The colorimetric parameters (L*, a*, b*, C and H) of wines at weeks 
0 and 12 are presented in Table 2. It can be observed that at week 0, L* 
was lower in the samples containing anthocyanin (i.e. darker) and this 
was decreased by the addition of proanthocyanidin. All samples showed 
hue values between 0◦ and 60◦ which indicated intermediate colors 
between red and yellow. Fig. 5c and Table 2 showed that the hue angle 
of anthocyanin and anthocyanin/proanthocyanidin containing wines 

Fig. 6. HPLC chromatograms of model wines at week 0 and week 12. (a–b) After fermentation (week 0) chromatogram at 280* and 520 nm respectively (c–d) After 
aging (week 12) chromatogram at 280 and 520 nm respectively (e–f) polymeric area at 280 and 520 nm (week 12) *upper row = 280 nm, lower row = 520 nm (Y- 
axis scales (absorbance) are different for week 0 and week 12). 

Table 2 
Color values of model wines at week 0 (After fermentation) and at week 12.  

Samples L* a* b* C H L* a* b* C H ΔE 

Control 100.1 ±
0.1a 

0.1 ±
0.0f 

1.0 ± 0.1i 1.0 ± 0.1g 81.7 ±
0.6b 

100.05 ±
0.28a 

0.17 ±
0.18g 

1.77 ±
0.17g 

1.78 ±
0.15i 

84.2 ± 0.60f 0.67 ±
0.28e 

A250 45.9 ±
0.9c 

67.4 ±
0.1a 

26.9 ±
1.6f 

72.6 ±
0.7b 

21.8 ±
1.1g 

36.12 ±
1.47c 

54.02 ±
0.64a 

27.20 ±
0.69a 

60.48 ±
0.88a 

26.72 ±
0.31b 

16.65 ±
0.12d 

A500 28.1 ±
0.8f 

60.6 ±
0.6c 

45.7 ±
0.7a 

75.9 ±
0.9a 

36.9 ±
0.1c 

12.5 ± 0.08e 42.48 ±
0.13d 

20.70 ±
0.07b 

47.26 ±
0.13d 

25.98 ±
0.09b 

34.69 ±
1.32a 

T500 99.0 ±
0.0a 

0.1 ±
0.0f 

5.0 ±
0.3h 

5.0 ± 0.3f 88.1 ±
1.1a 

98.75 ±
0.52ab 

0.25 ±
0.16fg 

3.73 ±
0.12f 

3.74 ±
0.11h 

86.13 ±
2.68a 

1.45 ±
0.14e 

A250þT500 38.4 ±
0.0d 

66.1 ±
0.1a 

30.3 ±
0.1e 

72.7 ±
0.2b 

24.6 ±
0.0f 

32.20 ±
0.01d 

51.43 ±
0.02b 

14.54 ±
0.01d 

53.44 ±
0.02b 

15.79 ±
0.10de 

22.49 ±
0.23c 

A500þT500 24.3 ±
0.3g 

57.3 ±
0.4d 

40.6 ±
0.5b 

70.2 ±
0.6c 

35.3 ±
0.1c 

8.67 ± 0.09f 38.59 ±
0.12e 

14.19 ±
0.14d 

41.11 ±
0.15f 

20.19 ±
0.13cd 

35.99 ±
1.00a 

T1000 97.2 ±
0.1b 

0.4 ±
0.1f 

9.6 ±
0.0g 

9.6 ± 0.0e 87.1 ±
1.0a 

96.30 ±
0.40b 

0.78 ±
0.07f 

9.33 ±
0.03e 

9.36 ±
0.03g 

85.17 ±
0.46a 

1.03 ±
0.18e 

A250þT1000 33.6 ±
0.5e 

64.0 ±
0.2b 

33.1 ±
1.2d 

72.1 ±
0.3bc 

27.3 ±
0.9e 

30.00 ±
2.77d 

50.40 ±
0.38c 

9.67 ±
0.89e 

51.33 ±
0.20c 

10.87 ±
1.06e 

27.57 ±
1.08b 

A500þT1000 21.0 ±
1.0h 

53.9 ±
1.5e 

35.4 ±
1.6c 

64.5 ±
2.2d 

33.3 ±
0.5d 

11.20 ±
0.23ef 

41.84 ±
0.24d 

16.88 ±
0.14c 

45.11 ±
0.28e 

21.97 ±
0.05bc 

24.27 ±
2.31c 

*Mean ± Standard deviation in the same column followed by different superscript differ significantly at p < 0.05. 
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reduced after 12 weeks of aging except for A250 where it increased 
slightly. At week 0, wines containing the low concentration of antho
cyanin (A250) and their mixtures with varied proanthocyanidin levels 
showed hue angles ranging from 21.8 to 27.3, while hue angle of A500 
and A500+T500/1000 containing wines ranged from 36.9 to 33.3. At 
week 12, H values were ranged from 26.7 to 10.7 for A250 containing 
wines and 20.1 to 25.9 for A500+proanthocyanidin containing wines. A 
reduction in hue angle suggested the increase in a more reddish hue, 
however, for accurate visible perception, the chroma and lightness 
should also be included in the perspective. Chroma also reduced after 12 
weeks of aging in all wines, a decrease in chroma and hue suggested the 
typical deep reddish color of aged wines. The observed L*, a*, b* values 
were converted to RGB pellet to give visual perception of the color 
difference among wines (Fig. 5b). 

It can be observed from Fig. 5c, that two groups of wines based on 
anthocyanin concentration were prominent on the hue/chroma graph. It 
was quite interesting to note that in each group, proanthocyanidin plays 
an important role in wine hue and chroma, this effect being more pro
nounced in high anthocyanin containing wines (A500). This modulation 
in color can also be described by the ΔE (Table 2), ΔE values between >1.0 
and > 2.8 are visually different and easily perceivable by the human eye 
(Burtch et al., 2017; Martinez et al., 2001). All model wines showed ΔE 
values higher than 1.0 except for control (Table 2) with ΔE being highest 
for A500 and A500+T500 containing wines (Table 2). The model wines 
had ΔEvalues in the following decreasing order: A500+T500 ~ A500 <
A250+T1000 <A500+T1000 ~ A250+T500 <A250 <T500 ~ T1000 <
Control. It is noteworthy to mention that ΔE will not describe anthocyanin 
degradation kinetics or formation of polymeric pigments (Burtch et al., 
2017). ΔE only gives the indication of the degree of impact on wine color 
imparted by different concentrations of anthocyanins and proanthocya
nidins over aging period. 

Pearson correlation coefficients suggested that the color parameters 
chroma (C) and lightness (L*) were negatively correlated (p < 0.05) with 
polymeric fraction indicating variables (SO2-resistant pigments, PA280, 
PA520 and MCP-tannin) (Fig. 4a). Thus, the color parameters can also 
give useful insights regarding the phenolic profiling of wines. 

4. Conclusion 

The results suggested that the initial concentrations of anthocyanin 
and seed proanthocyanidins in wines can have a significant effect on the 
final phenolic profile of wines. After 12 weeks of ageing, monomeric 
anthocyanin was completely depleted in model wines containing 
proanthocyanidins and anthocyanins. Although some anthocyanin 
remained in the only anthocyanin containing model wines (A250/A500) 
after 12 weeks, the results confirm previous observations that antho
cyanin alone can also form polymeric pigments. Polymeric pigments 
formed in model wines were apparently highest in high anthocyanin 
(A500)+proanthocyanidin containing wines in comparison with low 
concentration (A250)+proanthocyanidin. MCP-tannin analysis showed 
that anthocyanin helped in keeping the tannin soluble in wine during 
aging process. Another conclusion drawn from this observation is that 
this trend is dependent on the initial concentration of reactants present 
in the system, for instance, high anthocyanin concentration kept more 
tannin soluble in wines in comparison with low anthocyanin. In 
contrast, low proanthocyanidin concentration with high anthocyanin 
(A500+T500) significantly retained more tannin in comparison with 
high proanthocyanidin concentration (A500+T1000). Similarly, HPLC 
analysis also indicated that the wines containing anthocyanins with high 
proanthocyanidin concentration resulted in a lesser proportion of color 
contributing polymeric material. Furthermore, the color modulation 
results also highlighted that increased anthocyanin and proanthocya
nidin concentration resulted in deep reddish hues with lower chroma 
values than the counterpart and may contribute significantly to retain
ing the long-term stability of red wine color. This study has shown that 
the initial concentrations of these reactants are important in color 

development of red wine during aging and the results obtained from this 
study can be beneficial for wine industry. However, there is a further 
need to understand the size distribution and subunit composition of 
color and noncolor contributing polymeric pigments formed during 
aging. A critical area of research will be determining the long-term 
stability of these polymeric pigments and their capacity to contribute 
to color of wines over time. 
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