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Anthocyanins play an important role in the colour of red wine or mulberry wine. The effect of anthocyanin
structures (substitution therein) on the self-association and colour in an aqueous alcohol solution was
investigated in order to provide helpful knowledge about the relationship between anthocyanin structure
and colour. The addition of hydroxyl at the C3' position weakens self-association, whereas addition at the
CS' position facilitates self-association. However, the hydroxyl substitutions at the C3' and CS' positions
enhance colour. The methoxy substitutions at the C3' and C5' positions enhance the self-association and the
colour. The replacement of glucoside with the disaccharide rutinoside at the C3 position was detrimental
to self-association, but the substitution of rutinoside at the C3 position produced a stronger colour than
the substitution of glucoside at the same position. Cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside
enhanced colour via intramolecular co-pigmentation instead of self-association. The anthocyanin colour
was affected synthetically by the types and positions of the substituent in the anthocyanin molecule.

INTRODUCTION

Colour is an important organoleptic property of red wine.
Anthocyanins give rise to a wide range of colours, from
orange to blue, in red wine (Waterhouse & Kennedy, 2004;
Oliveiraetal.,2006;2010). Anthocyanins in grapes and wines
are based on five or six aglycones (pelargonidin, cyanidin,
delphinidin, peonidin, petunidin and malvidin), with
different patterns of substitution in the B ring (Fig. 1). They
exist exclusively as 3-glucosides in Vitis vinifera varieties,
while 3,5-diglucosides exist in Chinese species (Vitis
amurensis), American species (V. riparia, V. rupestris, etc.),
and the hybrid varieties (Alcalde-Eon et al., 2006; Liang
et al.,2008; Han et al., 2009; He et al., 2010; Li et al., 2010;
2011). Cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside
are dominant in mulberry and its wine, while only trace
amounts of pelargonidin 3-O-glucoside can be found (Fig. 1)
(Dugo et al., 2001; Qin et al., 2010).

Co-pigmentation has an enhanced effect on the
colour of red wine (Escribano-Bailon & Santos-Buelga,
2012). It occurs via three types of molecular interactions.
One is intermolecular co-pigmentation, which occurs
between anthocyanins and other non-coloured or coloured
copigments such as flavonoids, amino acids, organic acids
and polysaccharides (Boulton, 2001; Eiro & Heinonen,
2002; Castaneda-Ovando et al., 2009). Copigment molecules
enhance the colour by impacting/stacking on the planar
moieties of anthocyanin. Intramolecular co-pigmentation
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within an anthocyanin molecule can also cause a colour
change in wines. In this case, the acyl or glycosyl groups
interact with the m system of the planar pyrylium ring of
anthocyanin (Escribano-Bailon & Santos-Buelga, 2012). In
particular, intermolecular interactions among anthocyanin
molecules can lead to co-pigmentation, called “self-
association”. Anthocyanin molecules stack vertically in
chiral (helical) aggregates, mostly in a left-handed manner,
and intensify in colour (Hoshino ef al., 1981a; Dangles et al.,
1993; Gonzaez-Manzano et al., 2008; Escribano-Bailon &
Santos-Buelga, 2012; Gavara et al., 2013).

Anthocyanins in red wines can exist in several structural
conformations, and these structures are present in an
equilibrium: the blue quinoidal base (A), the red flavylium
ion (AH"), the colourless pseudobase or carbinol pseudobase
(B), and the colourless chalcone form (C) with three
transitions, viz. cis-chalcone (C,), trans-chalcone (C) and
ionised cis-chalcone (C_.) (Cheminat & Brouillard, 1986;
Margo & Scarminio, 2007). The self-association between the
flavylium cation and its chalcone form of anthocyanins has
been confirmed, which is helpful for wine colour stability
and enhancement (Houbiers et al., 1998). Anthocyanins
with different structures can change the predominance of a
structural conformation. Thus, anthocyanins contribute to
different wine colours.

Self-association has been confirmed by a positive
deviation from Beer’s law. Self-association occurs in
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Anthocyanins R, R, R, R,
Pelargonidin 3-O-glucoside H OH H Glucoside OH
Cyanidin 3-O-glucoside OH OH H Glucoside OH
Delphinidin 3-O-glucoside OH OH OH Glucoside OH
Peonidin 3-O-glucoside OCH, OH H Glucoside OH
Malvidin 3-O-glucoside OCH, OH  OCH, Glucoside OH
Malvidin 3,5-O-diglucoside OCH, OH  OCH, Glucoside Glucoside
Cyanidin 3-O-rutinoside OH OH H Rutinoside OH
FIGURE 1

Structure of anthocyanins.

relatively concentrated solutions (1 mM) of anthocyanins
(Boulton, 2001; Cavalcanti et al., 2011). A previous study
speculated that co-pigmentation, rather than self-association,
was responsible for the enhanced but nonlinear colour
contributions in red wine (Boulton, 2001). However, in wine-
like solution with anthocyanins in the concentration range
of 50 to 600 mg/L, the self-association was responsible for
from 8% up to 60% of the increase in absorbance at 520 nm
(Escribano-Bailéon & Santos-Buelga, 2012). It has been
shown in a young red wine that self-association of malvidin
3-O-glucoside was more important than co-pigmentation
(Lambert et al., 2011).

Several previous studies have proposed the effect of
anthocyanin structure on colour (Hoshino et al., 1981a;
Gonzaez-Manzano et al., 2008; Gavara et al., 2013). It has
been reported previously that the presence of the methoxy
group in the B-ring and of the glucose moiety at the C5 or
C3 position of anthocyanins influences the self-association
and colour appearance of anthocyanins. However, the effect
of substituent groups of anthocyanins in wines on their self-
association and colour remains unclear. In this study, the self-
association and colour of seven anthocyanins in an aqueous
alcohol solution (12% ethanol, pH 3.50) were investigated in
order to provide helpful knowledge on the colour mechanism
of anthocyanins in red wine or mulberry wine.

MATERIALS AND METHODS

Reagents and chemicals

Ethanol (99.9%) and formic acid (98%) were purchased
from Sigma-Aldrich (Shanghai, China) and Anpel Company

(Shanghai, China) respectively. Seven anthocyanins
(pelargonidin ~ 3-O-glucoside, cyanidin  3-O-glucoside,
delphinidin ~ 3-O-glucoside, peonidin  3-O-glucoside,

malvidin 3-O-glucoside, malvidin 3,5-O-diglucoside and
cyanidin 3-O-rutinoside) were purchased from Extrasynthese
(Lyon, France).

Aqueous alcohol solution and solutions of anthocyanins
The model wine solution was prepared by dissolving ethanol
(12% v/v) in ultrapure water, and the pH of model wine
solution was adjusted to 3.50 using formic acid (2% v/v).

The stock solution of each individual anthocyanin was
prepared by dissolving commercial anthocyanins (800.0
umol/L) in the hydroalcoholic solution containing 12%
ethanol (10 mL, pH 3.50). The stock solution was diluted
(64-, 32-, 16-, 8-, 4-, 2- and 0-fold) to generate a series of
solutions with different anthocyanin concentrations (L1 =
12.5 pmol/L, L2 = 25.0 umol/L, L3 = 50.0 pumol/L, L4 =
100.0 pmol/L, LS = 200.0 pmol/L, L6 = 400.0 umol/L and
L7 = 800.0 umol/L). Each series of anthocyanin solution
was prepared in duplicate.

Estimation of self-association

The method proposed by Boulton (1996) was used for
estimating the self-association of anthocyanins in solution.
The absorbance of anthocyanin solutions at 520 nm was
measured using the UV/Vis spectrophotometer (Unico
2802 UV/Vis, Unico Instrument Co., Ltd., Shanghai,
China). The absorbance value of the solution with the
highest anthocyanin concentration, A, was recorded. After
each dilution, the absorbance, Ad, and the dilution factor,
D,, were recorded. Self-association was then expressed as
(A-A,xD)/ A x D x100.

Colour analyses using the CIELAB space

Colour analyses using the CIELAB space were performed
according to the published method (Ayala et al., 1997; 1999).
Coordinate a* is related to red colour if a* > 0 and to green
colour if a* < 0. Coordinate b* is related to yellow colour
if b* > 0 and to blue colour if b* < 0. L* (lightness) is the
lightness of a coloured object judged relative to the lightness
of what appears as white. The chroma is expressed as C =
(a*?+ b*?)"2 and the tone is expressed as H = arctan (b*/a*).
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The colour difference is expressed as AE = [(AL)*+ (Aa*)*+
(Ab*)*]'2. The blank was the model wine solution.

UV/Vis spectra

A Unico 2802 UV/Vis spectrophotometer with a standard
96-well plate (quartz) was used to scan (200 to 700 nm, path
length = 2 nm) the absorption spectra of seven anthocyanin
solutions at their highest concentration.

Purity analysis

The purity of anthocyanins was assessed over a Kromasil
C, column (250 mm x 4.6 mm, i.d., Sum) (Eka Nobel
AB, Bohus, Sweden) using high performance liquid
chromatography (HPLC, Dionex P680) at a flow rate of 1.0
mL/min with a gradient of solvent B (acetonitrile/formic
acid (100/2, v/v)) in A (water/formic acid (100/2, v/v)). A
linear gradient was programmed as follows: 0 to 30 min,
0 to 30% B; 30 to 35 min, 30 to 100% B; 35 to 37 min,
100 to 0% B. The detection wavelength on the diode array
detector was set at 520 nm, the injection volume was 20
pL, and the column temperature was maintained at 30°C.
The samples were analysed directly and peak areas were
used to calculate the purity of the anthocyanins. The purity
of pelargonidin 3-O-glucoside, cyanidin 3-O-glucoside,
delphinidin ~ 3-O-glucoside, peonidin  3-O-glucoside,
malvidin 3-O-glucoside, malvidin 3,5-O-diglucoside, and
cyaniding 3-O-rutinoside was 99.63%, 99.88%, 99.70%,
99.40%, 99.16%, 96.46% and 99.61% respectively.

RESULTS AND DISCUSSION

The patterns of visible absorption spectra of these
anthocyanins were dependent on the substitutions/structure
of the B-ring of anthocyanins. The wavelength of maximum
absorption of pelargonidin  3-O-glucoside, cyanidin
3-O-glucoside, delphinidin ~ 3-O-glucoside, peonidin
3-0-glucoside and malvidin 3-O-glucoside shifted to higher
wavelengths (bathochromic shift) with the increase in the
number of hydroxy/methoxy groups in the B-ring (Table 1).
These results are in accordance with a previous study (Cabrita
et al., 2000). The addition of glucoside at position C5 in
malvidin 3-O-glucoside or the substitution of glucoside with
rutinoside at position C3 led to similar bathochromic shifts
in the absorption maxima.

Self-association of anthocyanins
The value of self-association increased with an increase in
dilution factor in the case of pelargonidin 3-O-glucoside and
cyanidin 3-O-rutinoside (Table 2). In the case of the five
other anthocyanins, self-association increased for dilution
factors from 2 to 16 or 32, and then declined at the highest
dilution factors. This indicates that the dilution factor
affected the value of self-association and the self-association
was dependent on the concentration of anthocyanins.
Self-association of anthocyanins has been reported to
occur in relatively concentrated solution (1 mM) (Boulton,
2001). However, here it occurred in a concentrated solution
of 0.8 mM. The self-association of anthocyanins was
responsible for 15 to 60% of the absorbance at 520 nm across
all dilutions; a similar result was observed in a previous
study (Gonzaez-Manzano et al., 2008).

Pelargonidin 3-O-glucoside (H, OH, H), cyanidin 3-O-
glucoside (OH, OH, H) and delphinidin 3-O-glucoside (OH,
OH, OH) differ in the number and sites of hydroxyl substitu-
tions in the B-ring (Fig. 1). Comparing the self-association
values in two- to 32-fold dilutions (Table 2), cyanidin 3-O-
glucoside had the lowest value, followed by pelargonidin
3-O-glucoside, while delphinidin 3-O-glucoside showed
the highest value. At 64-fold dilution, the self-association
value of cyanidin 3-O-glucoside was the smallest and that
of pelargonidin 3-O-glucoside was the highest. These re-
sults indicate that the addition of hydroxyl at the C3' posi-
tion weakened self-association, whereas addition at the C5'
position facilitated self-association. In wine-like solutions,
the various forms of anthocyanin structures exist in equilib-
rium (Cheminat & Brouillard, 1986; Marco & Scarminio,
2007). The self-association of anthocyanin chromophores
(flavylium or quinonoidal form) and their colourless forms
(pseudobase or carbinol pseudobase, and chalcone form)
has been reported, and the planar structure of anthocyanin
aglycone favours self-association (Hoshino et al., 1981a;
Houbiers ef al., 1998). Self-association occurs by molecular
stacking along either a left- or a right- handed helical axis
(Hoshino et al., 1981a; 1981b; Ellestad, 2006). The non-pla-
nar structure between the C-ring and B-ring of anthocyanins
can affect the chiral stacking (Sakata et al., 2006). Hydroxy
substitution at the C3' position on the B-ring influenced the
tauomeric distribution between anthocyanin chromophores
and their colourless forms, and affected the non-planar
structure between the C-ring and the B-ring. Thus, cyanidin
3-O-glucoside stacked along a different chiral (helical) axis
than the other two anthocyanins, and showed different self-
association values.

Pelargonidin 3-O-glucoside (H, OH, H), peonidin
3-0-glucoside (OCH, ,OH, H) and malvidin 3-O-glucoside
(OCH,, OH, OCH,) differ in their pattern of -OCH, substitu-
tions on the B-ring (Fig. 1). Among these three anthocya-
nins, malvidin 3-O-glucoside had the highest values of self-
association at all dilutions, while pelargonidin 3-O-glucoside
gave the smallest values. These results indicate that methoxy
substitutions at the C3' and C5' positions on the B-ring en-
hance self-association via chiral stacking.

It is concluded that the magnitude of the self-association
of these anthocyanins is determined by the degree of
methoxylation on the B-ring (Gonzdez-Manzano et al.,
2008). The results of this study are in agreement with the
observation that the greater the degree of methoxylation of
the B-ring in the anthocyanins, the greater the magnitude of

TABLE 1
Maximum absorption wavelength of the seven anthocyanins.
Anthocyanins A, (nm)
Pelargonidin 3-O-glucoside 500
Cyanidin 3-O-glucoside 510
Delphinidin 3-O-glucoside 516
Peonidin 3-O-glucoside 512
Malvidin 3-O-glucoside 520
Malvidin 3,5-O-diglucoside 522
Cyanidin 3-O-rutinoside 514
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TABLE 2

The self-association of the seven anthocyanins.

Dilution factors 2 4 8 16 32 64
Pelargonidin 3-O-glucoside 31.5+1.18 62.67 +6.69 81.79 +7.71 11634 +7.28 106.82+13.29 139.64+17.84
Cyanidin 3-O-glucoside 30.64+1.17 59.3 +£2.60 71.23 £6.00 83.37 +6.88 88.3+4.84 67.16 £7.63
Delphinidin 3-O-glucoside 40.41 £0.56 81.01 +£1.86 105.81£7.22  11838+5.42 12632+£582 10091+9.17
Peonidin 3-O-glucoside 41.74 £3.76 89.51 £5.76 117.67 £8.87 14543 +19.28 136.24+11.93 107.25+18.32
Malvidin 3-O-glucoside 65.03 £9.05 123.52+6.64 162.18+10.44 16593 +10.75 165.93+10.75 145.42+18.27
Malvidin 3,5-O-diglucoside 53.22+4.86 98.55+0.00 1253+16.77 113.44+£0.00 140.12+37.73 42.29+50.31
Cyanidin 3-O-rutinoside 16.26 +2.73 36.93 +0.99 51.67+2.43 60.76 £ 1.82 59.84+£10.76  68.2+15.86

Note: data are mean =+ standard deviation (n =2)

self-association in these three anthocyanins.

Pelargonidin 3-O-glucoside (H, OH, H), cyanidin
3-O-glucoside (OH, OH, H) and peonidin 3-O-glucoside
(OCH,, OH, H) differ in the substitutions at position C3'
on the B-ring (Fig. 1). Across the two- to 32-fold dilutions,
cyanidin 3-O-glucoside consistently had the smallest values
of self-association, whereas peonidin 3-O-glucoside had
the largest values. However, pelargonidin 3-O-glucoside
displayed the largest value, while cyanidin 3-O-glucoside
showed the smallest value at 64-fold dilution. These results
indicate that the addition of a methoxy group at the C3'
position enhanced the self-association, but the addition of
hydroxyl at the same position reduced the self-association.

Malvidin 3-O-glucoside and malvidin 3,5-O-diglucoside
differ in the substitution of a glucoside at the C5' position
(Fig. 1). Higher self-association was observed for malvidin
3-O-glucoside, which indicates that the addition of glucoside
at the C5 position was detrimental to self-association. A
previous report showed that malvidin 3-O-glucoside was less
capable of self-aggregation than malvidin 3,5-O-diglucoside
at pH 7.0 (Hoshino et al., 1981a). However, it should be
noted that the current study was conducted at pH 3.50 with
the red flavylium ion (AH") being the dominant form of
anthocyanin. In addition, the glucoside at the C5' position
of malvidin 3,5-O-diglucoside can sterically hinder its own
chiral (helical) stacking (Hoshino ef al., 1981b; Escribano-
Bailon & Santos-Buelga, 2012).

Cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside
differ in the nature of the sugar at the C3 position
(Fig. 1). Cyanidin 3-O-glucoside showed a higher level
of self-association than cyanidin 3-O-rutinoside. This
observation indicates that the replacement of glucoside with
the disaccharide rutinoside at the C3 position hindered self-
association.

Effect of hydroxyl substitution on the B-ring on colour

Pelargonidin 3-O-glucoside (H, OH, H), cyanidin 3-O-glu-
coside (OH, OH, H) and delphinidin 3-O-glucoside (OH,
OH, OH) differ in their pattern of -OH substitutions on the
B-ring (Fig. 1). The wavelength of maximum absorption
(A,,..) among these three compounds was the lowest for pel-
argonidin 3-O-glucoside and highest for delphinidin 3-O-
glucoside, while cyanidin 3-O-glucoside had an intermediate
value (Table 1). The difference between the values of & for
pelargonidin 3-O-glucoside and cyanidin 3-O-glucoside was
greater than that between cyanidin 3-O-glucoside and del-

phinidin 3-O-glucoside (Table 1), which indicates that more
hydroxyl substitutions on the B-ring caused a higher batho-
chromic shift, and hydroxyl substitution at the C3' position
had a greater impact on the bathochromic shift than the same
substitution at the C5' position.

Regarding the colour of these three anthocyanins
(Fig. 2), it was found that the magnitude of the L value
was pelargonidin 3-O-glucoside > cyanidin 3-O-glucoside
> delphinidin 3-O-glucoside. Delphinidin 3-O-glucoside
presented the highest a* values, followed by cyanidin
3-O-glucoside and pelargonidin 3-O-glucoside. Contrary
to the a* values, pelargonidin 3-O-glucoside showed the
highest b* value, followed by cyanidin 3-O-glucoside and
then delphinidin 3-O-glucoside. The magnitude of the
difference of the L, a*, b* values between pelargonidin
3-O-glucoside and cyanidin 3-O-glucoside or between
cyanidin 3-O-glucoside and delphinidin 3-O-glucoside
became larger with an increase in their concentrations. Their
C values at concentrations L1 to L6 increased in the order
of pelargonidin 3-O-glucoside, cyanidin 3-O-glucoside and
delphinidin 3-O-glucoside. It decreased at level 7 in the
order of pelargonidin 3-O-glucoside, cyanidin 3-O-glucoside
and delphinidin 3-O-glucoside. The H values of the three
anthocyanins decreased in the following order: pelargonidin
3-O-glucoside, cyanidin 3-O-glucoside and delphinidin
3-O-glucoside. The highest and the lowest AE values were
observed for pelargonidin 3-O-glucoside and delphinidin
3-O-glucoside respectively. The largest differences in AE
values were observed at level 7. Their colour difference was
visually discernible at levels 4 to 7 (Fig. 3), as the difference
in the AE value between pelargonidin 3-O-glucoside and
cyanidin 3-O-glucoside, or between cyanidin 3-O-glucoside
and delphinidin 3-O-glucoside was more than 1. These
results indicate that hydroxyl substitutions on the B-ring
lead to the colour darkening (L value decreases), increase
the intensity of red (a* value increases) and blue colour (b*
value decreases), reduce the intensity of yellow colour (H
value decrease), and give rise to a purer and brighter chroma
(C value increases).

The magnitude of the difference in colour between
pelargonidin  3-O-glucoside and cyanidin 3-O-glucoside
was bigger than that between cyanidin 3-O-glucoside and
delphinidin 3-O-glucoside (Fig. 2). This result coincided
with the observation of their 2. These results confirm that
the higher number of hydroxyl substitutions on the B-ring
led to large bathochromic shifts and changes in colour.
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FIGURE 2

The colour of pelargonidin 3-O-glucoside, cyanidin 3-O-glucoside and delphinidin 3-O-glucoside.
(L: lightness, a*: red or green colour, b*: yellow or blue colour, C: chroma, H: tone, AE: colour difference).

Furthermore, the impact of hydroxyl substitution at the C3'
position was greater on the colour than the substitution at
C5'. The results of a previous study can partially explain
this phenomenon (Pereira et al., 1997). The hydroxyl
substitutions on the B-ring cause an increase in resonance
through the C2-C1' bond. The hydroxylation in the B-ring
leads to the delocalisation of m electrons throughout the
molecule, thereby lowering the HOMO-LUMO (highest
occupied molecular orbital-lowest unoccupied molecular
orbital) energy gap.

The effect of hydroxyl groups at the C3' position on
self-association was different from the effect of that on the

bathochromic shift or colour. The addition of hydroxyl at
the C3' position weakened the self-association, whereas the
subsequent (further) addition of hydroxyl at the C5' position
enhanced the self-association. However, the addition of
hydroxyls at the C3' and C5' positions resulted in a decrease
in L and b* values, but caused an increase in the value of
a*. Thus, in comparison with pelargonidin 3-O-glucoside,
cyanidin 3-O-glucoside produced a darker colour, with more
intensity in the red and blue colours, and reduced yellow
colour,.
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FIGURE 3
The colour of seven anthocyanins in an aqueous alcohol solution(1: pelargonidin 3-O-glucoside, 2: cyanidin 3-O-glucoside, 3:
delphinidin 3-O-glucoside, 4: peonidin 3-O-glucoside, 5: malvidin 3-O-glucoside, 6: malvidin 3,5-O-diglucoside, 7: cyanidin
3-O-rutinoside; A, B, C and D correspond to concentrations L7, L6, L5 and L4 respectively.

Effect of methoxy substitution on B-ring on colour
Pelargonidin  3-O-glucoside (H, OH, H), peonidin
3-0-glucoside (OCH,, OH, H) and malvidin 3-O-glucoside
(OCH,, OH, OCH,) differ in their pattern of -OCH,
substitutions on the B-ring (Fig. 1). The A increased in
the following order: pelargonidin 3-O-glucoside, peonidin
3-O-glucoside and malvidin 3-O-glucoside. The difference
in A between pelargonidin 3-O-glucoside and peonidin
3-O-glucoside was bigger than that between peonidin
3-O-glucoside and malvidin 3-O-glucoside (Table 1).
These results indicate that the bathochromic shift increased
with increase in the number of methoxyl substitutions on
the B-ring, and a methoxy group at the C3' position had a
greater impact on the bathochromic shift than that at the C5'
position. These results are similar to the results observed
for the hydroxyl substitution on the B-ring (pelargonidin
3-O-glucoside, cyanidin 3-O-glucoside and delphinidin
3-O-glucoside).

Peonidin 3-O-glucoside and malvidin 3-O-glucoside
had lower L, b* and H values and a higher a* value than
pelargonidin 3-O-glucoside (Fig. 4). The difference in L
and a* values between pelargonidin 3-O-glucoside and
peonidin 3-O-glucoside was larger than that between
pelargonidin 3-O-glucoside and malvidin 3-O-glucoside.
Peonidin 3-O-glucoside showed a slight blue hue at L2 to
4 (negative b* and H value), while malvidin 3-O-glucoside
displayed a higher extent of blue hue than that of peonidin
3-O-glucoside. The chromas of peonidin 3-O-glucoside
across L1 to L6 were stronger than those of pelargonidin
3-O-glucoside, but weaker than those of pelargonidin
3-O-glucoside at the highest concentration. The value of
chroma for malvidin 3-O-glucoside was less than that of
peonidin 3-O-glucoside. As to their H value, pelargonidin
3-O-glucoside showed the strongest yellow hue, whereas
malvidin 3-O-glucoside showed a blue hue. The differences

in AE values at lower concentrations were small, but became
larger at higher concentrations. Thus, differences in their
colour were observed visually (the difference of AE value
between them is higher than 1, Fig. 3).

These results indicate that methoxyl on the B-ring
contributed to a darker colour (L value decreased), higher
red colour (a* value increased), lighter yellow colour and
deeper blue colour (b* and H value decreased), purer and
brighter chroma (C value increased); a methoxy substitution
at the C3' position on the B-ring contributed more colour to
the anthocyanin than that at the C5' position. Similar results
were observed with effect of methoxy substitutions on the
B-ring on bathochromic shift, and also with the effect of
hydroxyl substitutions on colour. The effect of a methoxy
substitution on the B-ring on colour (L, a*, b*) was identical
to its effect on self-association.

Effect of hydroxyl/methoxy substitution at C3' on colour
Pelargonidin  3-O-glucoside (H, OH, H), cyanidin
3-O-glucoside (OH, OH, H) and peonidin 3-O-glucoside
(OCH,, OH, H) differ in their substitutions at position C3'
on the B-ring (Fig. 1). A comparison of their A ’s (Table 1)
shows that a methoxy substitution at position C3' causes a
bigger bathochromic shift than a hydroxyl substitution at
position C3'.

In terms of the colour of these three anthocyanins (Fig. 5),
it was found that methoxy substitution at position C3' of
peonidin 3-O-glusoside reduced the lightness (L value) to a
greater extent than that caused by the hydroxyl substitution
at position C3' of cyanidin 3-O-glucoside. Substitution with
a hydroxyl group at position C3' lowered the yellow colour
(lower b* and H values) at higher concentrations (L6 and L7);
however, it enhanced the blue hue at lower concentrations
(negative b* and H values at L1 to L5) compared with
the effect of a methoxy substitution at position C3'. The
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FIGURE 4

The colour of pelargonidin 3-O-glucoside, peonidin 3-O-glucoside and malvidin 3-O-glucoside.
(L: lightness, a*: red or green colour, b*: yellow or blue colour, C: chroma, H: tone, AE: colour difference).

hydroxyl and methoxy substitutions enhanced the red colour
(increased a* values). The methoxy substitution in peonidin
3-O-glucoside produced higher chroma values than that
caused by hydroxyl substitution. Pelargonidin 3-O-glucoside
presented the highest AE value, and the differences in
AE value between peonidin 3-O-glucoside and cyanidin
3-0-glucoside were minor across L1 to L6 concentrations.
The differences in the colour can be seen in Fig. 3.

It has been reported that peonidin 3-O-glucoside
and cyanidin 3-O-glucoside (with two substituents on
the B-ring) are located in the area of the orange hues in
the (a*, b*) diagram, especially at pH 1.5 (Heredia et al.,

1998). However, the results of the present study indicate that
peonidin 3-O-glucoside and cyanidin 3-O-glucoside showed
a red—purple colour at pH 3.50. The published literature
reports that the colour of malvidin 3-O-glucoside in red wines
is consistent only with the uncharged blue quinonoidal base
as a major coloured component of the equilibria at pH 3.6
(Asenstorfer ef al., 2003). These results were observed in the
present study with the malvidin 3-O-glucoside solution at pH
3.5. A similar argument can be extended to the observation
of purple hues in solutions of peonidin 3-O-glucoside and
cyanidin 3-O-glucoside.

The hydroxyl or methoxy substitution at the C3' position
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The colour of pelargonidin 3-O-glucoside, cyanidin 3-O-glucoside and peonidin 3-O-glucoside
(L: lightness, a*: red or green colour, b*: yellow or blue colour, C: chroma, H: tone, AE: colour difference).

on the B-ring enhanced the colour. However, the hydroxyl
substitution at the C3' position on the B-ring was detrimental
to self-association. The self-association of cyanidin
3-O-glucoside was responsible for 23 to 47% of the colour
in its solution. Thus, it can be concluded that the addition
of hydroxyl at the C3' position on the B-ring enhanced
colour via intramolecular co-pigmentation instead of self-
association.

Effect of glycoside substitution at C3 position on colour
Cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside differ
in the presence of glucoside or rutinoside (a disaccharide)

at the C3 position (Fig. 1). Substitution of rutinoside at
the C3 position caused a larger bathochromic shift than
substitution of glucoside at the same position (Table 1).
Cyanidin 3-O-rutinoside was darker (lower L value) than
cyanidin 3-O-glucoside (Fig. 6). It also showed a more
intense red colour at L1 to L6 (higher a* value). However,
the result was reversed at the L7 level. A stronger chroma
(higher C value) across L2 to L7 and a weaker chroma at L1
of cyanidin 3-O-rutinoside were recorded. It showed intense
yellow colour at L6 and L7 (higher b* and H value), while
it showed a weaker blue hue (negative b* and H value) at
lower concentrations (L1 to L5). The difference in AE value
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between them increased with an increase in concentration.
The colour difference between them can also be observed
in Fig. 3. These observations reveal that the substitution
of rutinoside at the C3 position produced a stronger colour
than the substitution of glucoside at the same position.
The extent of self-association in cyanidin 3-O-rutinoside
was less than that of cyanidin 3-O-glucoside. However,
cyanidin 3-O-rutinoside presented the more enhanced
colour. This probably can be attributed to a predominance of
intramolecular co-pigmentation.
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Effect of glycoside substitution at the C5 position on
colour

Malvidin 3-O-glucoside and malvidin 3,5-O-diglucoside
differ in their substitutions at the C5 position (Fig. 1). The
presence of glucoside at the C5 position caused a stronger
bathochromic shift, although the difference in A _between
the two was small (2 nm, Table 1). As to their colour (Fig. 7),
glucoside substitution at the C5 position resulted in lighter
colour (higher L value), weaker red colour (lower a* value),
strong blue colour (negative lower b* and H value), and
weaker chroma (lower C value).The difference in colour
between them increased with increasing concentration
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FIGURE 6
The colour of cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside
(L: lightness, a*: red or green colour, b*: yellow or blue colour, C: chroma, H: tone, AE: colour difference).
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The colour of malvidin 3-O-glucoside and malvidin 3,5-O-diglucoside
(L: lightness, a*: red or green colour, b*: yellow or blue colour, C: chroma, H: tone, AE: colour difference).

(Fig. 3). These results indicate that a glucoside substitution
at the C5 position is detrimental to its colour. The extent
of self-association in malvidin 3,5-O-diglucoside was
also less compared with that of malvidin 3-O-glucoside,
which can be a likely reason for the observed weakness in
colour. A previous study reported that the glucose moiety
at the C5 position (rather than that at the C3 position)
played an important role in the self-association of these
anthocyanidin 3,5-diglucosides (Hoshino et al., 1981a).
However, Degenhardt et al. (2000) reported that malvidin
3-O-glucoside (1.3 mg/L) exhibited a lower visual detection
threshold than malvidin 3,5-O-diglucoside (4.7 mg/L) (visual
detection thresholds were established using a triangle test at

pH 3.6), which is in concurrence with the results obtained in
this experiment. In addition, anthocyanin 3-monoglucosides
showed greater resistance to nucleophilic attack compared
with anthocyanin 3,5-diglucosides (Figueiredo ef al., 1996).

These results indicate that self-association plays an
import role in determining the colour of anthocyanins.
Previous studies also reported that the colour of anthocyanins
depended on their concentration (Asen et al., 1972; Ito
et al., 2002). For anthocyanins, the major tautomeric form
at pH values above 3 is the hemiacetal form, which is the
reason why aqueous solutions of anthocyanins usually are
colourless (Sweeny & lacobucci, 1983). On the other hand,
the equilibria of anthocyanin tautomeric forms are also
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influenced by their concentration (Heredia ef al., 1998). The
literature reports that the planarity or non-planarity of the
structure between the B-ring and C-ring of anthocyanins also
has an effect on their colour properties (Sakata et al., 2006).
Thus, substituent groups can have an effect on the colour
via their ability to influence the equilibrium of tautomers,
intramolecular co-pigmentation and self-association of
anthocyanins, while self-association is closely related to the
anthocyanin concentration.

CONCLUSIONS

Self-association plays an important role in anthocyanin
colour. The self-association and colour of the seven
anthocyanins investigated in this study were dependent on
the structure and concentration of the anthocyanins. The
anthocyanin colour was affected synthetically by the types
and positions of the substituents in the anthocyanin. Cyanidin
3-O-glucoside and cyanidin 3-O-rutinoside improved colour
more via intramolecular co-pigmentation than by self-
association.
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