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Abstract

This study focuses on the impact of anthocyanin structures such as 5-glucosidic substitution and aromatic acylation on an-
thocyanin, colour and stability at various pH values. Two concentrations (0.05 and 0.15 mM) of cyanidin 3-glucoside (1), cyanidin
3-(2"-glucosylglucoside)-5-glucoside (2), and cyanidin 3-(2"-(2"'-sinapoylglucosyl)-6"-sinapoylglucoside)-5-glucoside (3) in aqueous
solutions were studied at fourteen pH levels between 1.1 and 10.5 during a 98 day period at 10 °C. The three pigments represent the
structural variation of many anthocyanins isolated from fruits and vegetables. Colours were expressed by the CIELAB coordinates
hap, (hue angle), C* (chroma = saturation), and L* (lightness), as well as by visible absorption maxima (4y,x) and molar absorption
coefficients (¢). Limitations of using only spectral parameters, such as Ay, and ¢, to express colour variations, were revealed.
Pigment 2 was more unstable than 1 at most pH values, showing lower C* and higher L* values after storage for only hours in
neutral and weakly acid solutions. Pigment 3 showed higher colour stability than the nonacylated forms at all pH values but pH 1.1,
where all pigments retained their colours in the storage period, and in the most alkaline solutions, where all pigments experienced
dramatic colour changes. Of potential importance for some food products, in solutions with pH 4.1 and 5.1, 3 maintained nearly the
same h,,, C*, and L* values during the whole measuring period (98 days), in contrast to pigments 1 and 2. The hue angle shift
towards bluish tones in freshly made samples of anthocyanins with 5-glucosidic substitution, were amplified with aromatic acylation
(3) throughout the entire pH range except pH 10.5. The variations in the results emphasizes the importance of structure for
anthocyanin properties in fresh and processed fruits and vegetables.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Anthocyanins provide colours ranging from salmon-
pink through red, and violet to nearly black in a variety
of plant sources. They play a critical role in the colour
quality of many fresh and processed fruits. The interests
in and motives for extended use of these colorants are
influenced by their potential beneficial health effects
(Clifford, 2000). It is well known that anthocyanin
properties, including colour expression, are highly in-
fluenced by anthocyanin structure and pH, etc. (Cabrita,
Fossen, & Andersen, 2000; Francis, 1989; Jackman,
Yada, Tung, & Speers, 1987). However, precise
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information about colours of individual anthocyanins
during storage is very limited.

The parameters employed for describing colour var-
iation of anthocyanin solutions have mainly been shifts
of the visible /.« as a measure for hue variations, and
absorptivity changes for variations of colour intensity.
However, Gonnet (1998) has shown that an adequate
description of colour variations of anthocyanins, caused
for instance by pH, requires: (i) that spectral variations
considered should be those affecting the entire spectral
curve, not only its visible Amnax, (ii) that three colour
attributes (hue, saturation and lightness) should be used
to describe colour, and (iii) that these should refer to
light source and observer conditions. Bakker, Bridle,
and Timberlake (1986), Heredia and Guzmanchozas
(1993), Pérez-Magarino and San-José (2002), and Al-
mela, Javaloy, Ferndndez-Lépez, and Lodpez-Roca
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(1995) have shown that the CIEL*a*b* system is useful
for describing colours in wine. The CIELAB scale has
also been used to describe colours of juices, extracts and
flowers (Bakker, Bridle, & Bellworthy, 1994; Biolley &
Jay, 1993; Hashimoto, Tanaka, Maeda, Fukuda, Shi-
mizu, & Sakata, 2002; Hosoki, Hamada, Kando, Mor-
iwaki, & Inaba, 1991; Lee, 2002; Norbak, Christensen,
& Brandt, 1998; Robbins & Moore, 1990; Rodriguez-
Saona, Giusti, & Wrolstad, 1999). There are a few
reports dealing with CIELAB colours of pure anthocy-
anins (Bakker & Timberlake, 1997; Giusti, Rodriguez-
Saona, & Wrolstad, 1999; Gonnet, 1998; Gonnet, 1999;
Gonnet, 2001; Heredia, Francia-Aricha, Rivas-Gonzalo,
Vicario, & Santos-Buelga, 1998; Stintzing, Stintzing,
Carle, Frei, & Wrolstad, 2002); however, none addresses
colour variation during storage for months over the
entire pH range.

More than 600 different anthocyanins, with a variety
of building blocks, have been reported (Andersen, 2001).
Based on observations of some relatively simple antho-
cyanins in vitro, the following scheme, related to pH
changes, is generally accepted (Brouillard, 1988): at a
pH of approximately 3 or lower, the orange, red or
purple flavylium cation predominates. As the pH is
raised, kinetic and thermodynamic competition occurs
between the hydration reaction on position 2 of the
flavylium cation and the proton transfer reactions re-
lated to its acidic hydroxyl groups. While the first re-
action gives colourless carbinol pseudo-bases, which can
undergo ring opening to yellow retro-chalcones, the
latter reactions give rise to more violet quinonoidal
bases. Further deprotonation of the quinonoidal bases
can take place at pH between 6 and 7 with the formation
of more bluish resonance-stabilised quinonoid anions.
At the pH values typical for fresh and processed fruits
and vegetables, each anthocyanin will thus most prob-
ably be represented by a mixture of equilibrium forms.

It is well known that aromatic acyl groups may in-
fluence colour and improve stability, and several
mechanisms, including intra- and intermolecular copig-
mentation as well as self-association, have been sug-
gested for explanation of these effects (Brouillard, 1988;
Malien-Aubert, Dangles, & Amiot, 2001; Nerdal &
Andersen, 1992; Yoshida, Toyama, Kameda, & Kondo,
2000). Molecular optimizations have shown that aro-
matic acyl groups, in highly substituted anthocyanins
participating in intramolecular copigmentation, protect
the aglycone against hydration in the 2- and 4-positions
(Figueiredo, George, Tatsuzawa, Toki, Saito, &
Brouillard, 1999).

In this paper the colour variation of three anthocy-
anins (or their degradation products), at two different
concentrations in aqueous solutions, were examined at
fourteen pH-values between 1.1 and 10.5. The colours
were measured, both as CIELAB colour coordinates
and UV-Vis absorption spectra, during storage at 10 °C

for 98 days. The anthocyanins include cyanidin 3-glu-
coside (1), cyanidin 3-(2”-glucosylglucoside)-5-glucoside
(2) and cyanidin 3-(2”-(6"-sinapoylglucosyl)-6"-sina-
poylglucoside)-5-glucoside (3), which are representative
of the structural variation of most anthocyanins found
in fruits and vegetables (Mazza & Miniati, 1993). Thus,
it has been possible to compare under various pH con-
ditions, especially the impact of 5-glucosidic substitution
and aromatic acylation, for colour, solubility and sta-
bility. The results vary tremendously, and this empha-
sizes the importance of structure on anthocyanin
properties in fresh and processed fruits and vegetables.

2. Materials and methods
2.1. Sources

Pigment 3 was obtained from red cabbage (Brassica
oleracea) bought in the local food market. A pure an-
thocyanin mixture isolated from red cabbage was sub-
jected to alkaline hydrolyses giving 2. Pigment 1 was
isolated from black rice (Oriza sativa), also bought in
the local food market. The purity of pigments 1-3 was
determined to be higher than 95%, based on HPLC on-
line detection in the aromatic region (270-370 nm). The
purity of the individual pigments was also checked by
the NMR data.

2.2. Pigment isolation

Red cabbage was extracted with methanol containing
1.0% TFA, while rice was extracted with methanol
containing 0.1% HCI. Each extract was concentrated
under reduced pressure, and thereafter purified by par-
tition against ethyl acetate.

Each of the partly purified samples, including the
sample which was subjected to alkaline hydrolysis (see
2.3), was applied on Amberlite XAD-7 columns. The
adsorbed samples were washed with water, before the
anthocyanins were eluted from the column using acidi-
fied methanol. The pigments 1 and 2 were individually
isolated by Sephadex LH-20 column (100 cm x 50 mm
and 100 cm x 26 mm, respectively) chromatography.
The pigments were isolated with a stepwise gradient
from 20% to 70% methanol in water containing 0.1%
HCI. Pigments 1 and 2 were eluted at approximately
40% and 20% acidified methanol, respectively. Pigment
3 was isolated by using high speed countercurrent
cromatography. The HSCCC-instrument (Model CCC-
1000, Pharma-Tech Research Corp., Baltimore, Mary-
land, USA) was equipped with 3 preparative coils,
connected in series (tubing i.d. 2.6 mm; total volume 850
ml). A two-phase solvent-system, consisting of z-butyl
methyl ether: n-butanol:acetonitrile:water (2:2:1:5 v/v/v/
v) acidified with 0.01% TFA, was used in descending
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'H and '3C spectral data for 1, 2 and 3 dissolved in CD;0D:CF;COOD (19:1) at 25 °C
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Aglycone 1, '"H 6 (ppm) 1, BC § (ppm)* 2, 'H § (ppm) 2, BC § (ppm)? 3, 'H 6 (ppm) 3, BC § (ppm)?
2 164.20° 165.05 163.85
3 145.53 146.26 145.29
4 9.04 s 136.60 9.16 s 135.87 8.85s 134.16
5 159.09 157.08 156.2
6 6.75 s 103.31 7.14 s 105.74 7.01 s 105.42
7 170.31 169.46 169.08
8 6.98 s 95.15 7.17 s br 97.44 6.71 s 97.06
9 157.48 156.80 156.2
10 113.22 113.21 112.67
1 121.08 121.11 120.85
2! 8.11 s br 118.25 8.13d; 1.8 118.71 7.85 s br 117.93
3 147.27 147.58 147.44
4 155.67 156.51 156.52
5 7.09 d; 8.2 117.37 7.15d; 8.9 117.77 7.11 d; 8.7 117.28
6 8.32d br; 7.9 128.29 8.35dd; 8.7, 1.8 129.10 8.30 d br; 8.4 129.54
3-glc
17 539d; 74 103.58 5.58d; 7.4 102.40 5.74 d; 6.1 100.25
2" 3.77 t; 8.0 74.71 4.17 t; 8.2 81.63 4241;,7.2 79.65
3" 3.67 78.01 3.881; 8.8 78.08 393 m 76.49
4" 3.54 t; 8.7 71.01 3.60 m 70.97 3.81 m 71.08
5" 3.65 78.68 372 m 78.68 397 m 75.14
6A 401d; 1138 62.29 4.04 d br; 12.1 62.4¢ 464dbr; 114 6337
6B" 381 dd; 12.2, 6.0 384.dd; 121, 5.4 62.4° 446 dd; 11.8,45  63.37
2"-gle
1” 4.89d; 7.6 104.55 5.334 99.91
2" 329 m 75.79 4971t; 8.7 7491
3" 3.39m 77.70 3.74 m 75.92
4" 332193 71.26 3.54° m 70.91¢
5" 3.05m 77.96 3.46° m 78.05¢
6" 3.57m 62.4° 397 m 62.48
5-gle
1" 5.26d; 7.8 102.61 525d; 7.5 102.39
2m 3.78 t; 8.8 74.50 3.83 m 74.52
3" 3.66 t; 8.8 77.68 3.65" m 77.68f
4" 3.55m 71.12 3.53 m 70.99
5" 3.68 m 78.62 3.66" m 78.58f
6A"" 4.04 d br; 12.1 62.4° 4.03 m 62.27
6B 3.84 dd; 12.1, 5.4 62.4° 3.78 m 62.27
6"-sin

=0 168.42
o 6.22d; 159 115.00
p 7.34 d; 159 146.94
1 125.80
2 6.60 s 106.51
3 148.92
4 139.44
5 148.92
6 6.60 s 106.51
OMe 3.80s 56.56
2" -sin
C=0 167.91
o 6.29 d; 159 115.41
p 742 d; 15.8 147.08
1 126.00
2 6.66 s 106.38
3 149.09
4 139.40
5 149.09
6 6.66 s 106.38
OMe 385s 56.55
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Table 1 (continued)

See Fig. 1 for structures.

s:singlet; d:doublet; t:triplet; m:multiplet; br:broad. For some signals, the coupling constant(s) (in Hz) are presented after the multiplicity.
213C chemical shifts for 1 and 2 were achieved from CAPT spectra. Heteronuclear NMR techniques (HSQC and HMBC) were used for shift

assignments of 3.
> Weak signal.
©The '3C shifts of the three glucosyl C6 were almost identical.

4 Hidden under the solvent peak. The 'H chemical shift was found from the HSQC spectrum.

fSignals with the same superscript may be reversed.
fSignals with the same superscript may be reversed.

mode (the lightest phase as stationary) (Degenhardt,
Knapp, & Winterhalter, 2000; Torskangerpoll, Chou, &
Andersen, 2001). The revolutionary speed of the cen-
trifuge was set to 1000 rpm, and the solvents were
pumped into the column at a flow rate of 5 mlmin~'.
Pigments 1-3 after isolation, were stored under dried
condition in sealed vials at —23 °C before further use.

The HPLC-results were obtained with an HP-1050
system (Hewlett-Packard) using an ODS Hypersil col-
umn (25 cm x 0.4 cm, 5 pm). The elution profile con-
sisted of a linear gradient, from 10% B to 100% B,
during the first 17 min, then an isocratic elution using
100% B for 6 min, and finally a linear gradient back to
10% B for the last minute, where A is HoO:HCOOH
(18:1, v/v) and B is MeOH:H,O:HCOOH (10:8:1, v/v/v).
The flow rate was 0.75 mlmin~!, and aliquots of 6 to 12
ul were used. The diode array detector (DAD) was set to
monitor anthocyanins at 520 20 nm. The #g-values for
1-3 were 14.2, 10.2 and 19.8 min, respectively. Pigment 1
was co-chromatographed with cyanidin 3-glucoside
from black currant.

2.3. Alkaline hydrolysis

A mixture of acylated anthocyanins (114.2 mg) was
dissolved in 20 ml methanol and 10 ml 2.0 M NaOH.
The initial green solution was left for 2 h at room tem-
perature. Then this yellow-brownish solution changed to
red after addition of 15 ml 2.0 M HCI. The sample was
dried under nitrogen for 2 h.

2.4. Pigment identification

The NMR experiments, one-dimensional 'H, 3C
(CAPT), '"H-'H COSY, 'H-3C HSQC and 'H-*C
HMBC, were performed on a Bruker DRX-600 instru-
ment at 600.13 and 150.92 MHz for 'H and !3C,
respectively. A TBI probehead was used for all experi-
ments, except for CAPT, where a BBO probehead was
used. As secondary references, the deuteriomethyl 3C
and the residual 'H signal of the solvent (CF3COOD-—
CD;0D:; 1:19 v/v) were used (6 49.0 and 6 3.4 from TMS
for 13C and 'H, respectively). Assignments of chemical
shifts and coupling constants of 1-3 are presented in
Table 1. A strong crosspeak between C3 (145.53 ppm)
and the only anomeric proton (5.39 ppm) in the HMBC

spectrum of 1, showed that the sugar unit was connected
to the aglycone in position 3. The NMR data on 1 were in
accordance with cyanidin 3-glucopyranoside (see Fig. 1).

On the basis of chemical shifts and coupling-patterns
in the 'TH NMR spectrum of 2, the AMX system at 8.13,
7.15 and 8.35 ppm were assigned to H-2', H-5' and H-6¢/,
respectively, the 2H AX system at 7.14 and 7.17 ppm to
H-6 and H-8, and the singlet at 9.16 ppm to H-4 of the
aglycone, cyanidin. This spectrum also showed three
anomeric protons, together with a crowded sugar region
typical for three glucose units (Table 1). Crosspeaks in
the HMBC spectrum of 2 at 5.26/157.08 ppm (H1"”"/C5)
and 5.58/146.26 ppm (H1”/C3) showed two of the glu-
cose units to be attached at the aglycone 5 and 3 posi-
tions. The third glucose moiety was located at the sugar
2"-position by the two HMBC crosspeaks at 4.17/104.55
ppm (H2"/C1") and 4.89/81.63 ppm (H1”"/C2") and the
downfield shift of H2” (4.17 ppm). Pigment 2 was thus
identified as cyanidin 3-(2”-glucopyranosylglucopyr-
anoside)-5-glucopyranoside.

Compared to 2, 3 contains, in addition, two aromatic
acyl groups, which were identified as two sinapic acid
moieties. Both acyl groups showed a typical cinnamoyl
acid pattern with a Jgg of 15.9 Hz between the two
alkene protons in accordance with the E-configuration
(Table 1). Crosspeaks in the HMBC spectrum of 3 at

HOHO

OCH,

H,cO OH

Fig. 1. The structure of cyanidin 3-(2”-(2"-sinapoylglucosyl)-6”-sina-
poylglucoside)-5-glucoside, 3. Pigment 2, cyanidin 3-(2”-glucosylg-
lucoside)-5-glucoside, is without the two sinapoyl groups.
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Table 2
Solvent proportions (v/v) used in the buffer solutions
pH A B C D E F G H
1.1 271.7 728.3
3.0 691.6 308.4
4.1 998.0 2.0
5.1 688.7 311.3
6.0 100.7 899.3
6.6 247.0 753.0
6.8 309.4 690.6
6.9 367.9 632.1
7.2 409.7 590.3
7.3 438.8 561.2
8.0 290.8 709.2
8.9 84.2 915.8
9.9 267.9 732.1
10.5 75.8 924.2

A:0.2M KCI, B: 0.2 M HCI, C: 0.1 M KHC3O4H4, D: 0.1 M HCI, E: 0.1 M NaOH, F: 0.1 M KH,POy4, G: 0.025 M borax, H: 0.05 M Na,HPOj,.

4.64/168.42 (H6A”/C=0), 4.46/168.42 (H6B"/C=0),
and 4.97/167.91 (H2"”/C=0) confirmed the linkage po-
sitions of the acyl groups in accordance with cyanidin
3-(2"-(6""-sinapoylglucopyranosyl)-6”-sinapoylglucopyr-
anoside)-5-glucopyranoside. The structure of 3 was also
confirmed by the molecular ion at m/z 1185 in the
electrospray MS spectrum. To our knowledge, this is the
first report on *C NMR data for this anthocyanin.

@ o0 |

0

2.5. Buffer solutions and anthocyanin solubility

Preparation of anthocyanin solutions: 10.2, 4.5 and
27.3 mg of 1, 2 and 3, respectively, were dissolved in
acidified methanol. Each pigment solution was then di-
vided into 14 equal portions, dried under nitrogen, and
dissolved in appropriate volumes of buffers to achieve
0.05 mM solutions. The 0.15 mM anthocyanin solutions

=20

40 A

2 60 -
=

-80

-100 |

-120

-140

-160 -

Fig. 2. (a) hyp, values of freshly made 0.05 mM solutions of cyanidin 3-glucoside (1) (O), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) (A) and
cyanidin 3-(2”-(2"-sinapoylglucosyl)-6"-sinapoylglucoside)-5-glucoside (3) (OJ) at pH-values from 1.1 to 10.5. (b) Anax values of freshly made 0.05
mM solutions of cyanidin 3-glucoside (1) (O), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) (A) and cyanidin 3-(2”-(2"-sinapoylglucosyl)-6"-

sinapoylglucoside)-5-glucoside (3) (OJ) at pH-values from 1.1 to 10.5.
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were similarly prepared. All solutions were sealed, and
kept at 10 °C during storage. The solvents used for
preparations of the buffer-solutions were 0.2 M KCl (A),
0.2 M HCI (B), 0.1 M KHCsO4H4 (C), 0.1 M HCI (D),
0.1 M NaOH (E), 0.1 M KH,POy4 (F), 0.025 M borax
(G), 0.05 M Na,HPO, (H), and Table 2 shows the sol-
vent proportions. The accurate pH-values were mea-
sured with a Hanna HI 9224 pH-meter equipped with a
Hanna HI 1330B pH electrode. The pH values of the
various samples did not change during storage.
Pigment 1-3 showed different solubilities in the vari-
ous buffer solutions. While all solutions of 2 dissolved
easily in the buffer solutions, the following samples of 1
were not completely dissolved initially: At pH 5.1 the
0.05 mM solution was completely dissolved 2 days after
preparation, while the corresponding samples, with pH
6.0, 6.6, 6.8 and 6.9, required 1 day, and the sample with
pH 7.2 needed 1 h for the process. A similar pattern was
observed for 0.15 mM solutions of 1, with the exemption
of pH 1.1 (1 h), pH 5.1 (7 days) and pH 7.2 (1 day). For
3 compared to 1, the pH interval with incomplete dis-
solution also included 0.05 mM solutions at pH 4.1 and
7.2 (1 day) and pH 5.1 (2 days), 0.05 mM solution at pH
7.3 and 0.15 mM solutions at pH 1.1, 3.0 and 8.0 (1 h),
and 0.15 mM solutions at pH 6.6 and 6.8 (2 days).

2.6. Colour measurements

UV/Vis absorption spectra were recorded between
240 and 700 nm for both 0.05 and 0.15 mM solutions of
1-3 at fourteen different pH-values (see Table 2) on a
Varian Cary3 UV-Vis Spectrophotometer. As refer-
ences, the respective buffer solutions were used. The UV/
Vis spectra were recorded for freshly made samples
(“0), after 1 h, 1 day, and then after 2, 5, 7, 14, 21, 28,
35, 49, 70 and 98 days. The absorbances of the freshly
made samples were between 0.04 and 3.22 absorbance
units, and no samples were diluted before measure-
ments. The samples were kept in a refrigerator (10 °C)
between the measurements. The colours of the same
samples were also measured using an Ultra Scan XE
Hunter colorimeter (Hunter Associates Laboratories
Inc., Reston, VA, USA), giving the various CIELab
parameters presented in Tables 4-9. The impacts of at-
mospheric oxygen and other factors, such as the com-
position of the buffer solutions, were not addressed in
this study.

The most common way to indicate anthocyanin col-
ours is based on presentation of visible An,x-values from
UV/Vis absorbtion spectra. Since anthocyanins in rather
strong acid solutions occur only as flavylium forms, the
JAmax-values may be reasonably representative of colour at
these pH values. However, when pH increases, each an-
thocyanin occurs as a mixture of various equilibrium
forms (Brouillard, 1988) in proportions which are
unknown for practically all anthocyanins. At these

Fig. 3. C* values of freshly made 0.05 mM solutions of cyanidin 3-
glucoside (1) (O), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) (A)
and cyanidin 3-(2”-(2"-sinapoylglucosyl)-6”-sinapoylglucoside)-5-glu-
coside (3) (O) at pH-values from 1.1 to 10.5.

Table 3

Absolute molar absorptivities, ¢ (I/(molcm)) for 0.05 mM cyanidin 3-
glucoside (1), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) and
cyanidin  3-(2"-(2"-sinapoylglucosyl)-6"-sinapoylglucoside)-5-gluco-
side (3) at pH-values from 1.1 to 10.5

pH 1 2 3
1.1 16520 19260 23460
3.0 12240 6060 22380
4.1 5920 1620 16360
5.1 3540 760 9680
6.0 8120 7740 12380
6.6 8340 12120 12960
6.8 8360 13340 13260
6.9 8620 15180 16260
7.2 8600 17640 18140
7.3 9180 19340 20960
8.0 8340 16220 20820
8.9 8020 16740 20000
9.9 8240 14420 15080
10.5 14380 20420 15340

25000 ;
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£ 20000 ;
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5 E 15000 -
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Fig. 4. Absolute molar absorptivities as a function of pH for 0.05 mM
cyanidin 3-glucoside (1) (O), cyanidin 3-(2”-glucosylglucoside)-5-glu-
coside (2) (A) and cyanidin 3-(2”-(2”-sinapoylglucosyl)-6”-sinapoylg-
lucoside)-5-glucoside (3) (O).

pH-values the corresponding single /,.x-values may, to a
lesser degree, be representative of the solution colour.
Thus, a system such as CIELab (CIE, 1986), which takes
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into account the absorption/transmission at all wave-
lengths, is preferable. The L*, a* and »* values can be
outlined from the X, Y and Z tristumulus values using the
following equations: L* = 116(Y/Y,)"* — 16; a* = 500
(/X)) = (v /%)) bt = 200((v /¥,)' = (2/2,)"),
where X, = 94.825, Y, = 100.00 and Z, = 107.399 using
the Dgs illuminant and 10° observer condition, and X /X,
Y/Y,, Z/Z, > 0.008856. When X /X,, Y/Y, or Z/Z, are
less than 0.00856, other equations should be used (Hunter
& Harold, 1987). From the L*, a* and b* cartesian coor-
dinates, the polar coordinates may be calculated from:

Table 4

b*
C* = Va’ +b" and hy,, = arctan (*>
a

For converting ¢* and 5* values into Ay, the signs of
a* and b* must also be taken in account (McGuire,
1992). Red colours are represented by 4,p, values around
0°, while blue colours are described by values close to
270° (or —90°). Thus, a lilac colour gives a value of 315°
(or —45°). Yellow is illustrated with hue angles near 90°
and orange colours around 45°, while green colours are
found close to 180° (or —180°).

hap, values of 0.05 mM cyanidin 3-glucoside (1), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) and cyanidin 3-(2”-(2"-sinapoylglucosyl)-6"-si-
napoylglucoside)-5-glucoside (3) at pH-values from 1.1 to 10.5 measured initially (0), after 1 hour (1 h), 1 day (1 d), 2, 5, 7, 14, 21, 28, 35, 49, 70 and

98 days at 10 °C

pH1.1 pH30 pH41 pHS1 pH60 pH66 pH68 pH69 pH72 pH73 pHS8O pHSY pH9.9 pH 10.5
¢Y)

0 20.8 57 =25  —168 -21.2* —17.1* —14.8 -13.8 -158 -242 239 279 176 —628
lh 209 57 24 —10.8° -24.9* -254* -21.7° —18.0° —17.8 247 243 284 194 —633
1d 209 57 =21  —64 -22 -137 =210 =253 =257 =266 275 314 299 750
2d 209 56 -22  —68 -84 -113  -166 -190 283 329 394  80.1
5d 208 53 21 =52 208 259 262 286 339 394 683 837
7d 208 52 -22 -44 477 489 375 439 789 852
14d 206 50  -22 1.4 69.6 502 634 887  89.4
21d 206 51 -09 594 788 910 918
28d 203 48 34 622 830 9.1 919
35d 202 48 151 650 856 921 926
49d 202 47 529 68.5 875 939 935
70d 203 45 716 89.6 953 947
98d 197 4.4 724 964 943
(2)

0 128  -28  -63%* —LI® -26.0° -468 -537 —62.6 -70.2 -77.8 -40.9 -438 —612 —155.5¢
lh 129 -28  -59 2.1 -284 549 —67.3 =750 -81.7 —420 -448 1113 1079
1d 131 =31 =56 80.2  103.6 1219 1406  28.6 1048 106.1  104.8
2d 134 -28  -45 99.6 1013 102.9
5d 127 -42 -89 910 953  99.6
7d 130 -39  -76 814 943 975
14d 128 -38  -75 80.6 947  97.1
20d 129 =36 —69 812 951 969
28d 130 -35 6.1 81.6 954 968
35d 130 -31  -56 823 962 967
49d 134 28  -56 83.1 972 963
70d 132 -13  -28 855 993 972
98d 132 -02  -16 86.1  99.1 972
3)

0 —148 -174 -258 —44.3* —49.9° —633* -754° —88.5 -97.7° —1004* -87.5 —665 -70.6 —155.4
lh -151 -17.5 -253" —43.9° -50.0° —63.5% -744* -839° -91.8 -97.7 -91.8 -727 -952 1755
1d  -151 -17.6 =253 —449° -50.6 —-652 =767 —87.7 -96.9 -1042 -988 -872 1135  109.2
2d  -146 -174 -252 -455 -50.6 658 -782 -90.3 -100.5 -108.6 -101.4 -107.5 110.7  105.7
5d  -143 -176 -252 -458 -51.1 —67.0 -80.7 -94.5 -1063 ~-l116.1 ~—l111.4 1566 1074 1045
7d  -141 -182 -252 -459 511 —67.3 -81.3 -958 —108.1 1184 ~—1144 1456 1068  104.4
14d -134 -182 =252 —458 =515 =700 -862 -103.0 -—1157 -1258 —122.1 1192 1053 1034
21d -13.1  -183 -253 —462 -524  -741  -924 -109.8 -1214 -129.7 -1269 1112 1048  102.6
28d -124 -182 =252 —46.1 =523 =765 =955 ~—112.5 —1237 -131.9 -129.0 1085 1047  102.4
35d -114 -18.1 -251 —459 -523 -782  -97.5 —1141 -1251 -133.3 ~-131.2 1064 1038 1014
49d -105 -180 -252 —462 -533 -823 -101.6 -117.8 —128.5 —1368 —1388 1046 103.0  100.5
70d  -87 -17.7 =255 -466 -540 -855 -1053 -122.0 -133.1 -141.5 -152.1  103.3 1025  100.4
98d =75 -17.9 -253 —47.5 =561 —-89.0 -109.2 -126.8 —138.2 —147.1 —-164.0 1025 1024  100.1

When the L*-value became higher than 95, and the C*-value lower than 5, no more measurements were recorded.

#Some undissolved pigment was still present.
®The colour turned lighter during the preparation time.
©The colour turned more green (less blue) during the preparation time.
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3. Results and discussion

3.1. Colours of anthocyanins in freshly made samples at
pH 1.1 to 10.5

The hue angles (%), of cyanidin 3-glucoside (1),
cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2), and
cyanidin 3-(2"-(2"'-sinapoylglucosyl)-6”-sinapoylgluco-
side) -5-glucoside (3) are given in Tables 4 and 5. Although
the colour differences between the three pigments vary

Table 5
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with pH, the hues changed with pH along the same lines
for each of the pigments (Fig. 2(a)). The three pigments
had reddish nuances at the lowest pH values. By stepwise
pH increase until 7.3, the colours gradually changed to-
ward more bluish tones. At this pH in freshly made 0.05
mM solutions, 1 showed red-lilac nuance (4,, = —24°),
while 2 and 3 showed blue tones (4, = —78° and —101°,
respectively). At higher pH-values the hue angles in-
creased again. For each pigment they were nearly similar
in the pH interval 8.0 to 9.9. At pH 10.5, the hue angles

hap, values of 0.15 mM cyanidin 3-glucoside (1), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) and cyanidin 3-(2”-(2"-sinapoylglucosyl)-6"-si-
napoylglucoside)-5-glucoside (3) at pH-values from 1.1 to 10.5 measured initially (0), after 1 hour (1 h), 1 day (1 d), 2, 5, 7, 14, 21, 28, 35, 49, 70 and

98 days at 10 °C

pH11 pH3.0 pH41 pHS51 pH60 pH66 pH68 pH69 pH72 pH73 pHS8O0 pHS9 pH99 pH 10.5
(1)

0 424 256 500 =500 —47.1* —50.7* —46.8% —50.08 —47.0° -39.7*°  24.1 269 234 =536
lh 422 258 51 —28.0° —51.8 —641° —61.9° —61.2@ 558 —441* 241 273 245  -565
1d 42 255 50 2160 -27.3 -533 -582  —639 —646 -566 253 295 318 683
2d 419 251 44 -225% 248 447 482 543 -556 -502 255 311 408 764
5d 418 240 43  -21.60 -195 -345 -334 -33.7 -331 -23.6 287 384 686 793
7d 418 236 43 200 -149 -289 248 -221 -177  -29 315 439 763 803
14d 417 225 35 =51 -87 -10.0 10.3 257 393 500 436 662 822 832
21d 418 221 55 379 1.1 120 382 532 590 642 506 769 852 853
28d 418 215 123 570 143 314 533 61.1 64.1 678  53.1 796 869  86.5
35d 416 211 243 598 320 464 598 648 668  69.6 554  8l.1 884 875
49d 415 201 569 604 335 573 659 69.1 698 715  59.1 833 907 893
70d 412 19.6 740 621 495 659 701 716 717 731 627 858 927  91.0
98d  41.1 17.6 78.1 640 529 695 718 727 725 737 647 877 942 92l
(2)

0 38.0 4.4 —8.00 —13.6> -28.9° -—423 —463 -51.5 —56.1 -59.8 342 -348 —469 —171.4°
1h 381 45 -79 -105  —-65 —40.0 -577 -63.6 —670 -684 -363 -36.1 1068  103.3
1d 384 43 -75  -78 99 296 496 942 1460 170.1 -12.5 1006  101.8  99.7
2d 387 3.7 -73 =59 61.0 909 1253 1402 526 916 969 989
5d 388 24 -85 =90 43.0 81.7 1253 1378 602 806 899 975
7d 390 2.0 78 54 60.6 845 1094 1241 580 704 836 951
14d 392 1.9 -78  -33 55.6 775 1017 1165 550 693 842 936
21d 393 2.0 -74 -0l 61.4 763 920 1034 522 703 856 940
28d 394 2.3 -6.8 2.6 65.7 76.1 863 967 522 712 866 943
35d 394 24 -6.5 4.6 66.9 756 839 913 527 721 874 943
49d 397 27 -6.1 7.7 70.9 763 806 855 539 736 8387 941
70d 394 3.6 -48 14.3 75.8 779 789 812 565 754 907 935
98d 394 48 -39 213 77.7 782 783 789 585 763 917 925
(3)

0 9% =528 —222%  —412%  —43.0° —58.2% —67.4% —72.1* -87.7° -97.4* —774* -794 —739 -153.0
1h -11  —42  -195 —392¢ —429° -55]* —614" —654' —78.0° —82.0° -79.6 —-88.6 -1052 —167.4
1d  -01 -41 -189 -382 —438 -551* —604* —658 —70.7 -754 -863 1040 1162  102.7
2d 03 -41 -189 -383 439 -558 —61.6 —674 -728 -778 —91.0 -1164  106.1 96.7
5d 00 -47 -193 -387 -444 -569 —63.1 —69.8 -760 -81.4 -1002 -152.8 984 957
7d 02 -49 -193 -388 446 571 -63.6 -70.5 -769 -827 -101.8 -169.9 975 958
14d 12 49  -194 -390 -455 -598 —67.6 -756 -82.8 -889 —113.5 1235 962  96.0
21d 12 =55  -195 -390 -464 —-62.7 -71.7 -80.5 -88.3 -945 -1225 1069  96.6  96.0
28d 24  -54  -194 -390 -472 -650 -750 —844 -924 -98.7 -1266 1030 970  96.0
35d 39  -52  -195 -394 482 —672 -782 -884 -970 -1033 -1302 1009 969 956
49d 51 =55 -195 -396 -50.0 -71.3 -840 -956 -—1048 —1112 -140.1 989 969 953
70d 77 -49  -198 —402 =525 =757 902 -103.9 -1142 -121.7 -157.6 972 969 949
98d 86 -52 -199 -40.7 =550 -79.8 -956 —109.9 -1212 -130.3 -1723 963 974 947

When the L*-value became higher than 95, and the C*-value lower than 5, no more measurements were recorded.

#Some undissolved pigment was still present.
®The colour turned lighter during the preparation time.
“The colour turned more green (less blue) during the preparation time.
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were lowered dramatically. At this pH, anthocyanins
achieved immediately after dissolution, bluish or greenish
tones, which disappeared very rapidly (Tables 4 and 5).
Fig. 2(a) shows that the three cyanidin derivatives
had different hues at nearly all pH-values from 1.1 to
10.5. It is noticeable that 1 had the highest and 3 the
lowest Ay, values throughout nearly the entire pH-re-
gion. The aromatic acyl groups of 3 clearly influenced
the aglycone chromophore by inter-/intramolecular as-
sociation, creating more purple or bluish tones. As

Table 6

shown by the hue angles (Fig. 2(a)), glucosidic substi-
tution at the aglycone 5 position (pigments 2 and 3)
compared to non-substitution of this position (1), pro-
duced a relative large decrease of the #,p, values in al-
kaline solutions. For instance at pH 8.0, in 0.05 mM
solutions, 1 showed a colour between red and orange
(hap = 24°) and 2 a lilac colour (h,, = —41°), while 3 had
a blue colour (4,, = —88°).

Fig. 2(b) shows visible Apax-values of freshly made
0.05 mM solutions of 1-3 at the various pH-values.

C* values of 0.05 mM cyanidin 3-glucoside (1), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) and cyanidin 3-(2"-(2"-sinapoylglucosyl)-6”-sina-
poylglucoside)-5-glucoside (3) at pH-values from 1.1 to 10.5 measured initially (0), after 1 hour (1 h), 1 day (1 d), 2, 5, 7, 14, 21, 28, 35, 49, 70 and 98

days at 10 °C

pH1.1 pH30 pH41 pHS1 pH60 pH6.6 pH68 pHG69 pH72 pH73 pHS8O pHSY pH99 pH 105
¢Y)

0 459 405 221 500 154 152° 136 122 116 118 215 212 161 285
lh 458 405 221 4.3 4.3 99 1L0*  109* 110 114 217 214 161 238
1d 457 399 212 4.1° 24 29 3.5 42 5.2 64 193 19.8 12.8 9.3
2d 453 399 219 4.0 2.8 3.0 3.6 44 177 183 104 100
5d 452 378 213 4.1 2.2 22 2.4 27 145 141 7.0 9.2
7d 452 374 210 4.0 2.6 2.9 13.1 12.0 6.6 8.8
14d 451 36.8 18.8 3.7 3.8 9.5 72 6.2 75
21d 450 366 152 34 7.8 5.5 5.8 6.7
28d 449 359 104 3.7 7.1 48 5.4 6.3
35d 447 352 6.4 6.7 4.6 52 5.8
49d 447 334 38 6.2 4.4 49 5.4
70d 444 316 5.8 3.9 45 49
98d 443 286 5.0 3.6 4.6
(2)

0 467 23.1 6.3 1.5° 400 259 347 383 422 432 528 491 172 144
1h 468 230 6.3 0.8 1.2 46 132 233 311 403 261 114 206
1d 470  19.0 6.1 0.7 0.8 1.0 1.4 1.3 6.9 114 164
2d 472 182 5.9 6.9 9.1 14.0
5d 474 171 6.2 6.3 75 122
7d 474 169 5.9 5.8 7.1 114
14d 475 17.0 5.8 5.5 6.8 10.4
21d 476 166 5.8 54 6.5 9.8
28d 477 16.8 5.7 52 6.2 9.1
35d 477 16.7 5.7 52 6.0 8.6
49d 479 16.0 5.7 5.0 5.8 7.9
70d 466 147 54 47 54 6.5
98d 477 14.2 5.6 4.7 52 5.7
3)

0 69.5 679 505 247°  38.0°  294°  28.4*  312%° 347 414 434 350 202 472
lh 693 680 568 367  427° 413  39.0° 415 4290 449 430 332 8.5 373
1d 693 681 593 41.8 405 378 370 376 389 408 387 205 314 345
2d 691 678 588 400  39.1 357 344 349 362 385 349 106 318 307
5d 689 677 586 392 377 329 310 313 326 352 294 69 290 268
7d 689 664 587 392 384 331 308 308 321 346 28.1 78 283 257
14d 690 664 579 371 343 278 259 265 288 318 230 108 255 215
21d 688 662 576 359 313 239 225 238 263 296 200 139 228 18.5
28d 685 659 565 342 291 219 208 225 250 277 174 161 210 169
35d 685 656 554 327 217 205 198 215 239 263 15.1 172 196 157
49d 682 653 547 310 245 181 179 194 215 234 117 179 175 146
70d 675 643 525 285 209 160 158 16.7 18.1 19.6 84 177 154 131
98d 670 638 519 273 192 139 139 141 152 161 6.8 16.8 134 119

When the L*-value became higher than 95, and the C*-value lower than 5, no more measurements were recorded.

#Some undissolved pigment was still present.
®The colour turned lighter during the preparation time.
©The colour turned more green (less blue) during the preparation time.



436 K. Torskangerpoll, .M. Andersen | Food Chemistry 89 (2005) 427-440

The following tendency was the same for all three
pigments: starting with the most acidic solutions, in-
crements in pH produced bathochromic shifts. Just
around neutrality these shifts were dramatic, with the
highest visible Amax-values at pH 7.3 for all three pig-
ments. Further increase in pH resulted in hypsochro-
mic shifts until new bathochromic shifts were revealed
above pH 9. This pattern correlates well with earlier
reports on anthocyanidin 3-monoglucosides; Cabrita
et al. (2000) have shown that anthocyanins containing

Table 7

aglycones with two or three hydroxyl groups on the B-
ring (like cyanidin) achieved the same variation in the
alkaline region as described above, contrary to antho-
cyanidin 3-monoglucosides with only one hydroxyl
group on the B-ring, which showed almost constant
/Amax values for each pigment in this pH region. Thus,
the pattern shown in Fig. 2(b) indicated that more
complex anthocyanins, such as 3 (having two aromatic
acyl groups and 3,5-diglycosidic substitution) may in-
volve the same type of aglycone equilibrium forms at

C* values of 0.15 mM cyanidin 3-glucoside (1), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) and cyanidin 3-(2”-(2"”-sinapoylglucosyl)-6”-sina-
poylglucoside)-5-glucoside (3) at pH-values from 1.1 to 10.5 measured initially (0), after 1 hour (1 h), 1 day (1 d), 2, 5, 7, 14, 21, 28, 35, 49, 70 and 98

days at 10 °C

pH1.1 pH30 pH41 pHS51 pH60 pH6.6 pH68 pH69 pH72 pH73 pH80 pH89 pHI9 pH 10.5
@®
0 81.9 70.2 49.8* 22.6* 32.5 27.7* 22.9% 22.32 21.9* 24.0* 47.2 46.9 40.6 49.7
1h 81.5 70.4 50.0 13.82 24.7* 29.12 24.3% 23.6* 22.5% 23.6* 47.6 47.4 40.7 44.4

1d 81.4 70.0 49.0 13.0% 11.7 17.7 17.5
2d 83.9 72.4 51.0 13.9* 11.0 15.0 14.4
5d 83.7 71.0 50.5 13.7* 9.9 12.1 10.8

7d 83.6 70.4 50.3 13.3 9.0 10.8 9.5
14d 83.6 69.1 45.4 10.5 8.5 8.3 7.3
21d 837 68.7 35.5 10.4 7.7 7.1 7.5
28d 833 67.6 25.4 16.2 7.4 7.3 8.6
35d 829 66.9 19.0 20.5 7.3 7.7 9.2
49d 828 65.5 15.4 24.0 7.6 8.7 10.2
70d  82.1 64.2 17.6 24.8 8.8 9.8 11.1
98d 822 60.8 19.1 24.7 9.1 10.3 11.3
@

0 78.6 52.9 20.9° 6.1° 13.1° 64.7 75.7
lh 78.6 53.1 20.8 5.7 33 5.1 16.6
1d 79.0 524 20.4 5.2 3.1 2.1 1.5
2d 79.3 50.9 20.1 5.0 2.0
5d 79.6 48.9 20.1 5.6 1.9
7d 79.8 50.0 19.6 5.0 2.6
14d 802 46.6 19.2 5.3 3.0
21d 804 46.3 18.9 5.1 4.0
28d 804 46.1 18.9 5.1 5.0
35d 805 458 18.7 5.2 5.8
49d  80.7 45.1 18.8 5.1 7.6
70d 784 41.6 17.6 5.2 10.5
98d 804 39.9 17.7 5.4 13.7
3

0 79.6* 80.6* 79.0* 65.4* 75.8% 64.4* 57.8*
1h 78.1 71.6 77.5* 71.5% 72.4* 66.9* 63.8%
1d 77.9 71.6 71.9 73.8 71.3 66.8* 64.7*

2d 77.9 77.6 77.9 73.7 71.1 65.9 63.6
5d 80.8 80.6 81.0 76.4 73.5 67.2 64.3
7d 80.7 80.6 80.8 76.2 73.5 67.1 64.0
14d 808 80.7 81.2 75.7 71.8 63.5 59.7
21d  80.7 80.9 81.3 75.5 69.8 59.3 55.1
28d 802 80.4 80.8 74.6 67.5 55.7 51.1
35d 802 80.3 80.5 73.5 65.6 52.8 48.2
49d 80.2 80.5 80.4 72.4 61.6 46.9 422
70d  80.0 80.0 80.1 69.8 54.6 39.9 35.8
98d 80.2 80.1 80.2 68.8 49.4 34.8 31.0

19.4 20.4 20.6 44.5 453 32.3 17.5
15.9 17.0 17.6 429 43.6 26.0 254

10.5 10.4 9.7 35.4 33.8 18.2 25.4
9.0 8.5 7.9 31.9 28.8 17.4 24.6
7.2 7.8 8.9 24.0 18.4 16.5 21.7
8.6 9.9 11.3 21.2 15.4 15.2 19.5

9.8 11.2 12.7 20.2 14.3 14.1 17.8
10.4 11.9 13.5 19.5 13.8 13.3 16.7
11.5 12.9 14.5 18.6 13.1 12.2 15.3
12.3 13.7 15.3 17.5 12.2 11.1 13.5
12.6 13.8 15.3 16.7 11.3 9.9 12.0

74.6 73.4 71.5 81.2 71.7 325 35.6°
39.9 54.5 62.3 75.7 60.2 26.4 52.9

1.1 2.1 3.9 5.2 18.7 33.6 50.7
1.9 2.9 5.0 4.8 21.5 30.8 48.3
1.5 2.8 5.3 6.2 21.4 27.9 43.2
2.7 3.8 6.0 7.0 222 24.9 37.1
3.1 43 6.6 8.9 21.2 23.2 33.7
43 5.7 8.0 10.7 20.3 21.8 31.9
5.6 7.2 9.2 12.4 19.6 20.5 30.6
6.5 8.5 10.9 13.7 19.0 19.4 29.1

8.5 11.1 13.5 15.5 18.1 18.0 26.6
11.6 14.7 17.2 16.8 17.3 16.0 23.4
15.2 18.7 21.4 18.5 17.8 15.9 23.4

59.7* 48.9* 46.6* 56.1° 38.8 243 42.3
63.1° 55.9 55.6 53.6 40.1 23.6 50.4
62.5 60.1 57.7 51.1 352 40.2 55.2
61.2 58.7 56.4 49.3 30.1 47.4 54.2
61.6 59.0 56.7 48.3 19.5 51.7 53.3
61.1 58.4 56.0 47.4 16.6 52.8 52.5
57.0 54.7 52.9 42.8 18.9 53.9 48.3
52.9 51.3 50.1 38.2 28.5 514 44.7
49.7 48.7 47.8 34.1 34.1 49.6 42.4
47.1 46.6 46.2 30.5 37.4 47.9 40.5
425 429 433 24.6 40.2 44.5 38.0
37.3 39.2 40.1 18.1 41.4 40.8 35.6
332 35.5 36.6 14.9 40.5 37.1 334

When the L*-value became higher than 95, and the C*-value lower than 5, no more measurements were recorded.

#Some undissolved pigment was still present.
®The colour turned lighter during the preparation time.
°The colour turned more green (less blue) during the preparation time.
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the various pH values as the anthocyanidin 3-mono-
glucosides.

The Amax-values of freshly made 0.05 mM solutions of
1-3 at the various pH-values correlated poorly with the
corresponding /,p,, values, and the correlation coeffi-
cients (0.41, 0.80 and 0.90 for 1-3, respectively) showed
that caution should be applied when using Ap.c-values
for interpretation of colours. For instance, 1 showed the
same Amax-value (546-547 nm) in aqueous solutions at

Table 8

both pH 6.6 and 9.9; however, its corresponding A,p,
values were —17° and 18°, respectively.

3.2. Colour saturation (chroma) of anthocyanins in
freshly made samples at pH 1.1-10.5

The C* values (Tables 6 and 7) show the distance away
from the greytone (i.e., degree of colour saturation) in a
scale from 0 to 100. Fig. 3 shows how the chroma varied

L* values of 0.05 mM cyanidin 3-glucoside (1), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) and cyanidin 3-(2”-(2"-sinapoylglucosyl)-6"-sina-
poylglucoside)-5-glucoside (3) at pH-values from 1.1 to 10.5 measured initially (0), after 1 hour (1 h), 1 day (1 d), 2, 5, 7, 14, 21, 28, 35, 49, 70 and 98

days at 10 °C

pH1.1 pH30 pH41 pHS1 pH60 pH66 pH68 pH69 pH72 pH73 pHS8O pHSY pH99 pH 105
Y}

0 81.1 823 895  949° 8.6 758  752*  743* 73T 725 748 750 732 620
lh 811 823 895  964°  952°  850°  80.8° 778 760 740  75. 752 738 659
1d 8Ll 826 900 967 973 952 935 9Ll 880 847 786 718 803  92.8
2d 812 826 897 967 945 930  9L1 889 807 798 854 946
5d 812 835 900 968 958 951 944 936 8.3 850 936 960
7d 813 837 901 96.8 955 948 875 878 957 965
14d 813 840 911 96.9 962 928 942 973 974
21d 814 841 928 953 970 978  98.0
28d 815 843 946 961 979 981  98.0
35d 815 845 962 964 979 982 983
49d 816 8.2 975 968 981 985  98.6
70d 815 859 970 987 986  98.7
98d 818 872 97.8 99.3  98.8
(2)

0 81.5 905 965>  98.2° 966> 807 732 693 654 644  67.1 673  80.6  83.3¢
lh 815  90.6  96.6 986 976 947 879 798 739 742 796 963  96.9
1d 814 921 967 982 980 977 972 965 971 979 975
2d 814 924 969 975 978 975
5d 816 932 969 977 981 978
7d 816 932 968 974 981 976
14d 816 931 962 976 982  97.8
210d 814 931 971 978 984 979
28d 815 933 970 980 985  98.0
35d 815 932 971 981 986  98.1
49d 814 935 971 982 987 982
70d 789 906  94.0 955 960 956
98d 813 936 967 985 989  98.8
3)

0 660 665 725 82.7* 72018 76.0°  75.3*  722* 693  63.2* 578 563 553 572
lh 660 665  68.0° 743 685 655 655  62.1°  60.8° 594 588 573 64l 72.5
1d 662 666 679 704  70.1 680 667 656 647 640 629 658 932 953
2d 662 666  68.1 713 710 694 687 617 671 663 657 736 947 962
5d 663 666 683 716 720 713 710 706 703 698  7l.1 838 957  96.6
7d 663 672 682 716 715 711 711 709 708 705 725 854 960  96.7
14d 666  67.6 690 732 744 748 749 746 740 736 773 892 970 972
21d 667 676 693 738 762 772 712 768 763 755 798 919 972 973
28d 669 676 695 745 771 781  78.1 776 770 763 814 935 972 973
35d 671 678 699 753 777 788 786 780 776 773 829 944 973 974
49d 677 6.1 706 762 798 803 799 796 794 793 85 956 975 974
70d 680 682 714 772 812 808 8.7 8.7 810 812 8.5 9.1 975 976
98d 688 687 715 777 84 817 815 826 830 833 894 968 982 979

When the L*-value became higher than 95, and the C*-value lower than 5, no more measurements were recorded.

#Some undissolved pigment was still present.
®The colour turned lighter during the preparation time.
©The colour turned more green (less blue) during the preparation time.
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with pH in freshly made samples of 1-3. The highest
values were found at the lowest pH-values, except for 2,
which had its highest C* values in a region around pH 8.0.
Freshly made samples of 2 and 3 had significantly higher
C* values than 1 in the pH region 6.6 to 8.0, revealing the
impact of 5-glucosidation on colour saturation. The
molar absorptivities (¢) of 1-3 (Table 3) followed a similar
colour strength pattern (Fig. 4) to that described above.
When the & values of petunidin 3-(4"-coumaroylr-

Table 9

hamnosyl)glucoside-5-glucoside, petanin, were com-
pared with similar values of the six common anthocy-
anidin 3-glucosides (Cabrita et al., 2000; Fossen, Cabrita,
& Andersen, 1998), it was noticed that petanin in contrast
to anthocyanin 3-monoglucosides, showed relatively high
¢ values in slightly alkaline solutions. This hyperchromic
effect in slightly alkaline solutions should thus be attrib-
uted to 3,5-diglycosidic substitution and not aromatic
acylation of the anthocyanin.

L* values of 0.15 mM cyanidin 3-glucoside (1), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) and cyanidin 3-(2”-(2"-sinapoylglucosyl)-6"-sina-
poylglucoside)-5-glucoside (3) at pH-values from 1.1 to 10.5 measured initially (0), after 1 hour (1 h), 1 day (1 d), 2, 5, 7, 14, 21, 28, 35, 49, 70 and 98

days at 10 °C

pHI1.1 pH30 pH41 pHS1 pH60 pH66 pH68 pH69 pH72 pH73 pHS80 pHS89 pHI9 pHI10.5
(1
0 63.7 63.0 69.6* 65.5 39.9* 33.5¢ 35.32 33.3¢ 32.24 31.1° 38.7 38.7 39.3 24.3
lh 63.4 63.1 69.9 80.7¢ 60.7° 41.4° 40.5 37.1# 35.0° 33.7% 39.4 39.1 40.3 28.2

1d 63.6 63.3 70.6 82.6" 81.7 67.6 63.7
2d 66.3 66.1 73.6 86.4* 87.0 76.4 73.8
5d 66.3 66.6 73.9 86.3% 87.9 79.6 78.2
7d 66.3 66.9 74.0 86.7 88.7 80.6 79.8
14d  66.5 67.5 76.6 87.7 88.4 82.9 83.5
21d  66.7 67.7 81.2 88.2 88.6 84.7 86.1
28d  66.8 68.1 85.5 86.6 88.5 85.2 87.2
35d 669 68.2 88.6 86.3 90.4 87.1 88.3
49d 670 68.9 91.3 85.6 88.0 87.5 89.0
70d  66.6 69.5 923 84.5 87.9 88.5 89.4
98d 672 71.1 92.7 86.3 87.7 89.5 90.4

@

0 69.5 76.9 89.4° 94.5° 89.2° 49.9 36.9
lh 69.6 77.1 89.6 95.0 92.7 89.5 79.7
1d 69.4 71.5 89.9 95.3 95.9 95.3 94.6

2d 694 782 901 954 94.6
s5d 696 792 903 954 94.2
7d  69.6 800 898 952 94.7
14d 694 8.0 903 954 94.2
21d 694 804 907 952 94.3
28d 692 799 907  95.1 94.2
35d 694 805 907 949 93.7
49d 694 8.6 908 950 93.4
70d 672 786 878 918 89.9
98d 694 821 90.6 946 91.9
3

0 5674 48.1°  50.3% 5250 354% 423 46.6°
lh 460 451  40.8°  407°  33.7° 333 338
1d 461 45.1 399 364 354 3160 30.4°

2d 46.2 45.1 39.9 36.5 35.6 323 314
5d 48.5 473 42.1 39.0 38.2 35.1 34.4
7d 48.5 47.3 423 39.2 38.1 34.9 343
14d 489 47.5 42.6 40.0 39.7 37.5 37.3
21d  49.0 47.4 42.7 40.0 41.1 40.0 40.3
28d  49.2 47.5 42.9 40.6 42.0 41.6 41.9
35d 4938 47.6 433 41.7 42.7 42.7 437
49d 502 47.8 43.6 42.4 44.8 46.2 473
70d  50.8 479 44.2 442 48.6 50.6 52.0
98d 51.6 48.1 44.5 44.7 50.8 53.2 533

56.5 513 48.2 44.7 43.8 53.9 75.4
67.6 62.8 58.9 51.4 51.1 68.6 85.9
75.2 73.3 71.4 61.4 64.7 86.6 89.1
71.7 76.8 75.6 66.2 71.5 90.2 90.1
83.4 83.7 82.5 77.8 87.5 92.7 92.3
86.6 86.5 85.2 82.4 92.4 94.0 93.5
87.1 87.0 85.9 84.1 93.7 94.5 94.2
87.9 87.5 86.3 85.2 94.2 95.2 94.7
88.6 88.3 87.3 87.0 94.6 95.9 95.2
89.2 88.9 88.2 88.8 95.5 96.6 96.2
90.1 89.9 89.1 90.1 96.2 97.3 97.0

31.3 29.1 27.6 35.6 35.1 523 55.5¢
60.8 47.2 38.0 43.1 47.3 84.8 87.7
93.5 92.0 89.6 88.1 87.4 90.2 90.4
93.6 92.4 90.7 91.1 90.7 924 93.3
93.4 92.2 90.7 91.3 89.9 92.2 93.5
94.1 92.8 91.4 91.8 89.0 91.9 93.1
93.3 92.2 90.5 91.3 90.1 92.8 93.1
93.4 923 90.9 90.6 91.2 93.6 93.5
93.4 92.2 90.3 90.2 92.0 94.2 93.9
92.8 91.4 90.0 90.1 92.4 94.7 94.1
92.4 90.9 89.5 90.0 93.1 95.2 94.3
88.8 87.1 85.8 87.2 90.7 93.0 91.6
90.5 88.6 87.3 89.8 93.5 96.1 94.3

41.8 53.6* 57.3% 28.2¢ 22.7 19.6 27.6
30.9* 39.5% 38.4* 27.8 24.2 235 35.8
29.4 29.6 29.8 30.6 29.1 73.8 82.5
30.7 30.8 30.9 325 35.2 80.2 85.3
34.0 34.3 34.5 38.8 533 86.3 90.4
34.0 34.4 34.8 39.7 57.4 87.0 90.8
36.9 37.2 37.5 46.2 69.9 89.9 91.7
39.9 40.1 40.3 52.0 71.6 91.1 91.9
41.7 41.6 41.6 55.2 81.5 91.4 92.1
43.0 429 42.9 58.0 83.9 91.8 923
46.5 45.9 45.8 63.4 87.0 92.4 92.8
49.8 49.1 49.0 69.2 88.4 924 92.7
52.3 51.8 522 72.7 89.5 93.6 93.4

When the L*-value became higher than 95, and the C*-value lower than 5, no more measurements were recorded.

#Some undissolved pigment was still present.
°®The colour turned lighter during the preparation time.
“The colour turned more green (less blue) during the preparation time.
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Freshly made samples of the acylated pigment (3)
also had much higher colour saturation than the corre-
sponding solutions of nonacylated pigments (1 and 2) in
the pH range 3.0-6.6. For instance, at pH 6.0, the an-
thocyanins 1 and 2 showed very weak colours, while a
0.15 mM solution of 3 had a C*-value of 76 (Table 7), an
effect of significant importance in the search for colour
additives for weakly acid solutions.

3.3. Colour variation of anthocyanins in the pH range 1.1—
10.5 during storage

According to the CIELAB parameters of 1-3 during
storage (Tables 4-9), their colour stabilities depend highly
on pH and anthocyanin structure. As revealed in Fig. 5
and Table 4, the hues changed little at low pH values (pH
1.1 and 3.0) for all pigments. At pH 4.1 the most simple
anthocyanin (1), maintained nearly the same reddish
shade for 20 days; however, thereafter, the colour chan-
ged toward orange until all of the pigment was gone after
ca. 2 months. At this pH, the acylated pigment (3) main-
tained its initial hue during the whole period (98 days).
Pigment 2 showed an intermediate course by having a
relative stable hue; however, its chroma was relative low
(Tables 6 and 7). Pigment 2 was significantly more un-
stable than 1 at most pH values, showing very low C* and
very high L* values after storage for only some hours in
neutral and weakly acid solutions (Tables 6-9).
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By comparing Tables 6 and 7 (and Tables 8 and 9) it
was observed that the most concentrated samples (0.15
mM) had the highest C*-values (and lowest L*-values) as
expected. The hue angles were clearly lowest for the less
concentrated solutions (0.05 mM) (bathochromic effect)
in the most acidic buffers for all three pigments (Tables 4
and 5). In the three most alkaline solutions, all pigments
turned into yellow colours during storage regardless of
concentration. In the pH range 5.1 to 8.0, the impact of
concentration on anthocyanin colour was more com-
plex. However, in this range, the colour stabilities of, in
particular, the nonacylated pigments (1 and 2) were
clearly greater in 0.15 mM solutions.

Pigment 3 showed greater colour stability, expressed
by ha,, C* and L* parameters, than the nonacylated
forms (1 and 2) at all pH values but pH 1.1, where all
pigments retained their colours in the storage period,
and in the most alkaline solutions, where all pigments
experienced dramatic colour changes. Interestingly, the
hue of 0.05 mM solution of 3 at pH 6.9 decreased just
around 40° after more than three months of storage,
going from a pure blue tone (h,,, around —90°) to a
slightly different shade (—127°). At this pH, both 1 and 2
started to change colours just after 1 h. In solutions with
pH 4.1 and 5.1, 3 maintained nearly the same A,,, C*,
and L* values during the whole measuring period (98
days), in contrast to its non-acylated analogues, 1 and 2
(Tables 4-9).
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Fig. 5. hy, values variations with time (days) for 0.05 mM cyanidin 3-glucoside (1) (O), cyanidin 3-(2”-glucosylglucoside)-5-glucoside (2) (A) and
cyanidin 3-(2"-(2"-sinapoylglucosyl)-6”-sinapoylglucoside)-5-glucoside (3) (OJ) at pH 1.1 (a), pH 4.1 (b), pH 6.9 (c) and pH 8.9 (d).
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