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Abstract

Several carotenoids were isolated and their colours were ascertained objectively to establish relationships between the chemical struc-
tures of those pigments and their actual colours, considering the coordinates of the uniform space CIELAB. The results of this study
revealed that the different carotenoids surveyed could be grouped in the ¢*b* plane according to the number of conjugated double bonds.
For yellowish carotenoids, it was observed that «* values clearly decreased from those with 11 conjugated double bonds (c.d.b.) to those
with 9 c.d.b., although this trend reversed in the case of carotenoids with 7 c.d.b.. In terms of hue (%,;), it was seen that the decrease in
conjugation of the molecules involved a slight rise in /,,. On the other hand, the aperture of the end rings or the increase in conjugation

involved clear increases in hue.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Carotenoid pigments account for the natural yellow,
orange or red colours of many foods. Therefore, they are
directly related to the perception of their quality, as colour
does influence the consumers’ preferences (Clydesdale,
1993; Meléndez-Martinez, Vicario, & Heredia, 2004a,
2005; Roth et al., 1988; Tepper, 1993). In addition to this
role, it is well-known that some of them show vitamin A
activity (Meléndez-Martinez, Britton, Vicario, & Heredia,
2005a; Olson, 1989; Rodriguez-Amaya, 1997). Interest in
these compounds has risen considerably lately because of
their likely involvement in the prevention or protection
against serious human health disorders, such as heart dis-
ease, cancer and macular degeneration, among others (Fra-
ser & Bramley, 2004; Giovanucci, 1999; Krinsky, 2001;
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Meléndez-Martinez, Vicario, & Heredia, 2004b; Olson,
1999).

The UV/Vis spectrum of carotenoids is of great impor-
tance for analysts, because it provides valuable information
about their structure. The spectrum is due to the presence
of the long chromophore of conjugated double bonds
(c.d.b.). Organic molecules can absorb ultraviolet or visible
light. As a consequence of the absorption of light, elec-
tronic transitions occur, which lead to a higher energy or
excited state of the molecule. In the case of carotenoids,
electronic transitions are from n to n* orbitals. Due to
the delocalization of the electrons along the chromophore,
the excited state of the molecule is of low energy so that, in
general, absorption of visible light is enough to give rise to
the transitions (Britton, 1995). At least 7 c.d.b. are needed
for a carotenoid to have perceptible colour. Thus, {-caro-
tene, with 7 c.d.b., has a slight yellowish colour, whereas
phytoene and phytofluene (3 and 5c.d.b., respectively)
are colourless (Britton, 1995; Rodriguez-Amaya, 2001).
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The influence of the chemical structure of carotenoids on
the location of their absorption maxima and the shape of
the spectra is well-known (Britton, 1992, 1995; Minguez-
Mosquera, 1997), although it has not been exhaustively
studied in terms of colour coordinates, despite the fact that
objective measurement of colour by means of colorimetry
is being increasingly used for the analysis of carotenoid pig-
ments (Arias, Lee, Logendra, & Janes, 2000; Meléndez-
Martinez, Britton, Vicario, & Heredia, 2005b; Meléndez-
Martinez, Vicario, & Heredia, 2003; Minguez-Mosquera,
Rejano-Navarro, Gandul-Rojas, Sanchez-Gémez, & Garr-
ido-Fernandez, 1991; Sinnecker, Gomes, Aréas, & Lanfer-
Marquez, 2002). Objective measurement of colour is a non-
destructive and very rapid technique that enables the ana-
lyst to obtain a series of parameters in a few seconds, which
is a very useful tool for quality control of carotenoids in the
industry (Meléndez-Martinez et al., 2003). The goal of this
paper is to evaluate differences in the colours of several
carotenoids as a consequence of differences in their chemi-
cal structures, in order to provide new data that facilitate
the usage of the objective measurement of colour for the
analysis of those compounds.

2. Materials and methods
2.1. Samples

Sixteen carotenoid pigments were surveyed (chemical
structures in Fig. 1). a-Carotene, B-carotene, {-carotene,
lutein, neoxanthin, violaxanthin, B-cryptoxanthin, zeaxan-
thin, lutein epoxide and lycopene were isolated from natural
sources (Table 1) by column chromatography and/or thin-
layer chromatography according to standard procedures
(Britton, Liaaen-Jensen, & Pfander, 1995; Minguez-Mosqu-
era, 1997; Minguez-Mosquera & Hornero-Méndez, 1993).

Antheraxanthin was obtained by treating zeaxanthin
with 3-chloroperoxybenzoic acid (Barua & Olson, 2001;
Meléndez-Martinez, Britton, Vicario, & Heredia, 2005c).
Luteoxanthin and auroxanthin were obtained by treating
violaxanthin with ethanolic HCI (0.1 M), whereas neo-
chrome and mutatoxanthin were obtained in the same
way from neoxanthin and antheraxanthin, respectively
(Minguez-Mosquera, 1997). Canthaxanthin was a gift from
Hoffman-La Roche.

2.2. Colour measurement

Colour was appraised by means of an HP8452 UV/Vis
diode-array spectrophotometer (Hewlett-Packard, Palo
Alto, CA) with a wavelength accuracy of 2 nm. A 10 nm
pathlength glass cuvette was used for the measurements
and the whole visible spectrum (380-770 nm) was regis-
tered (A1 =2 nm). The colour parameters of the uniform
colour space CIELAB (CIE, 1978) under CIE Illuminant
D65 and 1964 Standard Colorimetric Observer were
obtained by means of the software CromaLab® (Heredia,
Alvarez, Gonzalez-Miret, & Ramirez, 2004).

Due to the influence of the solvent on the spectra of
carotenoids (Britton, 1995; Britton & Young, 1993), all
the pigments were dissolved in the same solvent for the col-
our measurements. To minimize the influence of concentra-
tion on the colour coordinates, solutions equal in
concentration (3.44 x 107° M), determined spectrophoto-
metrically, were used. For this purpose the values of
absorption coefficients reported in the literature were con-
sidered (Britton, 1995; Minguez-Mosquera, 1997) (Table
2), and the corresponding molar absorption coefficients
(¢) were calculated according to the formula
e= (4" x P,)/10 (Britton, Liaaen-Jensen, & Pfander,
2004). When those values were not referred to acetone,
solutions at the concentration considered were prepared
in suitable solvents, after which 2 ml aliquots were taken,
concentrated to dryness and re-dissolved in 2 ml of acetone
for the colour measurements.

3. Results and discussion

The colour coordinates of the uniform space CIELAB
corresponding to the acetone solutions of the carotenoids
studied are shown in Table 3.

Absorption coefficients are difficult to obtain, so some
reported values may have some significant level of error
(Britton, 1995). In the case of lutein epoxide, two values
of A% (2400 and 2800 at 441 nm in ethanol, Table 2) were
considered. Taking into consideration that the same con-
centration (3.44 x 107® M) was considered in both cases,
two spectra, differing in absorbance (0.48 and 0.56 at
441 nm, respectively), were obtained for the same pigment,
which was useful to estimate to some extent the influence of
absorbance, related to the actual concentration, on the col-
orimetric parameters. In this sense, it was seen that ¢* and
h,p, values were similar (—10.17 CIELAB units and 104.93°,
respectively, for 4]% = 2400; —11.85 CIELAB units and
104.50°, respectively, for A%Z;n = 2800), whilst differences
in b* and C}, were higher (38.17 and 39.50 CIELAB units,
respectively, for 417 =2400; 45.80 and 47.31 CIELAB
units, respectively, for 417 = 2800). Accordingly, ¢* and
h,, were mainly taken into consideration for ascertaining
the influence of the chemical structure of carotenoids on
their colour.

The absorption spectra of carotenoids depend largely on
the number of conjugated double bonds (c.d.b.) in their
molecules so, the longer the chromophore, the higher were
the wavelengths of maximum absorption (Table 4). Acyclic
carotenoids absorb maximally at longer wavelengths than
cyclic carotenoids with the same number of ¢.d.b. in which
conjugation extends into rings, due to the fact that, in the
latter, there are steric strains (Britton & Young, 1993).
Thus, as can be observed in Table 4, the dicyclic carotenoid
canthaxanthin (13 c.d.b., 4 in rings) absorbs maximally in
the same region as the acyclic lycopene (11 ¢.d.b., none in
rings). Likewise, the absorption maximum of lycopene
(11 c.d.b., none in rings) in acetone is located at a longer
wavelength (474 nm) than that of B-carotene (11 c.d.b., 1
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Fig. 1. Chemical structures of the carotenoids studied.

in rings) (454 nm), despite both pigments having the same
number of c.d.b.

Location of the solutions of the pigments in acetone in
the plane a*b* is displayed in Fig. 2. The reddish carote-
noids, lycopene and canthaxanthin, were located in the first
quadrant of the plane (positive values of «* and b%),
whereas the yellowish ones were located near the o™ axis
in the second quadrant (negative values of a* and positive
values of »*). The latter carotenoids were grouped by the
number of conjugated double bonds in their molecule
(Fig. 2): 11 (PB-carotene, B-cryptoxanthin and zeaxanthin,
group 1), 10 (a-carotene, lutein and antheraxanthin, group

2), 9 (violaxanthin, neoxanthin, lutein epoxide and mutato-
xanthin, group 3), 8 (luteoxanthin and neochrome, group
4) and 7 (auroxanthin and {-carotene, group 5). Consider-
ing these yellowish carotenoids, it was obvious that ¢ val-
ues decreased from those with 11 c.d.b. to those with
9 c.d.b. As a result of the re-arrangement of one 5,6-epox-
ide group in neoxanthin and violaxanthin (9 c.d.b.) to form
neochrome and luteoxanthin (Fig. 1), respectively, a conju-
gated double bond is lost, which involves a slight decrease
in " as well as a decrease in b*. However, the re-arrange-
ment of the remaining 5,6-epoxide group in luteoxanthin
to form auroxanthin, with seven conjugated double bonds
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Table 1

Natural sources used for the isolation of carotenoids

Carotenoid Source

a-Carotene Palm oil (Elaeis guineensis Jacq.)
B-Carotene Palm oil (Elaeis guineensis Jacq.)
{-Carotene Orange juice (Citrus sinensis (L.) Osbeck)
Lutein Spinach leaves (Spinacia oleracea L.)
Neoxanthin Spinach leaves (Spinacia oleracea L.)

Violaxanthin
B-Cryptoxanthin
Zeaxanthin
Lutein epoxide

Spinach leaves (Spinacia oleracea L.)
Red peppers (Capsicum annuum L.)

Red peppers (Capsicum annuum L.)
Petals of dandelion (Taraxacum officinale
F. Weber ex Wiggers)

Lycopene Tomatoes (Lycopersicon esculentum Mill.)
Table 2

Specific absorption coefficients (A{ofm) of the carotenoid pigments studied
Carotenoid c.d.b. (in rings) 4\% Solvent A (nm)
Antheraxanthin 10 (1) 2349 Acetone 444
Auroxanthin 7(0) 1850 Acetone 402
Canthaxanthin 13 (4) 2200 Petroleum ether 466
a-Carotene 10 (1) 2800 Petroleum ether 444
B-Carotene 11 (2) 2620 Acetone 450
{-Carotene 7(0) 2555 Hexane 400
B-Cryptoxanthin 11 (2) 2386 Petroleum ether 449
Lutein 10 (1) 2340 Acetone 446
Lutein epoxide 9 (0) 2400 and Ethanol 441

2800

Luteoxanthin 8 (0) 2340 Acetone 424
Lycopene 11 (0) 3450 Petroleum ether 470
Mutatoxanthin 9(1) 2240 Acetone 424
Neochrome 8 (0) 2270 Acetone 420
Neoxanthin 9 (0) 2050 Acetone 438
Violaxanthin 9(0) 2400 Acetone 442
Zeaxanthin 11 (2) 2340 Acetone 452
Table 3

Colour coordinates of the solutions in acetone of the carotenoids studied
Carotenoid c.d.b. L ar b c, Bap

(in rings)

Antheraxanthin 10 (1) 96.51 —7.35 4424 4484 99.43
Auroxanthin 7 (0) 99.23 =521 12.84 13.86 112.09
Canthaxanthin 13 (4) 94.03 8.72 30.73 3195 74.16
a-Carotene 10 (1) 96.90 —6.69 4238 4290 98.96
B-Carotene 11 (2) 9584 —3.11 44.89 45.00 93.96
C-Carotene 7 (0) 9729 -543 12.74 13.85 113.07
B-Cryptoxanthin 11 (2) 94.71 —5.12 5237 52.62  95.58
Lutein 10 (1) 9393 —6.18 3739 37.89 99.38
Lutein epoxide (1) 9 (0) 9691 —10.17 38.17 39.50 104.93
Lutein epoxide (2) 9 (0) 9735 —11.85 45.80 47.31 104.50
Luteoxanthin 8 (0) 96.89 —10.89 31.31 33.15 109.18
Lycopene 11 (0) 93.31 8.60 36.05 37.06 76.59
Mutatoxanthin 9(1) 98.00 —11.34 36.18 3791 107.41
Neochrome 8 (0) 97.78 —11.07 31.32 33.22 109.46
Neoxanthin 9 (0) 99.89 —10.53 37.16 38.62 105.82
Violaxanthin 9 (0) 97.42 —10.05 41.89 43.08 103.49
Zeaxanthin 11 (2) 95.87 —3.88 4248 42.66 95.22

(Fig. 1), involved a dramatic rise in ¢* and a marked drop
in b, so that its location in the a*b* plane matched with
that of the acyclic {-carotene. Thus, & values of these
carotenoids with 7 c.d.b. were similar to those of the

Table 4
Absorption maxima in acetone and number of conjugated double bonds
of the carotenoid pigments studied

Carotenoid c.d.b. (in rings) Absorption maxima (nm)
Canthaxanthin 13 (4) 472

Lycopene 11 (0) 446 474 504
B-Carotene 11 (2) 454 480
B-Cryptoxanthin 11 (2) 452 478
Zeaxanthin 11 (2) 454 480
a-Carotene 10 (1) 424 448 476
Lutein 10 (1) 424 448 476
Antheraxanthin 10 (1) 424 448 476
Violaxanthin 9 (0) 420 442 472
Lutein epoxide 9 (0) 416 440 468
Neoxanthin 9(0) 416 438 466
Mutatoxanthin 9(1) 406 428 452
Luteoxanthin 8 (0) 402 424 450
Neochrome 8 (0) 400 424 450
{-Carotene 7 (0) 380 402 426
Auroxanthin 7 (0) 382 402 428

carotenoids with 10 c.d.b. studied, although b values were
dramatically lower.

In terms of hue (%,;), the qualitative attribute of colour,
distinction between the reddish carotenoids, canthaxanthin
and lycopene (h,, = 74.16° and 76.59°, respectively) and
the remainder, with hue values ranging from 93.96° to
113.07°, was clear. In general, it was seen that the aperture
of the end rings or the increase in conjugation involved
clear rises in hue.

Differences in hue among the acyclic carotenoid lyco-
pene (h,, =76.59°) and the cyclic ones, B-carotene, [-
cryptoxanthin and zeaxanthin (/,, =~ 105°), all of them
with 11 c.d.b., are due to the presence of two c.d.b. in
rings in the latter. As a result of this, the c.d.b. in rings
are not coplanar with the main polyene chain and steric
strain take place, so that their absorption maxima
(Admax &~ 454 nm) are located at shorter wavelengths than
those of acyclic carotenoids with the same number of
c.d.b. (Britton, 1991, 1995), in this case lycopene
(Amax = 474 nm). This fact also explains that the hue of
canthaxanthin, with 13 c.d.b. and 4 of them in rings
(Fig. 1), was similar to that of lycopene.

Taking into consideration the remaining carotenoids
surveyed, it was obvious that the loss of a c.d.b. led to a
slight increase in hue. Thus, hue values of carotenoids with
10 c.d.b. (o-carotene, lutein and antheraxantin) and
9 c.d.b. (violaxanthin, lutein epoxide, neoxanthin and
mutatoxanthin) were around 99° and 105°, respectively,
whilst those of carotenoids with 8 c.d.b. (luteoxanthin
and neochrome) and 7 ¢.d.b. (auroxanthin and {-carotene)
were around 109° and 112-113°, respectively.

To correlate type of chromophore, absorption maxima
and colour, in terms of hue, the visible spectra of (-caro-
tene, lycopene, B-carotene, canthaxanthin, antheraxanthin,
violaxanthin, mutatoxanthin, luteoxanthin and auroxan-
thin were taken into account, to avoid redundant informa-
tion (Fig. 3).
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Fig. 3. Detail of the visible spectra of {-carotene, lycopene, p-carotene,
canthaxanthin, antheraxanthin, violaxanthin, mutatoxanthin, luteoxan-
thin and auroxanthin.

The augmentation in the number of c.d.b. from {-caro-
tene (7 c.d.b., Apax =402 nm, %, = 113.07°) to lycopene
(11 c.d.b., Apax =474 nm, h,, = 76.59°) involves a batho-
chromic shift of the absorption maxima of 72 nm. In terms
of hue, that increase in conjugation involves a fall of
around 37°. Thus, (-carotene is light-yellowish and lyco-
pene is reddish. Cyclization of lycopene (11 c.d.b.,
Amax = 474 nm, h,, = 76.59°) to give B-carotene (11 c.d.b.,
2 in rings, Amax = 454 nm, h,, = 93.96°) involves a hypso-
chromic shift of 20 nm and an increase of /4, of about
18°. The presence of a hydroxyl group in B-cryptoxanthin
does not affect the chromophore with respect to that of
B-carotene, so both compounds have almost identical spec-
tra, as is well-known (Britton, 1995).

As a result of the presence of two keto groups in the end
rings of canthaxanthin (13 c.d.b., 4 in rings, 4.« = 472 nm,
ha, = 74.16°), its absorption maximum is located at a wave-
length 18 nm longer than that of B-carotene. The increase in

conjugation involves a drop in 4, of about 20° with respect
to B-carotene, so canthaxanthin is reddish whilst B-carotene
is yellowish. Antheraxanthin (10 c.d.b., 1 in rings, Ay.x =
448 nm, h,, = 99.43°) has 1 c.d.b. less than B-carotene, so
its absorption maximum is located at a wavelength 6 nm
shorter and its hue is around 5° higher. In the case of a-car-
otene and lutein, the loss of one c.d.b. with respect to B-car-
otene is due to the presence of a € ring, so the changes in their
absorption maxima and hue values are analogous to those
of antheraxanthin. The main difference between the chro-
mophores of B-carotene and violaxanthin (9 c.d.b., Apax =
442 nm, h,, = 103.49°) is the loss of two c.d.b. in the latter
one, so violaxanthin does not have c.d.b in rings, which
involves a hipsochromic shift of its absorption maxima of
12 nm and an increase in /,;, of about 10°, changes similar
to those observed in lutein epoxide and neoxanthin. Due
to the isomerization of violaxanthin and antheraxanthin to
form luteoxanthin (8 c.d.b., Ayn.x =424 nm, h,, = 109.00°)
and mutatoxanthin (9 c.d.b., 1 in rings, Ay.x =428 nm,
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~
~ (carotene
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Fig. 4. Visible spectra of auroxanthin and {-carotene in acetone.
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ha, = 107.41°), respectively, a c.d.b. is lost and hipsochro-
mic shifts of their absorption maxima are observed (18
and 20 nm, respectively). In the case of luteoxanthin, the
increase in /,,, due to the loss of one c.d.b. with respect to
violaxanthin, is of about 6°. In the case of mutatoxanthin,
the increase with respect to antheraxanthin is higher, about
8°, since the chromophore of mutatoxanthin extends into a
ring. As for neochrome (8 c.d.b., Ay.x =424 nm, h,, =
109.00°), the 5,8-epoxyderivative of neoxanthin, the
changes are analogous. As a result of the isomerization of
the two 5,6-epoxy groups of violaxanthin, auroxanthin
(7 c.d.b., Apax =402 nm, K, =112.09°) is formed, and a
hipsochromic shift of the absorption maxima of 40° and
an increase in hue of 10° are observed. Fig. 4 shows the great
similarity between the spectra of auroxanthin and the acy-
clic carotenoid {-carotene, which corroborates that rings
in which there are no c.d.b. have little effect on the spectra
or, therefore, on the colour coordinates.
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