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ABSTRACT

We have devised a more sensible approach to estimate the carotenoid content of
orange juices, which can be regarded as a model system of food with intricate
carotenoid pattern. For this purpose spectroscopic information at several wavelengths
and spectra of the juices and not from their carotenoid extracts were considered, such
that more accurate and rapid quantitative assessments can be achieved. The wavelengths
proposed on the basis of the characteristic vector method were 420, 455, 515, 545 and
610 nm or 420, 445, 510, 545 and 605, depending on the measurement conditions. The
correlations between the carotenoid content and the reflectances at these wavelengths
were very good (R = 0.94 and 0.90, respectively). Additionally, it was demonstrated
that the colour of the juices could be assessed with very good accuracy considering
them. Due to its simplicity and rapidity, this method is intended to facilitate the quality

control of the carotenoid content of foodstuffs in the industry and/or in the field.

KEYWORDS: carotenoids; characteristic vector; citrus; colour; foods; orange juice;

quality control; tristimulus colorimetry
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INTRODUCTION

The carotenoids are isoprenoid compounds biosynthesized by plants, fungi,
algae and bacteria that animals have to incorporate through the diet (Fraser & Bramley,
2004). They are natural pigments that provide colour to many structures (flowers, fruits,
seeds, tubers, roots, feathers, egg yolk, etc.) and therefore play key roles in the
communication between animals, the pollination, the dispersal of seeds, and the
acceptability of foods, among others. Pertaining to the involvement of carotenoids in
acceptability of foods it is important to consider that some aroma compounds (like
safranal, P-ionone, [-damascenone, etc.) are cleavage products of carotenoids
(Baldermann, Naim & Fleischmann, 2005; Carmona, Zalacain, Salinas & Alonso, 2006;
Silva Ferreira, Monteiro, Oliveira & Guedes de Pinho, 2008; Fleischmann & Zorn,
2008). Nevertheless, they also play essential roles in the photosynthesis, contributing to
the harvesting of light and, what it is more important, protecting the photosynthetic
organisms from the deleterious effects derived from photooxidation (Telfer, Pascal &
Gall, 2008). Additionally they are beneficial for animals and not only because some act
as vitamin A precursors. In this regard, it is well-known that some carotenoids exhibit
antioxidant activity (Burton, 1989; Demmig-Adams & Adams Ill, 2002; Astley,
Hughes, Wright, Elliott & Southon, 2004) and evidence is accumulating that they can be
beneficial for the prevention of serious human disorders (cancer, cardiovascular disease,
age-related macular degeneration, etc.) (Krinsky, 1989; Olson, 1999; Giovanucci,
2002).(Voutilainen, Nurmi, Mursu & Rissanen, 2006; Trumbo & Ellwood, 2006;
Lidebjer, Leanderson, Ernerudh & Jonasson, 2007).

Due to all the facts enumerated above, the need to assess the carotenoids
occurring in foodstuffs is indisputable. Although scientists can choose from a wide

choice of HPLC methods to determine them, more rapid methods are needed in some
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situations, such as quality control in the industry and/or the field. In this regard, it is
important to note that the chromatographic analysis of carotenoids involves typically
several steps (extraction, saponification, chromatographic analysis), so they are not
appropriate for almost real-time assessments. Even though the estimation of the total
carotenoid content of a source by spectrophotometry is still commonplace in some
laboratories, such procedure presents drawbacks. The most important one is without any
doubt that the accuracy of these measurements is far from desirable, since the extinction
coefficients for carotenoids are not as accurate as they should be and sometimes even
arbitrary coefficients are used (Britton & Young, 1993). On the other hand, only the
spectroscopic information at one point is considered, despite the fact that the visible
spectra of most carotenoids have three maxima within an interval of some 40 nm.
Additionally, the pigments have to be extracted from the food, which inevitably requires
some time and poses a drawback if the levels of carotenoids have to be determined on
site.

In this paper we describe a novel approach that simplifies and improves the
determination of the total carotenoid content of foods by considering spectroscopic
information of the food itself (not from an extract) at several wavelengths. Additionally,
this procedure allows to accurately assess the colour of the product, which is one of the

main attributes related to its acceptability.

EXPERIMENTAL PROCEDURES
Samples

Eighty-two commercially available orange juices (31 ultrafrozen and 51
thermally-treated juices) were analyzed. The samples were selected such that they

covered all the possible colours of orange juice that can be found in the Spanish market.
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The thermally-treated samples were purchased from retailers based in Seville (Spain)
and the deep-frozen ones were kindly provided by Zumos Vitafresh. The manufacturers’
recommendations concerning the storage of the orange juices were followed until their
analysis. The deep-frozen orange juices were thawed at ambient temperature.

The samples were considered independently in order to obtain the maximum
possible variability and make the correlations between colour or spectroscopic
information and pigments more robust since the set of samples varied widely in these

parameters.

Carotenoid analysis

The analysis of carotenoids was carried out according to the routine protocol
used in our laboratory. This methodology is fully explained elsewhere (Meléndez-
Martinez, Vicario & Heredia, 2007a). In brief the carotenoids were extracted with a
mixture hexane/methanol/acetone (50:25:25, v/vlv, containing 0.1% butylated
hydroxytoluene) and subsequently subjected for 1 hour to an alkaline hydrolysis with
ethanolic KOH (10% w/v) under dim light and at room temperature. After washing four
times with water the coloured extracts were dried out on a rotary evaporator and re-
dissolved in 1 ml of acetone:methanol (1:2, v/v, containing 0.1% butylated
hydroxytoluene) for the HPLC analyses.

The HPLC analysis were performed on an Agilent 1100 system fitted with a
quaternary pump, a column temperature control module, a PDA detector and an
autosampler set to draw 20 pl from the vials (Agilent, Palo Alto, CA, United States).
The carotenoids were separated on an YMC Czp column (250 x 4.6 mm, 5 um) (YMC,

Wilmington, NC, USA). Water, methanol (MeOH) and methyl-ter-butyl ether (MTBE)
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were used in the mobile phase according to a gradient elution. The flow rate was
Iml/min and the peaks were monitored at 430 nm.

Most of the carotenoids detected were identified by comparison of their UV/Vis
spectroscopic and chromatographic characteristics with those of reference standards
isolated from appropriate sources or semi-synthesized. These standards were
stereomutated to help identify geometrical isomers. More detailed information
concerning the identification of the carotenoids occurring in orange juices is provided in
previous papers.

The absolute concentrations of the pigments were worked out by external
calibration and the total contents of carotenoids as the sum of the content of the
individual pigments.

Colour measurement

A more detailed description of the methodology followed for the objective
colour measurements can be found anywhere else (Meléndez-Martinez, Vicario &
Heredia, 2004). In brief, visible reflectance measurements (380-770 nm) were recorded
at 1 nm intervals on a CAS 140 B spectroradiometer (Instrument Systems, Munich,
Germany) equipped with a Tamron zoom mod. SP 23A (Tamron USA, Inc., Commack,
NY, USA), a Top 100 telescope optical probe (Instrument Systems, Munich, Germany)
and an external incandescent lamp. The apparatus takes three consecutive measurements
at 1 second intervals in order to compensate for possible variations in the conditions of
the measurements, such that the colour parameters obtained are averages of that

triplicate.

The within-laboratory repeatability (within-day precision) was developed
according to 1SO-5725-2:1994 (1SO, 1994). It was ascertained by analyzing ten times

within the same day the colour of an orange juice. The repeatability is expressed as the
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coefficient of variation (CV) or relative standard deviation (percentage of SD), being
lower than 3.6 % for all the CIELAB colorimetric variables (0.66% for L*, 3.57% for

a*, 2.40% for b*, 2.41% for C*a, and 0.29% for hap).

The Hluminant Des and the 10° Observer were taken as references and the colour

coordinates of the uniform colour space CIELAB were considered (CIE, 1978).

A transparent plastic cuvette was used for the measurements. The blank
measurements were made with the cuvette filled with distilled water and placed against
a reference BaSOs pressed plate (USRS-99-010, Labsphere Inc. North Sutton, NH,
USA). The samples were measured against a white and a black background because it
has been reported that the colour parameters obtained by using one or another are
differently correlated with the visual perception of the colour and other parameters

(Meléndez-Martinez et al., 2004).

Mathematical method of the characteristic vector method

The analysis of the characteristic vectors has been carried out following the
adaptation of the method made by Simonds (Simonds, 1963), using software developed
by Laboratorio de Color de la Rioja.

The fundamentals of the characteristic vector analysis (Lebart, Morineau &
Fenelon, 1985) can be summarized as follows: the response data p; (visible reflectance
spectrum) are available for r = 301 levels of the variable 7. (wavelength) and can be
plotted as a curve. Consequently, for each sample the r values of p; make up a one-row
r-column vector of response data. For n samples the vectors can be laid out as a matrix
of r columns and n rows. In this regard, a set of p characteristic vectors (p < r), can be
found such that, when they are properly added to the mean response vector, they will
approximate to any of the primary response vectors. The outcome is that the

components of the generic vectors, that is, the reflectance spectra, can be expressed as:
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P, =0, MV, + MV, +. +MV, Eq. [1]

In this equation, p, refers to the spectral reflectance of the sample, ;_) to the component

of the mean vector, V;, to the components of the characteristic i vector and M; to the
specific coefficients, named scalar multiples, of every reconstructed vector.

This analysis is to be applied to n experimental curves. The model computes the
Mi coefficients necessary for the reconstruction of each of them, as well as the
percentage of the variability among the family of homologous response curves
explained for each characteristic vector. The formulae to work out the tristimulus
values, in accordance to the Commission Internationale de ['Eclairage (CIE)

recommendations, would be:

A=780 A=780 A=780

Xy =K Zp;‘ L%, 4% Y=k sz Ly, 42 Zy =k sz L,z,A% Eq.[2]

=380 1=380 A=380

where k is a normalizing factor, L the spectral emission of the reference illuminant,
X2, y_l, z , the colour-matching functions corresponding to the observer consider as
reference, and A% the interval of the spectral measurements.

If Eq. [1] is substituted into Eq. [2], the following expressions would be obtained

for the tristimulus values (in this case X, although analogous expressions are obtained

for Y and 2):
X, k MV, MV, MV, , L %
A=180,
= (p/ + 2+ S+t L AL
A1=380
Expressed otherwise:
A=780 A=780 A=780
Xio =K D p, L%, AL+ MK DV, Lx,Ad+-+M k YV, L %,AL Eq.[3]
A=380 =380 A=380

as the M; coefficients are not dependent on the wavelength for any single reconstructed

curve.
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187  where (i=1,...,p), Eq. [3] can be expressed in this way:

X0 = X0 + M X1 + ML X, o+ # M X Eq. [4]
188  being Xo,10 the tristimulus value corresponding to the mean reflectance spectrum and the
189  Xi10 could be considered the theoretical tristimulus values of each characteristic vector.
190 To apply the results to spectra from any given sample, the corresponding M;
191  coefficients must be calculated. For this purpose, the p;; reflectances at as many
192  wavelengths as characteristic vectors appear in Eq. [1] must be measured, and the
193  following algorithms must be solved, being the values of o, and V;i results previously
194  obtained:

P = ,1_7,11 +M\V,  +MV, +. +M )V,

P2 =P MV, ¥MV, , + A MYV, 5 Eqg. [5]

195 Due to the fact that the M coefficients obtained after the application of Eq. [5] are

196  functions of the measured reflectances, p,, they can be substituted in Eq. [4]. As a
197  result, Eq. [6] is obtained, where the coefficients of o ; are expressed as Cix :
X0 = Cox10 + Clxmpu + sz10 Php et Cpxlop/lp Eq. [6]

198 Analogously Y and Z could be worked out by applying the following formulae,

199  which express the tristimulus values as a function of the measured reflectances:

2002 Y, = Covm + C1Y10 Pt szm 05+t C oy P
0
0

2012 ;an t 1z Put 2 p/lc 10 c 10 C 10
0
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Upon the computation of the first six characteristic vectors, and, taking into
account the high percentage of the variability of data explained by them (specifically
0.9976 for white backing and 0.9804 for black backing), six reconstructions of each
spectrum were performed using the mathematical method. This method starts with the
mean and the first characteristic vectors and then adds the corresponding characteristic
vector to each following reconstruction, subsequently multiplying each vector V; by its
M; coefficient. In theory, any set of p wavelengths could be used to obtain the
reflectances p;i in Eq. [5], even though it has been found that it is necessary to select,
using a scanning process, those which give the best results for calculating the tristimulus
values. From the tristimulus values, the colour coordinates in whatever CIE system can
be calculated. In this study, the colour coordinates of the uniform colour space CIELAB
were computed (CIE, 1978), from both the experimental and the reconstructed spectra,
considering the CIE 1964 standard observer and the Des standard illuminant.

Colour differences have been worked out using the coordinates obtained after
applying the CIE method to the experimental spectra as reference coordinates and the

ones obtained after applying the characteristic vector method as ‘“recalculated

218218coordinates™.
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Multivariate statistical analysis

The Statistica v.6.0 software (Statsoft, 2001) was used for the statistical analyses
of the data. Multiple regressions analyses were performed in order to evaluate the
correlations existing between the colour of the orange juices and the total content in
carotenoids.
RESULTS AND DISCUSSION

Orange juice is one of the most intricate sources of carotenoids among foods.

Whilst carotenoid-rich products like for instance carrots and tomatoes for instance

11



227  contain mainly carotenes (Marx, Schieber & Carle, 2000; Seybold, Frohlich, Bitsch,
228 Otto & Bohm, 2004), orange juice contains carotenes, monohydroxyxanthophylls,
229  dihydroxyxanthophylls, 5,6-epoxycarotenoids and 5,8-epoxycarotenoids. More
230  specifically, the major carotenoids by far in carrots and tomatoes are B-carotene (f3.-
231  carotene) and lycopene (y.y-carotene), whilst, in the case of orange juice, there are
232  several carotenoids which are important quantitatively, such as violaxanthin (5.6:5°.6°-
233  diepoxy-3.6.5".6"-tetrahydro-[3.3-carotene-3.3°-diol) or its 5,8-epoxycarotenoid isomer
234(5.8abdx«lidpoxy- -tetrahydro-f3.3-carét@s=.8°-diol), 3.3

235 antheraxanthin  (5,6-epoxy-5,6-dihydro-f.p-carotene-3.3'-diol) and its  5,8-
236  epoxycarotenoid isomer mutatoxanthin (5,8-epoxy-5,8-dihydro-f3.p-carotene-3.3'-diol),
237  p-cryptoxanthin (p.f-caroten-3-ol) and zeaxanthin (p.p-carotene-3.3’-diol) (Melendez-
238  Martinez, Britton, Vicario & Heredia, 2008). These facts have important implications in
239 relation to the visible spectra of the carotenoid extracts of these foods. Thus, those
240  corresponding to carrots and tomatoes bear a certain resemblance to the ones
241  corresponding to their major carotenoids. This signifies that, for certain purposes, a
242 rapid rough estimation of the total carotenoid content in these sources by
243  spectrophotometric measurements may be carried out considering the wavelength of
244  maximum absorption and the extinction coefficients corresponding to those major
245  carotenoids. In the case of orange juices, since the carotenoid pattern is much more
246 intricate, the visible spectrum does not resemble clearly that of a given carotenoid.
247  Consequently, the inherent inaccuracy of the spectrophotometric determination of the
248  total carotenoid content is much higher in orange juices than in carrots and tomatoes. In
249  this regard, we have reported recently that the assessment of the carotenoid content of
250  orange juices considering the absorption of the extract at only one wavelength was very

251  inaccurate (Melendez-Martinez et al., 2008).
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A typical absorption spectrum in the visible region of the spectra (380-770 nm)
of an orange juice carotenoid extract is depicted in Figure 1a. The comparison between
this figure and Figure 1b (visible reflection spectra of an orange juice) is very useful to
infer that the colour of the orange juice is mainly owed to its carotenoid fraction. Thus,
regardless of the background used for the measurements, it can be clearly observed that
the reflectance of the juice is lowest in the region of the visible spectrum where the
carotenoids typically absorb maximally and that the reflectance is maximum where the
carotenoids do not absorb. In any case, when comparing Figure 1a and 1b several things
have to be considered, which may explain the differences between them. Firstly, the
absorption spectra in Figure 1la correspond to carotenoid extracts in organic solvents,
whilst the spectra in Figure 1b correspond to an orange juice, that is, an aqueous liquid
with carotenoid-containing pulp particles suspended in it. In this regard, it is well-
known that the absorption maxima of carotenoids in a lipid and/or protein milieu appear
at longer wavelengths relative to those found in solvents like ethanol or hexane (Britton,
1983). Secondly, the pulp particles are very important not only because they contain the
pigments, but also because they produce turbidity and scattering, and these phenomena
do play an important role in the reflection of light by the juices (Meléndez-Martinez,
Vicario & Heredia, 2005). Additionally, some carotenoids under certain circumstances
can aggregate in chromoplasts, and these associations do lead to noticeable changes in
the absorption of light (Britton, 1995; Kon et al., 2008).

Taking all these facts together we hypothesized that a better estimation of the
carotenoid contents of foods with complex carotenoid patterns, like orange juice, should
be done by considering more than one wavelength. In addition, since carotenoids
account for the colour of orange juice and many other foods, we hypothesized that this

assessment may be done considering a visible spectra of the food itself.
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Characteristic vector method

The application of the characteristic vector method leads to a simplification of
the measurement of colour with the added advantage that the measurement is very
accurate. This methodology has already been successfully applied to assess the colour
of several products, like red wines (Ayala, Echavarri, Juarez & Negueruela, 1993),
vinegars (Garcia-Parrilla et al., 1998) and virgin olive oils (Moyano et al., 2001).
Basically, the mathematical model leads to the selection of a few wavelengths (normally
between 3 and 6) from which the spectrum can be reconstructed in a way that this
reconstructed spectrum matches the original one. Regarding the tristimulus values
(X,Y,2), they are computed from the reflectance values at the selected wavelengths.

When the mathematical model was applied to the dataset corresponding to the
measurements made with white background, the following expressions for the

calculation of the tristimulus values were obtained:

b +17.2818 p o o

5(10 =-0.573753 + 4.64532 420 455 - 0.419262 515 + 21.2178 545 + 55.6781
610 n 4 . Eq.[7] N

32,6615 p 175831 14.5068 17.6706 38.9295

Y10 = -0.455165 - Pa2o Pass [ 515 545+

0.78917 + 261632 p  79.4236 b 171666 £ 18]

Y

Zy=- a0 T Pass +5.53728 515 - 545 + 2.06994
610 Eq. [9]
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Likewise, the following equations were obtained for the measurements made with black

background:

X10 = 0.125891 + 6.09084 pa20 + 12.8171 pa4s + 2.57889 psio + 15.1968 ps4s5 + 58.9423

p605 Eq. [10]

Y10 =-0.141477 4+ 2.36885 pazo + 4.44265 pass + 22.2363 psio + 33.9817 psss + 37.1951

p605 Eq. [11]

Z10 = (0.423821 + 22.995 p420 + 74.9983 pads + 10.288 P510 - 1.51727 psas + 0.0107494

P605 Eqg. [12]

In the light of the results obtained and considering Figure 1b it can be claimed
that the reflectance spectra of the orange juices studied can be reconstructed by
considering wavelengths at which the absorption of light is very high (420, 445 and 455
nm), intermediate (510, 515 and 545 nm) and low (605 and 610 nm). Since the original
reflectance spectra obtained for the juices were clearly different as a function of the
background used for the measurements, some of the wavelengths obtained were
different depending on the background used for the colour measurements.

The CIELAB colour coordinates corresponding to the 82 orange juice samples
were calculated from the tristimulus values obtained considering the equations 7-12. To
compare the colour coordinates computed from the original spectra (summarized in
Table 1) with the ones calculated from the reconstructed spectra their colour differences
were calculated. Notwithstanding that the CIEDE2000 colour difference formula is

recommended for industrial applications for small colour differences under reference

15
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conditions (CIE, 2004), we opted for using the CIELAB colour difference formula
(CIE, 2004) because visual colour differences were not involved.
Considering the measurements made with white background, the highest

differences between the “reconstructed” colour coordinates were
original and the 0.99

CIELAB units for a*, 1.69 units for b* and 0.17 units for L*. Regarding the
measurements made with black background, the highest differences were 0.6, 1.65, and
0.23 CIELAB units for a*, b* and L*, respectively. In this sense it was observed that the
highest colour differences (AEan) were 1.70 and 1.60 CIELAB units for white and black
background, respectively. In any case, it was observed that the values of AEa, were
lower than 0.5 CIELAB units in most of the cases (81% of the cases considering the
white background and 74% of the cases considering the black background) (Figure 2).
These results indicated that the reflectance spectra of diverse orange juices can be

reconstructed very accurately using as few as 5 wavelengths.

Relationships spectroscopic measurements—carotenoid content

Even though the instrumental colour measurements by Tristimulus Colorimetry
cannot provide detailed information regarding the carotenoid profile of complex sources
of carotenoids they are very useful for other purposes. These measurements have
inherent advantages (ultra-rapidity, versatility, non-destructiveness, possibility of
automatization, portability, etc.) that make them very appropriate to obtain almost real-
time information and therefore amenable for quality control purposes. Thus, the
applicability of objective colour assessments to estimate the carotenoid content of
diverse foods has been the goal of several studies conducted in the last years (Minguez-

Mosquera, Rejano-Navarro, Gandul-Rojas, Sanchez-Gémez & Garrido-Fernandez,

16
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1991; Meléndez-Martinez, Vicario & Heredia, 2003; Konopka, Kozirok & Rotkiewicz,
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2004; Ruiz, Reich, Bureau, Renard & Audergon, 2008; Ornelas-Paz, Yahia & Gardea,
2008; Moyano, Meléndez-Martinez, Alba & Heredia, 2008a; Moyano, Meléndez-
Martinez, Alba & Heredia, 2008b). Likewise, they have proved to be useful for the
estimation of the vitamin A activity of diverse orange juices (Meléndez-Martinez,
Vicario & Heredia, 2007b). In any case, some of these methods required expensive
apparatus which are not always affordable for the quality control departments of the
industry or for producers. Likewise, the interpretation of the data involves being
familiar with the objective measurement of colour by tristimulus colorimetry, which is
not as intuitive for technicians as just taking absorbance/reflectance readings at only a
few wavelengths. In this sense we have proposed as few as five wavelengths from
which the whole visible spectra (380-770 nm) of orange juices can be reconstructed.
These wavelengths are expected to be appropriate for the rapid estimation of the total
carotenoid content of any orange juice, as the miscellaneous set of samples analyzed in
this study differed greatly in colour and in their carotenoid content (Table 1). Thus,
considering quantitative data, it was observed that the total carotenoid content of the
orange juices analyzed ranged roughly from 2 to 35 mg/l. Important qualitative changes
in the carotenoid profiles of the samples were also noticed. In fact, in the light of the
data we have reported in previous surveys (Melendez-Martinez et al., 2008) it can be
inferred that clear qualitative changes take place in the carotenoid pattern of orange
juices as a result of the treatments they undergo in the industry and the length and
conditions of storage. At this point it is also important to note that the carotenoid
content of oranges (and of all vegetable products) depends on other factors, like
genotype, stage of ripeness, the climatic conditions of the area of production, etc.
(Mouly, Gaydou, Lapierre & Corsetti, 1999; Lee & Castle, 2001), which adds further

variability to our set of samples.
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To ascertain whether the wavelengths selected by the mathematical model could
be really used to estimate the carotenoid content of the diverse orange juice surveyed,
multiple regression analyses were carried out. For this purpose, the total contents of
carotenoids were considered as dependent variable and the reflectances at the selected
wavelengths as independent variables. The results are summarized in Table 2. The
regression coefficients were high regardless of the background used for the
measurements, although they were higher when the reflectances obtained for the white
background were considered (R = 0.94 and 0.90 for white and black measurements,
respectively). Likewise, high significance (p<0.01) correlations between the total
content of carotenoids and the reflectances at 515, 545, and 610 nm (for white
background) and at 420, 510, and 545 nm (for black background). These results
indicated that it is possible to obtain a good rapid quantitative assessment of the
carotenoid fraction of orange juices from the reflectances values obtained at 5
wavelengths. In this regard, the B coefficients that enable to work out the total
carotenoid content from the reflectances at those wavelengths were computed (Table 2).

When the correlations colour coordinates-carotenoid content were considered,
some interesting information was obtained. Taking into account the colour coordinates
computed from the original spectra it was observed that a* was the only coordinate
having high significance (p<0.001), for measurements made with the white and the
black backgrounds. When the set of scalar colour coordinates (L*, a*, b*) was included
in the multiple regression model to consider complete colorimetric information
(Meléndez-Martinez et al., 2007b), a* was also the only coordinate having high
significance. Analogous simple and multiple regression analyses were carried out
considering the L*, a* and b* coordinates obtained from the reconstructed spectra. The

results of these regression analyses were in agreement with those obtained taking into
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account the colour parameters obtained from the original spectra (Table 3), which also
confirms the goodness of the 5 wavelength selected by the mathematical model. With
regard to the regression coefficients obtained when the total carotenoid content was
considered as dependent variable and the set of scalar coordinates as independent
variables, several interesting remarks can be made. On one hand, it was seen that the
coefficients obtained for the colour coordinates computed from the original spectra
(R=0.82 and R=0.81 for the white and the black backgrounds, respectively) were almost
identical to those obtained from the coordinates computed from the reconstructed
spectra (R=0.81 and R=0.81 for the white and the black backgrounds, respectively).
This observation is and additional proof of the goodness of the characteristic vector
method to simplify the colour measurement without losing much accuracy. On the other
hand, it is important to note that these coefficients are clearly lower than those obtained
when the correlations between the reflectances at the wavelengths selected and the
carotenoid content were evaluated (Table 2). These data seem to indicate that the
consideration of reflectance values at a number of key wavelengths may be more useful
to assess the pigment content of carotenoid-containing foods than their colour
coordinates. In any case, the frequency histograms of the differences between the total
carotenoid content values obtained by HPLC and those calculated from colour
coordinates and the selected wavelengths (Figure 3) indicate that both types of

parameters can be used to estimate with good accuracy the total pigment content.
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Table 1

Table 1. Summary of the carotenoid content and CIELAB colour coordinates

corresponding to the 82 samples surveyed

White background

Black background

¢ (mgl) | L* a* b*  C*m  ha Lt a b*  C¥p,  ha
Mean | 13.14 | 7530 10.79 6648 6743 8096 | 63.15 549 53.61 5397 84.38
SD 9.62 283 405 795 834 270 | 361 335 868 887  3.00

" Total carotenoid content




Table 2

Table 2. Summary of the multiple regression analyses performed to assess the
correlations between the reflectances at the wavelengths selected (independent

variables) and the carotenoid content (dependent variable).

B coetfici STO. error oT
Background  Reflectance (nm) coefficient

estimate
420 32.615
455 -13.856
White 515 -145.571 ** R 2RTE
(R=0.94080) 545 122.985**
610 -65.832*
Intercept 29.573**
420 157.465*
445 -176.853
Black 510 -162.228** A 9770
(R=0.90259) 545 111.682*
605 -31.638
Intercept 13.659*

* Significant at p<0.01; ** significant at p<0.001



Table 3

Table 3. Summary of the multiple regression analyses carried out to evaluate the

correlations between the total carotenoid content and the colour coordinates obtained

from the original and the reconstructed spectra

From original spectra

From reconstructed

spectra
Background Variables Std. error Std. error
B .
" of B coefficient of
coefficient . .
estimate estimate
L* 0.1271 0.07059
a* 2.1603** 2.07541**
White .6257 .6932
b* -0.1072 5625 -0.08703* 5693
Intercept  -12.6542 -8.81539
L* -0.021504 -0.05097
* 2.524167** 2.48255**
Black a 5.7294 5.8057
b* -0.161832* -0.14881
Intercept  9.030370 10.44026

* Significant at p<0.01; ** significant at p<0.001



Figure 1

Figure 1. Typical visible spectra:

a. Absorption spectrum of an orange juice carotenoid extract

Absorbance
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Wav elength (nm)

b. Reflection spectra of an orange juice obtained with white and black backgrounds

Reflectance

* « White background
m== Black background
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Figure 2

Figure 2. Frequency histogram of colour differences corresponding to original and

reconstructed spectra obtained for white (upper figure) and black background (lower

figure)
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Figure 3

Figure 3. Frequency histogram of carotenoid content differences between original data
and reconstructed spectra data obtained for white and black background. (c:: Total
carotenoid content; c;: Carotenoid content calculated from reconstructed spectra): a)
carotenoid content calculated with L*a*b* regression equation; b) carotenoid content
calculated with reflectances regression equation.

a)
30
28 Il Black background
JHl White background
26
24
o
@ 22
=%
20
=
& 18
©
0 16
=X
S
o
‘6 12
o
£ 10
E]
2 8
6
4
2
0
2 4 6 8 10 12 14 16 18
ce-c.| (mg/l)
36
34 Il Black background
Ml White background
32
30
" 28
2 2
=N
£ 24
ﬁ 22
8 2
=2 18
“
o 16
3 14
=]
£ 12
2 10
8
6
4
2
0 .
2 4 6 8 10 12 14 16 18 20

|ce-c| (mgl1)



