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Abstract

Ultraviolet-visible spectra of flower extracts of thibiscus rosa-sinensyis. var. regius maximus species have been measured between
240.02 and 747.97 nm at pH values ranging from 1.1 to 13.0. Deconvolution of these spectra using the Parallel Factor Analysis (PARAFAC)
model permitted the study of anthocyanin systems without isolation and purification of the individual species. Seven species were identified:
flavilium cation, carbinol, quinoidal base, and E and Z-chacone and their ionized forms. The concentration changes of flavilium cation,
quinoidal basen, and E and Z ionized chalcones were determined as function of pH at the different wavelengths. The flavilium cation,
quinoidal base, and ionized E-clacone are involved in tho stage kinetic processes, a fast one followed by a slower one. lonized Z-chalcone
obeys a simple first-order processes. The spectral profiles recovered by PARAFAC model are in excellent agreement with bands of experimental
spectra reported in the literature for the individual species measured at specific pH values. These results complement those obtained using
chemical and simple mathematical techniques and demonstrate how chemometric methods can resolve problems for complex systems.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Recently, the biological activities of anthocyanin, such as its
antioxidant activity, protection ability from atherosclerosis,
Anthocyanins are natural pigments, responsible for the and anti-carcinogenic activity have been investigated, and
brilliant orange, pink, scarlet, red, mauve, magenta, violet, shown to have some beneficial effects in the treatment of
and blue colors of flowers petals, vegetables, and fruits. Theydisease$4]. These pigment patterns exhibited by different
are structurally characterized by possessing;@3Cs car- fruit species can be interesting for chemotaxonomic investi-
bon skeletonFig. 1 [1]. gations and are now useful for controlling juice mixture or
There is widespread interest in anthocyanin applications juice adulteratior{5].
and their degradation reactions in many fields of science. One of the most important functions of anthocyanins in
For example: the most important industrial application of the area of visible perception is its attraction of animals,
plant anthocyanin research is in the food industry, and espe-mainly insects and birds for the purpose of pollination and
cially for wine commercializatiofi2]. They have been pos- seed dispersal. Therefore, they are extremely valuable in
tulated as chemical markers capable of differentiating grape plant-animal interactionfs].
cultivars and reed wines made with different grape cultivars It has long been known that anthocyanins bearing the
[3]. Another major interest of the food industry is in their same chromophoric structure can give rise to different col-
use as natural colorants to replace synthetic red s  ors, depending on several chemical and physical factors,
such as temperature, pH, solvent, and the presence of other
mspondmg author. Tel+55-43-371-4366; molecules WhiCh can generally _be describgd as C(_)pigments
fax: +55-43-328-4440. [6,7]. The main factor in the fadin process is the high reac-
E-mail addressieda@igm.uel.br (1.S. Scarminio). tivity of the flavylium cation toward nucleophilic reagents,
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In the last two decades multi-dimentional data arrays can
be obtained using so-called hyphenated instruments such as a
high-performance liquid chromatography with a diode array
detector (HPLC-DAD), an excitation/emission matrix spec-
trofluorometer, or a UV-Vis spectrophotometer equipped
with a diode array detector for the in-acquisition of spectra as
function of reaction time. In this way each sample generates
a two-way data matrix (spectra versus time). Thus far, sev-
eral multi-way methods have been developed to solve com-
Fig. 1. Chemical structure of anthocyanins, i glycosil. R and R are plex chemical problems, such as Partial Least Squares (PLS
usually H, OH, or OCH. three way)[11,12] Generalized Rank Annihilation Method
(GRAM) [13], Direct Trilinear Decomposition (TLD)14],

including the three water speciesf®, OH-, and H") [8]. Tucker[lS]., Paralle_l Factor Analysis (PARAFAQ]L6].
Thus, water solvent plays an important role in influencing In the acidic medium the experimental results have usually
both the stability and reactivity of the anthocyanins. This been interpreted in terms of the following isolated structures:
demonstrates that pH is one of the most important factors flavylium cation, carbinol, and chalcone. The colour inten-
in the phenomenon of flower and fruit pigmentation due to Sitiés are measured as absorbance valubsisahax for each
anthocyaning9]. The chemical structure of the pigments is INdividual pigmentatits appropriate pH value. In contrast the
also one of the factors which affects the anthocyanins col- OPJective of this work is to measure complete UV-Vis spectra
ors. Depending on the degree of acidity or alkalinity, antho- P€tween 240.02 and 747.97 nm for values between 1.1 and
cyanins adopt different chemical structures, including the 13.0. Deconvoluhon of these spectra using the PARAFAC
flavylium cation (AH"), the quinoidal bases (A), the pseu- model permits the study of anthocyanin systems without iso-
dobase or carbinol (B), and the chalcones (Ely(2). lation and purification of the individual components.

The difficulty with studying anthocyanin degradation re- | "€ PARAFAC model was applied to resolve the absorp-
actions is to find robust techniques for the identification of tion spectral profiles as well as the kinetic concentration pro-

structurally similar compounds and elucidate the mechanism files, resulting in relative concentration profiles as a function
of degradation without separation of the plant components. ©f PH: giving a real-world example of the resolution of a
Until now, traditional studies on degradation reactions as COMPIex multi-component kinetic system. The pigment mix-
well as on the copigmentation effect of flowers and fruits, tures including gnthocyamns and other substances, namely,
involve compound extraction, isolation and purification 2vone, glycosides (copigments), and free sugars, were
[10]. They are generally isolated as flavylium cations, the €xtracted from fresh petals of hibiscus flowers of ttie
counter-ion being the chioride or perclorate anion, biscus rosa-sinensyk. var. regius maximus species. The
Modern analytical instrumentation and chemometric results obtained in this work may constitute the basis for the

methods are capable of studying anthocyanin systems with-deévelopment of an analytical methodology for determin-
out isolation and purification of individual components. :(r}g tthe number of species involved and their degradation
inetics.

2. Theory

Parallel Factor Analysis (PARAFAQ)L6] is a decompo-
sition method for multi-way data which performs deconvo-
lution in three loadings matrice8, B, andC with elements
a;r, bjr, andcyy Eq. (1) The trilinear model is found to min-
imize the sum of squares of the residualg,, in the model,

flavylium cation (AH+)

F

H Xijk = Zaifbjfckf + eijk 1)
=1

R,

where x;; is the {, j, k) original element of the trilinear
data set, anéF is the number of factors.

OR,
o
OH
HO
ZSor
OR"

. OR" The interactive algorithm used to solve the PARAFAC
carbinol pseudobase (B) chalcone  (C) model is alternating least squares (ALS) that assumes the
Fig. 2. Molecular structures of the flavylium cation (AN quinoidal base loadings in two modes and then e,Stlmate,S,the unkno,wn set
(A), pseudobase or carbinol (B), and chalcone (C)isRylycosil and R of parameters of the last mode until optimizing the residuals

are usually and H or sugar.;Rand R are usually H, OH, or OCkl of the model. When the model converges, the results have
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-’ cl c2 3 -’ 3.2. Extract preparation

Pigments were extracted by maceration of fresh petals
_ N ~ (11.8009) of the hibiscus flowers with 0.1% HCI in ethyl
Fig. 3. Decomposition of the three-way data array for PARAFAC using 5 c6hol. The ethanolic extracts were filtered with filter paper
three components. ' ’

3.3. Buffer solutions
the same number of triads as the number of factors assumed.
Each triad is composed of three orthogonal vectors that have  All regents were of analytical grade. Buffer solutions with
the profile of the pure species present in the system. 14 different pH values were prepared in accordance with

A graphic representation of decomposition with PARA- Table 1 The pH of each solution was measured with a
FAC is shown inFig. 3. In this figure, the vectors, a, HANNA HI model HI9321 pH Meter.
and ag form the A loading matrix, the vectorb;, by, and
b3 form theB loading matrix, and the vectors, ¢, andcz 3.4. Spectrophotometric analysis
form the C loading matrix.

The critical problem for determining the PARAFAC The analyses were carried out using an Ocean Optics
model is the correct choice of the number of factors for model CHEM2000 Spectrophotometer with a quartz cuvette
decomposition. This is done with experimental analyst (¢ = 1cm). The temperature was fixed at 260(1)°C.
knowledge and using techniques such as split-half exper-Ultraviolet-visible absorption spectra at different pH values,
iments[17] and estimation of core consistency that have were recorded from 240.02 to 747.97 nm, with increments of
been shown to be efficient. 0.38 nm. Three milliliter of ethanolic extracts of anthocyanin

In the split-half experiments, a type of jack-knife valida- were added to 20 ml buffer solutions, and immediately recor-
tion, the data set is split into several sub-blocks and then ded at intervals of 1 s over 30 min.

PARAFAC is performed on each sub-block. Owing to the
uniqueness of the PARAFAC model the identical loadings 3.5. Data analysis
on sub-blocks will be obtained if the correct number of fac-

tors (analytes) was chosen. Each spectrum was reduced from 1450 to 261 points to

lower the dimension of the three-way data matrices and each
experiment was composed of 121 spectra. A set of 14 pH
3. Experimental values was used to construct the model. The kinetic data
collected was arranged in a three-way array with dimensions
3.1. Plant material of 14x 261x 121 (pH, wavelength, and time, respectively).
Plants were cultivated in the garden of the Chemistry De- 3.6. Computer programs
partment of the Universidade Estadual de Londrina (UEL),
in Londrina, PR, Brazil. The experimental data were processed with programs
Voucher was deposited in the herbarium of the Univer- written in Matlab 5.0. The PARAFAC program was devel-
sidade Estadual de Londrina. The access numbers is FUELoped by Ramus Bro and Claus Andersson and is available

33818.3.2. at http/www.models.kvl.dk/source/

Table 1

Solvent proportions (v/v) used to prepare the 14 different buffer solutions in the 1.1-13.0 pH region

pH HCI (0.10 mol 1) KH2POy (0.15 mol 1) NaHPO; (0.15 mol 1) K3PO; (0.15mol 1) NaOH (10%)
1.1 9.5 0.5 - - -
3.2 0.5 9.5 - - -
4.6 - 10.0 - - -
52 - 9.5 0.5 - -
5.8 - 9.0 1.0 - -
6.1 - 8.0 2.0 - -
6.5 - 6.0 4.0 - -
6.9 - 4.0 6.0 - -
7.1 - 3.0 7.0 - -
7.5 - 1.0 9.0 - -
7.9 - 5.0 - 5.0 -
10.3 - 4.0 - 6.0 -
114 - 3.0 7.0 -

13.0
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characteristic of the carbinol base B structure. 5-Glycosides
and 3,5-diglycosides, on the other hand, show merely an in-
Fig. 4 shows the experimental surfaces obtained at differ- flection of low intensity at 440 nm. At decreased acidity, in
ent pH values. In acidic medium, at pH 1Ed. 49 and pH weakly acidic, and neutral buffer solutions, pH 4.7 and 7.0,
3.2 (Fig. 4b) the spectra shows a characteristic absorption the spectra ceases to show a flavylium structure absorption
of the cation form of the flavilium structure, with a strong band,Fig. 4c and 4dAs can be seen from the spectrum at pH
peak absorption band at,ax = 514 nm. Chalcone absorbs 4.7, light absorption leads to colour bleaching and degrada-
strongly in the 300—400 nm region and less strongly in the tion of the anthocyanin molecules, as evidenced by decreases
220-270 nm region. Close to 275 nm the peak absorption isof absorption with maxima at 514 and 278 nm assigned to

4. Results and discussion
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Fig. 4. Three-way spectral data matrices corresponding to the following pH values: (a) pH 1.0; (b) pH 3.2; (c) pH 4.7; (d) pH 7.1, (e) pH 11.4, and (f)

pH 13.0.
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the flavylium cation and carbinol pseudobase, respectively.in the spectra inFig. 5. The absorption spectrum of the
At pH 7.0 two news bands appear at around 550 and 440 nm.trans-chalcone andcis-chalcone isomers, are practically
These maxima indicate anhydrobase and ionized chalconejdentical. In spite of this the PARAFAC model was able to
respectively. On other hand, the observed spectra at pH 11.4separate the absorption bands of these isomers in their ion-
and 13.0 show three bands, that correspond to an ionized anized forms. These spectra show no evidence of the presence
hydrobase, A, (Amax = 600 nm), ionized Z-chalcone, G of ionized anhydrobase. In fact this species forms as an inter-
(Amax = 350nm) and E-chalcone, €, (Amax = 430 nm). mediate. In this study, good agreement between the resolved
The number of components used in the construction of spectra profiles and reported spectra profil@&}is obtained.
the model was based on percentage of fit calculations. This Fig. 6 shows a graph of the loadings corresponding to the
percentage value corresponds to how well the model cansecond dimension of the three-waytensor. ThisB matrix
reproduce the experimental data and is given by shows that, in the 1.1-13.0 pH range, there are four kinet-
, ; x . ically distinct processes, formed by four loadings vectors,
Zi:le:le:l(xijk — Xijk) by, by, b3, andbs. Each one furnishes the kinetic profile of
Zf:lZf:lZ/f:lxﬁk th('a:correspon(jing Ioadi_ng vectqr shpwnﬁig. 5. o
rom a kinetic viewpoint, the situation encountered in this

Fit percent= 100 x (1 —

(2) process is interesting since the reported investigations are
wherex; is the ijk-th experimental element antjy the limited to an acidic pH range in which no ionized chalcone
ijk-th element predicted by the model. form and quinoidal base A and Z-chalcones are present.

In this case, four was considered to be an adequate number For the first loading vector,, the kinetic behavior is
of components for construction of the PARAFAC model, described by the equation
because the percentage fit was 99%.' y=yo+ A1(1— Ry £ Ay(L— eVh2) 3)

The PARAFAC model obtained with four components
decomposes the tensatinto a loading matrix of spectral ~ whereyo, Aq, Az, k1, andk, are 660x 1072 +2.10x 1074,
profiles @), loading matrices of kinetic profilesBj and 8.60 x 1073+ 840 x 1074, 255 x 102 + 7.70 x 1074,
loading matrix of relative concentration€)( Fig. 5 shows 10688+ 11.80, and 5287+ 21.47, respectively. Value of
a graph of the loadings corresponding to the first dimension chi-squarex? was 114 x 10~'. These parameters and their
of the three-way tensaX. This A matrix is formed by four errors were obtained by performing a non-linear curve fit
loadings vectorsa,, ap, az, anday. Each one furnishes the  of the loadings as a function of times, in seconds, using the
resolved spectral profiles at the PARAFAC model applied ORIGIN computer program. In this equation, two process
to the full array. By comparing these spectra it is possible behaviors are observed. Both processes obey first-order ki-
to confirm the structural changes occurring in the 1.1-13.0 netics and they have quite different rates. The first process
pH range. Seven chemical species are easily recognizeds fast with increasing absorbance, followed by a slower
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Fig. 5. Spectral profiles recovered by the PARAFAC model at different pH values based on the deconvolution of UV-Vis absorption spectra, featuring
the various anthocyanin secondary monomeric forms.
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Fig. 6. Kinetic profiles obtained by the PARAFAC model at different pH values based on the deconvolution of UV-Vis absorption spectra.

process for which it decreases. This behavior can be ob-region, corresponding to the loading vectay, in Fig. 5is

served for the correspondent loadings vecterin Fig. 7.

characteristic by ionized Z-chalcone.

Although the above values can not be compared directly with  For the thirdbs loading vector, two process kinetic behav-

results in the literature, McClelland and Gedd®] have

iors are observed. The absorption speagéoading vector,

reported a two phase behavior for flavylium perchlorates. Fig. 5, is characteristic of the flavylium cation. Its disap-

For the second loading vectbp, Fig. 6 the kinetic be-

havior is described by equation
y=A1— A g ket

(4)

whereAy, A, andk are 933 x 1072+ 1.00x 1074, 2.12 x )
103+£4.10x 1074, 6.81x 10-3+2.20x 1074, respectively.  y = yo+ A1€ (5)
Value of x2 was 663x 10~7. This behavior obeys first-order

kinetics. The associated concentration loading vectolis

pearance, however, does not obey only first-order kinetics.
Two almost separate kinetic processes occur. The first fast

phase has absorbance decreases in the first 4 min described

by the equation

whereyp, A;, Ay, andk are 881 x 1072 4+ 2.0 x 1074,

shown inFig. 7. The absorption increases in the spectral 556x 103 +2.10x 104, and 727 x 1071 £ 8.7 x 1072,
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respectively. Value of¢® was 770 x 10-8. The second is
a slower phase in which it increases linearly with.d472x
10~* + 6.50 x 10~ slope indicating that the kinetics does
not depend on the concentration of the flavylium cation any
more. The associated concentration loading veas#r,s
shown inFig. 7.

For the fourth loading vectohy, the kinetic behavior is
described by equation

y=yo+ AreR 4 Ay ek (6)

whereyo, A1, Az, ki, andky are 774x 1072 +2.43x 1074,
9.18 x 1034+ 250x 1077, 3.32x 1072 £ 5.70 x 107>,
74.69+9.63, and 5767+ 20.30, respectively. Value of?
was 870 x 107%. In this equation, two process behaviors

are observed. Both phases obey first-order kinetics and are

quite different in rate. The absorption spectra loading vector,
ay, Fig. 5, is characteristic of quinoidal base. The associated

pH values based on the deconvolution of UV-Vis absorption spectra. ~ concentration loading vectay, is shown inFig. 7.
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5. Conclusions

In this study, the kinetics of simultaneous degradation
of anthocyanins in extract from fresh petals of hibiscus
flowers of theHibiscus rosa-sinensyk. var. regius max-
imus species was studied using a PARAFAC analysis of
three-way data, without the physical-chemical separa-
tion of plant components. It has been shown that simple
kinetic-spectrophotometric experimental procedures are
able to generate trilinear structures from complex reaction
structures at different pH values based on the deconvolu-
tion of UV-Vis absorption spectra. The spectral profiles
recovered by the model are excellent agreement with the
experimental spectra confirming the fact that a complex sys-
tem difficult to analyze using general chemistry and simple
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