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A B S T R A C T

In this work, the combination of chemometric techniques with kinetic-spectroscopic data allowed quantifying
two dyes (tartrazine and carminic acid) in complex matrices as mustard, ketchup, asparagus soup powder,
pumpkin soup powder, plum jam and orange-strawberry juice. Quantitative analysis was performed without the
use of tedious sample pretreatment, due to the achievement of the second-order advantage. The results obtained
showed an improvement in simplicity, speed and cost with respect to usual separation techniques, allowing to
properly quantifying these dyes obtaining limits of detection below 0.6 mg L−1. In addition, to the best of our
knowledge, is the first time that kinetic-spectroscopic data are obtained from the action of laccase for analytical
purposes.

1. Introduction

Food additives are used widely for various purposes, including
preservation, coloring and sweetening, being a consequence of indus-
trialization and also of the development of food processing technology.
As consumers recognize color as one of the main attributes of food,
colorants have been extensively used to give an attractive presentation
to food products. However, from the last decades, there is an increasing
concern about the health and its relation with feeding, and also a
preference toward the natural food, particularly, free of additives.

Tartrazine [trisodium salt of 3-carboxy-5-hydroxy-1 (p-sulfophe-
nyl) −4- (sulfophenyl azo) pirazolone] (Fig. 1A) is an artificial yellow
dye widely used in different types of food products. This is a
particularly controversial dye since it has been implicated as the food
additive most often responsible for several negative effects on health
[1], accounting from allergic reactions [2], hyperactivity in susceptible
children [3], alteration in brain [4], liver and kidney [5] to, without
consensus, carcinogenic and mutagenic effects [6–8].

Carmine, based on carminic acid (7β-D-glucopyranosyl-1-methyl-
3,5,6,8-tetrahydroxy-9,10-anthraquinone-2-carboxylic acid) (Fig. 1B)
is a natural red dye extracted from cochineal insects (Dactilopius
coccus) and is one of the most used natural colorings. There are some
studies that report negative effect of this dye as an oxidant [9] and as
allergenic [10,11].

The concentration limits of the compounds used as color additives
are subject to regulations [12,13]. Several analytical methods have

been applied for the determination of these and other dyes in different
food samples, including: planar chromatography [14], liquid chroma-
tography coupled to diode array detection [15,16] and capillary
electrophoresis [17]. Although these assays are selective and sensitive,
they require expensive equipment and/or toxic solvents. In addition, to
provide clean extracts, food samples require a pretreatment, including
cleanup processes that are normally tedious and time-consuming [15].

On the other hand, the classical methods used for quantification are
based on absorbance measurements at a single wavelength of max-
imum absorption. However, this methodology cannot be employed in
foods containing other absorbing components, either endogenous or
exogenous.

Nevertheless, dyes can be determined in complex multicomponent
mixtures by means of spectroscopic analysis coupled to chemometrics.
Three- or higher-way data arrays can be handled using multi-way
methods of analysis, which improves the selectivity. One way to obtain
second-order data is to collect visible spectra of a sample as a function
of time while a certain reaction occurs [18]. Some authors have
reported the use of kinetic – spectroscopic data for analytical purposes
[19,20] and also the use of oxidizing enzymes for the quantitative
determination of analytes in complex mixtures [21]. The oxidation of
dyes has been applied to their degradation by means of the Fenton
reaction [22]. However, the latter reaction is too fast and cannot be
easily applicable for analytical purposes. In order to carry the oxidation
in a reasonable period of time, a promiscuous oxidizing enzyme was
used. Laccase, a class of copper-containing oxidase, is produced by
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plants and fungi [23]. Laccase oxidizes organic substrates in the
presence of oxygen, which is reduced to water [24]. The reaction
mechanism of the oxidation of different substrates carried out by
laccase was previously reported [25,26].

The aim of this work was to develop a method to quantify tartrazine
and carminic acid in complex mixtures, using the analytical potential of
the second-order advantage. For this purpose, and according to the
available data (spectral-kinetic matrices), multivariate curve resolution
coupled to alternating least-squares (MCR-ALS) was applied. To the
best of our knowledge, there are no analytical studies based on kinetic-
spectroscopic data obtained from the action of the oxidizing enzyme
laccase. Finally, the viability of determining the above mentioned two
dyes in spiked commercial food samples, without performing tedious
sample processing, was demonstrated.

2. Theory

The theory of MCR-ALS is now well-known and can be found in the
relevant references [27,28]. Nevertheless, the structure of the data used in
this work and their interpretation with the MCR model is briefly described.
For applying this multivariate algorithm in the so-called extended version,
an augmented data matrix is created from the calibration and test sample
data matrices. For the presently discussed matrices of size is J×K (J is the
number of reaction times and K the number of wavelengths), the columns
represent the kinetic mode and the rows the spectral mode. Augmentation
can be performed either column-wise or row-wise, depending on the type of
experiment being analyzed [27]. The most common way to augment
matrices is along the temporal mode, i.e. column-wise, because of the need
of modeling potential changes in kinetic profiles from sample to sample.

The bilinear decomposition of the augmented matrix is then
performed according to the expression:

D C S E= +T (1)

where D [size J(Ical+1)×K] is the augmented matrix of experimental
data, containing the signals for (Ical+1) different samples at different
times, C [size J(Ical+1)×N] is the matrix whose columns contain the
signal of time profiles of the N components present in the samples, ST

(size N×K) is the matrix whose rows describes the component spectra
and E (same size as D) is a matrix collecting the experimental errors
and the variance not explained by the bilinear model of Eq. (1).

To achieve decomposition of D by iterative least-squares minimiza-
tion, MCR-ALS requires initialization, which is made by resorting to
the so-called purest variables [29,30], as well as suitable restrictions,
imposed during the least-squares phase, such as non-negativity in both
time and spectral profiles.

Finally, after MCR-ALS decomposition of D, concentration infor-
mation contained in C can be used for quantitative predictions. First
the area under the profile for the ith sample is calculated for the
anaylte:

∑a i n C j n( , ) = ( , )
j i J

iJ

=1+( −1) (2)

The values of a(i,n) represent the relative concentrations of each
component in the training samples, and are used to build a pseudo-
univariate calibration graph, predicting the concentration in the
unknown sample using a univariate approach. This is done by inter-
polation of the analyte value in the test sample in the calibration graph.

The proposed strategy can only be applied as long as the time range
in all experiments is the same. However, the kinetic profiles for a given
component in different samples need not be identical, because the
potential changes are taken into account by the augmentation strategy
employed in MCR-ALS analysis.

3. Experimental

3.1. Reagents

Carminic acid and tartrazine were purchased from Sigma-Aldrich.
Milli-Q water (Millipore) was used in all experiments.

3.2. Stock standard solutions and calibration samples

Stock standard solutions of carminic acid (256 mg L–1) and tar-
trazine (1091 mg L–1) were prepared in 25.00 mL volumetric flasks by
dissolving accurately weighed amounts of the dyes in water and
completing to the mark.

Calibration samples for univariate analysis containing either pure
dye were prepared by proper dilution of the corresponding stock
solutions. The concentrations of the calibration samples were set by
means of experiments establishing the linear range, after analysis of
different solutions covering the interval 0–10 mg L–1.

3.3. Test sample preparation: commercial spiked samples

Some of the food products that may contain the analytes were
chosen as test samples. The test samples were spiked with one of the
analyte dyes; however, the commercial samples used were naturally
colored or contained additional dyes different from those tested in our
work. Commercially available mustard, ketchup, asparagus soup
powder, pumpkin soup powder, plum jam and orange-strawberry juice
were purchased from local supermarkets. Accurately weighted portions
of each sample were spiked with the corresponding dye, depending on
the color. Tartrazine was spiked to yellowish foodstuff: mustard,
asparagus soup powder and pumpkin soup powder. On the other hand,
the reddish ketchup, jam and juice were spiked with carminic acid. The
dry samples were dissolved in water, jam and dressings were blended
with water and juice was diluted with water. Five levels of the
corresponding dye were added to each spiked sample.

Therefore, two sets of samples were analyzed: those containing
tartrazine (yellow-colored) and those containing carminic acid (red-
colored). There are no samples that contain both analytes. Calibration
and test samples were prepared for each of these sets. The calibration
samples consist in aqueous solutions of the corresponding dye.

3.4. Spectrometric measurements and data treatment

The reactions were monitored using a diode-array spectrophot-
ometer (MultiSpec-1501- Shimadzu, Osaka, Japan) thermostatized at
25 °C with a thermoelectrically temperature controlled cell holder
(TCC-240A Shimadzu, Osaka, Japan) for in situ collection of the
spectra during the oxidation of the sample. The reaction mixture was

Fig. 1. Chemical structures of the two assayed dyes. (A) Tartrazine. (B) Carminic acid.
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composed by 2.00 mL of a proper dilution of the sample plus 20.0 μL of
5 mol L–1 acetic buffer pH 4.5, and the reaction was initiated by adding
5 μL of the enzyme (0.1 U). Spectra in the range 350–650 nm in steps
of 1 nm were collected every 6 s during 10 min, generating a matrix
composed by 30401 data points (301 wavelengths ×101 time steps). All
kinetic experiments were developed in the same time range and with
the same interval among consecutive spectra. The time-absorption
matrices were transformed to ASCII format for subsequent manipula-
tion.

3.5. Software

The data were handled using the MATLAB computer environment
[31]. The calculations involved in the mixture resolution by MCR-ALS
have been made using mvc2_gui, a MATLAB graphical interface
toolbox which is a new version of that already reported in the literature
[32].

4. Results

4.1. Developing the method and analysis of the calibration set

Using pure analyte standards, a kinetic-spectroscopic method was
developed, making proper selection of the range of detected wave-
lengths, the amount of added enzyme, working temperature and
medium condition, in order to obtain an overall assay time of ca.
10 min. Both pH and temperature were selected considering previous
reports whereas the minimum amount of enzyme that allow a
significant change in the spectra was used [33]. Under these conditions,
it was possible to obtain a certain degree of oxidation of the analytes,
allowing for the addition of the kinetic mode to the spectral data. The
spectrum of carminic acid shows that range of largest sensitivity is from
420 nm to 600 nm, thus longer wavelengths were discarded in the
analysis. For samples containing tartrazine, the full range (350–
650 nm) was used.

The kinetic oxidation profiles of each dye significantly shift from
run to run. This effect, combined with the presence of potential
interferents in some of the analyzed samples, makes it difficult the
alignment of the matrices in the kinetic mode, in order to restore the
trilinearity required by some second-order multivariate algorithms.
This is the main reason for employing the MCR-ALS algorithm for data
processing, and also for the augmentation of the matrices in the time
direction. In the analysis, initialization of the multivariate algorithm
was performed using spectral estimates obtained from the analysis of
the purest variables. Non-negativity restriction was applied in both
modes. Spectral profiles were normalized to unit length to avoid
ambiguity in the intensity scale.

The number of MCR-ALS components was estimating by principal
component analysis of the augmented data matrix for each studied
system. The explained variance by each successive component was
analyzed, but special attention was focused to the residual fit of the
reconstruction of the augmented data matrix by adding successive
principal components. The stabilization of the residual fit was indica-
tive that the optimum number of components was reached. The
estimated number of components was two in both cases, with an
explained variance greater than 99% and an associated Sfit value of
0.001. This can be justified taking into account the presence of two
different signals (corresponding to carminic acid or tartrazine and a
background signal). The resolution of calibration samples provided the
temporal oxidation profiles and pure spectra for each analyte, and an
additional signal corresponding to the background. The second profile
was assigned to a background signal, since only one chemical compo-
nent is present in each calibration sample (corresponding to the main
dye profile), thus the second component was labeled as background.
This second profile may include some turbidity as well as the native
spectrum of the enzyme. After MCR-ALS resolution of the augmented

calibration matrix, a pseudo-univariate calibration was carried out for
each compound. The parameters corresponding to the linear regression
of the relative concentrations (Eq. (2)) vs. the corresponding nominal
concentrations are shown in Table 1. Linear relationships between
relative concentrations obtained by MCR-ALS and nominal concentra-
tions were found in all cases, using the rigorous test recommended by
the International Union of Pure and Applied Chemistry (IUPAC) [34].
Sensitivities were estimated as discussed in the literature [35]. The
IUPAC-consistent limits of detection (LOD) were computed taking into
account the presence of both type I and II errors (false positives and
false negatives) and also the uncertainty propagation from the slope
and intercept [36].

4.2. Analysis of spiked real samples

Real food products were spiked with each of the two studied dyes
and were subjected to the analytical protocol discussed above, and
individually resolved by MCR. The estimated number of components
was larger than those in the calibration set (in both cases 3 compo-
nents, with an explained variance greater than 99% and an associated
Sfit value of 0.001), meaning that there are additional components in
the test samples, in comparison to the calibration samples. Therefore,
the analysis of these samples confirms that there are interfering
species, and those may be a complex mixture or a combination of
compounds.

Fig. 2A shows the three-dimensional plot, Fig. 2C the MCR-ALS
recovered spectra, and Fig. 2E the retrieved augmented kinetic profiles
corresponding to asparagus soup powder, a yellow sample spiked with
tartrazine. Analogous plots are shown in Figs. 2B, D and F for plum
jam, a red sample, spiked with carminic acid. As can be seen, the
spectra corresponding to the interfering species were different than
those corresponding to the dyes, allowing their resolution. Notice in
Figs. 2E and F that the interferents (dashed lines in both cases) are
present in the test sample under study (the first time sub-profile) and
absent in the calibration samples (the next time sub-profiles).

The recovery results corresponding to different levels of each
analyte in three samples of each color are collected in Fig. 3. As can
be appreciated, the analyte predictions are in good agreement with the
nominal values, indicated in the abscissa of Fig. 3. If the elliptical joint
confidence region is analyzed for the slope and intercept of the plot of
predicted vs. nominal concentrations, we conclude that the ellipse
includes the theoretically expected values of (1,0), indicating the
accuracy of the used methodology (Fig. 4). Indeed, a paired t-test
indicates significant differences between the nominal concentrations
and the predicted ones using the presently proposed methodology. The
p values, the root mean square error of prediction (RMSEP) and the
relative errors of prediction (REP), computed with respect to the mean
calibration concentration of each analyte are listed in Table 2. These
results strongly suggest that the present methodology is useful for the

Table 1
Calibration parameters for both analytes from MCR-ALS analysis of calibration data
matrices.

Tartrazine Carminic acid

Slope (SD) 35 (1) 5.00 (0.05)
Intercept (SD) 2 (3) –2.3 (0.2)
r2 0.996 0.999
sy/x 4.47 0.48
Linear range (mg L–1) 0–5 0–7.2
p value for linearity test 0.64 0.18
SEN (mAU L–1 mg) 34.8 5.0
LOD (mg L–1) 0.59 0.38
Number of calibration samples 5 8

SD = standard deviation, r2 = correlation coefficient, sy/x = standard deviation of
regression residuals, SEN = sensitivity, mAU = milliabsorbance units, LOD = limit of
detection.
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analysis of these analytes, its versatility make it useful for potential
applications in the determination of other analytes in different types of
samples.

5. Conclusions

In this work, the combination of chemometric techniques with
kinetic-spectroscopic data allowed quantifying dyes in complex ma-
trices. It is necessary to emphasize that, thanks to the achievement of
the second-order advantage; quantitative analysis was performed

without the use of tedious sample pretreatment. The results obtained
showed an improvement in simplicity, speed and cost with respect to
usual separation techniques.

Moreover, the present one is an additional case where the capacity
of MCR-ALS algorithm to process and predict non-trilinear data where
bilinearity is preserved has been demonstrated. Finally, as mentioned
earlier, although many kinetic measurements by following the time
evolution of absorption spectra have been reported in literature, to the
best of our knowledge, kinetic-spectroscopy data from the action of
laccase enzyme were not obtained.

Fig. 2. Results for the analysis of food samples. (A) and (B) Three-dimensional surface plot of: (A) asparagus soup powder sample spiked with tartrazine. (B) plum jam sample spiked
with carminic acid. (C) and (D) Spectral profiles retrieved by MCR–ALS analysis (C: asparagus soup powder sample and D: plum jam sample). E and F) MCR–ALS resolved kinetic
profiles (E: asparagus soup powder sample and F: plum jam sample).
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Table 2
Statistical analysis of the agreement between nominal and predicted values.

Tartrazine Carminic acid

RMSEP (mg L–1) 0.18 0.26
REP (%) 5.9 6.8
p value for paired t-test 0.44 0.52

IRMSEP = [(1/ ) ∑ (c − c ) ]I
1 act pred 2 1/2

where I is the number of calibration samples.

CREP = (100 × RMSEP/ ) where C is average concentration of the component for the

calibration samples
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