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Abstract

Currently, the food additive industry has interest in replacing artificial dyes with natural pigments, trying to maintain con-
sumer interest and increase their awareness towards healthy diets. Phycobiliproteins are light-harvesting and water-soluble
proteins extracted from cyanobacteria and red algae that can be employed as natural additives. In the present work, a C-phy-
cocyanin extract from the cyanobacterium Arthrospira platensis was tested as blue colorant in beverages to demonstrate that
samples containing the protein extract have a color similar to marketed beverages containing synthetic dyes. Using spectros-
copy and colorimetry, the extract was characterized and gave evidence of having good properties and good stability in the
pH range between 3.0 and 9.0. The staining factors, representing the amount of blue protein needed to reproduce the color
of bluish commercial samples, ranged between 15.6 and 111.7 mg-L~!, being sufficiently low in all samples. Additionally,
color stability during a short period of cold storage was studied: it demonstrated that isotonic and tonic beverages remained
stable throughout the 11-days analysis period with no significant changes. These results prove that the C-phycocyanin extract
has potential applications in food as natural colorant, being an alternative option to synthetic coloring molecules.
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Introduction

Cyanobacteria are oxygenic photosynthetic prokaryotes
producing pigments such as chlorophyll, carotenoids,
and phycobiliproteins (Prasanna et al. 2010). The
phycobiliproteins are proteins that form light-harvesting
antenna complexes (phycobilisomes) and act as
photosynthetic accessory pigments in cyanobacteria,
red algae, cryptomonads, and glaucophytes (MacColl
1998; Kannaujiya et al. 2017). These macromolecules
are a family of hydrophilic, brilliantly colored, and
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stable fluorescent pigments proteins. Based on their
absorption characteristics, phycobiliproteins are
classified into: phycoerythrins (PEs), phycocyanins
(PCs), and allophycocyanins (APCs) (Samsonoff and
MacColl 2001; Bermejo and Ramos 2012). They consist
of dissimilar o and B polypeptide chains which probably
originated from a common ancestor but apparently
diverged early in evolution (Kaur et al. 2019). Because
of their excellent spectroscopic properties, stability, high
absorption coefficient, and high quantum yield, a wide
range of promising applications of phycobiliproteins in
biomedical research, diagnostics, and therapeutics has
become possible (Glazer 1994; Chowdhury et al. 2007;
Borowitzka 2013; Bharathiraja et al. 2016; Sonani 2016;
Tavanandi et al. 2018). In addition, phycobiliproteins have
potential as natural colorants to use in food, cosmetics,
and pharmaceuticals, especially as substitutes for
synthetic dyes, which are generally toxic or otherwise
unsafe (Arad and Yaron 1992; Sinha et al. 2011; Kaur
et al. 2019). Particularly, great importance has to be given
to C-phycocyanin (C-PC) because of its various medical
and pharmacological properties, showing a therapeutic
value thanks to its protective effect and anticarcinogenic
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activity (Rimbau et al. 1999), its antioxidative and anti-
inflammatory activities (Benedetti et al. 2006), and its
potential use in the treatment of Alzheimer’s and Parkinson’s
disease (Rimbau et al. 2001). Regarding color application,
C-PC is largely employed for the replacement of synthetic
pigments in different products such as chewing gums, ice
cream, candies, soft drinks, dairy products, and cosmetics
(lipsticks and eyeliners) (Sekar and Chandramohan 2008;
Moreira 2012; Campos Assumpg¢do de Amarante et al.
2020; Galetovic et al. 2020).

Coloring additives are dyes that confer color to food,
drinks, or drugs to which they are added. Color of food
and drinks has an important impact on consumers since
it is one of the first characteristics perceived for products.
According to the European Food Safety Authority (EFSA),
food colorants are one category of food additives that is
used in the food industry to render processed foods more
attractive, to restore the color of food after processing, and
to give color to otherwise colorless food. Food colorants
can be divided in two groups depending on their origin:
synthetic and natural colorants (Carocho et al. 2014). In
general terms, synthetic molecules are more stable than
natural ones, maintaining their coloration for a longer time.
However, some of them have been reported to be toxic or
otherwise unsafe (Mahmoud and Org 2006; Hashem et al.
2019). As such, there is an increasing interest in finding
non-harmful alternative molecules, and natural colorants
have gained more interest among consumers who demand
natural products. Unfortunately, natural colorants might
be sensitive to light exposure, might change color when
exposed to different pH, and degrade at high temperatures.
Additionally, they are generally available in a limited color
range. All of these factors limit the use of natural colorants
at the industry level, so that there is a demand for new
natural colorants to be used as food additives and extend
the coloring range of natural food dyes.

In this context, several studies have focused on the use of
natural colorants in food and drinks, especially on aspects of
preparation, characterization, application, stability, kinetics,
and color evaluation (Lobo et al. 2018; Montibeller et al.
2018; Chen et al. 2019; Ngamwonglumlert et al. 2020;
Pereira et al. 2020). There are many works that report the
use of natural compounds in dairy products, bakery products,
soft drinks, and candies (Mezquita et al. 2015; Gengatharan
et al. 2017; Almeida et al. 2018; Da Silva et al. 2019; Leong
et al. 2019; Otélora et al. 2019; Pires et al. 2020). Regarding
phycobiliproteins, they have been incorporated in desserts,
puddings, sourdough, soft drinks, and dairy products,
although their use needs to be further supported by toxicity
testing. Moreover, additional research focusing on the
bioavailability and the interaction of phycobiliproteins with
food, beverages, matrixes, and stabilizers, among others, is
required (Moreira et al. 2012; Dewi et al. 2018; Chentir et al.
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2019; Hsieh-Lo et al. 2019; Niccolai et al. 2019; Galetovic
et al. 2020; Garcia et al. 2021).

On the other hand, blue colors are not uncommon
in nature, but their replication in food may be difficult
due to the low pH, light, and heat stability of natural
compounds that produce blue tones (Newsome et al. 2014).
C-phycocyanin, a natural blue molecule belonging to the
phycobiliproteins group, has been studied as natural colorant
mainly for dairy products and yogurts (Moreira et al. 2012;
Dewi et al. 2018; Kaur et al. 2019; Mohammadi-Gouraji
et al. 2019; Campos Assumpcdo de Amarante et al. 2020).
However, some authors claim that the use of this protein
in food and beverages is limited by the lack of stability to
heat, light, and acidic conditions (Jespersen et al. 2005;
Newsome et al. 2014). Only a few studies have evaluated
the color stability of C-PC after its application (Dewi et al.
2018; Kaur et al. 2019; Mohammadi-Gouraji et al. 2019).
Another pivotal reason for trying to exploit this natural dye
is its antioxidant, anticancer, and anti-inflammatory effects
reported by several studies (Romay et al. 1998; Sonani et al.
2017; Fernandes e Silva et al. 2018), which would add value
to the obtained products. Furthermore, this compound has
fewer side effects than chemical drugs, and algae are eco-
friendly sources receiving increasing attention.

In light of the above and considering the growing demand
for natural colorants and functional foods by consumers, we
have focused our attention on using a phycocyanin extract as
natural blue colorant. In the present work, a C-phycocyanin
extract (C-PC extract) with food grade purity from the
cyanobacterium Arthrospira platensis was studied as a
natural colorant in different beverages such as isotonic and
tonic drinks and wine. This study represents a first approach
that aims to characterize the C-PC extract by spectroscopy
in order to understand the coloring properties of the protein
solution. Additionally, a colorimetric study was developed
for the color evaluation of samples containing the natural
protein extract which reproduce the color of commercially
available products. Hence, the outcome of this study would
enhance the organoleptic and nutritional properties of
beverages using a C-PC extract from cyanobacteria.

Materials and methods
Production of phycocyanin extract

The C-phycocyanin extract was obtained using the
corresponding methodology (Ramos et al. 2011; Bermejo
and Ramos 2012) from cells of the cyanobacteria
Arthrospira platensis, generously provided by the company
Imade S.L. (Granada, Spain). The phycobiliprotein solution
was extracted from the lyophilized cyanobacteria using
0.1 M phosphate buffer (pH 7.0) and mixing the biomass
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with the liquid for reconstitution in a ratio of 1:20 (w/v).
The slurry was agitated for 30 min at constant speed by a
Heidolph RZR1 (Germany) variable-speed magnetic stirrer,
and the intracellular material was obtained disrupting the
cell wall by osmotic shock. The sample was centrifuged
at 14,500 x g for 15 min to recover the phycobiliproteins
in the supernatant. The supernatant was precipitated with
70% saturation ammonium sulphate (NH,),SO,) and left to
stand overnight in the dark at 4 °C before centrifugation. The
pellets of purified biliproteins were resuspended in a small
volume of the suitable buffer, dialyzed overnight at 4 °C
against the same buffer. The concentrated protein solution
was placed in a clean container, and 1% w/w of citric acid
was added as preservative. The sample was stored at 4 °C.

Characterization of the C-phycocyanin extract

Absorbance spectra were recorded on the UV-visible
spectrophotometer (Lambda 20, Perkin Elmer, software UV
Data Manager, USA) between 250 and 700 nm. Fluorescence
spectra were recorded on a spectrofluorimeter (FP-6500, Jasco,
software Spectra Manger, Spain) between 550 and 700 nm.
Recording the absorption and fluorescence spectra of aqueous
solutions in a large pH range served to monitor the influence
of pH on the stability of the spectral parameters of the C-PC
extract. The protein extract was dissolved in 20 mM phosphate
buffer at different pHs (ranging between 1.0 and 13.0) to achieve
an appropriate concentration. Absorption spectra of the C-PC
extract were determined after gradual falls or increases in pH (pH
7—1 and pH 7—12), and the stability was monitored by measuring
the absorbance at 616 nm. Fluorescence spectra were determined
with the same solutions, and fluorescence intensity at 638 nm
was registered. All spectra were recorded at room temperature.

The amounts of different phycobiliproteins in the C-PC
extract were calculated from measurements of the absorb-
ance at different wavelengths using the following equations
(Bennett and Bogorad 1973):

C-PC(mg-mL™") = Agis = 0474 - (Ags)Agis = 0474 - (Ags))

5.34
(D
Agsy —0.208 - (Agys)
APC(mg-mL™") = 5
(mg - mL™") 5.0 @)
PE(mg - mL™") = Asez —2.41 - (PC) — 0.849 - (APC)
¢ B 9.62
Beverage samples

Beverage samples were constituted by drinks (isotonic
and tonic beverages and wine) available in grocery stores.
The selected commercial products have a blue color; while

standard products do not carry any coloring additive and
therefore have no color. It is important to highlight that the
same brand of beverage without the blue colorant additive
was used as standard. Different commercial products were
utilized to simulate colors using the blue C-PC extract: four
isotonic drinks, two tonic drinks, and one wine. Storage of
the samples was done in a domestic refrigerator at 5+2 °C.

Only tonic drinks and wine were manipulated before the
colorimetric analysis due to their gassed nature, as it was nec-
essary to eliminate gas bubbles by stirring. They were placed
on a magnetic stirrer for 20 min to obtain a liquid matrix
without gas. The blue protein extract was added to the bever-
ages under constant stirring to allow its homogenous mixing.

Viscosity measurements

The viscosity of beverages samples was measured using a
Cannon Fenske Routine size 50 U-tube viscometer (PSL
Ltd., UK) that was held in a water bath at the required tem-
perature with a measurement accuracy of +0.1 °C (Selecta
VB-1423, Spain). Water was used as the calibration fluid for
the viscometer. The estimated uncertainty, based on repeated
measurements, was +0.00002 P (Poise) (g cm™! s7). All
viscosity measurements were carried out on the same day
of the preparation of the samples.

Color evaluation

Colorimetry was performed using a colorimeter (CM-5,
Konica Minolta, data software CM-S100W SpectraMagic
TM NX, Version 2.2, Japan) operated in the transmittance
mode. All tests were run in 10 mm polystyrene sample
cuvettes. The color was registered according to the CIELAB
color space, and the following color space values were
obtained: L*, representing the light—dark pair (lightness); a*,
representing the red-green pair (redness); and b*, represent-
ing the yellow—blue pair (yellowness). The recommended
illuminant/observer pair D65/10° was used.

First, the color of the reference product (commercial
product) was registered on the colorimeter, followed by
registration of the color of the standard sample (sample to
be added with C-PC extract). Successively, a few microliters
of C-PC extract were added to the standard sample, and the
color change was registered. After each C-PC extract addi-
tion, the color difference between the alimentary commercial
product and the colored sample was defined by AE*ab. For
determining the CIELAB color difference AE*ab, the fol-
lowing equation was used:

AE?, = \/ (AL*)* + (Aa*)* + (Ab*)

V- @ -a)+ 0 -5)
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where L, a;, and b, were the values of the drink com-
mercial product and Lf, af, and b;‘ were the measured values
of each sample added with the C-PC extract. Color data were
recorded and color change and color space values calculated
on triplicate samples for all conditions assessed throughout
this study.

Statistical analysis

Data were statistically analyzed by one-way analysis of
variance (ANOVA) using the SPSS program (IBM SPSS
statistics 22). Tukey’s HSD test (P <0.05) was used to test the
significance of differences between isotonic and tonic drinks.
Data are presented as the mean + SD of three independent
experiments with three replicates in each experiment.

Results
Characterization of the C-phycocyanin extract

The absorbance spectrum of the coloring extract shows a
main peak at 616 nm (Fig. 1a). Preliminary analysis for the
estimation of the phycobiliproteins content in the extract
revealed that this coloring extract solution contained
3.67 mg C-PC-mL~! as the major component (96.3% w/w).
Other proteins are present in a significantly minor propor-
tion, such as APC (3.7% w/w). Regarding fluorescence, the
corresponding spectrum (Fig. 1a) shows a maximal fluores-
cence intensity emission at 638 nm.

UV-Vis spectroscopy and fluorescence spectroscopy
were used to determine the stability of the blue C-PC extract
and its optimal pH range of application, with C-PC excited
at 590 nm to record the fluorescence spectra of the protein
extract at different pHs (Fig. 1b, ¢). At neutral pH, the fluo-
rescence maximum was at 638 nm.

Additionally, the C-PC extract was analyzed to register
color parameters as a function of pH according to the Color
Space defined by the International Commission on Illumi-
nation (CIELAB color system: L*, a*, and b* values). The
results are summarized in Table 1.

Pigmentation of beverage samples with the C-PC
extract

In coloring studies, the standard marketed product was
colored with the blue C-PC extract to achieve the most
similar color to the one of the reference product. From
coloring assays, a coloring curve is obtained: it plots the
difference in color (AE*ab) between the sample and the
reference against the volume of C-PC extract added to
the standard product (pL). In order to match the color of
marketed products in the three types of beverages, it was
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Fig.1 a Absorption and fluorescence spectra of the C-PC extract
from S. platensis at pH=7.0; b variation of absorbance (m) (at
616 nm) and relative fluorescence intensity (A) (at 638 nm) of the
C-PC extract solution at various pH values in 20 mM phosphate
buffer; ¢ absorbance spectra of C-PC extract at pH values of 2.00 and
10.29. For absorbance and fluorescence measurements, the protein
concentration was 0.03 mg C-PC mL ™

necessary to add a specific volume of C-PC extract to the
14 mL of the beverage (Table 2). For each sample, staining
factors were calculated as the total amount of C-PC protein
per liter (of product) needed to obtain a color similar to that
of the reference commercial product, represented by the
minimum value of AE*ab. Figure 2 shows a presentation of
the samples colored with the C-PC extract compared to the
reference product found on the market.

Four different commercial isotonic beverages were stud-
ied for testing the potential coloring capacity of the C-PC
extract (Table 2, Fig. 3). In the same way, two commercial
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Table1 Color parameters (CIELAB-color system) for the C-PC
extract at different pH values, as mean+SD of three sample rep-
licates. L*, a*, and b* are the three CIELAB values to defining the
color

pH L*(D65) a*(D65) b*(D65)

1 94.04+0.02 -7.90+0.03 0.98+0.03
1.5 93.95+0.04 —7.49+0.02 1.08 +0.02
2 93.22+0.10 -7.26+0.03 1.31+0.05
2.5 91.43+0.03 -9.50+0.06 —-1.97+0.05
3 88.35+0.08 —15.16+0.10 —8.85+0.08
35 88.29+0.03 —15.35+£0.08 —9.84+0.05
4 88.16+0.11 —15.50+0.15 -9.79+0.10
5 88.24+0.06 —15.41+£0.07 -9.94+0.07
6 88.27+0.05 —15.39+0.04 -9.92+0.03
7 88.40+0.04 —15.07+0.02 -9.68+0.03
8 88.84+0.06 —14.05+0.01 —8.73+£0.07
9 88.38+0.08 —14.93+0.02 -9.54+0.02

Table 2 Staining factors of the assayed beverages: data obtained from the
coloring curves of products (Figs. 2 and 3) ([C-PC] 4y =3.67 mg mL™")

Product Commercial Extract AE*ab Staining
brand volume added Reached factor
(L) (mgL™)
Isotonic drinks A 420 7.94 106.74
B 380 6.04 96.84
C 440 6.70 111.67
D 130 6.21 33.72
Tonic drinks E 60 4.97 15.64
F 90 4.97 23.41
Wine G 240 5.17 61.76

tonic beverages and one blue wine were chosen for studying
this capacity in other media (Table 2, Fig. 4).

Viscosity measurements were carried out to determine
the viscosity of commercially available samples and those
generated by the addition of the C-PC extract (Table 3).

Stability studies of colored beverages samples

Regarding food products, the other pivotal aspect that must
be taken into account is the stability, and because of that,
color stability determinations were developed for beverages
added with the C-PC extract. Figure 5 shows variations of
the color coordinates L*, a*, and b*, as well as the color
difference AE*ab registered for isotonic, tonic, and wine
samples with C-PC extract added. Samples were controlled
over the storage period of 11 days. The samples selected
for each type of beverage were obtained by the addition of
the C-PC extract to reproduce the color of the “D” isotonic
beverage, the “E” tonic beverage, and the “G” wine. Table 4
shows the results of the statistical analysis on the stability
between tonic and isotonic beverages.

Discussion

The C-PC extract from Arthrospira platensis is composed
mainly of C-phycocyanin (C-PC) and allophycocyanin
(APC) (Bermejo et al. 2006; Bermejo and Ramos 2012).
The C-phycocyanin purity grade is defined by the ratio
between its peak absorbance at 616 nm and the absorbance
of proteins at 280 nm (Ag;6/A,g,). When this ratio is > 0.7,
it is considered as food grade purity (Rito-Palomares et al.
2001; Campos Assumpg¢do de Amarante et al. 2020). The
C-PC extract used in this work had a purity ratio of 0.96,
which was more than sufficient to be used in the tests as a
food coloring agent.

When the absorbance ratio is lower than 4, it indicates
the presence of other proteins, therefore that the solution

Fig.2 Photographs showing a vivid presentation of the marketed
beverages and beverages obtained using the C-PC extract as natural
colorant. In the figure, three representative samples are shown: sam-
ple D, representing isotonic beverages (I-D); sample E, representing

tonic beverages (T-E); and sample G, representing wine (W—G). For
each pair, the reference product is on the left and the sample added
with the C-PC extract is on the right

@ Springer
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Fig.3 Coloring curves of isotonic beverages resulted from coloring assays
using the C-PC extract from S. platensis ([C-PC] =3.67 mg mL™")
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Fig.4 Coloring curves of tonic and wine beverages resulted from coloring
assays using the C-PC extract from S. platensis ([C-PC] =3.67 mg
C-PCmL™")

extract

is not a pure C-PC solution. In this case, APC is present
in a minor proportion, not having significant repercussions
on the final blue color of the C-PC extract: APC is also a
blue protein, characterized by having a blue color lighter
than the one of C-PC. The protein extract obtained in this
study is mostly constituted by C-PC thanks to the removal
of contaminant proteins by precipitation with ammonium
sulphate. A small shoulder is observed at 650 nm, which
corresponds to the APC absorbance maximum. Both
absorption and fluorescence spectra of the C-PC extract
demonstrate that C-phycocyanin is the main protein
found and therefore the predominant one in the extract,
conferring its characteristic and attractive deep dark blue

@ Springer

Table 3 Viscosity measurements of beverages: data are recorded for
marketed products and for samples added with the C-PC extract as
per coloring studies (Figs. 2 and 3). Data are represented with mean,
and the standard deviations obtained were 0.0001 and 0.00002 for
density and viscosity, respectively. *Standard product; **standard
product added with C-PC extract

Sample Density (g-cm™) Kinematic viscosity Dynamic
(em?s™h) viscosity
(gem™s7h)
D 1.025 0.0101 0.0103
D* 1.019 0.0098 0.0010
D** 1.019 0.0102 0.0104
E 1.037 0.0112 0.0116
E* 1.031 0.0108 0.0111
E** 1.031 0.0108 0.0111
G 1.015 0.0138 0.0140
G* 1.013 0.0137 0.0140
G** 1.019 0.0135 0.0138

color, while allophycocyanin (APC) appears in a small
proportion.

Protein solubility and stability will depend on factors
such as the composition and pH of the beverages tested. In
this sense, wine is an alcoholic matrix that is different from
tonic and isotonic beverages that are more similar. Depend-
ing on the commercial brand, isotonic drinks usually have a
composition based on a mixture of various components: car-
bohydrates, acidifiers, minerals, vitamins, etc. On the other
hand, tonics are usually simple in composition, consisting
only of carbonated water with dissolved quinine.

Regarding pH, this is a relevant factor that influences the
stability of phycobiliproteins. The beverage samples utilized
in this work had pH values of 3.0 for isotonic and tonic
drinks and a pH of 3.2 for the wine sample. Accordingly,
the behavior of the colorant extract inside beverage samples
presenting these pH values has to be known. When the
coloring extract is mixed with phosphate buffer at pH
values below 3.0, proteins aggregates form immediately.
This is explained by the precipitation of proteins due to
the very acidic pH of the solution. A similar behavior was
obtained when the C-PC extract was tested in markedly
alkaline solutions at pH values above 10: proteins are
unstable, and the spectrum of the extract does not retain any
shape, being completely disrupted and having a wide non-
characteristic profile as showed for solutions at pH 2 and pH
10.29 (Fig. 1c). Therefore, the C-PC coloring extract was
spectroscopically measured in the range from pH 1.0 to 13.0.
Every extract sample presents a characteristic absorbance
peak at 616 nm and a second peak at 280 nm (total proteins
peak). The absorbance spectrum preserves its characteristic
profile when the pH of the protein solution is between 2.5
and 9.0. Although the absorbance values at the absorption
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Table 4 Results of analysis of Sample a* b* L AE*ab
variance of the studied color
paramete.rs: a cpmparisor} ISOTONIC*? ~14.32+0.38a T 6.29+1.69a 85.91+0.47b 2.06+0.21a
between isotonic and tonic TONIC? ~5.23+0.12b ~2.90+0.05b 96.63 +0.04a 1.45+0.16b
beverages during stability study
F 465.489 F 319.707 F 437.855 F 4.877
gl (1,58) gl (1,58) gl (1,58) gl (1,58)
P<0.001 P<0.001 P<0.001 P 0.031

*Means followed by different letter in a column are significantly different at 5% level Tukey test (P <0.05)

maximum (616 nm) decrease at pH values lower than 4
(Fig. 1b), the absorbance spectrum profile remains the same
as that of the protein at pH 7, until values of pH below 3
are reached. The fluorescence spectrum maintains its profile
and registers high values of fluorescence intensity (FI)
between pH 4.0 and 10.0. The intensity of the fluorescence
peak decreases at pH lower than 5 and higher than 9. The
dependence of the fluorescence intensity on pH values is
in accordance with stability studies previously performed
on C-phycocyanin from A. platensis (Couteau et al. 2004;
Patel et al. 2004; Antelo et al. 2008) and is similar to what
observed for C-phycocyanin from Atacama cyanobacteria
(Galetovic et al. 2020).

It is well known that protein solubility is influenced by
amino acid composition and sequence, molecular weight,
conformation, and content of polar and nonpolar groups in
amino acids. In this sense, protein solubility is affected by

environmental factors such as ionic strength, type of solvent,
pH, temperature, and processing conditions. Regarding pH,
this factor is a crucial aspect to be taken into account in
protein solubility. In accordance with the outcomes reached
in this work, at extreme pH values, the cyanobacteria
proteins such as biliproteins reduce their charge differential
generating lower intermolecular electrostatic repulsion. For
this reason, a sharp decrease in protein solubility in aqueous
medium was observed with a parallel denaturation in the
macromolecule itself.

Regarding color determinations, it was shown that varia-
tions in pH between 3 and 9 did not cause significant varia-
tions in the L*, a*, or b* indexes, proving the stability of the
lightness, redness, and yellowness of the C-PC extract in this
pH range. This is a crucial observation because the solution
maintains an attractive appearance in the pH range assayed
for beverages corresponding to blue C-phycocyanin color,
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that is independent of the low absorbance values obtained in
comparison with the absorbance in the optimum pH range
(4-8) shown in Fig. 1b.

The stability of the blueness of the C-PC extract is related
to the high pH stability of the C-phycocyanin biliprotein.
Previous works have studied the pH-induced conformational
and functional dynamics of C-phycocyanin isolated
from different cyanobacteria by means of absorption,
fluorescence, and other common techniques (Bermejo
et al. 2002, 2007). C-phycocyanin has a strong functional
stability in the pH range 4-9, with no remarkable changes in
absorbance or fluorescence, suggesting the protein’s ability
of stably transferring energy even at low pH values.

In light of the above and taking into account the charac-
terization carried out using absorbance, fluorescence, and
colorimetry, applications of this blue C-PC extract may be
useful in acidic and neutral samples and more specifically in
acidic beverages such as those assayed in this study.

Regarding pigmentation of beverage samples using the
C-PC extract, it is necessary to highlight that composition
of the commercial samples tested should influence the
pigmentation results to be obtained, due to the influence of
the medium on the coloring capacity of the C-PC extract.
According to the ingredients described on the labels of blue
beverages found in the market, the most commonly used
synthetic dyes are anthraquinone blue (E-130), blue patent
V (E-131), indigotine (E-132), and Brilliant blue (E-133).
Regarding natural molecules, the only one that is usually
found in food and beverages is anthocyanin (E-163) (Moreira
et al. 2012; Munier et al. 2014; Carocho et al. 2015).

Therefore, the color given by the blue C-PC extract to
standard products assayed in this work was compared to the
color of reference products found in grocery stores which
contain other types of colorants (commonly brilliant blue
E-133). It is important to highlight that the current trend
in the food industry for human consumption is favoring the
use of natural colorants instead of colorants produced by
chemical synthesis.

In global terms, tonic beverages required a smaller
volume of C-PC extract in comparison to isotonic beverages
and wine to approach the color of commercial products.
The products that required the lowest amount of protein
were “E” and “F” tonic samples, which obtained staining
factors of 15.64 mg-L~! and 23.41 mg-L~!, respectively.
On the other hand, “C” isotonic sample was the product
that required the highest amount of protein, with a staining
factor of 111.67 mg-L™". These results show the potential of
the C-PC extract as natural colorant and the low values of
staining factors prove its economic viability.

Regarding viscosity measurements, it is important to
highlight that the effect of the extract on texture and vis-
cosity was negligible as the added quantities needed to
reproduce the colors of the corresponding products found
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on the market were lower than 112 mg-L™! in all experi-
ments. These results are in agreement with previous studies
in which astaxanthin was assessed for the pigmentation of
dairy products (Mezquita et al. 2015).

In addition to the determination of CIELAB parameters
(L*, a*, and b*), the overall color difference (AE*ab) was
calculated denoting the difference in color between two sam-
ples: the progressive addition of the C-PC extract to standard
commercial products (products without colorant) promotes
the gradual decrease of the AE*ab value as the color of the
standard progressively approaches the color of the com-
mercial product. Regarding the AE*ab value, the range of
0-0.5 signifies an imperceptible difference in color, 0.5-1.5
a slight difference, 1.5-3 a just noticeable difference, 3.0-6.0
a remarkable difference, 6.0-12.0 an extremely remarkable
difference, and above 12.0 a color or shade difference (Kim
et al. 2002). It means that a high AE*ab implies a signifi-
cant color variation. In this color context, the final sample
is the one in which the lowest AE*ab value is reached. It
is important to note that when a AE*ab value lower than
3 is reached, the color of the sample is nearly the same as
that of the reference when viewed by the naked human eye
(Mezquita et al. 2015).

Three representative samples were selected as examples
for the assayed beverages: observing them, it is possible to
infer that the color of each sample was similar to the color
of the reference commercial product. Using commercial
isotonic, coloring curves of isotonic samples hence suggest
that the C-PC coloring extract has good coloring proper-
ties as most of the final AE*ab values were very close to 6
(Fig. 3), allowing samples to reach a color similar to the one
of reference commercial products. Nevertheless, the final
color presents notable differences, but it could be sufficiently
attractive for consumers. Furthermore, it has the additional
value of being produced using a natural colorant.

Isotonic beverage “C” had the highest staining factor
(Table 2), and its coloring curve suggests that a large vol-
ume of the C-PC extract (440 pL) was necessary to get to
the final sample (Fig. 3). On the other hand, beverage “D”
required the lowest volume of C-PC coloring solution (130
pL) to achieve the minimum AE*ab value. Differently, other
isotonic beverages required intermediate volumes of the col-
oring extract to reach a coloring close to the one of com-
mercial products. Generally, sample staining factors are low,
proving that attractive colors can be achieved with a fairly
low quantity of the C-PC coloring extract.

In the case of using tonic beverages and wine, the color-
ing curves of tonic samples were dissimilar to the one of the
wine sample (Fig. 4).

Tonic samples required very low extract volumes for
achieving the desired color. Thus, staining factors were
15.64 and 23.41 mg-L~! for products “E” and “F”, respec-
tively. Differently, the staining factor of sample “G” (wine)
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was quite high compared to tonics samples: its value is
61.76 mg-L~!, and it is from 4 to 2.5 times higher than
the staining factor of samples “E” and “F,” respectively.

For the development of the stability study, a cold stor-
age period of 11 days was chosen as it was considered
adequate. These types of beverages, once opened, are usu-
ally consumed within a few days if kept refrigerated. In
addition, by working in this refrigerated way, the effect
of light and temperature on phycocyanin was minimized.
Figure 5 shows the evolution of the different colorimetric
parameters as a function of time for the tested beverages.
As example, Fig. Sc shows the variations on a* index (red-
ness) for the prepared samples.

Regarding isotonic and tonic samples, it is possible to
appreciate very slight variations, with values remaining
practically constant from O to 11 days. In this case, the
tonic sample showed the highest values of a*, while the
isotonic sample registered the smallest. On the other
hand, the wine sample had a different behavior showing
an important increase in a* values during the first two days,
going from a value of — 11 on the starting day, to a value
of — 6 at the end of the assayed period. Similarly, L* and b*
values for isotonic and tonic samples remain more or less
constant, being stable from O to 11 days. These parameters
change strongly in the case of the wine sample, showing
an important variation during the first 2 days. After that,
parameters remain constant, showing a global variation of
4 and 8 units for L* and b* values, respectively.

The AE*ab values (Fig. 5a) were very low for tonic
and isotonic samples, registering AE*ab=0.25 and
AE*ab=1.0 (day 1), respectively. Despite variations and
upward trends, AE*ab did not exceed a value of 2.5 for
the entire study period. A different trend was observed for
the wine, which started with a value of AE*ab=0.4 at day
1 and concluded with AE*ab=10.0 at day 11. However,
regardless of its high fluctuation, the difference between
day 11 and day 3 was 2.0 for wine, whereas it was 1.75
and 1.10 for isotonic and tonic samples, respectively.
Although the behavior of tonic and isotonic beverages is
similar, after applying the corresponding statistical test to
the stability results, it can be said that there are significant
differences between tonic and isotonic beverages (Table 4).

It is well known that AE*ab values lower than 3.0
cannot be easily detected by the naked human eye and are
taken as the same color by consumers (Hong et al. 2004).
According to these data, it is deduced that color is quite
stable on isotonic and tonic samples. On the other hand,
the color of the wine sample was unstable: this behavior
can be explained by the alcoholic nature of the solution.
Probably, this is not the most suitable environment for
C-phycocyanin to keep its colorimetric properties. The
phenomenon could be explained by the denaturation
effect that alcoholic media have on protein structure.

Furthermore, from the third day onwards, the color of the
wine sample began to turn greenish losing the bluish hue
of the day it was prepared.

The majority of natural pigments have an antioxidant
activity. Although the antioxidant capacity of phycocya-
nin in the beverage samples used in this work was not
determined, stability results could be explained by the
antioxidant activity of the phycobiliproteins in general as
reported by other authors (Sonani et al. 2014; Jung et al.
2016; Patel et al. 2018). More specifically, the antioxidant
effect of phycocyanin was also shown in a previous study,
in which the colorant was used in milk products (Kaur
et al. 2019).

The outcomes indicate that phycocyanin maintained its
stability throughout the refrigerated storage time for two
of the three types of beverages assayed without significant
changes in any of the three color coordinates. Values of
AE*ab >5.0 were not obtained at any moment during stor-
age of isotonic and tonic samples, with this being the thresh-
old value used by other researchers to indicate the onset of
instability (Obén et al. 2009).

In addition to its antioxidant property, another aspect to
consider for the application of phycocyanin as natural color-
ant is the anticancer effect (Fernandes e Silva et al. 2018).
This molecule is gaining more importance as it plays a cru-
cial role in preventing or delaying diseases. Overall, artificial
antioxidants such as butylhydroxynisole and butylhydroxy-
toluene pose potential health risks and toxicity: this makes
it crucial to substitute them with new harmless natural anti-
oxidants like phycobiliproteins.

Conclusions

The present study demonstrates that the C-PC extract can
be used as a coloring additive for beverages. The color
of commercial reference products containing synthetic
colorants was compared to the color of samples dyed with
the blue C-PC extract. Colors and color differences were
measured according to the CIELAB color space, and the
colorimetry-based approach was suitable for the purpose of
the study. Coloring assays, conducted using a colorimeter,
prove that the samples’ colors are similar to the colors of
reference samples taken from the market. Staining factors
determine that low amounts of C-PC are necessary to obtain
acceptable samples colors. pH influences the spectroscopic
properties of the protein extract and the stability of C-PC.
The optimal pH range for the stability of the C-PC extract
isolated from A. platensis is 4.0-9.0. This study proves that
the C-PC coloring extract could be an interesting natural
colorant for its attractive coloring properties, and it could
expand the list of natural coloring additives now available
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on the market in which the vast majority of blue dyes are of
synthetic origin.
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