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A B S T R A C T   

Finding natural food coloring options from plant-based sources to substitute artificial dyes is a challenging task 
because natural dyes often present low water-solubility, not very vibrant hues, and instability due to interactions 
with food ingredients. Chemometric approaches can be used to evaluate color differences and patterns resulting 
from natural and synthetic dyes when applied to food systems. Here, the Mixture Design and the Principal 
Component Analysis (PCA) were applied to evaluate the substitution of the following artificial food dyes: yolk 
yellow, apricot yellow, strawberry red, and tartrazine by natural dyes (water-soluble curcumin, yellow shade; 
Hibiscus sabdariffa extract, red shade; Spirulina platensis extract, blue/green shade), in three food simulated 
systems (phosphate buffer, pH 6.9; yogurt, pH 4.0 and citrate buffer, pH 3.0). The color parameters L*, a*, b*, C* 
and ◦h were determined and color difference (ΔE*) with artificial dyes resulted in 11 empirical models. PCA 
yielded a clear map for the identification of the closely matches natural/artificial dyes for the food simulated 
systems in three subregions. Furthermore, the antioxidant capacity of the natural dyes was determined by 
OxHLIA and TBARS. It was possible to make an assessment guide that may be useful for other food systems and 
dyes.   

1. Introduction 

The overall worldwide turnover of food coloring agents is nearly 
8000 tons per year, and they are widely used in different kinds of 
foodstuffs like carbonated drinks, salads, juices, ice creams and sweets 
(Khan et al., 2020). It has been established that color is responsible for 
62–90% of the consumer’s assessment, making in this way, expertise in 
food colorants a very profitable activity (Viera et al., 2019). Tartrazine 
(INS 102), sunset yellow (INS 110) and ponceau 4R (INS 129) are syn
thetic azo dyes extensively applied in foodstuff, and despite that, several 
studies have identified the chronic effects that food dyes have on human 
health (do Nascimento et al., 2020). Azoic derivatives are the most 
important class of dyes that can be described by the formula: 

Ar–N––N–R, where Ar is an aromatic derivative and R is also an aromatic 
derivative or another group capable to conjugate with the main char
acteristic group –N––N–(Leulescu et al., 2018). 

Natural food colorants can be classified according to their origin 
(vegetal, animal, bacterial, fungal, etc.), their hue (red, yellow, purple, 
blue, green, etc.), or their chemical structure as follows: flavonoid de
rivatives (anthocyanins), isoprenoid derivatives (carotenoids), nitro
gen–heterocyclic derivatives (betalains) (Viera et al., 2019). Several 
beneficial effects are associated with the consumption of these natural 
molecules, such as the increase in the resistance of low-density lipo
protein to lipid peroxidation, protection of proteins against oxidation, 
chelation of transition metals that promote oxidative reactions, and in
hibition of enzymes that are involved in oxidative stress (Vinha et al., 
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2018). 
Efforts have been made to substitute synthetic food dyes with natural 

alternatives, driven by consumer demand since synthetic dyes con
sumption are is often associated with hyperactivity in children, and also 
the allergenicity of synthetic colorants in sensitive populations. 
Although currently used synthetic colorants have long records of safety 
evaluations and strict regulations, the food industry is seeking alterna
tives to meet changing market demands and regulatory restrictions 
(Sigurdson et al., 2017). 

The UK Food Standards Agency (Chapman, 2011) published a 
guideline document that describes options of available natural food 
coloring agents’ manufacturers looking to replace synthetic food dyes. 
The document highlights that frequently a single natural food dye may 
not be used as a direct replacement for one synthetic dye. The use of a 
blend of food dyes is often required to achieve the best match to syn
thetic ones. 

The effect of the “proportions” between ingredients/components in a 
formulation can be evaluated through the experimental designs for 
mixtures (Squeo et al., 2021). The mixture design has already been 
applied in food systems to evaluate the effect of a natural antioxidants’ 
mixture (tea catechins, carnosine, and α-tocopherol) on the color and 
lipid stability of beef patties (Liu et al., 2010), the effect of wheat, maca 
and yacon flours proportions on chocolate cake sensory acceptability 
(Tormena et al., 2017), the effect of xanthan, carboxymethyl cellulose 
and κ-carrageenan on the height and textural parameters of formulated 
acorn flour muffins (Masmoudi et al., 2020), and many others. This 
encourages the use of experimental designs for mixtures to evaluate the 
resulting color obtained by blends (or mixtures) of natural food dyes and 
to compare them to artificial dyes. 

Principal Component Analysis (PCA) is also a promising tool for the 
food sector and one of the most widely used data mining techniques in 
sciences (e.g. sensory, instrumental methods, chemical data). This 
approach aims to extract the main orthogonal contributors (principal 
components) which explain most of the variance of the data matrix 
analyzed and it is also considered a dimension-reduction technique, that 
can be used to reduce a large set of variables to a smaller set, that still 
contains most of the information derived from the original set of vari
ables (Cozzolino et al., 2019). 

A strategy to compare colors is the use of the color difference (ΔE*). 
Instrumental measurement of color can be achieved using colorimeters, 
that express measured colors using the determined coordinates that can 
be correlated with human eye-brain perception and give tristimulus 
values directly (L*: luminosity; a*: green <0 < red; and b*: blue <0 <
yellow) (Pathare, Linus Opara et al., 2013). The ΔE* can be defined as 
the numerical comparison of a sample’s color to the standard and in
dicates the differences in absolute color coordinates (Konica Minolta, 
2020). 

In the present work, we propose an approach to evaluate the color 
difference between a natural food dye blend (nanoencapsulated curcu
min, modified by encapsulation to allow its water solubility-yellow 
shade, Hibiscus sabdariffa extract-red shade and Spirulina platensis 
extract-blue/green shade) and synthetic food dyes (yolk yellow, apricot 
yellow, strawberry red and tartrazine) based on a mixture experimental 
design, and Principal Component Analysis (PCA). 

2. Materials and methods 

2.1. Materials 

Hibiscus and spirulina were purchased at the local market in Campo 
Mourão (August 2018) to be used as sources of natural dyes. Curcumin 
from Curcuma longa (Turmeric) powder (≥65%, Sigma Aldrich, St Louis, 
MO), polyvinylpyrrolidone (PVP, Mw = 40,000 g/mol, Sigma Aldrich, 
St Louis, MO), Tween 80 and absolute ethanol (P.A., Dinâmica, São 
Paulo, Brazil) were used to produce curcumin water-soluble dye 
(nanoencapsulation). Anhydrous monobasic sodium phosphate salts 

(PA, Vetec Química Fina, Duque de Caxias, Brazil), anhydrous dibasic 
sodium phosphate (PA, Proquímios, Rio de Janeiro, Brazil), dehydrated 
sodium citrate (PA, Proquímios, Rio de Janeiro, Brazil) and citric acid 
monohydrate (PA Proquímios, Rio de Janeiro, Brazil) were used to 
prepare the buffers. Natural yogurt was purchased at the local market in 
Campo Mourão (PR, Brazil). Artificial dyes were also purchased in the 
local market: yolk yellow (containing tartrazine, INS 102 and sunset 
yellow, INS 110), apricot yellow (containing tartrazine, INS 102), and 
strawberry red (containing ponceau 4R, INS 129) (Mix Ingredients, 
Indaiatuba, Brazil). Tartrazine (INS 102) was kindly donated by Duas 
Rodas Industrial (Jaraguá do Sul, Brazil). 

2.2. Curcumin nanoencapsulation 

Nanoencapsulation was performed using the solid dispersion method 
presented by Almeida et al. (2017). Initially, Tween 80 (0.040 g) was 
dissolved in absolute ethanol (110 mL) under magnetic stirring. Then 
PVP (0.400 g) and curcumin (0.040 g) were added and then the mixture 
was taken to an Ultrasound (120W, Fisher Scientific, Pittsburg, PA) in 
pulse regime (30 s on/10 s pause) at 100% amplitude, using a 1/8′ tip 
and ice bath for 5 min. Then the mixture was transferred to a glass tray 
and the solvent was evaporated in a convection oven at 50 ◦C for at least 
5 h and the solid was collected as curcumin nanoparticles (C). A com
plete characterization (Differential Scanning Calorimetry, Fourier 
Transform Infrared Spectroscopy, X-Ray Diffractometry, and Dynamic 
Light Scattering) of the produced nanoparticles has been already re
ported by Almeida et al. (2017). 

2.3. Extractions of spirulina and hibiscus 

The methodology for extracting phycocyanin from Spirulina platensis 
was adapted from Silveira et al. (2007). In the case of the hibiscus 
flowers (Hibiscus sabdariffa), the methodology was adapted from 
Rasheed et al. (2018). Spirulina (15 g) was added to distilled water (750 
mL) and the mixture was taken to an Ultra-turrax (IKA T25, Staufen, 
Germany) at 7000 rpm for 20 min. Then the mixture was centrifuged, 
the supernatant was vacuum filtered, and finally the extract was 
lyophilized (Liotop L101, Liobrás, São Carlos, Brazil) thus obtaining the 
Spirulina extract (S). Hibiscus flowers (7.5 g) were added to distilled 
water at 85 ◦C (750 mL) and the mixture was taken to the Ultra-turrax at 
7000 rpm for 20 min. After that, the mixture was subjected to vacuum 
filtration and finally lyophilized to obtain the Hibiscus extract (H). 

2.4. Antioxidant capacity 

2.4.1. Antihaemolytic activity 
The antihaemolytic activity of nanoencapsulated curcumin and ex

tracts was evaluated by the oxidative hemolysis inhibition assay (OxH
LIA) as described previously by Lockowandt et al. (2019). Sheep blood 
samples were collected from healthy animals and centrifuged at 1000×g 
for 5 min at 10 ◦C. Plasma and buffy coats were discarded and eryth
rocytes were washed once with NaCl (150 mM) and three times with 
phosphate-buffered saline (PBS, pH 7.4) (Evans et al., 2013). The 
erythrocyte pellet was then resuspended in PBS at 2.8% (v/v). Using a 
flat-bottom 48-well microplate, 200 μL of erythrocyte solution was 
mixed with 400 μL of either PBS solution (control), antioxidant sample 
dissolved in PBS, or water (for complete hemolysis). Trolox was used as 
the positive control. After pre-incubation at 37 ◦C for 10 min, 2,2′-azobis 
(2-methylpropionamidine) dihydrochloride (AAPH, 160 mM in PBS, 
200 μL) was added and the optical density was measured at 690 nm 
(UV–Vis Specord 200 spectrophotometer, Analytik Jena, Jena, Ger
many). After that, the microplate was incubated under the same con
ditions and the optical density was measured every 10 min at the same 
wavelength for approximately 400 min (Takebayashi et al., 2012). The 
percentage of the erythrocyte population that remained intact (P) was 
calculated according to Equation (1), where St and S0 correspond to the 
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optical density of the sample at t and 0 min, respectively, and CH0 is the 
optical density of the complete hemolysis at 0 min. The results were 
expressed as the delayed time of hemolysis (Δt), which was calculated 
according to Equation (2), where Ht50 is the 50% hemolytic time (min) 
graphically obtained from the hemolysis curve of each antioxidant 
sample concentration. 

P(%)=
(St − CH0)

(S0 − CH0)
× 100 (1)  

Δt (min)=Ht50(sample) − Ht50(control) (2) 

Δt values were then correlated to the antioxidant sample concen
trations (Takebayashi et al., 2012) and results were given as IC50 values 
(μg/mL) at Δt 60, i.e., extract or nanoparticles concentration required to 
keep 50% of the erythrocyte population intact for 60 min. 

2.4.2. Inhibition of lipid peroxidation using thiobarbituric acid reactive 
substances (TBARS) 

The procedure to determine the IC50 (concentration providing 50% 
antioxidant activity) of the extracts and curcumin nanoparticles was 
described by Barreira et al. (2013). Brains were obtained from porcine 
(Sus scrofa), dissected, and homogenized with a Polytron in ice-cold 
Tris–HCl buffer (20 mM, pH 7.4) to produce a 1:2 (w/v) brain tissue 
homogenate which was centrifuged at 3000×g for 10 min. An aliquot 
(0.1 mL) of the supernatant was incubated with the extracts with 
different concentrations (0.2 mL) in the presence of FeSO4 (10 mM; 0.1 
mL) and ascorbic acid (0.1 mM; 0.1 mL) at 37 ◦C for 1 h. The reaction 
was stopped by the addition of trichloroacetic acid (28%, w/v, 0.5 mL), 
followed by thiobarbituric acid (TBA, 2%, w/v, 0.38 mL), and the 
mixture was then heated at 80 ◦C for 20 min. After centrifugation at 
3000×g for 10 min to remove the precipitated protein, the color in
tensity of the malondialdehyde (MDA)–TBA complex in the supernatant 
was measured by its absorbance at 532 nm. The inhibition ratio (%) was 
calculated using Equation (3), where A and B were the absorbance of the 
control and the sample solution, respectively. IC50 was calculated by 
interpolation from the graph of TBARS formation inhibition percentage 
against sample concentration. 

Inhibition ​ ratio ​ (%)=
(A − B)

A
× 100 (3)  

2.5. Mixture design 

A mixture design was generated by Statistica 13 software (TIBCO 
Software Inc. 2017; Palo Alto, CA) to evaluate the effect of natural dyes 
proportion on color parameters. A maximum limit of 10% for spirulina 
extract (S) was applied, since above this limit the mixtures presented a 
moss green shade. A duplicate at the central point was obtained, the 
experimental points are presented in Table 1 and a graphical represen
tation is presented in Figure S1. 

2.6. Application of the natural dye mixtures and artificial food dyes in 
model foods 

The mixtures were added to buffer solutions, simulating foods with 
different pHs (phosphate buffer pH 6.9; citrate buffer pH 3.0) and were 
also applied to natural yogurt (pH 4.0). The concentration of the dye 
mixture was defined according to the visual aspect (0.1 g of mixture for 
10 mL of buffer or yogurt). The mixtures were stirred gently until the 
color was homogeneous. The artificial dyes were also solubilized in the 
buffer solutions and natural yogurt (concentrations were chosen based 
on previous results). All dyes were applied in triplicate and the average 
was used for further analysis. For the artificial food dyes, the concen
trations applied in all systems were: yolk yellow = 20 μL/mL (liquid 
dye), apricot yellow = 20 mg/mL (solid dye), strawberry red = 3 μL/mL 
(liquid dye), tartrazine = 20 mg/mL (solid dye). 

2.7. Determination of color parameters 

Color parameters (L*, a*, b*, C* and h◦) of all samples were deter
mined with a Delta Vista 450G colorimeter (Delta Color) equipped with 
an accessory for color determination in liquids. The color difference 
(ΔE*) of each experimental point and the artificial dyes (when applied 
to the same medium) was calculated using Equation (4), using subscript 
n for natural dye mixture and a for artificial dye. Three determinations 
were taken for each sample and the averages of the readings were used 
in the analysis of the experimental design. 

ΔE* =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L*

n − L*
a

)2
+
(
a*

n − a*
a

)2
+
(
b*

n − b*
a

)22
√

(4)  

2.8. Mathematical models 

To obtain the mathematical models of color difference (ΔE*), the 

Table 1 
Experimental points of the mixture design applied to evaluate the color of the natural food dyes (C-curcumin nanoparticles; H-hibiscus extract; S-spirulina extract), and 
ΔE* results obtained between each experimental point of natural dye composition and the artificial dyes (YY- yolk yellow; SR-strawberry red; AY- apricot yellow; T- 
tartrazine).  

Mixture C H S ΔE* 
Phosphate Buffer (pH 6.9) 

ΔE* 
Yogurt (pH 4.0) 

ΔE* 
Citrate Buffer (pH 3.0)  

YY SR AY T YY SR AY T YY SR AY T 

1 1.000 0.000 0.000 42.95 43.43 41.13 56.94 33.97 87.98 2.92 3.96 39.29 46.79 23.54 7.26 
2 0.000 1.000 0.000 30.28 30.42 37.39 51.82 84.48 19.14 87.75 90.37 33.00 23.72 38.90 54.04 
3 0.900 0.000 0.100 51.75 52.35 46.37 62.27 43.02 80.30 16.78 20.14 33.51 35.61 6.99 20.56 
4 0.000 0.900 0.100 48.85 49.26 45.89 61.63 89.03 27.33 90.12 92.67 45.92 36.69 44.21 60.63 
5 0.000 0.950 0.050 36.74 37.00 39.65 54.86 87.07 23.19 89.32 91.91 43.13 33.86 42.98 59.24 
6 0.950 0.000 0.050 44.19 44.61 44.02 59.78 39.28 82.38 11.35 12.86 29.86 31.49 5.63 21.77 
7 0.500 0.500 0.000 33.29 34.65 7.95 21.36 34.58 81.26 8.92 11.09 29.10 27.11 16.05 32.67 
8 0.450 0.450 0.100 45.40 46.30 33.98 49.63 45.65 76.07 23.68 25.28 36.84 32.91 23.00 39.61 
9 0.475 0.475 0.050 38.02 39.13 21.83 37.26 40.08 79.10 16.71 18.37 36.38 32.03 25.06 41.75 
9′ 0.475 0.475 0.050 41.89 42.80 30.88 46.65 40.39 77.11 17.55 19.38 32.55 28.52 27.52 44.10  
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experimental data were treated by linear regression in the Statistica 13 
software, resulting initially in a Special Cubic Equation, represented by 
Equation (5).  

where: ΔE* is the color difference between the natural dye mixture and 
the synthetic dye; bi is the linear coefficient of the “i” component; bij is 
the binary interaction coefficient between “i” and “j” components; bijk is 
the ternary interaction coefficient between “i”, “j” and “k” components. 
Analysis of variance were performed (ANOVA, 95% confidence) to 
validate the models, considering the regression significance and also the 
lack of fit of the models. When the regression was significant and there 
was no lack of fit, the significance (p-value ≤ 0.05) and coefficients of 
determination (R2 and R2

adj) were evaluated. The model coefficients 
were removed in the case they did not present significance. Alterna
tively, coefficients were kept in the model even if not significant when 
they led to an improvement of R2

adj. 

2.9. Principal Component Analysis 

To explore the relationship between artificial dyes and natural dye 
mixtures in the application mediums, a Principal Component Analysis 
(PCA) was performed using MATLAB R2021a software (MathWorks Inc., 
Natick, MA). The experimental results of color parameters (L *, a *, b *, C 
* and h ◦) were given in columns and the experimental points in lines 
(10 × 5). Each column was auto-scaled (mean centered and divided by 
standard deviation), resulting in a correlation matrix (XTX). The eigen
value rule was used to define the new dimention’s space, meaning that 
only the principal components (PCs) with eigenvalues greater than 1 
(Bona et al., 2018). 

2.10. Statistical analysis 

The statistical analysis was applied to antioxidant capacity results 
and averages compared using Tukey’s test at a 5% significance level (p 
< 0.05) using Statistica 13 software (TIBCO Software Inc. 2017; Palo 
Alto, CA). 

3. Results and discussion 

3.1. Antioxidant capacity 

Nanoencapsulated curcumin, hibiscus, and spirulina extracts pre
sented antioxidant capacity in TBARS and OxHLIA assays, as can be 
observed in Table 2. Nanoencapsulated curcumin presented the highest 
antioxidant potential between the natural dyes tested in the present 
work for both assays, while the spirulina extract was the less effective. 
Curcumin nanoparticles presented an IC50 value 90-fold lower than 
spirulina extract in the TBARS assay and 20-fold lower in the OxHLIA 

test. In their work, Freitas et al. (2019) found IC50 values for nano
encapsulated curcuminoids equal to 38.2 and 11.9 μg/mL in TBARS and 
OxHLIA assays, respectively. This difference probably occurred because 
the authors extracted curcumin from Curcuma longa rhizomes and in the 

present work a commercial purified version of curcumin was used. 
The OxHLIA assay was also applied by Silva et al. (2019) to char

acterize the antioxidant capacity of Spirulina platensis, the authors found 
an IC50 equal to 0.26 mg/mL at Δt = 60 min. The result obtained in the 
present work was 2-fold higher, probably due to different cyanobacte
rium cultivation conditions, as well as different extract obtention. 

Jabeur et al. (2019) reported IC50 values of 72 and 68 μg/mL for the 
hydroethanolic and infusion extracts of H. sabdariffa. Result obtained in 
the present study is 100-fold lower, which can be related to the different 
extraction procedure applied, among other factors that affect 
plants’composition. 

The color difference results determined between the artificial dyes 
and the color of the natural dye mixtures when applied in phosphate 
buffer, citrate buffer, and natural yogurt are shown in Table 1. The 
images of the produced mixtures of natural dyes and also artificial dyes 
applied to the three tested mediums are presented in Fig. 1. The values 
determined for the L* parameters, a*, and b* in the media for each 
artificial dye used in the ΔE* calculations (Equation (1)) are presented in 
Tables S1, S2 and S3. 

According to the results (Table 1) it is possible to observe that most of 
the artificial dyes when applied on the different mediums (phosphate, 
citrate buffers, and yogurt) presented the highest ΔE* when compared to 
the mixtures n◦ 4, composed by 90% hibiscus extract and 10% spirulina 
extract and mixture n◦ 3, 90% nanoencapsulated curcumin and 10% 
spirulina extract. Still, even in the reduced proportion delimited by re
striction of the mixture design (maximum 10%), the spirulina extract 
significantly hampered the homogenization of the mixtures, causing 
precipitation and lack of homogeneity in the medium. The phycobili
some that serves as the main photosynthetic light-harvesting antenna 
complex in cyanobacteria (Adir, 2020) is constituted by the three phy
cobiliproteins, phycocyanin (blue pigment), allophycocyanin (bluish-
green pigment) and phycoerythrin (red pigment) (Faieta et al., 2021) as 
can be observed in Fig. 2 (a). These phycobiliproteins are water-soluble 
molecules composed of proteins and chromophores, called phycobilins, 
covalently bound via cysteine (Pagels et al., 2019). One of the methods 
applied to purify the phycobiliproteins from spirulina extract is pre
cipitation (Martins et al., 2021). Solutions of phycobiliproteins were 
found to be stable at pH values in the range 5–9, precipitating at low pH 
conditions (Arad & Yaron, 1992). Even at pH 6.9, this precipitation ef
fect was observed in the present work, probably due to interactions of 
the phycobiliproteins from spirulina extract and the phenolic compound 
present at hibiscus extract and curcumin (Zhang et al., 2020). 

On the other hand, when comparing dyes mixtures containing 
nanoencapsulated curcumin and spirulina extract (n◦ 3, 6, 8 and 9) in 
different pH conditions, it can be noted that ΔE* determined in citrate 
buffer (pH 3.0) was always smaller. At this pH, curcumin presents a 
yellow color since the keto formation is favored (Fig. 2 (c)), however, 
under basic conditions, the keto tautomer is changed into the state 
comprising the mixture of enol and enolate forms (Kim et al., 2021). It is 
possible that this molecular conformation allowed a better color result, 
even in the presence of spirulina extract. 

Between the evaluated application mediums, higher ΔE* values were 
found for yogurt, with values up to 90.12. This behavior must be a result 
of extracts compounds’ interaction with yogurt proteins. These in
teractions between protein− polyphenolic compounds could be both 

Table 2 
Antioxidant capacity of curcumin nanoparticles, hibiscus and spirulina extracts 
in terms of TBARS and OxHLIA (IC50).  

Sample TBARS (IC50; μg/mL) OxHLIA (IC50; μg/mL) 
Δt = 60 min 

Curcumin nanoparticles 0.064a ± 0.004 27a ± 2 
Hibiscus extract 0.700b ± 0.030 73a ± 3 
Spirulina extract 5.800c ± 0.100 550b ± 61 

a,bAverages accompanied by the same letter in the same column do not differ 
significantly from each other (p > 0.05) by Tukey’s test. 

ΔE* = b1.C ​ + ​ b2.H ​ + ​ b3.S + ​ b12. ​ C.H ​ + ​ b13.C. ​ S ​ + ​ b23.H. ​ S ​ + ​ b123. ​ C.H.S ​ (5)   
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Fig. 1. Images of the artificial dyes (YY- yolk yellow; SR-strawberry red; AY- apricot yellow; T-tartrazine) natural food dyes mixtures (n◦ 1 to 9) when applied in 
citrate buffer (pH 3.0), yogurt (pH 4.0) and phosphate buffer (pH 6.9). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 2. (a) Structure of Phycobilisome (Gurpreet et al., 2009); (b) pH-dependent chemical structures of anthocyanin. R1-alkoxy group (Castañeda-Ovando et al., 
2009); (c) Scheme for the reaction responsible for curcumin color change (Kim et al., 2021). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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reversible and irreversible depending on pH, temperature, and protein 
and polyphenolic compound concentration. Furthermore, they can 
happen at different levels depending on the type of phenolic (Trigueros 
et al., 2014). 

3.2. Mixture design: the color difference between natural mixtures and 
artificial dyes 

Empirical models were determined to describe the color difference 
between natural mixtures and artificial dyes in citrate and phosphate 
buffer mediums, as well as in yogurt. Table 3 shows the summarized 
results of the analysis of variance of the regression of the empirical 
models for color difference between mixtures and artificial dyes, as well 
as the coefficients of ΔE* models. The complete ANOVA tables for each 
model are presented in Tables S4-S15. 

According to Table 3, there is no lack of fit for the color difference 
(ΔE*) between the experimental points and both artificial dyes, yolk 
yellow, and strawberry red when applied in the phosphate buffer, since 
the p-value of the lack of fit is greater than 5%. In addition, the 
regression is significant, as p < 0.05. There was also no lack of fit for the 
apricot yellow artificial dye applied to the same buffer. Furthermore, the 
regression is significant (p < 0.05). The coefficients of pure spirulina 
extract, as well as the binary interaction factors between the compo
nents (b12, b13 and b23) were not significant but they were kept in the 

model to improve prediction power. Also, R2 and R2
adj were adequate to 

describe the color difference between the artificial dye and the mixture 
of natural dyes. 

The linear coefficients of the encapsulated curcumin (b1) and the 
hibiscus extract (b2) were significant for the color difference model with 
the yolk yellow dye in the phosphate buffer (Fig. 1). The linear factor 
referring to the spirulina extract, as well as the binary interaction factors 
between the components (b12, b13 and b23) were kept in the model to 
improve data prediction (R2 and R2

adj). The ternary interaction factor 
was removed from the model because it was not significant and also 
compromised predictive capacity. The values of R2 and R2

adj were 
adequate to describe the color difference between the artificial dye and 
the mixture of natural dyes. 

All 3 pure components of the mixture had a positive effect on the 
color difference, and the interaction between the binary components 
presented a negative effect on the ΔE*. Thus, it is clear that the in
teractions between the compounds led to a better approximation of the 
color of the natural compounds in the evaluated medium (phosphate 
buffer) regarding the artificial dye in question (yellow yolk), as can be 
seen in Fig. 1. If the pure compound were used isolated, the hibiscus 
extract would present greater similarity, however, the mixtures still 
have an advantage by reducing the ΔE*, especially those composed by 
hibiscus and encapsulated curcumin. 

The pure components coefficients (curcumin, hibiscus and spirulina) 

Table 3 
Coefficients determined for the models related to the ΔE* between natural food dyes mixtures (C-curcumin nanoparticles; H-hibiscus extract; S-spirulina extract), and 
the artificial dyes (YY- yolk yellow; SR-strawberry red; AY- apricot yellow; T-tartrazine) when applied at the different mediums (phosphate buffer, citrate buffer and 
yogurt) (coefficients’ p-value between parentheses).  

Phosphate buffer (pH = 6.9) 

Coefficients YY SR AY T 
C (b1) 42.35 (<0.01) 42.87 (<0.01) 40.62 (<0.01) 56.15 (<0.01) 
H (b2) 29.63 (<0.01) 29.84 (<0.01) 37.55 (<0.01) 52.32 (<0.01) 
S (b3) 209.01 (<0.01) 210.30 (<0.01) 105.41 (0.02) 127.04 (0.02) 
C x H (b12) - 12.07 (0.09) − 8.97 (0.18) − 116.45 (<0.01) − 121.64 (<0.01) 
C x S (b13) - 96.29 (0.07) − 97.77 (0.07) – – 
H x S (b23) – – – – 
C x H x S (b123) – – 708.12 (0.05) 779.68 (0.05) 

p (Regression) <0.01 <0.01 <0.01 <0.01 
p (Lack of fit) 0.80 0.75 0.93 0.90 
R2 96.02 94.87 94.97 94.12 
Radj

2 91.05 90.76 90.95 89.95 

Citrate buffer (pH ¼ 3.0) 

Coefficients YY SR AY T 
C (b1) 36.84 (<0.01) 43.30 (<0.01) 18.62 (0.01) 8.86 (<0.01) 
H (b2) 33.62 (<0.01) 24.18 (<0.01) 37.25 (<0.01) 53.78 (<0.01) 
S (b3) 175.71 (<0.01) 170.02 (0.01) − 110.14 (0.16) − 2010.44 (0.01) 
C x H (b12) − 16.78 (0.11) − 20.41 (0.12) − 20.07 (0.25) – 
C x S (b13) − 207.85 (0.02) − 253.81 (0.02) 268.02 (0.06) 2381.47 (<0.01) 
H x S (b23) – – – 2354.53 (<0.01) 
C x H x S (b123) – – – – 

p (Regression) 0.03 0.06 <0.01 <0.01 
p (Lack of fit) 0.56 0.41 0.21 0.49 
R2 82.67 78.73 90.94 99.16 
Radj

2 68.81 61.71 83.7 98.49 

Yogurt (pH ¼ 4.0) 

Coefficients YY SR AY T 
C (b1) 34.19 (<0.01) 87.53 (<0.01) 2.87 (<0.01) 3.98 (<0.01) 
H (b2) 84.55 (<0.01) 19.12 (<0.01) 87.70 (<0.01) 90.31 (<0.01) 
S (b3) 4.65 (0.94) 101.03 (<0.01) − 79.41 (0.44) − 93.58 (0.42) 
C x H (b12) − 100.35 (<0.01) 110.76 (<0.01) − 145.09 (<0.01) − 144.11 (<0.01) 
C x S (b13) 131.63 (0.16) − 101.70 (<0.01) 267.52 (0.07) 288.31 (0.08) 
H x S (b23) 137.39 (0.15) – 211.90 (0.12) 229.79 (0.13) 
C x H x S (b123) – – − 59.95 (0.13) − 93.38 (0.06) 

p (Regression) <0.01 <0.01 <0.01 <0.01 
p (Lack of fit) 0.46 0.90 0.90 0.97 
R2 99.99 99.95 100.00 100.00 
Radj

2 99.98 99.91 99.99 99.99  
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were statistically significant for the color difference model for the 
strawberry red dye in the phosphate buffer (Fig. 1). Only two of the 
binary interaction factors were kept in the model (b12 and b13) to 
improve data prediction (R2 and R2

adj) while the ternary interaction 
factor was removed. The values of R2 and R2

adj were adequate to 
describe the color difference between the artificial dye and the mixture 
of natural dyes. The same behavior determined for the yolk yellow dye 
was observed for the strawberry red dye, the binary mixture of hibiscus 
extract and encapsulated curcumin ensured a closer approximation of 
the color when compared to the artificial dye. 

For tartrazine artificial dye, both regression analysis and model co
efficients were significant and did not show any lack of fit considering a 
confidence level of 95%. The only factors that did not show significance 
at 95% confidence in the model were the binary mixtures in which 
spirulina extract was present (b13 and b23). These factors also did not 
contribute to model prediction power and were then removed. The 
ternary interaction factor (b123) presented a p-value at the limit of sig
nificance, and its permanence contributed to an improvement in the 
prediction of the model (R2 and R2

adj). The greatest significance was 
found for the mixture of hibiscus extract and curcumin that contribute 
positively to the reduction of color variation. Again, the interaction 
between encapsulated curcumin and hibiscus extract provides an 
approximation of the color of the mixture to the artificial dye, reducing 
ΔE* (Fig. 1). 

As for the results regarding the application of dyes in citrate buffer 
(Fig. 1) with yolk yellow dye, the regression analysis indicated model 
significance, and no lack of fit at 95% confidence was detected. The 
evaluation of the model coefficients indicates that the pure hibiscus 
extract coefficient was the most significant for the model among the 
parameters. Also in this model, the factor of the binary mixture of 
encapsulated curcumin and spirulina extract resulted in a better 
approximation of the color with the yolk yellow dye. 

The encapsulated curcumin can be used in products of any degree of 
acidity (Guo et al., 2020), and citrate has an acidic pH, which favors the 
coloration with this compound. On the other hand, the pH between 5.0 
and 6.0 is the most adequate to keep the properties of phycocyanin, a 
compound that gives color to spirulina, while the pH 5.0 leads spirulina 
extract to low stability (Chaiklahan et al., 2012). At pH 3.0, phycocyanin 
precipitation and denaturation occurred which is indicated by discol
oration (Chaiklahan et al., 2012). Citrate proved to be more adequate to 
promote the original color of curcumin extract however, it changed the 
original color of spirulina, resulting in a color closer to the yolk yellow 
dye. The model for the color difference with the strawberry red artificial 
dye applied in the citrate buffer did not show significance (p > 0.05), 
and its prediction was inadequate to describe such a response. 

There is no lack of fit for the color difference (ΔE*) apricot yellow 
dye applied in the citrate buffer while regression was significant (p <
0.05). Only the coefficients of the encapsulated curcumin and pure hi
biscus extract components showed significance at 95% confidence. Ac
cording to Março and Scarminio (2007) in an acidic medium, 
anthocyanins present an intense reddish color. But as the pH increases, 
the anthocyanins lose their color, because when the pH reaches 6.5–8.0, 
violet-colored structures (anhydrobases) are formed. The interaction of 
hibiscus and curcumin was not significant in the acidic medium, 
although the color difference was almost two-fold higher than in the 
phosphate medium. 

For the tartrazine dye in the citrate buffer, it was found that the 
model was statistically significant (p < 0.05) and that there is no lack of 
fit. Binary interaction factors between encapsulated curcumin and hi
biscus extract (b12), and the ternary interaction factor (b123) were 
eliminated. When compared to the model for tartrazine with the mixture 
of natural dyes and phosphate buffer, the results for the citrate buffer 
differed mainly due to binary interaction effects (Fig. 1). For phosphate 
buffer, only the interaction between encapsulated curcumin and hibis
cus extract led to a significant reduction in ΔE*. In the case of citrate 
buffer, this interaction was not significant, while the two interactions 

with spirulina (b23 and b13) showed significance. Even the most favor
able pH for the stability of the phycocyanin molecule being 5.5–6.0, the 
linear coefficient of spirulina extract was significant for the model in the 
citrate buffer with pH 3.0, consequently resulting in a decrease in the 
color difference with tartrazine. Thus, probably, the phycocyanin may 
have undergone a color variation, suffering a discoloration and the 
mixture presented a yellowish color, approaching the characteristic 
color of tartrazine. 

The application of dyes in yogurt was also evaluated. For the yolk 
yellow dye, the model presented significance to describe the color dif
ference data while there was no lack of fit and all coefficients maintained 
were significant at 95% confidence. The interaction coefficients of the 
binary mixture of hibiscus and spirulina extracts (b23) were eliminated, 
as well as the coefficient of the ternary mixture (b123). The model for 
yogurt showed that the interactions of the encapsulated curcumin with 
the spirulina extract were important to bring the color of the mixture 
closer to that of the artificial dye (Fig. 1). Whipped natural yogurt 
contains skim milk and/or reconstituted skim milk, whole milk and/or 
reconstituted whole milk, concentrated whey, liquid sugar, modified 
starch, dairy yeast and gelatin as the stabilizer. These ingredients can 
influence the color obtained after adding the dyes, as citrate and phos
phate buffers do not have these ingredients. Yogurt usually presents 
dense aggregates of proteins, generated by collisions and shear during 
the mixing process (Lee & Lucey, 2006), and these proteins help in 
mixing and better homogenization and absorption of dyes, both natural 
and artificial. According to the results obtained by Mohammadi-Gouraji 
et al. (2019), the pH of yogurt and acidity were the most important 
factors that influenced the color of phycocyanin-enriched yogurt. Au
thors evaluated b* parameter to confirm the presence of phycocyanin in 
the yogurt, which can have color variation at pH levels below 4.5 
(Chaiklahan et al., 2012; Moreira et al., 2012). However, despite yogurt 
pH levels found below 4.5, the authors did not find significant changes 
on b* parameter. 

In the case of yogurt, the interaction between encapsulated curcumin 
and hibiscus extract (b12) was significant and showed greater impor
tance for the model when compared to b13. de Moura et al., 2019 
observed that anthocyanin microparticles showed good resistance to the 
pH of the yogurt matrix (pH 4.75), remaining intact and showing the 
characteristic color from the obtained extract. This characteristic is of 
great importance from a technological point of view for bioactive 
compounds that need to be added to a product with pH different from 
that on which it presents higher stability. The pH which allows better 
stability for anthocyanins is 3.0, which is lower than that of yogurt (pH 
4.0). 

The strawberry red dye when applied to yogurt showed significant 
regression and did not indicate lack of fit, and all coefficients kept were 
significant for the model. For application in yogurt, the factor that 
allowed a better approximation of color was the binary interaction be
tween the encapsulated curcumin and the spirulina extract (b13, Fig. 1). 
Utpott et al. (2020) observed in their study, that color loss occurred in 
yogurt added with the unencapsulated extract and similar stability for 
the yogurts with the encapsulated dye. This suggests that the encapsu
lated extract is protected when compared to the free extract. The 
phycocyanin color is associated with the maintenance of the protein 
structure, therefore, at extreme pH values its structure is denatured 
(Fukui et al., 2004), so the phycocyanin loses its color at pH below 5.0 
and above 7.0, yogurt has a pH of 4.0. Thus, possibly curcumin main
tained its original color, while spirulina suffered discoloration due to a 
pH below the acceptable range for phycocyanins. 

The evaluation of the color difference between the apricot yellow 
dye and the mixture of natural dyes applied in yogurt presented a model 
with significant regression. There was no lack of fit and all factors were 
kept in the model. The coefficient that contributed to the closest 
approximation color mixture to that of the artificial dye was the binary 
mixture of encapsulated curcumin and hibiscus extract (b12, Fig. 1), a 
result similar to the behavior determined for the same dye in phosphate 
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buffer. 
Finally, for the evaluation of the color difference between the 

mixture of natural dyes and tartrazine in natural yogurt, it was noted 
that the model was adequate to describe the experimental data of color 
difference (significant regression and no lack of fit). All factors were kept 
in the model to improve prediction power. However, the factor of pure 

spirulina extract (b3) was not significant in the case of the model for 
application in yogurt. According to Lestari and Indrayanto (2014), 
curcumin has a yellow color at a pH between 1.0 and 7.0 which was the 
case of phosphate buffer and yogurt. For anthocyanins, compounds that 
give color to hibiscus in aqueous solutions have different structures 
depending on pH (Março and Scarminio, 2007). At a pH of approxi
mately 6.0, these compounds gradually lose color until they become 
practically colorless. Thus, the color of curcumin prevailed, showing 
greater equivalence to the color of the tartrazine dye. 

3.3. Principal Component Analysis 

Principal Component Analysis (PCA) was applied to the color pa
rameters (L*, a*, b*, C* and h◦) of all samples evaluated in the mixture 
design, as well as artificial dyes in all model foods (citrate and phosphate 
buffers, and yogurt). Initially, the number of principal components 
needed to represent the samples in the new dimensional space was 
determined. Fig. 3 shows that the first and second PCs attended the 
eigenvalue rule (Bona et al., 2018). Fig. 3 shows the scores plot of the 
data set in the dimensional space of PCs 1 and 2. Also in Fig. 4, images 
referring to the dyes applied to the food models (obtained from Fig. 1) 
are inserted in the image. 

Three clusters of samples were formed. For better identification of 
experimental points, those composed of a single natural dye (for 
example, only curcumin or only hibiscus) are described with blue col
oring, points composed of binary mixtures in brown, and points of 
ternary mixtures in magenta. It was observed that the formulations 
applied to yogurt with pH 4.0 containing the combinations of hibiscus 

Fig. 3. Scree Plot of experimental color data (L*, a*, b*, C* and h◦) of all 
samples evaluated in the mixture design, as well as artificial dyes in all model 
foods (citrate, phosphate buffers and yogurt). 

Fig. 4. Biplot for color data of mixtures and artificial dyes for the 3 pHs evaluated. Samples represented by the code equivalent to: experimental point-pH of the 
medium (example: 4. pH6.9 = mixture of experimental point 4 applied at pH 6.9). Artificial dyes: pH of model food-abbreviation (example: 4. VM = strawberry red 
dye applied at pH 4). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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and spirulina extracts (Exp. 4 and 5), and pure hibiscus (Exp. 2). These 
points are located in the group circled in magenta and showed to be 
more similar to the strawberry red artificial coloring (4. VM). This is 
probably due to the predominance of the hibiscus extract. These 
experimental points showed hue angle values lower than 10 and as an 
alignment of 180◦ with the vector that describes this parameter. It can be 
observed in Fig. 3 that the a* parameter is mainly influenced by the 
negative quadrant of both components. Furthermore, the vector repre
senting the a* parameter is aligned with the group of samples circled in 
red, indicating that the samples in this group have a reddish color 
(positive values for this parameter indicate a reddish color). In this 
group, the experimental point that came closest to the strawberry red 
artificial dye was point number 2 (100% hibiscus extract). 

In the group circled in yellow (Fig. 3), all formulations have a 
yellowish color (hue angle above 80◦) and are directly aligned with the 
b* vector. It can also be seen in the same group that artificial colors 
(tartrazine, apricot yellow, and yolk yellow) are aligned with positive 
chroma and hue angle values. Chroma provides information regarding 
color saturation or intensity (Cabral-Malheiros et al., 2010; Lawless & 
Heymann, 1999), and is directly linked to the concentration of the 
coloring element. The greater the chroma, the greater the saturation of 
colors that are visible to human eyes. Neutral colors have low saturation, 
while pure colors have high saturation and are therefore brighter in 
human perception. The hue angle is a qualitative attribute, such as the 
definition of reddish, greenish, etc. (Pathare, Opara, & Al-Said, 2013). In 
addition, it is also noted in this group that artificial coloring when 
applied to yogurt (pH 4.0) showed higher luminosity values. 

In the group characterized by yellowish coloring, the experimental 
points of the natural dyes that came closest to the attributes of artificial 
dyes applied at pH 4.0 were points n◦ 1 (100% curcumin) and n◦ 3 (90% 
curcumin and 10% spirulina extract). In the case of tartrazine, when 
applied in citrate buffer (pH 3.0) and phosphate (pH 6.9) the closest 
approximation determined was for curcumin encapsulated at 100% 
(experimental point n◦ 1) at pH 3.0. Apricot yellow at pH 6.9 showed 
similarity with experimental point n◦ 6 at pH 3.0 (95% encapsulated 
curcumin and 5% spirulina). For the yolk yellow dye in the two buffers 
(pHs 3.0 and 6.9) the closest natural sample was point n◦ 3 applied at pH 
4.0. 

In the group highlighted in red, the artificial colorings apricot yel
low, applied in pH 3.0 buffer, and strawberry red in both pH 3.0 and 6.9 
can be identified. It was noticed that the samples composed of only hi
biscus extract (point n◦ 2) both at pH 3.0 and at pH 6.9 were the ones 
that came closest to the characteristics of the strawberry red dye for both 
pHs. As for the apricot yellow dye at pH 3.0, the closest natural sample 
was point n◦ 7 (50% hibiscus extract and 50% encapsulated curcumin) 
at pH 3.0. 

4. Conclusions 

Water-soluble curcumin, Hibiscus sabdariffa extract, and Spirulina 
platensis extract were used as natural dyes in the substitution of artificial 
food dyes. The natural dyes presented interesting antioxidant capacity 
proved by the OxHLIA and TBARS assays, which also encourages their 
application as health-promoting compounds in substitution to artificial 
food coloring additives. In addition, the mixture experimental design 
described the interactions between natural dyes and food pH and also 
described mathematically the color difference compared to artificial 
dyes. The Principal Component Analysis allowed the visual description 
of the proximity between natural dye components and artificial dyes 
when applied to the different simulated food models. This approach can 
be used as a reference for color proximity evaluation in other food 
systems and with other natural or synthetic food dyes. 
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