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Featured Application

The anthocyanins recovered from degrained purple-corn cobs have potential to be used in
the food industry, contributing to the replacement of artificial dyes.

Abstract

The importance of purple corn (Zea mays L.) varieties has increased due to their high antho-
cyanin contents both in the kernels and the degrained cob. The aim of this work was to
separate anthocyanins from degrained purple-corn cobs to assess their pigmentation poten-
tial in food matrices. Two populations of purple corn were used, namely, Negro de Ixtenco
(NIX) and Negro de Ixtenco x Negro de Perú (PIX), collected in Juchitepec, Mexico. Flours
of degrained cob were obtained with average moisture, crude protein, ash, lipid, crude fiber,
and carbohydrate contents of 7.06, 3.70, 4.48, 0.76, 37.73, and 46.27%, respectively. Aqueous
biphasic systems composed of a mixture of 7.88% trisodium citrate, 2.63% citric acid, and
50.88% ethanol were applied at an atmospheric pressure of 77,993.0 Pa and 25 ◦C, aided by
ultrasound and orbital agitation. Extracts with anthocyanin concentrations of 33.01 and
39.55 mg per gram of degrained corn cob were obtained from NIX and PIX, respectively.
Pigmentation kinetics were assessed in yogurt and corn dough, which had a logarithmic
tendency towards hue angles of 2.25 and 333.05◦, respectively. A 60% pigmentation relative
to the limit was suggested, which required 0.45 and 11.65% of the extract in yogurt and
corn dough, respectively. Pigmentation stability was verified in refrigerated yogurt and in
cooked corn dough.

Keywords: Zea mays L.; anthocyanins; aqueous biphasic systems; degrained purple-corn
cobs; residue valorization

1. Introduction
Corn (Zea mays L.) is native to Mexico, but it has been introduced to many regions

of the world [1], so its genetic diversity is large [2]. In Latin America, 219 races have
been identified [3], including pigmented corns, whose color is due to the presence of
anthocyanins [4,5]. In addition to their chromophoric properties, these compounds exhibit
antioxidant and anti-inflammatory attributes [6]. However, the presence of anthocyanins in
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those materials is not exclusive to the grain and, after processing, by-products remain, such
as the degrained cob [7], which is commonly intended for animal consumption, but its color
suggests high concentrations of such compounds. The extraction of bioactive substances is
a viable way to revalue by-products of the agro-industrial activity [8], and anthocyanins
can eventually be used in the fortification or pigmentation of other food matrices or in the
cosmetic industry [9].

Traditional methods for extracting anthocyanins involve grinding, drying, or freeze-
drying the plant material, followed by soaking it in a solvent–water mixture with or without
acid to perform solid–liquid extraction under certain temperature conditions [10,11]. More
recent solid–liquid procedures include the use of natural deep eutectic solvents, which are
liquids naturally present in cells, prepared by mixing hydrogen bond acceptor and hydro-
gen bond donor eutectic solvents, with strong solvation ability for most compounds, which
enhance the extraction procedures [12]. Likewise, the solid–liquid extraction procedures
have included ultrasound [13] or enzyme contact [14] to weaken the solid structure and
promote the release of compounds. Additionally, the use of pressurized water at subcritical
conditions has been studied, which avoids using high temperatures during extraction [15].
Another group of techniques has included adsorption and desorption processes based on
resins [16], and the use of recycling preparative high-performance liquid chromatography,
through which several limitations of the single preparative chromatography have been
solved, particularly in cases like anthocyanins separation [17], although these options
require complex equipment and are costly.

A recent alternative to separate anthocyanins is the use of aqueous biphasic systems,
which are based on a salting-out phenomenon and allow the extraction of compounds
and their concentration through a non-thermal treatment [18]. The technique is commonly
implemented with mixtures of two polymers, a mixture of a polymer and a salt [18], or a
mixture of an organic solvent and a salt [19], where, depending on the concentrations, two
immiscible phases can be formed that favor the separation of compounds. In the present
work, this alternative was selected to separate anthocyanins from degrained pigmented
corn cobs, due to its advantages relative to other techniques, which were summarized by
Didion et al. [20] as follows: the scale up potential, which means that the process can be
performed in industrial-scale equipment; process integration capability, since extraction
and purification objectives can be achieved; biocompatibility due to the low toxicity of
the compounds used, and further complicated processing to remove these compounds is
unnecessary. In addition, this technique enables the selective separation of compounds [19]
and, with a careful selection of components with a high sustainability score, the procedure
can be recognized as a green technology [20].

During the development of aqueous biphasic systems, the presence of both types of
components is essential, since phase formation depends on a salting-out mechanism [21].
In this context, although polymer–salt systems are most commonly implemented in this
technique, the use of organic solvents offers a more direct strategy to eliminate them by
evaporation [19,22], which is an advantage. In the case of anthocyanins, the technique has
been used with systems that have included salts such as ammonium sulfate [23]. However,
the eventual use of extracts in food matrices requires the residual concentrations of the
salt to be assessed and an assurance that they are not toxic. In this sense, the use of
sodium citrate may be a feasible alternative that can be approved by the corresponding
organizations, but this salt can increase the pH to alkaline values where anthocyanins
are unstable [24]. Hernández-Rodríguez et al. [22] demonstrated that the use of a system
based on acetone, sodium citrate, and citric acid provides a suitable medium for extracting
anthocyanins, providing pH control. However, the presence of residual amounts of acetone
can be a disadvantage for the potential use of the extracts in foods, and Pérez-Orozco



Appl. Sci. 2025, 15, 10730 3 of 21

et al. [10] showed that ethanol could be a better solvent. In this context, the aim was to
separate anthocyanins from degrained purple-corn cobs to assess their potential ability to
pigment food matrices.

2. Materials and Methods
2.1. Plant Material

Two groups of purple corn were studied, Negro de Ixtenco (NIX) (Figure 1) and
Negro de Ixtenco x Negro de Perú (PIX), both collected in Juchitepec, Mexico (19◦06′08′′N,
98◦52′45′′W; 2,650 m above sea level). The cobs were manually degrained, and the shelled
cobs were ground with a hammer mill (FT-MM-02, JERSA, CDMX, Mexico). The powder
was sieved through a 40-mesh screen to obtain flour with an approximate particle size of
425 µm, which exhibited a density of 0.1962 (±0.0075) g/cm3. The flour was subjected to
an evaluation of color and the quantification of the total soluble phenol and anthocyanin
contents. Likewise, a proximate analysis was performed, with the methodologies described
in the “Evaluation of variables” section.

Figure 1. Macrostructure of a degrained purple-corn cob from San Juan Ixtenco, Tlaxcala, Mexico: (A)
whole degrained corn cob; (B) longitudinal section of the corn cob; (C) cross-section of the lower part
of the cob; (D) axial section of the corn cob; and (E) corn leaf (totomoxtle).

2.2. Preparation of the Binodal Diagram

The procedure described by Carranza-Gomez et al. [18] was used with modifications
to construct a binodal diagram through the cloud point method applied in a thermically
isolated room at atmospheric pressure of 77,993.0 Pa and 25 ◦C (±0.5). All materials were
placed in the room 24 h before the procedure and temperature was monitored every 30 min
with a Kestrel 4000 weather tracker (Kestrel Instruments, Forestry Suppliers Inc., Jackson,
MS, USA). Solutions of trisodium citrate (Na3C3H5O(COO)3; SC) and citric acid (3-carboxy-
3-hydroxypentanedioic acid; CA) were prepared at a 40% concentration. Three grams of the
SC solution and one gram of the CA solution were placed in a tared 70 mL Pyrex® tube with
a lid. Ethanol (CH3-CH2-OH, EtOH) grade 96 was added dropwise with manual stirring
until a permanent cloudy appearance was observed. Deionized water was then added
until a clear appearance was obtained. The dropwise addition of ethanol was repeated
until the solution was cloudy, then water was added again until the mixture appeared clear,
and so on. Under each condition of turbidity or transparency, the weight of the tube was
registered with analytical scale (Ohaus, Parsippany, NJ, USA) with a resolution of 0.0001 g.
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Binodal concentrations of SC (xbin, % w/w), CA (ybin, % w/w), and EtOH (zbin, % w/w)
were determined through mass balances with Equations (1)–(3), where xSC,i−1, yCA, i−1,
and zET, i−1 are the concentrations (%) of the same compounds in a previous mixture (i − 1),
while xSC, 0 (40%), yCA, 0 (40%), and zET, 0 (96%) are the concentrations (%) of components
in the original solutions. Likewise, mSC, mCA, and mET are the masses of solutions of SC,
CA, and EtOH that together with water (mH) were added in the ith stage. Additionally,
mH corresponded to the sum of water directly added and that contained in the ethanol
grade 96. Finally, mi−1 was the mass of the previous (i − 1) mixture. The entire procedure
was performed in triplicate. The concentrations of SC and CA were added to obtain a total
concentration of salt of each state (wbin = xbin + ybin, % w/w).

xbin (%) =

(
xSC,i−1

100

)
(mi−1) +

(
xSC,0
100

)
(mSC)

mi−1 + mSC + mCA + mET + mH
× 100 (1)

ybin (%) =

(
yCA,i−1

100

)
(mi−1) +

(
yCA,0
100

)
(mCA)

mi−1 + mSC + mCA + mET + mH
× 100 (2)

zbin (%) =

(
zET,i−1

100

)
(mi−1) +

(
zET,0
100

)
(mET)

mi−1 + mSC + mCA + mET + mH
× 100 (3)

Data for wbin and zbin were analyzed using non-linear regression with Sigma Plot
software [25] to adjust them to Equation (4) [26], which represents a binodal curve, where
k1, k2, and k3 are regression constants.

zbin = k1 exp[k2(wbin)
0.5 − k3(wbin)

3 ] (4)

Average experimental binodal conditions with the lowest and highest concentrations
of SC plus CA were identified and the corresponding highest and lowest concentrations
of ethanol were determined with Equation (4); thus, the experimental binodal conditions
A (wmin

bin , zmax
bin ) and B (wmax

bin , zmin
bin ) were identified. The method described by Hernández-

Rodríguez et al. [22] was applied with modifications to construct a tie line, which is a
straight line that connects the compositions of two coexisting phases in equilibrium [27]
and corresponds to intersections with the binodal curve.

Based on the lever-arm rule [28], we hypothesized that mixtures of SC, CA, EtOH,
and water, with the composition located on the straight line that joined states A and B,
can produce biphasic systems. The composition of the middle point in the A-B line was
determined to verify this hypothesis, and the corresponding state was experimentally
prepared with a total mass mM. After a resting period, a biphasic system with a top phase
of mass mt and composition (wt

bin, zt
bin), a bottom phase with mass mb and composition

(wb
bin, zb

bin), and a mass partition β developed, as expressed in the form of Equation (5). In
addition, the composition of the mixture M (wM, zM) was expressed through mass balances
in the form of Equations (6)–(8) [29].

β =
mt

mM
(5)

wt
bin β + wb

bin (1 − β) = wM (6)

zt
bin β + zb

bin (1 − β) = zM (7)

mt + mb = mM (8)

Equation (4) was expressed as Equations (9) and (10) to determine the concentrations
wt

bin, zt
bin, wb

bin, and zb
bin at the intersections of the binodal curve and the tie line, and
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these equations were simultaneously solved with Equations (6) and (7) [29] using the
function fsolve available in the Optimization Toolbox of Matlab® R2008a [30] with the
script described in Table 1, where the solution implied three degrees of freedom specified
through the experimental values of wM, zM, and β.

zt
bin = k1 exp[k2

(
wt

bin
)0.5 − k3(wt

bin)
3
] (9)

zb
bin = k1 exp[k2

(
wb

bin

)0.5
− k3(wb

bin)
3
] (10)

Table 1. Matlab® script used to determine the concentration limits of the tie line.

Matlab® Code

function F = system (vars)
W_t = vars (1); W_b = vars (2);
Z_t = k1*exp(k2*sqrt(W_t) − k3*W_topˆ3);
Z_b = k1*exp(k2*sqrt(W_b) − k3*W_bˆ3);
F (1) = β*W_t + (1 − β)*W_b-Wm;
F (2) = β*Z_t + (1 − β)*Z_b-Zm;
end
W_t_initial = wmin

bin ; W_b_initial = wmax
bin ;

initial_solution = [W_t_initial, W_b_initial];
options = optimoptions (‘fsolve’,‘Display’, ‘iter’);
[solution, fval] = fsolve (@system, initial_solution, options);
W_t = solution (1); W_b = solution (2);

Equation (4) and tie line were graphed, both limited by the concentrations (wt
bin, zt

bin)
and (wb

bin, zb
bin).

2.3. Separation of Bioactive Compounds

Nine states (C, D, M, E, F, G, H, I, J; Figure 2a) were identified in terms of their
concentrations of SC, CA, and EtOH, and mixtures were prepared in a thermically isolated
room at 25 ◦C (±0.5 ◦C) and an atmospheric pressure of 77.993.0 Pa. The feasibility of
forming biphasic systems was verified with the following procedure: a solution with the
required concentrations of SC and CA was prepared, which was agitated with a vortexer
(Cole-Parmer de Mexico S.A. de C.V., CDMX, Mexico) for 1 min. Ethanol grade 96 was
added, and the mixture was manually agitated for 1 min, after which a biphasic system
immediately formed. Subsequently, degrained cob flour of the population NIX was added
at concentration of 0.67% and incubated for 30 min. The mixture was filtered through
a mesh to eliminate the solid phase, and systems were left to stand again for 10 min in
syringes to facilitate phase recuperation. Two phases were expected to form in each mixture,
a top phase (t) mainly composed of alcohol, and a bottom phase (b) mainly composed of
salt. In this scenario, the systems included two phases and three chemical components
(water, alcohol, and salt); thus, according to the Gibbs phase rule [31], their complete
characterization involved three degrees of freedom. In this regard, a state was defined as a
biphasic system in equilibrium at a pressure of 77,993.0 Pa, temperature of 25 ◦C, and a
given composition. The phases were separated, and their volume (Vt, Vb) was measured
with a graduated cylinder. Then, the volume ratio (Vr = Vt/Vb) was calculated and the pH,
anthocyanin concentration, total soluble phenol concentration, and anthocyanin separation
yield were measured with the methodologies described in the “Evaluation of variables”
section. The state to be used in subsequent stages was selected, which was prepared at
different temperatures (25, 40, and 55 ◦C), different periods of ultrasound treatment (0,
30, and 120 s), and different shaking times (0, 15, 30, 45, and 60 min), to evaluate the
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effects of these variables on anthocyanin extraction. Ultrasound was applied in a Branson
bath (Bransonic M1800H, Branson Ultrasonics Co., Brookfield, CT, USA) at constant wave
frequency (70 W, 40 kHz). Shaking was applied using orbital equipment (ISHD16HD6,
Ohaus, NJ, USA) at 175 rpm and a controlled temperature.

2.4. Pigmenting Potential

Two materials were chosen to evaluate the pigmentation potential of extracts. One was
natural yogurt; the other consisted of corn dough, obtained from 1 kg of nixtamalized corn
flour, 250 g of vegetable shortening, and 240 mL of warm chicken broth. The shortening
was manually beaten for 10 min to obtain a soft and fluffy paste, the corn dough was
gradually added with constant mixing, and finally, the warm chicken broth was added
with continuous manual mixing until a paste that floated in cold water was obtained [32].

In both cases, the technique of aqueous biphasic systems was applied with the flour
from both groups (NIX and PIX) using the methodology described above. In each case, the
top phase was recovered from the systems and was subjected to ethanol vaporization in
a rotary evaporator (Büchi R-300, Büchi Labortechnik AG, Flawil, Switzerland) operated
at 45 ◦C, 121 rpm, and a pressure of 70 mbar. The resulting extract was evaluated for the
anthocyanin content, and it was used in pigmentation analyses.

Batches of 5 g of yogurt and 22 g of corn dough were prepared. Anthocyanin extract
was added in the range of 0 to 2.3% or 0 to 25.0%, respectively, and the color of the obtained
product was measured. Data were subjected to non-linear regression analyses with the
Sigma Plot [25] program to fit the values of lightness (L∗), hue angle (H∗), and chroma
(C∗) to models with the forms of Equations (11)–(13), respectively, where ec is the extract
concentration (%) and k4 to k12 are regression constants.

L∗ = k4 + k5

(
1 − e−k6 ec

)
(11)

H∗ = k7 + k8

(
1 − e−k9 ec

)
(12)

C∗ = k10 + k11

(
1 − e−k12 ec

)
(13)

The limiting values of lightness (L∗
lim), hue angle (H∗

lim), and chroma (C∗
lim) that an

infinite amount of extract can cause were determined using Equations (14)–(16), which
represent the asymptotic lines to the curves corresponding to Equations (11)–(13), respec-
tively [18].

L∗
lim = k4 + k5 (14)

H∗
lim = k7 + k8 (15)

C∗
lim = k10 + k11 (16)

Finally, based on the data for the hue angle, the amount of extract required to ob-
tain 60% pigmentation (e60

c ) with respect to the limit value (H∗
lim) was evaluated with

Equation (17).

e60
c =

(
1
k9

)
ln(2.5) (17)

Tests were conducted to evaluate pigment stability. In the case of yogurt, 25 g batches
were prepared and incorporated with the extract obtained from flours of NIX and PIX in
the quantity given by e60

c . Half of the batches were placed in isolated rooms at 4 ◦C and
the other half at 25 ◦C, both for 30 days of storage. Batches were removed daily from each
storage room, and they were evaluated for lightness (L∗), hue angle (H∗), and chroma (C∗)
attributes to assess pigment stability. In the case of corn dough, 22 g pigmented batches
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were prepared, which were cooked through contact with saturated steam, and the resulting
product was also subjected to evaluations of L∗, H∗, and C∗, namely, the pigmentation
evaluation focused on the effect of the high-temperature cooking.

2.5. Evaluation of Variables

Proximate analysis was performed with AOAC [33] methodologies and consisted of
determining the moisture, crude protein, ethereal extract, ash, crude fiber, and carbohy-
drate contents. Color was determined using Hunter Lab equipment (Mini Scan XE Plus
45/0-L, VA, USA), with the results presented as lightness (L∗), hue angle (H∗), and chroma
(C∗) [34]. pH was assessed with a portable potentiometer (Hanna Instruments, model
HI-8424, Woonsocket, RI, USA). The anthocyanin concentration was determined colorimet-
rically using a spectrophotometer with a microplate reader (Epoch, Biotek instruments,
Winooski, VT, USA) and a cyanidin standard curve, with results reported as mg of cyanidin
equivalents per 100 g of sample (mg CyEs/100 g) or mg of cyanidin equivalents per mL
of extract (mg CyEs/mL). The total soluble phenol (TSP) concentration was determined
with the Folin–Ciocalteu method [35] using a spectrophotometer with a microplate reader.
Twenty-five microliters of the extract, 125 µL of distilled water, 20 µL of the Folin–Ciocalteu
reagent (0.2 N), and 30 µL of 20% sodium carbonate were added to the wells of a microplate.
The mixture was allowed to stand for 30 min in the dark, and absorbance was determined at
760 nm. Total soluble phenols (TSPs) were quantified based on a ferulic acid (FA) standard
curve. The results are presented as mg of ferulic acid equivalents per 100 g of sample (mg
FAEs/100 g) or in mg of ferulic acid equivalents per mL of extract (mg FAEs/mL) in the
case of biphasic systems.

2.6. Data Analysis

The flour type (NIX and PIX) was considered a source of variation in the experiments.
In the pigmentation analyses, time was also considered as a source of variation. The
data were subjected to analysis of variance and treatment means were compared using
the Tukey test, with a significance level of 0.05. The goodness of fit of the experimental
Equations (4) and (11)–(13) was evaluated with the determination coefficient (r2), defined
using Equation (18) [36], where xexp represents the experimental data, xmod represents the
data estimated using the model, and xmean represents the mean value. As r2 was closer to
unity, the fitting of data to the model was considered adequate. All the procedures were
performed in triplicate.

r2 = 1 − ∑n
1
(
xexp − xmod

)2

∑n
1
(
xexp − xmean

)2 (18)

3. Results and Discussion
3.1. Visual and Compositional Characteristics of Degrained Corn Cob Flours

The degrained cob flours of NIX and PIX populations had average values of 7.06, 3.70,
4.48, 0.76, 37.73, and 46.27% for moisture, crude protein, ash, ethereal extract, crude fiber,
and carbohydrates, respectively (Table 2), and the differences (α ≤ 0.05) in the moisture,
ash, and crude fiber contents were small but significant. According to Rodríguez-Salinas
et al. [37], the typical proximate composition of corn grain includes 71–74% carbohydrates,
9.0–12.6% protein, 3.5–6.0% lipids, 1.0–1.4% ash, and 1.2–1.8% crude fiber, which indicated
differences with the degrained cob composition, mainly in the carbohydrate, protein, and
crude fiber contents.
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Table 2. Proximate composition, bioactive compounds, and color of degrained purple-corn cob flours
obtained from NIX and PIX.

Variable
Flour

NIX PIX

Proximal analysis
Moisture (%) 7.13 (±0.03) a 6.99 (±0.02) b
Crude protein (%) 3.91 (±0.05) a 3.44 (±0.06) a
Ash (%) 4.70 (±0.00) a 4.25 (±0.04) b
Ethereal extract (%) 0.72 (±0.09) a 0.79 (±0.22) a
Crude fiber (%) 36.59 (±2.82) b 38.87 (±0.33) a
Carbohydrates (%) 46.95 (±2.56) a 45.66 (±0.32) a

Bioactive compounds
TSP 4678.1 (±149.0) a 4740.1 (±170.8) a
Ant 1678.2 (±6.1) a 1651.8 (±11.7) a

Color
L∗ 26.57 (±2.64) a 28.24 (±2.52) a
H∗ 17.04 (±4.07) a 21.75 (±4.06) a
C∗ 10.01 (±0.12) a 10.97 (±0.39) a

NIX, Negro de Ixtenco; PIX, Negro de Ixtenco x Negro de Perú; L∗, lightness; H∗, hue angle (degrees); C∗, chroma;
TSP, total soluble phenol content (mg/100 g, dry basis); Ant, total anthocyanin content (mg/100 g, dry basis).
The same letters in the same row indicate non-significant differences (Tukey’s test, 0.05). Values in parentheses
represent standard deviations.

On the other hand, the proximate composition of the degrained cob is highly variable.
However, it stands out for its high crude fiber content (38.4%) [38] and dietary fiber
content (75.2–81.3%) [39,40], although it has low protein content (0.59–3.24%) and ethereal
extract content (1.4–1.8%) [38,39]. In this sense, the utilization of the degrained corn cob is
limited to its consideration as a source of fiber and energy, based on its high carbohydrate
content. Therefore, the extraction of bioactive compounds such as phenolics, particularly
anthocyanins, can promote greater revaluation of this by-product.

The total soluble phenol (TSP) concentration averaged 4709.1 mg FAEs/100 g (dry
basis), while the average anthocyanin (Ant) concentration was 1665.0 mg CyEs/100 g (dry
basis), without significant differences (α > 0.05) between populations (Table 2). Previous
studies of purple-corn cobs have reported that the anthocyanins present in these materi-
als are cyanidin-3-glucoside, pelargonidin-3-glucoside, peonidin-3-glucoside, and their
malonate counterparts [41,42]. The concentration of TSP in the evaluated populations
was higher than that reported by Khamphasan et al. [43] for purple cob of population
III-43 (1376.5 g/100 g) of the Cacahuacintle race, populations I-34 (1102.2 mg/100 g)
and I-13 (100.4 mg/100 g) of purple-corn cob, as well as for populations TB/KND/PF10
(1176.5 mg CGEs/g 100) and TB/KND/PF3 (1455.4 mg CGEs/g 100). Additionally, the
results obtained for the anthocyanin contents in populations NIX and PIX were higher
than those reported by Mendoza-Mendoza et al. [4] for purple cob of population III-43
(1376.5 g/100 g) of the Cacahuacintle race and populations I-34 (1102.2 mg/100 g) and I-13
(100.4 mg/100 g) of degrained purple cob.

The degrained cob flours presented color with a lightness (L∗) between 26.5 and
36.1, which was associated with dark materials, chroma (C∗) between 10.0 and 11.5, and
hue angle (H∗) between 17 and 26◦, with no significant differences (α > 0.05) between
populations (Table 2). The hue angle is expressed on a scale that varies from 0 to 360◦,
where 0 and 360◦ correspond to red, 90◦ to yellow, 180◦ to green, and 270◦ to blue [34],
which indicated that the materials had a hue that was very close to absolute red, derived
from the presence of anthocyanins [4]. In this regard, Aguilar-Hernández et al. [44] analyzed
flours from corn samples from Tepatitlán, Jalisco, Mexico, where they identified two groups,
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one with hue angle between 10.6 and 11.4◦ and another where the attribute varied between
38.0 and 43.5◦. In this regard, the pith and the woody ring (Figure 1) of the cob are
not pigmented [42,45,46], which causes a departure from red tones when grinding the
entire cob.

3.2. Binodal Phase Diagram

The cloud point method allowed the determination of binodal data for which the
mixture of ethanol, sodium citrate, and citric acid transitioned from a monophasic condition
to a biphasic condition. The data fitted well (r2 = 0.9991 ± 0.0007) to Equation (4), where k1,
k2, and k3 had values of 83.1364, −0.2008, and 6.5651 × 10−6, respectively. Equation (4) [26]
is commonly used to represent binodal data. Constants k1 and k2 had values of the same
magnitude as other systems; however, constant k3 differed [22,47]. The present work used
a system based on an organic solvent and a salt. If a polymer such as polyethylene glycol is
used instead of ethanol, the value of constant k3 can be significantly higher [18,47]. The
binodal curve delimits a region where the system maintains a monophasic condition from
a region where two immiscible phases are formed, and the lesser the value of k3, the higher
the concentrations required to form biphasic systems.

The binodal data for the salt content varied within the range of 1.8998 (±0.0347)
to 30.2394% (±0.6491). Based on Equation (4), the experimental binodal concentrations
A (1.8998, 63.0336% w/w) and B (30.2394, 22.9827% w/w) were identified. The middle
point between A and B corresponded to state M (16.0696, 43.0082%), which was phys-
ically prepared and formed a biphasic system, but with a mass partition (β) equal to
0.6865 (Equation (5)), which indicated that the mixture M was not located at the central
point of the tie line and that, according to the lever-arm rule [28], the composition of top
and bottom phases of system M did not correspond to binodal concentrations of A and
B. Thus, the limits of the tie line were determined with the simultaneous resolution of
Equations (6), (7), (9), and (10) using the script described in Table 1, which indicated that
both the binodal curve and the tie line were limited at concentrations K (3.6224, 56.7126%)
and L (43.3265, 12.9982%) (Figure 2a). Based on this premise, biphasic systems can only
be formed with concentrations of salt and ethanol located in the region delimited by the
binodal curve and the tie line. To verify this result, the composition of two sets of states
was identified at approximately equidistant distances, one of them on the K-L tie line (G,
M, H, I, and J) and the other on the experimental A-B line (C, D, M, E, and F). The results
showed that all the mixtures formed biphasic systems, which confirmed that all of them
exhibited saturated conditions [27]. However, when the corn cob flour was added, systems
H, I, and J exhibited the precipitation of salt in the bottom phase, which indicated that the
liquid–liquid equilibrium was altered, and this phase was not recovered. On the other
hand, such phenomenon did not occur with states located on the A-B line because they
were not located at the limit of the phase envelope delimited by the binodal curve and the
tie line. Thus, it was decided to study the extraction of anthocyanins considering only states
on the A-B line, since they were experimentally verified through the cloud point method
and exhibited the formation of biphasic systems even after flour addition. Additionally,
works focused on separations based on aqueous biphasic systems have commonly studied
the effect of the length of the tie line by identifying secondary tie lines between a main tie
line and the binodal curve [48], and the results have shown that the greater the distance
to the binodal curve, the greater the separation efficiency [19,22]. Furthermore, organic
solvents like acetone or propanol cause the development of narrow biphasic regions [19,22],
suggesting a study of the extraction process with states located only along the main tie line.
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3.3. Bioactive Compounds

Figure 2a shows the binodal diagram, which was studied from a scheme of liquid–
liquid separation. Samples of degrained cob flours were added to the biphasic systems,
which modified the scheme to a solid–liquid separation, to study the extraction of antho-
cyanins. The separation of anthocyanins from the degrained cob flours using aqueous
biphasic systems was evaluated at states C (5.00, 58.65%), D (10.5, 50.88%), M (16.07,
43.01%), E (21.50, 35.33%), and F (27.00, 27.56%) located on the experimental A-B line. Each
state developed two phases, a top phase whose composition was mainly alcoholic, and a
bottom phase whose composition was mainly saline.

 

Figure 2. Binodal diagram of the mixture of trisodium citrate, citric acid, and ethanol (a), and
variations in the pH (b), volume ratio between phases (c), concentration of anthocyanins (d), and
separation yield (e) in five states located on the experimental A-B line. Different capital letters in
boxes b, d, and e indicate significant differences (Tukey’s test, 0.05). Different small letters on the
lines indicate significant differences between means (Tukey’s test, 0.05). States on the K-L line or the
A-B line correspond to conditions of equilibrium at a temperature of 25 ◦C, pressure of 77,993.0 Pa,
and the given composition.
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As the concentration of ethanol decreased and the concentrations of trisodium citrate
and citric acid increased, the volume of the top phase decreased and that of the bottom
phase increased; thus, the volume ratio (Vr) significantly diminished (α ≤ 0.05; Figure 2b)
as a consequence of the salting-out phenomenon produced by the increase in the salt
concentration [21]. In state C, the top phase was almost 60 times larger than the bottom
phase and salt precipitated, which did not occur in the other states.

The pH decreased significantly (α ≤ 0.05) in the top phase from 5.62 to 5.29 as the
ethanol concentration decreased and the salt concentration increased in the formulation
(Figure 2c). On the other hand, pH had values between 4.90 and 5.12 in the bottom phase,
without significant variation (α > 0.05) in all the evaluated states. The incorporation of
citric acid aimed to prevent the presence of alkaline conditions that degrade anthocyanins,
and the lower pH values in the bottom phase relative to the top phase (α ≤ 0.05) suggested
higher concentrations of this compound in that phase, which coincided with the report of
Hernández-Rodríguez et al. [22]

On the other hand, anthocyanins accumulated at a higher quantity in the top phase
than in the bottom phase (α ≤ 0.05), with concentrations ranging between 0.22 and 0.30 mg
CyEs/mL and between 0 and 0.17 mg CyEs/mL, respectively (Figure 2d), which produced
higher values (α ≤ 0.05) of separation yield in the top phase (Figure 2e).

The separation of anthocyanins was a result of two mechanisms. On one hand, solid–
liquid extraction was induced due to the presence of ethanol as the dissolvent. On the
other hand, a salting-out phenomenon occurred, where the interaction of salts with water,
mainly SC, caused the exclusion of ethanol and anthocyanins, favoring the formation of
biphasic systems [19,21,22]. As the salt concentration increased, a higher quantity of water
was retained in the bottom phase, causing an increase in the volume of that phase and
an increase in the concentration of anthocyanins. Consequently, as the salt concentration
increased, the concentration of anthocyanins in the top phase decreased along with the
separation yield of that phase, which suggested the use of state D with 7.88% trisodium
citrate, 2.63% citric acid, and 50.88% ethanol as a basis to extract anthocyanins from
degrained cob flours.

In order to improve the extraction process, routines with aqueous biphasic systems
with the composition of state D were prepared with agitation times of 0, 15, 30, 45, and
60 min using orbital equipment (ISHD16HD6, Ohaus, Parsippany, NJ, USA) at 175 rpm and
25 ◦C, and the concentrations of anthocyanins in top phases were 0.23 (±0.01), 0.26 (±0.01),
0.24 (±0.01), 0.25 (±0.02), and 0.31 (±0.003) mg CyEs/mL, respectively, with significant
difference (α ≤ 0.05) between 0 and 60 min, which indicated that the longer the agitation
time, the higher the concentration of anthocyanins in the top phase. With a similar purpose,
ultrasound was applied in a Branson bath (Bransonic M1800H, Branson Ultrasonics Co.,
Brookfield, CT, USA) at 0, 30, and 120 s, where top phases were obtained with anthocyanin
concentrations of 0.23 (±0.01), 0.30 (±0.02), and 0.32 (±0.004) mg CyEs/mL, respectively,
with significant differences (α ≤ 0.05) between 0 and 120 s. In addition, the effect of the
temperature was evaluated at 25, 40, and 55 ◦C with mixtures having the composition of
state D, where anthocyanin concentrations in the top phases were 0.31 (±0.01), 0.29 (±0.03),
and 0.29 (±0.01) mg CyEs/mL, respectively, without significant differences (α > 0.05)
between thermal conditions. Based on these results, a temperature of 25 ◦C was confirmed
as adequate to prepare aqueous biphasic systems. However, an agitation time of only
30 min was selected based on the hypothesis that the combined use of this time and
ultrasound applied for 120 s can maximize the anthocyanin extraction.

Based on these results, the preparation of aqueous biphasic systems with mixtures
having the composition of state D was confirmed by dissolving SC and CA through
vortexing (Cole Parmer de Mexico S.A. de C.V., CDMX, Mexico) for 1 min, adding ethanol
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96 grade, and manual stirring for 1 min, adding degrained cob flour at concentration
of 0.67%, followed by resting for 30 min to favor the imbibition of the solid, sonication
at a constant wave frequency (70 W, 40 kHz) for 2 min, shaking in orbital equipment at
175 rpm and 25 ◦C for 30 min, resting for 10 min, filtration, recovery of the liquid phase,
resting for 10 min, and separation of the formed phases. Thus, the anthocyanin extraction
process included two stages: one corresponding to liquid–liquid separation and another
where solid–liquid extraction occurred. In the first stage, when the mixture of trisodium
citrate (SC), citric acid (CA), and ethanol (EtOH) was complete, a biphasic system was
immediately formed. According to the technical sheet (Sigma Aldrich Química, S. R.L.
C.V., CDMX, Mexico), SC is practically insoluble in EtOH, which explained the rapid
formation of the biphasic system after the addition of EtOH to the saline solution due
to a salting-out phenomenon [21]. This behavior contrasted with other systems based
on polyethylene glycol and trisodium citrate, where centrifugation was required after a
passive sedimentation period to achieve the formation of the biphasic system [18]. On
the other hand, the presence of CA controlled the system pH, considering the objective of
separating anthocyanins. However, CA weakens the salting-out effect because its presence,
in conjunction with SC, induces the formation of a buffer [49], and due to its greater
affinity for ethanol, CA tends to migrate to the top phase of the system, increasing the salt
concentration in that region. Nevertheless, considering the different handling stages of
systems, solid–liquid extraction was performed for 82 min, in addition to the time used
during transitions between the steps of imbibition, ultrasonication, orbital shaking, and
subsequent resting periods, where the transport of substances from the solid matrix to the
liquid phases occurred.

The top phases of systems presented anthocyanin concentrations of 33.01 (±0.074) and
39.55 (±0.32) mg CyEs per gram of degrained cob flour when NIX and PIX flours were
used, and the difference between populations was significant (α ≤ 0.05). A significant
differences (α ≤ 0.05) in the value of 1.23 (±0.06) mg CyEs/g for both flours in the bottom
phase was observed. The anthocyanin separation yield in top phases was 97.0 and 96.41%,
respectively, which were higher than those reported by Liu et al. [23] in a system consisting
of ethanol and ammonium sulfate used to extract anthocyanins from sweet potatoes. The
results were also similar to those obtained by Gullón et al. [50], although they used a
procedure at 120 ◦C with 111 min of extraction. In addition, the lower concentration of
anthocyanins in the bottom phase was due to a salting-out phenomenon that favored the
hydrophobicity of these compounds and increased the affinity for ethanol, which caused
anthocyanins to migrate to the top phase [22]. On the other hand, the corn cob flour was
added at concentration of 0.67% and this apparent low quantity was selected due to the
low density of the plant material (0.1962 ±0.0075 g/cm3), which made the imbibition of
the solid material difficult. Nevertheless, the concentration of anthocyanins was higher
than that obtained by Mandache et al. [8] from by-products of peaches. Furthermore,
several studies have evaluated the anthocyanin concentration in purple-corn cobs using
conventional extraction methods with sample-to-solvent ratios ranging from 1:20 to 1:100
to avoid solvent saturation, due to the high concentration of anthocyanins present in this
part of the plant [51–53].

Similar to anthocyanins, the soluble phenol content was 492.09 (±0.01) and 512.36 (±0.01) mg
FAEs per gram of degrained cob flour for NIX and PIX in the top phases, respectively,
without a significant difference between populations (α > 0.05), while significantly lower
values (α≤ 0.05) of 14.29 (±0.02) and 13.77 (±0.01) mg FAEs/g were obtained in the bottom
phases, which indicated that these compounds mostly migrated to the top phase of the
systems, with extraction yields in that phase of 97.18% (±0.03) and 97.38% (±0.01) for
NIX and PIX, respectively. However, the concentrations obtained were lower than those
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reported by Mandache et al. [8] for by-products of peaches. In addition to the composition
of the system, the pH is important for the extraction and stability of anthocyanins. In this
regard, the pH was 5.44 (±0.00) at the concentrations evaluated. Liu et al. [23] obtained a
pH of 3.3 when extracting anthocyanins with ethanol (25% w/w) and ammonium sulfate
(22% w/w), which created a favorable environment to maintain the stability of these
compounds.

3.4. Pigmentation Potential of Foods

Two pigmentation assays were conducted, one with yogurt and the other with corn
dough. In the case of yogurt, extracts with 39.58 (±0.04) mg CyEs/mL of anthocyanins were
obtained from the top phases of the biphasic systems from NIX flours and 40.42 (±0.10)
mg CyEs/mL from PIX flours after ethanol evaporation. The yogurt used in pigmentation
assays had initial lightness, hue angle, and chroma values equal to 66.6, 178.71◦, and 1.1,
respectively. The gradual addition of extracts caused reductions in H∗ and L∗, while C*
increased. In all cases, the changes occurred logarithmically (Figure 3), which were similar
to the results obtained by Carranza-Gomez et al. [18].

 

Figure 3. Variations in lightness (a,b), hue angle (c,d), and chroma (e,f) during pigmentation tests of
yogurt (left panels) and corn dough (right panels) with NIX and PIX extracts. Error bars represent
the standard deviations.
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The data fitted well to Equations (11)–(13), with the values of k4 to k12, and r2 shown
in Table 3. The effects of the two extracts were similar; however, the logarithmic behavior
suggested that complete yogurt pigmentation required very large amounts of extracts. In
this regard, Equations (14)–(16) indicated that the infinite addition of NIX and PIX extracts
can cause a lightness between 49.51 and 50.28, hue angle between 2.37 and 2.13◦, and
chroma between 11.45 and 15.14. The proximity of hue angle data to 0 or 360◦ indicated
that the addition of extracts caused the hue to tend toward red [34] due to the presence of
anthocyanins [4].

Table 3. Pigmentation parameters of yogurt, corn dough, and cooked corn dough corresponding to
Equations (11)–(13).

Lightness (L*) Hue Angle (H*) Chroma (C*)

k4 k5 k6 r2
L* k7 k8 k9 r2

H* k10 k11 k12 r2
C*

Pigmentation of yogurt with extract of NIX
66.6 −17.1 1.8858 0.999 178.7 −176.3 2.1656 0.999 1.1 10.3 0.3210 0.999

Pigmentation of yogurt with extract of PIX
66.6 −16.3 1.8500 0.995 178.7 −176.5 2.0205 0.999 1.1 14.1 0.2170 0.998

Pigmentation of corn dough with extract of NIX
59.1 −18.3 0.1401 0.831 87.8 −101.3 0.0844 0.985 16.5 −7.4 0.7933 0.838

Pigmentation of corn dough with extract of PIX
56.0 −33.4 0.0411 0.887 87.4 −127.8 0.0736 0.996 16.5 −8.0 0.7742 0.958

Pigmentation of cooked corn dough with extract of NIX
62.3 −15.8 0.0444 0.696 81.2 −88.9 0.0289 0.995 21.3 −10.6 0.1700 0.999

Pigmentation of cooked corn dough with extract of PIX
62.9 −35.3 0.0221 0.889 81.1 −133.6 0.0185 0.996 21.4 −11.3 0.1225 0.993

The reduction in lightness was an expected result, since the whitish appearance of the
natural yogurt is altered upon the addition of any agent that modifies the color attributes.
However, as the amount of the extract increased, the product acquired a purer color, which
was reflected in an increase in chroma. On the other hand, a pigmentation of 60% was
decided with respect to the maximum possible value to avoid the excessive use of the
extract, and, based on the hue angle data and Equation (17), the concentrations of 0.44
and 0.46% of NIX and PIX flour extract, respectively, were determined to be used for
pigmenting yogurt.

Based on this information, batches of yogurt were prepared and flour extract was
added at the indicated concentration to evaluate the pigmentation potential, obtaining a
product that recorded L∗, H∗, and C∗ values of 67.72 (±0.45), 6.14◦ (±1.13), and 7.53 (±0.12),
respectively, when the NIX extract was used, and values of 67.35 (±1.82), 7.17◦ (±0.11), and
7.19 (±0.57), respectively, with the PIX extract. In both cases, the visual appearance was like
a product marketed under the name “strawberry flavor” (Figure 4). Batches were placed
at 4 and 25 ◦C for 30 d, and the pH was maintained in the range of 3.9 to 4.1 throughout
storage, with average values of 3.90 (±0.05) and 3.92 (±0.04) for batches with the NIX and
PIX extracts stored at 4 ◦C and 4.00 (±0.03) and 3.95 (±0.04) for batches stored at 25 ◦C,
respectively (Figure 4a). Although the statistical analysis showed that higher values were
obtained at 25 ◦C (α ≤ 0.05), the effect was not significant because the magnitudes were
within the range in which anthocyanins are more stable, from 1.0 to 5.0 [24]; that is, pH was
not a factor contributing to the deterioration of these compounds.
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Figure 4. Visual appearance (bottom panel), pH (a), lightness (b), hue angle (c), and chroma (d) of
yogurt pigmented with extracts of degrained purple-corn cob flours from the populations NIX and
PIX during storage at 4 and 25 ◦C. ns: non-significant difference over time (α > 0.05). *: significant
difference over time (α ≤ 0.05). Commercial: visual appearance of yogurt marketed under the name
“strawberry flavor”.

The lightness of the pigmented products ranged from 66.0 to 74.0, with no differences
(α > 0.05) between treatments (Figure 4b). In addition, an upward trend was observed over
time, although this trend was only significant when the products were pigmented with
the NIX extract at 25 ◦C. Therefore, in general, this color attribute was not affected by the
extract type, temperature, or time.

In the case of the hue angle, two groups formed as a function of temperature. From
an average value of 6.65◦ (±0.88), the batches stored at 4 ◦C varied significantly with time
(α ≤ 0.05) to range from 21.0 to 26.0, with no difference (α > 0.05) between types of extracts
(Figure 4c); thus, the materials maintained the reddish hue. However, batches stored at
25 ◦C varied significantly with time (α ≤ 0.05) up to a range between 55.0 and 63.0, with
no difference (α > 0.05) between extracts, indicating that products obtained from NIX and
PIX flours had the same yogurt pigmentation potential. However, this property depended
on the handling temperature, since the use of refrigeration was necessary to maintain the
pigmentation capacity over time. On the other hand, chroma tended to decrease over time
in a similar manner at both temperatures and with both types of extracts, although the
modification was moderate and changed from a general average value of 7.36 (±0.39) to
range between 5.89 and 6.51 (Figure 4d).



Appl. Sci. 2025, 15, 10730 16 of 21

For the pigmentation of corn dough, aqueous biphasic systems were prepared and
extracts with 41.97 (±0.21) and 38.60 (±0.09) mg CyEs/mL of anthocyanins were obtained
from NIX and PIX flours, respectively, from the top phases after ethanol evaporation.
The corn dough had initial color with a lightness of 58.3, chroma of 16.5, and hue an-
gle of 86.1◦. The gradual addition of extracts from populations NIX and PIX caused
decreases in the three attributes, which also occurred logarithmically, consistent with
Equations (11)–(13), respectively, with the values of the constants k3 to k12 shown in Table 3.
Based on Equations (14)–(16), lightness of the corn dough tended toward a limit value of
40.8 with the NIX extract and to 22.6 with the PIX extract. The hue angle tended toward
346.5◦ with NIX and 319.6◦ with PIX, while chroma tended toward 9.1 with NIX and 8.5
with PIX. However, the small differences obtained for both extracts indicated that they
caused similar effects. On the other hand, although extracts caused reductions in lightness
and chroma, they also caused the hue angle to change from white–yellow to pink–purple
(Figure 5) again due to the presence of anthocyanins in the pigmenting material.

Figure 5. Visual appearance of corn dough and cooked corn dough pigmented with extracts obtained
from degrained cob flours from populations NIX and PIX. Amounts of the NIX and PIX extracts
added (%), respectively: A (0, 0), B (4.67, 4.70), C (8.81, 8.20), D (12.81, 11.95), E (16.32, 15.33), F (19.60,
18.45), and G (22.48, 23.81).

However, edible corn products are obtained by cooking the dough. In this case, the
cooked product was obtained by exposing the dough to steam for 1 to 2 h [32]. The present
work was conducted at an atmospheric pressure of 77,993 Pa, and thus the cooking steam
temperature was 82.7 ◦C, which was applied for 70 min, and caused increases in the color
attributes (Figure 3), showing that anthocyanins underwent degradation upon exposure to
high temperature. Tortillas are one of the main forms in which corn is consumed [54,55],
where the grain is subjected to conditions that favor the deterioration of anthocyanins.
In this regard, Vernon-Carter et al. [56] reported a loss of up to 10% of anthocyanins
after cooking tortillas obtained with white corn flour incorporated with anthocyanins,
although in that case, the time of exposure to high temperature was only approximately
80 s. However, even with this loss of pigmenting agents, the logarithmic behavior in
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the cooked dough was maintained with increasing extract concentration and, based on
Equations (14)–(16), lightness tended toward a limit value of 46.5 with the NIX extract
and 27.6 with the PIX extract. Meanwhile, the hue angle tended toward 352.3◦ with NIX
and 307.5◦ with PIX. Likewise, chroma tended toward 10.7 with NIX and 10.1 with PIX. In
this regard, although cooking caused a loss of pigmentation with the extracts, the results
showed that this adverse effect could be compensated by adding a larger amount of extract
or adjusting the pH to a more acidic condition for the hue angle to be closer to red and
increased chroma [24]. Nevertheless, a pigmentation level of 60% of the mass was also
chosen, and based on Equation (17), 10.85% of the NIX extract and 12.45% of the PIX extract
were required to obtain the indicated pigmentation in the cooked dough. Likewise, these
results demonstrated that extracts had moderate resistance to the heat treatment of cooking
and therefore can be used as replacements for artificial dyes. Nevertheless, evaluations of
convenient alternatives are needed to protect anthocyanins from thermal treatment, such as
encapsulation [57], interactions with protective elements such as silk fibroin nanofibrils [58],
or even chelation [59]. In addition, exploring alternatives is necessary to reduce the quantity
of extract required to achieve a desirable level of pigmentation, which can be achieved
by controlling the pH to a more acidic levels to reduce hue and increase chroma, while
avoiding changes in flavor. Additionally, another condition that favors the preparation of a
more concentrated extract can be selected.

On the other hand, the corn processing agroindustry is large [60] and is constantly
evolving through product diversification [61,62]. However, at the same time, large amounts
of waste or by-products are generated, which is why, in line with circular economy policies,
different alternatives are being proposed to achieve their revaluation [63,64]. In this context,
the results of this work showed that revaluing the degrained purple-corn cob is feasible to
obtain pigments and use them in the food industry.

4. Conclusions
Aqueous biphasic systems based on ethanol, sodium citrate, and citric acid, aided by

ultrasound and orbital agitation, allowed the separation of anthocyanins from degrained
purple-corn cob flours. The extracts obtained showed potential for pigmenting food
matrices, but due to their logarithmic behavior, very large amounts of the extracts are
required to obtain complete pigmentation, and an optimized amount of extract must be
determined. The use of degrained purple-corn cob flour extracts allowed for the stable
pigmentation of yogurt and corn dough.
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Abbreviations
The following abbreviations were used in this manuscript:

C∗ Chroma
H∗ Hue angle (degrees)
L∗ Lightness
Ant Anthocyanin content (mg CyEs/100 g)
CA Citric acid (3-carboxy-3-hydroxypentanedioic acid)
CyE Cyanidin equivalent
EtOH Ethanol (CH3-CH2-OH) grade 96
FAE Ferulic acid equivalent
NIX Negro de Ixtenco purple corn
pH Potential of hydrogen
PIX Negro de Ixtenco x Negro de Perú purple corn
SC Trisodium citrate (Na3C3H5O(COO)3)
TSP Total soluble phenol content (mg FAEs/100 g)
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