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Abstract

Agricultural waste can be successfully channeled into organic components with improved functional properties.
The interactions between Amaranth protein (AP), cacao pod husk pectin (CP), in 2:1 and 5:1 weight ratios, and
cacao shell/husk phenolic extract (PE) (0.0, 0.1, 0.5% w/v), were conducted at pH 3 to produce ternary complex
coacervates (CC). CC displayed (-potential values approaching charge neutrality; FTIR spectra showed trans-
posed peaks; SEM micrographs revealed heterogeneous and porous structures, which were distinct from those
exhibited by the individual components. CC yield and antioxidant activity were higher as the AP:CP weight ratio
and PE concentration increased. CC may be considered promising ingredients for developing novel food products
with enhanced properties.

Keywords: amaranth protein, complex coacervation, microstructure, pectin, phenolic extract

Introduction against environmental stresses (temperature, pH, and
ionic strength); increased shelf-life by protecting sen-

Currently, the fabrication of ternary protein—polysac- sitive ingredients from adverse environmental factors;

charide—polyphenol complexes has gained interest as
potential prospects for application in industries such
as: Food and Beverage, due to the improved stability of
bioactive compounds; Pharmaceutical and Cosmetic,
where they are used as drug delivery systems to encap-
sulate active ingredients, enhancing their stability and
efficacy; and Biotechnology and Biomedicine, through
the development of nanocarriers for specific biomol-
ecules (Yan et al., 2023). In this sense, the complexes
present several benefits, such as: enhanced stability

targeted delivery through the design of carrier systems
that release their payload in response to specific stimuli
(pH, temperature, or enzymes); increased bioavailabil-
ity and bioactivity of active ingredients by facilitating
their interaction with biological targets; and effective-
ness as antioxidant and antimicrobial agents to prevent
food contamination, among others (Huang et al., 2016;
Wang et al., 2020; Xu et al., 2023; Yan et al., 2023). To
take advantage of and optimize these benefits, it is essen-
tial to investigate and understand the physicochemical
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properties of ternary complexes, since interactions
between the polymer molecules that compose them can
produce complexes with different characteristics (Yao
et al., 2019). The interactions between protein, polysac-
charide, and polyphenol can be controlled through the
formation of complex coacervates, which are structures
formed by the association between oppositely charged
biopolymers via electrostatic interactions, resulting in
the separation of colloidal dispersion into two phases: an
equilibrium serum phase and a precipitate phase. Other
factors such as variations in pH, functional groups,
protein—polysaccharide weight ratio, total concentra-
tion, surface charge density, and the chemical nature and
origin of biopolymers affect the formation of coacervates
(Koralegedara et al., 2020).

The biopolymers most commonly used for the forma-
tion of coacervates are of animal origin, such as gelatin,
whey proteins, and ovalbumin. However, plant-based
proteins have been increasingly utilized, including those
from peas, chia, flaxseed, soybean, and canola. The most
frequently used polysaccharides are carrageenan, car-
boxymethylcellulose, gum Arabic, and commercial high
methoxyl pectin (Muhoza et al., 2020). Notably, pectin
has been combined with proteins to form highly inter-
connected networks that improve the functionality of
both biopolymers (Lan et al., 2020). Polyphenols (ie.,
(-)-epigallocatechin gallate, proanthocyanidins, hydro-
quinone) used in the formation of ternary complexes have
been studied in various food systems for their nutritional
properties (Yan et al., 2023). Therefore, it is necessary
to investigate the role that proteins and polysaccharides
play in the formation of ternary complex coacervates, as
well as the potential health benefits they provide when
incorporated into food matrices. In this sense, it has been
reported that Amaranth proteins possess high biological
value due to their well-balanced composition of essential
amino acids and can be produced more sustainably than
proteins of animal origin (Hadidi et al., 2024). Thus, an
ongoing research topic is how to induce and enhance the
complexation of Amaranth protein with other biomol-
ecules and biopolymers (Hadidi et al., 2024; Figueroa-
Gonzalez et al., 2025) to achieve specific functionalities
(i.e., surface-active properties) that may help develop
novel foods with improved properties. Specifically, pec-
tin has been extracted using a green process from cacao
pod husks (Campos-Vega et al., 2018), which constitute
a residue of the cacao industry (~22,000 tons annually)
and a source of environmental pollution in Mexico (SIAP,
2023). In addition, extracted pectin has been reported to
exhibit good surface and emulsifying properties (Trujillo-
Ramirez et al., 2018). Furthermore, polyphenols can
also be obtained from cacao wastes, such as seed shells
and pod husks (Manzano et al., 2017), and they pos-
sess antioxidant, antimicrobial, and anti-inflammatory

biological activities (Zhang et al., 2024). However, these
compounds are easily degraded by exposure to light, oxy-
gen, temperature, and pH (Pan-Utai and Iamtham, 2020),
so their protection is essential.

Based on the above, this work aimed to establish the inter-
action conditions between Amaranth protein, cacao pod
husk pectin, and cacao shell/husk polyphenols that lead to
the formation of ternary complex coacervates, and to eval-
uate relevant physicochemical properties (i.e., yield, parti-
cle size, internal structure, color, antioxidant activity), with
the goal of providing insights that may support their appli-
cation in the design of new foods with desirable attributes.

Materials and Methods
Procurement of vegetal materials

Seeds of Amaranthus hypochondriacus L. variety
Revancha were obtained from a local producer in the
San Jose Atlan community, Huichapan municipality,
State of Hidalgo, Mexico, with GPS coordinates of 20°
20" 26.4192" N, 99° 41’ 39.7356"” W, and an elevation
above sea level of 2150 m. By-products (shell and husk)
of Theobroma cacao L. were obtained from a local pro-
ducer in the Arena 2nd Section community, Comalcalco
municipality, State of Tabasco, Mexico, with GPS coordi-
nates of 18° 10" 35.2” N, 93° 23’ 50.4” W/, and an elevation
above sea level of 40 m.

Chemical reagents

Hydrochloric acid (HCI), sodium hydroxide (NaOH), cit-
ric acid, magnesium sulfate heptahydrate (MgSO,7H,0),
sulfuric acid (H,SO,), and analytical grade ethanol were
procured from J.T. Baker (Xalostoc, State of Mexico,
Mexico). Hexane was supplied by MEYER® Chemical
Reagents (Tldhuac, Mexico City, Mexico). Sodium car-
bonate (Na,CO;), sodium tetraborate, 3-phenylphenol,
D-galacturonic acid, gallic acid, 2,2'-azino-bis(3-ethylbenz
othiazoline)-6-sulfonic acid (ABTS), 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), 6-hydroxy-5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox), and sodium dodecyl sulfate (SDS)
were purchased from Sigma-Aldrich Mexico (Toluca, State
of Mexico, Mexico). All water used was distilled and deion-
ized (DDW).

Amaranth protein isolate extraction
Amaranth protein (AP) was obtained according to

the methodology described by Garcia-de la Rosa et al.
(2023). Briefly, seeds were cleaned, winnowed, and
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sorted to remove extraneous matter, followed by washing
with water and drying (60°C, 24 h) in a RAD/RFD Lab
Convection Oven (Despatch, Lakeville, MN, USA). The
dried seeds were ground using an MCR model CAB-1000
Hammer Mill (Harlow, UK) and sieved through a 24-US
mesh (0.8 mm) to obtain amaranth flour. Sixty g of flour
were degreased using Soxhlet equipment with hexane
(150 mL, 75°C, 5 h). The defatted amaranth flour (100 g)
was dispersed in DDW (10% w/v) and stirred at 600 rpm
(RO 15 power, IKA® Werke, Staufen, Germany) at room
temperature (22.0 + 2.0°C) for 60 min. Subsequently,
the pH of the dispersion was adjusted to pH 11 using 1
N NaOH (Potentiometer, mod. pH 120, Conductronic;
Santa Cruz Buenavista, State of Puebla, Mexico) and kept
under continuous stirring for 60 min. The dispersion was
then centrifuged at 9000xg at 10°C for 15 min using a
5810 R Eppendorf AG centrifuge (Hamburg, Germany).
The pH of the resulting supernatant was adjusted to 4
using 1 N HC], and the precipitated protein was recov-
ered by centrifugation at 9000xg at 4°C for 15 min. The
residue was washed three times with DDW and neutral-
ized to pH 7 with 0.1 N NaOH. It was then dried in an
HCF-62 oven (Riossa Digital, Mexico City, Mexico) at
40°C for 48 h with continuous fixed air circulation. The
resulting isolate had a protein content of 85.3 + 1.0%
(Kjeldahl method, conversion factor 6.25). The dry isolate
was manually ground and stored in sealable polyethylene
bags at 4.0 + 1.0°C until required for use.

Pectin extraction from the cacao pod husk

Cacao pod husk was cut into small pieces (~1 cm)
and dehydrated in an air circulation oven at 55°C for
36 h. The dried pieces were ground using an Oster®
BLSTBESTR blender (Mexico City, Mexico). A 0.8 mm
sieve was used to obtain cacao pod husk flour (CPF)
(Trujillo-Ramirez et al., 2018). The moisture content was
determined by the oven-drying method. Briefly, 2 g of
sample were placed in an HCF-62 oven (Riossa Digital,
Mexico City, Mexico) at 102°C until constant weight
was reached. Subsequently, the moisture percentage was
calculated from the weight difference (AOAC, 1996).
Protein was determined by the Kjeldahl method (consid-
ering a conversion factor of 6.25), lipids by the Soxhlet
method, and ash and fiber according to AOAC (1996).
Cacao pod husk pectin (CP) was extracted from CPF
by acid hydrolysis using the methodology of Vriesmann
et al. (2012). Moisture, protein, lipids, ash, fiber, and
carbohydrate (by difference) content of CP were deter-
mined. The CP extraction yield was estimated using the
following equation:

Yield (%) =-82MS P 100

grams CPF

Amaranth protein-cacao pectin/phenolic extract complex

Physicochemical characterization of pectin from cacao
pod husk

The characterization of CP was determined as reported
by Trujillo-Ramirez et al. (2018), with slight modifi-
cations. Briefly, esterification degree (DE), amidation
degree (DAm), and acetylation degree (DA) were deter-
mined by multi-step titration, reporting the volume con-
sumed. First, a CP solution (0.5 g/100 mL of DDW) was
prepared and titrated with 0.1 mol/L NaOH, using phe-
nolphthalein as an indicator (V,). Subsequently, 20 mL of
0.5 mol/L NaOH was added to the CP to initiate sapon-
ification, 20 mL of 0.5 mol/L HCl was added to stop the
reaction, and the excess HCI was neutralized by titration
with 0.1 mol/L NaOH (V,). The solution was saturated
with 20 mL of 2.5 mol/L NaOH for subsequent distilla-
tion; the condenser supply line was immersed in a mix-
ture of 20 mL of 0.1 mol/L HCl and 150 mL of DDW. One
hundred mL of distillate was obtained, and the excess
HCI was titrated with 0.1 mol/L NaOH; methyl red was
used as an indicator (S). A blank test was performed
with 20 mL of 1 mol/L HCI (B). The volume difference
between B and S was V. Finally, 1 g of CP was dispersed
in 50 mL of 0.125 mol/L NaOH, kept under constant stir-
ring for 1 h, and the solution was diluted with DDW in a
100 mL volumetric flask. The diluted solution was mixed
with 100 mL of Clark’s solution (100 g of MgSO,-7H,0,
0.8 mL of H,SO,, and 180 mL of H,0O) and distilled to
obtain 150 mL. The distillate was titrated with 0.05 mol/L
NaOH to a pH of 8.5 (A). DDW was used as a blank for
the titration (A,); the volume difference between A and
A, was V.. The following equations were used:

DE(%) = Vy(mL) x100
V;(mL)+V,(mL)+V;(mL)-V,(mL)
DAm(%)= Vs(mL) x 100
V;(mL)+ Vy(mL) + V3(mL) -V, (mL)
DA(%) = V, x1073(L)x 0.05(mol / L)

(0.500 (g)* 0.821)x194.14 (g/mol)

Methoxyl percentage (MeO %) was calculated from
the following equation, considering that the amount of
methoxyl groups in 100% esterified pectin is 16.32%.

MeO% = @ x DE
100

Galacturonic acid quantification was estimated by
the sulfamate/3-phenylphenol  colorimetric  assay
(D-galacturonic acid standard curve with a concentration
range of 8-80 ug/mL).
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Phenolic extract (PE) obtention

Sample preparation was carried out according to the meth-
odology of Gaber-Ahmed et al. (2020), with slight modi-
fications. Dried cacao pod husks and cacao shells were
ground, and a 0.8 mm sieve was used to obtain CPF and
cacao bean shells flour (CSF); moisture, protein, lipids, ash,
fiber, and carbohydrate content were determined. After
that, crude extracts of CPF (2.5 g) and CSF (2.5 g) were
prepared in 100 mL of 75% (v/v) ethanol and kept under
continuous stirring for 90 min in darkness. The solution
was centrifuged at 5000xg for 5 min; the supernatant was
filtered through nylon filters (0.45 pm). The crude extract
was stored in darkness at 4.0 + 1.0°C until required for use.

Ternary complex coacervates formation

The experimental protocol to carry out the formation
of the ternary complex coacervate (Figure 1) was estab-
lished using the methodology proposed by Hernandez-
Rodriguez et al. (2014).

Determination of pH for complex coacervates formation

(-potential of AP, CP, and PE dispersions was mea-
sured at a dilution of 0.01% (w/v) in a pH range of 2 to
7 with a Zetasizer Nano ZS (Malvern Instruments, Ltd.,
Worcestershire, UK). The pH of the dispersions was
adjusted using 0.1 N HCI or 0.1 N NaOH (Garcia-de la
Rosa et al., 2023). Based on these data, an interaction
window between the protein, polysaccharide, and poly-
phenol was established according to their relative electri-
cal charge. A pH of 3 was selected for the formation of
the complex coacervates (See Figure 2).

Turbidimetric measurements for the complex coacervates
formation

Optimal ratios for forming insoluble complexes between
AP and CP were determined by turbidimetric measure-
ments using the methodology of Ramirez-Santiago et al.
(2012), with slight modifications. AP (1%, w/v) and CP
(1%, w/v) dispersions’ pH was adjusted between 2 and

Dispersion AP (1%, wiw) in )

DDW at room temperature
22.0+2.0°C for 12 h by

continuous stirring ( 600 rpm). )

.

é Dispersion CP (1%, w/w) in B

DDW at room temperature
22.0 £2.0°C for 12 h by
continuous stirring ( 600 rpm). )

Preparation of

stock soﬂy >
-

Dilution of PE with DDW to
0.0, 0.1 and 0.5% (w/v)
(Thongkaew et al., 2014).

Held for24 hat4.0+ 1 .0°C
to allow for complete
hydration

Held for24 hat4.0+ 1 .0°C
to allow for complete
hydration

4

Vs
AP dispersion added to CP R
dispersion at weight ratios of
2:1 and 5:1 (w/w), stirred at

Ternary complex
coacervates formation

50 rpm for 3 min.

Vg P

Maintain the blends at
4.0%1.0°Cfor48h
for to ensure complete
formation of the CC.

|

PE at 0.0, 0.1, and 0.5% (w/v)
added to AP:CP blends (2:1
and 5:1 (w/w) ratio) and stirring

v

N

at 50 rpm for 2 min.

. v

H

Adjust the pH of the
mixture to 3 using
0.1 N HCI.

. ) Centrifugation at Precipitates
Obtaining and coding 121 x g at room formation
ternary complex temperature (22.0 + (complex

coacervates 3.0°C) for 15 min. coacervates)

Figure 1.
CP = cacao pod husk pectin; PE = phenolic extract; DDW = deionized water.

Experimental protocol for the formation of ternary complex coacervates (CC

Coding of the different CC
variations as CC_,, where
"a" represents the weight
ratio between AP and CP
(2:1 and 5:1, w/iw), "b" the
concentration of PE (0.0,
0.1 and 0.5%, w/v).

). AP = amaranth protein isolate;
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7 with 0.1 N HCl or 0.1 N NaOH. The dispersions were
mixed at AP:CP weight ratios of 1:1 to 8:1 (w/w) with a
total biopolymer concentration of 1% (w/v). The mixtures
were stirred at 600 rpm for 30 min and left to rest at 4.0 +
1.0°C for 48 h to allow them to reach the equilibrium
phase. The complex coacervates were separated from
the soluble ones by centrifugation at 121xg for 15 min at
20°C. Subsequently, the absorbance of the supernatants
was measured at a wavelength of 600 nm in a Genesys
10S UV-Vis spectrophotometer (Thermo Scientific
Fisher, Waltham, MA, USA).

Physicochemical characterization of complex
coacervates

Complex coacervates yield
Coacervation yield was obtained using the following
equation:

Yield (%) = < x100
BT

where: CC is complex coacervate weight on dry basis (g) and
BT is total weight of biopolymers used on a dry basis (g).

{-potential and mean hydrodynamic diameter (Dh)

The C-potential and mean hydrodynamic diameter
(Dh) of CC,, was determined using a Zetasizer Nano
7S (Malvern Instruments, Ltd., Worcestershire, UK).
CC_. were diluted in DDW to 0.01% (w/w), and pH was

a/b
adjusted to 3 with 0.1 N HCl or 0.1 N NaOH.

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of AP, CP, PE, and CC,, were deter-
mined with a CARY 630 spectrophotometer (Agilent
Technologies, Inc., Santa Clara, CA, USA), equipped with
a universal attenuated total reflectance fixture. Dry samples
of AP, CP, PE, and CC_, variations (~10 mg) were placed
in contact with the diamond crystal with a geometry
adjustment to a force calibration of 60 units. Absorbance
was measured over the range of 4000 cm™ to 650 cm™ at
a spectral resolution of 16 cm™. A total of 128 scans were
carried out per sample and integrated to obtain the mean
values of the spectrum (Garcia-de la Rosa et al., 2023).

Scanning electron microscopy (SEM)

SEM micrographs of the CC,_, variations were obtained
with a JSM-6360 Jeol SEM microscope (Tokyo, Japan) at an
acceleration voltage of 15 kV. CC_, were fixed with a solu-
tion of 2% (w/v) glutaraldehyde in phosphate buffer (0.1 M,
pH 7.2) for 6 h, followed by dehydration in aqueous etha-
nol solutions with increasing concentrations (20, 30, 50,
60, 70, 80, 90, and 100%, v/v) for 60 min each. Immediately
after, CC , were critically dried in a CPA II Technics
Critical Point Dryer (Tousimis, Rockville, MD, USA).

Amaranth protein-cacao pectin/phenolic extract complex

A sample of each CC , was placed directly on the sur-
face of an aluminum sample holder with carbon tape and
coated with gold at 1.5 kV, 5-6 mA, in a JFC 1100 vac-
uum sputter coater (JEOL, Tokyo, Japan) (Hernandez-
Rodriguez et al., 2014). Micrographs are presented at
magnifications of 5000x and 10000x.

Colorimetry

CIELAB color parameters L*, a*, and b* of CC,, varia-
tion samples were measured with a CR-400 colorimeter
(Konica Minolta, Tokyo, Japan). L* indicates luminosity;
a* indicates red/green; and b* indicates yellow/blue. Hue
angle (H* = tan™! b*/a*) was calculated, indicating sample
color, and Chroma (C* = [a? + b*]"*) indicating purity or
saturation of color (Kuck and Noreiia, 2016).

Antioxidant activity
The antioxidant activity of AP, CP, PE and CC , was
determined by three methods:

1. The Folin-Ciocalteu method was used to determine
the total phenolic content (TPC), as described by
Murcia and Castaneda (2022), with some modifica-
tions. Twenty pL of each sample was placed in amber
vials, and 450 pL of 1 N Folin-Ciocalteu reagent was
added, stirred in a Vortex for 30 s, and left to rest for
10 min. Later, 450 pL of Na,CO; at 20% (v/v) was
added, and it was vortexed for 30 s, allowing the
mixture to react in darkness for 90 min. Finally, the
absorbance was measured at 760 nm using a spectro-
photometer. A gallic acid calibration curve was used
to determine the concentration of phenols, which
was expressed as mg gallic acid equivalents (GAE)
per gram of dry mass. PE underwent an analysis
to identify substances using Gas Chromatography
coupled to a Mass Spectrometer (GC-MS) (Agilent
Technologies 7890B-5977A-MSD, Santa Clara, CA,
USA). The MassHunter GC/MS Version Acquisition
B.07.02.1938 software was used. One hundred pL
of the sample was dried under N, current and then
silylated using BSTFA (50 uL) and 150 pL of HPLC
grade dichloromethane at room temperature (22.0
t+ 2.0°C) under continuous agitation for 60 min.
Separation was carried out by injecting 1 pL into an
HP-5 MS column (30 m length, 0.25 mm diameter,
0.25 pm thickness). Helium was used as a carrier gas
at a flow rate of 1.0 mL/min. The injector tempera-
ture was 280°C. Temperature program for separa-
tion: T initial = 40°C, T_intermediate = 200°C, with
a ramp of 8°C/min, and T_final = 310°C for 5 min,
with a temperature ramp of 8°C/min. Spectrometry
was performed in electron impact ionization mode
at 70 eV, in a range of 35 to 600 mass-to-charge
ratio (m/z). The database used for comparing the
mass spectra obtained was the National Institute of
Standards and Technology (NIST) Version 14.0.
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2. The radical scavenging activity using 2,2'-azi-
no-bis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS)
of each sample was determined as described by
Adegbaju et al. (2020), with some modifications.
The ABTS radical cation (ABTS*) was generated and
diluted with ethanol to obtain a working solution with
an absorbance of 0.70 + 0.02 at 734 nm. The CC_, sam-
ples were centrifuged at 121xg for 10 min, and sterile
saline solution (0.9%) was added to the precipitate to
disperse the coacervates. An aliquot of 10 pL of each
sample was mixed with 990 uL of the ABTS* solution
and incubated in darkness for 7 min. Absorbance was
then measured at 734 nm. The percentage of ABTS*
inhibition was calculated using the following equation.

Abs — Abs
Inhibition (%) = { Control Sample jx 100

AbsControl

where Abs__is ABTS* absorbance, Abssample is absor-
bance of the ABTS* plus sample or Trolox standard.

The radical scavenging activity using 2,2-diphenyl-1-
picrylhydrazyl (DPPH.) assay was determined according
to Cortés-Viguri et al. (2021), with slight modifications.
After breaking the CC_, coacervates as done in the ABTS
assay, 20 pL of CC_, supernatant or each sample was
mixed with 2 mL of DPPHe. ethanol solution (0.06 mM).
The mixture was vortexed and incubated in darkness at
25°C for 30 min. Absorbance was measured at 517 nm
using a spectrophotometer. DPPHe inhibition percentage
was calculated using a Trolox standard curve, following
a similar equation as for ABTS*, where Abs_control is
the absorbance of DPPHe. alone, and Abs_sample is the
absorbance of DPPHe. with sample or standard.

Statistical analysis

A completely randomized design of three independent
experiments was used, with all measurements being
performed in triplicate. Data were subjected to vari-
ance analysis when appropriate, using Tukey’s test.
Significance was set at p < 0.05. Statgraphics 7 software
(Statistical Graphics Corp., Manugistics Inc., Cambridge,
MA, USA) was used for data analysis.

Results and Discussion

Proximal chemical composition of cacao pod husk flour
(CPF), cacao seed shell flour (CSF), and cacao pod husk
pectin (CP)

The proximal chemical composition data obtained for
CPE, CSF, and CP (Table 1) were consistent with what

was reported in the literature (Campos-Vega et al., 2018;
Cantele et al., 2020). The yield of CP was 11.4 + 0.9% similar
to the 11.7% reported by Hutomo et al. (2016), but higher
than the 6.1% obtained by Trujillo-Ramirez et al. (2018).

The physicochemical characterization values of CP
reported by other authors are highly variable. This vari-
ability is mainly attributed to cultivation conditions,
cacao variety, extraction method, and solvent employed
(Trujillo-Ramirez et al., 2018; Vriesmann et al., 2012).
Nevertheless, these parameter values allow us to draw
certain conclusions regarding our extracted CP. Pectins
are classified as low-methoxyl when they exhibit less
than 50% esterification, while high-methoxyl pectins have
more than 50% esterification. The DE, MeO, and galac-
turonic acid values indicate that CP can be considered a
high-methoxyl pectin, possessing gel-forming properties
suitable for use in the food and pharmaceutical industries
(Kim et al., 2016; Trujillo-Ramirez et al., 2018). Likewise,
CP has a degree of amidation (DAm) greater than 10% and
low protein content, conditions associated with adequate
emulsifying and interfacial properties. The DAm refers
to the percentage of carboxyl groups (-COOH) in the CP
modified with amino groups (-NH,). A higher DAm can
reduce the sensitivity of CP to Ca* ions, affecting gel for-
mation. Therefore, the low DAm value found indicates lit-
tle influence on CP’s sensitivity to Ca*, thus promoting a
higher gel-forming capacity (Yang et al., 2022).

¢- potential measurements

In general terms, the (-potential changed as the protein-
polysaccharide-polyphenol ratio shifted, affecting the

Table 1. Proximal chemical composition of cacao pod husk flour
(CPF), cacao seed shell flour (CSF), pod husk pectin (CP), and
physicochemical characterization of CP.

Component CPF CSF CP
(%)

Moisture 6.7+0.1 82+0.2 74+0.1
Ash 11.5+0.1 79401 16.5+0.5
Protein 10.6 £ 0.6 11.8+0.4 17401
Lipids 0.7£0.1 9.1£0.1 0.6+0.1
Crude fiber 276106 18.740.1 0.1£0.1
Carbohydrates 49.6+0.7 51.3+0.2 741+0.3
DE - - 634103
Dam - - 0.6+£0.3
DA - - 106 £ 1.7
MeO - - 104 +0.1
Galacturonic acid - - 729+16

Data represent mean value + standard deviation on a dry basis.
DE = esterification degree; DAm = amidation degree;
DA = acetylation degree; MeO = Methoxyl.
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overall charge of the coacervates. A balanced charge
ratio of opposite signs between the protein and polysac-
charide—the two biopolymers present in the system at
higher relative mass ratios—is crucial for inducing strong
electrostatic interactions (Banjare et al., 2019). The most
favorable charge balance occurs at the pH where the net
charge between protein and polysaccharide is minimized,
i.e.,, when their combined (-potential approaches zero.
When a third component, such as PE, is introduced, it
is advantageous for the charge balance between the pro-
tein and polysaccharide to remain positive, so that the
negatively charged PE can shift the overall {-potential
closer to zero. Figure 2a shows the variation of {-poten-
tial as a function of pH for AP, CP, and PE solutions. CP
exhibited negative (-potential values throughout the pH
range studied, from —-1.9 + 0.4 mV at pH 2 to —46.7 +
1.3 mV at pH 7, consistent with findings reported by
Salminen and Weiss (2013). This behavior is typical of
high-methoxyl pectins, as the carboxyl groups (-COOH)
have low pKa values. As pH increases, these groups ion-
ize to carboxylate (-COQO"), leading to increasingly nega-
tive {-potential values (Trujillo-Ramirez et al., 2018). For
AP, {-potential ranged from +14.3 + 0.3 mV at pH 2.0 to
—29.5 + 0.4 mV at pH 7.0, similar to values reported for
Amaranthus hypochondriacus by Ventureira et al. (2012).
At acidic pH, amino acid side chains are protonated
(NH,;*), resulting in positive {-potential, whereas at basic
pH, carboxyl groups (-COOH) ionize to negative charges
(-COO"), leading to negative (-potential. The protein’s
isoelectric point (pI) marks the transition between these
charge states (Espinosa-Andrews et al., 2007). PE showed
{-potential values ranging from +6.7 £ 1.0 mV at pH 2.0
to —27.3 £ 0.4 mV at pH 7.0. Similar to proteins, pheno-
lic extracts can exhibit positive or negative {-potential
depending on pH: protonated and positively charged at
acidic pH, deprotonated and negatively charged at alka-
line pH (Malvern Instruments Limited, 2015). Phenols
interact with proteins mainly via electrostatic inter-
actions between phenolic hydroxyl groups and pro-
tein amino groups (Shahidi and Senadheera, 2019). As
observed in Figure 2a, at around pH 3, PE and CP carry
negative charges which balance with the positive charges
of AP. Therefore, pH 3 was selected as the optimal condi-
tion to drive the formation of complex coacervates.

Coacervates formation not only depends on pH, but
also on ionic strength, and biopolymers nature, propor-
tion and concentration (Espinosa-Andrews et al., 2007).
Furthermore, the conformation (their shape in solution)
of ionic biopolymers (polyelectrolytes), significantly
impacts their interaction with other molecules and their
{-potential. Thus, the {-potential of ternary complexes
is a dynamic property influenced by the ratio of pro-
tein, polysaccharide, and polyphenol components, pH,
and the specific interactions between these molecules.

The CC , exhibiting negative (-potential from highest

Amaranth protein-cacao pectin/phenolic extract complex

to lowest were: CC,, > CC, . > CC, .. > CC. .
whereas those exhibiting positive {-potential values from
lower to higher were: CC, | < CC, . (Figure 2b). Zhao
et al. (2019) stated that tunable ternary complex coacer-
vates could be achieved by understanding how different
factors affected their (-potential. Following this, it may
be inferred that at pH 3, the relative concentration and
nature of the individual biopolymers in solution, affects
their conformation, and the exposure of ionizable groups
on their backbone, and ultimately, their ability to inter-
act electrostatically with other biopolymers carrying and
opposite charge (Espinosa-Andrews et al., 2007). At an
AP:CP weight ratio of 2:1, it would seem, that the relative
number of moieties negatively charged by the CP back-
bone exceeds the number of moieties positively charged
by the AP backbone, resulting in an overall negative {-po-
tential value (CC,, , ). When PE was added to the AP:CP
solution, it probably inhibited to a greater degree the of
ionization of the moieties in the CP backbone than on
the AP backbone, resulting in a lowering of the nega-
tive (-potential, which was more marked at a 0.1 than at
a 0.5% w/v PE concentration. As the AP:CP weight ratio
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Figure 2. (A) C-potential variation as a function of pH for

amaranth protein (AP) (e), cacao pod husk pectin (CP) (0),
and phenolic extract of cacao shell/husk (PE) (0) solutions
(0.01% wiw). (B) C-potential of ternary complex coacervates
(CC,,) at different AP:CP weight ratios and PE concentra-
tions (0.0, 0.1, 0.5%) as a function of pH.
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increased to 5:1, and the number of AP molecules relative
to the number of CP molecules increased, the ionizable
moieties in CP were shielded by an increasing number
ionizable moieties of AP, resulting in a lower negative
(-potential for CC, | - than for all the CC, | counterparts.
When PE was added to CC_ , the {-potential shifted to
positive values (Figure 2b).

5:17

Turbidimetric measurements

Turbidimetry is based on the ability of particles to absorb
and scatter light that falls on them. Absorbance of a bio-
polymeric solution can be altered by changes in pH and
concentration, which influence the surface charge of
the particles, contributing to the formation and disso-
ciation of soluble and insoluble complexes. Due to the
above, there are changes in the mass’s size and the pos-
sible formation of aggregates or coacervates (Ghobadi
et al., 2020). Therefore, when a system contains a higher
number of suspended particles, a higher turbidity value
is expected (Constantino and Garcia-Rojas, 2022). The
absorbance values of the supernatants of the AP and CP
binary complexes are shown in Figure 3. This was done
in order to determine the most suitable weight ratio to
be used between the two biopolymers for optimizing the
yield and formation of binary coacervates, as a first step
for subsequently establishing the formation of ternary
complex coacervates as PE is added.

The profiles of the binary coacervates at 2:1 and 5:1
AP:CP weight ratios were similar and characterized by
four distinct regions: 1) A region above pH 6.5, where
AP and CP coexist without interacting due to strong
electrostatic repulsion caused by the negative {-potential
values of AP (-29.4 + 0.5 mV) and CP (-48.0 = 1.3 mV).
2) A region where soluble complexes begin to form at
a critical pH of 6.5 (pH ) by binding AP molecules with
CP chains, exhibiting a maximum absorbance value at
pH 6. Although AP carries an overall negative charge at
this pH, certain patches on the molecule contain positive
charges due to -NH?3+ moieties in the protein backbone
that interact with negatively charged CP moieties. This
implies that equilibrium phases with higher turbidity
contain more macromolecules than translucent solutions
(Espinosa-Andrews et al., 2007). 3) A region at pH val-
ues below 4.5 (PH¢1)’ where greater amounts of AP mol-
ecules bind to CP chains as the positive charge density in
the protein increases, leading to saturation of functional
groups in CP chains and the beginning of aggregation
into insoluble complexes. This results in charge neutral-
ization, showing maximum phase separation at pH 3.0
(pH,,) (Ramirez-Santiago et al., 2012). 4) A region where,
as the pH decreases further, a second critical pH (pH,,)
is reached below 3.0; in this zone, insoluble complexes
begin to dissociate into soluble complexes or even indi-
vidual, non-interacting AP and CP molecules (Salminen
and Weiss, 2013). This behavior can be attributed to the
protonation of AP and CP functional groups, leading to

- J
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-
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o
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Q | 31
8 \ 4:1
5 .
3 0.24 : —o— 5:1
2 :\ —e— 6:1
i s —o— 71
0.04 —e— 8:1
pH,, pH, pH pH,
_02 T ¢2I ptl T T ¢1I T T T - T T 1
2 3 4 5 6 7
pH

Figure 3. Change in the absorbance of supernatants from complex coacervates of amaranth protein (AP) and cacao pod husk
pectin (CP) (1%, wiw) at different AP:CP ratios as a function of pH.
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the formation of a system with partially negative charges
(Hashemi-Gahruie et al., 2022).

These results indicate that the optimal pH value for
complex coacervates formation was 3.0, similar to that
observed for the {-potential. The results showed that the
most appropriate weight ratios for driving the interaction
between AP:CP fell within the range of 2:1 to 5:1, whose
supernatants exhibited significantly different lower
absorbances between them (0.025 + 0.002 to 0.062 *
0.001, respectively), in contrast to the weight ratios of 1:1,
6:1, 7:1, and 8:1, which did not differ significantly from
each other (Trujillo-Ramirez et al., 2018). Based on the
above, the AP:CP weight ratios chosen for carrying out
the turbidimetric studies were 2:1 and 5:1.

Complex coacervates yield

As already mentioned, initially binary complex coacer-
vates (CC,, ,,and CC, ) were formed as a function of
pH (2-7) to establish the most appropriate pH for driving
complex coacervate formation between AP and CP (pH
3). Afterwards, to form the ternary complex coacervates,
PE was added in different concentrations (0.1 and 0.5%
w/v) to the AP:CP solutions at 2:1 and 5:1 weight ratios
(pH ~ 6.2), and the pH of the ternary blend was adjusted
to 3.

It was observed that as the AP:CP weight ratio increased
from 2:1 to 5:1, the yield of the ternary complex coace-
rvates increased significantly (Table 2). At either weight
ratio, when PE was added at 0.5% w/v, a significant
increase in yield occurred, but not when PE was added
at 0.1% w/v. These results can probably be explained by
interactions occurring between protein-polyphenol, pro-
tein-pectin, and polysaccharide-polyphenol. Rosenberg
et al. (2024) reported that polysaccharides often have
a greater abundance of charged groups (e.g., carboxyl)
compared to proteins, which can lead to higher ionization

Table 2. Yield of ternary complex coacervates (CC_,).

cc,, Rendimiento (%)
CC,l0 52.3+0.5¢
CC 53.8 + 0.6¢
CC,is 56.8 + 0.5°
CCsi00 59.1£0.1°
CCyyp04 59.7£0.9°
CCm 61.7 £ 0.8

Values are presented as mean + standard deviation. Different
superscript letters indicate significant differences between
means (p < 0.05).

Amaranth protein-cacao pectin/phenolic extract complex

and negative (-potential, whereas at high protein concen-
trations, protein-protein interactions become predomi-
nant. Xu et al. (2019) mentioned that protein-polyphenol
interactions occur gradually, and when polyphenols are
present in higher concentrations, more associations with
proteins occur, leading to the formation of insoluble com-
plexes. Chang et al. (2016) reported that protein-poly-
saccharide interactions occur at the pH of formation (in
this case pH 3); when there are a larger number of pro-
tein molecules relative to polysaccharide molecules (e.g.,
5:1 compared to 2:1 weight ratio), increased electrostatic
interactions may occur between the biopolymers, lead-
ing to higher yield. Li et al. (2019) stated that polyphe-
nol-polysaccharide interactions depend on the relative
concentration of the molecules in solution and medium
properties.

Fourier Transform Infrared spectroscopy (FTIR)

Figure 4 shows the FTIR spectra of AP, CP, PE, and the
CC,, variations. AP exhibited an absorption band at 3268
cm! corresponding to the contraction vibrations of O-H,
attributed to hydrogen bonds present in the water. In
addition, it presented a weak band at 3073 cm™' appro-
priate for C-H stretch vibration and an N-H bond ten-
sion vibration band at 3280 cm™! belonging to the amine
B group (Raei et al., 2018). It also showed peaks at 1636,
1523, and 1396 c¢cm™ corresponding to the stretching
and flexural bonds of C=0, N-H, and C-N characteristic
of amides I, II, and III, respectively. The amide I region
is considered helpful for the analysis of the secondary
structure of proteins, as this structure is more susceptible
to unfolding, folding, or aggregating, and its molecular
interactions, chemical reactivity, and functional proper-
ties depend on it (Trujillo-Ramirez et al., 2018). CP had
an absorption band at 3215 cm™! corresponding to the
vast stretch of the O-H bond and a stretch band of the
C-O-C bond at 1007 cm™! due to the hydrogen bonds of
galacturonic acid (Lan et al., 2020). At 2940 cm™, a peak
was associated with stretching the C-H bond of methyl
groups (-CHs). In addition, it had two peaks, one at 1701
and the other at 1612 ¢cm™!, characteristic of the esteri-
fied carboxyl group (-COOCH;) and carboxylate group
(-COO), respectively, associated with the carbonyl group
(C=0) present in carbohydrates (Raei et al., 2018). The
PE spectrum exhibited a broad absorption band at 3267
cm™}, corresponding to the stretching of the O-H bond. In
addition, it presented peaks at 2925 cm™! and 2850 cm™,
corresponding to the stretching of the C-H bond, asso-
ciated with the -CH, and -CHj; groups, respectively; this
indicates the presence of phenolic groups in the extract.
Two peaks at 1589 and 1224 cm™ were evidenced that
can be attributed to aromatic rings (Eze et al., 2022), and
a peak at 1693 cm™ characteristic of the carboxyl group
(-COOH), which indicates the presence of phenolic acids.
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Figure 4. FTIR spectra of phenolic extract of cacao shell/husk (PE), cacao pod husk pectin (CP), amaranth protein isolate (AP),
and ternary complex coacervates (CC,,) with different AP:CP weight ratios and PE concentrations (a/b).

Likewise, it exhibited a band at 1030 c¢cm™, typical of
stretching the S=O bond, showing the presence of sulfur
amino acids in the extract (Kashyap et al., 2022).

Electrostatic interactions between AP, CP, and PE can
be observed in the fingerprint region of the spectrum
(1400-600 cm™), where peaks with different intensities
and shifts in the AP, CP, and CC , spectra were shown.
This can be seen as an increase at 1015 cm™! correspond-
ing to the vibration of the N-H bond (amide II) and at
1224 ¢cm™!, which can be attributed to the vibration of
the S=O bond of sulfur amino acids (Vargas et al., 2021).
In addition, the band at 1395 cm™ (C-N, amide III)
decreased in CC without PE compared to AP. Similarly,
in the amide I region (C=0), there was a decrease in the
peak to 1694 cm™ in all CC , spectra compared to AP
and CP. Furthermore, there was an increase in the peak
to 2902 cm™ in CC5:1/0'5 concerning the PE spectrum,
suggesting hydrogen bonds in the coacervates could
increase due to PE. On the other hand, in the CC_, vari-
ations, there were visible changes in the 3223 cm™! peak
that corresponds to the vibration of the N-H bonds of
the proteins and in the 3014 cm™! peak, due to the O-H

bond of PE (Li et al., 2018). Based on the above, it can
be inferred that the formation of the complex coacer-
vates was a consequence of the electrostatic interaction
between the ammonium (-NH;*) groups of AP, carboxyl-
ate groups (-COO") of CP, and hydroxyl groups (-OH) of
PE (You et al., 2018).

Microstructure and particle size

Figure 5 presents SEM micrographs of the CC  varia-
tions. The microstructure of protein-polysaccharide coa-
cervates can be defined as a structural network where
proteins act as binding sites and polysaccharide chains
serve as cross-linking bridges. Furthermore, coacervates
show a porous microstructure with different pore sizes
and two distribution types (uniform or uneven). The size
and distribution depend on the weight ratio and the num-
ber of bonds between the protein and the polysaccharide
(R. Zhang et al., 2020). The morphology exhibited by
the CC_, showed the formation of a three-dimensional
network with a heterogeneous and porous structure con-
taining small aggregates.
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SEM micrographs of ternary complex coacervate variations (CC,,), with different AP:CP weight ratios (a/b): CC,., ,

(a), CC,.,,5 (b), CC,,,, (c), CC,.,,, s (d). Magnifications: 5000% (1) and 10000x (2).

Colorimetry

According to the CIELAB system, the color parameters
show coordinates that cover the entire color range per-
ceived by the human eye, where: -a* = green, +a* = red,
-b* = blue, +b* = yellow, L* = 0 to 100 (black/white),
the angle of tone (H*) = 0 to 360° (red), 90° (yellow),
180° (green), 270° (blue), and saturation (C*) = 0 to 100

(Kuck and Norena, 2016). Table 3 presents the results of
the color parameters for the CC_, variations. L* values
ranged from 54.4 + 0.2 to 61.1 + 0.1, indicating that the
samples presented a predominantly light color. CC , vari-
ations not containing PE had significantly higher L* val-
ues than those containing PE (CC,,,,, CC, ., CC, .,
and CC,, ). Values of a* and b* were positive, showing a
tendency of the CC_, to red and yellow, respectively.
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Table 3. Chromatic parameters of ternary complex coacervates (CC,,).

cc,, L* a* b* H () ¢t
CC,Q 0 o 60.7 £ 0.4° 20£02° 12,0403 805+ 0.7 122403
\
CC, .0 58.3+0.4° 29402 121010 76.7£1.0° 1241010
CC, 06 = 54.4402° 42402° 132403 726 405 13940.4°
®
o
CC.no AR 61.1£0.1° 19402¢ 12.7£0.2 815 0.7 128402
-:'.4‘;
CC,p & 59.7 0.3 10£0.1¢ 106 +0.4¢ 84.8+0.1° 10.7£04°
CC, s - 55.80.3¢ 374012 1414012 753402 1454012
s

Different letters in the same column indicate significant differences between means (p < 0.05).

Eze et al. (2022) mentioned that the concentration of PE
could contribute to the decrease in luminosity and the
increase in a* and b* values due to the color of anthocya-
nins present in the cacao pod husk and bean shell, which
agrees with the findings of this work. H* values ranged
from 72.6° to 84.8°, confirming that the color hue tended
to be reddish yellow. C* values ranged from 10.7 to 14.5,
indicating that all of the CC_, variations exhibited rather
muted color intensity, as observed by low saturation
values.

Antioxidant activity

Cacao by-products are rich in polyphenols, which have
antioxidant properties that help prevent oxidative dam-
age to cells (Zhang et al., 2024). TPC (expressed as GAE)
results of cacao pod husk and cacao bean shell extracts
were 53.7 + 2.1 mg/g and 86.4 + 4.1 mg/g, respectively.
Cantele et al. (2020) reported that the TPC of cacao bean
shells ranged from 3.12 to 94.95 mg/g. On the other
hand, the cacao pod husk had a TPC between 46.0 and
57.0 mg/g (Campos-Vega et al., 2018). Therefore, the data
obtained are within the ranges mentioned above. TPC
for the mixture of cacao shell and husk extracts (PE) was
determined, obtaining a value of 70.7 + 2.5 mg/g.

Table 4 shows phenolic compounds identified in PE by
GC-MS analysis, along with other compounds such as
caffeine and theobromine, which have antioxidant and

anti-inflammatory properties, a positive effect on mood,
and influence on alertness. The phenolic compounds
identified possess biological properties due to their abil-
ity to donate electrons and hydrogens. Some compounds,
such as protocatechuic acid, pyrogallol, and vanillic acid,
exhibit antioxidant and antimicrobial activity (Zhang
et al., 2024).

Table 5 presents the TPC (expressed as GAE), ABTS,
and DPPH. values displayed by the CC , variations, PE_
(PE 0.5%, w/v), AP, and CP. It is worth mentioning that
Castel et al. (2014) noted that the TPC for Amaranthus
spp. depended on the extraction method, ranging from
0.01 to 3.0 mg/g. On the other hand, Nieto-Figueroa et al.
(2020) reported that TPC values for CP ranged from 24
to 27 mg/g. In relation to the above, AP and CP had a low
inhibition % of ABTS* compared to PE, . It is important
to highlight that the TPC values obtained from AP and
CP were subtracted from their respective systems so as
not to overestimate the antioxidant capacity of PE. TPC
values increased from 4.3 + 0.1 to 35.9 + 0.2 mg/g as the
PE concentration increased from 0.0 to 0.5% (w/v) and
the weight ratio AP:CP increased from 2:1 to 5:1.

CC,,, variations’ DPPHe inhibition % values were higher,
ranging from 15.1 + 0.7 to 52.7 + 2.2%, as the AP:CP
weight ratio increased from 2:1 to 5:1 and the PE con-
centration increased from 0.0 to 0.5% (w/v). Kuck and
Norefia (2016) microencapsulated phenolic extract of
grape skin using gum Arabic, partially hydrogenated guar
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Table 4. Antioxidant compounds identified in the phenolic extract (PE).

Amaranth protein-cacao pectin/phenolic extract complex

Compound* RT (min) MW (g/mol) Molecular ion/(m/z) Fragmented ions/(m/z) Molecular formula
Catechol 11.9 110.1 207 75,117, 147, 151, 167, 169 CH.0,
4-Metilcatechol 15.2 1241 269 147,207, 253, 268 C,H,0,
Hydroquinone 15.4 110.1 254 73, 75,131, 147, 207, 239 CH:0,
Isovanillin 17.5 152.1 312 149, 165, 223 CgH;0,
Pyrogallol 17.7 126.1 343 73, 147, 239, 240, 241, 327, 342 CeH:O,
3-hydroxybenzoic acid 18.7 138.1 282 75, 193, 267, 268 C,H.0,
4-hydroxybenzoic acid 18.8 138.1 312 193, 207, 223, 267, 268 C,H.0,
Vanillic acid 20.7 168.1 297 73, 207, 223, 253, 267, 282 CgH;0,
Protocatechuic acid 215 154.1 371 73,193, 194, 281, 311, 355, 370 C,HO,
Caffeine 221 194.1 195 82, 109, 165, 194 CeH,N,O,
Theobromine 21.8 180.1 181 82, 109, 137, 180 C,HN,0,

*Derivative TMS. Source: Authors’ creation. PE= cacao shell/husk phenolic extract. RT=retention time. MW=molecular mass. m/z= mass-to-charge

ratio.

Table 5. Total phenolic content (TPC), ABTS*, and DPPHe
percentage inhibition of complex coacervates (CC,,), phenolic
extract (PE), amaranth protein isolate (AP), and cacao husk pectin
(CP).

Sample TPC ABTS* DPPH-
(GAE (mg/g)) (%) (%)

CC,no 43£0.1" 6602 151£0.7¢
CC, .10 11.2£0.2 30.7 0.8 37.7+£0.9°
CC,.105 26.8+0.3° 33.6+0.8° 498+ 1.7°
CC..00 9.1 +0.1¢ 12.2£0.5¢ 325+1.3
O 19.2£0.1° 329+£0.7° 37.1£0.9°
Gy s 3591£0.2° 35.0£0.7° 52.7 £2.2°
PE,.. 46.6 0.3 34.9£0.7° 49.80.9°
AP 1.8+0.2 951£1.5° 203+1.7¢
CP 2311044 16.5+ 0.3 38.5+0.3°

Values are presented as mean = standard deviation. Different letters
on the same column indicate significant differences between means
(p < 0.05). GAE=gallic acid equivalents.

gum, and polydextrose as encapsulating agents, report-
ing inhibition % values between 45.4 and 59.1%, suggest-
ing that an increase in the concentration of the phenolic
extract enhances antioxidant capacity.

CC,, variations’ ABTS* inhibition % increased from
6.6 + 0.2 (CC, o) to 35.0 + 0.7 (CC, ) as the AP:CP
weight ratio increased from 2:1 to 5:1 and the PE con-
centration increased from 0.0 to 0.5% (w/v). Constantino
and Garcia-Rojas (2022) reported similar findings in
amaranth protein-carboxymethylcellulose coacervates
used for encapsulating ethanolic extracts of betanin.
They found that increasing the weight ratio of the encap-
sulating material, as well as the concentration of phenolic
compounds, significantly enhanced antioxidant activity.

Both DPPH. and ABTS* inhibition % values showed
a similar trend dependent on PE concentration, likely
due to the reducing properties of phenolic compounds,
which act by donating hydrogen atoms to interrupt free
radical reactions (Kashyap et al., 2022).

Conclusions

A high yield of high methoxyl pectin was obtained from
agro-industrial cacao residues, meeting the requirements
for commercial applications. The formation of coacervates
between AP, CP, and PE is influenced by two key factors:
the weight ratio AP:CP and the concentration of PE. These
factors play a crucial role in determining the physico-
chemical and functional properties of CC_,. As the AP:CP
weight ratio increased, the resulting coacervates exhib-
ited higher yield and larger particle size. CC_, showed a
tendency toward red and yellow hues due to the color of
phenolic compounds present in PE. Additionally, phenolic
compounds with antioxidant properties were identified in
PE. High inhibition % values of DPPHe and ABTS* were
observed in CC_, as the PE concentration increased from
0.0 to 0.5% (w/v). Based on these findings, and considering
their physicochemical characteristics, this study provides
a new and broad perspective on the application of ternary
complex coacervates as viable ingredients in the devel-
opment of new foods—particularly those with shades of
low red and yellow saturation—such as sauces, creams,
yogurt, butter, and mayonnaise, while also supplying anti-
oxidants and high-quality protein.
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