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ABSTRACT

Background. Biopolymers can be modified to induce and enhance complexation with other molecules. This 
study aimed to: (a) obtain insoluble complex coacervates (ICC) via electrostatic interactions between native 
(N) and modified amaranth protein (AP) using pH shifting (pH 12) and ultrasonication (US), or dual treat-
ment (pH 12-US) with gelatinized octenyl succinic anhydride-modified corn starch (CSOSA); and (b) evaluate 
the structural, rheological, thermal, morphological and digestibility properties of the ICC variants.
Material and methods. Protein-polysaccharide ICC variants were prepared via electrostatic interactions 
at pH 3.5 and designated as APN-CSOSA, APUS-CSOSA, APpH12-CSOSA and APpH12US-CSOSA. These variants were 
evaluated for ζ-potential, secondary structure and starch band, in vitro digestibility, rheology, calorimetry, 
morphology, sulfhydryl groups and disulfide bonds.
Results. Protein modification significantly influenced the starch band and the proportions of major second-
ary structure components (β-sheet, random coil, α-helix and β-turn) in the ICC variants. In vitro protein 
digestibility was highest in APN-CSOSA (98.1 ±0.52%) and APpH12US-CSOSA (98.3 ±0.91%). All ICC variants 
showed a significant increase in the slowly digestible starch fraction. The pasting temperature was highest 
for APN-CSOSA (88 ±0.8°C) and lowest for APpH12-CSOSA (55 ±1.3°C). Starch retrogradation was lowest for 
APpH12US-CSOSA (43 ±0.37%) and highest for APN-CSOSA (63 ±1.1%).
Conclusion. Vegetable by-products, such as proteins and starch, can be effectively used to form ICCs. How-
ever, they require prior modification through chemical and/or physical methods to optimize their techno-
functional properties and digestibility.

Keywords: modified amaranth protein, pH-shifting, ultrasound, OSA-modified corn starch, insoluble 
complexes
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INTRODUCTION

The use of biopolymers with low production costs, 
such as plant proteins and polysaccharides, is increas-
ingly common to improve the quality and nutritional 
value of food products (Lin et al., 2017). However, 
protein modification is essential for enhancing tech-
no-functional properties and expanding commercial 
applications (Kamani et al., 2022). Native proteins 
from grains and seeds can be modified through physi-
cal (e.g., ultrasound, high-speed shearing), chemical 
(e.g., pH-shifting), or combined methods to improve 
or develop new techno-functional properties (Kamani 
et al., 2022). Many globular proteins undergo confor-
mational changes when exposed to extreme pH con-
ditions, leading to increased repulsions between side 
chains and partial unfolding of the protein’s tertiary 
structure, often referred to as the molten globule state 
(Nissen et al., 2021). For instance, pH-shifting has 
been used to enhance the hydrophobicity of soybean 
protein isolate for preparing sub-micron gel particles 
(Yang et al., 2020). The solubility, exposure of hydro-
phobic residues, and emulsifying activity of Ging-
ko seed proteins were also affected by pH-shifting 
(Zhang et al., 2021b). On the other hand, ultrasound 
can alter the physical and even chemical/biochemical 
properties of proteins by applying high-shear energy 
waves and cavitation effects in a cost-effective man-
ner. Quinoa protein isolate subjected to ultrasound 
(5–35 min) showed improved water and oil binding 
capacities, as well as enhanced emulsifying proper-
ties (Mir et al., 2019). Dual pH-shifting (pH 12.5) and 
sonication (20 kHz) treatment increased the solubility, 
free sulfhydryl content, and surface hydrophobicity 
of rapeseed protein isolates (Li et al., 2020). Native 
amaranth protein subjected to pH-shifting (pH 2 and 
pH 12) combined with ultrasound (50% amplitude, 
10 min) showed increased protein solubility, foaming 
capacity, and stability, with optimal results under basic 
pH-shifting (Figueroa-González et al., 2022).

Protein-polysaccharide mixtures can also enhance 
the stability of dispersed systems. Cationic and ani-
onic biomolecules interact through electrostatic forces 
to form complex molecular organizations. Insoluble 
complexes occur when intermolecular electrostatic in-
teractions between biopolymers are sufficiently strong, 
leading to a net charge close to zero. This results in 

liquid-liquid phase separation, with one phase being 
solvent-rich (equilibrium phase) and the other phase en-
riched in complexes (complex coacervate) (Rodríguez- 
-Rodríguez et al., 2018). The functional properties of 
these complexes are typically superior to those of in-
dividual biopolymers. Heating protein-polysaccharide 
complexes above the protein denaturation temperature 
can significantly improve the stability of the particles, 
making them more suitable as carrier and delivery sys-
tems for nutrients (Jones et al., 2009). Wu et al. (2020) 
investigated the formation of complexes between whey 
protein isolate (WPI) and octenyl succinic anhydride-
modified corn starch (CSOSA), finding that the CSOSA 
was more likely to interact with heated (90°C, 20 min-
utes) WPI than non-heated WPI. Heated WPI formed 
soluble complexes with CSOSA driven by electrostatic 
interactions, while the structural properties of these 
complexes were determined by hydrophobic interac-
tions. There is limited information on the digestibility 
of protein-polysaccharide complexes, as well as their 
influence on the digestibility of starchy foods, which 
has led to growing research interest in this area. Feng 
et al. (2020) studied the effects of ionic polysaccha-
rides – chitosan (C), sodium alginate (A), and xanthan 
gum (X) – on the in vitro starch digestibility of wet 
sweet potato vermicelli (SPV) when forming binary 
complexes with egg white protein (EP) (C-EP, A-EP, 
X-EP). The addition of all the complexes significantly 
increased the readily digestible starch fraction and re-
duced the resistant starch fraction in SPV, compared to 
the control SPV without the addition of complexes.

The aim of this study was to: (a) obtain variations 
of insoluble complex coacervates through the electro-
static interaction between native or modified amaranth 
protein variants (modified via pH-shifting at pH 12, 
ultrasonication, or dual pH shifting/ultrasonication 
treatment) and gelatinized CSOSA; and (b) evaluate the 
structural, rheological, thermal, morphological prop-
erties, as well as the in vitro starch and protein digesti-
bility of the resulting protein-polysaccharide insoluble 
complex coacervates.

MATERIALS AND METHODS

Materials
Amaranth (Amaranthus spp.) seeds of the criollo 
Amilcingo variety were provided by INIFAP, Zacatepec 
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Experimental Field (18º39’ 20.97’’ N and 99º12’01.44’’ W,  
elevation of 919 m above sea level ), in the State of Mo-
relos, Mexico. Native corn starch (CS; CAS number 
9005-25-8, moisture content 10.5%, pH 4.8; ash con-
tent 0.5%, protein content 0.1%), and the enzymes used 
for in vitro digestibility analysis –  pancreatic trypsin 
(Type IX, 15,310 units/mg protein), bovine pancreatic 
chymotrypsin (Type II, 48 units/g solid), porcine intes-
tinal peptidase (P-7500, 115 units/mg solid), bacterial 
protease (Type XIV, 4.4 units/mg solid), amyloglucosi-
dase (A9913), and amylase (A4862) – were purchased 
from Sigma-Aldrich Mexico (Toluca, State of Mexi-
co, Mexico). Sodium hydroxide, hydrochloric acid, 
ethanol, and hexane were purchased from J.T. Baker 
(Xalostoc, State of Mexico, Mexico). Deionized water 
(DW) was used in all tests.

Extraction of amaranth protein isolate
Amaranth flour (AF) was prepared by grinding ama-
ranth grains in a NutribulletTM food processor (NB- 
-101B, Hong Kong, Ltd., Guandong, China) and siev-
ing through a No. 80 mesh screen (Manufacturers of 
Industrial and Commercial Supplies, St. Louis, MO, 
USA). The AF was degreased using hexane in a Sox-
hlet apparatus for 5 hours. The defatted AF was then 
dispersed in deionized water (DW) at a 1:8 w/v ra-
tio, and the protein was solubilized by adjusting the 
pH to 11.0 with 2.5 N NaOH under constant stirring 
for 2 hours. The mixture was centrifuged (Eppendorf 
Centrifuge 5810 R, Hamburg, Germany) at 7168 × g 
and 20°C for 15 minutes. The supernatant was filtered 
through Whatman No. 1 filter paper and stored at 4°C 
for 16 hours. Afterward, the supernatant was shaken 
(IKA-WERKE Magnetic Stirrer RO15, Staufen, Ger-
many) at 500 rpm for 10 minutes, and the protein 
was precipitated by adjusting the pH to 4.0 (isoelec-
tric point) with 2.5 N HCl under constant stirring for 
2 hours. The suspension was centrifuged as before. 
The precipitate was washed three times with acidified 
DW (pH 4, 1:5 w/v ratio) and centrifuged. The pro-
tein precipitate was dispersed in DW (1:5 w/v ratio), 
neutralized to pH 7 with 2.5 N NaOH, and dried at 
35°C for 45 hours in an air circulation oven (Riossa 
Digital HCF-62, Mexico City, Mexico). The result-
ing native amaranth protein isolate (APN) was finely 
ground using a mortar and stored at room temperature 
(22 ±2°C) in amber bottles until further use. A specific 

conversion factor of 5.85 was used to determine the 
protein content of APN (Paredes-López, 2018). Fat, 
ash, fiber, and protein were analyzed according to 
AOAC (1996) methods.

Modified amaranth protein variations
APN (30 mg/mL) was dispersed in deionized wa-
ter (DW), stirred for 1 hour at room temperature 
(22 ±2°C), and then heated to 90°C for 20 minutes. 
The heated APN was used to obtain modified amaranth 
protein variations by: (a) adjusting the pH of APN to 
12.0 (pH-Meter H1221, Hanna Instruments, Mexico 
City, Mexico) with 2.5 N NaOH. The dispersion was 
kept at room temperature for 1 hour, then the pH was 
adjusted back to 7.0 with 2.5 N HCl and stirred con-
tinuously for 1 more hour. The sample was coded as 
APpH12; (b) APN was subjected to ultrasonication (US) 
using an 8 mm diameter stainless steel probe (Ultra-
sonic Processor, VCX 130 PB 500/750 W, Sonics and 
Materials, Inc., Newton, CT, USA) for 10 minutes at 
an amplitude of 50%, using an ice bath. The sample 
was coded as APUS; (c) A sample of APpH12 was sub-
jected to US as described in (b). The resulting modi-
fied protein variation was coded as APpH12US.

Modification of corn starch by Octenyl Succinic 
Anhydride (OSA) esterification
The procedure described by Lopez-Silva et al. (2019) 
was followed. Corn starch (CS, 30 g dry weight) was 
dispersed in 100 mL of deionized water (DW) with 
gentle stirring. The pH was adjusted to 8.75 using 0.1 N 
NaOH, and 3 w/w % OSA (relative to the dry weight 
of corn starch) was added. The OSA was introduced in 
six aliquots at 20-minute intervals, with the pH main-
tained at 8.75 throughout the process. The mixture 
was allowed to react for 4 hours. Afterward, the pH 
was adjusted to 7.0 using 0.1 N HCl, and the mixture 
was centrifuged at 2268 × g at 20°C for 10 minutes 
(Allegra TM64R centrifuge, Beckman Coulter, Brea, 
CA, USA). The sample was washed three times with 
DW and one with 70% ethanol. Finally, the sample 
was dried at 40°C for 24 hours. The resulting powder 
was coded as CSOSA. The apparent amylose content 
was calculated from the ratio of absorbance measure-
ments at 620/510 nm using a Spectronic GENESYS 2 
UV–vis Spectrophotometer (Thermo Fisher Scientific, 
Inc. Waltham, MA, USA).
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Preparation of stock solutions
Aqueous dispersions (5% w/v) of the different ama-
ranth protein variations (APN, APpH12, APUS, APpH12US) 
were maintained under magnetic stirring (500 rpm) for 
2 hours at room temperature and stored overnight at 
4°C to ensure full hydration. The pH of the disper-
sions was adjusted to 7.0 using 0.5 N NaOH and cen-
trifuged at 1000 × g at 20°C for 30 minutes to separate 
the insoluble protein fractions (Cuevas-Bernardino et 
al., 2018). An aqueous dispersion (2.5% w/v) of CSOSA 
was kept under magnetic stirring (500 rpm) for 2 hours 
at room temperature. The dispersion was then heated 
in a water bath at 95°C for 20 min to ensure complete 
gelatinization of the starch. To prevent starch retrogra-
dation, the gelatinized CSOSA dispersion was freshly 
prepared at the start of each experiment.

ζ-potential
The pH values of the stock solution samples were ad-
justed to a range between 3 and 6, at 0.5 pH intervals, 
using 0.1 N NaOH, and then diluted with deionized 
water (DW) to a concentration of 0.1% w/v. The di-
luted samples were discharged into a capillary cell 
of a Zetasizer Nano ZS90 analyzer (Malvern Instru-
ments, Malvern, Worcestershire, UK). The ζ-potential 
was determined by measuring the direction and veloc-
ity of the dispersed molecules as they moved along 
the applied electric field. The equipment’s software 
converted the electrophoretic mobility measurements 
into ζ-potential values using the Smoluchowski math-
ematical model.

Formation of the Insoluble Complex Coacervates 
(ICC)
The interactions between CSOSA and the different 
amaranth protein variations (APN, APpH12, APUS and 
APpH12US) are driven by attractive electrostatic forces. 
Based on the ζ-potential-pH behavior of the individual 
biopolymers, a pH was selected where the maximum 
absolute value of the product between the negative 
ζ-potential of the gelatinized CSOSA and the positive 
ζ-potential of APN, APpH12, APUS and APpH12US occurred, 
and where the negatively and positively charge den-
sities were more balanced (Espinosa-Andrews et al., 
2008). The selected pH was 3.5 (Fig. 2a). The relative 
weight ratios at which the negatively charged CSOSA 
and the positively charged modified amaranth protein 

variations should be mixed to obtain the ICC were de-
termined as follows: 10 mL (0.02 mg/mL) of the AP 
variations at pH 3.5 were loaded into the capillary cell 
of the Zetasizer Nano ZS90 analyzer, and ~0.25 mL 
aliquots of CSOSA (0.5 mg/mL) at pH 3.5 were titrated 
into the capillary cell using the MPT-2 equipment au-
totitrator. Changes in ζ-potential and mean hydrody-
namic diameter (dh) were monitored and recorded by 
the instrument’s software. The optimal mass ratio for 
ICC formation between the various AP variations and 
CSOSA was identified as the point where the dh began to 
decrease sharply and the ζ-potential approached zero. 
The selected mass ratios for the different AP variations 
with gelatinized CSOSA were: 1:0.25 for APN-CSOSA, 
APpH12-CSOSA, APUS-CSOSA, and 1:1 for APpH12US-CSOSA 
(Fig. 2b).

FTIR Spectra
Samples were transferred onto 96-well IR-transparent 
Siplates and dried in an air circulation Riossa oven at 
30°C for 12 hours. Five replicated FTIR samples were 
prepared to account for possible variations. Infrared 
spectra were recorded using an FTIR spectrophotom-
eter (Frontier, Perkin Elmer, Mexico City, Mexico), 
equipped with a universal attenuated total reflectance 
(ATR) accessory. Dried ground samples (~10 mg) of 
the AP variations, gelatinized CSOSA, and the different 
ICC were placed in contact with the diamond crys-
tal, with geometry adjusted using a force gauge (60 
units). Absorbance was measured over the wavelength 
range of 4000–400 cm–1 with a resolution of 40 cm–1. 
Quantitative analysis of the FTIR spectra was per-
formed using numerical least-squares deconvolution 
with Gaussian basis functions with the OriginLab® 
(Version 2018) software package. The baseline was 
removed for all cases. Specifically, the Amide I region 
(1700–1600 cm–1) was analyzed to assess the protein 
secondary structure and identify the relevant peaks. 
Numerical least-squares deconvolution was also ap-
plied to the starch band in the range of 1200 and 900 
cm–1 to determine the ordered structures of the exter-
nal starch region. Gaussian peaks were assigned to the 
corresponding structures based on their center, and the 
integral of each peak was divided by the sum of all de-
termined peaks. This allowed for the calculation of the 
proportion (%) of each structure in both the amaranth 
protein and starch.
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In vitro digestibility
In vitro protein digestibility (IVPD)
The different AP and ICC variations (63.8 mg each) 
were separately dissolved in 10 mL of deionized water 
(DW). The pH was adjusted to 8.0 using 1 N NaOH, 
and the samples were agitated continuously in a water 
bath until they reached 37°C. To each sample, 1 mL 
of enzyme solution (1.58 mg of trypsin, 3.65 mg of 
chymotrypsin and 0.45 mg of peptidase) was added 
while stirring in the water bath (37°C). Immediately, 
1 mL of bacterial protease (1.48 mg) was added, and 
the samples were stirred at 55°C for 10 minutes. After 
cooling to room temperature (22 ±2°C), the pH was 
measured to estimate IVPD according to the methods 
of Hsu et al. (1977) and Rothenbuhler and Kinsella 
(1985). Briefly, the initial pH was recorded before en-
zyme addition and then recorded at 30-second inter-
vals over a 10-minute period. The pH drop in in vitro 
protein digestibility (IVPD, %) was calculated using 
the following formula:

IVDP(%)pH-drop = 65.66 + 18.10×∆pHmin

In vitro starch digestibility
The in vitro digestion of the gelatinized CSOSA and the 
ICC variants was performed following the methodol-
ogy proposed by Lee et al. (2019) with slight modifi-
cations. In brief, pancreatic α-amylase (0.0225 g, 10 
U/mg) was suspended in 7.5 mL sodium acetate buffer 
(0.02 M, pH 5.5) with stirred magnetically for 30 min-
utes, followed by centrifugation at 1500 × g for 5 min. 
The supernatant was transferred into a beaker and 
mixed with 0.75 mL of amyloglucosidase (300 U/mL).  
This enzyme solution was prepared freshly and equili-
brated at 37°C for 10 minutes before each test. ICC 
and starch samples (0.5 g) were dispersed in 25 mL 
of deionized water (DW) and equilibrated at 37°C 
for 10 minutes in a water bath. The enzyme solution 
(0.75 mL) was then added to samples, which were 
incubated at 37°C with gentle shaking for 120 min-
utes. Aliquots were taken at 0, 20 and 120 minutes. 
For quantitative determination of reducing sugars, 
the DNS method was used (Miller, 1959). A standard 
curve was prepared by measuring the absorbance at 
540 nm of known concentrations of glucose solutions. 
Measurements were made in duplicate for each sam-
ple, and the data presented are the averages of these 
results.

The percentages of readily digestible starch (RDS), 
slowly digestible starch (SDS), and resistant starch 
(RS) in the samples were calculated using the follow-
ing equations:

RDS(%) = G20 – FG × 0.9 × 100TS

SDS(%) = G120 – G20 × 0.9 × 100TS

RS(%) = ((TS – RDS + SDS)/TS) × 100

where:
RDS is the rapidly digestible starch
SDS is the slowly digestible starch
RS is the resistant starch
G20 and G120 are the amounts of glucose released 

after 20 and 120 minutes, respectively
FG is the amount of free glucose in the original 

sample
TS is the total starch weight of the original sample 

(Ye et al., 2019).

Pasting properties
The pasting profiles of aqueous dispersions of ICC var-
iants (1.5 mL, 5% w/w, pH 3.5) were determined as de-
scribed by Mendez-Montealvo et al. (2011), with slight 
modifications. A rotational test was performed using 
a Physica MCR 301 rheometer (Anton Paar, Messtech-
nik, Stuttgart, Germany) with a plate-plate geometry 
(25 mm diameter; 1 mm gap), at a heating or cooling 
rate of 2°C/min and a constant shear rate of 50 s–1. To 
prevent water evaporation during the test, the edge of 
the geometry was covered with glycerin. The rheom-
eter was programmed to run heating sweeps from 25°C 
to 90°C, hold at 90°C for 10 minutes, cool the sample 
from 90°C to 25°C, and hold at 25°C for 5 minutes.

Figure 1 shows a schematic representation of typi-
cal pasting profiles and the parameters that can be ob-
tained from them (Park et al., 2007). The parameters 
measured were: pasting onset temperature (PO), peak 
temperature (PT), peak viscosity (PV), trough viscos-
ity (TV), final viscosity (FV), breakdown viscosity 
(BV), and setback viscosity (SB).
• PO is the temperature at which the viscosity of 

a substance begins to increase
• PV is the maximum viscosity reached during the 

heating and holding cycle
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• PT is the temperature at which the substance 
reaches its peak viscosity (PV)

• TV is the minimum viscosity reached after the PV
• FV is the viscosity at the end of the test.

These parameters are used to describe the pasting 
properties of substances like starch. Additional param-
eters related to pasting properties include:
• Breakdown viscosity (BV), the difference be-

tween the PV and TV
• Setback viscosity (SV), the difference between the 

PV and FV.

Differential Scanning Calorimetry (DSC)
The thermal properties of the different ICC variants 
were measured using a DSC (Q1000, TA Instruments, 
New Castle, DE, USA). Dried ICC (5 mg, dry basis.) 
was weighed and placed in an aluminum pan (40 µL, 
diameter 5 mm), to which 10 µL of deionized water 
(DW) (pH 3.5) was added. The samples were then 
hermetically sealed and allowed to equilibrate for 
24 hours at 4°C before being heated in the DSC. The 
sample was subjected to a heating ramp from 20°C to 
200°C in a heating rate of 10°C/min.

The thermal properties associated with the ge-
latinization of the ICC were determined by measur-
ing changes in enthalpy (∆H in J g–1 of dry ICC), as 
well as the initial temperature (To), peak temperature 
(Tp), and conclusion temperature (Tc). After thermal 

analysis, the samples were stored at 4°C for 7 days to 
investigate ICC retrogradation. Retrogradation enthal-
py (∆Hret) was automatically calculated, and the retro-
gradation percentage (% R) was determined using the 
following formula:

%R = 100 × ∆Hret /∆Hgel.

Scanning Electron Microscopy (SEM)
The samples were dried according to the procedure 
described for FTIR analysis. A small amount (approxi-
mately 0.1 g) was placed onto a piece of aluminum using 
double-sided tape. Protein particles were mounted on 
carbon sample holders using double-sided sticky tape 
and were observed using a JEOL JMS 7600F scanning 
electron microscope (Akishima, Japan), operating in 
GB-H mode at an accelerating voltage of 1 kV. Micro-
graphs were captured at a magnification of 3000×.

Sulfhydryl groups (SH) and disulfide bonds (SS)
A 4 mg solution of DTNB (Ellman’s Reagent; 5,5-dith-
io-bis-2-nitrobenzoic acid) was freshly prepared by 
dissolving it in 1 mL of buffer (0.05 M sodium phos-
phate and 0.1 M sodium chloride, pH 7). To determine 
free sulfhydryl groups (SHf), 15 mg of ICC were dis-
solved in 10 mL of buffer, and 50 µL of DTNB solu-
tion was added. The mixture was stirred for 1 hour at 
room temperature and then centrifuged at 7168 × g for 
15 minutes at 15°C. The absorbance of the supernatant 
was measured at 412 nm (Thermo Fisher Scientific, 
Waltham, MA, USA).

To identify exposed sulfhydryl groups (SHe), the 
same procedure as for SHf was followed, but without 
buffer, and the protein was dissolved in 10 mL of 8 M 
urea. The total sulfhydryl content (SHt) was deter-
mined by dissolving the ICC in 10 mL of 8M urea, 
then adding 50 µL of mercaptoethanol and 50 µL of 
DTNB. The disulfide bonds content (SS) was calcu-
lated as the difference between SHt–SHe. The sulfhy-
dryl SH content was calculated using the extinction 
coefficient of DTNB (13600 M–1 cm–1) and expressed 
as µmol/g of protein.

Statistical analysis
All measurements were conducted in triplicate across 
three independent experiments. The results are ex-
pressed as mean values ±standard deviation. Data 

------- indicates temperature profiles; a: pasting onset temperature 
(PO); b: peak viscosity (PV) and peak temperature (PT); c: trough 
viscosity (TV); d: final viscosity (FV).

Fig. 1. Pasting profiles obtained with a rotational rheometer
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were analyzed using ANOVA, and where appropriate, 
Tukey’s test was used for mean comparisons. Statisti-
cal significance was defined as p ≤ 0.05 (SAS version 
9.4, SAS Institute Inc., NC, USA).

RESULTS AND DISCUSSION

Composition
The composition of the defatted AF (% w/w, dry 
weight basis) was as follows. Ash: 3.45 ±0.46, protein: 
18.08 ±0.65, fat: 0.42 ±0.05, fiber: 3.31 ±0.08, and 
carbohydrates: 73.50 ±0.63. The APN yield was 5.02 
±0.48% w/w, with a protein content of 83.29 ±1.02% 
w/w (dry weight basis, db).

ζ-potential of biopolymers and ICC
The ζ-potential values of the AP variations and gelati-
nized CSOSA are presented in Figure 2a. The ζ-potential 
of the different AP variation dispersions ranged from 
26.4 ±1.75 (pH 3.0) to –28.6 ±1.06 mV (pH 6.0). 
Negative ζ-potential values were observed when the 
pH of the medium exceeded the isoelectric point (pI) 
of the AP variations. The pI of the AP variations fluc-
tuated between about 3.6 for APUS to 4.0 for APpH12US 
(Fig. 2a). This behavior can be attributed to the ioni-
zation of carboxylic groups (COOH) to carboxylate 
groups (COO‒), while positive ζ-potential values at pH 
values below the isoelectric point result from the pro-
tonation of amino residues (NH2) which form ammo-
nium groups (NH3

+) (García-de la Rosa et al., 2023).
The negative ζ-potential values exhibited by the AP 

variations increased from pH 4.5 to pH 6.0, with the 
following trend from more negative to less negative: 
APN > APUS > APpH12 > APpH12US (Fig. 2a). Fluctuations 
in the ζ-potential values are affected by the pI of the 
different AP variations, which defines the pH at which 
the carboxylic acid ionization commences, as well as 
the method used to alter the protein structure. Differ-
ent methods impact the protein structure in different 
ways, potentially exposing new functional groups 
while burying previously exposed ones (Nazari et al., 
2018). For example, US treatment can induce partial 
unfolding of the native protein, exposing new func-
tional groups that were previously buried within the 
interior (Zhang et al., 2021a). If these newly exposed 
groups carry positive charges, they may neutralize the 
negative charges of the functional groups that were 

present on the surface before treatment (Yang et al., 
2023).

The ζ-potential values for gelatinized CSOSA 
ranged from 0.01 ±0.001 (pH 3.0) to –20.6 ±0.20 mV 
(pH 6.0). The consistently negative values across the 
entire pH range are due to the low pKa values of the 
carboxyl groups. The maximum stoichiometric differ-
ence between the positively charged AP variations and 
the negatively charged gelatinized CSOSA occurred at 
a pH value of 3.5 (pHesteq), which was used for the for-
mation of all ICCs.

Respectively a) ζ-potential of insoluble complex coacervates (ICC) 
of native (APN) and modified (APUS, APpH12 and APpH12US) amaranth 
protein with CSOSA, b) filled symbols represent the ζ-potential, and 
empty symbols represent the dh.
The vertical bars represent the SD.

Fig. 2. ζ-potential of the gelatinized octenyl succinic anhy-
dride-modified corn starch (CSOSA), native (APN), and modi-
fied (APUS, APpH12 and APpH12US) amaranth proteins using 
ultrasonication, pH shifting and dual modification
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The ζ-potential values for the different ICC varia-
tions ranged between 19.3 ±2.10 to –4.5 ±0.44 mV. The 
mass ratio used to form the APN-CSOSA, APUS-CSOSA  
and APpH12-CSOSA insoluble complexes was 1:0.25, 
while for APpH12US-CSOSA, it was 1:1. At these mass 
ratios, the ζ-potential presented values were close to 
zero, indicating that the protein molecules had enough 
binding sites to immediately saturate the negative 
charge of the polysaccharide at pH at 3.5, indepen-
dently of the AP treatment used in the formation of 
ICCs (Fig. 2a). When the gelatinized CSOSA molecules 
were in excess, all the positive charges of the protein 
molecules were neutralized and, thus, the gelatinized 
CSOSA molecules dominated the overall charge of the 
system. Additionally, the ICC variations exhibited 
maximum dh values at pH 3.5 (Fig. 2b). The maximum 
particle size of the ICCs ranged from 458.7 ±7.9 nm 
for APN-CSOSA to 631.5 ±24.1 nm for APUS-CSOSA, 
461.2 ±16.2 for APpH12-CSOSA and 949.4 ±44.3 nm for 
APpH12US-CSOSA. Xu et al. (2021) reported a particle 
size value of 832.3 ±33.2 nm for OSA-modified corn 
starch/chitosan complex.

FTIR analysis
Proteins
The FTIR spectra of the different AP variations are 
shown in Figure 3a. The peaks between 3283 and 
3262 cm–1 correspond to the amide A band, attribut-
ed to the stretching vibrations of the N–H and O–H 
bonds, which are intermolecularly bonded through 
hydrogen bridges. In the case of APN, these peaks 
shifted to lower wavenumbers compared to APUS, 
APpH12 and APpH12US, likely due to the hydrogen bonds 
between protein molecules. The amide I band, which 
ranges from 1700 to 1600 cm–1, arises primarily from 
C=O stretching vibrations, C–N stretching and N–H 
bending vibrations. FT-IR is commonly used to detect 
modifications in the secondary structure of proteins 
resulting from various treatments (Flores-Silva et al., 
2022). Changes in the amide I band peak reflect altera-
tions in the protein’s secondary structure.

The secondary structure components vary, with 
the β-sheet typically presenting bands between 1638–
1610 cm–1, the random coil between 1648–1638 cm–1, 
the α-helix between 1660–1649 cm–1 and the β-turn 
observed at 1652 cm–1 or between 1691–1672 cm–1. 
The four main structural components making up the 

secondary structure of the AP variations were β-sheet, 
random coil, α-helix, and β-turn (Table 1, Fig. 3). 
Among these, β-sheet was the predominant compo-
nent in APN (Fig. 3b) and APpH12US (Fig. 3e) followed 
by random coil, while random coil was the primary 
component in APUS (Fig. 3c) and APpH12 (Fig. 3d).

The β-sheet is the most tightly packed structure in 
a protein molecule. It was expected that APN, subjected 
only to thermal treatment, would exhibit a high pro-
portion of this component. In contrast, for APpH12US, 
it was expected that the combination of pH shifting + 
US treatment would disrupt the secondary structure. 
However, the observed increase in β-sheet content 
suggests that the highly unfolded protein molecules 
induced by the combined treatment likely formed ag-
gregates (Yang et al., 2022). In APUS and APpH12, the 
protein molecules were less unfolded compared to the 
combined US-pH shifting treatment, resulting in an in-
crease in random coil and α-helix components at the 
expense of the β-sheet component. These alterations in 
secondary structure contributed to changes in the over-
all protein structure. Additionally, a higher α-helix con-
tent enhanced the stability and flexibility of the protein.

Insoluble Complex Coacervates
The structural components of the protein and starch 
bands of the different ICC variations are shown in Fig-
ure 4, with numerical values provided in Table 1. The 
β-sheet content increased from 8.5 ±0.6% in APN-CSOSA  
(Fig. 4a) to 20.5 ±1.4 in APpH12-CSOSA (Fig. 4e) and 
25.8 ±1.7% in APpH12US-CSOSA (Fig. 4g), decreasing 
to 1.5 ±0.4% in APUS-CSOSA (Fig. 4c). These results 
contrast with the β-sheet contents, which were signifi-
cantly higher in the individual AP variations compared 
to the ICC variations. Similarly, the random coil com-
ponent was greater in the AP variations than in the ICC 
variations, except for APpH12US. Conversely, all ICC 
variations exhibited significantly higher α-helix con-
tent compared to their corresponding AP variations.

An increase in disordered structures within a protein 
generally indicates greater conformational changes. 
The lowest α-helix content observed in APpH12US-CSOSA 
can be attributed to the dual pH/ultrasonication treat-
ment, which likely destroyed the hydrogen bonds be-
tween the carbonyl group and the amino group in the 
polypeptide chain, destabilizing the α-helix structure 
and reducing the α-helix content.
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a) gaussian deconvolution of FTIR signals in the Amide I region for native (APN) and modified (APUS, APpH12, and APpH12US) amaranth pro-
teins using ultrasonication, pH shifting and dual modification, respectively.

Fig. 3. FTIR illustration of the different amaranth protein variations
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The β-turn content did not differ significantly (p >  
0.05) between APN-CSOSA (8.2 ±0.4%), APUS-CSOSA 
(7.7 ±0.3%) and APpH12US-CSOSA (9.2 ±0.7%), but was 
significantly lower (p ≤ 0.05) in APpH12-CSOSA (0.8 

±0.01%). Additionally, the 1047/1022 and 995/1022 
ratios for the ICC variations (Tab. 2) were significant-
ly higher (p ≤ 0.05) compared to CSOSA. The increase 
in the 1047/1022 ratio was consistent with findings 
reported by Wang et al. (2023) for bean protein-wheat 
starch complexes, where the presence of protein pro-
moted the formation of an ordered structure within 
the starch. This facilitated the formation of hydro-
gen bonds between the protein and the starch hy-
droxyl groups, leading to the rearrangement of starch 
chains. This ordered stable starch structure enhances 
resistance to enzymatic interaction, thereby delaying 
starch digestion. The increase in the 995/1022 ratio 
suggests that protein-starch interactions weakened 
hydrogen bonds between starch molecules, reducing 
the double helix structure of the starch. Furthermore, 
the increase in the 995/1022 ratio may be closely as-
sociated with the formation of complexes between 
protein and starch. The 995/1022 ratio was higher 
for APN-CSOSA compared to the other ICC varia-
tions. A decrease in this ratio suggests a reduction 
in the short-range order of the starch, which can be 
attributed to the starch-protein interactions that re-
strict the reassembly of the starch chain into ordered  
helices.

Table 1. Components of the secondary structure of the different AP and ICC variations

Treatment, %
Component

β-sheets Random coil α-helix β-turn

APN 53.6 ±2.5c 37.3 ±2.5a 8.5 ±0.3a 1.7 ±0.3a

APUS 22.3 ±1.1a 51.0 ±2.2b 21.0 ±1.7b 5.7 ±0.8b

APpH12 41.0 ±0.6b 59.1 ±1.1c 28.2 ±1.1b 8.6 ±0.9b

APpH12US 55.7 ±3.1c 37.1 ±2.4a 5.0 ±0.1a 2.2 ±0.4a

APN-CSOSA 8.5 ±0.6b 33.5 ±0.8b 49.8 ±3.1b 8.2 ±0.4b

APUS-CSOSA 1.5 ±0.3a 35.0 ±2.1b 55.0 ±1.4c 7.7 ±0.3b

APpH12-CSOSA 20.5 ±0.7c 25.9 ±2.3a 52.8 ±1.3c 0.8 ±0.03a

APpH12US-CSOSA 25.8 ±1.7d 46.6 ±2.1c 18.4 ±0.8a 9.2 ±0.7b

Values are presented as mean ±SD of triplicates. Different letters in the same rows indicate sig-
nificant differences (p ≤ 0.05) between means. APN: native amaranth protein; APUS: ultrasonication 
modified amaranth protein; APpH12: pH shifting modified amaranth protein; APpH12US: dual-modified 
amaranth protein (pH shifting and ultrasonication). Insoluble complex coacervates (ICC) between 
the different AP variations and gelatinized octenyl succinic anhydride-modified corn starch (CSOSA).

Table 2. FTIR 1047/1022 and 995/1022 ratios for gelati-
nized octenyl succinic anhydride-modified corn starch (CSO-

SA) and the different ICC variations

Treatment 1047/1022 995/1022

CSOSA 0.11 ±0.002a 0.35 ±0.001ab

APN-CSOSA 0.81 ±0.015d 1.85 ±0.019d

APUS-CSOSA 0.46 ±0.001c 0.76 ±0.002c

APpH12-CSOSA 0.34 ±0.002b 0.38 ±0.001b

APpH12US-CSOSA 0.35 ±0.001b 0.38 ±0.001b

Values are presented as mean ±SD of triplicates. Different letters 
in the same column indicate significant differences (p ≤ 0.05) 
between means. APN: native amaranth protein; APUS: ultrasoni-
cation modified amaranth protein; APpH12: pH shifting modified 
amaranth protein; APpH12US: dual-modified amaranth protein 
(pH shifting and ultrasonication). Insoluble complex coacer-
vates (ICC) between the different AP variations and gelatinized 
octenyl succinic anhydride-modified corn starch (CSOSA).
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Fig. 4. Gaussian deconvolution of FTIR signals in the Amide I region (a, c, e, g) and il-
lustration of least squares numerical deconvolution in the starch band region (b, d, f, h) 
of APN-CSOSA, APUS-CSOSA, APpH12-CSOSA, and APpH12US-CSOSA insoluble complex coacer-
vates of native (APN) and modified (APUS, APpH12 and APpH12US) amaranth proteins using 
ultrasonication, pH shifting and dual modification, respectively, with gelatinized octenyl 
succinic anhydride-modified corn starch (CSOSA)
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Digestibility
In vitro protein digestibility (IVPD)
Figure 5a shows the IVPD for the different AP vari-
ants. The digestibility of APN (86.6 ±1.0%) decreased 
compared to APpH12US (83.2 ±0.61%) but increased rel-
ative to APpH12 (88.8 ±0.73%) and APUS (90.1 ±0.55%). 
Adequate US conditions altered the protein’s confor-
mation, potentially exposing cleavage sites for diges-
tive enzymes. Furthermore, sonication can enhance 
protein digestibility by inducing changes in secondary 
structure content through the physical forces of cavita-
tion and free radicals.

High in vitro digestibility values have been asso-
ciated with a high content of random coil structures 
due to the increased availability of amino acids in 
disordered structures, which facilitates enzymatic 
recognition (Carbonaro et al., 2012). In this con-
text, the APUS and APpH12 variants showed the high-
est random coil content (see Table 1). Conversely, 
a predominant β-sheet structure has been linked to 
resistance against denaturation during gastrointes-
tinal digestion (Carbonaro et al., 2015). This could 
explain the lower digestibility of the APpH12US variant, 

which exhibited a predominance of β-sheet structures 
(see Tab. 1).

Non-significant differences in IVPD (Fig. 5b) 
were observed between APN-CSOSA (98.1 ±0.52%) 
and APpH12US-CSOSA (98.3 ±0.91%). However, APUS- 
-CSOSA (88.6 ±0.36%) and APpH12-CSOSA (88.2 ±0.87%) 
exhibited significantly lower IVPD values than their 
respective counterparts. The increased IVPD can be 
attributed to exposed hydrophobic groups, which en-
able proteolytic enzymes to create additional binding 
sites, thereby hydrolyzing the protein structure and 
eventually increasing IVPD. Bai et al. (2016) reported 
that the percentage of α-helix structures was positively 
correlated with the in vitro digestibility of vegetable 
and animal proteins (R = 0.916, p < 0.001).

In vitro starch Digestibility
The results of the analysis of in vitro starch are pre-
sented in Table 3. The percentage of the RDS fraction 
in gelatinized CSOSA was approximately 9.12%. The 
values for the different ICC variations were lower (by 
one to two orders of magnitude) than the SDS and RS 
percentages. Lopez-Silva et al. (2019) reported that 

Respectively, a) insoluble complex coacervates of native (APN) and modified (APUS, APpH12 and APpH12US) amaranth proteins with gelatinized 
octenyl succinic anhydride-modified corn starch (CSOSA), b) the vertical bars represent the SD.
Different letters indicate significant differences (p ≤ 0.05) between means.

Fig. 5. Relative in vitro protein digestibility of native (APN) and modified (APUS, APpH12 and APpH12US) amaranth proteins 
using ultrasonication, pH shifting and dual modification
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OSA-treated corn starch with varying amylose con-
tents exhibited reduced RDS content compared to un-
treated corn starches. They suggested that OSA acted 
as a cross-linking agent between starch chains, thereby 
reducing amylolysis.

More recently, Li et al. (2024) found that OSA- 
-modified starch-protein complexes exhibited altered 
structural and functional properties compared to 
those exhibited by the individual biopolymers. These 
complexes showed increased RS +SDS contents. 

Mejía-Terán and Blanco-Tizarazo (2021), in their sys-
tematic review of starch-based foods from protein in-
teractions, found that incorporating protein into food 
matrices reduced starch hydrolysis and digestibility 
rates. This effect can be attributed to the presence of 
proteins, which form a physical barrier by adsorb-
ing onto or embedding within the surface of CSOSA, 
thereby preventing enzymatic recognition of starch by 
digestive enzymes. The overall effect is a decrease in 
RDS and an increase in SDS.

The presence of OSA groups also allows amylo-
pectin molecules to cross-link during heat treatment 
and interact with each other through hydrophobic in-
teractions during enzymatic digestion in an aqueous 
environment. These cross-linking and hydrophobic 
interactions can lead to the aggregation of CSOSA mol-
ecules and increase their insolubility, reducing en-
zyme accessibility to CSOSA and making it more slowly 
digestible.

Pasting properties
The PO in APpH12-CSOSA was statistically different  
(p ≤ 0.05) from the other ICC (Table 4). Low and 
high PV values were observed in APpH12-CSOSA and 
APpH12US-CSOSA, respectively, suggesting that the dual 
pretreatment of pH shift/ultrasound and the ratio of 
APpH12US-CSOSA (1:1) enhanced the swelling capac-
ity of the starch granules. The PT in APN-CSOSA and 
APpH12-CSOSA were statistically equal (p ≤ 0.05) but 
differed from those in APUS-CSOSA and APpH12US-CSOSA. 
The TV in APpH12US-CSOSA was the highest, followed 
by APN-CSOSA and APUS-CSOSA, while the lowest value 

Table 3. Percentage of the readily (RDS), slowly (SDS) and 
resistant (RS) starch fractions in the gelatinized octenyl suc-
cinic anhydride-modified corn starch (CSOSA) and the differ-
ent ICC variations

Treatment RDS SDS RS

CSOSA 9.12 ±0.89d 90.85 ±1.25d 0.03 ±0.01a

APN-CSOSA 0.21 ±0.17a 62.80 ±1.64d 36.90 ±1.67b

APUS-CSOSA 0.41 ±0.12ab 46.30 ±0.14c 53.30 ±0.21c

APpH12-CSOSA 1.23 ±0.40b 47.90 ±0.62c 51.00 ±0.22c

APpH12US-CSOSA 4.52 ±0.27d 42.10 ±0.37b 53.40 ±0.21c

Values are presented as mean ± SD of triplicates. Differ-
ent letters in the same column indicate significant differences  
(p ≤ 0.05) between means. APN: native amaranth protein; APUS: 
ultrasonication modified amaranth protein; APpH12: pH shifting 
modified amaranth protein; APpH12US: dual modified amaranth 
protein (pH shifting and ultrasonication). Insoluble complex 
coacervates (ICC) between the different AP variations and 
gelatinized octenyl succinic anhydride-modified corn starch 
(CSOSA).

Table 4. Pasting properties of the different ICC variations

Treatment PO
°C

PV
mPa·s

PT
°C

TV
mPa·s

FV
mPa·s BV SV

APN-CSOSA 29 ±0.1b 75 ±0.3c 34 ±0.3a 65 ±0.8c 73 ±0.4b 10 ±0.1b 2 ±0.2a

APUS-CSOSA 27 ±0.2b 58 ±0.4b 45 ±0.2b 51 ±1.1b 223 ±6.7d 7 ±0.4a 165 ±1.9c

APpH12-CSOSA 25 ±0.7a 45 ±0.7a 38 ±0.7a 30 ±0.4a 49 ±0.5a 15 ±0.2c 4 ±0.8a

APpH12US-CSOSA 28 ±0.4b 120 ±2.4d 52 ±0.9c 102 ±1.4d 99 ±1.1c 18 ±0.1d 21 ±0.4b

Values are presented as mean ±SD of triplicates. Different letters in the same column indicate significant differences (p ≤ 0.05) 
between means. APN-CSOSA, APUS-CSOSA, APpH12-CSOSA, and APpH12US-CSOSA insoluble complex coacervates of native (APN) and 
modified (APUS, APpH12 and APpH12US) amaranth protein using ultrasonication, pH shifting and dual modification, respectively, with 
octenyl succinic anhydride-modified corn starch (CSOSA).
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was observed in APpH12-CSOSA. This reduction in TV 
can be attributed to higher stability during successive 
heating and shearing, which mitigates the destabiliz-
ing effect on the amorphous region of melted crystal-
lites in starch, reducing the ICC’s capacity to resist 
heating and shear stress during heating.

Low TV has been reported in rice starch treated with 
low-power ultrasound, primarily caused by the degrada-
tion and depolymerization of leached amylose and long-
chain amylopectin (Yang et al., 2019). Furthermore, low 
TV values indicate a low tendency for retrogradation 
and suggest good quality for the consumption of ICC. 
Likewise, this can be advantageous in formulations 
where starch stability at low temperatures is required, 
such as soups, sauces, and puddings, which may experi-
ence a loss of viscosity, precipitation and syneresis.

For FV, the lowest value was observed in APpH12- 
-CSOSA, and the value increased notably in the other 
ICCs. The increasing viscosities suggest that interac-
tions occurred between starch molecules and amaranth 
protein, and tend to retrograde after cooling and re-
crystallization of amylose molecules. The APN-CSOSA, 
APUS-CSOSA and APpH12-CSOSA complexes exhibited 

low PT and PV values. This behavior may indicate 
an incomplete fusion of the amylose double helices, 
resulting in greater integrity of the partially swollen 
starch granules.

Thermal properties
The evaluated thermal properties are presented in Table 5.  
The To value decreased with both the single pH-shift 
and US treatments, and further decreased with the com-
bined treatment, with significant differences (p ≤ 0.05). 
Both the Tp and the Tc of the gelatinization process in 
the different ICCs did not show significant differences 
(p ≤ 0.05), which can be attributed to the greater thermal 
stability of the protein, due to the presence of disulfide 
bonds within the protein molecule. APN-CSOSA exhibited 
a narrower ∆T range compared to the other ICCs. The 
widest ∆T range was exhibited by APUS-CSOSA, APpH12- 
-CSOSA and APpH12US-CSOSA, which may reflect the num-
ber of double helices and the heterogeneity of starch 
crystals during the gelatinization process. APN-CSOSA 
presented lower ∆Hgel values compared to APpH12-CSOSA,  
APUS-CSOSA and APpH12US-CSOSA. Significant differenc-
es were observed between all samples (p ≥ 0.05). An 

Table 5. Thermal properties (gelatinization and retrogradation) of the different ICC variations

Treatment
Retrogradation

To, °C Tp, °C Tc, °C ∆T, °C ∆Hgel, j/g
–1

APN-CSOSA 160 ±1.2c 167 ±0.3a 169 ±0.1a 9.7 ±1.1a 81 ±0.2a

APUS-CSOSA 140 ±0.5b 167 ±0.1a 168 ±0.4a 28 ±0.1b 85 ±0.8b

APpH12-CSOSA 141 ±0.3b 168 ±0.6a 169 ±0.3a 28 ±0.6b 89 ±0.3c

APpH12US-CSOSA 135 ±1.1a 167 ±0.3a 169 ±0.4a 34 ±1.1c 85 ±0.4b

Treatment
Retrogradation

To, °C Tp, °C Tc, °C ∆T, °C ∆Hgel, j/g
–1

APN-CSOSA 140 ±1.8ab 167 ±0.3a 169 ±0.3a 28 ±1.3b 51 ±0.8d

APUS-CSOSA 141 ±0.5ab 167 ±0.3a 169 ±0.2a 28 ±1.5b 39 ±0.42b

APpH12-CSOSA 151 ±0.3c 168 ±1.4a 169 ±0.3a 18 ±1.1a 46 ±0.31c

APpH12US-CSOSA 136 ±1.2a 168 ±1.3a 169 ±0.3a 33 ±2.1c 36 ±0.14a

Values are presented as mean ±SD of triplicates. Different letters in the same column indicate significant differences 
(p ≤ 0.05) between means. APN-CSOSA, APUS-CSOSA, APpH12-CSOSA, and APpH12US-CSOSA insoluble complex coacervates 
of native (APN) and modified (APUS, APpH12 and APpH12US) amaranth protein using ultrasonication, pH shifting and dual 
modification, respectively, with octenyl succinic anhydride-modified corn starch (CSOSA).
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increase in enthalpy may indicate greater protein de-
naturation, which leads to the disruption of hydrogen 
bonds between protein and water, forming new protein-
water bonds. Additionally, a very high ∆Hgel suggests 
a higher molecular order or more stable crystals.

Starch retrogradation was analyzed 7 days after 
ICC formation. The To-R of the ICC did not show 
significant differences (p ≤ 0.05) between APN-CSOSA, 
APUS-CSOSA and APpH12US-CSOSA. The highest To-R val-
ue (151 ±0.3°C) was observed in APpH12-CSOSA. Simi-
lar to the gelatinization process, the Tp-R and Tc-R of 
the different ICCs did not show significant differenc-
es (p ≤ 0.05). The range of ∆Tret was statistically the 
same (p ≤ 0.05) in APN-CSOSA and APUS-CSOSA. The 
∆Hret presented significant differences (p ≤ 0.05), with 

APN-CSOSA exhibiting higher values, while the lowest 
∆Hret was observed in APpH12US-CSOSA. The lower ∆Hret 
values may reflect the depolymerization capacity of 
the microcrystals formed by the association between 
adjacent double helices during storage, suggesting that 
retrogradation of starch requires less energy to depo-
lymerize. The % R presented values ranged from 63 
±1.1 to 43 ±0.4%. This decrease in % R can be at-
tributed to a weaker and lower crystallinity index in 
retrograded starch.

Morphological properties
APN-CSOSA (Fig. 6a) exhibits a highly porous struc-
ture, with porosity decreasing for APpH12-CSOSA 
(Fig. 6c) and APpH12US-CSOSA (Fig. 6d). This behavior 

a) APN-CSOSA, b) APUS-CSOSA, c) APpH12-CSOSA, d) APpH12US-CSOSA

Fig. 6. Scanning electron microscopy (SEM) images of insoluble complex coacervates of native (APN) and 
modified (APUS, APpH12 and APpH12US) amaranth proteins using ultrasonication, pH shifting and dual modification 
respectively, with gelatinized octenyl succinic anhydride-modified corn starch (CSOSA)
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aligns with that reported by Li et al. (2022) in mixtures 
of protein (laccase and tyrosinase) and potato starch. 
Moreover, the porous structures suggest that the starch 
was completely gelatinized. In APUS-CSOSA (Fig. 6b), 
very ordered fragments with compact structures and 
irregularly shaped surfaces were observed; this be-
havior was also seen in corn starch-lutein compounds. 
The compact structure is attributed to starch retrogra-
dation, a complex process involving a series of mo-
lecular rearrangements and associations.

SH and SS groups
Sulfhydryl groups are related to the formation of pro-
tein aggregates and the degree of protein denaturation. 
Free sulfhydryl groups (SHf), total sulfhydryl groups 
(SHt) and disulfide bonds (SS) are shown in Figure 7. 
The SHf in APN-CSOSA (2.4 µmol/g protein) increased 
to 2.7, 2.8 and 3.5 µmol/g protein in APUS-CSOSA, 
APpH12US-CSOSA and APpH12-CSOSA, respectively. Heat-
treated proteins typically exhibit a higher number of 
free thiol groups, which are associated with the forma-
tion of protein aggregates. However, polysaccharides 
can activate sulfhydryl functional groups in proteins, 
induce new intermolecular disulfide bond bridges, and 
facilitate the formation of gel networks. Furthermore, 

the increase in SHf is further enhanced by dual pH/
ultrasonication treatments combined with thermal 
treatment.

The total sulfhydryl groups (SHt) varied signifi-
cantly among the ICCs. The SHt values were 25.4 
±0.12, 21.5 ±0.03, 18.7 ±0.08 and 17.2 ±0.10 µmol/g 
protein for APpH12US-CSOSA, APUS-CSOSA, APpH12-CSOSA 
and APN-CSOSA, respectively. This increase in SHt is 
likely due to the greater unfolding of the protein struc-
ture, which exposes the hydrophobic region through 
the US treatment, and the dual pH shift/US treatment.

Disulfide (SS) bonds increased from 7.4 ±0.2 for 
APN-CSOSA to 8.1 ±0.1 µmol/g protein in APpH12-CSOSA,  
and further increased to 10.3 ±0.3 and 12.3 ±0.1 
µmol/g protein in APUS-CSOSA and APpH12US-CSOSA, 
respectively. This may be attributed to the greater 
oxidation of the SH groups to SS bonds in the ama-
ranth protein, which was heated and pre-treated with 
US and pH shift/US, then complexed with CSOSA. 
Corn proteins have relatively low concentrations 
(3.8–6.2 µmol/g protein) of SS bonds (Žilić et al., 
2012), suggesting that when corn starch is modified 
with OSA (3%) and complexed with heated ama-
ranth protein modified by pH shifting, US, and dual 
treatments (pH shifting/ US), the SS bonds increase 
substantially.

Thus, the SS content in the different ICCs contrib-
utes to better-sticking properties during gelatiniza-
tion, as shown in Table 5. Disulfide bonds are formed 
by the oxidation of sulfhydryl groups. At high alkaline 
pH, SHf groups on protein molecules are exposed due 
to partial unfolding of the protein structure. There-
fore, at alkaline pH, the exposed and activated SH 
groups of protein molecules can be oxidized by the 
highly reactive free radicals generated by ultrasound, 
leading to the formation of intermolecular disulfide 
bridges (Alavi et al., 2021). Furthermore, heating the 
protein solution causes buried SH groups to be ex-
posed, resulting in an increase in the thiol content. 
In polysaccharide-whey protein isolated complexes, 
two opposing factors can affect the free thiol content: 
(a) the steric hindrance caused by the polysaccharide, 
which restricts access to the free SH groups and (b) 
prevention of whey protein S-S bond formation by 
the polysaccharide during heat treatment (Zamani et 
al., 2020).

Fig. 7. Content of sulfhydryl groups (SH) and disulfide 
bonds (SS) in insoluble complex coacervates of native (APN) 
and modified (APUS, APpH12 and APpH12US) amaranth proteins 
using ultrasonication, pH shifting and dual modification, re-
spectively, with octenyl succinic anhydride-modified corn 
starch (CSOSA). The vertical bars represent the SD
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CONCLUSIONS

Vegetable by-products, such as proteins and starches, 
can be utilized in the formation of ICCs. However, 
they must first be modified using chemical and physical 
techniques to enhance their techno-functional proper-
ties and digestibility. The pH shift and/or combination 
with ultrasound (US) had significant effects on modify-
ing the protein structure and the starch bands present in 
the different ICCs. These changes, in turn, affected the 
digestibility of both the protein and starch. The percent-
age of resistant starch present in the different ICCs sug-
gests that these complexes have excellent potential for 
use in food formulations. ICCs formulated with ama-
ranth protein (AP) modified by pH shift, US or the dual 
combination of pH shifting/US exhibited a decrease in 
starch retrogradation when complexed with AP.

In general, amaranth protein and corn starch can be 
effectively used in various food processes, and their 
complexation can be further enhanced using environ-
mentally friendly technologies. Therefore, this study 
contributes by providing low-cost and accessible 
methodologies for modifying biopolymers (amaranth 
protein and corn starch), thus improving their techno-
functional properties, structure and digestibility for 
the formulation of insoluble complex coacervates. 
Furthermore, the knowledge gained from this work 
could expand the application of ICCs in the develop-
ment and production of functional foods.
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