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A B S T R A C T   

The obtained seeds from fruit processing are considered by-products containing proteins that could be utilized as 
ingredients in food manufacturing. However, in the specific case of soursop seeds, their usage for the preparation 
of protein isolates is limited. In this investigation a protein isolate from soursop seeds (SSPI) was obtained by 
alkaline extraction and isoelectric precipitation methods. The SSPI was sonicated at 200, 400 and 600 W during 
15 and 30 min and its effect on the physicochemical, functional, biochemical, and structural properties was 
evaluated. Ultrasound increased (p < 0.05) up to 5 % protein content, 261 % protein solubility, 60.7 % foaming 
capacity, 30.2 % foaming stability, 86 % emulsifying activity index, 4.1 % emulsifying stability index, 85.4 % in 
vitro protein digestibility, 423.4 % albumin content, 83 % total sulfhydryl content, 316 % free sulfhydryl content, 
236 % α-helix, 46 % β-sheet, and 43 % β-turn of SSPI, in comparison with the control treatment without ul
trasound. Furthermore, ultrasound decreased (p < 0.05) up to 50 % particle size, 37 % molecular flexibility, 68 
% surface hydrophobicity, 41 % intrinsic florescence spectrum, and 60 % random coil content. Scanning electron 
microscopy analysis revealed smooth structures of the SSPI with molecular weights ranging from 12 kDa to 65 
kDa. The increase of albumins content in the SSPI by ultrasound was highly correlated (r = 0.962; p < 0.01) with 
the protein solubility. Improving the physicochemical, functional, biochemical and structural properties of SSPI 
by ultrasound could contribute to its utilization as ingredient in food industry.   

1. Introduction 

Population growth has required the exploration of new sources of 
food ingredients, such as plant-based proteins [1]. In the case of fruits, 
world production rose from 591 to 899 million ton in the period 
2001–2021, which meant an increase of 52.1 %, as well as in the gen
eration of their waste by processing [2]. Currently, most of the by- 
products from fruits are discarded as waste, complicating the environ
ment of the sites where they are dumped [3]. However, such by-products 

that include stem, pulp, peel/skin, seeds, and stones, contain bioactive 
compounds and other components that can be recovered to elaborate 
value-added products of importance for the food industry [4]. 

The soursop (Annona muricata L.) is an ovoid fruit with a white pulp 
containing around of 127 to 170 seeds [5]. Soursop is an exotic fruit 
belonging to the Annonaceae family native to tropical America, although 
it is currently distributed throughout the world, but Mexico is the main 
international producer [6]. During the production of pulp soursop, 
which is utilized to elaborate products like ice creams, juices, nectar, 

* Corresponding author at: Centro de Tecnología de Alimentos, Universidad Autónoma de Nayarit, Ciudad de la Cultura Amado Nervo, Tepic 63155, Nayarit, 
Mexico. 

E-mail address: arulloa5@gmail.com (J. Armando Ulloa).  

Contents lists available at ScienceDirect 

Ultrasonics Sonochemistry 

journal homepage: www.elsevier.com/locate/ultson 

https://doi.org/10.1016/j.ultsonch.2024.106870 
Received 19 September 2023; Received in revised form 9 March 2024; Accepted 2 April 2024   

mailto:arulloa5@gmail.com
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2024.106870
https://doi.org/10.1016/j.ultsonch.2024.106870
https://doi.org/10.1016/j.ultsonch.2024.106870
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ultrasonics Sonochemistry 105 (2024) 106870

2

jam and yogurt, peel and seeds are discarded as waste [6,7]. The valo
rization of the peel and seeds of the soursop fruit has been mainly pro
posed to produce bioactive compounds [8,9] and oil [10,11]. Soursop 
seeds represent 8.5 % of the weight of the fruit and contain 14.99 % 
proteins [12,13], which has good functional properties [14]. 

Recent studies with jackfruit [15], passion fruit [16], mango [17], 
guamuchil [18], and orange [19] seeds from fruit processing, have been 
considered as good raw material in the production of protein concen
trates or isolates. On the other hand, when the vegetable protein pre
sents deficiencies in its functional or nutritional characteristics, which 
limits its application as a food ingredient, some physical, chemical, 
enzymatic treatments or their combination can be applied to improve its 
quality [20]. Within the physical treatments to improve the function
ality of proteins, ultrasound stands out for being effective and friendly to 
the environment [21–23]. 

Ultrasound are sound waves with frequencies above the upper 
audible limit of the human ear (>16 kHz), which can be categorized into 
two types: high intensity or low frequency (16 to 100 kHz, power from 
10 to 1000 W/cm2) and low intensity or high frequency (100 kHz to 1 
MHz, power < 1 W/cm2). Proteins in solution exposed to high-intensity 
ultrasound alter their physicochemical, structural, and functional 
properties, mainly due to hydrodynamic shearing and high temperatures 
(up to 5000 K) and pressures (up to 1000 atm) produced by the for
mation and violent collapse of small bubbles of gases, a phenomenon 
known as cavitation [24,25]. 

In the light of our knowledge, to date only two studies have 
considered the use of soursop seeds as a source of protein for food use. 
Chaparro et al. [14] prepared a protein concentrate (63.3 % protein) by 
saline extraction (1 % NaCl) and isoelectric precipitation (pH 4), which 
showed values of 43.2 % and 45.7 % of emulsifying activity and emul
sifying stability, respectively. On the other hand, Villacís-Chiriboga 
et al. [10] evaluated the methods of pressurized water extraction (PWE) 
and alkaline water extraction (AWE), for the recovery of proteins from 
soursop seed flour de-oiled with n-hexane or cold pressed. The results of 
this study showed that at pH 8.1 and 40 ◦C, PWE resulted in a more 
protein-rich extract (48 %) compared to AWE (30 %), as well as better 
preservation of amino acid content, and higher solubility and in vitro 
protein digestibility. 

However, the functional and nutritional properties of soursop pro
teins could be improved to make them more attractive as food in
gredients [8,15], suggesting that ultrasound could improve their utility 
in this industry [23]. 

In view of the scarce information on soursop seeds as a source of 
protein, additional research could generate new knowledge to provide 
other alternatives to produce protein materials for food use. Therefore, 
the objective of this study was to evaluate the impact of high-intensity 
ultrasound on the physicochemical, functional, biochemical and struc
tural properties of a soursop seed protein isolate. 

2. Materials and methods 

2.1. Materials 

The soursop seeds were recovered from waste generated during the 
pulp extraction process from fruits harvested in orchards of the munic
ipality of Compostela, Nayarit, Mexico. All chemicals and solvents used 
were analytical grade and purchased from Sigma-Aldrich (St. Louis, Mo., 
USA), J.T. Baker and Bio-Rad Laboratories, Inc. (USA). 

2.2. Preparation of soursop seed protein isolate (SSPI) 

The soursop seeds were washed with running water, shelled manu
ally, and dried in a Memmert model 30–1060 oven (Buchenbach, Ger
many) at 35 ◦C for 48 h. Subsequently, the dried seeds were processed in 
a Nutribullet model NB101B household food processor (Ningbo Bestwin 
Industrial Co., Ltd., China) for 30 s, to obtain the corresponding soursop 

seed meal (SSF). Later, samples of 100 g of SSF were de-oiled using 1000 
mL of ethyl ether and magnetic stirring at 700 rpm and 25 ◦C by means 
10 successive extractions of 1 h each, where the exhausted solvent was 
replaced by fresh solvent. The product obtained from the last de-oiling 
cycle was placed in a beaker for complete desolventization, in a fume 
hood overnight, and then pulverized in a Cyclotec 1093 mill (Foss 
Tecator, Sweden). The de-oiled soursop seed flour (DSSF) was stored in 
polyethylene bags at 25 ◦C for its subsequent characterization. 

Next, a test was carried out to determine the pH values of maximum 
and minimum protein extraction of the DSSF [26], conditions that was 
used for the preparation of SSPI by alkaline extraction and isoelectric 
precipitation method [18], with slight modification. Fifty g of DSSF were 
added to 1000 mL of 0.5 % NaCl solution adjusting the pH with NaOH 
0.1 N at the value previously determined for the maximum protein 
extraction. The slurry was subjected to magnetic stirring at 500 rpm and 
25 ◦C for 30 min and then centrifugated at 8000 x g for 10 min at 4 ◦C. 
Next, the supernatant was adjusted to the pH value of minimal protein 
extraction with 0.1 N HCl, which was previously determined (isoelectric 
point), and the suspension obtained was stirred and centrifuged under 
the same conditions mentioned above. Finally, the protein precipitate 
was resuspended in distilled water in a 1:1.7 (w/v) ratio and adjusted to 
pH 7.0 with 1 N NaOH. 

2.3. High-intensity ultrasound (HIUson) treatment 

HIUson was applied to the resuspended protein precipitates (sub
section 2.2) following the method of Resendiz-Vazquez et al. [15], with 
slight changes, using a Cole-Parmer Instruments model CPX750 ultra
sound system (Vernon Hills, Illinois, U.S.A.) equipped with a titanium 
probe (2.54 diameter). Three different power levels of ultrasound (200 
W, 400 W, and 600 W) and two times (15 and 30 min) were applied to 
the protein suspensions (pulse time: on time 5 s, off time 1 s), which 
generated six treatments: 200 W/15 min, 200 W/30 min, 400 W/15 min, 
400 W/30 min, 600 W/15 min, and 600 W/30 min, where the numer
ator and denominator in each corresponded to the ultrasound power (W) 
and ultrasound exposure time (min), respectively. 

The samples were placed in a 500 mL beaker and the probe was 
inserted 2.5 cm into the protein suspension, using an ice-water bath to 
ensure that the system temperature was below 25 ◦C. After sonication, 
the samples were lyophilized in 50 mL plastic tubes in a FreeZone model 
12 L unit (Labconco, USA). In addition, a control treatment without 
ultrasound was prepared. The products obtained after lyophilization 
were called SSPI, which were stored in hermetically closed glass bottles 
for further analysis. The production of SSPI and its treatment with ul
trasound is shown in Fig. 1. 

2.4. Composition and physicochemical properties 

2.4.1. Proximal chemical analysis 
The crude protein (N x 6.25), lipids, moisture, and ash contents were 

determined by AOAC methods [27]. The percentage of nitrogen free 
extract was calculated by difference [25]. 

2.4.2. Water activity (Wa) 
The Wa measurement was conducted using an AquaLab 4TEV equip 

(Decagon Devices Inc., Pullman, WA, USA). 

2.4.3. Color 
The L* (lightness), a* (+redness, -greenness), b* (+yellowness, 

-blueness) parameters were measured with a Minolta CR-400 (Minolta 
Ltd., Co., Tokyo, Japan) colorimeter as reported Ramani et al. [28]. The 
total color difference (ΔE) was obtained with equation (1), where Ls =

98.30, as = − 0.18 and bs = 4.49 corresponded to the values of the white 
tile used as reference. 
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ΔE =
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(Ls − L*)
2
+ (as − a*)

2
(bs − b*)

22
√

(1)  

2.4.4. Bulk (ρb) and compacted (ρc) density 
The ρb and ρc were determined using a 10 mL graduated cylinder and 

the results were obtained relating the weight and volume occupied by 
the samples. For ρc, samples were tapped 50 times to compact the 
powders [29]. 

2.5. Functional properties 

2.5.1. Protein solubility (ProS) 
ProS was performed as described by Zhang et al. [30] with modifi

cations. 60 mg of SSPI were mixed in 10 mM sodium phosphate buffer 
(SPB) with pH 9 for 60 min with magnetic stirring. Then, the SSPI dis
persions were centrifuged at 8000 x g for 20 min at 25 ◦C and the protein 
content of the supernatant was measured by the Bradford method [31], 
using bovine serum albumin (BSA) as a standard. ProS was quantified as 
the proportion of soluble protein present in the supernatant of HIUson- 
treated samples relative to the control treatment. 

2.5.2. Water and oil absorption capacities 
Water-absorption (WAc) and oil-absorption (OAc) capacities were 

determined by measuring 200 mg of protein from the SSPI. The sample 
was solubilized in 5 mL of water or oil, followed by stirring with a Vortex 
for 30 s at 25 ◦C. The suspension was then incubated for 30 min and 
centrifuged at 5000 g x for 20 min. The supernatant was removed, and 
the WAc and OAc were expressed as g of water or oil per g of protein 
[32]. 

2.5.3. Emulsifying properties 
The emulsifying activity index (EAI) and emulsion stability index 

(ESI) were determined by Pearce and Kinsella [33] and Xu et al. [34] 
methods, with slights modifications. Protein suspensions of SSPI (0.1 % 
protein) were prepared with 10 mM SPB (pH 7.0). Then, 16 mL of each 
protein suspension of SSPI was mixed with 4 mL of canola oil and 

processed at 12000 rpm during 1 min with a T-25 Ultra-turrax homog
enizer (IKA Instruments, Germany) at 25 ◦C. Then, 50 µL of each 
emulsion was diluted (1:100) with 0.1 % (w/v) sodium dodecyl sulphate 
(SDS) solution and the absorbance was measured at 0 min for EAI and 
10 min after for ESI at 500 nm, calculating its values with the next 
equations: 

EAI(m2/g) =
(
2T × A0 × N × 10− 4)/(∅ × L × C) (2)  

ESI(%) = (A0/A10) × 100 (3)  

where T = constant value (2.30), A0 and A10 = absorbance of the 
emulsion at 0 and 10 min, respectively, N = dilution factor (100), ϕ =
volume fraction of oil (0.20), L = path length of the cuvette (1 cm), and 
C = protein weight per unit volume (g/mL). 

2.5.4. Foaming properties 
The foaming capacity (FC) and the foaming stability (FS) were 

measured by Zhang et al. [35] method, with some changes. Protein 
suspensions of SSPI (4 % w/v) were prepared with SPB (pH 7.0). The 
initial volume of the SSPI protein suspensions of 20 mL (Vs) was mixed at 
12000 rpm and 25 ◦C with a T-25 Ultra-turrax homogenizer (IKA In
struments, Germany) for 1 min. The foam initial volume (Vf0) and the 
produced foam after 20 min (Vf20) were registered to determine the 
foaming properties by the following equations: 

FC(%) =
[(

Vf 0 − Vs
)
/Vf 0

]
× 100 (4)  

FS(%) =
(
Vf 20/Vf 10

)
× 100 (5)  

2.5.5. Least gelation concentration (LGCo) 
Protein suspensions of SSPI in the range of 2 % to 20 % were pre

pared with distilled water (w/v) in 15 mL tubes. The suspensions were 
heated in a bath water at 95 ◦C for 1 h and immediately cooled under 
running water and stored at 4 ◦C for 2 h. LGCo was identified as the 
concentration at which the tube content did not slip when inverted [36]. 

2.6. Biochemical properties 

2.6.1. Protein fractional composition 
Protein fractions were extracted using the Osborne method as re

ported by Kumar et al. [37], with some slight changes. A sample of each 
SSPI was mixed with distilled water (1:20 w/v) followed by centrifu
gation at 10000 x g for 15 min. Then, the obtained supernatant was 
considered as the albumins fraction. Sequentially, the generated pre
cipitate was mixed in 0.5 N NaCl, 70 % ethanol, and 0.1 N NaOH to 
obtain the globulins, prolamins, and glutelins fractions, respectively, 
using the same centrifugation conditions. The quantification of the 
protein fractions was carried out by the Kjeldahl method (N x 6.25). 

2.6.2. Molecular weight distribution 
Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS- 

PAGE) was performed according to the Laemmli method [38] as was 
described by Flores-Jiménez et al. [25], using a mini vertical gel elec
trophoresis apparatus, model MV-10DSYS (Major Science Co., Ltd, UK). 
Separating and stacking gels were prepared at 12 % and 4 % concen
trations, respectively. Lanes were loaded with samples containing 20 µg 
protein. A molecular weight marker containing proteins of 10, 15, 20, 
25, 37, 50, 75, 100, 150 and 250 kDa was used as reference (Bio-Rad 
Laboratories, Inc.). The electrophoresis process began with an initial 
voltage of 140 V with a duration of 10 min, followed by a voltage of 110 
V for 45 min. Samples were run under both non-reducing (without 2- 
mercaptoethanol) and reducing conditions (with 2-mercaptoethanol). 
The gels were subsequently stained with Coomassie brilliant blue G- 
250 for over-night. To determine the molecular weight, the gels were 
decolorized until the bands became visible, and then scanned using 

Fig. 1. Process of preparation of soursop seed protein isolate (SSPI) from de- 
oiled soursop seed flour (DSSF). 
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GelAnalyzer 19.1 [39]. 

2.6.3. In vitro protein digestibility (IDig) 
The IDig was performed by the multienzyme method of Bodwell et al. 

[40] with certain changes. A suspension of bovine trypsin (1.58 mg/ 
mL), bovine pancreatic α-chymotrypsin (3.65 mg/mL) and bovine 
pancreatin (1 mg/mL) in distilled water at pH 8.0 was used for the 
enzymatic digestion, which was maintained to 37 ◦C. Subsequently, to 
20 mL of each SSPI suspension (6.38 mg of protein/mL distilled water at 
pH 8.0 and 37 ◦C) 3 mL of the multienzyme suspension were added, 
maintaining the temperature at 37 ◦C in a water bath. After 10 min, the 
pH was measured and the IDig determined using the following equation: 

IDig(%) = 234.84 − 22.56X (6)  

where X = pH after 10 min of enzymatic digestion. 

2.6.4. 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity 
(Act-DPPH) 

The Act-DPPH was measured according to Estrada-Sierra et al. [41] 
method with some modifications. First, 8 µL of protein solution (1 mg/ 
mL, SPB pH 9.0) was mixed with 292 µL of a DPPH solution (0.06 mM in 
methanol/water, 80:20 v/v) and incubated for 30 min in the dark at 
25 ◦C. Absorbance of samples (abs sample) was measured at 517 nm 
using a Thermo Scientific Multiskan GO microplate reader (Waltham, 
Massachusetts, USA), with SPB as blank (abs blank) and Trolox (1 mg/ 
mL) as control. The Act-DPPH was determined using the equation (7). 

Act − DPPH =
Absblank − Abssample

Absblank
x100 (7)  

2.7. Structural characterization 

2.7.1. Particle size (Ps) 
The Ps of SSPI was determined with 0.20 mg/mL aliquots prepared 

with SPB (pH 9.0), following the methodology described by Flores- 
Jiménez et al. (2022) [28], using a Zetasizer ZEN 3600 equipment 
(Marvel Instrument Co., United Kingdom). 

2.7.2. Surface hydrophobicity (Sh) 
Sh was measured using 1-anilino-8-naphthalene-sulfonate (ANS) as a 

fluorescence probe, according to Li et al. [42], with some modifications. 
For this purpose, 2 mL aliquots of SSPI were prepared with concentra
tions of 0.05, 0.04, 0.03, 0.02, 0.01 and 0.001 mg/mL with SPB (pH 9.0). 
Immediately, 25 µL of ANS (8 mM, SPB pH 9.0) was added to each 
aliquot. Fluorescence intensity was recorded using a 200 Pro fluores
cence spectrophotometer (Tecan Infinite, Grodig, Austria) at wave
lengths of 364 nm (excitation) and 475 nm (emission). The initial slope 
of fluorescence intensity relative to protein concentration (mg/mL) was 
calculated by linear regression analysis and used as an indicator of Sh. 

2.7.3. Intrinsic fluorescence spectrum (IFS) 
IFS was obtained from 0.2 mg/mL (SPB pH 9.0) solutions of SSPI, 

using a 200 Pro fluorescence spectrophotometer (Tecan Infinite, Grodig, 
Austria) with an excitation wavelength of 290 nm, an emission wave
length between 320 and 450 nm and a slit width of 5 nm, as reported by 
Zhao et al. [43], with changes. 

2.7.4. Molecular flexibility (MolFlex) 
The MolFlex technique was carried out as described by Cui et al. [44], 

employing protein solutions from SSPI at a concentration of 1 mg/mL 
(SPB pH 9.0). 

2.7.5. Free (SH-
F) and total (SH-

T) sulfhydryls 
The determination of the content of SH-

F and SH-
T sulfhydryl groups of 

SSPI was carried out according to the method described by Ren et al. 
[45], with some adaptations. Tris-glycine buffer (0.086 M Tris, 0.09 M 

glycine, 0.04 M EDTA-Na2, pH 8.0) was prepared for the determination 
of SH-

F. Subsequently, Ellman’s reagent was prepared (4 mg of DTNB/mL 
of Tris-glycine buffer). Next, 100 µL of the SSPI suspension (1 mg/mL 
SPB, pH 9.0) was mixed with 500 µL of Tris-glycine buffer and 10 µL of 
Ellman’s reagent, followed by incubation at 25 ◦C for 1 h. Samples were 
then centrifuged at 8000 rpm for 10 min using an Eppendorf Minispin 
centrifuge (Hamburg, Germany) and absorbances were measured at 412 
nm with SPB as blank. For the analysis of the content of SH-

T groups, the 
same process was followed, with the addition of 8 M urea to the Tris- 
glycine buffer. Equation (8) was used to calculate the content of SH-

F 
and SH-

T. 

SH −

(

μ mol
g

)

=
73.53xAbs412xD

C
(8)  

Where: Abs412 is the absorbance of the sample at 412 nm, for both SH-
L 

and SH-
T; C is the sample concentration (mg/mL), 73.53 is a constant, 

and D is the dilution factor (D = 1). 

2.7.6. Scanning electron microscopy (SEM) 
The microstructure of the SSPI samples was observed with a SNE- 

3200 M scanning electron microscope (SEC, South Korea), at an accel
erating voltage of 30 kV. Prior to SEM analysis, the SSPI samples were 
coated for 120 s with a thin layer of gold using an MCM-100 ionization 
coater (SEC Co., LTD, Suwon, South Korea). Samples were witnessed at 
magnifications of 500x and 1000x [46]. 

2.7.7. Secondary structure 
Secondary structure measurement of SSPI proteins was performed as 

reported by Resendiz-Vazquez et al. [47] with modifications. SSPI 
samples were scanned in the wavenumber range of 4000–515 cm− 1 

using a Perkin-Elmer FT-IR spectrometer (LR-64912C, PerkinElmer, 
Inc., Norwalk, CT, USA.). Spectra were averaged over 28 scans in total, 
and data transformation, deconvolution, and peak separation analysis of 
the amide I band (1700–1600 cm− 1) were performed using Origin Pro 8 
software [48] from OriginLab Corporation (Northampton, United 
States). 

2.8. Statistical analysis 

The results of the physicochemical, functional, biochemical, and 
structural properties were obtained from triplicates and presented as 
means ± standard deviations. Statistical analysis was performed using 
the one-way analysis of variance (ANOVA) with the Statgraphics 
Centurion Software version XV software (Statpoint Technologies, Inc. 
Virginia, USA). To evaluate significant differences between treatments, 
Tukey’s test was applied considering at p < 0.05 value. A simple 
Pearson correlation analysis was performed to examine the relationships 
between all properties, considering a statistical significance of p < 0.01 
and p < 0.05. 

3. Results and discussion 

3.1. Protein extraction profile of the DSSF 

In the first instance, the method for the preparation of protein isolate 
by alkaline extraction and isoelectric precipitation is based on the 
identification of the pH values of maximum and minimum protein 
extraction. The minimum extraction pH value corresponds to the iso
electric point [49]. Fig. 2 shows the effect of pH on the protein extrac
tion from DSSF. Maximum protein extraction of 36.6 % was at pH 12.0, 
while the minimum protein extraction of 9.7 % was at pH 4.0 (isoelectric 
point). Therefore, such pH values were chosen for the preparation of the 
SSPI by alkaline extraction and isoelectric precipitation. In previous 
studies, the pH values for protein extraction and isoelectric precipitation 
from fruit passion [16], mango [17], and orange [19] de-oiled seed 
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flours were 12.0 and 4.5, 11.0 and 5.0, and 12.0 and 4.5, respectively, 
while that the maximal and minimal protein extractions were 49.5 % 
and 7.8 %, 53.4 % and 6.9 %, and 90.5 % and 30.7 %. 

3.2. Composition and physicochemical properties 

3.2.1. Proximal chemical composition 
Table 1 shows the effect of HIUson on the proximal chemical 

composition of SPPI. In general, the main changes by effect of ultra
sound were the decrease on the moisture and lipids, as well as the in
crease on the protein content. The highest augment on the protein 
content by effect ultrasound was 5.9 %, increasing from 78.3 % (0 W) to 
82.9 % (600 W/30 min). On the other hands, reductions of 70.6 % (400 
W/30 min) and 69.2 % (600 W/30 min) also were observed for lipids 
and moisture contents, respectively, with respect to 0 W. The reduction 
in the moisture content could be due to the structural modification of the 
proteins because of the ultrasonic cavitation, which promotes easier and 
greater water removal [16]. The decrease in moisture content by ul
trasound could be the cause of a concentrating effect of the protein 
content in the SSPI [50]. This same behavior has been observed in a 
protein isolate obtained from jackfruit seeds [51]. The protein contents 
of the isolates from this study (78.3–82.9 %) fall in the range of those 
obtained for guamuchil [18], guava [52], plum [53] and lime seeds 
[54], whose values were 75.2 %, 94.2 %, 99.1 % and 81.4 %, 
respectively. 

3.2.2. Water activity (Wa) 
The Wa is a very important parameter for the preservation of food 

products, since it defines the balance of the free water content that 
participates in chemical reactions and the growth of microorganisms 
[55]. The HIUson significantly (p < 0.05) decreased the Wa iof the SSPI 
going from 0.502 for 0 W to 0.404 for 400 W/30 min (Table 2). The 
reduction in Wa iin sonicated protein isolates is due to structural 
modification of the proteins, which facilitates the removal of a greater 

amount of free water during freeze-drying [18]. Reductions in Wa by 
effect of ultrasound also have been reported for protein isolates from 
fruit passion [16], jackfruit [15] and guamuchil [18] seed fruits. The Wa 
values of SSPI of this study (0.404–0.502) were below of the limit value 
(0.660) considered as safe to prevent the microbiological decay in foods 
[56]. 

3.2.3. Color 
Color is an important characteristic of protein isolates that defines 

consumer acceptance of the products when such materials are used as 
food ingredients [54]. The impact of HIUson on the SSPI color param
eters are shown in Table 2. In comparison with 0 W, the L* values of the 
sonicated SSPIs rose except for 400 W/30 min and 600 W/15 min. The 
largest increase in L* of 9.6 % was for 200 W/15 min, followed by 6 % 
for 400 W/15 min. On the contrary, the a* values of the ultrasonicated 
SSPIs were significantly reduced (p < 0.05) with respect to 0 W, except 
for 200 W/30 min. The range of decrease in a* values because of ul
trasound was from 11 % (400 W/15 min) to 20.1 % (600 W/15 min). In 
the case of b*, ultrasonication also reduced this parameter in the SSPIs, 
except for 200 W/15 min, but the decrease ranged from 2.6 % (200 W/ 
30 min) to 15.6 % (600 W/15 min). In general, ultrasound produced 
SSPIs more lightness as well as less redness and yellowness. 

HIUson provoked significant (p < 0.05) differences in ΔE for 200 W/ 
15 min (4.8), 400 W/15 min (3.5), 600 W/30 min (1.5) with respect to 0 
W. ΔE is the measure of change in visual perception of two given colors. 
When ΔE = 2–10, the difference on color between two materials is 
perceptible immediately, as was the case for 200 W/15 min, 400 W/15 
min, 600 W/30 min in comparison to 0 W. 

Color changes by sonication have been reported for various protein 
concentrates or isolates from diverse sources, such as sunflower [57], 
canola [25] and peanut [58] meals, as well as pumpkin seeds [59]. Color 
modification by ultrasound could be a consequence of the alteration or 
destruction of pigments caused by the cavitation phenomenon, 
depending on factors like power and exposure time to sonication [60]. 

3.2.4. Bulk (ρb) and compacted (ρc) density 
Density is an important characteristic of powdered foods with eco

nomic and functional implications. This property influences the 
behavior of dry mixes and defines the volume needed to package the 
powders [59]. HIUson significantly (p < 0.05) diminished the ρb for the 
SPPIs exposed at 200 W (17.9 %-21.8 %) and 600 W (14.7 %-30.1 %), in 
comparison with 0 W. No significant (p < 0.05) changes by effect of 
ultrasound between 0 W and 400 W/15 min and 400 W/30 min, 
respectively (Table 2). The same trend was observed for the ρc. The 
minimum and maximum reduction in ρc due to ultrasound compared to 
0 W were for 200 W/15 min (10.5 %) and 600 W/30 min (21.5 %), 
respectively. The modification of the density of protein isolates treated 
with HIUson could be due to the decrease in the particle size of the 
proteins [61], the residual moisture content, as well as the shape and 
size of the particles after lyophilization [62]. The trend in the density of 
the SPPIs of this study by effect of ultrasound, also was observed in 
protein isolates from tamarind seeds [20,22]. 

Fig. 2. Profile of protein extraction from de-oiled soursop seed flour as a 
function of pH. The results are expressed as the mean of triplicates ± standard 
deviation. Different letters indicate significant differences (p < 0.05). 

Table 1 
Influence of the high-intensity ultrasound on the proximal chemical composition of the soursop seed protein isolate.  

Components (%) Ultrasound treatment 

0 W 200 W/15 min 200 W/30 min 400 W/15 min 400 W/30 min 600 W/15 min 600 W/30 min 

Crude protein (N x 6.25) 78.31 ± 0.16b 79.56 ± 0.42b 79.29 ± 0.35b 82.53 ± 0.35a 82.53 ± 1.27a 82.92 ± 0.36a 82.92 ± 0.84a 

Lipids 5.52 ± 0.16a 5.52 ± 0.54a 2.41 ± 0.29b 2.68 ± 0.40b 1.62 ± 0.30c 2.64 ± 0.35b 2.40 ± 0.33b 

Moisture 7.49 ± 0.18a 6.58 ± 0.33b 5.69 ± 0.13c 5.41 ± 0.08c 5.41 ± 0.34d 2.31 ± 0.19e 2.30 ± 0.38e 

Ash 7.48 ± 0.08a 6.70 ± 0.04a 6.79 ± 0.13a 6.86 ± 0.27a 6.86 ± 0.64a 6.81 ± 0.73a 6.89 ± 0.30a 

Nitrogen free extract 1.71 ± 0.23d 2.49 ± 0.15bcd 4.92 ± 0.15abc 2.52 ± 0.23 cd 6.12 ± 2.69a 5.72 ± 0.80a 5.55 ± 1.56ab 

The data is presented as the average of three replicates ± standard deviation. Distinct superscripts in the identical row represent significant differences between 
treatments (p < 0.05). 0 W refers to the treatment where ultrasound was not applied. For each treatment the numerator and denominator represent the power (W) and 
time (min) of exposure to ultrasound, respectively. 
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3.3. Functional properties 

3.3.1. Protein solubility (ProS) 
Solubility is a critical property in evaluating the possible uses of a 

protein as ingredient in food products [63]. Fig. 3 shows the effect of 
HIUson on ProS of SSPI. Compared to 0 W, sonication significantly (p < 
0.05) increased ProS at all SSPIs except 200 W/30 min. The increase of 
ProS of the SSPIs ranged from 109 % (200 W/15 min) to 260 % (400 W/ 
30 min) in comparison with 0 W. In other studies, ProS rises of 115.5 % 
and 1000 % by ultrasound were reported for protein isolates from 
guamuchil [18] and jackfruit [15] seeds, respectively, in consistency 
with the results of this study. According to Yan et al. [64], the increase in 
ProS by ultrasound may be related to the decrease in hydrophobic 
groups on the protein surface [15]. In addition, ultrasound reduces the 
size of protein particles by breaking intermolecular bonds, weakens 
protein–protein interactions, and facilitates protein-water interactions, 
which also rises ProS [65]. 

3.3.2. Water and oil absorption capacities 
The interactions of water and oil with proteins are very important, 

since they exert a marked influence on properties such as texture and 
flavor, which contribute to quality of foods. Such interactions can be 
estimated through water-absorption (WAc) and oil-absorption (OAc) 
capacities [66]. Table 3 shows the influence of HIUson on the WAc of the 
SSPI. Compared to 0 W, treatments at 200 W, 400 W and 600 W for 30 

min showed significant increases (p < 0.05) in WAc of 20.1 %, 37.7.% 
and 38.4 %, respectively, in contrast to the observed decreases of 20.9 
%, 18.5 % and 30.9 % for the treatments exposed to ultrasound exposure 
for 15 min. This may be due to the fact that ultrasound for 15 min caused 
greater exposure of hydrophobic groups on the surface of the proteins, 
while at 30 min the exposure of hydrophilic groups was higher [67]. 

The results demonstrated that the affinity of the oil measured as OAc 
for the SSPI was higher for all the ultrasonicated treatments than the 
SSPI unsonicated. Interestingly, contrary to what happened with WAc, 
the highest OAc values were for the treatments of 200 W, 400 W and 600 
ultrasonicated for 15 min instead of 30 min (Table 3). The treatment 
with the greatest increase in OAc (21.2 %) was 600 W for 15, compared 
to the control. The cause of the increase in OAc of the protein isolates 
could be attributed to the conformational changes in the protein struc
ture due to ultrasonic cavitation. These changes exposed the non-polar 
hydrophobic side chains of the amino acids of the protein molecule, 
which increase their interaction with the oil molecules [68]. 

In a study with ultrasound-treated orange seed proteins, a decrease 
in WAc was observed [19], consistent with the results obtained in this 
work for the SSPI ultrasonicated at 200 W, 400 W and 600 W at 15 min. 
On the other hand, Biswas and Sit [20] reported the improvement of the 
OAc of proteins obtained from tamarind seeds exposed to ultrasound, as 
observed in the SSPI proteins of this study. 

3.3.3. Emulsifying properties 
The quality of proteins for emulsion formation is determined by the 

Table 2 
Influence of high-intensity ultrasound on the physicochemical properties of the soursop seed protein isolate.  

Properties Ultrasound treatment 

0 W 200 W/15 min 200 W/30 min 400 W/15 min 400 W/30 min 600 W/15 min 600 W/30 min 

Water activity (Wa) 0.502 ± 0.001a 0.490 ± 0.001b 0.481 ± 0.001c 0.408 ± 0.001e 0.404 ± 0.001f 0.416 ± 0.001d 0.405 ± 0.001ef  

Color: 
L* (lightness) 48.69 ± 0.35e 53.34 ± 0.27a 49.39 ± 0.01d 51.62 ± 0.29b 48.73 ± 0.08e 47.79 ± 0.46f 49.85 ± 0.09c 

a* (+redness, -greenness) 7.07 ± 0.05a 5.88 ± 0.01d 7.05 ± 0.01a 5.60 ± 0.17d 6.29 ± 0.07b 5.65 ± 0.13d 6.12 ± 0.10c 

b* (+yellowness, -blueness) 14.81 ± 0.16a 14.80 ± 0.10a 14.42 ± 0.01b 13.12 ± 0.11c 12.78 ± 0.17d 12.50 ± 0.32e 13.22 ± 0.26c 

ΔE (color difference) 51.13 ± 0.31ab 46.30 ± 0.16e 50.44 ± 0.05bc 47.58 ± 0.24d 50.69 ± 0.02b 51.31 ± 0.50a 49.63 ± 0.01c  

Density: 
ρb (g/cm3) 0.156 ± 0.01a 0.128 ± 0.01c 0.122 ± 0.01d 0.155 ± 0.01a 0.155 ± 0.01a 0.133 ± 0.01b 0.109 ± 0.01e 

ρc (g/cm3) 0.200 ± 0.01a 0.179 ± 0.01b 0.163 ± 0.01d 0.205 ± 0.01a 0.205 ± 0.01a 0.174 ± 0.01c 0.157 ± 0.01e 

The data is presented as the average of three replicates ± standard deviation. Distinct superscripts in the identical row represent significant differences between 
treatments (p < 0.05). 0 W refers to the treatment where ultrasound was not applied. For each treatment the numerator and denominator represent the power (W) and 
time (min) of exposure to ultrasound, respectively. ρb = bulk density, ρc = compacted density. 

Fig. 3. Effect of ultrasound on the protein solubility of soursop seed protein 
isolate. The results are expressed as the mean of triplicates ± standard devia
tion. Different letter on bars indicate significant differences between treatments 
(p < 0.05). 0 W is control without ultrasound treatment. For each treatment the 
numerator and denominator represent the power (W) and time (min) of expo
sure to ultrasound, respectively. 

Table 3 
Influence of the high-intensity ultrasound on the functional properties of the 
soursop seed protein isolate.  

Treatment Functional property 

WAc OAc LGCo 

0 W 5.08 ± 0.24bc 5.93 ± 0.16b 6.00 ± 0.00a 

200 W/15 min 4.02 ± 0.08c 7.10 ± 0.27a 6.00 ± 0.00a 

200 W/30 min 6.1 ± 1.63ab 6.91 ± 0.23a 6.00 ± 0.00a 

400 W/15 min 4.14 ± 0.06c 6.85 ± 0.35a 6.00 ± 0.00a 

400 W/30 min 6.69 ± 0.08a 6.55 ± 0.17ab 6.00 ± 0.00a 

600 W/15 min 3.51 ± 0.21c 7.19 ± 0.22a 6.00 ± 0.00a 

600 W/30 min 7.03 ± 0.42a 7.02 ± 0.43a 6.00 ± 0.00a 

The data is presented as the average of three replicates ± standard deviation. 
Distinct superscripts in the identical row represent significant differences be
tween treatments (p < 0.05). 0 W refers to the treatment where ultrasound was 
not applied. For each treatment the numerator and denominator represent the 
power (W) and time (min) of exposure to ultrasound, respectively. WAc: water 
absorption capacity; OAc: oil absorption capacity; LGCo: least gelation 
concentration. 
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EAI and ESI, which measure the ability of proteins to be absorbed at the 
oil–water interface and stay there for a while, respectively [69]. The 
HIUson significantly (p < 0.05) improved the EAI of the treatments 200 
W/30 min (22.3 %), 400 W/15 min (86 %), 600 W/15 min (40.2 %) and 
600 W/30 min (13.8 %), in comparison with 0 W, but for 400 W/30 min 
a worsen of 34.4 % was observed (Fig. 4A). In the case of ESI, sonication 
provoked reductions in the range of 8.2 % (200 W/15 min) to 34.3 % 
(600 W/15 min), and a maximum increase of 5 % for 400 W/30 min 
(Fig. 4B). 

Ultrasound enhances emulsifying properties due to increased expo
sure of nonpolar protein residue side chains, which expands interaction 
with the hydrocarbon chains of acyl glyceride molecules [70,67]. In 
addition, the decrease in particle size by ultrasound enlarges protein 
molecular flexibility and stretchability around oil droplets, resulting in 
better adsorption at the oil–water interface and the formation of denser 
coarse films [71]. As in this study with SSPI, ultrasound also improved 
emulsifying properties in protein isolates from hemp [72], grass pea 
[73], and potato [74]. 

3.3.4. Foaming properties 
Foam is a colloidal system of air bubbles dispersed in a continuous 

aqueous phase. Foam formation is determined by the ability of surfac
tant components to absorb at the air–liquid interface and reduce surface 
tension [75]. Proteins from different sources have been used in food 
industry due to the ability as foaming agents [19]. HIUson significantly 
(p < 0.05) improved the foaming properties of SSPI (Fig. 5). The FC of 
16.7 % for 0 W was augmented to 23.7 %, 30.2 %, 36 %, and 41 % for 
400 W/15 min, 400 W/30 min, 600 W/15 min, and 600 W/30 min, 
respectively (Fig. 5A). In the case of FS, the improvement of this prop
erty by ultrasound was observed in all treatments, except 600 W/30 min. 
The FS of the SPPSs was in the range of 83 % (200 W/15 min) to 100 % 
(400 W/15 min), in comparison to 69.8 % for 0 W (Fig. 5B). 

The improvement of FC and FS by ultrasound is due a greater 

exposure of the hydrophobic groups caused by changes in the protein 
conformation, which accelerate absorption at the gas/water interface 
[23]. Studies with protein isolates from pea [76], chickpea [77], and 
sunnhemp [78] have demonstrated the beneficial effect of ultrasound on 
FC and FS. 

3.3.5. Least gelation concentration (LGCo) 
A protein gel is a three-dimensional network formed by the aggre

gation of individual protein molecules. Protein isolates are extensively 
used as gelling agents to enhance the texture and water-holding capacity 
of food as yogurts, cheese and meet products [68]. HIUson did not 
modify the LGCo of SPPI with respect to 0 W (Table 3). However, the 
LGCo of 6 % for all treatments places SSPI as a material with a medium 
gelling capacity, according to the classification that establishes that 
values <4 %, 4–8 % and >8 % correspond to the categories high, me
dium and low, respectively [47]. 

A lowering of LGCo from 4 % to 2 % and from 14 % to 2 % (at pH 7) 
has been obtained by ultrasound in protein isolates from passion fruit 
[16] and orange [19] seeds, contrary to the results of this study. The 
reduction in LGCo of protein isolates by sonication can be attributed to 
factors such as decreased particle size, partial denaturation, and 
increased exposure of protein hydrophobic and sulfhydryl groups [62]. 
The LGCo results of 6 % for the SPPI of this study were better than those 
obtained of 9 % and 12 % for protein isolates from jackfruit [51], and 
guamuchil [18] seeds. 

3.4. Biochemical properties 

3.4.1. Protein fractional composition 
The fractional composition generates information about the solubi

lity of the protein in different solvents. According to their solubility, 
proteins can be classified into albumins (soluble in water), globulins 
(soluble in saline solutions), prolamins (soluble in ethanol) and glutelins 
(soluble in alkaline solutions), and the presence and quantity of each 
protein fraction in protein isolates depend on the raw material and 
extraction method [79]. 

The effect of HIUson on the fractional composition of SSPI is shown in 
Table 4. The solubility pattern of the SSPI protein fractions was modified 
by the effect of ultrasound. The content of albumins, globulins and 
prolamins increased, while that of glutelins decreased. The greatest 
variation in the contents of the protein fractions with respect to 0 W was 
for 600 W/30 min. The contents of albumins, globulins and prolamins 
increased to 423.4 %, 230.8 % and 96.8 %, while that of glutelins 
decreased to 47.5 %. The contents of albumins and globulins also were 
risen by ultrasound in a protein isolate from orange seeds [19], con
forming to the results observed in the SPPI of this study. The modifi
cation of solubility pattern of protein fractions could be due to the 
structural changes produced by ultrasound, which alter balance of 
hydrophobic-hydrophilic groups on the surface of the protein, as has 
been demonstrated in studies with proteins obtained from orange [19], 
passion fruits [16], guamuchil [18], and jackfruit [15] seeds. 

3.4.2. Molecular weight distribution 
Generally, the proteins of the isolates are composed of several frac

tions of different molecular weights, which can undergo modifications 
such as hydrolysis when exposed to physical, chemical, or enzymatic 
treatments [15]. In such cases, the SDS-PAGE is a tool that allows to 
determine changes in the molecular weight pattern of proteins [80]. The 
impact of HIUson on the electrophoretic patterns of SPPI under non- 
reducing and reducing conditions is shown in Fig. 6. 

The same six fractions with molecular weights ~ 65, 57, 27, 23, 13, 
and 12 kDa were observed for 0 W as well as for the sonicated SSPIs 
under non-reducing conditions, meaning that ultrasound did not affect 
the molecular weight profile (Fig. 6A). These results agree with those 
obtained for protein isolates from pumpkin [23], tamarind [20], and 
orange [19] seeds, in which ultrasound did not alter their 

Fig. 4. Effect of ultrasound on the emulsifying activity index (A) and emulsi
fying stability index (B) of soursop seed protein isolate. The results are 
expressed as the mean of triplicates ± standard deviation. Different letter on 
bars indicate significant differences between treatments (p < 0.05). 0 W is 
control without ultrasound treatment. For each treatment the numerator and 
denominator represent the power (W) and time (min) of exposure to ultra
sound, respectively. 
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electrophoretic profile either. 
On the other hand, both 0 W and as well as the SSPIs treated with 

ultrasound also showed the same four fractions with molecular weights 
of ~60, 30, 22, and 17 kDa under reducing conditions, which indicate 
that the sonication did not fracture any disulfide bonds (Fig. 6B). These 
results contrast with those observed for proteins isolates from jackfruit 
[15], and melon [62] seeds, where the protein fragmentation was 
detected by ultrasound due to the cavitation phenomena [81]. 

In a previous study with protein extracts from soursop seeds, protein 
fractions in the range of 20–35 kDa were identified [10]. The range of 
molecular weights of the protein fractions of the SPPIs of this study was 
in those corresponding to 10–35 kDa, 15–35 kDa, 25–48 kDa, 25–50 
kDa, and 14–70 kDa for protein isolates from Persian lime [54], pome
granate [49], apple [82], plum [83], and kiwi [84] seeds. 

3.4.3. In vitro protein digestibility (IDig) 
Digestibility is one of the main protein quality factors and a high 

value of this property is desirable for protein isolates [85]. HIUson 
significantly (p < 0.05) increased the IDig of SSPI (Fig. 7A). The IDig for 
0 W of 78.1 % rose to the maximum value of 85.4 % for 400 W/15 min. 
The minimum beneficial in IDig was observed for 200 W/30 min, which 
had an additional 2.3 % to the 0 W value. The improvement of the IDig 
by ultrasound is due to modification of protein structure which facili
tates the access of the digestive enzymes to the proteins [86]. The IDig of 
the SPPIs of this study were in the range of those obtained from 68.9 %, 
76 % and 83.2 % for protein isolates from avocado [26], guamuchil 

Fig. 5. Effect ultrasound on the foaming capacity (A) and foaming stability (B) of soursop seed protein isolate. The results are expressed as the mean of triplicates ±
standard deviation. Different letter on bars indicate significant differences between treatments (p < 0.05). 0 W is control without ultrasound treatment. For each 
treatment the numerator and denominator represent the power (W) and time (min) of exposure to ultrasound, respectively. 

Table 4 
Influence of the high-intensity ultrasound on the protein fractional composition 
of the soursop seed protein isolate.  

Treatment Protein fraction (%) 

Albumins Globulins Prolamins Glutelins 

0 W 7.55 ± 0.62f 2.37 ± 0.15e 4.63 ± 0.41d 85.41 ±
1.17a 

200 W/15 min 19.71 ±
0.75e 

5.39 ± 0.09c 10.93 ±
0.49a 

63.90 ±
0.22c 

200 W/30 min 14.81 ±
1.23d 

3.28 ±
0.87d 

6.63 ± 0.58c 75.26 ±
1.20b 

400 W/15 min 32.23 ± 0.09c 5.62 ±
0.14b 

8.70 ± 0.21b 53.44 ±
0.45d 

400 W/30 min 39.53 ±
0.55a 

7.84 ± 0.64a 6.63 ± 1.11b 44.81 ±
0.34e 

600 W/15 min 35.21 ±
0.53b 

5.56 ± 0.55c 8.50 ± 0.77b 50.40 ±
1.16d 

600 W/30 min 39.52 ±
0.64a 

7.84 ± 1.11a 9.11 ± 0.34b 44.80 ±
0.34e 

The data is presented as the average of three replicates ± standard deviation. 
Distinct superscripts in the identical row represent significant differences be
tween treatments (p < 0.05). 0 W refers to the treatment where ultrasound was 
not applied. For each treatment the numerator and denominator represent the 
power (W) and time (min) of exposure to ultrasound, respectively. 
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Fig. 6. Effect ultrasound on the electrophoretic profile of soursop seed protein isolate. Non-reducing (A) and reducing (B) SDS-PAGE electrophoretic profiles of SSPI: 
Lane MW, molecular weight marker; Lane 1, control (0 W); Lane 2, 200 W/15 min; Lane 3, 200 W/30 min; Lane 4, 400 W/15 min; Lane 5, 400 W/30 min; Lane 6, 
600 W/15 min and Lane 7, 600 W/30 min. For each correspond treatment to the lines, the numerator and denominator represent the power (W) and time (min) of 
exposure to ultrasound, respectively. 

Fig. 7. Effect ultrasound on the in vitro protein digestibility (A) and DPPH radical scavenging activity (B) of soursop seed protein isolate. The results are expressed as 
the mean of triplicates ± standard deviation. Different letter on bars indicate significant differences between treatments (p < 0.05). 0 W is control without ul
trasound treatment. For each treatment the numerator and denominator represent the power (W) and time (min) of exposure to ultrasound, respectively. Act-DPPH: 
DPPH radical scavenging activity; DPPH: 2,2-diphenyl-1-picrylhydrazyl. 
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[18], and watermelon [87] seeds, respectively. 

3.4.4. DPPH radical scavenging activity (Act-DPPH) 
Proteins can be an important source of bioactive peptides with 

antioxidant capacity. These peptides can serve as potential radical 
scavengers by donating protons from their aromatic amino acid residues 
to free radicals [88]. Consumption of foods with a significant input of 
antioxidants could improve consumers’ health [43]. 

Fig. 7B shows the effect of HIUson on Act-DPPH of the SSPI. In gen
eral, HIUson increased significantly (p < 0.05) the Act-DPPH with the 
augment of the power, in contrast with 0 W, except for 200 W/30 min. 
The increase of Act-DPPH ranged from 27.8 % (200 W/15 min) to 36.2 % 
(600 W/min), although no significant (p < 0.05) differences were 
detected between treatments. The increase in Act-DPPH of proteins 
because of ultrasound could be a consequence of the modification of 
their structure, causing the exposure of aromatic and sulfur amino acid 
residues, which can donate protons to reactive free radicals. and 
therefore, have antioxidant activity [89]. In studies with proteins from 
Dolichos lablab L. [43] and hemp seeds [90], ultrasound increased the 
Act-DPPH, in accordance with the results of this research. 

3.5. Structural characteristics 

3.5.1. Particle size (Ps) 
The Ps of proteins in the form of aggregates is an important charac

teristic that influences the functional properties of foaming and emul
sification [82]. Fig. 8A shows the influence of the HIUson on the Ps of the 
SSPI. Overall, ultrasound did not significantly (p > 0.05) modify the Ps of 
the SSPI, except for the 200 W/15 min and 600 W/15 min treatments, in 
which it caused a decrease of 50 % and 36 %, respectively. A decrease in 
the Ps value can be attributed to microcurrents and turbulence due to the 
cavitational force generated during ultrasound treatment [80]. 

In a study by Sun et al. [91] with a protein isolate from peanut paste, 
HIUson decreased Ps by 34 %, while Gani et al. [82] reported that the 
reduction in the value of this property was 59 % for a protein isolate 
from apple seeds. The values in the decrease in Ps of the SSPIs in this 
study because of ultrasound were in the range of those previously 

reported for protein isolates from peanut paste and apple seeds. The 
dissociation of the aggregate particles of the protein isolates due to the 
effect of ultrasound could be due to the breaking of the disulfide bonds, 
thus increasing the exposure of the sulfhydryl groups on the surface and 
causing the fragmentation of the proteins [92]. 

3.5.2. Surface hydrophobicity (Sh) 
Sh is a property that reflects the distribution of hydrophobic residues 

on the molecular surface [93], which is used as a key index of modifi
cation of the tertiary structure and hydrophobic interactions of proteins, 
with an impact on their functional properties [23]. Fig. 8B exhibits the 
effect of HIUson on the Sh of the SSPI. In general, Sh decreased signifi
cantly in the SSPI (p < 0.05) with the application of ultrasound, except 
for 400 W/30 min, where there was no significant difference compared 
to the control. The maximum decrease of Sh was 68 % 200 W/30 min, 
compared to the 0 W treatment. The application of HIUson induces a 
partial denaturation of the polypeptide chain, which leads to the for
mation of aggregates where hydrophobic groups become embedded 
within the protein molecules, causing the reduction of Sh [94]. 

In contrast to the results reported in this research, HIUson increased 
the Sh of protein isolates from plum [83] and jackfruit [15] seeds 
approximately 400 % and 50 %, respectively, compared to the control 
treatment. The increase in Sh can be explained by the effect of the ul
trasonic cavitation phenomenon that induces a certain degree of mo
lecular unfolding of the proteins, which causes an augment in the 
number of hydrophobic groups and regions on the surface of the pro
teins, which were originally found within the molecules of said polymers 
[95]. 

3.5.3. Intrinsic fluorescence spectrum (IFS) 
The IFS is a tool that allows measuring conformational changes in the 

tertiary structure of proteins and is related to the intrinsic fluorescence 
emitted by aromatic amino acids such as tryptophan, tyrosine, and 
phenylalanine [96]. Fig. 8C shows the effect of HIUson on IFS of the SSPI. 
The wavelength corresponding to maximum fluorescence intensity of 
the control and the sonicated treatments was 335 nm and 325 nm, 
respectively, which implies that this small red shift by ultrasound can be 

Fig. 8. Effect of ultrasound on the structural properties of soursop seed protein isolate. The results are expressed as the mean of triplicates ± standard deviation. 
Different letter on bars indicate significant differences between treatments (p < 0.05). 0 W is control without ultrasound treatment. For each treatment the 
numerator and denominator represent the power (W) and time (min) of exposure to ultrasound, respectively. 
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associated to the structural changes in protein [97]. Except for 400 W/ 
15 min, the intensity of fluorescence of all ultrasonicated treatments was 
lower than that of 0 W, and the minimal value was for 200 W/30 min. 
These changes occur due to the increase in exposure of chromogenic 
amino acid residues of proteins in a polar environment, because of the 
breakdown of hydrophobic bonds, which produces an extinction of 
fluorescence and a decrease in fluorescence intensity [98]. 

On the other hand, the maximum IFS length of the control was 335 
nm, the same as in the treatments subjected to ultrasound for 30 min and 
contrary to those treated for 15 min which presented a maximum IFS of 
325 nm. Generally, if the maximum IFS is recorded at a wavelength of 
330 nm or less, it is assumed that tryptophan is located inside the protein 
(hydrophobic environment). On the other hand, when the maximum IFS 
is detected at a wavelength higher than 330 nm, it indicates that tryp
tophan is in a hydrophilic environment [99]. 

Results like those of this study regarding the effect of ultrasound on 
fluorescence intensity were reported for pea proteins [100]. However, 
other studies with guamuchil seed proteins [18] and whey [101] re
ported an increase in fluorescence intensity by ultrasound, which was 
also associated with the rupture of internal hydrophobic groups, causing 
the unfolding of protein molecules and the exposure of more chromo
phores on the surface of said polymers. 

3.5.4. Molecular flexibility (MolFlex) 
MolFlex is a very important property of proteins that is related to the 

function of these polymers, which depends on extrinsic factors including 
the interaction with other macromolecules, that can affect their spatial 
arrangement [44]. As observed in Fig. 8D, HIUson significantly 
decreased (p < 0.05) the MolFlex of the SSPI, except for 400 W/15 min. 
The most notable reduction in MolFlex was observed in 400 W/30 min 
(37 %) compared to the control. According to Wang et al. [102], ultra
sound decreases the MolFlex of proteins due to the formation of disulfide 
bonds that lead to protein aggregation. In contrast to the results of this 
study, ultrasound increased the MolFlex of soybean proteins [44,103] 
and guamuchil seed proteins [18], due to the alteration of the structure 
of their rigid region. 

3.5.5. Free (SH-
F) and total (SH-

T) sulfhydryls 
SH-

F and SH-
T groups are among the most active reactive groups of 

proteins and their exposure can affect the functional properties of pro
teins [104]. The impact of HIUson on the contents of SH-

F and SH-
T is 

shown in Table 5. The ultrasound significantly increased (p < 0.05) the 
contents of SH-

F and SH-
T in the SSPI, except at 200 W/30 min for SH-

T. 
The increase in SH-

T and SH-
F contents depended on the ultrasound 

conditions and ranged between 13.0 % (600 W/30 min) and 83.1 % 
(200 W/15 min) and 133.3 % (600 W/15 min) and 316.7 % (200 W/15 
min), respectively, in comparison with 0 W. The previous results can be 
explained by the effect of ultrasonic cavitation, which increases the 

exposure of the SH-
F on the surface of the proteins, as well as that of the 

SH-
F in the internal zone and those generated by the possible rupture of 

disulfide linkages, to achieve a higher SH-
T value [105]. In other studies, 

HIUson also increased the SH-
F content of pumpkin seed [23] and soy

bean [106] proteins, as observed in this research. 

3.5.6. Scanning electron microscopy (SEM) 
The size, shape and the presence of pores or fissures on the surface of 

the particles are part of the microstructure of the protein isolates, which 
can be associated with some of their physicochemical, and functional 
properties [107]. These characteristics of the protein isolates can be 
observed by SEM [89]. The effect of ultrasound on the microstructure of 
SSPI is shown in Fig. 9. As can be seen, HIUson modified the micro
structure of the SSPI proteins, especially those treated at 400 W and 600 
W, producing larger and softer particles and with lamellar shape, 
compared to the control treatment (Fig. 9A). Furthermore, HIUson 
produced small cracks on the surface of the protein particles (Fig. 9B). 
The increase in the size of the SSPI particles could be due to the 
unfolding of the proteins as consequence of the ultrasonic waves, which 
causes greater exposure of the hydrophobic groups and SH-

F on the 
surface of the molecules, promoting the interaction between them to 
form larger aggregates during freeze-drying [80,71,15]. The fractures 
on the surface of the protein particles can be due to the effect of the 
ultrasonic cavitation [108]. Previous studies on guamuchil [18], orange 
[19] and fruit passion [16] seed proteins showed the same effects pro
voked by ultrasound in the protein of SSPI of this study. Nonetheless, a 
study with proteins from apple seeds detected a reduction in the particle 
size by effect of ultrasound, as revealed by microstructural analysis 
using SEM [82]. 

3.5.7. Secondary structure 
FT-IR is commonly used to evaluate the secondary structure of pro

teins, including β-turn, α-helix, random coil, and β-sheet. The amide I 
band (1700–1600 cm− 1) of proteins primarily reflects the stretching 
vibration of carbonyl bonds (C = O) within the amide group (approxi
mately 80 %), which can be utilized to analyze the secondary structure 
of proteins [109]. As observed in Table 5, HIUson modified the sec
ondary structure of the SSPI. The significant (p < 0.05) modifications 
were the increases of 46 % in β-sheet (400 W/15 min), 236 % in α-helix 
(200 W/30 min), 43 % in β-turn (400 W/30 min), compared to the 
control treatment. Additionally, a 60 % decrease in coil random struc
ture was observed (400 W/30 min). 

According to Meng et al. [89], ultrasound alters the secondary 
structure of proteins by disrupting hydrogen bonds crucial for stabilizing 
these structures. In comparison to the results obtained in this study, 
ultrasound induced a 25 % decrease in β-turn in a plum seed isolate [83], 
while in a jackfruit seed protein isolate [47] there was an elevation of 
11.4 % in the random coil and a decrease of 14.8 % in the β-sheet 

Table 5 
Influence of the high-intensity ultrasound on the structural properties of the soursop seed protein isolate.  

Structural property Ultrasound treatment 

0 W 200 W/15 min 200 W/30 min 400 W/15 min 400 W/30 min 600 W/15 min 600 W/30 min 

Sulfhydryl group (µmol/g) 
Total (SH-

T) 1.54 ± 0.16 cd 2.82 ± 0.18a 1.14 ± 0.03d 1.99 ± 0.12bc 1.84 ± 0.25c 2.38 ± 0.27ab 1.74 ± 0.15c 

Free (SH-
L) 0.24 ± 0.06d 1.00 ± 0.21a 0.76 ± 0.04b 0.83 ± 0.01ab 0.81 ± 0.21ab 0.56 ± 0.08c 0.69 ± 0.25bc  

Secondary structure (%) 
β-sheet 40.49 ± 0.91e 45.09 ± 0.67d 49.45 ± 0.64c 59.06 ± 0.31a 52.79 ± 0.36b 30.82 ± 0.76f 53.11 ± 0.64b 

Random coil 27.96 ± 3.18a 21.21 ± 1.95c 16.18 ± 0.01d 26.19 ± 0.88b 11.01 ± 0.35f 22.36 ± 0.99c 12.29 ± 0.23e 

α-helix 3.23 ± 1.60c 2.17 ± 0.03d 10.85 ± 1.68a 0.31 ± 0.21d 3.69 ± 0.16c 6.39 ± 0.01b 5.92 ± 0.05b 

β-turn 28.30 ± 0.67c 30.98 ± 1.61b 23.44 ± 1.25d 14.50 ± 0.53e 32.44 ± 0.69b 40.41 ± 0.32a 28.33 ± 0.30c 

The data is presented as the average of three replicates ± standard deviation. Distinct superscripts in the identical row represent significant differences between 
treatments (p < 0.05). 0 W refers to the treatment where ultrasound was not applied. For each treatment the numerator and denominator represent the power (W) and 
time (min) of exposure to ultrasound, respectively. 
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structures, in contrast to the control. Therefore, protein structural 
modification depends on the sonication conditions, protein source, and 
extraction method [68]. 

3.6. Pearson correlations analysis 

Ultrasound is a physical treatment that has been used successfully to 
improve the functional properties of vegetable proteins [16,17]. Ac
cording to diverse studies, the improvement of the functional properties 
of proteins by ultrasound is a consequence of the changes that occur in 
their physicochemical, structural, and biochemical properties [18–20]. 
The Pearson correlation coefficients between the physicochemical, 
functional, biochemical, and structural properties of the SSPI and the 
SSPI exposed to HIUson are shown in Table 6. Particularly, the higher 
positive correlations were as follows: proteins/ProS (r = 0.948; p < 
0.01), proteins/albumins (r = 0.976; p < 0.01), proteins/IDig (r = 0.936; 
p < 0.01), albumins/ProS (r = 0.977; p < 0.01), ProS/IDig (r = 0.971; p 
< 0.01), Sh/IFS (r = 0.838; p < 0.05), Sh/MolFlex (r = 0.799; p < 0.05), 
and MolFlex/random coil (r = 0.779; p < 0.05). Instead, the higher 
negative correlations were as follow: protein/glutelin (r = − 0.953; p < 
0.01), ProS/glutelins (r = − 0.977; p < 0.01), albumins/glutelins (r =
− 0.990; p < 0.01), glutelins/IDig (r = − 0.993; p < 0.01), Ps/SH-

T (r =
− 0.833; p < 0.05), and IFS/α-helix (r = − 0.814; p < 0.05). A study with 
soy proteins treated with ultrasound [106] reported positive correla
tions of MolFlex/EAI (r = 0.938; p < 0.01), MolFlex/ESI (r = 0.958; p < 
0.01), Sh/EAI (r = 0.772; p < 0.05), and Sh/ESI (r = 0.883; p < 0.05). In 
another study with ultrasonicated soy proteins [110] were found the 
correlations of Sh/EAI (r = 0.572; p < 0.05), Sh/ESI (r = 0.629; p < 
0.05), Ps/EAI (r = − 0.769; p < 0.01) and Ps/ESI (r = − 0.849; p < 0.01). 
The correlations between the properties of proteins treated with ultra
sound could depend on their intrinsic characteristics, isolation method 
and ultrasound conditions. 

4. Conclusions 

In general, the ultrasound modified the physicochemical, functional, 
biochemical, and structural properties of SSPI obtained by alkaline 
extraction and isoelectric precipitation. The main structural changes 
caused by ultrasonic cavitation were reflected in the modification of the 
indicators of the secondary (α-helix, β-sheet, β-turn and random coil) 
and tertiary (Ps, Sh, IFS, MolFlex, SH-

F and SH-
T) structures, as well as the 

pattern of protein fractions based on their solubility (albumins, globu
lins and prolamins, and glutelins). Such modifications increased signif
icantly (p < 0.05) the functional properties and biochemical properties 
of ProS, WAc, OAc, EAI, ESI, FC, FS, IDig, and Act-DPPH. Therefore, 
HIUson can contribute to the utilization of SPPI as a new food ingredient. 
Further research on the nutritive and rheological properties of SPPI 
could contribute to expanding its uses in the food industry, specifically 
in amino acids composition and gel properties. 

Fig. 9. Effect of ultrasound on the microstructure of the soursop seed protein 
isolate, observed at 500x amplification (A) and 1000x amplification (B) by 
scanning electron microscopy. 0 W is control without ultrasound treatment. For 
each treatment the numerator and denominator represent the power (W) and 
time (min) of exposure to ultrasound, respectively. 

Table 6 
Pearson correlations on the physicochemical, functionals, biochemicals, and structural properties a soursop seeds protein isolate (SSPI).   

CP PSol Albu Glut Ps Sh IFS MolFlex SH-
T α-H RC IDig 

CP 1            
PSol 0.948** 1           
Albu 0.976** 0.977** 1          
Glut − 0.953** − 0.977** − 0.990** 1         
Tp 0.161 0.091 0.129 − 0.033 1        
Ps − 0.287 − 0.135 − 0.214 0.261 0.281 1       
IFS − 0.154 0.182 0.043 − 0.024 − 0.060 0.838* 1      
MolFlex − 0.653 0.647 − 0.685 0.724 0.247 0.799* 0.469 1     
SH-

T − 0.058 0.363 0.264 − 0.363 − 0.833* − 0.105 0.343 − 0.374 1    
α-H 0.205 0.308 − 0.133 0.174 0.109 − 0.622 − 0.814* − 0.234 − 0.534 1   
RC − 0.581 − 0.448 − 0.539 0.541 − 0.308 0.745 0.742 0.779* 0.213 − 0.459 1  
IDig 0.936** 0.971** 0.972 − 0.993** − 0.067 − 0.270 0.056 − 0.729 0.459 − 0.219 − 0.487 1  

* Significant correlation (p < 0.05); **Highly significant correlation (p < 0.01); CP = crude protein; PSol = protein solubility; Albu = albumins; Glut = glutelins; Ps =

particle size; Sh = surface hydrophobicity; ISF = intrinsic fluorescence spectrum; MolFlex = molecular flexibility; SHT = total sulfhydryls; α-H = α-helix; RC = random 
coil; and IDig = in vitro protein digestibility. 
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J. Sánchez-Burgos, J. Morales-Castro, L.M. Anaya-Esparza, E. Montalvo-González, 
Optimization of ultrasound-assisted extraction of phenolic compounds from 

Annona muricata by-products and pulp, Molecules 24 (2019) 904, https://doi. 
org/10.3390/molecules24050904. 

[13] E.G. Tavares-Menezes, E.R. Oliveira, G.R. Carvalho, I.C. Guimaraes, F. Queiroz, 
Assessment of chemical, nutritional and bioactive properties of Annona crassiflora 
and Annona muricata wastes, Food Sci. Technol. 39 (2019) 662–672, https://doi. 
org/10.1590/fst.22918. 

[14] S. Chaparro, M. Tavera, J. Martínez, J. Gil, Functional properties of flour and 
protein isolates from Annona muricata seeds, Revista Actualidad y Divulgación 
Científica 17 (2014) 151–159. 

[15] J.A. Resendiz-Vazquez, J.A. Ulloa, J.E. Urías-Silvas, P.U. Bautista-Rosales, J. 
C. Ramírez- Ramírez, P. Rosas-Ulloa, L. González-Torres, Effect of high-intensity 
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