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A B S T R A C T

Quinoa proteins (QP) have promise as a potential source of novel food ingredients, and it is of great interest to
know how high-intensity ultrasound (HIUS) treatments affect the properties of QP. This work aimed to study the
impact of on-off time-pulses of HIUS treatments on the structural and physicochemical properties of QP; samples
were treated at 5, 10, 20, and 30min with on-off pulses of 10 s/10 s, 5 s/1 s, and 1 s/5 s). Structural changes were
evaluated using PAGE-SDS, circular dichroism, fluorescence spectroscopy, and differential scanning calorimetry.
Meanwhile, physicochemical properties were also examined, including solubility, Z-average, polydispersity
index PDI, and Z-potential. PAGE-SDS showed the appearance of polypeptides over 190 kDa in HIUS samples-
treated. All samples presented 15.6% α-helices, 31.3% β-sheets, 21.8% β-rotations, and 31.4% random coils
independent of the HIUS treatment. β-Turn structures and “random coils” were not affected by HIUS. When US
10 s/10 s and 1 s/5 s were applied, an increase in the % α-helix and a decrease in β-fold were observed, which
could indicate a small conversion of β-folds to α-helices. Fluorescence spectra for all HIUS showed a significant
increase (23%) of average fluorescence intensity and a decrease of λmax in relation to that of the control
(346 dnm and 340 nm average HIUS treatment). DSC showed one endotherm in all cases (81.6–99.8 °C), and an
increase in Td was observed due to the effect of the HIUS treatment. HIUS caused a 48% increase in solubility.
The Z-average of the HIUS samples compared to that of the controls showed an increase from 37.8 to 47.3 nm.
PDI and Z-potential values from the QP controls and the HIUS samples did not show significance differences and
presented average values of 0.466 ± 0.021 (PDI) and −16.63 ± 0.89 (Z-potential). It is possible to conclude
that HIUS treatments affect the secondary and tertiary structure of quinoa proteins, and these changes resulted in
an increase of solubility and particle size. HIUS treatment as a new and promising technology that can improve
the QP solubility properties and in that way allow its use as an ingredient with a good source of protein to
develop different types of beverages/protein sauces.

1. Introduction

Ultrasound technology has attracted considerable attention in re-
cent years and has been extensively used in the processing of food in
both liquid and solid media (1, 2). Its functional mechanism is based on
passing waves that create regions of high and low pressure; this var-
iation in acoustic pressure is directly proportional to the amount of
energy applied to the system. Ultrasound can be classified into two
categories: low intensity (1W/cm2) with a frequency of 5–10MHz and
high intensity (10–1000W/cm2) with a frequency of 20–100 kHz [3,4].
Moreover, high-intensity ultrasound (also known as power ultrasound)
is an effective technology for modifying structural and functional
properties of proteins [5], such as whey protein concentrate, soy

protein isolate/concentrate, and egg white protein [6]. Ultrasound-in-
duced protein modification is often attributed to acoustic cavitation.
Cavitation-induced activities, such as high shear by micro- and macro-
streaming, shock waves, and water jets, help to reduce the size of
protein aggregates and alter the molecular structure of protein [7].
Previous studies have investigated the changes in molecular structure of
proteins after high-intensity ultrasound (HIUS) treatment, which in-
duced alterations in free sulfhydryl groups, particle sizes, surface hy-
drophobicity, and secondary structures [8] and an increase in in-
tramolecular mobility and surface activity [9]. Similarly, Hu et al. [2]
reported that ultrasonic treatment of soy proteins resulted in partial
unfolding and a reduction of intermolecular interactions, as demon-
strated by increases in free sulfhydryl groups and surface
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hydrophobicity, and this led to improved solubility and fluid char-
acteristics of soy protein isolate (SPI) dispersions. When it is used ul-
trasound treatments with high levels of power output ∼400W it was
observed some grade of unfolding of QP Li et al. [10].

Quinoa (Chenopodium quinoa Willd) is a South American dicotyle-
donous. Quinoa proteins represent ≈16% of total dry quinoa seeds and
it has high nutritional value due mainly to their high content of good
quality protein [10,11]. QP can provide technological functional
properties that there are totally related to their structure. There is po-
tential for the production of protein concentrates from dehulled quinoa
seeds, which could be used as raw material in the food industry as a
technological functional ingredient as edible films, beverage, sauces,
sausages [11–13]. The main protein fractions in quinoa grain are al-
bumins and globulin [14,15]. Brinegar et al. [14,15], studied the mo-
lecular structures of quinoa globulin and albumin and reported that
both proteins are stabilized by disulfide bridges. According to our
knowledge, little is known about the effects of HIUS treatment condi-
tions on the structure of quinoa proteins, and furthermore, how this
effect acts on the physical properties of quinoa proteins to improve its
use in food industry applications. Thus, the objective of this study was
to investigate the effects of HIUS treatment on the conformational and
physicochemical properties of quinoa proteins, as a function of treat-
ment time with ultrasound (5, 10, 20, and 30min) and on/off pulses
(10 s/10 s; 5 s/1 s; and 1 s/5 s).

2. Materials and methods

2.1. Plant material

Quinoa flour (Chenopodium quinoa Willd) was supplied by Sociedad
Comercial Agrícola Promauka Limitada, Paredones, VI Region of Chile.
The flour was stored at 4 °C until it was used. Protein concentration was
determined by Kjeldahl, and the percentage of nitrogen was converted
to crude protein by multiplying it by a factor of 5.85 [16].

2.2. Obtaining the quinoa protein extract (QP)

The quinoa flour was defatted for 24 h with hexane in a 10% (w/v)
suspension with continuous stirring, then air-dried at room tempera-
ture, and finally stored at 4 °C until use. Defatted quinoa meal was
suspended in distilled water, and the pH was adjusted to 8.0 with 1 N
NaOH. The suspensions were stirred for 60min at room temperature
and then centrifuged at 21,000g for 30min at 15 °C [13]. The super-
natants were lyophilized (ILSHINBIOBASE, model FD5508) and sub-
sequently stored at 4 °C until use, and labelled as QP. The soluble
protein content was 2.34 ± 0.5mg/mL [17].

2.3. High-intensity ultrasound (HIUS) treatment

A volume of 250mL of fresh QP solution was obtained and soni-
cated for 5, 10, 15, 20 and 30min, using a 20 kHz Sonicator (Q Sonica,
Q700 USA) with a maximum power output of 700W; the energy input
was provided through a 1.27 cm diameter probe with an amplitude of
20%, which resulted in 39W of power, as provided by the ultrasound
manufacturer's instructions. Sweep cycles (1, 5, 10 s) and pulse ratios
(on-time/off-time) were (16.7%, 50%, and 83.3%), that is, 1 s on-time/
5 s off-time (1 s/5 s), 10 s on-time/10 s off-time (10 s/10 s), and 5 s on-
time and 1 s off-time (5 s/1 s). The temperature was controlled by pla-
cing the sample container in a beaker with ice (∼20 °C). Untreated (QP)
and US-treated QP samples were lyophilized (QP-HIUS) (ILSHINBIOB-
ASE, model FD5508) and subsequently stored at 4 °C until use. All the
samples (QP and QP-HIUS) presented an average protein content of
47.2 ± 0.3 g/100 g [16].

2.4. Conformational analysis of quinoa proteins

2.4.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

Lyophilized samples of QP and QP-HIUS were analysed by electro-
phoresis was carried out according to the Laemmli method [18]. All
electrophoresis analyses were performed on gel minislabs (Bio-Rad
Mini Protean III Model; Bio-Rad, Hercules, CA, USA). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels contained 12% (w/v)
acrylamide in the resolving gel and 5% acrylamide in the stacking gel.
The molecular mass standard was obtained from Thermo Scientific
(PageRuler™ Prestained Protein Leader) and contained proteins of the
following sizes: 10, 17, 26, 34, 43, 55, 72, 95, 130 and 180 kDa. The
sample loading buffer contained 0.124M Tris–HCl (pH 6.8), 15% (v/v)
glycerol and 2% (w/v) SDS. For reducing conditions, 5% (v/v) of 2-ME
was added, and samples were heated (100 °C for 3min). Protein bands
were stained with Coomassie Brilliant Blue R [18].

2.4.2. Circular dichroism (CD)
Solutions of lyophilized samples of QP and QP-HIUS were prepared

at 0.2mg/mL protein content in distilled water. The CD spectra were
recorded in the far UV range (190–250 nm) with a spectropolarimeter
(Jasco J-1500, Japan Spectroscopic) at 20 °C and a quartz cuvette with
1mm optical path length; an interval of 5 nm and a scan speed of
50 nm/min were used. Four scanning acquisitions were accumulated
and averaged to obtain the final spectrum [19] using the Spectra
Manager 2® software to obtain the data. The CD data were expressed in
terms of ellipticity (millidegrees). The software CONTIN was used to
obtain the % of each secondary structure type [20–23].

2.4.3. Fourier transform infrared spectra (FTIR)
QP and QP-HIUS lyophilized were analysed on an Agilent

Technologies, Model Cary 630 (USA) FTIR spectrometer system, cou-
pled to an attenuated total reflectance (ATR) accessory, equipped with
a single-reflection diamond crystal. Measurements were performed
using∼50mg of powdered samples, which was placed on the surface of
the ATR crystal, and pressed with a flat-tip plunger. A total of 20 scans
were taken in the wavenumber range of 400–4000 cm−1 at a resolution
of 4 cm−1 using resolution Pro software version 2.5.5 (Agilent
Technologies USA). Analysis was carried out at room temperature.

2.4.4. Fluorescence spectroscopy
It was prepared samples of QP and QP-HIUS lyophilized at 0.2mg/

mL protein content in distilled water [17]. Fluorescence measurements
were performed on a PerkinElmer LS-50 B luminescence spectrometer
at room temperature. The excitation wavelength was 270–290 nm, and
the emission spectra were recorded as the average of two spectra from
310 to 500 nm at a scan speed of 30 nm/min [13].

2.4.5. Determination of surface hydrophobicity (Ho)
Surface hydrophobicity was measured according to Kato and Nakai

and Li et al., [24,25] using the fluorescence probe 1-anilino-8-naph-
thalene-sulfonate (ANS) [26]. The lyophilized samples of QP and QP-
HIUS were diluted with distilled water to obtain concentrations of
0.2 mg/mL [17]. Then, 10 µL of ANS (8.0mM in distilled water) was
added to 3mL of diluted sample, and the blends were incubated
(∼25 °C) for approximately 1 h [27]. The relative fluorescence intensity
was determined using a Cary Eclipse Fluorescence Spectrophotometer
at 390 nm (excitation wavelength, slit 10 nm) and 400–600 nm (emis-
sion wavelength, slit 5 nm). Three scanning acquisitions were accu-
mulated and averaged to obtain the final spectrum. Surface hydro-
phobicity of the sample was expressed as the relative fluorescence
intensity obtained with the 0.2 mg/mL protein concentration.

2.4.6. UV–VIS spectroscopy
The ultraviolet–visible (UV–Vis) spectra of the sample solutions (QP
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and QP-HIUS lyophilized were prepared at 1mg protein/mL in distilled
water) were recorded ranging from 220 to 500 nm, using a spectro-
photometer (Agilent 8453, Germany) at 25 °C with a 1 cm path length
quartz cell.

2.4.7. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC131 EVO calorimeter,

France) was used to determine the peak degradation temperature (Td)
and associated energy of the thermal process, for both QP and QP-HIUS
samples. Approximately 2mg of each sample (QP and QP-HIUS lyo-
philized) was accurately weighed into aluminium pans and hermeti-
cally sealed. An empty pan was used for reference. The scanning tem-
perature was raised from 20 to 140 °C at a rate of 10 °C/min [1,6]. The
temperature at maximum heat flow of the endothermic transition and
the area underneath the peak from the endothermal curve (J/g) were
calculated.

2.5. Physicochemical analysis of quinoa proteins

2.5.1. Dynamic light scattering measurements
The particle hydrodynamic diameter (Z-average), polydispersity

index (PDI), and Z-potential were measured at 25 °C using a Zetasizer
Nano ZS-90 (Malvern Instruments, USA) operating at 4.0 mW and
633 nm with a fixed scattering angle of 173°. Soluble protein samples
were prepared at a concentration of 10mg of protein/mL [17] in Milli-
Q ultrapure water, from QP and QP-HIUS lyophilized.

2.5.2. Determination of solubility
For this test, 10mg of the sample (QP and QP-HIUS lyophilized) was

dispersed in 1mL of distilled water (1% w/w). The suspensions were
stirred for 1 h and then centrifuged at 10,000×g for 30min at± 20 °C.
Soluble proteins were measured according to the Bradford method
[17]. Solubility was expressed as a percentage of the total protein.
Determinations were performed at least in triplicate.

2.6. Statistical analysis

All experiments were performed in triplicate, and each value re-
presents the mean of at least two measurements from two independent
ultrasound treatments. Significant differences in studied parameters
between the control and HIUS-treated samples were determined by
analysis of variance using the general linear model procedure
(Statgraphics 3.0). An alpha level of 0.05 (p < 0.05) was used to de-
termine significance. Statistically significant differences are indicated
by the use of distinct superscripts.

3. Results and discussions

3.1. Conformational analysis of quinoa proteins

3.1.1. SDS-PAGE
SDS-PAGE profiles of the control QP and the samples treated at

different HIUS time conditions can be observed in Fig. 1a–c, in the
presence or absence of the reducing agent (2-ME). The non-reducing
SDS-PAGE revealed molecular masses of the QP polypeptides were
diffuse at 86, 66, 56, 27 kDa, and all protein bands less than 20 kDa are
associated to albumin or 2S proteins components [14], those electro-
phoretic patterns were previously described [13,15,28]. It was observed
that the band protein between 85 and 100 kDa was found more clear in
all QP-HIUS than QP, this polypeptide was before already described
[13,15,28]. The protein with MW 56 kDa was found in QP and in all
QP-HIUS treatments and correspond to chenopodin or globulin 11S (Gl
in the Fig. 1). Only HIUS-treated samples showed the appearance of
polypeptides at MM greater than 190 kDa (HMWP in the Fig. 1), the
formation of polypeptides of HMM from soy protein isolates induced by
HIUS treatment was described by Tang et al. [29]. When analysing SDS-

PAGE results of the QP, QP-HIUS polypeptides in the presence of the
reducing agent, a greater intensity was observed in the area close to
∼35 kDa (associated with the acid subunit) and another in the zone of
∼22 kDa (basic subunit); this band indicates the presence of cheno-
podin, which showing that is stabilized by disulfide bridges, as pre-
viously described by others [15,31,32]. HMWPs of QP-HIUS samples
(with 2-ME) disappear showing that are stabilized by disulphide bridges
and could correspond to trimeric or hexameric structures that can adopt
globulins 11S [31].
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Fig. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of control
(QP) and high-intensity ultrasound (QP-HIUS) treatments of quinoa proteins
under non-reducing and reducing (with 2-ME) conditions. a. QP-HIUS 10 s/10 s.
b. QP-HIUS 5 s/1 s. c. QP-HIUS 1 s/5 s. Where PHMM is the polypeptide of high
molecular weight; Gl correspond to globulin 11S; AS means acid subunit; and
BS is the basic subunit.
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3.1.2. Circular dichroism (CD)
Chen et al. [32] utilized CD to assess the secondary structure of

several proteins in the aqueous phase and identified two inflection
points within the negative elliptic zone, approximately 222 and
209 nm, that indicate the presence of an α-helix, in addition to an el-
lipticity (+) maximum of approximately 192 nm. The control sample
presented 15.6% α-helix, 31.3% β sheet, 21.8 β rotation and 31.4%

random coil, which are similar to percentages reported by Mäkinen
et al. [33] for alkaline extracts of quinoa proteins and to that described
by Marcone et al. [34] for other proteins from dicotyledonous seeds.
The CD results of the ultrasound-treated samples in addition to the
control can be seen in Fig. 2. All collected spectra presented two
minimal (negative) inflections (marked with * in the figure), one in the
range of 206.5–208 nm and the other less negative inflection

Fig. 2. Circular dichroism spectra of control (QP) and high intensity ultrasound (HIUS) treatments of quinoa proteins at 5, 10, 20 and 30min with 20% amplitude by
pulse ratios on-time/off-time a: HIUS 10 s/10 s; b: HIUS 5 s/1 s, and c: HIUS 1 s/5 s.
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approximately 224.5–228.0 nm, in addition to a positive maximum at
approximately 192.5 nm, which coincides with the ranges described by
Chen et al. [32]. These ranges found for HIUS-treated quinoa proteins
coincide with those described by Navarro-Lisboa et al. [35] for protein
fractions at pH 7, showing that two negative values of ellipticity at 207
and 222 nm are associated with α-helix secondary structures; Choi and
Ma [36] also associated these values to α-structure for buckwheat
globulins. Fig. 3 shows the values of ellipticity at 207 nm (Fig. 3a) and
at 224 nm (Fig. 3b); these values differ in all HIUS-treated samples
compared with those of the control. Fig. 3a and b shows that the
smallest fluctuations correspond to 5 s/1 s HIUS, while the largest
fluctuations were shown by the 1 s/5 s treated samples. A great de-
crease in ellipticity related to that of the QP control was observed for
the 10 s/10 s treated samples until a treatment duration of 10min was
reached, and subsequently, a tendency to remain constant was ob-
served. The 10 s/10 s treatment caused the greatest change in ellipticity
in relation to the control, which could be attributed to changes in
secondary structure potentially associated with an unfolding in its
structure [33]. Fig. 4a–c shows the determination of % secondary
structure content for the control protein extract and those treated with
ultrasound for varying durations (5, 10, 20 and 30min) and treatment
conditions (10 s/10 s, 5 s/1 s, and 1 s/5 s). Observed changes in the
secondary structure may be associated with the sonication treatment.
This treatment could cause the breakdown of interactions that stabilize
this structural level such as hydrogen bonds and/or electrostatic in-
teractions, and in some cases producing proteins unfolding (HIUS 10 s/
10 s). Li et al. [10] reported that HIUS treatment at high power

conditions (more than 200W) changed the proportions of a-helix, b-
sheet, b-turn, and random coil producing unfolding of QP, and showed
that ultrasound treatment increased the random coil at high power
(600W).

3.1.3. Fourier transform infrared spectroscopy (FTIR)
Fig. 5 shows the FTIR spectra of the QP control and HIUS-treated

samples. The main spectral observations were three intense bands at-
tributed to amide I (∼1600 cm−1), amide II (∼1500 cm−1) and amide
III (∼1200 cm−1) [37]. The comparison of FTIR spectra revealed dif-
ferences between the control and HIUS-treated quinoa proteins [38].
All samples treated with HIUS for 5min produced a decrease in the
∼1600 cm−1 intensity band with respect to that of the QP control;
moreover, the amide II and III bands remained without variation be-
tween the samples. At 10min of HIUS 10 s/10 s treatment, an increase
in all intensity bands was displayed, and the remaining HIUS treatments
showed a decrease in the three amide zones, all compared to those of
the control. Regarding samples treated with HIUS for 20min, only the
5 s/1 s treatment showed a decrease in the three amide zones in respect
to those of QP; and finally, when considering samples treated for
30min, the 10 s/10 s treatment showed a notorious increase in amide I,
II and III bands. In contrast, the 1 s/5 s and 5 s/1 s treatments showed a
decrease in all amides zones compared to those of the QP control. The
amide I zone revealed oscillations of the polypeptide structure related
to C]O stretch vibrations, which has generally been associated with
changes in the secondary protein structure [39], and which could cor-
respond to C–O, N–H stretching caused by flexural vibration fre-
quencies of the intra- and inter-molecular hydrogen bonds produced by
the cavitation and energy provided by the HIUS treatment. In regards to
samples treated with HIUS for 5min, it is possible to observe an in-
crease in the intensities of the amide I zone. The 10 s/10 s treatment
exhibited higher variation in the amide I zone (at 10 and 30min) [40].
The effect of starch on HIUS treatments was considered in the spectrum
located between 1200 and 900 cm−1, because in this is dominated by
ring vibrations overlapped with stretching vibrations of (C–OH) side
groups and the (C–O–C) glycosidic bond vibrations [41]. Quinoa seeds
have around 60% of starch [42] with high content of amylose and
amylopectin [43], so those polysaccharides consist of α(1–4)-linked
glucose units but amylose is linear, and amylopectin is a highly bran-
ched polymer with α(1,4; 1,6)-linked glucose units. The FTIR spectrum
(Fig. 5) show that QP/QP-HIUS has bands ∼1098 cm−1 and 950 cm−1,
it was observed in some cases increase/decrease of those bands related
to QP, these changes can be associated to the loss of molecular order of
QP starch [44]. Since application of HIUS to liquid systems causes
acoustic cavitation generating growing and eventual collapse of the
bubbles, the US waves propagate, the bubbles oscillate and could cause
collapse which could produce collapse pressure, turbulences, and shear
stresses [45] and produce the QP unfolding observed, these observa-
tions in the FTIR spectra are in agreement with the CD data described in
the previous section.

3.1.4. Fluorescence spectroscopy
Fluorescence is a useful technique to follow the transition of the

tertiary structure in proteins since the intrinsic fluorescence of aromatic
amino acid residues is sensitive to the polarity of the microenvironment
[46]. The fluorescence spectrum of proteins is particularly attributed to
the tryptophan residue [47] since the intensity of its spectrum is greater
than that of phenylalanine and tyrosine [48]. Fig. 6 shows the fluor-
escence spectra corresponding to US treatments of differing duration (5,
10, 20, and 30min) and pulse on-pulse off condition (10 s/10 s, 5 s/1 s,
and 1 s/5s). All US conditions revealed a significant increase of ∼23%
in fluorescence intensity (FI) relative to that of the control. In contrast,
it was also observed that the maximum wavelength (λmax) corre-
sponding to different treatments of HIUS presented significant a de-
crease in relation to the control (p < 0.05), from 346 nm (control) to
340 for QPs treated with HIUS; this decrease indicates a blueshift and
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Fig. 3. Chance of ellipticity as a function of HIUS time treatments of quinoa
proteins: (a) 207 nm y (b) 224 nm.
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denominated hypsochromic effect [49]. The fluorescence of tryptophan
(Trp) side chains in a protein is extremely sensitive to the environment;
thus, observed changes in FImax and λmax are useful indicators of
protein structural and conformational changes [2,6,50–52]. Three kinds
of tryptophan residues have been described according their λmax
emission: a value between 330 and 332 nm is considered a buried re-
sidue, 350–353 nm is considered exposed, and 340–342 is considered
exposed with limited water contact and is likely immobilized at the
surface [48]. For the QP control sample, values were ∼346 nm in-
dicating that Trp were mainly exposed, but for QP-HIUS, values were
∼340 nm, indicating that Trp residues shifted towards being exposed
with limited water contact, emitting a greater energy due to molecular
conformational change into a more hydrophobic environment [49]. The
structural changes caused by HIUS treatments on quinoa proteins could
be due to cavitations generated when gas bubbles form and collapse due
to pressure differences that occur in microseconds, causing shear forces
and an increased temperature [8,53].

3.1.5. Determination of surface hydrophobicity (Ho)
Changes in the conformational structure of quinoa proteins were

determined from measurements of extrinsic (ANS-binding) fluorescence
(Fig. 7). The extrinsic fluorescence emission spectra of QP and HIUS-
treated samples ranged from 473 to 472 nm; Zhang et al. [54] described
a λmax of 467 nm of soy proteins binding to ANS-probes. In some cases,
HIUS 10 s/10 s and 5 s/1 s treatments showed a slight blueshift of 1 nm
in the emission wavelength, oscillating between 473 nm and 472 as
shown in (Table 1). This behaviour was not observed during HIUS 1 s/
5 s treatment conditions. Table 1 also lists the fluorescence intensities at
λmax (FI). The FI of the HIUS US 10 s/10 s-treated sample significantly
increased (p < 0.05) with respect to that of QP, and the sample treated
for 20min presented the highest value observed (221.57 ± 1.0). The
HIUS US 5 s/1 s-treated samples presented increases and decreases in IF
depending on the duration of treatment (Table 1), and the HIUS 1 s/5 s-
treated samples showed a significantly decreased FI (p < 0.05) in re-
lation to that of QP (control); furthermore, this treatment represented
the smallest FI value observed, 147.0 ± 0.5. According to Stryer [55],
the use of the probe ANS could be useful in detecting changes in the
tertiary/quaternary structure of proteins, and interactions between ANS
and hydrophobic binding sites within proteins are associated with two
observations including a blueshift in the maximum peak and an

Fig. 4. Secondary structure % contents of control quinoa protein and those treated with ultrasound (HIUS) at 5, 10, 20 and 30min by pulse ratios (on-time/off-time),
a: 10 s/10 s; b: 5 s/1 s; and c: 1 s/5 s, estimated from circular dichroism spectra in the far-UV región (190–250 nm).
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increase in fluorescence [55]; ANS can therefore be useful for the de-
tection of protein aggregation, folding, unfolding [55,56]. Notably, our
results presented an increase an FI and a slight blueshift, primarily in
samples that underwent HIUS US 10 s/10 s and 5 s/1 s treatments
compared with those of the control. The conformational changes that
may be attributed to the formation of HMWP of quinoa proteins
[55,57]. In contrast, for the 1 s/5 s treated samples, a decrease in FI
values was observed compared with that of the control, but no changes
in λmax, which may suggest some degree of protein folding [55].

3.1.6. UV spectroscopy
UV spectra in the 250–320 nm region provide information about the

tertiary structure of proteins [58] because aromatic chains of tyrosine
(Tyr), tryptophan (Trp) and phenylalanine (Phe) absorb in the UV–vi-
sible region between 240 and 300 nm; these residues are sensitive to
environmental modifications, so their absorption spectra can change in
regards to both absorption and maximum wavelength [59]. In Fig. 8,
spectra of HIUS-treated quinoa proteins and the untreated control are
shown. Samples subjected to HIUS treatment had a significant change
in λmax (p < 0.05) from 256 (non-treated) to 260 nm (HIUS-treated).
According to Schmidt [59], denaturation occurs due to external agents
when a small increase in wavelength associated with aromatic residues
(Tyr, Trp, Phe) is observed [58,59], and quinoa globulin 11S contains
aromatic residues [22,23]; thus, these results are to some degree sug-
gesting that denaturation of quinoa proteins is occurring due to HIUS
treatment. Absorbance values at λmax were ∼1.96 ± 0.06 (control
and all HIUS conditions). These absorbance values were not sig-
nificantly different from that of the control, except for the HIUS 10 s/
10 s treatment for 20min that differed significantly from that of the
other conditions and treatment durations (p < 0.05), presenting the

highest absorbance value of 2.31 ± 0.01; this result may indicate a
greater degree of unfolding and higher exposure of the aromatic re-
sidues [56]. In contrast, it is plausible that protein soluble of HMM
formed, since an absorbance reading remains at 320 nm. Accordingly,
positive differences were found between absorbances at 280–320 nm in
a non-linear behaviour, which could further explain the degree of de-
naturation in HIUS-treated quinoa proteins (Fig. 8).

3.1.7. Differential scanning calorimetry (DSC)
DSC thermograms of quinoa proteins treated with HIUS and the

untreated control are shown in Fig. 9. Observation of one endotherm in
all cases is possible; these endothermic selections ranged from 81.6 to
99.8 °C (Fig. 9). This result could be associated with 11S globulins, since
they make up the highest fraction at pH 8 [60]; this is also in agreement
with other studies [13,61]. With this respect, these ranges can vary
depending on the matrices and extraction conditions. For quinoa flour,
a Td of ∼98.9 °C was described [62], and for protein isolates at dif-
ferent pH values, the Tds varied between 96 and 102 °C [61]. Td values
of quinoa proteins, presented a significant increase (p < 0.05) with the
US treatment in relation to the control, except those treated at 10 s/10 s
for 20min and at 1 s/5s for 5min, which were not significantly dif-
ferent. Seemingly, some HIUS treatments may contribute to the thermal
stability of quinoa proteins. As 11S globulin is the main storage protein
of quinoa seeds (and it is soluble at pH 8 [15,63]), also it is a hexamer
protein with a MM of 320 kDa, of which each subunit consists of a basic
peptide (20–25 kDa) and acid (30–40 kDa) covalently linked by an SS
bond, and is a member of the highly conserved 11S storage globulin
family [15,64]. We believe that 11S globulin can be affected by HIUS
adopting trimeric conformations (∼160 kDa) and/or hexamerics
(∼330 kDa), and it is in this sense that we are discussing, and thinking

Fig. 5. FTIR spectra of control quinoa protein and those treated with ultrasound (HIUS) at a: 5min, b: 10min, c: 20min and d: 30min (pulse ratios (on-time/off-
time), 10 s/10 s; 5 s/1 s; and 1 s/5 s).
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that the increase in the particle size of its monomeric conformation
(∼55 kDa) to trimeric/hexameric since this conformations are stabi-
lized by hydrophobic bonds between monomeric protein [65]. Karki
[66] did not find a clear correlation between HIUS and the thermal
behaviour of soy proteins. However, Malik et al. [65] studied dena-
turation of sunflower protein isolate induced by HIUS, and they found
an increase of Td at ∼30min of HIUS treatment.

3.2. Physicochemical analysis of quinoa proteins

3.2.1. Dynamic light scattering measurements
The changes produced by HIUS of the proteins in QP was evaluated

by dynamic light scattering, the polydispersity index (PDI) and Z-
Potential. The HIUS-treated quinoa and control samples did not present
significant differences in these values. The Z-potential ranged from
−15.9 to −18.1 (average −16.6 ± 30.89). PDI values ranged be-
tween 0.471 and 0.485 (average 0.466 ± 0.021) (see Table 2); PDI is
used to estimate the size distribution of a particle solution, a sample
solution can be monodisperse when the PDI value is less than 0.1 [67],
so these results are indicating that QP and QP-HIUS are polydisperse,
and it could correspond to different levels of globulin11S [31]. The US
1 s/5 s presented slightly lower values (p > 0.05) of −15.3 to −15.6
and 0.414–0.456 (Z-potential and PDI, respectively). PDI in this re-
search, did not show great changes due to HIUS; Z-potential was

uniformly negative indicating that the surface ionic charge remained
negative, which is expected due to the pH of the protein extraction
solution (pH 8). The mean hydrodynamic diameters of the HIUS-treated

Fig. 6. Intrinsic fluorescence spectra of control quinoa protein and those
treated with ultrasound (HIUS) at 5, 10, 20 and 30min by pulse ratios (on-
time/off-time), a: 10 s/10 s; b: 5 s/1 s; and c: 1 s/5 s.

Fig. 7. Extrinsic fluorescence spectra of control quinoa protein and those
treated with ultrasound (HIUS) at 5, 10, 20 and 30min by pulse ratios (on-
time/off-time), a: 10 s/10 s; b: 5 s/1 s; and c: 1 s/5 s.

Table 1
Fluorescence intensity (FI) and λmax obtained from the extrinsic fluorescence
emission spectra of quinoa protein control and HIUS-treated samples.

Time (min) 10 s/10 s 5 s/1 s 1 s/5 s

λmax

0 473.0 ± 0.00 473.0 ± 0.00 473.0 ± 0.00
5 472.0 ± 0.00 472.0 ± 0.00 473.0 ± 0.00
10 472.0 ± 0.00 473.0 ± 0.00 473.0 ± 0.00
20 473.0 ± 0.00 472.0 ± 0.00 473.0 ± 0.00
30 473.0 ± 0.00 473.0 ± 0.00 473.0 ± 0.00

FI
0 183.24 ± 0.06 183.24 ± 0.06 183.24 ± 0.06
5 212.03 ± 0.18 196.36 ± 0.71 185.29 ± 0.13
10 197.17 ± 0.33 162.98 ± 0.50 165.28 ± 0.49
20 221.57 ± 0.99 199.84 ± 0.24 175.83 ± 0.35
30 197.09 ± 0.58 171.96 ± 0.59 146.95 ± 0.53
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protein (Table 2) were between 40 and 46 nm and the non-treated
sample was 38 nm. The mean hydrodynamic diameter (Z-average) of
the HIUS-treated quinoa proteins increased compared to that of the
control, which may indicate some aggregation of the treated proteins.
Malki et al. [65] observed an increase in mean particle size at 30min of
HIUS, and they explain this increase in particle size indicates the ag-
gregation of protein; also for BSA proteins at 40min of HIUS treatment
reported the particle size was increased, that indicates formation of
small aggregates [8]. Z-average values (p < 0.05) were significant for
all tested time durations for US 10 s/10 s and US 5 s/1 s but only at
30min for US 1 s/5s; the Z-average did not present a significant

difference compared to that of the QP control. This was consistent with
the SDS-PAGE analysis of the proteins (Fig. 1) and UV spectra, sug-
gesting that HIUS treatments could be favourable for the formation of
quinoa soluble polypeptides of HMM, these polypeptides may be re-
lated to the trimeric or hexameric globulin 11S structure [31,68].

3.2.2. Solubility
The solubility of quinoa proteins is shown in Table 3; the solubility

of the PE control (obtained at pH 8) was 44.3 ± 2.2%. Accordingly,
Steffolani et al [30] showed that protein solubility depends not only on
the pH but also on the specific quinoa variety from which the protein is
derived; they described solubility values of quinoa protein isolates
(obtained at pH 9) ranging from ∼47 to 70% at neutral pH. Ad-
ditionally, we observed that protein solubility increased (p < 0.05)
after 5min of HIUS treatments from 59.3 to 86.5%. US 10 s/10 s and US
5 s/1 s presented higher values than US 1 s/5 s (73.3 ± 2.9,
86.5 ± 10.7, and 59.3 ± 5.3%, respectively); this increase in solubi-
lity is related to the identified conformational changes and the forma-
tion of soluble HMWP, as observed previously in -SDS-PAGE and UV
spectra [6,69]. After 5min of treatment, the increased solubility typi-
cally remained and continued to rise, especially HIUS 1 s–5 s (Table 3).
The resulting solubility following all treatments significantly differed
compared to that of the control (p < 0.05). When considering that the

Fig. 8. UV–Visible spectra of control quinoa protein and those treated with
ultrasound (HIUS) for 5, 10, 20 and 30min by pulse ratios (on-time/off-time),
a: 10 s/10 s; b: 5 s/1 s; and c: 1 s/5 s.

Fig. 9. DSC thermograms of control quinoa protein and those treated with ul-
trasound (HIUS) for 5, 10, 20 and 30min by pulse ratios (on-time/off-time), a:
10 s/10 s; b: 5 s/1 s; and c: 1 s/5 s.
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solubility of vegetable proteins increased after different HIUS treat-
ments, as other authors have described [6,69], and that ultrasound
treatment US 5 s/1 s produced a strong increase in the solubility of
quinoa proteins, it seems that the pulse-on/pulse-off method could be
an important variable to consider when HIUS is applied to increase
quinoa protein solubility.

4. Conclusions

HIUS treatments of QP resulted in time-dependent conformational
and physicochemical changes. HIUS treatments can be related to the
formation/dissociation of trimeric and/or hexameric structures of glo-
bulin 11S. On the other hand, it seems that a small conversion of β-folds
to α-helices occurs at the secondary structure level. Changes in the
tertiary conformation of quinoa proteins were also observed, and some
HIUS treatments were able to contribute thermal stability of the quinoa
proteins. Conformational changes are related to physicochemical
properties because a small increase in the size and in the solubility of
quinoa proteins was observed in HIUS-treated samples. These results
are applicable to the potential development of quinoa proteins for new
ingredients and functional foods.
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