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A B S T R A C T   

Gelation is critical in many food applications of plant proteins. Herein, limited hydrolysis by Alcalase was used to 
promote thermally induced gelation of quinoa protein isolates (QPI). Mechanical properties of various QPI gels 
were characterised by small and large oscillatory shear deformation rheology while the microstructural features 
were observed by confocal laser scanning microscopy (CLSM). Both the gel strength and microstructure are 
strongly related to the hydrolysis time. The maximum gel strength (~100 Pa) was achieved after Alcalase hy
drolysis for 1 min, which was ~20 folds higher than that of untreated QPI. Extended hydrolysis up to 5 min 
progressively decreased the gel strength. A string-like interconnected protein network was formed after prote
olysis. The change of gel strength with hydrolysis time correlated well to the Gʹ 20◦C/Gʹ 90◦C value and results of 
intrinsic fluorescence and surface hydrophobicity. The Gʹ 20◦C/Gʹ 90◦C value is sensitive to hydrogen bonds for
mation while the intrinsic fluorescence and surface hydrophobicity are associated with protein unfolding and 
exposure of hydrophobic groups. Therefore, both hydrogen bonding and hydrophobic interactions are critical in 
improving the gel strength of QPI hydrolysates. Finally, FTIR analysis revealed that protein secondary structures 
are affected by the proteolysis and formation of inter-molecular hydrogen bonds between polypeptides. This 
study provides an efficient strategy for improving thermally induced gelation of QPI and enables a deep un
derstanding of QPI gelation mechanism induced by Alcalase hydrolysis.   

1. Introduction 

In recent years, research on alternative proteins such as protein 
isolates obtained from plant resources has gained increasingly attention 
from both academia and industry because production of plant proteins is 
regarded as more sustainable than that of animal and dairy proteins as 
well as a significant increase in vegan, vegetarian, and flexitarian pop
ulations (Grossmann and McClements, 2021). Gelation is regarded as 
one of the most important techno-functional properties of food proteins, 
which plays critical roles in manufacturing a wide range of food prod
ucts such as sausages, meat analogues, and yoghurt (Clark et al., 2001). 
However, compared to animal and dairy proteins, plant proteins usually 
exhibit inferior gelation properties due to their poor solubilities and/or 
lack of covalent interactions (e.g. disulfide bonds) (Akharume et al., 
2021). Therefore, developing strategies to enhance gelation properties 
of plant proteins is highly desirable. 

Most plant proteins are globular proteins (Kumar et al., 2022). 
Gelation of globular proteins occurs when the proteins unfold and create 
interactions through non-covalent and covalent interactions to form 
aggregates. When protein concentrations exceed the critical protein 
concentration for gelation, a three-dimensional cross-linking network 
was formed, finally leading to the formation of gels. There are various 
methods that can induce the gelation of plant proteins including heat 
treatment (Nicolai and Chassenieux, 2019; Yang et al., 2022), high hy
drostatic pressure (HHP) processing (Luo et al., 2021), addition of acids 
and salts (Langton et al., 2020), and enzymatic cross-linking (e.g. 
transglutaminase) (Xing et al., 2020). Among these methods, thermally 
induced gelation is most commonly used due to its ease of operation and 
availability for pilot and industrial scales. 

Enzymatic hydrolysis is another method that can affect the gelation 
property of globular proteins and most studies focused on whey pro
teins. It has been reported that whey protein isolate (WPI) or its main 
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component β-lactoglobulins can form gels when subjected to hydrolysis 
by Bacillus licheniformis protease (BLP) (Spotti et al., 2017), α-chymo
trypsin (Rabiey and Britten, 2009), and Alcalase (Doucet et al., 2003; 
Otte et al., 1996; Otte et al., 2000). Gelation kinetics and final gel 
strength are significantly affected by preheat treatment of proteins, 
concentrations of proteins and enzymes, pH, ionic strength, and tem
perature (Otte et al., 1999). 

Compared to WPI, there are far less studies available in the literature 
on the effect of enzymatic hydrolysis on the gelation of plant proteins; 
and most often, soy protein was studied (Vogelsang-O’Dwyer et al., 
2022). Lamsal, Jung, and Johnson (2007) studied the impact of hydro
lysis with bromelain on the heat gelation (95 ◦C) properties of defatted 
soy flour, soy protein concentrate, and soy protein isolate at pH 7. A 
substantial decrease in storage modulus (Gʹ) was observed in all 
hydrolysed samples and Gʹ decreased as the degree of hydrolysis (DH) 
increased. In another study related to peanut protein isolate (PNPI), 
Jiang et al. (2021) found that the limited Alcalase hydrolysis of PNPI can 
significantly improve the gel formation below 70 ◦C. In a recent study of 
quinoa protein isolate (QPI), Galante et al. (2020) indicated that enzy
matic hydrolysis of QPI using the enzyme extracted from the solid-sate 
fermentation of Aspergillus niger for 0.5–3 h at 40 ◦C considerably 
decreased the mechanical strength of glucono delta-lactone (GDL) 
induced QPI gels. It can be concluded that the impact of enzymatic 
hydrolysis on the gelation of plant proteins is highly related to factors 
such as protein resources, protease, ionic strength, hydrolysis condi
tions, and DH (Vogelsang-O’Dwyer et al., 2022; Zhou and Yang, 2020). 

Protein extracts from quinoa (Chenopodium quinoa Willd.) is selected 
in this study as the QPI contains all nine essential amino acids and shows 
a great potential of generating bioactive peptides (Guo et al., 2021; 
Vilcacundo et al., 2017). In addition, compared to traditional plant 
protein ingredients such as soy protein isolate (SPI), QPI is regarded as a 
less allergenic ingredient (Bahmanyar et al., 2021; Ran et al., 2022; Ran 
et al., 2022). To the best of our knowledge, there are no reports on the 
impact of enzymatic hydrolysis on heat gelation properties of QPI. 
Therefore, in this study the heat gelation behaviour of QPI subjected to 
Alcalase hydrolysis was systematically investigated. The viscoelastic 
properties of QPI gels were determined by small and large oscillatory 
deformation rheology and their microstructures were characterised by 
confocal laser scanning microscopy. The structural alternations of QPI 
after enzymatic hydrolysis were probed by FTIR, SDS-PAGE, surface 
hydrophobicity, and intrinsic fluorescence. We believe that the findings 
from this study will provide a new method to improve the thermally 
induced gelation properties of QPI. 

2. Materials and methods 

2.1. Materials 

Quinoa seeds for quinoa protein extractions were kindly provided by 
Kiwi Quinoa Inc. (Taihape, New Zealand). All chemicals including pe
troleum ether, NaOH, NaCl, HCl, SDS, isopropanol, Alcalase 2.4 L (from 
Bacillus licheniformis, P4860, EC number 3.4.21.62, ≥2.4 U/g), low 
viscosity mineral oil (M5904), fast green dye, 8-anilino-1-naphthalene 
sulphonate (ANS), and sodium azide were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). The o-phathaldialdehye (OPA) reagent 
solution was purchased from Thermofisher Scientific (Waltham, MA, 
USA). All chemicals were of analytical grade. Chemicals for SDS-PAGE 
including the Laemmli sample buffer (4 × ), Tris/Glycine/SDS running 
buffer (10 × ), β-mercaptoethanol, and Coomassie Brilliant Blue R-250 
staining solution were purchased from Bio-Rad (Hercules, CA, USA). 
Milli-Q water was used throughout the sample preparations. 

2.2. Preparation of quinoa protein isolate (QPI) 

The QPI was extracted according to our previous studies (Yang et al., 
2022; Zhang et al., 2021). Briefly, quinoa seeds were thoroughly washed 

with water (quinoa/water = 1:10 (w/w)) at room temperature (~20 ◦C) 
for 5 times before drying in a fume hood overnight. Previous studies 
suggest that around ~70–90% of saponins can be removed from quinoa 
seeds using similar water washing methods (El Hazzam et al., 2020; 
VEGA-GÁLVEZ, San Martin, Sanders, Miranda, & Lara, 2010). Then, the 
quinoa seeds were ground into flour with a bench-top coffee grinder 
(Breville, New Zealand) before passing through a 500 μm sieve to obtain 
fine quinoa powder. After that, defatting was achieved by mixing the 
quinoa flour with petroleum ether at a ratio of 1:10 (w/v) under 
magnetically stirring for 5 h at 20 ◦C. The defatting process was repeated 
twice by changing new petroleum ether every 5 h. The similar defatting 
method has been used in previous studies of quinoa protein extractions 
(Luo et al., 2022; Shen et al., 2021). After drying, the defatted quinoa 
flour (~200 g) was dispersed into ~2 L Milli-Q water containing 500 
mM NaCl for 2 h and the pH was adjusted to 8 using 1 M NaOH. 
Thereafter, the supernatant containing soluble proteins was obtained 
after centrifugation at 10,000 g for 30 min at 20 ◦C (Sigma centrifuge, 
Harz, Germany). Afterwards, the pH of the supernatant was adjusted to 
pH 4.5 (close to isoelectric point of quinoa proteins) in order to pre
cipitate proteins. The proteins were recovered by centrifugation again at 
the same condition and then thoroughly washed with Milli-Q water 4 
times to remove salt. Finally, the protein principates were resolubilised 
in Milli-Q water containing 0.02 wt% sodium azide at pH 7 before being 
lyophilized (Labconco, MO, USA) to obtain dry powders for further uses. 
The QPI powder contains 92.0 w/w% protein, 1.5 w/w% fat, 3.0 w/w% 
ash and 3.5 w/w% moisture as determined by the Nutrition Laboratory 
of Massey University (Palmerston North, New Zealand). The protein 
content of QPI was determined using a Kjeldahl autoanalyzer (Foss 
Tecator, Sweden) according to the AOAC method 2001.11. The protein 
content was calculated using a nitrogen conversion factor of 6.25 for 
quinoa protein (Tavano et al., 2022). 

2.3. Enzymatic hydrolysis of QPI by Alcalase 

QPI was dispersed in Milli-Q water containing 50 mM NaCl to make a 
protein solution of 8 wt%. The pH was adjusted to 8 with 1 M NaOH and 
the QPI dispersion was kept gentle stirring overnight at 20 ◦C to allow 
protein hydration. The pH was regularly checked and adjusted if 
necessary. Subsequently, the QPI solution (~5 g) was placed in a water 
bath set at 50 ◦C until the temperature equilibrates to 50 ◦C followed by 
adjusting the pH to 8. Enzymatic hydrolysis was initiated by adding 
Alcalase enzyme solution to the QPI solution at an enzyme to protein 
ratio of 2:100 (E/S, v/w) (Chen and Campanella, 2022). At the desired 
hydrolysis times (1 min, 3 min, and 5 min), aliquots of QPI hydrolysates 
were immediately heated at 90 ◦C for 20 min to stop the enzymatic 
reaction (Nieto-Nieto et al., 2014). Hydrolysates were freeze-dried and 
stored for further characterisations. The QPI sample (pH 8) subjected to 
the same heat treatment (90 ◦C, 20 min) but in the absence of enzyme 
was regarded as a control. 

2.4. Degree of hydrolysis (DH) 

The degree of hydrolysis (DH) was determined following the method 
of Chen and Campanella (2022) and Nielsen et al. (2001) using the 
o-phathaldialdehye (OPA) method. Briefly, QPI samples were dissolved 
to reach appropriate concentrations and then 400 μL QPI solutions were 
added into 3 mL of OPA reagent solution. The mixtures were left at 20 ◦C 
for exactly 2 min followed by measuring the absorbance at 340 nm by a 
UV–Vis spectrophotometer (UV-1700, Shimadzu, Japan). To obtain a 
completely hydrolysed sample for estimation of total number of amides 
groups, the QPI was incubated with 6 M HCl at 110 ◦C for ~18 h. OPA 
reagent added with 400 μL Milli-Q water or 400 μL unhydrolyzed QPI 
sample was treated as the blank and control, respectively. DH was 
calculated using the equation below 
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DH(%)=
Abs(QPH) − Abs(QPI)

Abs(Total) − Abs(Blank)
(1)  

where Abs (QPH), Abs (QPI), Abs (Total), and Abs (Blank) represent the 
absorbance of QPI hydrolysates, unhydrolyzed QPI, QPI incubated with 
6 M HCl, and the blank, respectively. 

2.5. Measurement of zeta potential and pH of QPI hydrolysates 

The zeta potentials and pH of untreated and Alcalase treated QPI 
samples were determined at a concentration of 1 wt% and at 20 ◦C. The 
zeta-potentials were measured by a Malvern Zetasizer Nano-ZS90 in
strument with a disposable folded capillary cell (DTS1070, Malvern 
Instruments, UK) (Cheng et al., 2022; Nieto-Nieto et al., 2014). The pH 
was determined with a HALO Bluetooth wireless pH electrode 
(HI13302, Hanna instruments, USA). 

2.6. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE) 

SDS-PAGE was conducted according to Laemmli (1970) and our 
previous studies (Luo et al., 2021; Yang et al., 2022). The SDS-PAGE was 
run under the reducing condition, and 0.15% (20 μL) QPI dispersions 
was mixed with Laemmli sample buffer (4 × ) (6 μL) and 0.8 μL of 
β-mercaptoethanol. Subsequently, the mixture was boiled for 10 min. 
The sample (10 μL) was carefully loaded on the well of a commercial 
Tris/Glycine precast gel (Bio-Rad, USA) consisting of 4% stacking gel 
and 15% resolving gel. A PowerPac Basic was used to conduct electro
phoresis at a fixed voltage of 150 V in a running buffer consisting of 
Tris/Glycine/SDS running buffer (Bio-Rad, USA). The gels were stained 
with Coomassie Brilliant Blue solution followed by destaining with 10% 
isopropanol/glacial acetic acid solution under gentle shaking. Protein 
bands were identified by comparing with a protein molecular weight 
marker (precision plus protein dual xtra standards). A ChemiDoc XRS 
imaging station (Bio-Rad, MO, USA) was used to scan the gels. 

2.7. Confocal laser scanning microscopy (CLSM) 

CLSM was used to probe microstructural features of thermally 
induced gels made from unhydrolyzed and hydrolysed QPI. Briefly, 
serval drops of 1% fast green dye was added into the QPI dispersions and 
then vortex mixed for ~10 s at 20 ◦C. The Alcalase solution was added 
into the stained QPI solution followed by mixing well by inverting or 
flicking the tube (~10 s). Thereafter the mixture was transferred into a 
glass slide with a cavity and was covered with a coverslip. To prevent 
water evaporation during incubation, nail polish was used to seal edges 
of the coverslip (Wang et al., 2019). The samples were first incubated in 
an oven at 50 ◦C for 1 min, 3 min, and 5 min, respectively and then 
immediately transferred to another oven at 90 ◦C for 20 min. The 
strained QPI sample in the absence of Alcalase but only incubated at 
90 ◦C for 20 min was used as a control. All the samples were cooled 
down to ~20 ◦C before observations under a confocal laser scanning 
microscope (Leica TCS SP5, Leica Microsystems) equipped with an oil 
immersion objective lens (100×) at a wavelength of 630 nm. The Image 
J software (NIH, MD, USA) was used to process all images. 

2.8. Intrinsic fluorescence spectroscopy 

The intrinsic fluorescence spectra were recorded following the 
method of Jiang et al. (2021) using a fluorescence spectrophotometer 
(Shimadzu RF-6000, Kyoto, Japan). The QPI samples were dissolved to 
make a protein solution of 0.02 wt% and fluorescence spectra were 
recorded in an emission range from 300 to 500 nm with an excitation 
wavelength of 290 nm. 

2.9. Determination of surface hydrophobicity (H0) 

Surface hydrophobicity (H0) was determined according to Luo et al. 
(2022) with slight modifications. For each QPI sample, dispersions at the 
concentrations of 12.5, 25, 50, 100, and 200 μg/mL were prepared with 
10 mM Tris-HCl buffer at pH 7.0 separately. Afterwards, 8.0 mM of 
8-anilino-1-naphthalene sulphonate (ANS) acting as a fluorescence 
probe was added into 3 mL of each QPI solution and incubate at 20 ◦C for 
20 min in a dark. A fluorescence spectrophotometer (Shimadzu 
RF-6000, Kyoto, Japan) was used to record fluorescence intensities at 
390 nm and 470 nm for excitation and emission, respectively with a 
fixed slit width of 5 nm. The surface hydrophobicity was calculated as 
the initial slope from the linear regression analysis of peak fluorescence 
intensities (background subtracted) versus QPI concentrations (Kato and 
Nakai, 1980). QPI samples in the absence of ANS were used as the 
background and results were reported as means of duplicate measure
ments of two replicated samples. 

2.10. Fourier transform infrared spectroscopy (FTIR) 

FTIR was used to probe protein secondary structure alternations of 
QPI subjected to Alcalase hydrolysis. A compact ATR FTIR spectrometer 
(ALPHA II, Bruker, Germany) was used to collect FTIR spectra in a range 
between 4000 and 500 cm− 1 at 4 cm− 1 resolutions. The spectra were 
background subtracted before further processing. A total of 64 scans 
with duplicate samples were averaged. Peak deconvolutions of the 
Amide I region (1590-1710 cm− 1) were carried out using the PeakFit 
software (Systat software Inc. USA) to determine percentages of protein 
secondary structure. The Savitzky–Golay filter function were used to 
smooth the spectrum. Then Gaussian function was used for data fitting 
until the fit converged with R2 value greater than 0.99 (Byler and Susi, 
1986). The component peaks from secondary structures were identified 
after peak deconvolutions (β-sheet: ~1628 cm− 1, random coil: ~1647 
cm− 1, α-helix: ~1661 cm− 1, and β-turn: ~1683 cm− 1). The percent 
contribution of each specific secondary structure component was 
determined by calculating the area of each component peak divided by 
the total area of amide I band before the deconvolution (Sow and Yang, 
2015). 

2.11. Rheological characterisations 

Small oscillatory deformation rheology was used to in situ monitor 
the thermally induced gelation of various QPI samples by a rotational 
stress-controlled rheometer (DHR-3, TA instruments, DE, USA) equip
ped with a stainless-steel parallel plate geometry (diameter 20 mm, gap 
1 mm). The Alcalase solution was added into the QPI solution followed 
by mixing well by inverting or flicking the tube (~10 s). Subsequently, 
aliquots of QPI samples were carefully pipetted onto the bottom plate 
setting at 50 ◦C. To prevent water evaporation during rheological 
measurements, low viscosity mineral oil was added around the premier 
of the sample. The total time used before initiating rheological mea
surements (including mixing enzyme, loading sample, and applying 
mineral oil) was controlled as ~ 20 s. The rheological measurements 
were conducted in the following steps: (1) temperature was maintained 
at 50 ◦C for 0 min (control), 1 min, 3 min, and 5 min, respectively, this 
step was used for enzymatic hydrolysis; (2) thereafter, the temperature 
was increased from 50 ◦C to 90 ◦C at 40 ◦C/min and maintained at 90 ◦C 
for 20 min, this step was used to inactive the enzyme as well as pro
moting gelation; (3) after this step, the temperature was decreased from 
90 ◦C to 20 ◦C at 40 ◦C/min and equilibrated at 20 ◦C for 15 min; (4) 
subsequently, a frequency measurement was conducted at a fixed strain 
of 1% with the frequency between 0.01 and 10 Hz at 20 ◦C; (5) Finally, a 
strain sweep measurement was conducted at a constant frequency of 1 
Hz and the strain amplitude varied from 0.1% to 1000% at 20 ◦C. In 
steps (1–3), a fixed strain (1%) and frequency (1 Hz) was used to monitor 
the gelation kinetics and all rheological measurements were repeated at 
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least twice. 

2.12. Statistical analyses 

All the characterisations were determined in duplicate (intrinsic 
fluorescence, SDS- PAGE), or triplicate (DH, pH, zeta-potential, 
rheology, and surface hydrophobicity) and the results are reported as 
mean ± standard deviations (SD). The Least Significance Difference 
(LSD) test was used for mean comparison through Analysis of Variance 
(ANOVA) using the SPSS software (v 21.0, Chicago, USA). The signifi
cance level is P < 0.05. 

3. Results and discussion 

3.1. Hydrolysis of QPI 

The degree of hydrolysis (DH) for the QPI hydrolysed by Alcalase is 
shown in Table 1. Previous studies indicated that the DH is strongly 
dependent on protein species, enzyme to substrate (E/S) ratios, and 
enzymatic hydrolysis conditions (e.g. temperature, ionic strength, etc) 
(Sun, 2011; Vogelsang-O’Dwyer et al., 2022). The DH values obtained in 
the current study were lower than some previous studies on QPI 
hydrolysed by Alcalase (Chirinos et al., 2020; Li et al., 2018). For 
example, in the study of Chirinos et al. (2020), a QPI dispersion (2.5% 
w/v) was subjected to Alcalase hydrolysis up to 4 h using a E/S (Alca
lase: quinoa proteins) ratio of 1/6.25, which is about 8 times of what we 
used in the present study. The higher DH (~35%) found in their study 
suggested that a higher dosage of the Alcalase and prolonger hydrolysis 
time induced more extensive hydrolysis. However, when the same 
enzyme dosage (E/S = 1:50) was used, comparable DH values (~6% and 
~3% as determined by OPA and pH-Stat methods, respectively) were 
reported for the pea protein isolate hydrolysed by Alcalase for 3 min 
(Cheng et al., 2022). And a significant improvement in the thermally 
induced gelation property of these pea protein hydrolysates was 
observed. Limited hydrolysis may be sufficient to induce conformational 
and structural alterations of proteins, thus promoting protein-protein 
interactions, aggregation, and further gelation under heating. By 
contrast, more extensive hydrolysis may induce significant reductions of 
molecular mass thus imparting negative effects on the gelation (Vogel
sang-O’Dwyer et al., 2022). 

The pH decreased progressively from ~7.82 (control) to ~ 7.31 after 
5 min Alcalase hydrolysis (Table 1), which can be attributed to the 
release of hydrogen ions due to the cleavage of peptide bonds and 
production of acidic amino acids (Kumar et al., 2016; Li et al., 2021; 
Nielsen et al., 2001). The Zeta-potentials of all QPI samples indicating 
their surface charges, are all negative, which is expected because the pH 
values are well above the isoelectric point of QPI (pI ~4.5) (Dakhili 
et al., 2019). Furthermore, the absolute zeta potential values were found 
to decrease slightly with increasing hydrolysis time from around − 26.2 
mV (control) to − 21.7 mV at 5 min (Table 1). This could be due to the 
fact that the pH of QPI hydrolysates decreased toward the pI during the 
hydrolysis thus reducing net surface charges of the protein. However, 
small changes of the Zeta potentials were found in the QPI up to 5 min of 

Alcalase hydrolysis, suggesting electrostatic interactions between pro
tein molecules are not significantly changed. Similar findings have been 
reported in Alcalase treated rice bran proteins (Thamnarathip et al., 
2016) and trypsin catalysed lentil proteins (Avramenko et al., 2013). 

To probe changes in QPI protein profiles when subjected to Alcalase 
hydrolysis, reduced SDS-PAGE has been conducted (Fig. 1). There are 
few major protein bands present in the untreated QPI, namely 11S 
globulin (~45–50 kDa) consisting of acid subunits (~30–35 kDa) and 
basic subunits (20–25 kDa), and 2S albumin (10–15 kDa). In the pres
ence of a reducing agent, most of the 11S globulin dissociated to the 
acidic and basic subunits. This is consistent with previous studies (Luo 
et al., 2022; Shen et al., 2021; Yang et al., 2022). After the Alcalase 
hydrolysis, major protein bands became progressively faded with the 
hydrolysis time and meanwhile smaller molecular weight fractions with 
Mw < 15 kDa are generated. They are probably partially digested pro
teins or peptides. This finding agrees well with previous studies on 
Alcalase hydrolysis of PPI (Cheng et al., 2022), peanut protein (Jiang 
et al., 2021), and fava bean protein (Liu et al., 2019); confirming that the 
protein hydrolysis by Alcalase is non-specific (Zhu et al., 2010). 

3.2. Microstructural characteristics of various QPI gels revealed by CLSM 

Microstructures of various QPI gels were observed by CLSM, and 
micrographs are shown in Fig. 2. The protein stained by fast green is 
green, while the serum voids are black. For the control sample, some 
large protein aggregates can be observed which agrees with previous 
CLSM studies of heat induced QPI (Yang et al., 2022) and pea protein 
isolate (Cheng et al., 2022) gels. The presence of aggregates is attributed 
to the poor solubility of QPI and heat induced denaturation and aggre
gation of proteins (Luo et al., 2022). In the case of QPH gels, an inter
connected protein network structure can be observed, with some large 
aggregates embedded within gel matrix. Furthermore, the size of large 
protein aggregates become smaller when the hydrolysis time is 
increased from 1 min to 5 min. It is apparent that limited enzymatic 
hydrolysis (e.g. 1 min) could promote the aggregation and network 
formation of QPI thus leading to a strong gel strength. On the other 
hand, excessive hydrolysis (e.g. 5 min) results in a looser and less 
compact network structure, which may lead to inferior gel strength. 

Table 1 
Degree of hydrolysis (DH), pH, and Zeta potential for Alcalase treated QPI as a 
function of hydrolysis time.  

Samples DH (%) pH Zeta potential (mV) 

Control (0 min)  7.82 ± 0.05 a − 26.2 ± 0.33 d 

1 min 2.10 ± 0.05 b 7.61 ± 0.04 a, b − 24.8 ± 0.85 c 

3 min 2.44 ± 0.25 b 7.43 ± 0.05 b, c − 23.4 ± 0.43 b 

5 min 3.30 ± 0.22 a 7.31 ± 0.03 d − 21.7 ± 0.33 a 

All data were represented as the means and standard deviations of triplicate 
determinations. Superscript (a-d) indicate significant differences (P < 0.05) in 
the same column. 

Fig. 1. The SDS-PAGE profile of quinoa protein isolate (QPI) and its hydroly
sates under the reducing conditions. Protein bands were identified with arrows. 
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3.3. Intrinsic fluorescence and surface hydrophobicity 

To understand the gelation enhanced by the limited Alcalase hy
drolysis, conformational and structural alterations of proteins were 
probed. Intrinsic fluorescence spectra have been used to reflect the de
gree of exposure of aromatic amino acids (e.g. tryptophan) to sur
rounding solvent, thus indicating alternations of protein tertiary 
conformation (Cheng et al., 2022; Xu et al., 2016). The fluorescence 
spectra for all the QPI samples are shown in Fig. 3A. The Alcalase hy
drolysis significantly increased the fluorescence intensity, and the 
maximum intensity can be found in 1 min hydrolysed sample. This could 
be due to the fact that more buried hydrophobic amino acids were 
exposed to water after the hydrolysis, thus emitting higher fluorescence 
(Ma et al., 2022; Sponton et al., 2014). Moreover, further increasing in 
hydrolysis time induced a reduction of fluorescence intensity. Extensive 
enzymatic hydrolysis may promote hydrophobic interactions of the 
polypeptides with higher extent of hydrolysis, and those exposed hy
drophobic groups could be re-buried in the interior of aggregates. This 
may reduce the number of hydrophobic groups available leading to 
reduction of fluorescence intensity (Zhao et al., 2011). A similar 
observation has been found in a previous study of rice glutelin subjected 
to trypsin hydrolysis (Xu et al., 2016). They found that the fluorescence 
intensity of rice glutelin was significantly increased after trypsin hy
drolysis. The fluorescence intensity was increased with the DH up to DH 
2% and then decreased when the DH was further increased to DH 5%. In 
addition, enzymatic hydrolysis shifted the fluorescence emission 
maximum wavelength (λmax) from ~331 nm to ~334 nm (red shift), 
indicating the exposure of Trp residues and/or alternations in tertiary 
conformation (Ma et al., 2022). Similar observations have been found in 
previous studies of pea proteins subjected to Alcalase hydrolysis (Cheng 
et al., 2022), SPI subjected to papain hydrolysis (Ma et al., 2022), and 

peanut proteins subjected to Alcalase hydrolysis (Jiang et al., 2021). 
Surface hydrophobicity (H0) is another important structural param

eter to indicate the extent of protein unfolding and conformational 
changes (Alizadeh-Pasdar and Li-Chan, 2000). The surface hydropho
bicity for all the QPI samples is shown in Fig. 3B. In agreement with the 
intrinsic fluorescence measurement, H0 reached the maximum upon 1 
min hydrolysis and then progressively decreased with further increase in 
hydrolysis time. Similar findings have been reported in previous studies 
on fava bean protein isolate (Liu et al., 2019) and rice glutelin (Xu et al., 
2016) subjected to Alcalase hydrolysis. Limited Alcalase hydrolysis 
could enhance the H0 by inducing protein unfolding and exposing more 
of initially buried hydrophobic groups. However, extended hydrolysis 
led to further breakdown of hydrophobic areas and/or aggregation of 
extensively hydrolysed polypeptides, thereby decreasing the H0 (Avra
menko et al., 2013; Liu et al., 2019; Xu et al., 2016). Finally, both the 
intrinsic fluorescence and H0 findings correlated well with rheology 
results, indicating hydrophobic interactions also play important roles in 
promoting gel strength of hydrolysed QPI. 

3.4. FTIR spectra analysis 

FTIR analysis was used to probe protein secondary structure changes 
of QPI as affected by the Alcalase hydrolysis. The percentage of α-helix, 
β-sheet, β-turn, and the random coil was determined through the peak 
deconvolution of the Amide I region (Table 2). Compared with the 
control QPI, Alcalase hydrolysis induced a significant decrease in the 
α-helix and β-turn contents and great increase in the β-sheet and random 
coil contents. This indicated that the Alcalase hydrolysis affected the 
secondary structure of QPI. It has been suggested that protein secondary 
structures are partially deconstructed by the enzymatic hydrolysis and 
newly exposed intra-molecular hydrogen bonds could form inter- 

Fig. 2. Confocal laser scanning micrographs for various quinoa protein isolate (QPI) and quinoa protein hydrolysates (QPH) gels.  

Fig. 3. Intrinsic fluorescence spectra (A) and surface hydrophobicity (B) for various quinoa protein isolate (QPI) and quinoa protein hydrolysates (QPH) samples.  
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molecular hydrogen bonds between polypeptide chains, leading to a 
significant reduction in the α-helix content and a significant increase in 
the β-sheet content (Jiang et al., 2021). In addition, an increase in the 
random coil contents after Alcalase hydrolysis could be attributed to the 
protein unfolding, resulting in more flexible and extended protein con
formations (Tatham et al., 1985). Similar results have been reported in a 
circular dichroism (CD) study of Alcalase hydrolysed peanut protein 
isolate (Jiang et al., 2021) and a FTIR study of papain hydrolysed SPI 
(Ma et al., 2022). 

3.5. Rheological characterisations of various QPI gels 

The changes in microstructural characteristics and protein confor
mations of quinoa protein hydrolysates could lead to changes in their 
gelation behaviour, thus rheological measurements were performed to 
confirm this. The development of Gʹ and Gʺ for various QPI gels formed 
during different enzymatic hydrolysis time followed by the heat treat
ment (90 ◦C, 20 min) is plotted in Fig. 4. The Gʹ and Gʺ represent the 
elastic and viscous component of QPI gels, respectively. 

For all the QPI samples, heating from 50 to 90 ◦C induced significant 
increases in Gʹ, which could be due to extensive protein denaturation, 
unfolding and aggregation at the elevated temperature above the 
denaturation temperature of QPI (~70–85 ◦C) (Dakhili et al., 2019). 
Similar behaviours have been observed in previous studies on heat 
induced gelation of QPI (Kaspchak et al., 2017; Patole et al., 2022; Yang 
et al., 2022). When the temperature is decreased to 20 ◦C, all the QPI 
gels displayed increases in both Gʹ and Gʺ, and these increases being 
more prominent in enzymatic treated samples. The ratio of Gʹ 20◦C to Gʹ 
90◦C has been used to indicate the formation of non-covalent bonds, 
particularly hydrogen bonds in plant protein gels during cooling and a 
high Gʹ 20◦C/Gʹ 90◦C value is associated with a higher amount of hydrogen 
bond interaction (Andlinger et al., 2021; Tanger et al., 2022). The Gʹ 
20◦C/Gʹ 90◦C values for all QPI gels are shown in Fig. 4E. The Gʹ 20◦C/Gʹ 
90◦C value increased from ~1.4 for the QPI gel to ~2.8–4.0 for the QPH 
gels and it reaches the maximum for the 1 min Alcalase hydrolysed 

Table 2 
Secondary structure content of QPI dispersions subjected to Alcalase hydrolysis 
at different times determined by FTIR.  

Samples α-helix (%) β-sheet (%) β-turn (%) Random coil 
(%) 

Control (0 
min) 

38.6 ± 0.02 
a 

15.3 ± 0.01 
c 

22.3 ± 0.01 
a 

23.8 ± 0.02 b 

1 min 29.2 ± 0.01 
b 

29.3 ± 0.02 
b 

17.1 ± 0.02 
b 

24.4 ± 0.02 a, b 

3 min 28.7 ± 0.02 
c 

29.6 ± 0.03 
b 

16.8 ± 0.03 
b 

24.9 ± 0.02 a 

5 min 28.2 ± 0.02 
c 

30.6 ± 0.02 
a 

16.1 ± 0.02 
c 

25.2 ± 0.03 a 

All data were represented as the means and standard deviations of triplicate 
determinations. Superscript (a-d) indicate significant differences (P < 0.05) in 
the same column. 

Fig. 4. The evolution of Gʹ (solid symbols) and Gʺ (empty symbols) for quinoa protein isolate (QPI) solutions at 8 wt% in the absence of Alcalase (A) and in the 
presence of Alcalase (E/S = 1:200) for proteolysis at 50 ◦C for 1 min (B), 3 min (C), and 5 min (D) followed by thermally induced gelation. Temperature profiles were 
indicated as dashed lines. (E) Ratio of Gʹ 20◦C/Gʹ 90◦C for all quinoa protein isolate (QPI) and quinoa protein hydrolysates (QPH) gels. 
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sample. This suggests that the limited Alcalase hydrolysis promotes high 
amount of non-covalent interactions such as hydrogen bond, which may 
result in a higher gel strength (Sun and Arntfield, 2012). 

At the end of temperature sweep measurements, the frequency sweep 
and strain sweep measurement were used to characterise the small and 
large deformation rheological properties of various QPI gels and the 
results are shown in Fig. 5A and B. In terms of the frequency sweep 
measurement, a small strain (1%) was used throughout the measure
ment which well fell into the Linear Viscoelastic Region (LVR). For all 
the QPI samples, Gʹ is larger than Gʺ in the entire frequency range and 
both Gʹ and Gʺ are only weakly dependent on the frequency, which are 
indicative of typical gel characteristics (Mitchell, 1980). Similar 
dependence of Gʹ and Gʺ with frequency have been observed in various 
thermally induced plant protein gels including quinoa (Yang et al., 
2022), pea (Tanger et al., 2022), and potato (Katzav et al., 2020) to 
name a few. The complex modulus G* (1Hz) taking into account of 
contributions from both Gʹ and Gʺ to the gel strength was plotted in 
Fig. 5C to allow better comparisons among different QPI samples. In 
comparison with control, the gel strength is significantly increased in all 
QPH gels and a maximum gel strength of ~100 Pa is achieved in the 
sample subjected to Alcalase hydrolysis for 1 min. Interestingly, pro
longed enzymatic hydrolysis (e.g. at 5 min) reduces the gel strength to 
~30 Pa. This could be due to a significant reduction of protein molecular 
weight and generation of small peptides after prolonged enzymatic hy
drolysis as revealed by SDS-PAGE (Nieto-Nieto et al., 2014), which 
agrees with previous studies for gels obtained from quinoa (Galante 
et al., 2020) and soy protein hydrolysates (Fan et al., 2005). The fact that 
the trend of G* (1Hz) and Gʹ 20 ◦C/Gʹ 90 ◦C being the same further con
firms that the vital role of noncovalent interaction (e.g. inter-molecular 
hydrogen bond) in the formation of gels, which agree with the finding 
obtained from the FTIR analysis. 

Findings of the present study agreed well with previous studies, 
showing that hydrolysis time and DH play critical roles in determination 
of gel strength (Vogelsang-O’Dwyer et al., 2022). Zhao et al. (2011) 
studied the effect of Alcalase hydrolysis on gelation properties of peanut 

protein isolate (PNPI). Various PNPI gels were prepared by heating 10 
wt% PNPI solutions at 95 ◦C for 30 min then cooling to 25 ◦C. They 
found that the hydrolysates with DH 2.1% showed a highest gel strength 
(~374 Pa) while more extensive hydrolysis i.e. with DH 5.4% caused a 
considerable decrease in gel strength (~3.7 Pa), which is even lower 
than the control (~5.5 Pa, only heated but without adding Alcalase). 
The limited enzymatic hydrolysis (DH ~2.1%) greatly improved gel and 
aggregate formation by unfolding the conformation of PPI and exposure 
the sulfhydryl and disulphide bond buried inside the protein molecules 
as revealed by intrinsic fluorescence and surface hydrophobicity de
terminations. However, at higher DH the aggregates might be further 
hydrolysed resulting in weakening of protein-protein interactions and 
breakdown of the gel network. A similar behaviour was found in another 
study working on heat induced gelation of soy protein isolate (SPI) (12 
wt%, treated at 95 ◦C for 10 min) as affected by bromelain hydrolysis 
(Lopes-da-Silva & Monteiro, 2019). It showed that the SPI subjected to 1 
min hydrolysis resulted in a formation of a strongest gel (Gʹ ~ 1012 Pa) 
and the Gʹ progressively decreased to ~194 Pa after 6 min hydrolysis 
which is also lower than that of control (Gʹ ~ 627 Pa). 

In terms of large deformation rheology, the Gʹ and Gʺ are plotted 
versus strain amplitudes as shown in Fig. 5B. For all the QPI gel samples, 
Gʹ and Gʺ are nearly independent of applied strain until reaching certain 
strain amplitude and above which Gʹ and Gʺ considerably decreased with 
further increase in strain. The Gʹ decreased more rapidly than Gʺ, which 
eventually leading to cross over of Gʹ and Gʺ. The stress (flow point) is 
defined as the stress at this crossover point. Beyond this point, Gʺ 
dominate Gʹ suggesting the breakdown of gel structures and samples 
began to flow. The stress at flow points for all the QPI gel samples was 
plotted in Fig. 5D. It can be observed that they follow a similar trend as 
the G* (1Hz) indicating the small and large deformation properties of 
QPI gels are similar. 

4. Conclusions 

This study demonstrates that limited Alcalase hydrolysis can 

Fig. 5. The Gʹ (solid symbols) and Gʺ (empty symbols) as a function of frequency (A) and strain amplitude (B) for various quinoa protein isolate (QPI) and quinoa 
protein hydrolysates (QPH) measured at 20 ◦C; (C) the complex modulus G* (1 Hz) and stress at flow points (D) for various QPI and QPH gels. (Alcalase hydrolysis for 
0 min (■), 1 min (●), 3 min (▴), and 5 min (▾)). 
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significantly increase the mechanical strength of thermally induced QPI 
gels and the gel strength is highly related to the hydrolysis time or DH. 
The limited proteolysis of QPI induced the unfolding of compact protein 
structures, which exposed initially buried hydrophobic groups and 
creating inter-molecular hydrogen bonds between peptide chains. The 
intrinsic fluorescence and surface hydrophobicity of the QPI hydroly
sates first increased and then decreased with the hydrolysis time, which 
can be explained by the initial exposure of embedded hydrophobic 
groups to the outside followed by aggregations between polypeptides 
with high extents of hydrolysis via hydrophobic interactions. Results of 
protein conformational analysis are consistent with the rheological 
findings, indicating non-covalent interactions including hydrogen 
bonding and hydrophobic interactions are important in determination of 
gel strength. Future studies on determination of thiol (SH) and disulfide 
bond (S–S) could be helpful to understand the role of covalent in
teractions in the gel formation of QPI hydrolysates. Determining peptide 
sequences using LC-MS/MS and evaluating their aggregation and gela
tion tendencies using computational tools (Yu et al., 2022) will further 
elucidate the gelation mechanism. This study also provides a new route 
to fabricate thermally induced QPI gels via enzymatic hydrolysis for 
potential industrial production of food products such as sausages, meat 
substitutes, and tofu-like products. Finally, future work can be con
ducted to investigate the impact of enzymatic hydrolysis on the cold 
gelation of QPI via addition of acid/salt or subjected to high hydrostatic 
pressure processing. 
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