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Abstract
Protein isolate obtained from sweet yellow lupin (Lupinus luteus L.) and its Alcalase hydrolysates were
examined for their functional and antioxidant properties in relation to surface hydrophobicity of proteins
and peptides, and molecular weight distribution. Enzymatic hydrolysis improved the foaming
characteristics of lupin proteins, while the emulsifying properties deteriorated. It means that good
foaming properties of preparations are determined by the presence of low-molecular δ conglutin and
small subunits of γ conglutins. In turn, larger proteins such as α and β conglutin are responsible for
maintaining good emulsifying properties. The measured surface hydrophobicity was consistent with the
results of emulsifying properties. It has also been shown that the scope of changes in antioxidant
properties due to hydrolysis, measured by DPPH method and as reducing power, is more pronounced than
with the use of ABTS and FRAP methods.

Introduction
The use of legume seeds as a source of food protein is of growing interest to consumers, especially in
view of the increasing trend towards vegetarian diet. From a global perspective, soybeans are traditionally
the most popular protein raw material from this group of plants, although consumers also appreciate
legumes such as chickpea, pea, lentils etc.

Relatively less attention is paid to lupin, which is after all a valuable legume with high protein content,
comparable with that in soy. The protein quality of its seeds is equally good, and rated by some authors
as better than soybeans. Although it is poor in sulfur-containing amino acids, it also has less
antinutritional factors than soybeans – trypsin inhibitors and hemagglutinins are practically absent [1, 2].

Lupin is also easy to grow, because it tolerates frost, drought, and poor soils quite well. However, although
known as human food since early Roman times, it is utilized to a small extent so far, primarily because of
alkaloid content and low agronomic yield. Commonly found in lupins are quinolizidine alkaloids such as
lupanine, sparteine or lupinine, which have been shown to be reversible inhibitors of acetylcholinesterase.
Alkaloid level depends on cultivar, soil type and growing season. Some cultivars have been developed,
however, which are sweet and contain alkaloids at the level safe for human health [1, 3, 4]. Moreover,
alkaloid content can be substantially decreased by soaking and rinsing lupin beans as well as by
technological processing.

It is believed that lupin can be widely used as a good source of protein, fiber and as a functional
supplement in many food products. Lupin flour, containing almost 40% of protein, is a good raw material
for obtaining protein preparations. In the available literature only limited number of reports could be
found about the use of enzyme proteolysis to modify functional and antioxidant properties of lupin
proteins [5, 6, 7]. Functional properties of lupin protein are considered as relatively good [1, 2]. However,
they can be modified in order to change, for example, their foaming and emulsifying ability or other
features affecting their technological suitability. An important and widely approved method of modifying
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vegetable proteins is enzymatic hydrolysis. Due to this method Lquari et al. [5] improved some functional
properties of Lupinus angustifolius protein. In turn, Surówka et al. [8] showed that limited enzyme
proteolysis enables the improvement of the emulsifying and foaming properties of extruded soy flour.

It was assumed that limited enzymatic hydrolysis of proteins included in the lupin protein isolate (LPI)
will not only allow for favourable modification of their technological properties, but will also affect
antioxidant capacities. Therefore the aim of this study was to produce the LPI, carry out its proteolysis
with Alcalase and to check whether the hydrolysates with the desired foaming and emulsifying and
health-promoting properties are produced under the applied process conditions. The hydrolysates
obtained may potentially be used as functional ingredients protecting food products from oxidative
deterioration.

Materials And Methods
Materials

Seeds of sweet yellow lupin (Lupinus luteus L. var. Mister) were obtained from Poznańska Hodowla
Roślin Ltd, Plant Breeding Station Wiatrowo (52°45’ N; 17°08’ E). They served as a raw material for
obtaining LPI and protein hydrolysates according to the flowchart shown in Fig. 1.

Food grade alkaline bacterial protease Alcalase of Bacillus licheniformis (Novo Nordisk A/S) with activity
equal to 2.4 Anson Units/g was used for hydrolysis.

Protein isolation

Lupin beans were ground in Thermomix (Thermomix 31-1, Vorwerk, Germany) and sieved to collect the
fraction 250 µm of lupin flour, which was then used in further experiments. In order to obtain lupin protein
isolate (LPI) 10% suspension of lupin flour (LF) in deionized water with the addition of NaHSO3 (0.77
mM) was brought to pH 8.6 with 1.0 M NaOH and stirred for 40 min at 30°C [9]. Subsequently, suspension
was centrifuged at 2000×g for 20 min and protein was precipitated from supernatant by acidification to
pH 4.5 with 1.0 M HCl. Whole was stirred for 15 min, then centrifuged for 20 min (900×g). Protein
precipitate was rinsed twice with water, decanted, suspended in deionized water in a ratio of 1:9,
neutralized with 1.0 M NaOH and lyophilized.

Hydrolysis

Lyophilized LPI was subjected to enzymatic hydrolysis. For this purpose, 25 g sample was suspended in
225 mL of deionized water and Alcalase solution was added to obtain enzyme:substrate ratio 18 mAU/g
protein. Hydrolysis was carried out at 55°C and pH 8.5 was kept constant with 1.0 M NaOH. As a result,
three hydrolysates were obtained, which differed in processing time (0.5 h, 1 h and 2 h; for hydrolysates
H-30, H-60 and H-120, respectively).
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The process was terminated by heating reaction environment for 15 min in 90°C. Subsequently, samples
were cooled and centrifuged (15 min, 4000×g). Supernatants were frozen and lyophilized.

Proximate composition

The amount of protein (N×6.25) was detected by means of the Kjeldahl method using K-435 and B-324
combustion and distillation units, respectively (Büchi, Flawil, Switzerland) [10].

Foaming and emulsifying properties

Foaming properties were studied according to the method described by Surówka et al. [8]. Foam was
created by passing argon at a rate of 10.4 mL/s through 100 mL of analysed hydrolysate solution (2%
total protein). Following parameters were determined: foaming capacity (FC), foam overrun (FO) and
foam stability as a liquid drainage (LD5). Foaming capacity was calculated as the ratio of foam volume
to the volume of pressed gas necessary to its production. Foam overrun was constituted by ratio of the
gas volume in the foam to the volume of the liquid involved in its formation. In turn, liquid drainage
representing foam stability was the ratio of the volume of foam liquid released during 5 min to the
volume of liquid in the foam at the moment of finishing the aeration [11-13].

Emulsifying activity (EAI) and emulsion stability (ESI) indexes were analysed turbidimetrically [8, 14, 15].
EAI informs about the oil/water interface area (m2), which can be formed by 1 g protein of the analysed
hydrolysate in the experimental conditions, whereas ESI was calculated from the formula:

ESI=(A0 x 5 min)/(A0 - A5)

where A0 – turbidance measured at 500 nm immediately after homogenization and A5 – turbidance
measured at 500 nm after 5 min after homogenization.

Surface hydrophobicity

Surface hydrophobicity was determined by the spectrofluorimetric method of Hayakawa and Nakai [16]
with the use of 1-anilino-8-naphtalene-sulfonate (ANS) as the fluorescence probe. Fluorescence intensity
(FI) was measured for two dilution series of the examined sample solutions (0.03-0.8 mg protein/mL),
one was without ANS and the other with ANS (8 mM ANS). Measurements were performed using a Cary-
Eclipse spectrofluorimeter, at wavelengths lex and lem 390 and 470 nm, respectively. The netto value of
fluorescence intensity (FINETTO) was calculated by subtracting FI of each solution without probe from that
with probe. The plot of FINETTO versus protein concentration led to determination of slope, which was
established as an index of the surface hydrophobicity.

Electrophoretic separations

To analyse molecular weight distribution of protein, lyophilized samples were homogenized in distilled
water to obtain 1% protein suspensions. The aliquots of homogenate were diluted (1:1) with a denaturing
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buffer (0.125 M Tris, 4% SDS, 20% glycerol, 2% 2-mercaptoethanol, pH 6.8) and heated for 90 s in a
boiling water bath. The extracts were centrifuged at 5000 g for 15 min and clear supernatants were
collected. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out
according to the Laemmli [17] method using a 12.5% w/v gel concentration. The molecular weights of the
bands were estimated using MW-SDS-200 and MW-SDS-70L marker kits (Sigma Chemical Co., St. Louis,
MO, USA). 0.025% Coomasie Blue R-250 solution in 40% methanol and 7% acetic acid was used for
staining of gels. Destaining was carried out with the use of methanol/acetic acid solution (40% v/v; 7%
v/v), which was changed until a colorless gel background was obtained. For peptide separations
Schägger and von Jagow [18] procedure was applied. The separation was carried out in a discontinuous
system in the presence of a buffer containing Tricine. A Hoefer Mighty Small SE 260 unit coupled with an
EPS 301 power supply unit (Amersham Pharmacia Biotech, Uppsala, Sweden) was employed in all
electrophoretical analyses. Stained gels were scanned and analysed using Image Master TotalLab
(Amersham Pharmacia Biotech, Uppsala, Sweden) software.

Antioxidant properties

Antioxidant activity was measured using four different spectrophotometric techniques. Two radical-
scavenging methods were employed: one with the use of 2,2-diphenyl-1-picryl hydrazyl (DPPH) according
to Brand-William’s method [19] and the other applying 2,2’-azino-bis (3-ethylobenzotiazolino-6-sulfonate)
(ABTS) in accordance with Re et al. [20]. Two remaining analyses based on the reduction of Fe3+ ions to
Fe2+ ions, resulting in the formation of intense blue colour. In the Benzie and Strain method [21] the ions
are complexed by 2,4,6-tris (2-pyridyl) -1,3,5-triazine (TPTZ). In the Yen and Chen method [22] the solution
of prussian blue forming during reduction reaction is responsible for sample colour.

Aqueous extracts of the hydrolysate and isolate were prepared for the assays. For this purpose, 2.5 g of
relevant lyophilisate was mixed with 47.5 mL of deionised water. The 5% extracts were used for further
analyses.

Determination of antioxidant activity using DPPH free radicals

The volume of 1 mL of the extract and 4 mL of DPPH solution (0.0394 g/L ethanol) were mixed. The
absorbance was measured immediately after mixing at a wavelength of 517 nm relative to pure ethanol.
The next measurement was performed after half an hour. The amount of DPPH free radicals remaining in
the reaction mixture after 30 minutes was calculated as:

% DPPH = 100*[(A517)T0 – (A517)T]/[(A517)T0] 

where: [A517]T - mixture absorbance at the end of the experiment,

[A517]T0 - the absorbance of the mixture at the beginning of the experiment.

Determination of antioxidant activity using ABTS free radicals
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The ABTS radical cations were previously prepared from the 2,2'-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid ammonium salt) by oxidation with sodium persulfate. Firstly, a stock solution was prepared
by dissolving 0.0960 g ABTS and 0.0165 g of sodium persulfate in 25 mL of distilled water.
Subsequently, after 24 hours in the dark, 1 mL was taken from the stock solution and dissolved in 50 mL
of PBS (phosphate buffer) solution. The assay was carried out by taking 2 mL of the initial solution and 1
mL of extract. The whole was stirred and after 10 minutes the absorbance was measured at a
wavelength of 734 nm against a PBS solution. A reference test was also performed; the measurement
was taken directly after the addition of free radicals, in which the extract was replaced with a PBS
solution. The rate of reduction of the radicals (% RSA) was calculated according to the formula:

% RSA = [(E0 - E10)] / [E0] * 100

where:

E0 - absorbance of the reaction mixture at the beginning of the analysis,

E10 - absorbance of the reaction mixture at the end of the determination.

Determination of antioxidant activity by the FRAP Method

 

Acetate buffer (300 mM, pH 3.6), FeCl3 (20 mM) and TPTZ solution (8 mM) were mixed in hydrochloric
acid (40 mM) in a 10:1:1 ratio to prepare working reaction mixture. An amount of 0.4 mL of the extract
and 3.6 mL of the TPTZ working solution were mixed and incubated for 10 min at 37◦C. Subsequently,
the solution was centrifuged for 2 min at 4000 rpm. The absorbance of supernatant was measured at
595 nm  against a blank, in which the extract was substituted with distilled water. The results were
expressed in Trolox equivalents [mmol/10 mL].

Determination of Reducing power

The volume of 1 mL of extract, 2.5 mL of phosphate buffer (0.2 M, pH 6.6) and 2.5 mL of potassium
ferrocyanide (K3[Fe (CN)6]; 10 g/L) were mixed and the whole was incubated at 50◦C for 30 min.
Subsequently, 2.5 mL of trichloroacetic acid solution (100 g/L) was added to the mixture and vortexed.
Afterward, the entire mixture was centrifuged at 4500 rpm for 15 min. The supernatant (2.5 mL) was
transferred to a tube and 2.5 mL of distilled water was added along with 0.5 mL of iron (III) chloride
solution (1 g/L). After 7 minutes, the absorbance at 700 nm was measured, relative to a blank in which
the extract was replaced with distilled water. Results were converted to ascorbic acid equivalents
(mg/100 mL), based on the standard curve.

Statistical analysis
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All experiments except for electrophoresis were carried out in triplicate. Results of measurements were
statistically analysed by analysis of variance (ANOVA) using the CSS Statistica v. 12 package (StatSoft,
Kraków, Poland). Differences were considered significant at P < 0.05 using Duncan multiple range test.
Data were presented as means ± standard deviation (SD). 

Results And Discussion

Protein content, molecular weight distribution and surface
hydrophobicity
In vegetable protein products protein concentration, molecular weight distribution and surface
hydrophobicity determine their functional properties.

In this study, lupin protein isolate, with 87.9 ± 0.2% protein content, was produced from yellow lupin flour
containing 39.3 ± 2.4% protein, by means of alkaline leaching and isoelectric precipitation. El Adawy et al.
[2] reported higher protein content in the isolate (about 91%); however, process parameters applied by
them were slightly different. In turn, Lampart-Szczapa and Mossor [23] received an isolate containing
approx. 4% less of protein. The enzymatic hydrolysis has a little effect on the content of protein
substances. In the H-30, H-60 and H-120 hydrolysates they were found at the level of 89.4 ± 2.0, 90.1 ±
1.1, and 87.4 ± 0.3%, respectively, and were statistically different than in the isolate (p<0.05). Schlegel et
al. [7] did not observe a significant change in protein content due to enzymatic proteolysis of lupin protein
isolate.

The quantitative results of SDS-PAGE separation of proteins in LPI and hydrolysates are shown in Fig. 2
and Table 1. According to Capraro et al. [24] and Duranti et al. [25], 7S-β- and 11S-α-globulins are
predominant in lupin flour proteins. This corresponds to the SDS-PAGE results, since the proportion of
protein fractions of 42-66 kDa was the highest (30.7%) in the analysed non-hydrolyzed LPI. It is assumed
that within this range there are subunits of one of the two main globulin fractions: legumin-like α
conglutins (11S-α-globulins with above 330 kDa molecular weight) and vicilin-like β conglutins (7S-β-
globulins with molecular weight of 143-260 kDa). Legumins are hexamers composed of heterogeneous
acidic subunits (42-52 kDa) and basic subunits (20-22 kDa), while vicilins are trimers consisting of three
subunits, which molecular weights range between 17 and 64 kDa (HMW: 53-64 kDa, IMW: 25-46 kDa and
LMW: 17-20 kDa) [25]. Since these fractions contain polypeptides with similar molecular weights, it is not
possible to distinguish these subunits clearly on the polyacrylamide gel used.

The next important protein fraction of the LPI (17%) were low-molecular-weight proteins below 15 kDa.
These proteins are probably part of the δ conglutins (2S globulins) with molecular weight of about 13
kDa, composed of subunits: small (4 kDa) and large (9 kDa) [25]. In this work, the fraction of proteins in
the molecular weight range of 34-40 kDa was represented by a fairly distinct band, representing 16% of
all proteins in LPI. It is, most probably, a protein identified in the literature as an IMW subunit of β
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conglutins [24, 26]. A band with a MW in the range of 20-22 kDa had a similar relative share in LPI
proteins representing basic subunits of legumins.

Table 1: Relative content (%) of protein fractions in lupin protein preparations (results of SDS-PAGE).

Molecular weight
(kDa)

Protein content [%]  
LPI H-30 H-60 H-120

>200 3.1 10.3 0.3 2.0  

74-100 1.6 0.0 0.0 0.0  

42-66 30.7 13.3 17.8 10.0 acidic subunits of a conglutin, HMW subunits of b conglutin

34-40 16.0 0.0 0.0 0.0 IMW subunits of b conglutin

26-34 8.8 0.3 1.1 0.0 IMW subunits of b conglutin, large subunits of g-conglutin

20-22 16.3 0.5 6.8 4.7 basic subunits of a conglutin

18-20 6.4 1.3 0.0 0.0 LMW subunits of b conglutin

<15 17.0 74.4 74.0 83.3 subunits of δ conglutin and products of hydrolysis

Analysis of the obtained electrophoretic data showed that some fractions were occurring only in
individual lines and there were others, which repeated in all samples – namely in LPI and hydrolysates.
The repetitive fractions visible on the gel scan (Fig. 2) were mainly proteins with molecular weights 42-66
kDa, partly 26-34 kDa, 20-22 kDa as well as low-molecular proteins (< 15 kDa).

In hydrolysates the main fractions (above 70%) were proteins with a molecular weight below 15 kDa. The
relative content of these low-molecular-weight fractions in enzyme hydrolysates was 4-5 times higher
than their level in the raw material (LPI). Similar results of the hydrolysis with Alcalase were obtained by
Schlegel et al. [7] who, as a result of proteolysis, received mainly peptides with molecular weights below
23 kDa. The authors carried out a more advanced LPI hydrolysis of Lupinus angustifolius L. in order to
reduce the abundance of major allergens and concluded that Alcalase was effective in the hydrolysis of
the high-molecular-weight fractions of α-conglutin and β-conglutin, as well as the medium molecular
weight fractions of LPI.

In our study, when comparing the LPI and products of its modification with Alcalase, a significant
decrease in the content of the: high-molecular-weight (HMW) β conglutin (53-66 kDa) and acidic α-
conglutin (42-52 kDa) subunits, as well as in other polypeptide chains of molecular weight above 15 kDa
was observed. This is due to the breakdown of proteins into low molecular weight peptides and amino
acids. However, compared to other bands, the loss of the fractions 42-66 kDa and 20-22 kDa is relatively
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less than, for example, fractions with molecular weights in the 34-40 kDa, 26-34 kDa or 18-20 kDa range.
This suggests a greater susceptibility of IMW and LMW subunits of β-conglutin and large subunits of g-
conglutin to the proteolytic activity of Alcalase in comparison to the other fractions o LPI. Present after
hydrolysis with Alcalase, but faintly marked bands of about 20-22 kDa, probably originated from 11S
globulins, were also observed by Karamać et al. [27], who studied flaxseed protein hydrolysates, as well
as by Wang et al. [28], who studied soybean meal protein hydrolysates. The authors of the second work
pointed the difference of various soy proteins in sensitivity to different proteolytic enzymes. As they
indicate, the acidic subunits of glycinin (11S protein) are easier to be hydrolyzed than basic subunits,
which in turn contain more hydrophobic amino acids and are rather located in the interior of the structure
of glycinin.

Analysis of protein band percentages showed differences between individual hydrolysates, which may
affect differences in the examined functional properties. The product obtained as a result of two-hour
proteolysis (H-120) had higher content of low-molecular-weight protein fractions (below 15 kDa) than H-
30 and H-60 hydrolysates.

In order to identify the products of proteolysis more accurately, the separation of peptides was performed
according to the Schägger and von Jagow procedure [18], using a tricine cathode buffer. The results of
the peptide separation are given in Fig. 3 and Table 2.

The electrophoretic analysis by means of the Schägger and von Jagow procedure revealed that proteins
with molecular weights in the range of 43-65 kDa (more than 26%) were predominant in LPI and this
result confirmed the findings obtained by the standard SDS-PAGE electrophoresis. With regard to
hydrolysates, however, the predominant protein fraction changed with a prolongation of the proteolysis
length. It was found that in hydrolysates H-30, H-60 and H-120, the dominant compounds were those with
molecular weight of 43-65 kDa, 24-33 kDa, and below 10 kDa, respectively. The bands that represented
the low molecular weight fractions in these preparations were wide and fuzzy. The observed phenomenon
is a result of polydispersity, i.e. an approximately continuous molecular weight distribution, with no
dominant bands corresponding to a higher content of the molecular weight fraction.

Table 2: Relative content (%) of protein fractions in lupin protein preparations (Schägger and von Jagow [18]
procedure).
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Molecular weight
(kDa)

Protein content [%]
LPI H-30 H-60 H-120

>100 2.5      
74-100 2.8      
43-65 26.9 31.2 27.1 28.8
34-40 8.0 14.7 6.0 0.0
24-33 20.3 9.2 27.7 25.5
20-23 4.9 8.9 11.8 11.1
18-20 7.7 0.6 0.0 0.0
12-16 16.8 9.0 5.2 3.1
<10 10.1 26.4 22.2 31.5

The results obtained for the surface hydrophobicity of lupin protein preparations, presented as a plot and
the simple equations fitted to them, are shown in Fig. 4. The highest value, expressed as a slope in a
straight line equation representing changes in fluorescence intensity with increasing protein
concentration, was observed for the LPI and amounted to 14.89. In turn, the hydrophobicity of
hydrolysates was distinctly lower (P<0.05) and assumed similar values each other (5.90 – 6.69), showing
no statistically significant differences (P>0.05). This indicates that the initial hydrolysis of lupin proteins
is already enough to reduce this parameter significantly; the prolongation of the process does not change
it substantially.

Similar results of reducing surface hydrophobicity were obtained by Surówka et al. [29], who hydrolyzed
soy protein concentrate and its extrudate using both Alcalase and Esperase. A decrease in surface
hydrophobicity as a result of proteolysis with Alkalase was also observed during porcine plasma protein
hydrolysis [30]. As the authors of above works point out, the change in hydrophobicity - its increase or
decrease - as a result of proteolysis is associated with the shortening of peptide chains and depends
mainly on the nature of the hydrolyzed protein and molecular weight size of the formed peptides. As in
the aforementioned studies the decrease in surface hydrophobicity of the hydrolysates obtained in this
study may be explained by the fact that the released peptides from the native structure of protein
demonstrate great flexibility, which enables a conformation with hydrophilic moieties more exposed
outward. The obvious consequence of changes in surface hydrophobicity is a change of interfacial
functional properties, such as foaming and emulsifying properties.

Functional properties
Table 3 shows the results of the functional properties analysis of investigated preparations. The foam
formed due to aeration of the LPI solution was quite difficult to obtain and was characterized by a coarse
structure and very thin walls of the film. It was, however, relatively stable. The values of FC, which when
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higher reflect better foaming efficiency, increased noticeably as a result of hydrolysis. This index in all
tested hydrolysates was about 10% higher than in the LPI. This means that the process of proteolysis
significantly improves the foaming properties.

In foams characterized by high FO values, gas bubbles are large and/or the foam walls are relatively thin.
Thus, high FO values indicate a technologically unfavourable structure of the foam. As for hydrolysate
preparations, the FO values decreased significantly compared to the FO values determined for the LPI. As
a result, the foam obtained from the hydrolysate solutions had a desirable, more finely porous structure
with strong walls. As in the case of FC, an improvement of this aeration property was noted due to
enzymatic hydrolysis. However, according to the data in Table 3, the LD5 value increased, which means
that foam stability decreased as compared to the LPI. Moreover, this decrease seems to be to some
extent related to the length of the process. Therefore, in order to improve the foam stability of hydrolysate
solutions, they should be used in preparations with stabilizing substances, e.g. polysaccharides
increasing the viscosity.

Table 3: Functional properties of LPI and its hydrolysates (H-30, H-60 and H-120).

  LPI H-30 H-60 H-120

FC (%) 62.5 ± 0.9a 72.7 ± 2.0b 70.6 ± 1.3b 74.1 ± 2.0b

FO (mL) 153.4 ± 6.8a 46.0 ± 5.0b 33.4 ± 3.9c 28.5 ± 2.4c

LD5 (%) 66.2 ± 7.2a 79.9 ± 2.9b 81.0 ± 4.7b 81.8 ± 1.3b

EAI (m2/g) 10.9 ± 0.6a 8.5 ± 0.3b 7.3 ± 0.3c 7.2 ± 0.6c

ESI (min) 59.1 ± 7.0a 13.3 ± 2.2b 9.4 ± 1.1b 11.6 ± 2.2b

The presented values are means ± standard deviations (n=3). Values with different superscripts (a–c) in rows differ
significantly at p≤ 0.05.

According to Surówka et al. [29], who investigated soy protein hydrolysates, and Lqari et al. [5], who
examined narrow-leafed lupin, partial enzymatic hydrolysis improves the foaming capacity compared to
the raw material, from which the hydrolysate was prepared. However, the foams from these hydrolysates
were not very stable. This agrees with our results obtained for the lupin hydrolysates, according to which
peptides and d conglutins, the LMW subunits and small subunits of β and γ conglutins had better
adsorption capacity on the surface of air bubbles, providing good foaming properties to these products.
Peptides present in hydrolysates can reach the interfacial surface much faster than proteins and create
films that form the foam structure. The above authors concluded that degree of hydrolysis determines the
foaming capacity of hydrolysates - with an increase in the degree of hydrolysis and a decrease in the
average molecular weight, the ability to form foams increases. This is due to the fact that proteins with
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lower molecular weight have a greater ability to adsorb on the surface of air bubbles. Polar moieties
located on the surface of the protein molecule more easily turn towards liquid and non-polar ones
towards the air. As a result, a coherent, flexible film forms around the air bubbles.

Emulsion with the use of LPI is formed relatively efficiently as measured by EAI (Table 3). This index can
be slightly improved by applying mild hydrolysis conditions, as was the case with limited enzymic
hydrolysis of soy flour extrudates [8]. In this study, however, such improvement was not observed. The
hydrolysate obtained after the half-hour process (H-30) produced emulsion with EAI lower by 22%
compared to the isolate. Prolongation of the hydrolysis resulted in hydrolysates having even lower EAI
values.

Alcalase hydrolysis had an even greater effect on ESI. While the emulsions obtained from LPI showed
good stability, as a result of the hydrolysis, the ESI index decreased several times (Table 3).

It is believed that the surface hydrophobicity of proteins affects the emulsifying properties [31, 32]. When
comparing the results of the analysis of emulsifying properties and surface hydrophobicity of LPI and its
hydrolysates, it can be approximated that the results of hydrophobicity analysis and EAI and ESI are
convergent, i.e. the hydrolysis leads to a deterioration of these indexes in line with the decrease of
hydrophobicity.

In this study, as a result of α and β conglutins fragmentation, the number of peptides increased, but the
number of both hydrophobic and hydrophilic moieties in their molecules was reduced. Even when the
peptides are positioned on the surface of the dispersed lipids, interactions with the aqueous phase, which
stabilize emulsions, will not be formed. In consequence, a loss is observed of emulsifying properties and
decreased stabilization of the emulsion. Therefore, among the analysed preparations, LPI showed better
emulsifying properties, than hydrolysates. Similar observations were reported in studies on rape protein
hydrolyzed with Alcalase, where a decrease in emulsifying capacity as a result of hydrolysis was
observed [33].

Antioxidant properties
The use of four methods to measure antioxidant activity allows for a more holistic determination of the
total antioxidant capacity of a given compound or group of compounds, as there are some limitations for
each analysis that may disturb the correct assessment of the antioxidant activity of a given sample if it
were evaluated by only one analytical method [34, 35]. Among many methods used for evaluating
antioxidant activity, the DPPH and ABTS tests are the most popular and commonly performed due to their
simplicity, quickness, sensitivity and usage of a stable radical and are very often carried out in tandem
[36 ,37, 38].

The ABTS and DPPH methods are based on both SET (single electron transfer) and HAT (hydrogen atom
transfer) mechanisms, whereas the determination of antioxidant activity by the FRAP and reducing power
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measurement assays is based solely on the HAT mechanism [39].

Analyses of antioxidant activity performed by four various methods showed that the results obtained
were strongly dependent on the measurement methods (Fig. 5 and Fig. 6). Large differences in
antioxidant activity between the isolate and hydrolysates were noted for DPPH free radical scavenging
and reducing power assays. The half-hour hydrolysis caused higher reduction in antioxidant activity of
the product, than extending the length of this process to 2 hours. With regard to the remaining two
methods, i.e. using ABTS free radicals and FRAP, there were no such big differences. In these cases, a
statistically significant reduction in antioxidant activity was noticed in the H-60 and H-120 hydrolysates.
Guo et al. [40] reported that lupin protein isolate had lower antioxidant activity determined with DPPH and
FRAP methods than hydrolysate obtained with Alcalase after 15 minutes of the process. Then, the
antioxidant activity decreased with the subsequent slight increase at the end of the process. When
compared to our study, differences may be due to the method of preparing the protein isolate; in our work
the flour was not defatted before the procedure of protein isolation. It could have caused migration of
some amounts of fat together with antioxidant compounds into the isolate. Pena-Ramos et al. [41], who
studied the effect of enzymatic hydrolysis of soy protein isolate on the antioxidant activity, found that
hydrolysates obtained after an one-hour process with the use of Alcalase showed a little higher
antioxidant activity than protein isolate and the remaining products of hydrolysis.

Conclusions
Changes in the length of polypeptide chains caused by hydrolysis and the accompanying significant
decrease in surface hydrophobicity affected substantially the examined functional properties. This was
manifested by the reduced emulsification capacity of hydrolysates and much poorer emulsion stability
compared to LPI. The peptide chains formed as a result of proteolysis were too short and hydrophobic
domains were exposed insufficiently to create the film on the interface stable enough to limit
coalescence.

On the other hand, it was observed that along with the prolongation of the hydrolysis time and the
decrease in the protein average molecular weight, the foam capacity of hydrolysates was improved,
although stability of the foam decreased.

In comparison with the hydrolysis products, LPI was characterized by much lower foam formation
capabilities. The improvement of foaming properties due to two-hour proteolysis was connected with the
presence of low-molecular δ conglutin, LMW subunits of vicilin-like β conglutins and small subunits of γ
conglutins.

When considering antioxidant properties, LPI was characterized by a distinctly better antioxidant activity
than hydrolysates, as measured by the DPPH method and as reducing power, whereas the results
obtained by the ABTS and FRAP methods were comparable.



Page 14/22

Declarations

Acknowledgment
The earlier version of manuscript “Effect of Alcalase modification of yellow lupin (Lupinus luteus L.)
protein isolate on some functional properties and antioxidant activity” has been presented as Preprint at:
https://www.researchsquare.com/article/rs-1551884/v1

Data Availability
The data used to support the findings of this study are available from the corresponding author upon
request.

Conflicts of Interest
The authors declare that there is no conflict of interest regarding the publication of this paper.

Funding Statement
This research was financed by the Ministry of Science and Higher Education of the Republic of Poland.

References
1. Mohamed AA, Rayas-Duarte P (1995) Composition of Lupinus albus. Cereal Chem 72:643-647

2. El-Adawy TA, Rahma EH, El-Bedawey AA, Gafar AF (2001) Nutritional potential and functional
properties of sweet and bitter lupin seed protein isolates. Food Chem 74:455–462.
https://doi.org/10.1016/S0308-8146(01)00163-7

3. Sathe SK, Deshpande SS, Salunkhe DK (1982) Functional properties of lupin seed (Lupinus
mutabilis) proteins and protein concentrates. J Food Sci 47:491-497. https://doi.org/10.1111/j.1365-
2621.1982.tb10110.x

4. Hojilla-Evangelista MP, Sessa DJ, Mohamed A (2004) Functional properties of soybean and lupin
protein concentrates produced by ultrafiltration-diafiltration. J Am Oil Chem Soc 81:1153-1157.
https://doi.org/10.1007/s11746-004-1033-1

5. Lqari H, Pedroche J, Girón-Calle J, Vioque J, Millán F (2005) Production of lupinus angustifolius
protein hydrolysates with improved functional properties. Grasas Aceites 56:135-140.
http://dx.doi.org/10.3989/gya.2005.v56.i2.121

6. Khalil AA, Mohamed SS, Taha FS, Nordberg Karlsson E (2006) Production of functional protein
hydrolysates from Egyptian breeds of soybean and lupin seeds. Afr J Biotechnol 5:907-916



Page 15/22

7. Schlegel K, Sontheimer K, Hickisch A, Abas Wani A, Eisner P, Schweiggert‐Weisz U (2019) Enzymatic
hydrolysis of lupin protein isolates - Changes in the molecular weight distribution, technofunctional
characteristics, and sensory attributes. Food Sci Nutr 7:2747–2759.
https://doi.org/10.1002/fsn3.1139

8. Surówka K, Żmudziński D, Fik M, Macura R, Łasocha W (2004a) New protein preparations from soy
flour obtained by limited enzymic hydrolysis of extrudates. Innov Food Sci Emerg Technol 5(2):225-
234. https://doi.org/10.1016/j.ifset.2004.01.005

9. Howard PA, Lehnhardt WF, Orthoefer FT (1983) 7S and 11S vegetable protein fractionation and
isolation. US Patent No. 4, 368, 151

10. AOAC method 2001.11.Crude Protein in animal feed, forage (plant tissue), grain and oil seeds.
Official methods of analysis of AOAC International (18th ed.) (2005) Gaithersburg, Md

11. Surówka K, Żmudziński D, Surówka J (2003) Application of simple laboratory techniques to
assessment of functional properties of soy protein hydrolysates. In Staruch L, Dandar A (Ed),
Laboralim, Bratislava: STU, pp 319–323

12. Johnson EA, Brekke CJ (1983) Functional properties of acylated pea protein isolates. J Food Sci
48:722–725. https://doi.org/10.1111/j.1365-2621.1983.tb14883.x

13. Waniska RD, Kinsella JE (1979) Foaming properties of proteins: evaluation of a column aeration
apparatus using ovalbumin. J Food Sci 44:1398–1402. https://doi.org/10.1111/j.1365-
2621.1979.tb06447.x

14. Pearce KN, Kinsella JE (1978) Emulsifying properties of proteins: evaluation of a turbidimetric
technique. J Agr Food Chem 26:716–723. https://doi.org/10.1021/jf60217a041

15. Qi M, Hettiarachchy NS, Kalapathy U (1997) Solubility and emulsifying properties of soy protein
isolates modified by pancreatin. J Food Sci 62:1110–1115. https://doi.org/10.1111/j.1365-
2621.1997.tb12224.x

16. Hayakawa S, Nakai S (1985) Relationships of hydrophobicity and net charge to the solubility of milk
and soy proteins. J Food Sci 50:486–491. https://doi.org/10.1111/j.1365-2621.1985.tb13433.x

17. Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227:680-685. https://doi.org/10.1038/227680a0

18. Schägger H, von Jagow G (1987) Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis
for the separation of proteins in the range from 1 to 100 kDa. Anal Biochem 166:368-379.
https://doi.org/10.1016/0003-2697(87)90587-2

19. Brand-Williams C, Cuvelier ME (1995) Use of a free radical methods to evaluate antioxidant activity.
LWT 26:25-30. https://doi.org/10.1016/S0023-6438(95)80008-5

20. Re R, Pellegrini N, Proteggente A, Pannala A,Yang M, Rice-Evans C (1999) Antioxidant activity
applying an improved ABTS radical cation decolorization assay. Free Radic Biol Med 26(9–10):1231-
1237. https://doi.org/10.1016/S0891-5849(98)00315-3

21. Benzie IF, Strain JJ (1996) The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant
power”: the FRAP assay. Anal Biochem 239(1):70-76. https://doi.org/10.1006/abio.1996.0292



Page 16/22

22. Yen GC, Chen HY (1995) Antioxidant activity of various tea extracts in relation to their
antimutagenicity. J Agr Food Chem 43:27–32. https://doi.org/10.1021/jf00049a007

23. Lampart-Szczapa E, Mossor G (1997) Skład aminokwasowy i frakcyjny łubinowych preparatów
białkowych [Aminoacid and protein composition of lupin seed preparations]. Zywn Nauka Technol
Jakosc 2:61-69

24. Capraro J, Magni C, Fontanesi M, Budelli A, Duranti M (2008) Aplication of two-dimensional
electrophoresis to industrial process analysis of proteins in lupin–based pasta. Food Sci Technol
41:1011-1017. DOI:10.1016/j.lwt.2007.07.011

25. Duranti M, Consonni A, Magni C, Sessa F, Scarafoni A (2008) The major proteins of lupin seed:
Characterisation and molecular properties for use as functional and nutraceutical ingredients. Trends
Food Sci Technol 19:624-633. https://doi.org/10.1016/j.tifs.2008.07.002

26. Sirtori E, Resta D, Brambilla F, Zacherl C, Arnoldi A (2010) The effects of various processing
conditions on a protein isolate from Lupinus angustifolius. Food Chem 120:496-
504. https://doi.org/10.1016/j.foodchem.2009.10.043

27. Karamać M., Kosińska-Cagnazzo A., Kulczyk A. (2016) Use of Different Proteases to Obtain Flaxseed
Protein Hydrolysates with Antioxidant Activity. Int J Mol Sci 17, 1027. doi:10.3390/ijms17071027

28. Wang Z., Li L., Yuan D., Zhao X., Cui S., Hu J., Wang J. (2014). Reduction of the allergenic protein in
soybean meal by enzymatic hydrolysis. Food Agric Immunol 25(3), 301–310.
doi:10.1080/09540105.2013.782268

29. Surówka K, Żmudziński D, Surówka J (2004b) Enzymic modification of extruded soy protein
concentrates as a method of obtaining new functional food components. Trends Food Sci Technol
15:153–160. https://doi.org/10.1016/j.tifs.2003.09.013

30. Liu Q., Kong B., Xiong Y.L., Xia X. (2010) Antioxidant activity and functional properties of porcine
plasma protein hydrolysate as influenced by the degree of hydrolysis. Food Chem 118 403–410.
doi:10.1016/j.foodchem.2009.05.013

31. Kato A, Nakai S (1980) Hydrophobicity determined by a fluorescence probe method and its
correlation with surface properties of proteins. Biochim Biophys Acta, Protein Struct 624:13–20.
https://doi.org/10.1016/0005-2795(80)90220-2

32. Voutsinas LP, Voutsinas P, Cheung E, Nakai S (1983) Relationship of hydrophobicity to emulsifying
properties of heat denatured proteins. J Food Sci 48:26–32. https://doi.org/10.1111/j.1365-
2621.1983.tb14781.x

33. Vioque J, Sánchez-Vioque R, Clemente A, Pedroche J, Millán F (2000) Partially hydrolyzed rapeseed
protein isolates with improved functional properties. J Am Oil Chem Soc 77:447–
450. https://doi.org/10.1007/s11746-000-0072-y

34. Schaich K.M., Tian X., Xie J. (2015) Hurdles and pitfalls in measuring antioxidant efficacy: A critical
evaluation of ABTS, DPPH, and ORAC assays. J Funct Foods 14, 111-
125. https://doi.org/10.1016/j.jff.2015.01.043

https://doi.org/10.1016/j.foodchem.2009.10.043
https://doi.org/10.1007/s11746-000-0072-y
https://doi.org/10.1016/j.jff.2015.01.043


Page 17/22

35. Munteanu I.G., Apetrei C. (2021) Analytical Methods Used in Determining Antioxidant Activity: A
Review. Int J Mol Sci 22(7), 3380. https://doi.org/10.3390/ijms22073380

36. Olszowy M., Dawidowicz A.L. (2018) Is it possible to use the DPPH and ABTS methods for reliable
estimation of antioxidant power of colored compounds? Chem Pap 72, 393–
400. https://doi.org/10.1007/s11696-017-0288-3

37. Mareček V., Mikyška A., Hampel D., Čejka P., Neuwirthová J., Malachová A., Cerkal R. (2017) ABTS
and DPPH methods as a tool for studying antioxidant capacity of spring barley and malt. J. Cereal
Sci 73, 40-45. https://doi.org/10.1016/j.jcs.2016.11.004

38. Faisal H., Handayani S. (2019) Comparison of Antioxidant Activity of Ethanol Extract of Fruit and
Okra Leaves (Abelmoschus esculentus L. Moench) with DPPH and ABTS Methods. Int J Pharm Clin
Res 2, 2, 6-13. https://doi.org/10.32734/idjpcr.v2i2.2815

39. Danet A. (2021) Recent Advances in Antioxidant Capacity Assays. doi: 10.5772/intechopen.96654.

40. Guo X, Shang W, Strappe P, Zhoua Z, Blanchard Ch (2018) Peptides derived from lupin proteins
confer potent protection against oxidative stress. J Sci Food Agric 98:5225–5234.
https://doi.org/10.1002/jsfa.9059

41. Peña-Ramos EA, YL Xiong (2002) Antioxidant Activity of Soy Protein Hydrolysates in a Liposomal
System. J Food Sci 67(8):2952-2956. https://doi.org/10.1111/j.1365-2621.2002.tb08844.x

Figures

Figure 1
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Figure 2

The results of SDS-PAGE of lupin protein preparations. Lanes: MWS – molecular weight standards (Da),
LPI – lupin protein isolate, H-30, H-60, H-120 - LPI hydrolysates.
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Figure 3

Results of the peptide separation (Schägger and von Jagow [18] method) of lupin protein preparations.
Lanes: PLWS - peptide and low molecular weight standards, LPI - lupin protein isolate, H-30, H-60, H-120 –
LPI hydrolysates.
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Figure 4

Surface hydrophobicity analysis results of LPI and its hydrolysates (H-30, H-60, H-120).
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Figure 5

Antioxidant activity expressed as radical scavenging activity. The presented values are means ± standard
deviations (n=3). Values with different letters (a–d) in plot bars for the same method differ significantly
at p≤ 0.05.
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Figure 6

Antioxidant activity expressed as ability to reduce Fe3+. The presented values are means ± standard
deviations (n=3). Values with different letters (a–c) in plot bars for the same method differ significantly
at p≤ 0.05.


