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Abstract An aqueous enzymatic extraction method

was developed to obtain free oil and protein hydroly-

sates from dehulled rapeseeds. The rapeseed slurry was

treated by the chosen combination of pectinase, cellu-

lase, and b-glucanase (4:1:1, v/v/v) at concentration of

2.5% (v/w) for 4 h. This was followed by sequential

treatments consisting of alkaline extraction and an

alkaline protease (Alcalase 2.4L) hydrolysis to both

produce a protein hydrolysate product and demulsify

the oil. Response surface methodology (RSM) was used

to study and optimize the effects of the pH of the

alkaline extraction (9.0, 10.0 and 11.0), the concentra-

tion of the Alcalase 2.4L (0.5, 1.0 and 1.5%, v/w), and

the duration of the hydrolysis (60, 120, and 180 min).

Increasing the concentration of Alcalase 2.4L and the

duration of the hydrolysis time significantly increased

the yields of free oil and protein hydrolysates and the

degree of protein hydrolysis (DH), while the alkaline

extraction pH had a significant effect only on the yield

of the protein hydrolysates. Following an alkaline

extraction at pH 10 for 30 min, we defined a practical

optimum protocol consisting of a concentration of 1.25–

1.5% Alcalase 2.4L and a hydrolysis time between 150

and 180 min. Under these conditions, the yields of free

oil and protein hydrolysates were 73–76% and 80–83%,

respectively. The hydrolysates consisted of approxi-

mately 96% of peptides with a MW less than 1500, of

which about 81% had a MW less than 600 Da.

Keywords Alcalase 2.4L � Aqueous enzymatic

extraction � Carbohydrases � Rapeseed oil �
Rapeseed protein hydrolysates

Introduction

Rapeseed (Cruciferae family) is one of the most

important oilseeds in the world, ranking fourth with

respect to production after soybean, palm, and cot-

tonseed [1]. In China, the production of rapeseed ex-

ceeds 12,000,000 tons per year. Rapeseed contains

high-quality oil (38–46%) and protein (20–30%) as

well as some antinutritional compounds, such as gluc-

osinolates, phenols, and phytic acid [2]. Conventional

industrial processing of rapeseed involves pressing and

hexane extraction, which yields two products – the oil

and a low-valued meal that is mainly used as animal

feed or fertilizer.

The use of hexane for extracting rapeseed oil has

recently become the focus of concerns with respect to

its safety and environmental effects; these concerns

have increased following the listing of hexane among

the group of hazardous air pollutants [3]. An alterna-

tive process, aqueous (enzymatic) extraction, for

extracting oil from many oil-bearing seeds/fruits has

been attempted in the laboratory and/or at the pilot

industrial scale level [4, 5]. The process usually consists

of an aqueous (enzymatic) extraction of the commi-

nuted materials, followed by a centrifugal separation of

the slurry into oil, emulsion, and the aqueous and solid

phases. Protein may be recovered in the aqueous or

solid phase, depending on the conditions selected [6].

Compared with the traditional technology, this process

is mild and safe due to the complete avoidance of
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organic solvents. Despite these advantages, this novel

method has met with some problems, such as fairly low

oil yield and the formation of an emulsion that neces-

sitates a mechanical demulsification operation in the

downstream process [5]. Demulsification is generally

not easy; as such, it may become a bottleneck in the

development of an aqueous enzyme extraction tech-

nology. Indeed, large protein molecules contribute

much to the undesirable stability of the resulting

emulsions. Olsen [7] used a protease (Alcalase 0.6L) to

simultaneously produce soy protein hydrolysates and

recover the oil from fat-containing soy material. Re-

cently, Alcalase has also been used to hydrolyze ra-

peseed protein isolates, and the protein hydrolysates

were observed to have special bioactivity such as a

source of human immunodeficiency virus (HIV) pro-

tease peptide inhibitors [8]. Alcalase can, therefore, be

considered for use following carbohydrase treatment of

rapeseeds to hydrolyze the protein, break the emul-

sion, and simultaneously obtain free oil as well as

protein hydrolysates in the aqueous extraction system.

In rapeseed, some attempts aimed at aqueous

extraction of oil with enzymes have also been reported.

Lanzani et al. [9] obtained a rapeseed oil extraction

yield of 78% with the combination of protease and a-1,

4–galacturonide glycano-hydrolase enzymes. Fullbrook

[10] reported that the highest oil recovery was 72%

when crude enzyme preparations from Aspergillus sp.

were used during the aqueous hydrolysis of rapeseed

slurry in the presence of hexane. Jensen et al. [11] used

a multi-activity enzyme, SP-311, to extract rapeseed oil

and obtained oil, a dehulled protein-rich meal with a

low content of antinutritional substances, and syrup

after three washings and centrifugation steps. How-

ever, none of these studies reported further utilization

of the rapeseed protein.

In the investigation reported here, Alcalase 2.4L

was used following the aqueous carbohydrase treat-

ment of dehulled rapeseeds for the simultaneous

recovery of the free oil and protein hydrolysates. The

effects of different commercial carbohydrases on the

extraction of emulsified oil were studied initially. This

was followed by an optimization of the Alcalase 2.4L

hydrolysis process by means of response surface

methodology (RSM).

Materials and Methods

Materials

Dehulled rapeseeds of Brassica napus (cv. #10 Chi-

nese-double) were obtained from the Institute of Oil

Crops Research of the Chinese Academy of Agricul-

ture Sciences (Wuhan, China). Alcalase 2.4L (EC

3.4.21.62, Bacillus licheniformis) and Pectinase (Pect-

inex Ultra SP-L,EC 3.2.1.15, Aspergillus niger) were

purchased from Novo-Nodisk A/S (Bagsvaerd, Den-

mark). Cellulase (Cellulase AE80,EC 3.2.1.4, Tricho-

derma reesei), b-Glucanase (b-Glucanase NCB-100,

EC 3.2.1.6, Trichoderma reesei), and Xylanase (Xy-

lanase NCB-X50, EC 3.2.1.8, Bacillus subtilis) were

provided by the New Century Biochemical Co.

(Yueyang, China).

Carbohydrase Treatment

We first designed a short process (indicated by dotted

lines in Fig. 1) to select suitable carbohydrases for

subsequent hydrolysis process parameters. As such, the

dehulled rapeseeds were first boiled for 5 min (seeds-

to-water ratio of 1:3, w/v) to inactivate the native

myrosinase, followed by wet-milling for 3 min in a mill

to obtain a uniform slurry. A fixed amount of slurry

(containing 100 g original dry rapeseeds) was trans-

ferred to a 1-L jacketed glass reactor connected to a

thermostatically controlled water heater. The seeds-to-

water ratio was fixed at 1:5 (w/v), and the slurry pH was

adjusted to 5. The enzyme(s), either singly or in com-

bination (Table 1), were then added to the slurry to a

final proportion of 2.5% of the rapeseeds’ weight (v/w)

to commence the hydrolysis at 48�C for 3 h with an

agitation rate of 200 rpm. Following the incubation,

the suspension was centrifuged at 1819 g (3000 rpm)

for 15 min. The supernatant was decanted while the

precipitate was weighed, mixed, sampled for moisture

content determination, and freeze-dried. The freeze-

dried meal was pulverized and analyzed for residual

oil. The emulsified oil yield was calculated according to

the relationship expressed in Eq. 1, and a suitable en-

zyme or combination was selected based on high oil

recovery. The enzyme combination selected, pectinase-

cellulase-b-glucanase (PCG) at a ratio of 4:1:1 (v/v/v),

gave the highest oil recovery (Table 1) and was sub-

sequently applied in the single-factor optimization

process. During the single-factor optimization, the ef-

fects of the seeds-to-water ratio (1:3–1:8), enzyme

concentration (0–5%, v/w), and incubation time

(1–7 h) were separately studied.

Optimization of Alkaline Extraction and Protease

Treatment by RSM

Once the optimum conditions for the carbohydrase

treatment were established, the rapeseed slurry was

treated as above using PCG (4:1:1, v/v/v) at enzyme
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combination concentration of 2.5% (v/w) for 4 h (pH

5.0, 48�C). The subsequent alkaline extraction and

protease treatment stage was optimized by RSM

according to the Box-Benken design [12]. The com-

bined effects of three independent parameters, alkaline

extraction pH, Alcalase 2.4L concentration, and

hydrolysis time, at three different levels each were

evaluated. The parameters and levels chosen were

based on the results of the preliminary experiments. To

monitor the protease treatment, three responses were

determined: the free oil yield from the end of the

process (Y1), the protein hydrolysates yield (Y2), and

the degree of protein hydrolysis (DH, Y3).

The actual and coded levels of the independent

variables used in the experimental design and the

results obtained are shown in Table 2. The experi-

mental plan was designed and the results statistically

analyzed using DESIGN-EXPERT ver. 6.0.10 (Stat-Ease,

Minneapolis, Minn.) software to build and evaluate

models.

Extraction Yield

The yields of emulsified oil, free oil, and protein hy-

drolysates were expressed using Eqs. 1, 2, and 3,

respectively.

Emulsified oil yield; %

¼ ½total oil in rapeseed� � ½residual oil in meal�
½total oil in rapeseed�

� 100% ð1Þ

Free oil yield; % ðY1Þ

¼ ½free oil�
½total oil in rapeseed� � 100% ð2Þ

Protein hydrolysates yield; % ðY2Þ

¼ ½protein in aqueous phase�
½total protein ðin rapeseed þ enzymeÞ� � 100%

ð3Þ

Degree of Protein Hydrolysis

The DH, defined as the percentage of peptide bonds

cleaved [13], was calculated by determining the free

amino groups using the ninhydrin reaction according

to Doi et al. [14] with slight modifications. The ori-

ginal amount of free amino groups of rapeseed pro-

tein before hydrolysis was determined using a sample

Dehulled rapeseeds

Emulsion  aqueous  precipitate
Phase  phase

Free oil  emulsion  aqueous  precipitate

Phase  phase 

Carbohydrases hydrolysis

at 48˚C, pH 5.0 

Centrifugation at 
1819×g for 15 min

Alcalase 2.4 L hydrolysis 

at 60˚C, initial pH 9.0 

Heated at 90˚C, 

10 min 

Left to cool 

Centrifugation at 
1819 g for 15 min

Seeds-to-water =1:3, 

Boiled 5 min 

Wet grinding, 3 min 

Alkaline extraction 

at 60˚C, 1 h 

Fig. 1 The flow chart for extraction of rapeseed free oil and
protein hydrolysates

Table 1 Effect of various carbohydrases on emulsified oil yield

Enzyme Emulsified
oil yield (%)

Control (without enzyme) 47.8 ± 1.2a

Pectinase 85.9 ± 1.2b,c

Cellulase 69.3 ± 1.6
b-Glucanase 64.0 ± 1.3
Xylanase 46.6 ± 2.1a

Pectinase + Cellulase (2:1) 88.9 ± 1.1c,d,e

Pectinase + Cellulase (1:1) 88.5 ± 1.0c,d,e

Pectinase + Cellulase (1:2) 87.0 ± 1.1b,c,d

Pectinase + b-Glucanase (2:1) 89.3 ± 1.7d,e

Pectinase + b-Glucanase (1:1) 87.2 ± 0.6c,d

Pectinase + b-Glucanase (1:2) 80.8 ± 2.0
Cellulase + b-Glucanase (1:1) 75.1 ± 1.4
Pectinase + Cellulase + b-Glucanase

(PCG, 1:1:1)
83.9 ± 1.1b

PCG (3:2:1) 89.7 ± 1.8d,e

PCG (4:1:1) 91.6 ± 1.7 e

All values represent the mean of duplicate determinations ±
standard deviation. Means followed by the same letter(s) are not
significantly different (P > 0.05)
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of the rapeseed protein isolate. The total concentra-

tion of amino groups of rapeseed protein was deter-

mined in a sample following hydrolysis at 110�C for

24 h in 6 N HCl (20 mg rapeseed protein isolate in

8 mL HCl). This was regarded as 100% hydrolysis

(see equation 4).

DH ð%Þ ðY3Þ ¼
½free amino groups after hydrolysis� � ½free amino groups before hydrolysis�

½total amino groups of rapeseed protein� � ½free amino groups before hydrolysis� � 100% ð4Þ

Alkaline Extraction and Protease Treatment

This process (including the carbohydrase treatment at

optimal conditions) is outlined in Fig. 1 (bold lines).

Before the addition of the protease, alkaline extraction

was carried out at various pH levels (9.0, 10.0, and

11.0) at 60�C for 30 min at an agitation rate of

200 rpm. At the end of each alkaline extraction con-

dition, the pH was readjusted to 9.0 (suitable for

hydrolysis with Alcalase 2.4L), while the agitation rate

was decreased to 50 rpm to commence treatment with

Alcalas 2.4L (0.5, 1.0, and 1.5%, v/w). The enzyme

hydrolysis process was continued for various lengths of

time (60, 120 and 180 min). At the end of the protease

hydrolysis process, the enzyme activity was stopped by

heating the reactants at 90�C for 10 min, followed by

cooling to room temperature and centrifugation of the

suspension at 1819 g for 15 min to separate the solid

and liquid phases. An auto-pipettor was used to care-

fully draw off the free oil accumulated above the liquid

phase and transfer it into a previously weighed beaker.

Directly below the oil layer was a thin emulsion layer.

To remove additional traces of oil from this emulsion,

both the residual oil and the emulsion were transferred

into a microcentrifuge tube and centrifuged as de-

scribed above. The oil collected from both centrifuga-

tions was pooled and dried at 70�C in a vacuum oven to

a constant weight; this dried oil was taken as the free

oil recovered. The aqueous phase was collected, and its

volume determined and subsequently sampled for

determination of the protein content and the DH.

Molecular Weight Determination

Protein hydrolysates were submitted for molecular

weight (MW) analysis using a Waters 600E Advanced

Protein Purification System (Waters Corp, Milford,

Mass.). A TSK gel 20005lxL (6.5 · 300 mm) column

was used with 10% Acetonitrile + 0.1% trifluoroacetic

acid (TFA) in high-performance liquid chromatography

(HPLC)-grade water as the mobile phase. The calibra-

tion curve was obtained by running bovine carbonic

anhydrase (29,000 Da), horse heart cytochrome C

(12,400 Da), bovine insulin (5800 Da), bacitracin

(1450 Da), gly-gly-tyr-arg (451 Da), and gly-gly-gly

(189 Da). The results were obtained and processed with

the aid of MILLENNIUM
32 ver. 3.05 software (Waters

Corp.).

Analytical Methods

The oil contents of the initial rapeseeds and meals

obtained from the short process (Fig. 1, dotted lines)

were determined by the Soxhlet extraction method

[15]. Protein contents of the initial rapeseeds and

aqueous phases obtained from the optimized process

(Fig. 1, bold lines) were determined by the Kjeldahl

method (N · 6.25) [15]. All experiments were done in

duplicate, and mean values of the data are reported.

Statistical analysis was done using SPSS ver. 13.0 for

Windows (SPSS Institute, Cary, N.C.).

Results and Discussion

Immersion of the intact rapeseeds in boiling water for

5 min was effective in destroying myrosinase, as indi-

cated by a comparison of the amount of liberated iso-

thiocyanate plus oxazolidine-2-thione between treated

and untreated samples (results not shown), thereby

resulting in an oil with lower sulfur content. The effects

of the different carbohydrases on the extraction yield

of the emulsified rapeseed oil are shown in Table 1.

Among single enzymes used, pectinase gave a signifi-

cantly (P < 0.05) higher oil yield (85.9%), which con-

forms to the fact that pectic substances are the

prevalent cell-wall polysaccharides in rapeseed [4].

Additionally, the Pectinase used (Pectinex Ultra SP-L)

contains partial cellulase and hemicellulase activities

which probably contributed to the high oil yield. Cel-

lulase and b-Glucanase increased the oil yield by about

44 and 34%, respectively, compared with the control,

while the difference between the Xylanase treatment

and the control with respect to yield was insignificant

(P > 0.05); Xylanase was therefore not tested in sub-

sequent experiments.

The enzymes were combined (Table 1) to evaluate

their cooperative effects on extracting the oil. The
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results indicated that the top five combinations of

Pectinase gave good oil recovery (>88%) but that the

yields were not statistically different (P > 0.05). How-

ever, because we desired the highest possible oil yield

(>90%), we chose the combination of PCG (4:1:1, v/v/

v) for the subsequent experiments. A good recovery of

emulsified oil indicates that the rapeseed cell wall was

more effectively degraded by the enzyme combination,

leading to the release of most of the oil and other

materials enmeshed within the cells into the aqueous

medium.

The seeds-to-water ratio significantly affected the

extraction yield of the emulsified oil (Fig. 2). This may

be due to the fact that thick suspensions prevent the

effective penetration of the enzymes, while the chance

of an interaction between the enzyme and substrate

molecules is low in very dilute suspensions (1:7 and

1:8). The ratio of 1:5 gave the highest yield of oil, which

was employed in subsequent experiments.

As is shown in Fig. 3, even a low concentration

(0.2%) of PCG (4:1:1, v/v/v) had a marked effect on

the extractability of oil, which was only slightly im-

proved by higher concentrations of enzyme (more

than 2.5%, v/w). However, the enzyme concentration

should be a compromise between the improvement

of oil recovery and the cost of enzyme. In this study,

a 2.5% concentration (v/w) of PCG (4:1:1, v/v/v) was

adopted.

Figure 4 shows that oil extractability was markedly

affected by hydrolysis time during the first 3 h, there-

after reaching a plateau. An increase in incubation

time up to 7 h did not provide any significantly higher

oil yield compared with 4 h, which may be due to the

depletion of the substrates and/or product inhibition of

enzymes. Consequently, a period of 4 h was chosen for

the PCG (4:1:1, v/v/v) treatment. When PCG at 4:1:1

(v/v/v) was used for 4 h at a concentration of 2.5%, the

emulsified oil yield was determined to be 92.7% (seeds-

to-water ratio: 1:5). However, no free oil was obtained,

as the oil was entirely in emulsified form. This may be

because (1) seed oil bodies existing in cells are sur-

rounded by abundant proteins which prevent interac-

tion and possible coalescence [5], and (2) the

phospholipids and the protein may form lipoproteic

membranes that surrounded the oil drops during

grinding [4]. The protein content was determined to be

about 5% in the emulsion that was formed. Thus,

demulsification by hydrolyzing the protein may be a

viable option. However, the emulsifying capacity (EC)

of some proteins (bovine muscle and beef heart pro-

tein) increases during proteolysis until a maximum is

achieved, after which it decreases with prolonged

hydrolysis time [16, 17]. We therefore investigated the

relationship between emulsion stability and DH by a

single-factor experiment. Figure 5 shows that at a low

DH (£10%), no free oil was released and the emulsi-

fied oil extractability slightly increased compared with

the control (without the addition of Alcalase 2.4L),

which implies that limited hydrolysis of the protein
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Fig. 2 Effect of seeds-to-water ratio on emulsified oil yield
following extraction with a 2.5% concentration (v/w) of a
combination of pectinase, cellulase, and b-glucanase (PCG;
4:1:1, v/v/v) for 3 h with gentle agitation

Table 2 Experimental designa and results obtained from the
process

Run Coded variable Actual variable Y1(%) Y2(%) Y3(%)

X1 X2 X3 x1 x2 x3

1 –1 –1 0 9.0 0.5 120 66.4 70.3 16.5
2 +1 –1 0 11.0 0.5 120 66.2 75.8 15.9
3 –1 +1 0 9.0 1.5 120 71.9 77.2 19.4
4 +1 +1 0 11.0 1.5 120 71.9 79.9 19.3
5 –1 0 –1 9.0 1.0 60 69.3 68.2 17.5
6 +1 0 –1 11.0 1.0 60 68.7 74.4 18.6
7 –1 0 +1 9.0 1.0 180 73.6 77.0 20.8
8 +1 0 +1 11.0 1.0 180 74.1 78.0 20.0
9 0 –1 –1 10.0 0.5 60 66.1 75.4 16.0
10 0 +1 –1 10.0 1.5 60 73.3 76.6 18.3
11 0 –1 +1 10.0 0.5 180 70.5 74.4 17.9
12 0 +1 +1 10.0 1.5 180 75.7 83.3 21.1
13 0 0 0 10.0 1.0 120 73.5 76.3 19.3
14 0 0 0 10.0 1.0 120 71.7 78.5 17.6
15 0 0 0 10.0 1.0 120 69.9 76.9 18.0
16 0 0 0 10.0 1.0 120 72.0 77.5 18.5
17 0 0 0 10.0 1.0 120 71.0 77.2 18.4

a Values represent the means of two experiments. X1, X2, and X3

represent the coded variables for alkaline extraction pH, Alca-
lase concentration, and incubation time (min), respectively; x1,
x2, and x3 represent the actual variables for alkaline extraction
pH, Alcalase concentration (v/w), and incubation time (min),
respectively; Y1 ,Y2, and Y3 represent the yields of free oil and
protein hydrolysates, respectively, and the degree of protein
hydrolysis. Y1 ,Y2, and Y3 were calculated using Eqs. 2, 3, and 4,
respectively
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may improve its EC. However, as the DH rose above

10%, notable amounts of free oil could be obtained,

which then increased remarkably between 10 and 12%

DH. This latter result indicates that once the protein is

extensively hydrolyzed the emulsion will become

unstable and the emulsified oil can be released.

Following the carbohydrase treatment, alkaline

extraction was carried out to solubilize more protein in

the aqueous phase and hence enhance the protease

hydrolysis and protein extractability. Table 2 shows the

experimental conditions and the results obtained from

the RSM optimization. The values of Y1 (free oil

yield), Y2 (protein hydrolysates yield), and Y3 (DH)

ranged from 66.1 to 75.7, from 68.2 to 83.3, and from

15.9 to 21.1%, respectively. The maximum values of

the three responses were at the same experimental

conditions, i.e., an alkaline extraction pH of 10.0, an

Alcalase 2.4L concentration of 1.5% (v/w), and a

hydrolysis time of 180 min. The minimum values of Y1,

Y2, and Y3 were at pH 10.0, 0.5%, and 60 min, pH 9.0,

1.0%, and 60 min, and pH 11.0, 0.5%, and 120 min,

respectively.

The data were analyzed employing a multiple

regression technique to develop response surface

models. Both a linear model and a second-order model

were tested, using an F-test at the 95% confidence le-

vel. The following three second-order models satis-

factorily explained the free oil yield, the protein

hydrolysates yield, and the DH with non-significant

lack of fit (Table 3). Yoil, Yprotein, and YDH are the

predicted values for free oil yield (%), protein hydro-

lysates yield (%), and DH (%), respectively, and X1,

X2, and X3 are the coded variables as described in

Table 3.

Yoil ð%Þ ¼ 71:61� 0:046X1 þ 2:95X2 þ 2:05X3

� 1:22X2
1 � 1:30X2

2 þ 1:07X2
3

þ 0:057X1X2 þ 0:28X1X3 � 0:51X2X3 ð5Þ

Yprotein ð%Þ ¼ 77:29þ 1:91X1þ 2:64X2þ 2:26X3

� 2:25X2
1 þ 0:77X2

2 � 0:63X2
3

� 0:73X1X2� 1:30X1X3þ 1:91 X2X3 ð6Þ

YDH ð%Þ ¼ 18:35� 0:060X1 þ 1:48X2 þ 1:16X3

þ 0:15X2
1 � 0:71X2

2 þ 0:70X2
3 þ 0:10X1X2

� 0:46X1X3 þ 0:21X2X3 ð7Þ

On the basis of Fig. 6a and Eq. 5, which shows

variable X2 and variable X3 with large regression

coefficients (positive), it can be concluded that by

increasing both the Alcalase 2.4L concentration and

hydrolysis time, we significantly increased the free oil
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Fig. 3 Effect of the concentration of the combination of PCG
(4:1:1, v/v/v) on emulsified oil yield. Conditions: seeds-to-water
ratio, 1:5; 3-h incubation; gentle agitation
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Fig. 4 Effect of varying hydrolysis time on emulsified oil yield.
Conditions: seeds-to-water ratio,1:5; 2.5% concentration (v/w) of
the combination of PCG (4:1:1, v/v/v); gentle agitation
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Fig. 5 Effects of degree of protein hydrolysis (DH) on the yields
of free oil and emulsified oil
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yield. We also observed that the two variables had

similar effects on yield of the protein hydrolysates and

DH (Fig. 6b; Eqs. 6 and 7), respectively. Figure 6c

shows that increasing the pH values led to a concom-

itant increase in the protein yield at low enzyme con-

centrations, while a higher yield was not obtained at

the highest values of both pH (11.0) and enzyme con-

centration (1.5%). This implies that the yield in protein

hydrolysates depended more on the pH of the alkaline

extraction when the extraction was followed by protein

hydrolysis at a lower DH. Rapeseed protein has been

reported to be more extractable at a higher pH [18, 19].

On the other hand, because protease can hydrolyze

and extract the non-soluble protein, if a higher DH was

reached in the following step, the alkaline extraction

pH may not be the predominant factor that signifi-

cantly affected the yield of the protein hydrolysates.

Conversely, the alkaline extraction pH had no signifi-

cant effect on the free oil yield and DH (figures not

shown). The different effects of the pH of the alkaline

extraction on the three responses can also be confirmed

by a comparison of the regression coefficients of the

variable X1 in the three equations (Eqs. 5, 6, and 7)

[20]. The variable X1 had the larger regression coeffi-

cient for Yprotein (+1.91) than those for Yoil and YDH

(–0.046 and –0.060, respectively). The results indicate

that a higher free oil yield is accompanied by a higher

DH and protein hydrolysates yield. It can be deduced

that more oil is liberated when the protein is hydro-

lyzed to a higher DH.

The increase in the yields of free oil extraction and

the protein hydrolysates are the two factors that are

the most objective indicators of the efficiency of the

aqueous enzymatic process. Therefore, the optimiza-

tion of the treatment should be based on both. On the

basis of the above discussion, the best conditions for

the oil and protein extractions were found to be a high

concentration (>1.25%) of Alcalase 2.4L and a long

hydrolysis time (>150 min). The alkaline extraction pH

showed a significant effect on the protein hydrolysates

yield, but not on the free oil yield. When the extraction

pH was below 10 and the protease was used at a low

concentration (<1%), the yield of protein hydrolysates

decreased drastically. As shown in Fig. 6a and b, when

the alkaline extraction pH was fixed at 10 and the

concentration of Alcalase 2.4L ranged from 1.25 to

1.5% during a 150- to 180-min hydrolysis time, the free

oil and the protein hydrolysates yields were 73–76%

and 80–83%, respectively.

Protein hydrolysates rich in small peptides were

obtained by the optimized aqueous enzymatic

extraction process using a combination of carbohyd-

rases followed by Alcalase 2.4L protease extraction

after a subsequent alkaline pH extraction. According

to the high-performance size-exclusion chromatogra-

phy (HP-SEC) results, the hydrolysates consisted of

approximately 96% peptides that had a MW less than

1500, of which about 81% had MW less than 600 Da.

These small peptides have a wide range of potential

applications for the food, cosmetics, and/or pharma-

Table 3 Analysis of variance
for response surface quadratic
model

a P \ 0.05 indicates
statistical significance

Source Sum of squares Degree of freedom Mean square F value P > Fa

Free oil yield (%)
Model 122.17 9 13.57 11.05 0.0023
Residual 8.60 7 1.23
Lack of fit 1.32 3 0.44 0.24 0.8628
Pure error 7.27 4 1.82

Total 130.77 16
Coefficient of variation = 1.56%, R2 = 0.9342

Protein hydrolysates yield (%)
Model 174.79 9 19.42 15.67 0.0008
Residual 8.67 7 1.24
Lack of fit 6.00 3 2.00 3.00 0.1584
Pure error 2.67 4 0.67

Total 183.46 16
Coefficient of variation = 1.46%, R2 = 0.9527

DH (%)
Model 33.40 9 3.71 13.89 0.0011
Residual 1.87 7 0.27
Lack of fit 0.18 3 0.061 0.14 0.9282
Pure error 1.69 4 0.42

Total 35.27 16
Coefficient of variation = 2.81%, R2 = 0.9470
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ceutical industries [21]. Our results show the impor-

tant effect of Alcalase 2.4L; i.e., appreciable amounts

of the free oil and protein hydrolysates were simul-

taneously obtained. Thus, effective demulsification

and potential applications of protein hydrolysates

should result in this environmentally friendly process

becoming a viable technology for rapeseed processing

in the future.
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