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Abstract Downstream processes following aqueous

enzymatic extraction (AEE) of rapeseed oil and protein

hydrolysates were developed to enhance the oil and protein

yields as well as to purify the protein hydrolysates. The wet

precipitate (meal residue) from the AEE was washed with

twofold water at 60 �C, pH 11 for 1 h. Emulsions from the

AEE and the washing step were pooled and submitted to a

stepwise demulsification procedure consisting of storage-

centrifugation and freezing–thawing followed by centrifu-

gation. Aqueous phases were pooled and adsorbed onto

macroporous adsorption resins (MAR) to remove salts and

sugars. Following extensive rinsing with deionized water

(pH 4), desorption was achieved by washing with 85%

ethanol (v/v) to obtain crude rapeseed peptides (CRPs). In a

separate experiment, stepwise desorption was carried out

with 25, 55, and 85% ethanol to separate the bitter peptides

from the other peptides. Using a combination of the AEE

process, washing and demulsification steps, the yields of

the total free oil and protein hydrolysates were 88–90% and

94–97%, respectively. The protein recovery was 66.7% and

the protein content was enriched from 47.04 to 73.51% in

the CRPs. No glucosinolates and phytic acid were detected

in the CRPs. From the stepwise desorption, a non-bitter

fraction RP25 (containing 64–66% of total desorbed

protein) had a bland color and significantly higher protein

content (81.04%) and hence was the more desirable

product.
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Introduction

Aqueous enzymatic extraction (AEE) has emerged as a

novel technology for coextraction of either oil or oil and

protein from many oilseeds and oil-fruits [1, 2]. The main

advantages of this process are the complete avoidance of

organic solvents and the appropriate utilization of non-

oil components (such as the protein hydrolysate) from

the oilseeds. Rapeseed (Cruciferae family) is one of the

most important oilseeds. In a previous study, the suitable

conditions for AEE of rapeseed were optimized [3]. The

combined use of several carbohydrases (pectinase, cellu-

lase, and beta-glucanase) and a protease, Alcalase 2.4L,

effectively facilitated separation of the free oil. However, a

thin but distinctive layer of an emulsion between the oil

and the aqueous phase remained after centrifugation.

Moreover, the solid phase from the AEE consisted of an

upper layer of sedimented protein hydrolysates binding oil

and a lower layer of cell debris and seed hull. To recover

the residual oil and protein in the emulsion and precipitate,

washing and demulsification were considered as down-

stream processes for the AEE.

Demulsification is necessary for the purpose of further

enhancing the free oil yield. Generally, boiling [4], freez-

ing-thawing [5, 6] and phase inversion [7, 8] have been used

in an attempt to break the emulsion by other researchers.

Boiling and freezing–thawing are effective but may require

higher energy cost than phase inversion. The idea of the

latter is to reduce the moisture (the most critical variable) in
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the emulsion by adding oil to a threshold value followed by

shearing to promote phase inversion. Above the threshold

value the emulsion cannot be inverted. Hagenmaier et al. [7]

and Domı́nguez et al. [8] pointed out the threshold values

were 28 and 20%, respectively. The moisture content of the

emulsion obtained in the present study was 60–70%. A lot

of oil, therefore, has to be added to the emulsion for phase

inversion. Since the protein molecules which formed the

present emulsion are mostly peptides, the formed emulsion

may be more unstable than that formed before proteolysis.

Hence, a simpler storage-centrifugation demulsification

operation was carried out in this work.

Another important aspect of the downstream processes is

to deal with the resultant aqueous phase. Due to the com-

plex carbohydrate hydrolysis and pH adjustment with an

alkali and an acid during the AEE, the aqueous phase

contained large amounts of sugars and salts besides protein

hydrolysates. Additionally, native antinutritional compo-

nents in the rapeseeds such as intact glucosinalates, phytic

acid and tannin may have partially dissolved in the aqueous

phase. Conventionally, removal of small impurities from

large protein molecules is performed by membrane tech-

nologies such as dialysis and ultrafiltration. But the MW of

the protein hydrolysates in the present aqueous phase is

mostly (81%) lower than 600 Da, which is close to those

of the sugars, glucosinalates and phytic acid and as such

membrane filtration was not found to be an effective way of

purifying the protein hydrolysates. Recently, macroporous

adsorption resin (MAR) has been used to desalt whey pro-

tein hydrolysates [9] and wheat germ protein hydrolysates

[10]. MAR has many hydrophobic zones, where the

hydrophobic protein hydrolysates can be easily adsorbed

onto. Conversely, the salts, sugars or other hydrophilic

components can be rinsed off with deionized water. The

adsorbed hydrolysates can be desorbed by disruption of the

hydrophobic interactions with food-grade ethanol.

Bitterness often accompanies protein hydrolysates.

Several traditional debittering methods have been reviewed

by Adler-Nissen [11]. Recently, Cheison et al. [9] have

developed a novel method for simultaneous desalting and

debittering of whey protein hydrolysates using MAR. In

their study, the ethanol concentration was manipulated to

desorb the peptides into fractions, thus separating a bitter

group. The underlying principle in the use of MAR to re-

move the bitter peptides is that the highly hydrophobic and

short bitter peptides require higher ethanol concentrations

(75%) to desorb.

The present study was intended to investigate the con-

ditions of the downstream processes following the rapeseed

AEE including washing the precipitate, breaking the

emulsion, purifying and debittering of the protein hydro-

lysates. The physicochemical and sensory properties of the

hydrolysates fractions were analyzed.

Materials and Methods

Materials

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

double) were obtained from the Institute of Oil Crops

Research of the Chinese Academy of Agriculture Sciences

(Wuhan, China) The rapeseeds contained 6.31% moisture,

46.99% oil, 24.85% protein, 3.01% crude fiber, and 3.86%

ash. On a fat-free dry solids basis, the rapeseeds contained

3.78 mg/g total glucosinolates, 3.66% phytic acid and

1.05% tannin. Rapeseed isolate (93.35% on a dry basis,

N · 6.25) was prepared in our lab. Enzymes used were the

same as described previously [3]. A nonpolar styrene-based

macroporous adsorption resin (MAR), branded DA201-C

was sourced from Jiangsu Suqing Water Treatment Engi-

neering Group (Wuxi, China).

Aqueous Enzymatic Extraction of Rapeseed Oil

and Protein Hydrolysates

The process was carried out as summarized in Scheme 1.

Scheme 1 Aqueous enzymatic extraction of rapeseed oil and protein

hydrolysates, as described previously [3]

1 The dehulled rapeseeds were boiled for 5 min (seeds-to-water

ratio of 1:3, w/v)

2 The sample was wet-milled for 3 min by using an abrasive disc

starch mill (model MS40F; Ningbo Grain Machinery Factory,

Zhejiang China); Note: This mill required a minimum feed

quantity of 2 kg each run.

3 The slurry (containing 800 g original dry rapeseeds) was diluted

to seeds-to-water ratio of 1:5 (w/v)

4 The slurry was heated to 48 �C and adjusted to pH 5, followed by

addition of the combination of pectinase, cellulase, and beta-

glucanase in the ratio 4:1:1 (v/v/v) at 2.5% (v/w) and further

incubation for 4 h

5 Then, the slurry was heated to 60 �C and the pH was adjusted to

10, incubation for 30�min followed by readjusting the pH to 9

6 Alcalase 2.4 L was added at 1.4% (v/w) of the dry rapeseed and

the slurry was incubated for 3 h

7 After that, the suspension was heated at 90 �C for 10 min,

followed by cooling to room temperature

8 The suspension was centrifuged at 1,819 g for 15 min to obtain

the free oil, the aqueous phase, the emulsion and the solid

phase

9 The top oil layer was removed with an auto-pipettor

10 The residual oil and the emulsion were transferred into a

microcentrifuge tube and further centrifuged as above

11 The oil collected from both centrifugations was pooled and dried

at 70 �C in a vacuum oven to constant weight and taken as the

free oil recovered

12 The aqueous phase was collected and sampled for determination

of the protein hydrolysates content
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Optimization of Washing Precipitate

The wet precipitate obtained from the above AEE process

was sampled (50 g) and washed with a two-fold weight

of water at 60 �C. The pH (8–11) and washing time

(15–90 min) were varied. After washing, the emulsion, the

aqueous phase and the residual meal were obtained by

centrifugation (1,819g for 15 min). The freeze-dried meal

was pulverized and analyzed for residual oil. The emulsi-

fied oil yield was calculated according to the relationship in

Eq. 1. The aqueous phase was collected, its volume

determined and sampled for determination of the protein

content. The protein hydrolysates yield was expressed as

the percentage of the amount of protein in 50 g of the

precipitate.

Emulsified oil yield (% )

¼ (Oil in 50 g precipitate)� (residual oil in meal)

(Oil in 50 g precipitate)
�100%

ð1Þ

Optimization of Demulsification

The emulsions from the AEE and optimized washing

process under the conditions (60�C, pH 11 for 1 h), were

pooled and sampled (20 g), then stored in a refrigerator

(4 �C) for 0, 12, 24, and 48 h followed by warming in a

water bath (30 �C) for 1 h before centrifugation (1,819 g

for 15 min). To investigate the effect of the centrifugation

speed on the demulsified oil yield, the emulsion was

stored for 24 h, warmed in a water bath as above, sam-

pled (20 g) and then centrifuged in the range of 1,819–

10,733g at room temperature for 15 min. The free oil was

drawn out using an auto-pipettor, dried at 70 �C in a

vacuum oven to constant weight and taken as the

demulsified oil. The demulsified oil yield was expressed

as the percentage of the amount the oil in 20 g of

emulsion.

Washing and Demulsification Under Optimal

Conditions

After optimizing demulsification, the total wet precipitate

obtained from the AEE process was washed with two times

the weight of water under the following conditions: 60 �C,

pH 11 for 1 h, followed by centrifugation (1,819 g for

15 min). The emulsions from the AEE and the optimized

washing process were pooled and stored in a refrigerator

(4 �C) for 24 h. Next, the emulsion was warmed in a water

bath (30 �C) for 1 h and then centrifuged at 8,694g for

15 min. The residual emulsion was further demulsified by

freezing and thawing [6]. The emulsion was frozen at –

18 �C for 20 h and thawed in a water bath (35 �C) for 2 h,

and then centrifuged at 8,694g for 15 min. The oils col-

lected from both demulsification steps were pooled and

dried at 70 �C in a vacuum oven to constant weight.

Purification of the Aqueous Phase by Macroporous

Adsorption Resin (MAR)

The aqueous phases from the AEE and optimized washing

processes were pooled and sampled (50 mL). The sample

with a protein concentration of about 40 mg/mL was ad-

justed to different pH values (3, 4, 5, 6, and 7) with acetate

acid. At each pH, the solution was pumped through a glass

column (180 mL) packed with MAR at a flow rate of

1 mL/min. Then, the column was washed with 1 L de-

ionized water previously adjusted to the same pH as the

sample solution at a flow rate of 1.5 mL/min. The water-

eluent was collected, its volume determined and sampled

for determination of the protein content. Next, 1 L of 85%

(v/v) ethanol was used to desorb the peptides without

changing the flow rate. The protein content of the ethanol-

eluent was determined. The complete course was moni-

tored using a UV detector at 220 nm. The ethanol-eluent

was freeze-dried to obtain the crude rapeseed peptides

(CRPs). The dynamic adsorption capacity and protein hy-

drolysates recovery were calculated according to Eqs. 2

and 3, respectively.

Dynamic adsorption capacity (%) ¼ (protein in 50 mL aqueous phase) � (protein in water � eluent)

(protein in 50 mL aqueous phase)
� 100% ð2Þ

Protein hydrolysates recovery (%) ¼ (protein in alcohol � eluent)

(protein in 50 mL aqueous phase)
� 100% ð3Þ
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Separation of the Bitter Peptides

The pH of a sample of aqueous phase from AEE and

washing and the deionized water for rinsing were both ad-

justed to 4 with acetic acid. Next, the sample was pumped

through a column with MAR and the column was rinsed

with 1 L deionized water as described above. After rinsing,

step-wise desorption with ethanol (25, 55, and 85%) rather

than one-step desorption with 85% ethanol was adopted.

First, the column was washed with excess 25% ethanol. The

eluent was monitored using a UV detector at 220 nm. The

ethanol was pumped until the absorbance nearly returned to

the baseline. Then, the ethanol concentration was increased

to 55% and the column was washed until the absorbance

nearly returned to the baseline. Finally, the column was

washed with 85% ethanol. Three fractions (RP25, RP55,

and RP85, respectively) were obtained and freeze-dried.

Relative Bitterness

The relative bitterness of fractions (CRPs, RP25, RP55, and

RP85) was evaluated according to Cheison et al. [9] with

some modifications. The relative bitterness was determined

by making a 2% (protein concentration) hydrolysates solu-

tion with potable water at 25 �C. The tests were done in a

uniformly illuminated room and the samples were random-

ized for the test. A five-member panel was asked to score the

fractions for bitterness. The fractions were compared to a

reference sample (rapeseed protein isolate) assigned a zero

score and regarded as not being bitter. The fractions with

scores of 0–2, 3–6 and 7–10 were regarded as not being

bitter, somewhat bitter and very bitter, respectively.

Color Measurement

The protein hydrolysates (100 mg) were dissolved in

50 mL deionized water and then measured for reflectance

using a WSC-S Color-difference Meter Hunter a, b and L

parameters were recorded. The instrument was standard-

ized with a white ceramic plate (L = 99.99, a = –0.70,

b = 1.25). The browning index (BI) was calculated

according to the method of Palou et al. [12]. The BI rep-

resents the purity of the brown color and is reported as an

important parameter in processes where enzymatic or non-

enzymatic browning takes place [12].

Free Amino Acid Content

The hydrolysates were dissolved in 5% trichloroacetic acid

(TCA) for 2 h followed by centrifugation at 3,000 g for

10 min. Then, the supernatants were submitted to online

derivatization by O-phthaldialdehyde (OPA) and 9-fluore-

nylmethyl chloroformate (FMOC-Cl, for proline analysis).

RP-HPLC analysis in an Agilent 1100 assembly system

with a Zorbax 80A C18 4.6-mm id · 180-mm column was

carried out using the conditions prescribed by the equip-

ment manufacturer.

Total Amino Acids Analysis

Seventeen amino acids were analyzed following the con-

ventional 6N HCl hydrolysis of the fractions at 110 �C for

24 h. For tryptophan, the samples were hydrolyzed in 5N

NaOH containing 5% SnCl2, followed by RP-HPLC anal-

ysis with online derivation using an Agilent 1100 Assem-

bly as described in preceding sections.

Q Value (Average Hydrophobicity) Calculation

The Q values of protein hydrolysates were calculated

according to the method described by Adler-Nissen [13].

Hydrophobicity values of amino acid side chains were

adopted from Tanford [14].

Molecular Weight Determination

The molecular weight of the protein hydrolysates was deter-

mined using HP-SEC as described in our earlier work [3].

Proximate Analysis

The oil (Soxhlet extraction method with anhydrous ether),

protein (Kjeldahl N · 6.25), moisture, ash and crude fiber

contents were determined according to the AOAC official

methods [15]. The soluble sugars content was determined as

described by Dubois et al. [16]. Some glucosinolates were

inevitably hydrolyzed during the AEE, therefore, the total

concentrations of the intact glucosinolates and the hydro-

lyzed glucosinolates products (isothiocyanates and oxaz-

olidine-2-thione) were measured by the method of Wetter

and Youngs [17]. Phytate was determined according to the

method of Makower [18]. The phytate phosphorus was

determined colorimetrically according to the AOCS Official

Method Ca 12-55 [19]. The phytic acid content of the sample

was calculated from the measured phytate phosphorus value

using 3.55 as the conversion factor. The tannin content was

analyzed by the vanillin-HCl, 1% HCl in methanol extrac-

tion method, which is specific to determination of condensed

tannin [20], using catechin as the standard.

Statistical Analysis

Analysis of variance (ANOVA) was performed using SPSS

ver. 13.0 for Windows (SPSS Institute, Cary, NC). Sig-

nificance of differences was defined at p < 0.05.
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Results and Discussion

Our previous study [3] showed that 73–76% free oil and

80–83% protein hydrolysates were obtainable from the

optimized AEE with 100 g dry rapeseeds as the starting

materials. In present work based on an eight-fold scale-up

of the optimized AEE, the free oil yield rose to 78–80%

while the protein hydrolysates yield was not significantly

different from the previous values (Table 1). The reason

for the oil yield increment is probably due to the fact that

the relative oil loss (the residual oil on the surfaces of the

reactor and centrifuge tubes relative to the total oil) was

reduced to lower amounts on the bigger eightfold scale. As

shown in Table 1, the solid phase contained appreciable oil

and protein amounts and washing was, therefore, consid-

ered to improve the oil and protein hydrolysates yields.

Figure 1 shows that increasing the washing pH signifi-

cantly increased the yields of both the emulsified oil and

protein hydrolysates. At high pH, the protein in the pre-

cipitate dissolved more easily into the aqueous phase and

the oil bound with the protein was extracted as well at the

same time. The correlation between the pH and the solu-

bility of rapeseed protein was also reported by Xu et al.

[21]. But pH above 11 may introduce possible detrimental

effects (like saponification) to the oil quality, thus further

increases were not attempted. The maximum recoveries of

the emulsified oil and protein hydrolysates (91.2% and

88.8%, respectively) were achieved from a washing pH of

11 for 1 h. Increasing time did not increase the recoveries

significantly. Under the optimal conditions (60 �C, pH 11

for 1 h) the total wet precipitate (800 g dry rapeseeds as the

starting materials) was washed, thereby ca. 9% of the total

oil and ca. 14% of the total proteins were obtained.

Therefore, the total protein hydrolysates yield from the

combination of the AEE and the following washing rose to

94–97%, which indicates that most rapeseed proteins were

recovered. On the other hand, the oil yield from the

washing process was also desirable but the oil was obtained

only in an emulsified state and needed further treatment to

release the free oil.

The total emulsions pooled from the AEE process and

the subsequent washing steps contained ca. 14% of the total

oil and were submitted to a demulsification step to separate

the oil. A maximum demulsified oil yield of 28% was

obtained when the emulsion was stored at 4 �C for 24 h

followed by centrifugation at 1,819g for 15 min. The

emulsion is thermodynamically unstable in nature. During

storage, the small oil droplets may aggregate and coalesce

spontaneously to reduce the total free energy of the system,

thereby facilitating the oil separation. Once the storage

time was selected, the centrifugation speed was optimized.

Figure 2 shows that the demulsified oil yield increased

remarkably with the centrifugation speed until a maximum

of 55% was obtained at 8,694g for 15 min. The effective

centrifugal demulsification may be mainly attributed to the

cleavage of the protein molecules, which emulsified the oil

due to the proteolysis in the AEE process. Undoubtedly,

the above storage-centrifugation demulsification operation

saves more energy than other methods such as boiling and

freezing-thawing followed by centrifugation. To improve

the yield of the demulsified oil, the residual emulsion ob-

tained after the centrifugation was further demulsified

using the freezing and thawing method. By this method

another demulsified oil yield of ca. 20% was obtained.

Table 1 Distribution of oil and protein in the phases from centrifu-

gation

Free oil

phase

Emulsion

phase

Aqueous

phase

Solid

phase

Oil (%) 78–80 4–6 ND 12–13

Protein hydrolysates (%) ND <1 80–83 15–17

ND not determined

Fig. 1 Effect of washing pH on yields of emulsified oil and protein

hydrolysates. Washing the wet precipitate (50 g) with two-fold water

at 60 �C for 30 min

Fig. 2 Effect of various centrifugation speeds on the demulsified oil

yield. The emulsion was centrifuged at room temperature for 15 min
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Therefore, the total demulsified oil yield was ca. 75% with

the two-stage demulsification.

The total emulsions from the AEE process and the fol-

lowing washing step were demulsified with the two-stage

demulsification under the optimal conditions, from which a

free oil yield of ca. 10% was obtained. Therefore, the total

free oil yield, therefore, rose to 88–90% by the combina-

tion of the AEE process, following washing and demulsi-

fication steps. The desirable free oil yield was obtained

though it is still obviously lower than that obtained from

solvent extraction (generally above 95%).

As we mentioned previously, the aqueous phase from

the AEE and washing process contained undesirable

components and hence needed to be purified by MAR. As

shown in Table 2, the pH of the sample and the deionized

water for rinsing had a significant effect on the dynamic

adsorption capacity and the protein hydrolysates recovery,

as well as the protein content in the crude rapeseed peptides

(CRPs). At pH 4 and 5, which are near the pI of the ra-

peseed protein [22], the dynamic adsorption capacity was

significantly higher than that at other pH values and rea-

sonably higher dynamic adsorption capacity is accompa-

nied by higher protein hydrolysates recovery and protein

content in the CRPs (Table 2). At the pH near the pI, the

peptide molecules carry less net charge, which led to a

weakening of the peptide-peptide intermolecular repulsion.

The enhanced interactions between peptides, therefore,

probably helped prevent the peptides from being rinsed out

by the deionized water. Though a little precipitate appeared

in the column certainly due to the slightly poor solubility of

the peptides at pH 4 or 5, it was counterbalanced by the

limited peptide loss during the water rinsing. A little higher

protein recovery was obtained at pH 4 than pH 5 and pH 4

was, therefore, chosen for rinsing in the present study. The

volume of the rinsing water was fixed at 1 L according to a

preliminary experimental result that more sugars could not

be eluted by use of additional water. The protein hydro-

lysates recovery could be slightly enhanced (2–3%) if an

additional 500 mL 85% ethanol was added for desorption,

which implies that some peptides were difficult to desorb

due to the highly hydrophobic interaction. For reasons of

economics and time, the ethanol volume for desorption was

fixed at 1 L.

The proximate analysis data for the rapeseed protein

hydrolysates (RPHs, a lyophilized product of the aqueous

phase from the AEE for the proximate analysis) and the

CRPs are summarized in Table 3. The protein content in

the CRPs was enriched from a low of 47.04% in the RPHs

to 73.51% certainly due to the effective removal of much

of the salts and sugars from the aqueous phase. Salts were

easy to rinse off the column while some sugars may be

covalently bound to proteins and hence impossible to

desorb with water, resulting in still high sugar content

(8.72%) in the CRPs. With respect to the total glucosinates

and phytic acid, their contents were greatly reduced (by

more than 80%) in the RPHs compared with those in

the original materials. Several reasons may explain this

reduction: (a) the glucosinates and phytic acid may be

partially insoluble and hence remained in the residual meal

and (b) some highly unstable glucosinates like 4-hydrox-

yglucobrassicin were likely discomposed during the AEE

[23]. After the resin treatment, the total glucosinates and

phytic acid were not detectable in the CRPs, which means

that CRPs have improved safety if used for food. Another

antinutrient, tannin, may be highly hydrophobic and was

not easy to separate from the protein hydrolysates. On the

other hand, the free amino acid (FAA) contents were

reduced from 3.48 to 1.63% (Table 3) following MAR

adsorption and the peptides MW significantly decreased

(Table 4), which means some FAAs and long peptides

were less hydrophobic than the short peptides, therefore

eluted by the deionized water. Moreover, the hydrophobic

Table 2 Effect of pH of rinsing water on purification of protein

hydrolysates by macroporous adsorption resin

PH Dynamic

adsorption

capacity (%)

Protein

hydrolysates

recovery (%)

Protein content in

CRPs (%, on a

dry basis)

3 63.3 ± 2.1 58.5 ± 1.8 66.19 ± 1.12

4 88.4 ± 1.8 66.7 ± 0.8 73.51 ± 0.72

5 88.0 ± 2.1 63.1 ± 1.6 73.46 ± 1.35

6 67.9 ± 4.1 50.5 ± 1.0 67.98 ± 0.94

7 71.8 ± 2.5 41.1 ± 2.1 61.58 ± 1.89

Values represent the means of two experiments

CRPs = crude rapeseed peptides

Table 3 Proximate analysis data for rapeseed protein hydrolysates (RPHs, untreated by macroporous adsorption resin) and crude rapeseed

peptides (CRPs, treated by macroporous adsorption resin)

Product Protein (%) Sugar (%) Ash (%) Glucosinolates (mg/g) Phytic acid (%) Tannin (%) FAA (g/100 g protein)

RPHs 47.04 ± 0.62 19.75 ± 2.33 9.17 ± 0.38 0.51 ± 0.04 0.40 ± 0.06 1.39 ± 0.09 3.48 ± 0.28

CRPs 73.51 ± 1.43 8.72 ± 0.74 1.02 ± 0.10 ND ND 1.81 ± 0.12 1.63 ± 0.11

Values (on a dry basis) represent the means of three determinations

FAA = free amino acid, ND = not detected
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amino acid mole fraction increased from 29.4 to 38.6%

(Table 5), which is certainly due to the easier loss of some

peptides composed mainly hydrophilic amino acids during

elution by the deionized water. As a result, the average

hydrophobicity, i.e., the Q value increased markedly from

1,118 (RPHs) to 1,281 cal/mol (CRPs) (Table 5).

Though a desirable purification of the protein hydroly-

sates was achieved, some bitterness associated with the

CRPs (rank sum is 4) from one-step desorption with 85%

ethanol can not be circumvented for the purpose of the

protein hydrolysate use in food. To solve this problem,

stepwise desorption with various ethanol concentrations

rather than one-step desorption with 85% ethanol was

adopted. The desorbed fractions RP25, RP55 and RP85

contained 64–66%, 29–32% and 5–7% of the total de-

sorbed protein, respectively. The total protein recovery was

not significantly different from the one-step desorption

with 85% ethanol. The analysis for the properties data for

the three fractions are shown in Table 6. It can be con-

cluded that RP25 is the most desirable product because

it has a bland color, significantly higher protein content

(81.04%) and no bitterness relative to the native rapeseed

isolates. The bitterness degree of RP55 is close to that of

the CRPs, as are the color and the protein content. Fraction

RP85 was the bitterest and had lower protein content

(50.52%).

The relationship between the bitterness and the

desorption concentration agreed with the results of Cheison

et al. [9] regarding whey protein hydrolysates. The highest

content of the brown color substances in RP55 were

probably derived from two aspects: phenolics oxidation

and the Maillard reaction during the AEE. The pronounced

difference of the color of the fractions is due to the like-

lihood that the majority of highly hydrophobic color sub-

stances are not desorbed by a low ethanol concentration

(25%) but desorbed by a higher concentration (55%).

Cheison et al. [9] concluded that the longer peptides are

less hydrophobic and hence have relatively weaker hydro-

phobic interactions with the MAR and are easily displaced

by lower ethanol concentrations. Therefore, their experi-

mental results show that there was a remarkable migration

of the short peptides with the increasing ethanol concen-

tration and also, the bitterness of the peptide fractions in-

creased with a concomitant increase in the short peptides

number. As shown in Table 4, the most bitter RP85 had the

lowest MW while somewhat bitter RP55 had higher pep-

tides MW than non-bitter RP25. The different result was

obtained due to the possible existence of higher content of

peptide-sugar complexes in RP55. This proposition is sup-

ported by the significantly higher sugar content in RP55. On

the other hand, the significantly different hydrophobic

amino acid mole fraction and the Q value (average hydro-

phobicity) among the peptide fractions (Table 5) may ex-

plain the bitterness difference. RP85 has significantly more

hydrophobic amino acids and a higher Q value (1,673 cal/

mol). Earlier studies have shown that peptide bitterness is

mainly derived from the exposure of hydrophobic amino

acid side chains [24, 25]. In fact, the significantly higher

tannin content (4.68%) in RP85 may have also contributed

to the objectionable bitterness. The relationship between the

bitterness and the Q values of the three stepwise desorption

fractions complied well with the Q rule proposed by Ney

Table 4 Summary of molecular weight distribution of various pro-

tein products

Product Molecular weight distribution area (%)

‡2,500

Da

2,000~2,500

Da

1,000~2,000

Da

600~1,000

Da

£ 600

Da

RPHS 1.83 1.18 6.65 9.60 80.73

CRPs 0.57 0.63 4.46 7.13 87.20

RP25 0.54 0.77 6.40 9.15 83.15

RP55 1.92 1.39 7.38 9.70 79.62

RP85 0.36 0.38 2.53 5.61 91.12

RPHs rapeseed protein hydrolysates; CRPs crude rapeseed peptides

Table 5 Summary of total amino acids composition of various pro-

tein products showing content of hydrophobic amino acids and Q
values

Amino acid RPHs CRPs RP25 RP55 RP85

Val 4.48 5.22 5.13 5.05 6.23

Leu 7.31 8.90 7.26 10.67 13.11

Ile 3.70 4.87 4.53 5.48 7.70

Phe 4.18 5.96 4.12 8.33 13.73

Tyr 2.59 4.13 3.50 4.93 5.36

Trp 0.84 1.74 1.39 1.96 2.82

Pro 6.29 7.98 6.62 10.74 8.80

Asp 8.31 7.72 8.32 7.53 5.58

Glu 23.08 23.17 23.45 16.96 9.81

Met 2.21 2.02 2.71 0.98 0.31

Cys 0.92 1.17 0.97 2.20 2.51

Lys 6.99 3.62 5.44 3.58 3.27

Arg 6.29 4.85 6.04 6.44 5.98

His 3.21 2.09 2.61 2.23 3.86

Gly 5.45 5.13 5.76 4.28 3.27

Ala 5.16 3.70 3.80 2.70 2.11

Ser 4.80 3.92 4.27 2.75 2.62

Thr 4.18 3.80 4.06 3.24 2.90

Mole %

hydrophobica

AA

29.4 38.6 32.5 47.2 57.6

Q-value (cal/mol) 1,118 1,281 1,170 1,466 1,673

Amino acid composition in g free acid per 100 g protein
a hydrophobic AA = valine, leucine, isoleucine, phenylalanine, tyrosine,

tryptophan and proline
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and expounded by Adler-Nissen [11], i.e., all bitter peptides

found had Q values above 1,400 cal/mol, whereas all the

non-bitter peptides had a Q value below 1,300 cal/mol. This

rule was later extrapolated to assess intact proteins by Ney.

In fact, Adler-Nissen pointed out that the Q rule was only

valid for individual peptides rather than the protein hydro-

lysates mixture and concluded that the bitterness level of a

protein hydrolysate could not be predicted only by its cal-

culated Q value, since the bitterness level was determined to

a large extent by the peptide hydrophobicity distribution,

too. This conclusion was also supported by our experi-

mental results that the CRPs had a Q value below 1,300 cal/

mol but showed some bitterness. The CRPs had a low Q

value but it contained fractions RP55 and RP85 with higher

Q values (1,466 and 1,673 cal/mol, respectively), which

determined their bitterness.

Downstream processes were, therefore, successfully

developed to improve the yields of the free oil and protein

hydrolysates based on the AEE, as well as to obtain salt-

free and non-bitter protein hydrolysates with a bland color.
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Table 6 Physicochemical and sensory properties of desorbed fractions

Fraction Protein (%) Sugars (%) Tannin (%) Browning index Organoleptic

RP25 81.04 ± 1.30 8.35 ± 0.56 0.91 ± 0.08 29.1 ± 1.6 No bitterness a (1)

RP55 72.69 ± 1.24 14.94 ± 1.05 3.08 ± 0.20 368.0 ± 6.2 Some bitterness (4)

RP85 50.52 ± 0.82 3.15 ± 0.25 4.35 ± 0.34 56.9 ± 2.1 Very bitter (9)

Values (on a dry basis) represent the means of three determinations
a Values in the parentheses represent the rank sums of the fractions by the five-member panel
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