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Abstract The effect of pH and NaCl on solubility and

functional properties of walnut proteins obtained through

AOT reverse micelles, enzyme-assisted reverse micelles

and aqueous phase extraction methods was investigated

and compared. Extraction yield, foaming properties, water

holding capacities of protein obtained through enzyme-

assisted reverse micelles at pH 2–12 and NaCl concentra-

tion 0.1–1 M were significantly higher than those of the

AOT reverse micelles and aqueous phase extracted two.

The solubility of proteins by AOT reverse micelles and

enzyme-assisted reverse micelles at certain pH and NaCl

concentration had no significant difference, but was higher

that of the aqueous buffer. Oil holding capacity of three

proteins was 2.35, 3.96 and 1.08 cm3/g, respectively. At

pH 6–12 and NaCl concentration 0.1–1 M, the emulsifying

activity of protein from AOT reverse micelles was higher

than those of other two methods, while the emulsifying

stability of protein from enzyme-assisted reverse micelles

was the highest. The functional properties of walnut pro-

teins were affected by extraction methods. It indicated that

the walnut protein might be potentially applied in food

industry as a food ingredient.

Keywords Walnut � Protein � Extraction methods �
Functional properties

Introduction

Protein has the higher nutritional value, and can affect the

physiochemical and sensorial properties of food.

Vegetable protein resources are very wide, and inexpen-

sive, such as legumes, nuts and grains.

Although walnut, as a nut, has been widely consumed,

the protein-based ingredients can be not made good use in

food industry (Cofrades et al. 2008). The oil and protein

content in walnut kernel was about 52–64 and 18-24%,

respectively (Sze-Tao and Sathe 2000). But the protein in

walnut meal obtained after extraction walnut oil can reach

around 45%, which contains 18 amino acids, including 8

human essential amino acids, the protein digestibility is

about 87.2%. The walnut protein chiefly consists of 6.8%

albumin, 17.6% globulin, 5.3% prolamin and 70.1% glu-

telin (Sze-Tao and Sathe 2000). The above results sug-

gested that walnut protein can provides several nutritional

and health benefits (FDA 2011). However, many studies

focusing on the physicochemical and antioxidant properties

of walnut oil have been reported (Downs et al. 2016;

Gharibzahedi et al. 2013; Labuckas et al. 2014), only a few

investigations are found on the physicochemical and

functional characteristics of walnut protein, which may

become interesting for specific applications in several

segments of the food industry (Cofrades et al. 2008;

Labuckas et al. 2014).

Some plant proteins owning to desirably functional

properties have widely applied in food products. The

effects of processing parameters on functional properties of

water-soluble proteins form different plant sources have
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been reported, such as soybean (Wang et al. 2008), rice

(Zhao et al. 2012), Ginkgo biloba seeds (Deng et al. 2011),

peanut (Liu et al. 2012) and pea seed (Adebiyi and Aluko

2011) et al. These studies were aimed at effective appli-

cation of plant protein sources to formulation of new food

products. However, the functional investigation of walnut

protein is rare (Chen et al. 2012).

The process conditions in different extraction methods

can affect the quantity, quality and functional properties of

walnut proteins. There is a paucity of information regard-

ing protein recovery and quality from walnut meal flour by

different extraction methods including reverse micelles,

enzyme assisted reverse micelles and walnut flour defatted

by aqueous phase extraction.

In this study, walnut proteins were prepared from

reverse micelles, enzyme assisted reverse micelles and

aqueous phase extraction. The effect of different pH and

salt concentration on the functional properties of walnut

protein were investigated, in order to evaluate the poten-

tiality of walnut protein source in food product

formulation.

Materials and methods

Materials

Dry walnut (Xinxin No. 2) was collected by Xinjiang

Academy of Forestry Sciences (Xinjiang, China). The oil

in walnut seed was removed by pressing, then the defatted

walnut meal flour obtained was ground and sieved through

a 100 mesh screen. The walnut cake contained 46.96%

protein, 5.98% humidity, 15.87% oil and 3.58% ash,

respectively (AOAC 2000). Bis (2-ethylhexyl) sodium

sulfosuccinate (AOT) and alcalase was bought of Sigma

Chemical Co. (St. Louis, MO, USA, purity [98%). All

other chemical reagents used were of analytical grade.

AOT reverse micelle extraction

The walnut cake flour and organic phases were mixed,

which was called forward extraction experiments. The

organic phase was prepared from known quantities of

surfactant AOT, hexane and phosphate buffer containing

KCl (Liu et al. 2014). For all the experimental runs, the

ratio of solid phase to organic phase was 1:20 (w/v), and

extracted by stirring for 30 min at 45 �C. Phase separation

was carried out in a laboratory centrifuge at 6, 000 rpm for

20 min. The organic supernatant solution was used for the

backward extraction.

Backward extraction was carried out by mixing the

forward extraction solution with an equal volume of new

aqueous phase containing 1 M KCl phosphate buffer with

pH 9.0, followed by stirring for 1.5 h at room temperature,

then centrifuging at 4, 000 rpm for 20 min and separation

of the two phases. The protein solution was dialyzed for

24 h at 4 �C and freeze-dried in vacuum at -55 �C. Then,

the walnut protein product was obtained.

Enzyme assisted AOT reverse micelle extraction

The extraction process was the same as above. But in

process of forward extraction, 3.00% alcalase was added.

Aqueous phase extraction

The defatted walnut cake flour was dispersed in 50 mM

phosphate buffer solution (1:20, w/w) (pH 8.0), stirred at

room temperature for 2 h (Chen et al. 2012). The suspen-

sion was centrifuged at 6000 rpm at 20 �C for 30 min.

Finally, the protein solution was extensively dialyzed

against water at 4 �C for 24 h and lyophilized at -55 �C.

Sodium dodecyl sulphate poly-acrylamide gel

electrophoresis (SDS-PAGE)

SDS-PAGE of walnut proteins was performed according to

the method of Laemmli (1970). Protein samples (10 mg/

ml) were dissolved in 1 ml of protein extraction buffer pH

6.8, containing 10 mM Tris-HCl, 2.5% SDS, 2% b-mer-

captoethanol, 1 mM ethylenediaminetetraacetic acid

(EDTA), 0.01% bromophenol blue and 2% glycerol. The

sample mixtures were boiled for 5 min, then samples

(10 ll) were loaded into 12.5% resolving gel and 4.5%

stacking gel, respectively with electrophoresis at 110 V

and a constant current of 10 mA. The gel was stained

overnight with 2.5% Coomassaie Brilliant Blue R 250 in

water-methanol-acetic acid (4:5:1, v/v/v) and destained

using with water-methanol-acetic acid (10:4:1, v/v/v).

Protein solubility analysis

The ratio of protein sample to deionized water 1/100 (w/v)

was mixed. The suspension was adjusted to the desired pH

(3–12) using 1 M HCl or 1 M NaOH, and did not contain

NaCl. The mixtures were magnetically stirred for 1 h at

30 �C, and then centrifuged at 5, 000 rpm for 10 min at

4 �C. After the protein solution was appropriately diluted,

the protein content of each supernatant was measured by

Kjeldahl method. The nitrogen solubility index (NSI) (%)

was as following (Lawal et al. 2005):

NSI %ð Þ ¼ W1=W0 � 100 ð1Þ

where W1 was the amount of protein in the supernatant (g),

W0 was the amount of protein in the sample (g).
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In addition, the effects of NaCl concentration (0–1 M)

on protein solubility at pH 7.0 were also investigated.

Emulsifying properties

Effects of pH (2–12) and salt concentration (0–1 M) on

emulsifying capacity (EC) and emulsion stability (ES) of

the walnut proteins were examined. 500 mg of protein

samples were dissolved in 100 ml phosphate buffer

(10 mM, pH 7.0). Then, 24 ml the protein dispersion and

8 ml soybean oil were mixed by a homogenizer (PT-10-

35GT, BUCHI Labortechnik AG, Switzerland) at 10,

000 rpm for 3 min at 25 �C. At 0 and 10 min after the

homogenization, 0.05 ml of the obtained emulsion was

took at 0.5 cm from the bottom of the container and mixed

with 5 ml 0.1% SDS (w/v). Absorbance value of the

mixture solution (A0) was recorded at 500 nm, and the

blank solution was 0.1% SDS without protein. EA was

calculated as the multiply A0 by 100. After the protein

solution was heated at 80 �C for 30 min, and 0.05 ml of

protein emulsion was took at 0.5 cm from the bottom of the

container and mixed with 5 ml 0.1% SDS (w/v) after

homogenization, which showed the EC80 at 80 �C, was

determined at 500 nm. Each protein concentrate was ana-

lyzed triplicate. ES was calculated as following formula

(Lawal et al. 2005).

ESð%Þ ¼ EC80 � 100

EC
: ð2Þ

Foam properties

1 g of samples was dispersed in 100 ml 10 mM phosphate

buffer (pH 7.0). The mixture was adjusted to the desired

pH (2–12) without containing NaCl or NaCl concentration

(0–1 M) at pH 7.0, which was blended using a homoge-

nizer (PT-10-35GT, BUCHI Labortechnik AG, Switzer-

land) at 12, 000 rpm for 2 min at room temperature. The

blend was poured into 100 ml graduated cylinders, and

measured. The volumes of foam (V0 and Vt) were imme-

diately recorded at 0 time and 20 min, respectively. FC and

FS were calculated as follows (Lawal et al. 2005):

Foam capacity ð%Þ ¼ V0

50
� 100 ð3Þ

Foam stability ð%Þ ¼ Vt � 100

V0

: ð4Þ

Water holding capacity

Changes of water holding capacity (WHC) at different pH

(2–12) without containing NaCl and NaCl concentration

(0–1 M) at pH 7.0 were studied. The walnut protein

powder (0.5 g) was mixed with 10 ml distilled water in a

pre-weighed 50 ml centrifuge tube by magnetic stirring

with occasional vortex agitations for 10 min at room

temperature. The samples were placed for 30 min at room

temperature before centrifuging for 15 min at 4, 000 rpm.

The centrifuge tube containing sediment was weighed.

WHC (grams of water per gram of protein) was expressed

as follows (Lawal et al. 2005):

WHC (g/g) ¼ W2 �W1

W0

ð5Þ

where W0 was the weight of the dry sample (g), W1 was the

weight of the tube plus the dry sample (g), and W2 was the

weight of the tube plus the sediment (g).

Oil holding capacity

0.5 g of protein powder (W0) was mixed with 5 ml (V1) of

soybean oil in pre-weighed 15 ml centrifuge tubes. Before

centrifuging at 4000 rpm for 15 min, the mixtures were

placed for 30 min at room temperature. The clear super-

natants were carefully poured into a 10 ml graduated

cylinder, and recorded the volumes (V2). The OHC (cm3 of

oil trapped per gram protein) was calculated as follows

(Lawal et al. 2005):

OHC (g/g) ¼ V1 � V2

W0

: ð6Þ

Statistical analysis

All experiments were conducted in triplicate, and results

were presented as means ± standard deviations (SD). The

data subjected to analysis variance (ANOVA) was con-

ducted using Duncan’s multiple range tests. Tukey test

(p\ 0.05) was used to compare the means of the different

variables.

Results and discussion

Protein content

The protein extraction yield obtained through conventional

aqueous phase, reverse micelles and enzyme-assisted

reverse micelles were 38.63% ± 1.5, 55.40±1.42 and

67.29 ± 1.33%, respectively, the protein contents were

71.29 ± 2.56, 86.60 ± 2.13 and 92.58 ± 2.07%, respec-

tively. The protein extraction yield and content from con-

ventional aqueous phase extraction was the lowest, while

from enzyme-assisted reverse micelles was the highest.

The protein extraction yield and content obtained through

three methods was significantly different (P\ 0.05), the
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order from high to low was enzyme-assisted AOT reverse

micelles [ AOT reverse micelles [ aqueous extraction.

The results indicated that the protein purity from AOT

reverse micelles and aqueous extraction was significantly

different (P\ 0.05), and also suggested that AOT reverse

micelle could improve significantly the extraction effi-

ciency of protein from walnut meal, especially enzyme-

assisted reverse micelle extraction. The reasons possibly

were as following: (1) the enzyme can hydrate the large

protein molecules, the smaller protein molecules were

more likely to dissolve in reverse micelles; (2) there was

the strong interaction among protein molecules, AOT,

hexane and interior water of reverse micelles, which could

affect the extraction yield of protein (Zhao et al. 2008). In

addition, it was supposed that the protein could be purified

during enzyme assisted and AOT reverse micelle pro-

cessing (Gaikaiwari et al. 2012).

SDS-PAGE analysis of proteins

SDS-PAGE profiles of walnut proteins from different

extraction methods are presented in Fig. 1. Proteins

showed a number of polypeptide subunits of molecular

weight (Mw) between 66.2 and 14 kDa. The elec-

trophoresis profiles of walnut proteins were consistent with

earlier report of Mao and Hua (2012). The polypeptide

subunits of 45 and 14.4 kDa were most prominent in three

proteins (Fig. 1). Be comparing with three proteins, the

subunit numbers of proteins from aqueous extraction were

the least, while enzyme-assisted reverse micelles was the

most. The bands of walnut proteins separated by reverse

micelles and enzyme-assisted reverse micelles exhibited a

similar intensity in all formulations. This observation

strongly suggested that the reverse micelles or enzyme-

assisted reverse micelles would be help to improve the

subunits of walnut proteins.

Solubility measurement

Solubility is an important parameter in protein functional

properties, which is clearly related with emulsion and foam

properties etc. (Yin et al. 2008). However, walnut protein is

generally difficult to dissolve in water, it is attributed to

containing mostly glutelin (about 70%) with a rigid glob-

ular structure with excessive intra and intermolecular

disulfide bonds, hydrophobic interactions (Sze-Tao and

Sathe 2000). So the walnut protein was not widely applied

in food industry as functional ingredient. The pH solubility

profile of walnut protein obtained through three extraction

methods is visualized in Fig. 2a, which shows the typical U

shaped profile. The NSI of walnut proteins significantly

decreased across the pH range from 4 to 2, but increased

protein solubility at higher pH (pH 4–12).The minimum

NSI of three proteins obtained through AOT reverse

micelles, enzyme-assisted AOT reverse micelles and

aqueous extraction was recorded at pH 4.0 (Sze-Tao and

Sathe 2000), and maximum solubility at pH 12. Similar pH

value was also reported for minimum solubility of water-

soluble proteins from kidney bean (Shevkani et al. 2015)

and pea seed (Adebiyi and Aluko 2011). The reasons were

that the protein aggregates were formed with the low

electrostatic repulsive forces enhancing in isoelectric

region, which resulted in the decrease of protein solubility

(Mao and Hua 2012). The resulted indicated the pH had a

significant effect on the solubility of walnut protein. Fig-

ure 2 a shows that AOT reverse micelles and enzyme-as-

sisted AOT reverse micelles significantly increased the

protein solubility (p\ 0.05). The results suggested that the

reverse micelle or enzyme-assisted treatment during food

processing could induced the increase of charged mole-

cules buried interior proteins, due to protein conformation

change (Zhao et al. 2008).

Figure 2b shows the effects of salt concentration on the

NSI of the walnut protein from three extraction methods.

The NST of three proteins obtained through AOT reverse

micelles, enzyme-assisted AOT reverse micelles and

aqueous extraction in salt concentration from 0 to 0.1 M

gradually decreased. With the increasing of the NaCl

concentration from 0.1 to 1 M, the solubility of proteins

considerably increased, which was due to salting-in effect

(Deng et al. 2011). The different conformational charac-

teristics of proteins could cause various solubility in salt

solution (Vuong et al. 2016). Maximum solubility of three

proteins was found at 1.0 M NaCl solution, which was

46.68, 48.92 and 39.56%, respectively. The results were

kDa 

94.0 

66.2 

45.0 

33.0 

26.0  

20.0 
14.4 

1 2 3 4

Fig. 1 SDS-polyacrylamide gel electrophoresis of walnut proteins

from different extraction methods. Lane 1: molecular weight markers;

lane 2: enzyme-assisted reverse micelles; lane 3: AOT reverse

micelles; lane 4: aqueous buffer extraction
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agreed with the investigation Mao and Hua (2012). In the

range of 0–1 M, the NSI of protein obtained through

enzyme-assisted reverse micelles was significantly higher

other proteins (p\0.05). It was attributed that the different

extraction methods resulted in the difference in protein

conformational characteristics, which would cause various

solubility in salt solution.

Emulsifying properties

The effects of pH on EC and ES of walnut protein from

three methods are showed in Fig. 3a, b). The lowest EC

and ES of three proteins were founded in the isoelectric

region (pH 4). Under strong acidic (pH 2) or alkaline

conditions (pH 12), the emulsifying properties were

strongly improved. The highest EC and ES were achieved

at pH 12. The reason was that the partial denaturation of

protein occurred under extreme acidic or alkaline pH,

which could affect the emulsifying properties of a protein,

and was relative with its hydrophilic-lipophilic balance as

well as net charge (Ragab et al. 2004).

As shown Fig. 3a, b, when pH value was 2, the EC

obtained through AOT reverse micelles, enzyme-assisted

reverse micelle and aqueous extraction was 60.36, 45.00

and 46.67%, respectively; the ES was 48.10, 60.00 and

41.59%, respectively. At pH 12, the EC reached the

highest, and was 81.82, 61.43 and 70.67%, respectively;

the ES also was the highest, and was 65.17, 77.55 and

58.22%, respectively. However, these were poor in the pI

(pH 4.0). The results were supported by those observed

earlier for kidney bean and field pea protein isolates

(Shevkani et al. 2015).

These values showed that the EC from AOT reverse

micelles were significantly higher than those of enzyme-

assisted reverse micelles and aqueous buffer extraction

(p\0.05), which the highest ES was from enzyme-assisted

reverse micelle. The results were supported by the

investigation of Chove et al. (2001), they found that the EC

with the increase of protein content reduced, while the ES

increased. Similar results were reported for sunflower meal

products (Lin et al. 1974) and cashew nut (Ogunwolu et al.

2009). It was supposed that the increase of protein solu-

bility could improve the mutual function between oil and

water phase. So the EC decreased and ES increased (Lawal

et al 2005). Being comparison with EC and ES of three

proteins, the effect of pH on the EC and ES was signifi-

cantly different (p\0.05), it might be due to the different

chemical component, solubility and surface hydrophobicity

of three proteins (Zhao et al. 2012).

Figure 3c, d show the effect of salt concentration on the

EC and ES of three proteins. As the salt concentration

increased from 0 to 0.4 M, the EC and ES of proteins

gradually increased. While as further increase in salt con-

centration (from 0.4 to 1.0 M), both EC and ES decreased

(Fig. 3c, d). The result was supported by the investigation

of Chobert et al. (1987). The reasons were as following: the

electrostatic repulsion between droplets was reduced by

electrostatic shielding; high salt concentration could

change the water structure, which would change the

strength of hydrophobic interactions between nonpolar

groups; low salt concentration might help to formation of

charged layers around oil droplets, which would result in

mutual repulsion between dispersed droplets in oil-in-water

emulsion (Ragab et al. 2004; Yuliana et al. 2014).

When the salt concentration was 0.4 M, the EC of

proteins obtained through AOT reverse micelle extraction,

enzyme-assisted reverse micelle and aqueous extraction

was the maximum, and 83.33, 66.67 and 75.00%, respec-

tively. The EA of walnut protein obtained through AOT

reverse micelles were significantly higher than that of other

two extraction methods (p\ 0.05). At the salt concentra-

tion 0.4 M, the ES of proteins obtained through AOT

reverse micelle, enzyme-assisted reverse micelle and

aqueous buffer also was the maximum, and 52.45, 63.12
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Fig. 2 Effect of pH and NaCl concentration on solubility of walnut protein obtained through different extraction methods (S1: AOT reverse

micelle extraction; S2: enzyme-assisted reverse micelle extraction; S3: aqueous extraction)
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and 41.22%, respectively. The ES of walnut protein

obtained through enzyme-assisted reverse micelle extrac-

tion were significantly higher than that of other two

extraction methods (p \ 0.05). The results were agreed

with the finding of previous studies on emulsifying stability

and nitrogen solubility (Hung and Zayas 1991; Yuliana

et al. 2014). Some reports thought that many factors could

influence the protein ES, such as pH, net charge, interfacial

tension, viscosity and protein conformation (Hung and

Zayas 1991; Yuliana et al. 2014).

These results also indicated that the extraction parame-

ters could affect the EC and ES of proteins, especially

enzyme-assisted reverse micelles. The differences in EC

and ES of walnut protein using three extraction methods

might be due to the differences of solubility and molecular

structure in proteins (Mao and Hua 2012; Zhao et al. 2012).

Some reports have proved that reverse micelle and/or

enzyme can change the structure and functional properties

(Zhao et al. 2008).

Foaming properties

The effects of pH value on the foaming capacities and foam

stabilities of protein samples using three extraction meth-

ods are presented in Fig. 4a, b. At pH 4.0, the FC and FS of

three proteins was the lowest, which was supported by the

investigation of Mundi and Aluko (2012). They found that

low solubility of protein resulted in low FC and FS in the

isoelectric region (Mundi and Aluko 2012). When pH

value was 12, the FC of three proteins obtained through

AOT reverse micelles, enzyme-assisted reverse micelles

and aqueous extraction reached the maximum, FC values

were 52.62, 60.48 and 46.35%, respectively, while FS

values reached the maximum at pH 10, were 49.62, 52.68

and 40.48%, respectively. The results indicated that the pH

value could affect the FC and FS. In addition, the FC and

FS were significant difference between three proteins (p\
0.05). Comparing to protein obtained through AOT reverse

micelles and aqueous extraction methods, walnut protein

using enzyme-assisted reverse micelles had the highest FC

and FS (p\0.05). The reason was that proteins with high

concentration and solubility could increase the viscosity

and improve the formation of protein film with strong

cohesion (Belitz et al. 2009).

Figure 4c, d show the effect of salt concentration on FC

and FS of three proteins. As the salt concentration

increased from 0 to 0.6 M, the FC of proteins obtained

through AOT reverse micelles, enzyme-assisted reverse

micelles and aqueous buffer increased by 61, 75 and 52%,

respectively, while FS increased by 48, 55 and 38%,
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Fig. 3 Effect of pH and NaCl concentration on emulsion properties of walnut protein obtained through different extraction methods (EA1 and

ES1: AOT reverse micelle extraction; EA2 and ES2: enzyme-assisted reverse micelle extraction; EA3 and ES3: aqueous extraction)
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respectively. When the salt concentration was higher than

0.6 M, both FC and FS reduced. The result was agreed with

the investigation of Deng et al. (2011), who found that high

salt concentration could increase protein aggregation and

lead to the decrease of foaming properties. In the range of

salt concentration from 0 to 1.0 M, the FC and FS of

proteins obtained through enzyme assisted reverse micelles

were significantly higher than other two proteins (p\0.05),

which was due to the different protein contents (Deng et al.

2011). Proteins with poor solubility might be attributed to

high content of disulphide bonds, which resulted in lower

foam properties (Agboola et al. 2005). It indicated that

enzyme-assisted and AOT reverse micelles significantly

impacted the FC and FS. The good foaming properties of

proteins would be used for foam stabilization in food

industry, such as baked goods, sweets and soft drinks

(Kinsella and Melachouris 1976).

Water holding capacity (WHC) measurement

As shown Fig. 5, the WHC of three proteins decreased with

the increase of pH from 2 to 4, and then increased when the

pH rose from 4 to 12. At pH 4, the WHC was the lowest,

which the protein solubility was the minimum. It was

supposed that the interaction between protein molecules at

isoelectric region was improved, while the interaction

between proteins and water decreased. Thus the poor WHC

would be shown (Deng et al, 2011). When the pH was

above 4, WHC increased significantly. It suggested that the

interaction among proteins decreased (Yuliana et al. 2014).

By comparing with the WHC of proteins from three

extraction methods, WHC value for walnut protein

obtained through enzyme-assisted reverse micelles was

significantly higher (p\0.05) than that of reverse micelles

and aqueous buffer. Some references reported that the

enzymatic hydrolysis could lead to the hydrophobic amino

acids exposed, which improved the protein binding

capacity with water (Guan et al. 2007).The WHC of pro-

teins from aqueous buffer was the lowest (Fig. 5a). For

lower WHC values, it was likely attributed to the structural

changes of proteins and weak intermolecular interaction of

walnut proteins with water molecules (Ghumman et al.

2016; Withana-Gamage et al. 2011).

Figure 5b shows the effect of NaCl concentration on

protein WHC. When the NaCl concentration was increased

from 0 to 0.6 M, WHC of proteins obtained through

enzyme-assisted reverse micelles, AOT reverse micelles

and aqueous buffer increased from 2.87 to 5.12, 2.21 to

4.87 and 2.01 to 4.03 g/g, respectively. Then WHC

decreased moderately with further increase of NaCl con-

centration. At low salt concentration, hydrated salt ions

could combine with charged protein molecules, and reduce
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Fig. 4 Effect of pH and NaCl concentration on foam properties of walnut protein obtained through different extraction methods (FC1 and FS1:

AOT reverse micelle extraction; FC2 and FS2: enzyme-assisted reverse micelle extraction; FC3 and FS3: aqueous extraction)
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the water molecule around proteins (Lawal et al. 2005).

However, at high salt concentration, the interaction

between water and salt ion was improved, which led to the

dehydration of the protein and reduction in WHC (Lawal

et al. 2005). As shown Fig. 5, the WHC of walnut protein

from enzyme-assisted reverse micelles was significantly

higher (p\0.05) than that of other two extraction methods.

However, WHC of protein from aqueous buffer was the

lowest. The reason was that the enzyme function in reverse

micelles could make more hydrophobic amide acids

exposed, which led to improving the protein binding

capacity with water (Guan et al. 2007). It indicated the

extraction methods could change WHC as well as other

functional properties of proteins (Zhao et al. 2015; Fabian

and Ju 2011). High WHC of proteins can help to reduce

moisture loss and maintain freshness of processing foods,

such as baked foods and meat batters.

Oil holding capacity (OHC)

The OHC of walnut protein from enzyme-assisted reverse

micelles was 3.96 cm3/g, which was much higher than that

of AOT reverse micelles (2.35 cm3/g) and aqueous buffer

(1.08 cm3/g). OHC of protein from enzyme-assisted

reverse micelles was significantly high than other two

extraction methods. It was probably that the enzyme in

reverse micelles could hydrolyze walnut proteins, which

made hydrophobic amide acids exposed, and more non-

polar side chains appeared to be able to bind more aliphatic

hydrocarbon chains. At the same time, higher protein

content showed the higher OHC (Campbell et al. 1992).

Difference OHC of walnut proteins obtained through three

extraction methods were likely due to the changes of

structure and/or physical-chemical properties, for example,

second structure, lipophilic groups and degeneration of

proteins (Deng et al. 2011). It suggested that walnut protein

with high OHC could be potentially used in different food

products, which improved flavor of food and retained

structural interactions, palpability and extended shelf life

(Deng et al. 2011).

Conclusion

A product with 67.29% protein yield and 92.58% protein

content was successfully obtained through enzyme-assisted

reverse micelles. The minimum solubility of walnut pro-

teins from three extraction methods occurred at pI of the

protein isolate (pH 4), then increased with increasing pH,

but solubility from AOT reverse micelles and enzyme-as-

sisted AOT reverse micelles was higher than aqueous

buffer. EC, ES, FC, FS, WHC and OHC of proteins

obtained through three extraction methods were investi-

gated. It was concluded that the pH and NaCl concentration

adjusted could improve the functional properties of walnut

protein. Different extraction methods could affect the

functional properties of proteins. Especially the enzyme-

assisted reverse micelles would both enhance the protein

content and modify the protein structure during extracting,

which indicated that the walnut protein might be poten-

tially used in a variety of food products as a food

ingredient.
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