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ST, ZHRERMENS, BEME EBANAREMAEQBME. FRE, LRI ARAKEE G
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Preparation and Performance Analysis of Walnut Meal Protein
Modified by Ultrasound-assisted Wet Glycosylation
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Abstract: To develop a functional walnut meal protein-polysaccharide complex for improving the resource utilization of
walnut meal protein and expanding its applications, this study focused on the modification of walnut meal protein via ultra-
sound-assisted wet glycosylation. And the walnut meal and black fungus polysaccharid were used as raw material, the
effects of key process parameters—including ultrasound power, pH, ultrasound duration, and the mass ratio of walnut meal
protein to black fungus polysaccharide—on the grafting degree and browning level of walnut meal protein were first inves-
tigated, response surface methodology (RSM) was then employed to optimize the preparation process and determine the
optimal conditions. Subsequently, the functional properties of the modified walnut meal protein were systematically deter-
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mined. The results showed that under the optimal conditions—mass ratio of walnut meal protein to black fungus polysac-
charide of 1:2, reaction temperature of 80 “C, pH of 9.60, ultrasound power of 295 W, and ultrasound time of 9.6 min—the
grafting degree reached 48.60%, which was in close agreement with the predicted value. Polyacrylamide gel electrophore-
sis (PAGE) analysis confirmed the successful preparation of walnut meal protein glycosylation products via ultrasound-
assisted wet Maillard reaction. Scanning electron microscopy (SEM) observations revealed that the modified walnut meal
protein exhibited a reduced particle size and a spherical micro-particle morphology. Functional property assays showed that
the solubility, water-holding capacity, and emulsifying activity of the ultrasound-assisted wet glycosylation-modified wal-
nut meal protein were 1.61-fold, 2.25-fold, and 1.62-fold those of the unmodified protein, respectively. Compared with the
wet glycosylation-modified counterpart, the ultrasound-assisted modified protein displayed 1.12-fold higher solubility,
1.65-fold higher water-holding capacity, and slightly improved emulsifying stability (P<0.05). This study provides a
theoretical and technical reference for improving the resource utilization of walnut meal protein and broadening its indus-

trial applications.

Key words: walnut meal protein; black fungus polysaccharide; ultrasound; glycosylation; functional properties; structural
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62%~68%, FLH BN FTE 7 iR Al 22 AN IR 5 iR
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12%~16% TRKALEH) . 1.5%~2.0% LF4EZET 1.7%~
2.0% WM AR BTAR Y 2R 1, SR AR R AR
WP 2R O 2 R R A, AT (Walnut-
dregs) FEAMMIIE S 2 A9 = ZERIF=Y, H ik
LEEFIHZRAL, Z HEMEL, 48D, AT /D385 FHAE
AT E A SERIHT 5. BOEH TR P AZ Ak
T FH (Walnut meal protein, WMP ) ZEZK I iz fait:
2z, BRI HAE B Tk b e, 3 AR IR
2, NI LEXT WMP IEANFSE, $E5 WMP 55t
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P BRI WMP AR AN B . DAFEARY
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1.22 EHeMIE ORI S5 ESED Al Tao
LERO iR RS RSl . B 10 g AZAkRA, B FHZENS
JKBE I A 0.03 g/100 mL A% Bk A % W, 7K i 30 1

(30 min, &), ¥ pH # 9,40 °C T/KBHEEE 120 min,
B AL IR 90 min(40 kHz, T3 100 W, 1) J5 4
pH = 7.0 Z 110, LA 4000 r/min Z5.0> 10 min YLEE
FIEW, JEYS R TR 48 h, 155 WMP B T°—18 °C
VKRS -

1.2.3 WA R LN E ARl =%

BRTE AP RPN AP IR IR R ERR Bl . I FHZE

K BC I BB U BE N 60 g/ WMP B, % WMP
5 AAP LI—E B2 g WMP IS+, =ik
THEFE 0.5 h, P75 pH A 9.0, 80 °C ZKIANFRE S
1 he SRJEETHE&S NS, FE—E TR, —

RERF A S U A AR, J5YE pH = 7.0 21k
SN, ¥ FR TR 48 h, BI45 %] Ult-WMP-AAP B T
—18 °C vKFA & o fd FH 2818 7K e ] JoT 4 Tk B Ry

60 g/L WMP B, 1 AAP i B — 2 Fb 9] 35 n 51
WMP E#H, =i Rk 0.5 h, P45 pH 25 9.0, 80 °C
IKVEINFGE TR 1 h, FRR AU UE pH 2 7.0 &0k
SR, R ZR T 48 h, RIS 2R 3Lk e AZ Bk

£5 F1 (Walnut meal protein-Auricularia auricula poly-
saccharide, WMP-AAP) L T—18 °C vKFHA&H . #&1H
JK WE ) BT B R A 60 g/ WMP % W, % WMP
5 AAP UU—EREZ YR G, =R ik 0.5 h,
YR HE 48 h, B115 WMP 5 AAP ¥HRR-SH (Mix-
walnut meal protein-Auricularia auricula polysaccha-
ride, Mix-WMP-AAP) L TF—18 °C vKFH#5H.

1.2.4 PRPHIZRSLS

1.2.4.1 875 DZ %0 75 4 e o A P 2R

=il g BsEm 28R /K I RS A 60 g/L
WMP %W, %18 WMP 5 AAP i kb 1:1 %0
] WMP FW 1, =il F3EFE 0.5 h, 3% pH 24 9.0, 7K
WINFRAERE S 43FE VRS 80 °C) 1 h, #:35 B T4
PR RS, 7E 100, 200, 300, 400, 500 W HY#H
PR N 8 min, B AEFR RIS 3 s,
Kb 2 s, J5VE pH & 7.0 & 1E B, Y% T4 48 h,
i S AL

1.2.4.2 pH X5 BE R bAZA AR A =

WA I5Em  ZRIR /K B BT R 5 60 g/L WMP
W, R WMP 5 AAP BisZ bh 1:1 %% wMP
WU, =R FHERE 0.5 h, I3 pH S 7. 8.9, 10, 11,
IRIEINRALRE 1R (RN IR 80 °C)H 1 h, BEE T
AN e, FEFE AT 300 W A2 R0 8 min,

AL FR PR AR R IS 3 s, €G] 2 s, J5 7 pH &=
7.0 ZLAF B, R TR 48 h, T 5E N SRR E
1.2.4.3 #BFFALBRATH X 75 5l B v i 3L b AZ Ak
M E Yl A s 28K BC ) BT E R B
60 g/L WMP ¥, T8 WMP 5 AAP iz 1:1
winEl WMP B, IR TR 0.5 h, 7 pH 2
9.0, KW INFAERE I Wi FE R B IELEE 80 °C) 1 h, #2345
BT U s AR, GRS 300 WA TR SO
4. 6. 8,10, 12 min, BB HHICHFE 3 s,
M) 2 s, JEVE pH 2 7.0 Z BB, B EE TSR 48 h,
TR B N S A A

1.2.4.4 WMP Fll AAP Jii+s 2 Fb X8 75 4 Bh i PoobE
FAAZ BRI [ r= Mkl sz 22K B S TTE
HeE A 60 g/L WMP AW, ¥ WMP 5 AAP 5ot
ZE(3:1,2:1, 1:1, 1:2, 1:3)BINE] WMP %
Fr, E=HR R HERE 0.5 h, 38 pH oA 9.0, ZKIBINEPERE T
PPN IEE 80 °C) 1 h, 2235 B FHE A P I NV #%
T, FERE R 300 W IS4 SO 8 min, A8 7 AL FH ik
WA TF S 3 s, ] 2 s, J5 U pH 7.0 &1k x
R, VTR T 48 h, i SO S5 E

1.2.5 ma i ERGe  7E R R S g Bl |, LA pH
(X)) HFAETIER(X,) . MAEHR(X;), 3 5200 N2
K25 A28, WMP 5 AAP #5473 (YY) Jg i B {8,
EZEARFBEIILER 1.

E WIS E S S S P e

Table 1 Factor and level design for response surface
methodology
SES
7K - EE—
X,: pH X,: BAIIE(W) X: ] (min)
1 8 200 8
0 9 300 10
-1 10 400 12

1.2.6 A (Grafting degree, DG)IME £ Tao
RO Gy R AR S LL ks, IR AR sl . T
B 200 pL £°F 30 A 5 % W (15 g/mL) il A 4.0 mL
OPA i 7], £ 35 °C /K¥ 1 X B 2 min, 7 340 nm
ARG Agygo PAZEIRACRARRE A E A5 28
HP, #0700 TR

PR (%) = % x 100

0

& (D

o Ay B N BT RO A SR
SN S RO
1.2.7 ARG  SHINGLAEP 5k, IR
g, HL 2 mL RS (15 mg/mL)HIA 2 mL
FiBemi (0.10 g/100 mL SDS (%5 10%(W/W)SDS)
F110.05 mol/L #I118), % F34%+F 20 min, 7E 420 nm T
MEWSCE A 4 DARRRRAESS FIXTIRZH
1.2.8 SDS-PAGE SEHLIK =% Yu &P Jrik,
Al 12% 53 B0, 5% Wi ie, B 10 pL RFIAE i
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ABEBETKIE N, BE SR 4G A 80 V, HEA Sy
B EH R 120 Vo HIKEE IR, 47 g o it
LR ASANE I, S TE WS F0 B AR IR A
4R

1.2.9 RO SAT 85 FURE O [ 5 20 XL 5
&, JERE S TSR AR 2, AR ZY 10 nm, TF
L 10 KV, JIORAEECH 1500 15 F 3R TH43 e,
1.2.10 ThEeFrHIE

1.2.10.1 FRuEMMZhVE B A& ile S50
PGP AR ER Sl . B 0.10 mg/mL 2R A,
SRS RN . B 6 LIRS, RT3 A A
0. 0.20. 0.40. 0.60, 0.80 F11 1 mL x4 1ML 11 &
F(BSA) W ATINZEE/K AN E 1 mL, J5 83008
A 5 mL FZ ST Gy, W, PR TR )G B CH
B 5 min, 7 595 nm LW E WG RE, IR 2 i AR v il
2, 2T y=7.9386x+0.0142, R>=0.9960.,
1.2.10.2 REME 27 Horax S50 T FEVERL
gf. Wi 10 g/L FEFEW . 4500 r/min Z.0> 15 min,
W W, A 5 mL % S 5515 G,so. 50 pL
EEFIK, JRIFIRA], BUE 10 min, 7EJF K 595 nm 4k
MBS G . FZAF(2) T

N S R
HREE (%) = = — x 100 2
RO = e rEARa R < &

1.2.10.3 Fr/K MM 2 2= % Paredes-Lopez 55 127
ITIEFHIERR 3. METAFREL 0.10 g ZE FAAESYIEA m,,
BEELLE T, DS AR R my, B0 10 mL KB K,
B0~ (4500 r/min, 15 min), i3 A A m,. ¥

Fikh(g/g) =

0

& 3

o my FOREAFES TR, g5 m, FoRELOE
HEMAEMN B E, g m, BRELDE ST R
H, g0
1.2.10.4 FUAbPERF R EEMIE  S% T 50
TrikmEfEek sl . 2B FoKECH] 30 mL /9 1 mg/mL
B, 5B AT 6 mL /1K Sl (R
Mh AR RS RS 51 IRA) o e sy U4k
FLALHLLL 10000 r/min BY3E FERHEFT 2 min, $EFT58 A%
J&i NEfE: 0 min 5 10 min MJZLALIRESFRIKEL 50 puL
FEMWOIM AR 5 mL B9 BEHE (0.1 g¢/100 mL SDS)
Hh, P VR A1 IS S Z) BT 500 nm T 0 O
Ay 5 Ay, DL SDS ¥ W N2 H o FAkTE (EAD H
A, o, FUAbRRE M (ESD A (4) 154

AL R S P (%) = i_ % 100 ® (4

K Agh 0O min BFFE M RSG5 A R
10 min BPRERIROGREE
1.3 #HuEai®

BT LT B 3 UCTAT, 45 R LI HHpR T

222~ . SR SPSS it H /AT HLI 2 ANO-
VA 5387 (P<0.05 B Foneim) 22 7 35) o
2 ERS59h
2.1 ZHREER S S ENELERS
22 5 AT, Az R ORA OB Y S T S B AE
64.148%+0.12%, /K43 & HEAE 11.390+0.008 /100 g,
A5 & B 7E 1.38+0.243 g/100 g S5CHG LN
A AZBRRATE (5T . 7K 53 BB & BLAHIT, B4
LB IECEMZHAN C 28 RN T2 AR B, T T e 2k
22 BREARSEERSH
2.2.1  AN[EISUN S AT He A B T A8 A B i 52 )
E 1 TR, BEAE S PR T e, HE AR S Tt
Ja N RE, 2GS DN 300 W ik £ fe KA
43.58%. iXseH TS I i DA s s b =2,
H AAP Fll WMP KA G, i T-dea 5, (A
M B A D3R 300 W IR 2 500 W HS 3224 BE [
o X2 TR P TR R R 151 A
I, M9 /U B8 2 258, BRI AR R PO, IF HoAE
300 W s #3728 F2 B (420 nm &b W76 18 ) H AR ik 5
1.60, JLFIizgh i, AN 5514, Ja S s vt e
300 W VEMIRAR B AR IR SEL

Heb
sol ELEE s

100 200 300 400 500
HBH ) (W)

P AT P 50 A 4 A R ) 5
Fig.1 Effects of different ultrasonic powers on grafting
and browning degree

TE: AR R AR ENE (5] BAT B3 22 53 (P<0.05) , T ARTH] 5
BENCR BRI BA B 12257 (P>0.05), 18] 2~I41 4 T

mE 2 i, BiE pH Fhim, AR e LIS
TR, pH Bf, WMP 5 APP J i ik B % a4 Ji
44.44% ., HJF R 0E L AR I 7 2 — Fh B A A S
B W pH T 2 s DO E SRS LA S g 1) i
AT, B F b, AAs e i 25 | R P s R A
S IR AN ERWT YL, 88 1 B ST ARSS fa o5 R A ARk
BELAS N A T, AR TR S B i A 78 A AR
S0, 7F pH & 9 IsF, 420 nm 405t 7 [ S RE B2/
iKF 1.60, FETIZEER, NI EE " HAF
TGP BB D 1 )N %A%, 33 RGE pH o 9 T

W 3 B, BESE A B a o, B i 5L 1
FHE T AT, T RTEIA 10 min A2 A 5
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Fig.2 Effects of different pH on grafting and browning degree
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FAFEIR ] (min)
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Fig.3 Effects of different ultrasonic times on grafting

and browning degree

B 51.41%. BJEH THE B S &1 WMP 4
RILFEE, SHEIEY R REAL ARG i, PP A
B RS PR A, T HE d TR S
WMP #555 IREEWT 2L, F 6% ok WMP s 7K PR 5L A
Y2, i R TR T RS SRR AL, T M A
TR, PR R R RERE S
AP B[] (A B I AE SR B S T B4, 3 5 ] pag 4503
TR P I B S SR PO AL S A5 M 45 SR A
lo XMABAEFE] 10 min B, 524828 F2 ) (420 nm
AR SCRE ) B A 1.64, 302 TrEfE s VR R 2R b
FEAU T LA 24 B AR S I 48 AR AR EE RO, (HLAE 8.
10. 12 min HZAEFR I A & A= B W AR fb, P ZExt
P SRR P T S U4 B MR S B AR BRI 5 v TR
BT 28 B TR R A S 0 2% A4 T JCHH
PR AEFR AR L . PRI T REIS BIAR U MR RO,
N A SO RS AR R, WO S BHE] A 10 min
A TISELE5

il 4 o, BEE WMP 5 AAP it Fel 301
AR A 13, A 27.16% I EEE 55%, B
435 (P<0.05) L Thtass, BXATHEAFAEPT IR, —
JEFH RS 2 WMP W BETE RN, Bl LR 38 b
T WMP H &S AAP i 5 R S i ¥k 35 2 6]
PRI L%, E A T, S0 1) B A5 A P4 ) 2
AT, TR TR B AR M AS 7O T WMP
LERIFAEL, T3 WMP i 22 [ 2 %, nTLAEE
555 AAP Hifh, IT{HA3EeA3E FHCY [RIRTRE

EET
- R

540- 2‘0%
hui,
% 30 15
=N 10 %
10+ 10.5
ol - 0
3:1 2:1 1:1 1:2 1:3
AR S

Kl 4 RNTR) 2 G L A% P e A AR A e 2 B4 5 )
Fig.4 Effects of different protein-to-sugar ratio conditions
on grafting and browning degree

EHEW T AAP SEIGN, #5782 (420 nm 2O
BEE)LER 1.47 MIZRHig & = 233, FEE AAP AR
TS, s A SN, SO AT IR, #5
AFFREERE NN, X ST LX) SR U T R
ZEA I BRI A58 — 2. RIS T RIS 3
U IR RO, SREA R SR AE AR T, ik FH
XM WMP 5 AAP Fis kbl 1:2 7 54505
2.3 MM mEiRiELE
2.3.1 W ESRIHREG AR USEA SRR L
1:2 FEATORARTRIE pH | 8PS D5 FEE 75 s ], 2o
TR T e 2 SR L3 2.

# 2 Box-Behnken i35 5 & K 4%

Table 2 Design and result of Box-Behnken experimen

SR X, pH X, HFIIE(W) X, A (min)  YHERLRE(%)

1 1 0 1 43.33
2 0 -1 1 47.03
3 -1 0 -1 43.12
4 1 -1 0 45.67
5 1 1 0 44.65
6 -1 1 0 46.29
7 -1 0 1 46.97
8 0 0 0 50.02
9 0 0 0 50.14
10 0 1 1 46.09
11 0 0 0 50.57
12 0 1 -1 46.76
13 0 -1 -1 4537
14 0 0 0 50.34
15 -1 -1 0 44.05
16 1 0 -1 46.04
17 0 0 0 50.08

2.3.2 MFJFRE KB EHEAYE FlH Design-Ex-
pert13.0 #H47T R EWURNARLS, 7115 pH(X,) . M
DR (X,) . MBI ] (X)) 500 137 (B2 A B (YY) Y 56
Fo HZou kI #4228 : Y=50.23-0.0925X,+
0.2088X,+0.2663X;-0.8150X,X,—1.64X,X;—
0.5825X,X,—3.26X,>~1.81X,>—2.11X,%,

3R 3 Jr 220 45 R ], IR — IR I X,
Xy K ma] 2R A S 4 5, X AN, TSR A
W EMEHEF N X>X,>X, o A P<0.0001, %
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Table 3 Parameter estimation of regression model

KRR P AmE ¥H O FE P WEE
%] 101.15 9 1124 231.00 <0.0001 i3
X,-pH 0.0684 1 0.0684 141  0.2743

X% 03486 1 03486 7.17  0.0317 *

Xy-HAHIE 05671 1 05671 11.66 00112 *
XX, 2.66 1 266 5461  0.0002 o
X, X, 10.76 1 1076 22112 <0.0001  ***
X, X, 1.36 1 136 27.90  0.0011 ok
X, 44.64 1 4464  917.61 <0.0001  **x
X, 13.78 1 13.78  283.13 <0.0001  ***
Xy 18.72 1 1872 384.83 <0.0001  ***
B 0.3406 7 0.0487
ES1) 0.1382 3 0.0461 09102 0.5112 A
R2E 0.2024 4 0.0506

2R 101.49 16

TE: *FR B (P<0.05), **FRAEH B3 (P<0.01), ***F7R il .35 (P<
0.0001) .,

AHIZAR BN, B 2, PexE 2B R7=0.9966, F71 5 4L 131
0.5112>0.05, FERH T REHL55 vs, FHIEA AL i fb
pH. HFE IR GHEFSE X WMP 5 AAP #2659

PR (%)

350

B M I (W)
2

A: pH

8.0 8.5 9.0 9.5 10.0

SRS AT AT Y o X, X, 28 B AR FH T 0 3 AH 5 i 1)
P<0.01, AR B35, X, X, 38 5 A FH X i 107 {8 52 0
) P<0.0001, Az i 2, X, X, 38 HAE X B (5 52
M ) P<0.01, SAER 3. Rl Scgeal ST g sr iy
AR ] P il BAZ AR B bR b S i HAT R
TFRRLE R, AT DA PR DR AR BT 7S e
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Fig.5 Effect of pH and ultrasonic power on grafting degree
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Fig.9 Characterization of microstructural morphology

of walnut meal protein before and after modification
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Table 4 Comparison of functional properties of walnut meal protein before and after modification

R WML (%) okt (gg) FLALHE FULRENE (%)
WMP 51.067+6.395 0.883+0.023¢ 0.199+0.049° 0.816=0.021°
Mix-WMP-AAP 49.832+4.662" 0.300+0.033¢ 0.142+0.019° 0.610+0.152°
WMP-AAP 73.695+6.746" 1.203+0.096" 0.319+0.016° 0.649+0.037°
Ult-WMP-AAP 82.343+6.152° 1.986+0.049° 0.323+0.024° 0.692+0.028"

T GERFTR PP ELAR M 22, RIS A MR T 0k EARNIFIR 2252 A 35 (P>0.05) 5 [AISISAE BT IR 7R LARgoR 225 .3 (P<0.05) o

3 45
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SF 52 WMP-AAP 19 1.12 4% . 1.65 4%, Ult-WMP-
AAP 5 WMP-AAP FL 1k & WMP 1Y 1.62 fi5 5
1.60 1%, Wi & ZLAL R 2 PR WMP BE1IL 0.124 5
0.167. Z5HLFEHH, B 4l BV i b ot v vl
17, BEA % R WMP B840 FH40 R, A & WMP #2
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