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Abstract

China is rich in walnut germplasm resources, with the largest area and number of walnut trees in the
world. Xinjiang, as the second largest walnut production area, generates a large amount of by-products
from walnut processing every year. Among them, walnut meal, which is rich in high-quality protein
resources, has significant development value. However, the utilization of walnut protein resources is
significantly limited. Traditional extraction techniques result in low protein utilization rates, and its natural
poor solubility severely restricts the application of walnut protein in high-value-added food industries such
as plant-based dairy products and protein beverages. To address this industrial bottleneck, this study
constructed a multi-mode synergistic modification technology of "ultrasonic pretreatment - limited
enzymatic hydrolysis - glycosylation modification", aiming to break through the dual constraints of walnut
protein yield and solubility and promote the industrial application of walnut processing by-products. The
main research contents and conclusions of the paper are as follows:

(1) Optimization of the ultrasound-assisted extraction process and structural characterization. Using
walnut meal as the research object and yield as the key indicator, the ultrasound-assisted extraction process
was optimized through Box-Behnken response surface methodology after sieving the walnut meal through
a 300-mesh screen. The optimal parameters were determined to be power 400 W, time 25 min, liquid to
material ratio 25:1, and pH 10.5, and the actual protein yield reached 79.68+5.63%, which was 9.23%
higher than that of the traditional method. The effect of ultrasound power on protein structure was further
explored using various characterization tools. Dynamic light scattering and scanning electron microscopy
analyses showed that the mechanical shear force generated by the cavitation effect of ultrasound effectively
depolymerized the protein aggregates, resulting in a more homogeneous particle size distribution and a
significant decrease in polydispersity index (PDI). Fourier transform infrared spectroscopy and
fluorescence spectroscopy analyses revealed that ultrasonication contributed to the unfolding of the protein
tertiary structure, which was manifested by an increase in the endogenous fluorescence intensity, along with
an enhancement of the surface hydrophobicity by 25.72%. The results show that ultrasound enhances the
yield through a dual pathway: the direct effect increases the contact area between the protein and the
dispersed system by decreasing the aggregate size, and the indirect effect improves the solubility by
improving the solubilization characteristics of the protein through structural loosening.

(2) Investigation on the preparation process of high solubility walnut protein. In view of the poor
solubility of walnut protein, the restricted enzymatic hydrolysis combined glycosylation modification
process technology was established: with solubility as the response value, the optimal process and
parameters of enzymatic hydrolysis-glycosylation combined modification were established through design
and response surface optimization by the Plackett-Burman test, the steepest-climbing test, and the
Box-Behnken et al. test: pancreatic protein was selected to hydrolyze walnut protein, and the enzymatic
hydrolysis was carried out for 30 min, and the enzymatic hydrolysis product was mixed with maltodextrin
2:1 (w/w). After 30 min of digestion, the enzymatic product was mixed with maltodextrin 2:1 (w/w), and
the glycosylation reaction was carried out for 35 min at pH 11 and 70°C. The solubility of the product
prepared under this condition was 92.68+3.12%, which was 44.98% higher than that of the traditional
product.
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(3) Multimodal synergistic modification system to improve the solubility of walnut proteins was
investigated for possible modes of action. The results showed that the synergistic action significantly
improved the solubility of walnut protein (ultrasonic pretreatment enhanced 59.02%, restriction enzyme
digestion increased another 13.85%, and glycosylation modification increased the total solubility by
another 5.52%). The glycosylation modification mainly improved the stability of walnut protein in the
dispersed system, and the absolute value of {-potential was detected to increase by 12.7 mV, and the
polydispersity index was optimized from 0.92 to 0.39. The measured value of the surface hydrophobicity
was decreased from the initial value of 1001.45+27.79 to 114.30+1.41, which, combined with the results of
the contact angle, confirmed that hydrophilic modification of the surface of the protein had occurred. A
synergistic effect between treatments was revealed by endogenous fluorescence, Fourier transform infrared
spectroscopy, and X-ray photoelectron spectroscopy: ultrasonic pretreatment changed the walnut protein
conformation by breaking the macromolecular aggregates through the physical field effect, increasing the
contact between protein and enzyme. Enzymatic modification selectively severed specific peptide bonds to
expose the active site, deepening the grafting degree between protein and polysaccharide, while the
subsequent glycosylation reaction achieved hydrophilic modification of the protein surface through
covalent grafting and intermolecular interactions. Thermogravimetric analysis confirmed the enhanced
thermal stability of the multi-modified products, and the formation of an intermolecular interaction network
effectively inhibited the thermal decomposition process. Finally, molecular docking and isothermal titration
calorimetry were used to investigate the mode of molecular interaction between walnut protein and
maltodextrin, and the results showed that the glycosylation reaction was a spontaneous process
accompanied by heat uptake, and that hydrophobic interactions dominated the bonding process between the
sugar chains and the protein, while the hydrogen bonding network stabilized the hydrophilic surface
conformation.

Key words: Walnut protein; Ultrasound-assisted extraction technique; Multimodal synergistic

modification technique; Solubility
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bk (Juglans regia L.) , N AAHBE, MR, T2 oM T4, PHIE, FIEA
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PHESE =R, (R T A IRAEFrsm Mol A 55 R AR R R e b Eds B, #
2021 S, HEEZAEFE T 630.88 JiH, U 113.22 JiE. HrEA = K E Tk
FRAE= X, 0l AR e R X A X DL AT X, Z2ad il 60 fE R, SBrEsst
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Frall, R R, RXARRMARRELE 2200 JEAL, R 283 1200 J70f
Fetio ARRBEE & TBURKTESE, SHra ik R R K.

1.1.2 440 TF A R
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T AT R FRARAR 3 A AR 2 B, X T T o 0 L6 0 5 B0 ¥ 3 K e A 56 81 22
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AR RN AT U 0 H = B ANE RS AL, 25 W ARk 7L bbb . s S ik
il DLATHBEMER S CURZBRIG TEIR . Pk ER k) ANt dh IR S A (™ i, ELE
PP IR A R » ERRIERE, RE PR R Hise®, JEZP I L5
I RBER AN 5 AR E SR, AR HE AR IR A% BT 2000 A= 7 £ e ke 20 e
FEARZOIN T T2 5% KT mAFAE 220, BRI 193G Ak 7 J5 1k 2 A 3
12%, [k, KZEHpb IR R R SE A BE, ok, Rblim A& & A A
JEWIIR % 32 590, (BN TEIE SRR 0.65%, WimZiERa AT, Tikg
P Ak R P B T MR ) e, FL R A MRV R N s 5 EE LR 7 SR H R
HAPF T ZRAA=AEFMS: Bk, SREREEREIRXE BEAEHEIER, R
B IR R 22 At Ok, T ZRARA R E A i, R R AT
We s o KRR A VIR O BT AR K R T E . A L2 AR )
S F 8 e TRy, HEARESEL 40%0 L, HIRE 7 REREEE IR
Jit. SR, H APPSR AR B A L, 2 B N B IR I sh ) ) Sl
TEAAAL, AEAA A 2 LB i LRI AL RO, X A& AL ) 8 3 B R IR 2%
5 eRRE A BB ILRIE SOor & . Bk, S ekr b i E B BRIk, BT &
AN EVIBR 2 ARAIL AU, A ORI BB BHEIR 2R, 1y HL AT AT AT S 4
BRER A SRR KO,

1.1.3 &HkEBENMESEN

TSN 5 SE RO ABR B PR 5 R KPR Al s [ Bt 22 QTR AR Ao K
HE (A NCREE (2019 ) ) wE S, EERANOWRT 2050 FE38] 97 12, JF
T 2100 FEETHE 109 AR, XPHEEAERAEXADOINE] AR & 22 m) @ (2019 4
EERUYH 82 AW NI TYURIRE, 20 2 Nl EULE) , BSB0E MBI BT A
= SRR UL A 2 BSOS RS PE BRI, RN, PR AT R
BRI KR FE D E AR IR RO SEELBR & [ T8 e A AR IR Bk A7 . AHAD R &
it FRVRIE A A s T L S 28 A R S R AVE FR I3 . BT shiliE s i1, M B B AMY
HATEARHI R 23128, SR = A, Ha R R et H o S & A 0. 4
WHFRY, JEEBRAYS BRI, EMEAHE L HRARER Ak 1.0, %e
i 2 FAO/WHO HEFZARUEN, (EAERE IR, BE AN RE E A i, HE IR
PME LSRR 2 RTE . PR A RS TR H AR B R ) 2 R R AL SR, B
8 MANELFEIER, HhAaER. MaREDREEE RS R EE . BTN
NFFR T DER 1 SACi R & BRI, K el LRy — S A%, i
RS AT SR, AR E Y 7K. 5EnER A LU Y E AL, bk
F AR BR AR E T, e RIS ' R Os, JFH, kR AEvE R A e
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A Gntl, ek A 2[RRI A 2 4R RN . ARSI R, Ak E
BRI ABTS E HI3EERRAE S (0.50 mg/mL I N 69.21+7.66%) 3 T K KA &
HEgAEY) (1.00 mg/mL I 64.3%) 7, YRR R, & HEA 500 mg/kg %Pk H
U ATASERRE PR O B 2 T TR FRAIC 64.82%, AR LI J¢ IRS-1/PI3K/Akt 1 AMPK %
BOE UL M GLUT4 B6 A4 k08 191

AR B RO FH IR 5 Rk a1 00 8 IR B T RE SR M T B 2 I 22, X e
FLRCAM BT R 70 i B B BRI SR, H RTAZ Ak A ) Tl Ak R AT 1H
FFAEAE s KL OHEIAE T A0k B SR (T VA AR o AR B0 26 S A% Bk B A AR 1 R
L E] 20-30%, RIAMEIEIR T AR > FHREE, (A —Fs K E S, HTA
7 FEHEPTE 14-66 kDal?!l, 1RHE Osborne 775, KIUZHE A S 72.06%I75 M4 &
FAT15.67%ERIE IR E A, EATSE RSN SRR AR R EA, RmBGKE
MR &, FEOK > T M LLBIE , G AR AR (FERR 1 pH 264 R AR FE R 2.17%),
AR T HIEEAM KRG BE A223], 3X GRS T E e, LT, B
AT N A

1.1.4 #ZMESRIS M
1.1.4.1 #ZkZEBRIRE

A ER U IR B BA BT RY, IR T 20 tHad i S I A R 4
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MR A IRRRE, DU S5 H s I R AR LTE P ER AL 25 1 R S B B b . 120k A
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e T A A T e, R TR IR R B ACEOR o i P il B AR B A
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(1D BSFK RS IR EE L R () mMgRshIE AL iR (3)
Je3 i iR A 13E 2 1V R - Moses Kwaku Golly 25 ANPOER AR g AT 208 75 25 B (T 400 W,
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TSR T, e s T R A E R R IR, — RO S R B T B — S5,
RIVZE AT S5 A 0 B 0 A ) e Y, BRI, TEEERIE R, A 1) R E e R A
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A ERAZAREE S, ORIV IR T B A SRR, R AR VR € - A B
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FR R D RERFE -

2 AT Tk

B A A A U A B G PRI AR 5 701 AR FREE NS S P S 1T
A E PRI RE R IE, FL Rl . BRIAEEAL S IR AL Oy E AR B
YD e 22 I D RE s R BUR, 7R & T R N2 o 2R N T SR 4 e B
PLi, BIEE A 5 0 BRI AL IR B IS 1 N R B AR B R A S N, B A
REFE IRV BEIC IR EZE . BESE S ML SR E K 7700, AR ¥E S
REFE, WHACEER 0Tk (RS ARk GRBIRRD PSS, WEERN
2N 158 K R R LR DO . TR, B IR S N A I B S 2R
T, B RIUFIFUACTE, ERRTEAIRSE M. PR 8 NI Bk R Bk & S il &
TR A -5RAIY), OR BUEIRE RE AT EE B R B, R T 47%, EIEE.
IR EVE D IR = T 49%A1 23%, FLALTESREIEIN 1 17%. Ui IR0 2 25 0% T #%
PR AT REPE o IX RN T RESETHIE T HEBE 51 NS 1 B A s R T AT AT 5 B (A R
BET A H IR IR -GACT 8 S o 752k ARBCT AR 22 e T B, MR OB L 55
T A B 9N AT A FE T, (BN TRz, HARERER
P T A R BRI, 2 T AN . 3R 1-1 B4 7 SelR SR
FURE AL 2 DL BT ZhREREIE -

R 1-1 AFURBLFAT TR F 5 5 20 B 26 1 S LT e iR

Table. 1-1 Overview of glycosylation conditions and their functions of oilseed proteins and polysaccharides

under different reaction conditions

eS| i Ee (CW/W) tasal FHY ZH PER
SFP-H N 2:1 pH7.4, ddH,O B3k 120°C, 2h  HrEALRE 11N,
AR 7 (42]
CPI  BHrfas  1:0.5/1/2  pH7,02MPBs 5 90°C, 0-60 VA B R )
Jit min
CPL  FulfifHiy 1:0.5 pH7,02MPBs  #£i%  90°C, 15min  FiJ%, EAI, ESI
il P4
CPI P fifAd 1:0.5 pH7,0.2 MPBs &5 90°C, 15min #AFaEMEn, &H
JK 57 SR A ek /1> 145
RPI I b 1:1 pH10, HO  {B¥E  90°C, 1-3h  FmEFEAKME, H#
(20 T, EAI, #F&sE it
KDa) ol
RPI b 1:1 pH10, H.O &y  70-90°C, WifitE, EAI, ESI
(20 0-60 min P
KDa)
SPC  FEZEHING 1/2/3: ddH,0 Tk 80°C, 24h  FfRYE, EAIIREM

(SFP-H-ZE1EF EE FUKMEY); CPI-RinHhin BE H; RPN EEH; SPC-ZRMIKGEIER)
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3B YN

BEA SVEAE N B o E A I ) S BB, A OoALERAE R 2B W iy 00 s S 1 A
WREJTx 8 A RS BEATAS TR 4%, BB S B TR IR R PR 45 5 S I T RS
(RI5E AL o A BAE IR HE D5 IR B DAFEAR 738, bk [X 38 e JF i A2 2R i ok
S, NI AT DU 2B R TH R SO A 90 AR Tk s el ik v ) DL SR A S
R EAFRAT I/ mim B i pH 4850« B WA R /D> B B3R 32 ko, Rl
e WAL [ A B RV A v i DR S T R A m R Sk k. SR, R TRAFAE B
SRR K R 5 51 A K, S B0 UK BT T A R R S AR T
IR, GRETRURERIR, BLAh, BB A A R e HL S R A, 3 AR
TZATHEA L, ML 2 DA KA 755K

4.2 BR PR N AT T

BESACE R & ORI ThRERFIE, WAGLILYE, Wk, Prsibrt, BERErtss.
B3E, PSRN AR, ROMERER, MELUEH], SRR LLARIE. HAT, K
FHEE 7 B GH B BE AL BOR D gl v Y 2 8 3 eetEd e v, USRS 21 ot S nAe e
MR FEAW) . Zhang 558 NP0 A5 AL BRNTR ASE R E N, R R EB-FE R B EREE H
(7S) S22 HEMIRIRIBE, AU A AL BE AT DUMBRARIIE AL, S A AR LD, OB
FEPR T — 1. Ma 558 NBUAR b 75 A ERNTA A 2 ) 54 1 s I ) 4 K 5200 B R R
PG RL R BB, RKITE 450 W 1 70°C R, 8 A3 S35 i 7 K= & AR
RIEHFE R Z B 2GR, IS BOERINRAAERE . [, R e AR IO A A ) S
N T PR IR (1 2R T K R AN LA R

B I PERORAE R R SR A DD REMEE R T R 2% B R IRMES 5995, (LA
(E R SN AR, B2 52 IR T AR R 2R, PR SO DU e DA S BIR B A ) i 1 . BT otk G
AUt T BUBL B E AN FBORIIS, 0 TEREH. THRERFIESR T BL R Pz il
FOT I B R E S, OO R — BRI AZ oSk o R, BRE AR
BOT A — R BAT 1 [R) RO K 52 A el PEBOR ok B — BOR Bk, SE I 58 3 A R oo
YR BRI THREVER?,  [RINRZR 2 BALBEXTVA A B B S LA, X T8 2R B e A
KRN, CRERA TR E

1.2 fimBERNSENX

AT FENL L TR R R kR T B BRI 7 oK, SRR AR A AN LR = —
— AR SRS TE R A TR E N R BRI 77 X 2 —, B ARBE R Bk
AR RS R YR, Hodr IR 1857 4R AZ Bk R sE AR A s BRIk S5 F (4R
HIEK, BRIRZE R, HAFEH (0.8-1.2 mm) « A5 (58-64%) . i (58-60%)
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H5EAR (14-20%) SEFEFEFNHD, oy TZ MO0 ER . SR INAT I T4 &
AEAE B35 BRI 2 AR Hb A M 5 72 A 500-580 kg KT (b4 HE TR 42%-48%),
HA B A& i A 45-50%, (H R LA YRR S ThREBIG, 90% LA B ¥ AR N Tkl
ﬁ@&ﬁ,m&ﬁ%mﬂﬁﬁﬂﬁﬁﬁﬁﬁﬁwﬁ—ﬁﬂﬁﬁ,Kﬁ%%&%%%w%,
%%ﬁ@%&ﬁ%m%%%%%wiﬁﬁﬁwg PG R I R 2 R OB AR

, RGEMEZREESEAFHEARER. LL%th%ﬂ%ﬂf Xyl
%%@%&*wkﬁﬁ R A8 R SR e A LER, SRR ) E 1 BEIR Y A AR S At
R AR HE AN AR S, T 78 AR T AHr R bR SR B RS VR T (3R A

1.3 ARAHNE

ENTISADY 2 Y VAL TR SR TS RS
(1) 7 B Az ke B ] T2 B L Sl A 3R AE
S B P o0 itk B L EAT PR B, DA 94845, R Box-Behnken i % % 11
it P B BRA BRI L S 4L Lﬁ:ﬁ%ﬁﬁﬁﬁ%ﬁ%ﬁ%ﬁﬁ%%,%%%ﬁl
Kﬁ: DUHEE RE e KRR P mr e 7 . RIS, SRS CRUEIT 7T 18 A B
REARI R, ﬂf—mﬁﬂnTﬁ)ﬁ(ﬁ@a/ﬂ/i*ﬂifﬂﬁiﬁ%/i%]%ﬁ%ﬂ%mEIEI’J S
ﬁﬁﬁmﬁ%ﬁmﬁﬂyﬁﬂ%n?ﬁm&%ﬂ&%mﬂ HER .
(2) 2B SEP FEHR T VA S T2 5
P “EEAR-PEEAL” BB E SR R . B /eiE i Plackett-Burman ¥ T %
SO VA e B B DGR DR 1 (gERPR . JRIREE . IRPE. pH &) , B i R i BEME 3 558
&I B AL N X 35k, B 24455 Box-Behnken Wi )87 ATV G LS AR P 1A IR B AR Y . 2 22
BFELLT LA : OTERSIEREIN B, KA AEE AR ANE AR, s angm
Hh Pt B O A Ak K AR PR B T AR PR P SR M AR, e Lt e o K A R e s i 1 3 R %
filt: QOWEIEACCOIERTBL, TR Z AR SR RS A F 2R, E AR
WV 7E ARV AR DA SRR, T FE MR AL S SO ERE 55 T A 2 1) 5K 3R s IR iU
I W SRS B 5 T AR B A8 AR AL, AT FIR o) 1 g A - R AL e AR ) 2 R R
AZEAER, M2l E e T ESHAR A
(3) B BYEARZ R R B S50 R AE SR T 9T
giaia 2 RE TR KRG M ot 8 A i R A RO R : O 78512 1H, 18
i X 2O BT BE R I E DM AR b R B R AR, Ad B AR LT A o B B T e
(1600-1700 cm™) ¥~ &5t @Z MM RIZE, KM HICICIE et 2 IR MA
Az, ﬁﬁﬁf&%mﬁé\ﬁ %@ﬁ%%&ﬁﬁ%ﬁ%%ﬁ?@ IR =
[, W R K PE AV AANE , 18I Zeta FRAL 73 AT IR E 1 o 38 2 1 X0 4R (Autodock
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