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W E:AKREFHH REG (Tenebrio molitor protein isolate, TPI) &9 3y fe i, RS A AR BT L b4y A T 4T
W, AFR KR AP (Xylo-oligosaccharides, XOS) 5&# k& a M R4, KA &M, F3EH

RE O -KR RKAEEA M (Tenebrio molitor protein isolate glycosylated with xylo-oligosaccharides polysaccharide,
TPIX) #ATEM G, UBHEFB T AR AN, LR F LB LR TPL 5 XOS 45 &1k
B g 5t ARG et 209 RS R, ARM R AL SRR IR EERRKSH TPIX &4, HARAEM, Lt
P AURALHE AR IR T A T @ 3t TPIX 347 3 At R0, m%%&'ﬂ J6 £ 6 89 TPT 5 XOS #E E AL R B & AE & #:
TPI 5 XOS 49 itk H 1:2. REARZR pH 4 9.0, REEE 85 C. KB H 90 min, A£iZ&#H T, TPIX 494K
B 32.24%, BEAKHR 0.078. LM EHA, ﬂii%ﬁ%%}iﬂ}é TPl #= XOS W9 R A ZEMAR KT, &AM
k@B, JEE T TPL 5 XOS @il 45 KM R 5 £ & T 48 240 # 4 TPIX. #£48F 44T, TPIX *f DPPH A
B, ABTS A sy fe iz A AR R 5 A AT 4RI T 57.85% 74.17%. #= 10.27%. TPIX G9A2it, LILE K
¥R F (P<0.05) & F TPI, ma kA, LB lfik oML 3G AH ek, a4t KT 62.1%-.
40.08% VAR 13.39%. ZAF i@ T4k TPI 5 XOS #8 £ R g &4, RFe4ER L 2 A A B4Faskiat. Lk
PEAR I AAHE, A TPI R S ATk 49 1 A 3R_ 4% T it 1R 3.

KEBIR: D REG, AR, B4, A, haesEE

FhE 42K 5:TS201.2 XERFRIRAD: A XEHS:1002-0306(2026)16—-0106—12
DOI: 10.13386/.issn1002-0306.2025070368

Preparation of Glycosylation Products of Tenebrio molitor Protein
and Study on Structure and Functional Characteristics
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Abstract: In order to improve the functional properties of Tenebrio molitor protein isolate (TPI) and to increase the feasi-
bility of its application in the food industry, in this study, xylo-oligosaccharides (XOS) and Tenebrio molitor protein
powder were used as raw materials to optimize the glycosylation reaction conditions, and the structural and functional prop-
erties of the Tenebrio molitor protein isolate glycosylated with xylo-oligosaccharides polysaccharide (TPIX) were inves-
tigeted. Taking the grafting degree and browning degree as evaluation indicators, the glycosylation conditions were
screened through single-factor experiments. The structural properties of TPIX were analyzed by Fourier-transform infrared
spectroscopy, endogenous fluorescence spectroscopy, and scanning electron microscopy. Functional properties, including
foaming, emulsification, antioxidant activity, and in vitro digestibility, were also evaluated. The results showed that optimal
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glycosylation conditions were determined as follows: The mass ratio of TPI to XOS was 1:2, the pH was 9.0, the heating

temperature was 85 °C, and the heating time was 90 min. Under these conditions, the grafting degree and browning degree

reached 32.24% and 0.078, respectively. Structural analysis confirmed significant conformational changes in TPI and XOS

after glycosylation, along with a reduction in surface hydrophobicity, indicating the successful formation of the glycosyla-
tion product TPIX. Functionally, TPIX exhibited enhanced antioxidant activity, with DPPH, ABTS" and hydroxyl radicals
scavenging rates relatively increased by 57.85%, 74.17%, and 10.27%, respectively, compared with TPI under the same

conditions. Foaming capacity and emulsifying activity were also significantly improved (P<0.05), although foaming

stability, emulsifying stability and in vitro digestibility relatively decreased, by 62.1%, 40.08% and 13.39%, respectively.

This study optimized the glycosylation reaction conditions between TPI and XOS. The resulting glycation products exhib-

ited favorable foaming, emulsifying, and antioxidant properties, thereby providing a theoretical basis for the application of

TPI in the food industry.

Key words: Tenebrio molitor isolate protein; glycosylation modification; structure; oxidation resistant; functional character-

istics
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BT AT R AR — N, i R I 2 e R
BT R, T SRR RS SR B R R .
B AR g BB, FRFE R T, XK. R
BEVR 7522 LUAR Ge sh i i ZE AR X /b, TRIb L4
BAVEE A BORIE MR, Horh iy dUR ) A0
AR B —, Vo — AR AT R
PR IR T A 52 0¥ -

BORY U AL, & & P E IR ST, R
MRRHEALE . HE RS EES 56.58%7, & &= F
MRS TG 28 FEMR, UNSE 24 0% « A 2 R AN e iR &%, B
ORISR . BesRGRE Ty Bk PrEfe. FEMARSE
LI, Y Sy — PP A A B U L AR ER
WARYE, v LB RYL S s R kIR . Hk B
WA TR, SEGPEEAH L, 7520 23 A AR
TR, BA MBS, Bl EZ a2
BASlte 2015/2283 SRR, BAE AR BN E
ait P e P By B 4y e, IR UE IS PR

RN, FRATTH B R A DO, H
woB HOTARR S ), A= & 18, Rt 2
HANEE TR (Tenebrio molitor isolate, TPI)
PR IE— N RPENS . T RS2, v LRI
B A U I LA AT BL T =B A B v, s ot
Fhn T etk R R, TR ST P sz
HHT, 85 H oAb DRy A A st ik .

B TR AL 2R, SERIE N
(Maillard reaction) f& H i E 2> —, BEEHE A
Joa P FE R KA -G R SELE NS T B RT &
A AR AR RN, BRI BAT — 8 B2 A I
AR, EAZTESAR R AP B A A
ALK ME . RAHIEET]T . FUIPERBLL BT LE,
Xop 2 W iE PR T A A AU IR L) L 2 . BRI AT
PR KB AR VA BEAA A e, XS
BEIH IR AR MR A T 4307, IR AR B A A T
M, 25 SRR BH, PCME S A EOKEES S a3 sk —
T TERISIETR IR R SRR 96.95% . FKEE SR FHZEK

PEZ RV RA T S A P EAZ R 43 B 1, AR TAZ
MRAFBS 1, R S 1.72 1% . Liu 250 WiFoy e
W 2R P S AR SR A PR RN, & B el IS
AR A B LA ERE . 258 b, BEIE Lo 2
HGER R A SGEE . BRTERXT TPT 56254
Jo 38 a5k FE P A I N A AN A S ) AR A S A
AR, FrlRAEhl 6 12 G5FURhE M s B 45
J7 TN R GEVEIFIE M AR TS T .

ASHFFE LA TP A fF 58 X 52, 3 3 L AEG SR A b
(Xylo-oligosaccharides, XOS) Fll TPI A Ji& 97 %] b 2
AR AR A T A, E— 2RI AR A ok
MR (PR IS S5 F AT RERGRE R, B A EeRy AR
A A R S ERH AT & PRI A S, Ry
FESCE SN T ARG B P S .

1 MREREE
1.1 MRS5E

R R R (FE P& 80.0%)  PHZHR #RA
PR AT B2 55 AR AKE (LLEE R 95%) . K
T8 1 s HLE S A A R Al BT A (R 4y o=
8000~14000 Da) . 5,5'-" % & -2,2-fif £ 28 H iR
(DTNB) (43 k) 98%) | 2,2"-BR & - A (3- 2 FaHE If-mge
-6-fifi iR ) 45 EL (ABTSY) (4LEE K 98%) | 2,2-I3E
FL-PFILHEIE (DPPH) (413 Sk 98%) . M 25 T (%%
i 1:15000) . RAE I HE (R0 1:250) . FEAHER (JHER
T =60%) IR AR A B F Hopth ik
2R R AT Al

UV-2800A %4 WA-BRETT  JuJesr (i)
AR BN T FD5-2.5 BRUBEAS R THEPL SIM X
FHAT BN H]5 1500-823 RUMFFRAY  FEER G HIRBHY
A BRA T ALPHA FT-IR £I4MGHE Y 74 FE AR &5
ONEL F-320 DEGHCCEET R ARRH A
23 H]; Regulus 8230 w40 Ak gtfiass  H
A H ST E] KH30R- T s B R s O HL Tl
Bl RS R F]; FSH-2A Al JEESESIEAL i
ARl S S A BR S 715 K9840 M shl = &Y
MFREASKEE AL A B PR H] o
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1.2 LWHE

1.2.1 HEIEALEOR AR A B0 AR IR
AMEZEA Y (Tenebrio molitor protein isolate glycosy-
lated with xylo-oligosaccharides polysaccharide, TPIX)
PR T R PV B A7 00 R0y Ha 2R LR AR
RANE AR g fre TR gtk b, Beiil kg 2% mER
FUMT I, ARG TE 1R T e i Fras4id 3 h, 1
/N HB AT 0.10 mol/L A9 HCI 5% NaOH > J# 7
W pH, 7E 4 °C T/KEGHR . B IRAEAS [RIREE
N REAT KU, BE S 57 RIVEE RS 3 VKoK v s 1)
5 min ARV . RIVEEHR)E, Kok sh e
BT 4 °C REAEE T A, H TS See i 3 Ml As
FRBE A RE , AN RGBT Al A TV R Thg
il TPIX P~k A . LAIARALEEN TPL. AHRIS&F T
JNFR ) By B2 (A 8y (Heat-treated Tenebrio molitor
protein isolate, TPIH ) FHAH [F] BT & Lk 441 i 2oy B 85
By 5K B AR S W) (TPI-XOS Mixture, MIX) A
XHRR, FHF /S SL45 A T ge R a2 o

1.2.2 BARKIZESL

1.2.2.1 AFEEUB 5P A L Hlf TPIX  BEHGEE
By AR PO RIS 2:1. 1:1. 1:2,1:3,1:4 1Y
Le B, pH A 8.0, #& A 85 °C, Jin#HAT A 4 90 min
#il#& TPIX, ¥R IRy S50 0T i b X TPIX A%
ik AR BE B RZ I

1.2.2.2 AN pH &4 F il & TPIX #HBUREW
pH 4 7.0, 8.0, 9.0, 10.0. 11.0, ZEFUMFIHHAY LU
1:2, V&N 85 °C, AR [E] A 90 min il % TPIX,
PRIEARA] pH X TPIX FEA3 3 FIE AL FREE AR
1.2.2.3 AN[FE Rl B A4 T il 4 TPIX EEUm
PR N 65, 75. 85, 95 °C, & B FIBERY LL ) A
1:2. pH 2} 9.0, JFAET ]2 90 min il 45 TPIX, $£5%
N TR] SR A BE ST TPIX A5k e AR R i ) 52
1.2.2.4 AE B ZEAE R files TPIX  HEEUNnFA
B TE] A 0. 30, 60, 90, 120, 150 min, 25 FIH FIBEHY
Ll 1:2, pH 24 9.0, InFEE N 85 C iil#s TPIX,
R G A G S w7 I 1) X TPIX 32245 J35 4 28 5 BF 1Y
Al

1.2.3 IEAERIDIE  ARPE Guan UMY BT IL, IR
Ve, 1833414 — P ¥ (o-Phthaldialdehyde, OPA)
BAME I L= Y A R . B JEFREL OPA 40 mg
BT 1 mL FEET, ST, IKIRINA 25 mL
0.1 mol/L AV IEW . 5 mL 10% |+ — % Ik 7 iR 44
Fe 100 pL -3kt 20 IR G A e HaiK EAE
50 mL, BT OPA % W BITEC B A o 7 6 1 B
150 pL BERAL WIS, I 3 mL OPA W, k%
TRAIE), 76 35 C FWEE 2 min, BRI OB RCR
JHEEANM G CEHHE 340 nm AR E W SGRE, [RA A

SRR, ZRAX(DHHFEIEEIE(DG):

A,—A,

0

DG(%) = x 100 (D

o Ay AR RN BT IR GRE; A BRI
RS WG
1.2.4 AREEERINGE B 1.0 mL L b =i i
AA 2.0 mL FB (3 10% SDS 1 0.05 mol/L Bifb),
TE 420 nm FIGEOGIE, M3 AEFEECRIR N Ay
1.2.5 fHHE AR LTSN E3E (FT-IR) i 2 =
25 HPESEN VR SRS R o B SRR DY AR AR
1 KBr #% /8 1:100 0yl & LR G395, W J5 Rl
JTE -, £E 4000~400 cm ™! A VERE N, LA 4 cm™!
PSR 32 IRIMAERE B T e . sl AR L
BB T SR B LT A GEE IR T A (1600~
1700 cm™"), 43HTEE A BT R A5 AR Ak
1.2.6 WIEZOGIREMINRE FEREIE OB FE &L 7R
SR SFBAEHREE 9 0.01 mol/L. pH Ny 7.0 BYBENREh 52
W (PBS) H, FESUR A 7E R 280 nm (SREESERE
5 nm) . K HCHEF L FE 300~500 nm. F5F R
10 nm-s™' BOSE T, X HZESGRm BE I T e,
1.2.7 F#HE T 2B (SEM) IE  RITE 25
PEEF ARSI R T B R Sh A T TIAR B, et 5
[#1 7 AR S B, PR B I S O AR T
B2 5] e G 4 5 i )2 (60:40) . IEH
TR A 3.0 KV, &8 200 5T HT L
Al AR IO SRARF A TS
1.2.8 PFESHAENIE  SRA Ellman 351 e 2y
I &, Ellman i) Hl 4572540 T : FREL 40 mg
DTNB 5, ¥ T 10 mL TREZEHE HI1Y Tris-H &R
22 A & (£ 0.086 mol/L Tris. 0.09 mol/L H 41z .
4 mmol/L EDTA, pH8.0+£0.1) ", B 1 mL & H
P (4 mg/mL) 5 9 mL e il 4 B 22 vh i 5 43 1R 50
Ja., B 45 mLIBE&WINA 0.5 mL DTNB £ {4
o FHIREGWE FRCHKAF T =EIFEE 30 min /5L
5000 r/min ZbHH 15 min, W& FIEH T 412 nm K
ARG . SRR (2) T S Fi kil & i

A, x73.53%xD
c

T i F (umol/g) = A (2)

. 73.53 |f1 10%(1.36x10*) 314485 1.36x10%: A&

IRIEYEFREL(L-mol " -em™); D: Fi B % c: SR Mk
B (mg/mL) .
1.2.9 FTHIGKIEMNNE SHREEB' WL, &
B 1 mL ¥RBEEA 10 mg/mL BEE RS 10 =P
A 20 uL ¥R 1 mg/mL (TR E WA, Foo01R 5]
JE TE S IR FFEE R & 10 min, 7E 4 °C £ F LA
5000 r/min FYEEHRES.C> 10 min, BUEC TS ISR
ks 10 5, £ 595 nm P A0 I 52 FH e S'6(H, 18]
ARG BEMRAE o as AT RE . R /K PR 09 T3 2 il
23 (3):
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A— A SRV DT IR TINAE . Y iilfil g 4 mg/mL ABTS

R 45 A E(ug) = 200 x = (3)

0

K Ay: 25 FAFE 595 nm PG ; As: FEALTE
595 nm BYMIGEE
1.2.10 By Rk EHENE =3 Yao
SEU TR, IR S, BEH] 5 mg/mL PAR S
RTINS T, IE SRS MR A S BE . 10000 1/min 5
)BT 1 min, 37 BIIE SRS R, & 30 min
J&, FACERE TR R, SRA) . AU A
U fiE F1 (Foaming capacity, FC) Fll #d 7K 2 &
(Foam stability, FS):
h, —h,

h,—h
FS(%) = %xloo

0

FC(%) = x 100 = 4

A (5

P hy: WRTERT Y = BE; hy: WIS 1955 BE; hy:
#HE 30 min J5EE
1.2.11 FUREMERFURREPEIIE 2% Wang
SEUS Ok, IFFEEIE . B2 mL KIS 6 mL
WeBESA 5 mg/mL ARSI TR G, R
JBF AR (10000 r/min) XL S A THEZE 1 min I9FL1L
AEFE . FEIFSERJE BY 0 min AR 10 min J5, f#
FHIOE R W s DA GRS HE L 50 pL ZLARRE
i, A 5 mL 75 0.1%(w/v)SDS X HBEAT 100 75
R, TR AR SERIAE 500 nm PR I Hio's
8, TSRl s e . LA 4 (Emulsifying
activity index, EAD) FIZLAL 52 & M4 (Emulsion stabi-
lity index, ESD 730 5RIE A (6) AT (7)) BEA T
2x2.303xA,xD

EAI(m?/g) = o222 D0 ” 2 6

(/) = S X Lx 10000 A (6
. A, x 10

ESI(min) = =X (7D
AO_AIO

K. Ag: FLWAE 0 min A A B E
10 min FYRGRE; D: B2 o S5 R E (g¢/mL);
1.2.12 P fbt:mmie
1.2.12.1 DPPH H HIEIFREBENME =% T
SOV T v FEAMGE M. B 2 mL W E R
0.1 mmol/L i) DPPH ¥ 5 2 mL #EE2N 5 mg/mL
AR ST, K P B TR A IR 50, FERE GRS T i e
30 min, T 517 nm JERANNE WG, e ATG
7K B35 A8 DPPH A S as % R, DPPH H H
FIH BRI RS A (8):

DPPHH HIEEBE (%) = (1 - A‘; A2)>< 100

X ®
P A 25 FATE 517 nm BYWSGREE; A FESAEE

517 nm PYIGRE; Ay: XFREAE 517 nm AUOGRE .
1.2.12.2 ABTS'H HILHFERFAVME R Zhang

fifi 75 WA 1 mg/mL 1YL B AR ER (K,S,04) W, KL
TP R SRR LU R, RGN B SN
15 h DAL ABTS HEF HHIE(ABTS '), IGHETH
0.01 mol/L PBS V&R AWK C(H, [HHAE 734 nm
TR AL RS R 0.70+0.02, HIASFRAE TA/EW . W
FERTEL 200 pL £FAE FE W (5 mg/mL) 5 3 mL
ABTS TAEMKIATEIRST, #EG NV 5 min J&5 S7 BRI
FE 734 nm ALAIOCARL . [RIRFBEEAS FAXT HRLH, LISE
PR AR AR A R A T A TN E . ABTS H
A ILIERR R B S IR AZ0(9):
ABTS' (4 ik 3 o) = 2

0

x100 I (9

o Ag: XTHRTE 734 nm AR E I ROGEE; AL
FESRTE 734 nm AR FIOGREE
1.2.12.3 F A HIEERRNNE SERHEED
MR T AE o 1A AR I | mL ¥R E R
5 mg/mL BIFREH W . 1 mL ¥RE K 9 mmol/L Bk
IR WS 1 mL ¥RJE A~ 9 mmol/L 57 IR IV 42k %
W, RIS EIN 1 mL ¥ 9 mmol/L iy E b &
W, FEATIRE S, TEREEIAEE R 37 °C KRG
30 min J& LA 4000 r/min %538 2500 10 min, B
JE W_EFEW, 7E 510 nm P AR O SERE . S0

HERE, 53— L LB TR URR A o 2 . 2 A

FHIEISERR AT 2 M 50(10):

A - A,
A

0

B aa%%rsffzz%(%):(l- )xlOO £ (10)

o Ag: 25 FATE 510 nm BIWOGEE; A HESTE
510 nm UMZGIRE; A, XFHRETE 510 nm FYIEOGREE
1.2.13 ARSMHAETERIIIE 275 Minekus S50 44
SRR, JEAEIE . HRYEER 1 B ad4H i e
1], AR HR A1 O ) 22 A 21, R /SR EH SR
FEOIRAE, JTHE B TI/KESR 2 400 mL, il 4153
1.25<JHALI R -

F 1 ARSMERIE A 7

Table 1 Formula of simulated digestive solution in vitro
B AR BHUEW(SGF)  BA (SIF)
(mol/L) A&F(mL) &F(mL)
KCl1 0.5 6.9 6.8
KH,PO, 0.5 0.9 0.8
NaHCO;, 1 12.5 42.5
NaCl 2 11.8 9.6
MgCl,-6H,0 0.15 0.4 1.1
(NH,),CO0; 0.5 0.5 -

S22 IR IR AFP (7 PR B AL B T AL B .
S B AL B 150 mL(1%) BESIE R S
7.5 pL 0.3 mol/L CaCl, i A%l 120 mL SGF 1, i
pH = 3, FHZEM/KAE 150 mL, FNA 60 mg 5 &
FIE(1:15000), BFRFI RS B I LA 1:1 iYLk
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BRGEI5), AR Z X346 T, T 37 °C. 135 r/min
YR IHAL 2 he

225 T 5 e A Y 1 O vk A T RS 0L A T AR By
B, BoHilm AL B HL 20 pl 0.3 mol/L CaCl,
1.221 g 3&HBELIN A% 120 mL SIF 7, & pH = 7, FH
ZEM K ZN Z= 150 mL, F- 0 A 120 mg B 25 A
(1:250), 1 BiEIb M S5 EAm L 121 R BliR
GIL), ARG G FEFA T, AE 37 °C. 135 r/min #%
%Ak 2 he

HAME] A f% 30 min BURE S5 X TE AL A T8 K 1
5 min LIZLETELR, F 4 °C it

B BTAR S ME AR I 2 2 08 A AR oy
V5, B SRS FHYILIGE A E v iR &
i, ZHEAXRGDIITEEAHRHER:

EHRELE %) =
YgE LiEREASE - HLE LEREASE 100
WIUh FEREA SR
2 (1D
1.3 HIE4E

AR = S e, T I s 25 SR 3
DL {EFR HE2E (Mean=SD) JE 2 H . iz SPSS
Statistics 27 GeIHHAF AT I7 2257 HT (ANOVA), 45
4 Microsoft Excel 2019 5 i %t e 40 ¥, L P<0.05
FORBAEAEAE B 25 5, BIFRH Origin 2024 {4
2N
2 HERESHh
2.1 HEEAEMRERNIEREETIZEE
2.1.1 D Ee X By s AR FUOBE Sk S R R B 15
ma A 1A R, TPIX BIREREERH XOS i FLAyig
Jin S BRGNS A A . P R 1:2 B
AL IR B I (33.66%+0.83%) 15t BH 78 1t Lb 447
T TPI WU ES R AL 5 XOS v 8 S R i g L 1k
B S FAR LS AR, R 2438 TPL:XOS it
HEGSh 1:4 B, BeA)E B3 FRE(P<0.05), nTHEZ
St i XOS S8 (T4 TR A, B s R FE,
(RIS} 53 TRLGE KA B AR PR s B S b S0z, AT
FEMAEAE %

Maillard reaction FEJZ WA KRS 54
P HAT AR, s Rl = lad G 4G5 RN
D e 2T W DN S5 AR () o, A 52 N7 Jie v A8 i |
FH2, FE 420 nm Ak B9 SEEEIIEE n] HR SE PR
R e B AR AR R BE . B L& 1B R] A, 7E TPI
5 XOS Bkt 2:1~1:1 BUEAET, FrfS TPIX #8
AR FE AL T AR X AR KT, B XOS L a3,
TPIX #5728 B 52 A T T a3, 3X vl Re i T it
B XOS B r=9)-5 I Pl i v oo o (8] pF= it — 26
FERE . BACN, Free A sl . 28 b, AT
FEBERR TR FE (122, w/w)VE N i Sl A I 0 AR
HESM

2:1 1:1 1:2 1:3 1:4
TPI5XOSHi &

B 0.15

2:1 1:1 1:2 1:3 1:4
TPI5XOSife It
B 1 JEYIEC X TPIX B R (A) AR AR FEBE (B) A M

Fig.1 Effect of substrate ratio on TPIX grafting degree (A)
and browning degree (B)

e AR 4 8] 22 55 B 35 (P<0.05), K] 2~8] 5, K] 8~
12 [

2.1.2 pH Xk s oML SO R BE 52 F
& 2A A%, 7E pH7.0~11.0 7 {5 A, TPIX A9 3EA4%G BE
AR TS, 7E pH7.0~9.0 Y5 [Hl PN, $22A5 5 1 i
B B3 (P<0.05), 76 pH9.0 BHAE 30.46%+1.24%;

A 40 — a

ab

HHRUZ (%)

7.0 8.0 9.0 10.0 11.0
pH

oo}

025 —

0.20

0.15

0.10

TR (As)

0.05

7.0 8.0 9.0 10.0 11.0
pH
K2 pH X TPIX H#BUE (A) FIE LR (B) HY R
Fig.2 Effects of pH on the grafting degree (A) and browning
degree (B) of TPIX
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Jemift: , 45 BB IR PR YR SOHEE K S TIRE R R TSE S111 -

Y pH 4k 2L Tt i, Fe s B G iR W] WA 22, FE pH Ny
11.0 B}k B & E{E, H pH10.0 55 pHO.0 Z[8]JC .3
PE2E 5 (P>0.05) . 3X EEESE UM BEE S TR

PRSP IR A AR S, [RIRPRE S TSIk & AR A

TIE b B ah ), 1 5 S8R s b a3k A

I, TR AR B T i 5 ALk i P il 31458 mT e X

AR S TR S5 R = A5 ), S BUR N BRI T T

2%, HIE 2B AT, TPIX FIMEASFEEE (A, bifi pH
FhE ML R, 24 pH 1 8.0 FFZ 9.0 B, A, W
FHFE (P<0.05); X4 pH #xd 9.0/5, 1A FR 22 SURI
TR, Ay RBEHE N, 33 o AR s S
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s M B S VR AV TPI 25 a5y 2s, A&
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Fig.3 Effects of heating temperature on the grafting degree (A)
and browning degree (B) of TPIX
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25 Z2A- TR BR, JE R Al (8] 724, g a [a] s

KA ) T se v a] P 2D A R ),

A ASEA E T s SR T RN PRAS A — 20 2, 2k

BRI WA HE 4B WAL, BEE AT
(B, TPIX S B FR I (A ) SV S I i 35 (P<
0.05) T =3 A 32, 32 PR Sy SE A8 S 7 A i R e v

FRHATT A=) 2 18] 3 R AR A H SR A i AR RS (4 o,

T B B EE (A ) LTS W mEas a2y
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Fig.4 Effects of heating time on the grafting degree (A)
and browning degree (B) of TPIX
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FTIR SK43-HrEBH . ani&l 5A 7S, TPI 7E FTIR Y6
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1542 e '(FEREZ I1) A1 1332 cm ' (FERE D) BT A =

AFERER T, 43515 C=0 $Hrifi . N-H 25 i fll C-N
PIAfAT 200, At W AR ER)S , TPIX MY E
Jii 1. W 1T FNIBEAL TIT (AW IACIAE 34) S A AN T) R 3 1)
A%, HL IR B T, X il GEJa S P v H
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Fig.5 Effects of different treatments on the infrared spectra (A)
and secondary structure content (B) of TPI
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Fig.6 Effects of different treatments on the endogenous
fluorescence spectra of TPI
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Fig.7 Effect of different treatments on the microstructure
of TPI
E: A: TPL; B: TPIH; C: XOS; D: MIX; E: TPIX,
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Fig.8 Effects of different treatments on the content of free thiol
groups of TPI
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Fig.9 Effects of different treatments on the surface
hydrophobicity of TPI
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Fig.10 Effects of different treatments on the foaming
property of TPI
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ITRENSAE — E WA PN HEPTLE A 2R f ), i 11 fr
7~, TP I FLAR TG PR ZL Ak RS M43 510 3.58 mP/g
F1 48.28 min, LN S FLALTE 48 B0 2 T (P<
0.05) & 7.55 m*/g, MiFLALEa e PEFEK S 32.09 min.
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Fig.11 Effects of different treatments on the emulsifying
property of TPI
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Fig.12 Effects of different treatments on the antioxidant properties of TPI
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Fig.13  Effects of different treatments on the digestibility of
TPI in vitro

0 05



%478 5 16

JEmnfh | % Bk BRI 6 S RS S DI RE R RIS <115 -

3 #Hig

ARTFTE LA TR R OB A EORE, SHICER AR 5
RS U FIBE IR SN S5 A THR T, LA R R
ASRRRE RFEAR, RGACALHG ST B R R AR
AW Wl SOV 5540, TR AT S H e
SUIREREEAR . SRR 2Ry R R SRR
ANER TR 1:2, ROWAKRZR pH 2 9.0, W iR
BE 85 °C. JZ W HFA] 90 min B, FFfSEL b =4 R i
O e B IR AR AR BE, 43512 32.24% F1 0.078;
X FTIR, NIEPEDE GG . SEM. IiF B 5k &
o pT, REAPERLAL R P LR A R R R =
e SEHE, T AR FE PR MO S . AE D RERRE DT
T, ZepH LAl S By U s sy . 2Lk
WP PR A 2 R R, R K PERRAIS, (0
WEaETE | P E PE RN AL PR RE R IR . X HF5E
25 9L A woky U UM O AR Ok
FLIBANHL AR B iy T B e IR, AR SRy R R 145
FRHEANTDIRETE AP BRI T S, FIRHdudh o T84
FLALRCPE A N FHTE Bl that—28 A B AR A e
VRRAL T BRI

© The Author(s) 2026. This is an Open Access article dis-
tributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

SE LK
[1] HONG lJinsu, HAN T, KIM Y Y. Mealworm (Tenebrio
molitor Larvae) as an alternative protein source for monogastric
animal: A review[J]. Animals, 2020, 10(11): 2068.
[2] RUMPOLD B A, SCHLUTER O K. Nutritional composition
and safety aspects of edible insects [J]. Molecular Nutrition & Food
Research, 2013, 57(5): 802—823.
[3] GONZALEZ-DELa ROSA T, MONTSERRAT-DELa PAZ S,
RIVERO-PINO F. Production, characterisation, and biological prop-
erties of Tenebrio molitor-derived oligopeptides[J]. Food Chem-
istry, 2024, 450: 139400.
[4] NONGONIERMA A B, FITZGERALD R J. Unlocking the
biological potential of proteins from edible insects through enzy-
matic hydrolysis: A review[J]. Innovative Food Science &
Emerging Technologies, 2017, 43: 239-252.
[5] ZIELINSKA E, BARANIAK B, KARAS M. Identification of
antioxidant and anti-inflammatory peptides obtained by simulated
gastrointestinal digestion of three edible insects species (Gryllodes
sigillatus, Tenebrio molitor, Schistocerca gragaria)[J]. Interna-
tional Journal of Food Science & Technology, 2018, 53(11): 2542—
2551.
[6] EFSA PANEL ON NUTRITION N F, ALLERGENS F,
TURCK D, et al. Safety of frozen and dried forms of whole yellow
mealworm (Tenebrio molitor Larva) as a novel food pursuant to
Regulation (EU) 2015/2283[J]. EFSA Journal, 2025, 23(1): e9155.
[7] #%Twr, 5kEE, B, F. ZRABEROBANFH 2T
DHA it fix & R A & 12 89 % vh [J]. & 5% A4 5, 2024, 45(12):
68—77. [ XU Xuehan, ZHANG Huijun, LI Ping, et al. Effects of
zein glycosylation products on the oxidation stability of docosahex-

aenoic acid microcapsules[J]. Food Science, 2024, 45(12): 68—
77. ]
(8] 3Rk, FHA, WA, F. LAATFBAE RAL B B AR & R
Jeo At [J]. & B Ak ih 52 4R, 2024, 39(12): 88-96. [ ZHANG Bin,
LI Congfang, YANG Li, et al. Modification of walnut protein by
glycosylation of linseed gum and analysis of its properties[J].
Journal of the Chinese Cereals and Oils Association, 2024, 39(12):
88—96. ]
[9] LIU Yibo, GUO Xiaobing, FAN Xuemei, et al. Improving the
emulsifying properties and oil-water interfacial behaviors of
chickpea protein isolates through Maillard reaction with Citrus
pectin[J]. International Journal of Biological Macromolecules,
2024, 283: 137671.
[10] YIN Baoru, WANG Chaonan, LIU Zhijia, et al. Peptide-
polysaccharide conjugates with adjustable hydrophilicity/hydropho-
bicity as green and pH sensitive emulsifiers[J]. Food Hydrocol-
loids, 2017, 63: 120—129.
[ 11] GUAN Junjun, QIU Aiyong, LIU Xiaoya, et al. Microwave
improvement of soy protein isolate—saccharide graft reactions[J].
Food Chemistry, 2006, 97(4): 577-585.
[12] RER, KB, 3%, F. BIRAFIR-FLEFZ O B 694
B AR A (T). e B A B T3, 2023,49(1): 146-153.
[ ZHANG Zhiying, ZHANG Linlu, BAI Ying, et al. Preparation
and antioxidant activity of flaxseed gum-whey protein[J]. Food and
Fermentation Industries, 2023, 49(1): 146—153. |
[13] @& A AR, B, . RESTREHAEAAZNI G 5 &
B s v a7 ], & A5, 2023, 44(10): 205-214. [ TIAN
Yang, TANG Muguo, ZHOU Yan, et al. Preparation and functional
properties of glycosylated walnut peptides with different molecular
masses[J]. Food Science, 2023, 44(10): 205-214. ]
[ 14 ] XU Haining, PAN Jiayin, DABBOUR M, et al. Synergistic
effects of pH shift and heat treatment on solubility, physicochemical
and structural properties, and lysinoalanine formation in silkworm
Pupa protein isolates[J]. Food Research International, 2023, 165:
112554.
[ 15] PEZESHK S, REZAEI M, HOSSEINI H, et al. Impact of pH-
shift processing combined with ultrasonication on structural and
functional properties of proteins isolated from rainbow trout by-
products [J]. Food Hydrocolloids, 2021, 118: 106768.
[16] Z 5. Brm Ao 4B R AL o & 9 B o e 4% Ve A A4 14
YR 5 A B (D], ki KiE Tk k3, 2023. [ WANG Yong.
Study on the phosphorylation and glycosylation modification on the
functional and digestive properties of fish gelatin and its mecha-
nism[D]. Dalian: Dalian Polytechnic University, 2023. ]
[17] YAO Shunyu, LI Wu, WU Yue, et al. The impact of high-
intensity ultrasound-assisted extraction on the structural and func-
tional properties of hempseed protein isolate (HPI)[J]. Foods,
2023, 12(2): 348.
[ 18] WANG Feng, ZHANG Yizhong, XU Ling, et al. An effi-
cient ultrasound-assisted extraction method of pea protein and its
effect on protein functional properties and biological activities [J].
LWT, 2020, 127: 109348.
[19] Eh, Filss, 4, F. F &R BT 848 AR &
H & ey an w4 R (1], F B A & F IR, 2022, 22(2): 58-64.
[ WANG Nan, ZHANG Hanyu, LOU Bo, et al. Inhibitory effect of
antioxidant peptides of turtle on non-enzymatic gluco-sylation and
its end products[J]. Journal of Chinese Institute of Food Science


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.3390/ani10112068
https://doi.org/10.1002/mnfr.201200735
https://doi.org/10.1002/mnfr.201200735

- 116 - £ Tl B4

2026 4F 8 A

and Technology, 2022, 22(2): 58—64. |

[20] ZHANG Xinliu, GAO Hao, WANG Chunyan, et al. Charac-
terization and comparison of the structure and antioxidant activity of
glycosylated whey peptides from two pathways[J]. Food Chem-
istry, 2018, 257: 279-288.

[21] MINEKUS M, ALMINGER M, ALVITO P, et al. A stan-
dardised static in vitro digestion method suitable for food—an inter-
national consensus[J]. Food & Function, 2014, 5(6): 1113—1124.
[22] RueB, 25k, 5KKM, 5. 50 K& QWML 29I BRI
BH A BOEN T] L AR L X F FROHRXHAFR), 2023,
54(5): 683-690. [ CHI Xiaojun, WANG Xuan, ZHANG Dapeng,
et al. Protein powder components in Tenebrio molitor L. and evalua-
tion on simulated digestion in vitro[J]. Journal of Shandong Agri-
cultural University (Natural Science Edition), 2023, 54(5): 683—
690. |

(23] B, B, I, F. 28 EATILF K& a2
v B H AR SMBE LN A 4 0 T A - AT (D). R e T Ak AR,
2022,43(8):93-104. [MA Yinlong, GUO Ruibin, KONG
Xiangli, et al. Effect of ultra high pressure on the structure of whey
protein concentrate and functional analysis of simulated digestion
products in vitro[J]. Science and Technology of Food Industry,
2022, 43(8): 93-104. ]

[24] Z% 2, 3, HRM, 5. B5HE58 5 485 KREKF
HALLEA RO R BRI A e Hon (1], Rk T A,
2025,46(24): 117-127. [ WANG Zhihui, LIU Xuan, XIAO
Tianyu, et al. Effects of ultrahigh pressure and ultrasound treatment
on the microstructure, protein oxidation, and digestive properties of
Procambarus clarkii[J]. Science and Technology of Food Industry,
2025, 46(24): 117-127. ]

[25] DONG Shiyuan, WEI Binbin, CHEN Bingcan, et al. Chem-
ical and antioxidant properties of casein peptide and its glucose
Maillard reaction products in fish oil-in-water emulsions [J]. Journal
of Agricultural and Food Chemistry, 2011, 59(24): 13311-13317.
[26] 4EIRES, &mr, R &, F. AL T TR G 24
W e A5 (T). F B AR ok 3R, 2024, 39(10): 118-127. [REN
Juanrui, JIN Lina, ZHAO Xiai, et al. Physicochemical properties of
flaxseed protein by glycosylation modification[J]. Journal of the
Chinese Cereals and Oils Association, 2024, 39(10): 118—127. ]
[27 ] WU Benyang, CHAI Xiaoyan, HE Aiming, et al. Inhibition
of acrylamide toxicity in vivo by arginine-glucose Maillard reaction
products [J]. Food and Chemical Toxicology, 2021, 154: 112315.

[ 28 ] CHENG Yunhui, TANG Wenjuan, XU Zhou, et al. Structure
and functional properties of rice protein—dextran conjugates pre-
pared by the Maillard reaction[J]. International Journal of Food Sci-
ence & Technology, 2018, 53(2): 372-380.

[29 ] ZHANG Zijia, WANG Bo, ADHIKARI B. Maillard reaction
between pea protein isolate and maltodextrin via wet-heating route
for emulsion stabilisation[J]. Future Foods, 2022, 6: 100193.

[30] YAO Lili WANG Ying, HE Yangyang, et al. Pickering
emulsions stabilized by conjugated zein-soybean polysaccharides
nanoparticles: Fabrication, characterization and functional perfor-
mance[J]. Polymers, 2023, 15(23): 4474.

[31] PAN Jiayin, XU Haining, DABBOUR M, et al. Effect of
alkaline pH-shifting process on extraction rate, structural, and func-
tional properties of black soldier fly (Hermetia illucens) larvae pro-
tein[J]. LWT, 2023, 185: 115180.

[32] QU Wenjuan, ZHANG Xinxin, CHEN Weiyu, et al. Effects

of ultrasonic and graft treatments on grafting degree, structure, func-
tionality, and digestibility of rapeseed protein isolate-dextran conju-
gates [J]. Ultrasonics Sonochemistry, 2018, 42: 250—259.
[33] LI Chen, HUANG Xingjian, PENG Qiang, et al. Physico-
chemical properties of peanut protein isolate—glucomannan conju-
gates prepared by ultrasonic treatment[J]. Ultrasonics Sonochem-
istry, 2014, 21(5): 1722-1727.
[34] M Bde ARRAMEEAAIERE G0 A REE SR
[D]. ¥k %&: & # K %, 2022. [ CHEN Siru. Functional properties
and application of xylo-oligosaccharide modified casein[D].
Changchun: Jilin University, 2022. ]
[35] RRE, &Lt AKXT, F BEG-SHENL oML
M EAE RS A A A R I A S Tk A, 2025,46(19):
175-182. [ ZHAO Honglei, LU Yanan, ZONG Dagan, et al. Struc-
tural characterization and emulsifying properties of casein-polysac-
charide covalent complexes[J]. Science and Technology of Food
Industry, 2025, 46(19): 175-182. |
[36] AFF, A0, A4 F RESBEG-HRMBEELNE
bty A B A REVEAT ST [T]. R ALK 4R, 2022, 53(1): 398-405.
[ ZHU Xiuqing, DU Xiaogian, HU Miao, et al. Structure and func-
tional properties of soybean protein isolate-dextran non-covalent
polymer[J]. Transactions of the Chinese Society for Agricultural
Machinery, 2022, 53(1): 398—405. ]
[37] WU Shanshan, HAN Wei, CHENG Yanfen, et al. Transglu-
taminase-catalyzed glycosylation improved physicochemical and
functional properties of Lentinus edodes protein fraction[J]. Foods,
2023, 12(9): 1849.
[ 38 ] RUAN Yuyue, FAN Shasha, JING Kaini, et al. Structural and
functional modifications of quinoa protein via hyaluronic acid-
induced Maillard reaction[J]. International Journal of Biological
Macromolecules, 2025, 298: 139940.
[39] T ¥ RAMSARaT 4 SLEk R & A ) RR 45 00 % A
7% [D]. mAHR: AR K 5, 2024. [ LUO Zhou. The impact of glyco-
sylation modification on the structure and functional properties of
bovine lactoferrin[D]. Chengdu: Chengdu University, 2024. ]
[40] CHELH I, GATELLIER P, SANTE-LHOUTELLIER V.
Technical note: A simplified procedure for myofibril hydropho-
bicity determination[J]. Meat Science, 2006, 74(4): 681-683.
[41] Sothdh, Zdda, BN, F BANEHTER 25 BHE
MBI R Y w [J]. R & T kA3, 2025,46(15):
115-125. [ JIA Weiyi, LI Tiantian, ZHENG Siyu, et al. Effect of
glycosylation modification on the structure of chickpea protein iso-
late and functional properties[J]. Science and Technology of Food
Industry, 2025, 46(15): 115-125. ]
[42] FHRE. REREIEFI LRI IER G 25 Mfeho Lo
# %k [D]. 7uta. i3 F K3, 2023. [ LILeyuan. Effects of dif-
ferent heat treatments on the structure and processing characteristics
of donkey milk and its whey protein[D]. Shenyang: Liaoning Uni-
versity, 2023. ]
[43] CORZO-MARTINEZ M, CARRERA SANCHEZ C,
MORENO F J, et al. Interfacial and foaming properties of bovine /-
lactoglobulin: Galactose Maillard conjugates[J]. Food Hydrocol-
loids, 2012, 27(2): 438—447.
[44 ] BURGER T G, ZHANG Yue. Recent progress in the utiliza-
tion of pea protein as an emulsifier for food applications[J]. Trends
in Food Science & Technology, 2019, 86: 25—-33.
[45] RAHALI V, CHOBERT J M, HAERTLE T, et al. Emulsifi-



%478 5 16

JEmnfh | % Bk BRI 6 S RS S DI RE R RIS S 117 -

cation of chemical and enzymatic hydrolysates of beta-lactoglob-
ulin: Characterization of the peptides adsorbed at the interface[J].
Die Nahrung, 2000, 44(2): 89-95.

[46 ] DONG Xuyan, DU Shanshan, DENG Qianchun, et al. Study
on the antioxidant activity and emulsifying properties of flaxseed
gum-whey protein isolate conjugates prepared by Maillard reaction
[J]. International Journal of Biological Macromolecules, 2020, 153:
1157-1164.

[47 ] CHEN Kai, ZHANG Min, WANG Dayuan, et al. Develop-
ment of quinoa (Chenopodium quinoa Willd) protein isolate-gum
Arabic conjugates via ultrasound-assisted wet heating for spice
essential oils emulsification: Effects on water solubility, bioactivity,
and sensory stimulation [J]. Food Chemistry, 2024, 431: 137001.
[48] CHAILANGKA A, SEESURIYACHAN P, WANGTUEAI
S, et al. Cricket protein conjugated with different degrees of poly-

merization saccharides by Maillard reaction as a novel functional
ingredient [J]. Food Chemistry, 2022, 395: 133594.

[49] NOOSHKAM M, VARIDI M. Maillard conjugate-based
delivery systems for the encapsulation, protection, and controlled
release of nutraceuticals and food bioactive ingredients: A
review [J]. Food Hydrocolloids, 2020, 100: 105389.

[50 ] YUAN Meng, CAO Yu, ZHENG Haoyang, et al. Structural
and functional properties of Maillard-reacted casein phosphopep-
tides with different carbohydrates[J]. Food Science and Biotech-
nology, 2024, 33(7): 1603-1614.

[51] SANCHEZ-TERRON G, MORCUENDE D, MARTINEZ R,
et al. Glucose boosts protein oxidation/nitration during simulated
gastric digestion of myofibrillar proteins by creating a severe pro-
oxidative environment[J]. Food Chemistry, 2022, 397: 133805.



	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 糖基化黄粉虫蛋白的制备
	1.2.2 单因素实验
	1.2.2.1 不同蛋白粉与糖质量比制备TPIX
	1.2.2.2 不同pH条件下制备TPIX
	1.2.2.3 不同反应温度条件下制备TPIX
	1.2.2.4 不同反应时间条件下制备TPIX

	1.2.3 接枝度的测定
	1.2.4 褐变程度的测定
	1.2.5 傅里叶变换红外光谱（FT-IR）的测定
	1.2.6 内源荧光光谱的测定
	1.2.7 扫描电子显微镜（SEM）的测定
	1.2.8 游离巯基的测定
	1.2.9 表面疏水性的测定
	1.2.10 起泡性及泡沫稳定性的测定
	1.2.11 乳化活性及乳化稳定性的测定
	1.2.12 抗氧化性的测定
	1.2.12.1 DPPH自由基清除率的测定
	1.2.12.2 ABTS+自由基清除率的测定
	1.2.12.3 羟自由基清除率的测定

	1.2.13 体外消化性的测定

	1.3 数据处理

	2 结果与分析
	2.1 糖基化黄粉虫蛋白的接枝度和褐变程度
	2.1.1 底物配比对黄粉虫蛋白糖基化反应程度的影响
	2.1.2 pH对黄粉虫蛋白糖基化反应程度的影响
	2.1.3 加热温度对黄粉虫蛋白糖基化反应程度的影响
	2.1.4 加热时间对黄粉虫蛋白糖基化反应程度的影响

	2.2 糖基化改性对TPI结构特性的影响
	2.2.1 糖基化改性对TPI红外光谱的影响
	2.2.2 糖基化改性对TPI荧光光谱的影响
	2.2.3 糖基化改性对TPI微观结构的影响
	2.2.4 糖基化改性对TPI游离巯基的影响
	2.2.5 糖基化改性对TPI疏水性的影响

	2.3 糖基化改性对TPI功能特性的影响
	2.3.1 糖基化改性对TPI起泡性及泡沫稳定性的影响
	2.3.2 糖基化改性对TPI乳化活性及乳化稳定性的影响
	2.3.3 糖基化改性对TPI抗氧化性的影响
	2.3.4 糖基化改性对TPI体外消化性的影响


	3 结论
	参考文献

