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JRHEAE R 1R H A RYEREE (pH 1~5) F, &
Yofe B E AR AR, AL 15~240 min 5
PEAMIE, ZEGEEA . R A R A
B b, USRS 4EE B R CHEH, R
TG R Al ik 7 p WU 2T 4 85 1 BE AR S MIF AL 11 78
(A

AR IPOCCHRRE | BERGREE . HEE . Rk
P IOULES A8 S 8 b xS LI 2T 4k S BRI R AT
AL, HIT TG ML fe b, AR SRR JEE 1)
BER AL R LA

1 MESTHE

1.1 SEIe#f Rt

ST R R 2O 3 kg, R 2R 55 em,
2020 4% 10—12 H W F b6 1 3 24 0 Xl s 4k T
FIABTT . TG B VLo — ks 40 b T BR A W .
Hoa G ot sl

1.2 SCIE{YES

H 37 SUS5000 #4v37 & A4 g, H 37 e
FR (i) EFRE 2 AR A F ;. UV-1800PC 424k
SOOCEEAL,  HIEAERA TR A H] ;. MesoMR23-
060H-1 £ 73 Jjk v A% i 24 o3 A, B A i v+
BHEA AR ; THZ-300 HE G RER, Lig—
TERHE A R A A 3 CR-400 5,223, H 7 Minolta
73 F]; H-2050R BY & SR IR B O AL, KU
FRAFL,

1.3 SKEAE

MR HZEOGRIR SHEFZHRTD
TR s . BUEEE ERALAY, JSBRAT WA LD
W, 545, DI, A 10 5 AR ve
2% pp W (20 mmol/L Tris-HCl. 0.1 mol/L NaCl,
2 mmol/L MgCl,, 1 mmol/L EDTA, pH 7.0), VK&
BT 60s, 730 31K, K 20s, #E 15 min J5,
SI3EWAE 4 °C 204 F 4 000 r/min B.L> 15 min, %
Bk B, REBDIVE, EEL LAR 3R, UE
oA 3 AR R Y = 3 22 v (20 mmol/L Tris-
HCI, 0.6 mol/L NaCl, pH7.0), /Kif¥JJ5i)5, 4°C
HE IR, 10 000 r/min &5.0> 15 min, EFRUTGE,
PRER W 7E LI 10 AR R K,
4°C #E 22 h, 213K 4°C, 12 000 r/min B.L> 10
min, B0 2K, (REUIE. FifsERuTre R L
SR . WURSF 48 A & iR % S
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P, DA A& AE AR EE

BRI G SEHEAEC W, IR
el K USSR 1A A 22 0P (20 mmol/L
Tris-HCI, 0.6 mol/L NaCl, pH 7.0) il 40 mg/mL
VTR, VRN TG W (15 Ulg B 1), FFUkiawE /13
FE2h, IREWS . RAZESUMK, J7E 45 °C
KW ES R B E 0, 15, 30, 60 min J5 B,
FHET 90°C i 15 min, LEFFE TYK/KT 30 min,
4°C TR, R, A8 gm0 M 7 5 UK 43 BT i
il 3 % (25 °C).

RIKEME 5% Yang F" 58I
ek sl . B2 g 8 1 EER 43 #C T 18 mL 0.125
mol/L W FREE 2% vl (pH 8.2) 1, 4Bk (60 °C
2h, 75°C 15 min) J5id 38, A8 LEW. B
& 200 puL, JIIA 4 mL 4828 — H & (OPA) i1,
37 °C K% 2 min J&, 7F 340 nm 200 EWOGRE . A1
[F) 250 T By 22 M AR R 25 LR IR B I I
WRYE L-52 AR bR e i i e B A 5L & &
OPA X FIBCHl . HL 40 mg OPA ¥ T 1 mL Jouk Y
FE)S, A 25mL 0.1 mol/L Bi#y . 2.5 mL 20%
(W/w) SDS 1 100 pL B-Fifk L, LB FKE
AES0mL, BECIAH . KBREITRAK:

() =

A, Co M ER I I T 8 4 2k 7
C M EEICHE A B 28 & L 5 2, mmol/L,

BGREME HERERTE 1 E,
HEAT R [ I B o 1 R SR SR
SLZERIE 4 mm B9 J1{E, g H TAXT-plus Fif
ACHEATHE B B I . SR P/0.S AR5k 28 B
i, SEORE . WHARTEE Y 1.5 mmys, 05
JE 1.0 mnys, LSS R 1.0 mm/s, il & )
W3 g, FBEME N 15 mm, BF4LEE S EE N E
6 K.

B G BALGYME RSO S A
SRELME . LU JEMEE bE. AEE wiItE
NS

(R = /(100 — L) + (@) + ()

AAMEGME  fEInPad RS, H—/N
AR AE I 2 BE RS TR BF i I K 4% . ZE BT

/A\I‘:

x 100%

mmol/L;

g W,
ﬁﬁh%@@zﬁ7me6
0
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Ko, w, W NBERE BT I K i, g5 W ok
EERCRE S RI IR i, o

HAKAH B B AT R ES O, 800
r/min 2.0 10 min. B 250 15 R R K A —/)N
VAR AE L 25, K B0 T i 6 G 1) I R AT B A
ek it A

K T1(%) = % x 100%

b
K, W, REDJEMEER TR, g5 W, FELHT
MIBERL T, g

FEG LA K REBERE B
HRZ AN By S ik, IR g ek, e
BB T IAR b, CE 1 h, (HEERRE AR E IR
Ja, EEERMAKSHITIE . FIH CPMG (Carr-
Purcell-Meiboom-Gill) ik i3 51 I 52 k5 4[] i 2
Bl Ty WKUHIFHI S50 RAESI % SW=200 kHz,
5L 8 25 RG1=10, P1=20.00 ps, % 7 % 25
DRG1=3, TD=480 160, PRG=1, & FrEa]EHT
[E] TW=2 500 ms, ZRMIKXEL NS=8, P2=39.04 ps,
[ IFR] TE=0.3 ms, [A131~% NECH=8 000.

BEARE S P IR UG SR v ) 22 )2 i D
R 31/ W 8 3 g = Y G i & 277 A A N VA= W)
SR O T E S RE . B SR E
REES % SW=100 kHz, F4ii SF=21 MHz, RFD=
0.002 ms, RG1=20.0 db, fmF&4ii K O1=171 543.05
Hz, 90° k% B P1=19.00 ps, 180°Jik i 5 i P2=
39.04 ps, 90°fbk i E B RFA1=0.3%, 180°fik it &
£ RFA2=0.4%, & RAERIFFETE] TW=1 500 ms.

ARw4r ARE Fang 50 073, I
ik, BUE BRI, TN 2.5% % " BEE, 4 °C
RULE E 24 ho [57E J5 AFE S BCE T 0.1 mol/L
ik £5 22 v (pH 7.0) FPZEYE 3 Wk, AR 15 min,
I3 30%. 50%. 70%. 90% 1) 2. B5 V% e i 7K
15min f5, HIC/K CEEBK 3K, HK 15 min,
KRAESRHETE, THREHLER 1| mm’ 5
I BE AR [ e R 5 b, B4, SR T HEE
BEREE . B 3KV, BORAEEL 2 000 £,

HiH M Fang 250 5B R .
FREL 0.6 g CRERAE) 0.001 ) B /ML ZE 20 mL AT
B IHALIE (pH 2.0), 1RAIE, BT 37 °C/KIE i
5min. A 0017 1 g (1:35, WWw, {KF4%0)
HEMM, 75 37°C, 95 v/min $#EIRIHIL 4 ho 4351
£ 0. 5. 20, 30. 90, 120, 240 min H} 1 mL,
FH 1 mol/L NaCO; ¥ pH ## = 7.0, Kfif, K5,
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B BF A RE SR AE 4 000xg FES 0> 20 min, FiETR
PRAEAE—20 °C IS Z G 10T . B TH AL A ) 4%
W1,

£1 BiHLERES

Tab.1 Preparation of artificial gastric digestive juice

ikGy AR/ (g/L)

composition mass concentration
NaHCO;, 84.0
NaCl 117.0
MgCl, 30.5
KClI 373
KH,PO, 68.0
(NH,4),CO4 48.0

L ARTHBRLASFONE  EdE
BN R R R AW LW R A
B 1 mL yH AW, N 0.4 mL B2 £ 28 wh ik (pH
8.0, 0.125 mol/L) J5, JA 0.4 mL 2.0% &fi =i,
WK 15 min, B EEEG, EAZ 10mL,
FE 570 nm AL E WOGRE . R L-5E 2 R bn o th 42
PR R ey o
1.4 #IES

A B Y o 3 IRE R I E, 45 R TR
X +s. > IBM SPSS Statistics 25.0 5 {F ¥E 47
Bl #r, 25 SR Duncan (K5, R Ori-
gin 2019 K HER

2 4R

2.1 TG MEAEEPREENTK

ZRME , ARSI B AR P B R Rk
F£°4 0.89 mmol/L. TG Mg fbid fEr, HAEEK
WA HEFE BE Q1] 1 B, BlE TG i Ak B 18] 1)
R, SRHEREEE R TS R R FEm
BB R 30 min B, SCERFRBERA, A3 61.21%,
{8 Bt 25 A AL I 1] 4 2 60 min, SRR IF A
ek BT, HEBFH2ESR (P>0.05),

2.2 TG EENISEFRIGEENTL

BE % TG B A £k i fa) A 38, 28 11 R R 5
FE B K. AL T R I8 F] 60 min J5, BEAK
SR FE IR K, {HI0# 30 min 5 60 min BYEEIHE
i 2 B A B 3 AR AL (P>0.05), fEAH# 1L 30 min
B, R M o A R AL A B T 186.68%
(% 2).
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Fig. 1 Changes of cross-linking extent during TG catalysis

Different lowercase letters superscripts mean significant differences
(P<0.05), the same below

23 TG EEREEPEFHNTHL

TG B fbid fEp, L', o' B FIHERNAZL
gk 2 R, AL ESRMEZE N TE R .
MERMa . b, LFAEEZR TGS, H
FE G A AR I 35 22 5 (P<0.05), 7E 60 min i}, L’
BT BEE 2 B3N T 5.37% F1 5.30%.

2.4 TG BT IE RS K N

Bl AT R IR, ZEZ PR . Rk i
Wi (& 3), BUE LA E AR E 2 I R .
WUBREF 4 35 (s B 4 e TG B &
U8 TS 245 11%) T th T8 B[] 208 i L RT3 b 0 7 ¥
B (K 4), Wk 3l LIAHE, & TG BT,
BERCRERR Y Topy Toyy Top Ml Ty ABAT FTREAG . fiE
WUR LT 2 8 U FE TG B Al i 2 A v, A e 1Y)
J 5% P AR O R R DL IE] 5, Hodh g fnar (o
SN F R TR S T, BEE TG
MRS ] A 38 0, 206 X R A TR R i, v T
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Fig. 2 Changes of gel strength during TG catalysis

BERERAKC  ZF 30 min B 55 B THI4
2.5 TG EELIIEFRIEMMNERNTL

FENNFA 0 min B, TG BEAE LAY HE A BE R
an LRI R, BRI S SRR, B AN
FIFLIRA . B TG B AR R () RE K, B 1 4%
SEM WA ECE, LW AR SR, ARfR T
N ERE] (E 6).

2.6 TG B IZRRIRAINELRT K

TE BT AL ] (0~90 min) N, & FBERE Y
THAL R 5%, Bl TH AL E] Y (90~120 min) #F
— e, AR RN B T AR Y
FFEEI TN (120~240 min), fEALETTE] 4 0~30 min fY
PR T Ak i S e R Y O e A O T 440
mmol/L, 7EH fL A ] 4%3 4 h, 0~30 min A9 4
BEC i 1 A 2 5 B Ak T— 3, MifiEfk 60 min
1) BB RS A it T A 1 T 5 R 5 5 H 4K 90 min
A 225 (B 7).

F2 TEZHEKETET TG BEN SR PR BIFNTL
Tab.2 Changes of gel color during TG catalysis at different cross-linking time

el

gel color 0 min 15 min 30 min 60 min
L 79.63+1.19° 81.20+0.13" 82.36+0.50™ 83.91+1.17°
a —2.60+1.87° —2.12+0.06" —2.05+0.48" —1.75+1.86"
b —0.26+1.89" 1.40+0.10" 1.58+0.26™ 2.16+1.85"
HE 79.45+1.92° 81.02+0.12" 82.16+0.40™ 83.66+1.91°
whiteness

Ve TR NG F R RS (P<0.05)

Notes: different superscripts lowercase letters in the same line mean significant differences (P<0.05)
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00 284K cooking loss 25 - )
B3 $K ) water-holdi i —=— O min
90 ~ F 7 water-holding capacity _ 9 e 15min
80 | AB _é_ fIE_ 80 20 —a— 30 min
B — 2 T —— 60 min
0F B w a L H70 3
=g 60t AL T He o & 3 15
s b é o mE 2
K50 + {50 5 e = 2
X = -R £ I s,
%{E:' Z 40 H40 ¥ 5 g 0
£ 8 30 130 2 ©
®E S D
20 H 20 < 5
10 {10 F
0 0 0 ¢
0 15 30 60 001 01 1 10 100 1000 10000

fEALIN []/min
cross-linking time

B3 TGEEAIEDEFREIRFKNNEN
ANFERE FERRFFK I Z 7 L (P<0.05), TFENEFEAR
AREBURZEREE (P<0.05)

Fig. 3 Changes of cooking loss and water-holding

capacity during TG catalysis

Different capital letters represented significant difference in water-hold-

ing capacity (P<0.05), and different lowercase letters represented signi-

ficant difference in cooking loss (P<0.05)

3 W

31 TG EEHXIREPRZHEENTK

1E TG B b B, W= R 2 N IR,
W UL SN B R R R e Y FL R R R TG

5t ¥4 B [8] /ms

relaxation time
B4 TG EELITIZFHIIERE (T HEK
Fig. 4 Changes of relaxation time (T,) during

TG catalysis

SEWR Sy R BN SR IR FE AR A A S TR AR AL
AR, TG W A = R SRS S
(G o = B 5108 e B 1 -5 N ]
FEAR T iF B AL & i, SRR BE S KM, ik
N@mmmﬁmmm%ﬁ%#&Z@&ﬁﬁ%ﬁ
5t (P>0.05), X2 TR 48 B b iy 4 2 it
e Ff R i, LM EEARE—E A, I
W, U ZT 4 2 155 A 1) S8 Bk 3 AN B A AT ] 1)
FIEK 11T TG PR A M3 K

Fz 3 TG BRI FER I TRATE (T, BT

Tab.3 Changes of relaxation time (T,) during TG catalysis

AZII [A]/min

cross-linking time Ta T T Tas
0 1.72+0.32" 23.41+7.22° 947.64+239.42° 2 159.45+691.04°
15 2.56+1.76" 9.15+0.18" 652.94+94.19" 1077.08£149.61®
30 0.63+0.03" 7.1542.18° 700.76+51.12* 891.98+54.03°
60 0.66:+0.32° 7.66+1.73° 376.17+49.47° 1 119.23+£53.06™

e F—FIAR /NG FBARE 7 5 .35 (P<0.05)

Notes: different lowercase letters on the same column superscripts mean significant differences (P<0.05)

15 min

E5 TG EERIEFKI A RHARE
W (5 5 M G5 MREIOK SRR KNS

Fig. 5 Pseudo color map of water distribution during TG catalysis
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DAl
pseudo color value
250

200
150
100
50
0
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The blue signal and the red signal represent low and high moisture signals, respectively
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s 40.0 um
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Fig. 6 Changes of microstructure during TG catalysis

(a) 0 min, (b) 15 min, (c) 30 min, (d) 60 min
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Fig. 7 Changes of gel gastric juice during TG catalysis

3.2 TG EgERIREFERGEE T L

R B SO T A R R AR RE Sy, AR
A B T it BRE I AR ) T B AR o BRI E A R A
SEARWANE . AT EEH DTN
A K", TG MU R 2R P A AR 30 5K,
(A 5 P BRI IO 4 5 FE 0, T B 85 T 2
G 11 5 Jsg i U, A B U AR R e, LA
gYEEnghgefe . £k, e ="110%.
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TG i fo 15 6 P S AL O T (45 °C) — 8L, 7F
WIERE T, BA SRS 465 L5 KA
fb, B-efa e - o WA, JCRLIU L
BT FEREE L R, BT B Ho R
EEMMEHR,
33 TG M Z R aEFENTL

e B8 1l b €L PR AR A BE A R I 1Y 9% 2 T SR K
B o M EARIN, ULV TG B 155 e B
@ar . WA, L. AR R T
TEM#GEFEh, BEE TG B AL ] B iE K, %
LI £F 4 25 58 I (0 2 [ 540 28 T A8, TR
HURMMLE, SRR T XHERY R,

34 TG BENIIEFERRIFKMENT L

Rk PE iR f dE F A5 5 K OB A K I RE ) 5
R TR R4 N 7R A1 B 20 WK BE S DI AR 1 45 5 50
il 47 15 BRI ) 2 45 K v 2 ARSI FE AR AR
Rk 1 B0l I IR st B 1) 2548 ARk BA TG
AL AR, WU AT 2 3 P BRI 5 K M 1 A2 Tl
oo R, FWEIER TG ML
T I HE R B 9 45 A B TR A S 2 K

R RG] LS et TG S-S 19 LR
EAR RN 3 FE P 7 ez | A E D AT P
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KAERVK SRS RS, T, &, —
B2 GHER ., Ty Ty (0.1~10 ms) F/R AR
5 T A R o 2 I M SR AT AR 25 5 1 B2 K
I 5 B ST R R AN RS K
Ty, (10~300 ms) & 75 75 L 2T 4E 25 1 3 i 90 2%
ARG Bk, R e i B B K 53
T3 (300~1 000 ms) 37 7E £ [ 5E K W 25 4548 2 4b
AT AT H oK . TG B bl fedr, &
FIEE IS P28 T 17K R EE SR sl /N, iz g5 R S
ARG B WE Y — 8. X REE O TG il &
POF RN, BRI T A K A B0 I ) 24 T 4 45 T
g, X 5ERRAK MR-, BT
RARAE WU 2T 24 28 1158 9 2 v (8 KR By A4 4y
R R, IR RK 134N . 76 TG
Tt AR, A BOR R 22 (4 7K 534 6 G 1) 245 i o
aff, X5 LRI ] S5 R — 20, HEE
& TG Wi AL sf (B A Ak 223G I, e o4 B2 A T
FUR FIT T R o 3] RE A A Ay a4 Isf 1) g A Ak 2 AefE
T8 H DU A RREL e IT, NN BUZ A R 4 A1
7R IR

3.5 TG Bkt 2P R MM AT L

HLBE IR THRGTAE TG B ALt Rt oy, fi
JUIET 4k £ 1 R — 45 0 28 OV 2 1 Y A A AL AR o
TE A5 CCHE T, HHBEI MY RIT, FEk
M, (et T T HEREUKA AR, 7 TG
Pl SR B ISE I B T B L BT G 0 4% A A
1E TG ML ISR S, TR T 2 iR
B e, fedt T AR BT X
AR B 5 B I SR BE R K M A AR R — B

3.6 TG EBELIIEPRREINEHREN

PRAMELE S B A R, SRR AR
J et B A AR AL, (AT DL e B A EE T A
i TR s SR AR B B A 2 . 0~90 min,
1 TG R i B b, iR 5 4 2 e IR 1ok
Jie S AR S UK, SR 2R R AR sc R, AR
WahiG, sCHREERRTE, B BERE M 45 25 (W] 45 4 22
R, (455 & A HAE AU B TR,
ZEahimib, AR D, 4L 60 min
M EERC TG, LR & B & T 30 min AYRE A,
X AT RE A T ARG AR, A R] ) Pk
S (DU RS R I, BB ELZNEE
P45 A 25 . 90~120 min, LG 2F 4 25 11 5E R
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FERMEIAEE T 25 M S5 M R IT, B iR Ry B &
FIRGZS AL, el T 8 8 R A . Pk
60 min Y ¥%EIEFESTH AL 4 h )5 IR LR & FE 5
& 120 min B BCA 25 57 03X AT RS HR 2L 1 FAAb B
AR A 7 A A P RS S MBI IR, &Ry
QAR , BIREIR S 2 TR, 1k 30 min
K 60 min FYEERCEE A 2s IS5/ B, (1 HEA
fitf JC I 25 4 B B I AH DG 5™, T AL e i &
fiXF 0 min & 15 min BY&EENL . 7F 120~240 min A,
A WUR L4 (H B 28 B B A KR, I,
A 3 P SCIR B ) A R T 1 1 ) T A

4 Z5ig

TG [ T BE LT 2F 48 8 sk R, 52
WRRE . BERCIRAL . RRKME R RS (P<0.05), H
F T S5O BE L X 25 2 AL AR T 8 R 114 Al
MR, FEH R EREEN 90 min 5, B HEEK S5
PR, THALRGETHEC IR, 23 5 B
AR ARSI, AT A SR (] 7E 4 = L
ZT 24 3 1B R 1A B I R 4[] I AN 23 B mi L A
P, 0T S £ B i it B BE IR R R RS SR (A —
SE S H M.

(3 7 B A UL 52 P s A2 B Al 25 8 &)
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Gel properties changes of myofibrillar protein of silver carp
(Hypophthalmichthys molitrix) in the process of TG catalysis

FENG Qian', PEINuo', SUNJic', JIANG Xin',
MIAO Siwei ', JIANG Qingging ', SHI Wenzheng "**

(1. College of Food Sciences and Technology, Shanghai Ocean University, Shanghai 201306, China,
2. National Research and Development Center for Processing Technology of
Freshwater Aquatic Products (Shanghai), Shanghai 201306, China)

Abstract: In recent years, with the improvement of production and living needs, surimi products as a product of
intensive processing, production and consumption are gradually increasing. Silver carp (Hypophthalmichthys
molitrix) is low in price and large in output. But because of the existence of endogenous protease, it will lead to
low gel strength and poor texture characteristics, and therefore the utilization rate of fish is not high. Improving
production value and promoting its high value utilization has become a research hotspot. Transglutaminase (TG) is
involved in the catalytic protein cross-linking reaction that improves the breaking force, hardness and water hold-
ing capacity of surimi products. However, with the increase of cross-linking degree of the product, the digestibility
showed a downward trend, which was difficult to digest. In order to explore the changes of gel properties of silver
carp myofibrillar protein during TG catalysis, further enhance the characteristics and nutritional value of silver
carp surimi products, in this paper, myofibrillar protein (MP) of silver carp was catalyzed by TG for different time
periods (0, 15, 30 and 60 min). The cross-linking extent, gel strength, whiteness, water-holding capacity, micro-
structure and digestive characteristic changes were analyzed to investigate the effect of TG on its gel properties and
digestibility. The experiment results showed that the cross-linking extent of MP gel significantly increased after
TG-induced protein gelling (P<0.05). At 30 min, the crosslinking degree was the highest, reaching 61.21%. The
gel strength of protein increased by 186.68% compared with that of non catalyzed group. In the process of TG
catalysis, the whiteness and water-holding capacity increased with the prolonged crosslinking time. At 60 min, the
L" and whiteness value increased by 5.37% and 5.30% respectively. Scanning electron microscope (SEM) analysis
showed that the pore size of the gel network structure became smaller and denser. Under the catalytic time of 30
min, the cross-linking extent, whiteness and water-holding capacity significantly increased (P<0.05), and the relax-
ation time T,, significantly decreased (P<0.05). The TG-induced MP gel had a low degree of hydrolysis in the ini-
tial stage of digestion, because the cross-linking extent increased and the protein network structure became denser
and denser, which reduced the accessibility of pepsin to its hydrolysis site. After the digestion time reached 90
min, the protein network was destroyed and the hydrolysis rate increased significantly. These results suggested that
appropriate crosslinking time can help to improve the gel properties of protein gels. This study provides an experi-
mental basis for improving the quality and digestive characteristics of fish products by TG.

Key words: Hypophthalmichthys molitrix; transglutaminase; myofibrillary protein; in vitro digestion; gel
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