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(1. @R AR TR M 1210135 2. STMR2EERE 5 & W RSB 5tFH 550025)

1 O NRARME RGN (precision feedback microwave heating, PFMH) % 4 28 i LR 7 4 5 A 3L R PE 152
W, RS R AR AR O AT R, I UARGKBINBE NS IR, D PFMH AN [R)EFE RN A 18] R LR £F
PRAMIMEE . RGN %A KA. #Feoeth. B EIKERE . RIS @ BSR4 H A
o GEHREREH, SXIHEZHAALE, PFMH 7E 85 °C A& | min ENURA 48 L AR IR e T 129.41% F152.51%,
RIIETE 2 PR, RIMGERY TR, R =REWRE T ZRPAMERME RER, PFMH A1)
WURLF 4R A RIBRRIRE (T RET 13.65%, 1BAE (AHD FBRIKT 93.02%, & THURG4EER A GaEN, ik
LR £ 4 B A I AR VR BR R RIAS, 58 i vk B A T J1 BB R B, 85 °C In#d 1| min A3 R FHLUR 47 4 & (A R TT
TE R BB M B 5K ALZAE ] 145 AR, 42 85 °C ¥k 1 min J5, A BEER MO B ACH BLAE LA —hisd & | B 2
Whn (P<0.05), sk T WURTYEE ARSECRIRE . 28 LFTE, %7 AT A PEMH BEATE fh BE & hn v i B 2
Mg S,
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BA Wk ge &7 A REVEYEE 3, BSEAEEN
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P cAO P g REW, HAKBIMAML, %
MR RE NS 2 25 3G o LR SR 4 R R LA 1 SR 2
HAKE AR R AR . Bh4h, FU S a5t kB,
5K m#HAE L, R A o] DL 35 0 1) 5 s A By
BREHBERSG, HIERRE B M S EINa T .
FENG 25UV (R 70 R B0, o i i 7 ARt LR R A
NG SRR A K IR A, FRAK T S si i, et
TR, e T RARG R ENE. WANG &
(I T4 SRR B, S N #mT DL R B 40 23 2 1 k)
MPs Bt FIBEfEAE R . B AT, SR A 4 5 e —
R A Ao 77 2, BARE AR T oK, (HI
EREER. BEARGES . CAO &P T e 45 R,
AR EEZK I, T IS K AT, TR S
i1 JBE T B0 AN K o LT OV SR T sl S0 A D Ik
Xt &4 mlUR A4 E A, 250K W, A
FUGE BR RN B R ) S RAT N AR R AR E T 1 B
Mo i T B — R A . SR, XSS T IEHAAAE LA
B PR KHE RS 1)

¥ 1 S o in #4 (precision feedback microwave
heating, PFMH) & 7E T I A Al b, @ o S i
TPRE A EBIREE X I A AT RS HE R 4%, MR E R
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K BIFUE AR, SCIU PRAR B BORS E S iR #v. nk
IR R 7 BE RSB BOIN AT 75 IR A ORI R], B AT
HEIPAT I iE . SESMBNAAH ., PFMH £0R
AT A S B BEORS ¢4 P b0 AR 5 S i BE A o, BE A i
eSS EI, AT RLgR A N T, SR m iR
A ARGV, I Fd AR AR S RLAS [R]RE A R
o 5EG0KIBMARMEL, PEMH Mg s T a4k
BERIBER SR, R ER N R AR R g S
& B, MITIAEHE 1 B A O 45 1 B SO PR 2 3 5 7y
A M. BRI, H G G ST H0E PFMH AL EEXE
&2 MPs BALRFIER S . R, AHF5R H PFMH
< B UR A 48 A AT I, R HON 2t LR
YRR RIEBKYE. ROGMREL . SRAMR AN
1 BERER A A AR P RIS . R Z2 R AR R RGE
(differential scanning calorimetry, DSC) 44T PFMH %
WUR 24t B AR e VERI S, JRE5 & KA 1 ) 2
TUBEAIT 78 HooH LR 27 4k 3 FUR SRR B e . ARBE T 5
FE4 PFMH B AR f1 B ] ity rv 10 82 FH (k2 A 30 A1 4
AR

1 ARSI

1.1 MRS

S E T Il AR AR, RED
200 g, JF-20 C vk

WA BN, EIRE . AEL . JRER. TR
TEMN. FUKBIERET . SN A Al TR
RIMEERFIE R A mkaFIE . 5D Wik gkl
BT 245 ) 1% 85 4 Marker, JEEZRE T RHABRA A
T IR AR R SN (sodium dodecyl sulfate, SDS) . S-3i
FORE, RigE AR R AR AR SDS A
MYk BRI, db R E B BEMEAREGRAF; 4
Mg AE A, RETRELRFERAR .
1.2 XHFEE

FA-1004 L7 R°F, LHilgskFE PR A R A
H]; Biofuge Stratos & 2\ A# B0, 3 E Thermo A Hl;
HH-4 $ 28 E KB, HINEEEISARAR; FSH-
2A TR RIS AL, BN T B PR A F s RS R
o A B, s T R A AR B UV-2 550 %
AR YT, BEAES (RN HBR AT F-7000
KA HHAE, HILEHFARAF,; Mini Protean 3
WAX, ZEE Bio-Rad A ]; DSCQ2000 %7 3 HX,
FH TA AF]; XE-70 i+ /1 88E, #E Park Systems.
1.3 RWHE
1.3.1 WURH 4% & 6938

22 ML TR ERIE B K4 2R MK i
% 30 min J5 BB EULA, 5 4 (AR F R BERR £ 2% vl
(pHH N 7.5, BE/RIKFEN 20 mmol/L, F[ED JBEH
5], T#E 12 000 r/min B3 BHL ¥ 3 min, 4 °C
7500 r/min &0 15 min, EH G, HE EREIER
Wa, BURE—IRTEYS 4 4481 NaCl (0.1 mol/L)

AR A, [F R FABE O B0 FUTEY N
A 6 EARFLRIE 0.1 mol/L 1] NaCl B R #h 2 i,
Y FEALLL 12 000 t/min )5 3 min, AN EZ A EIE)S,
JEWRAE 4 °C 8 000 r/min [ 25 1F R B0 15 min, 5T
B NIRRT A, 4 °C KA & .

132 LR & G # e e 4 &

FHRERR ER 22 M (£ 0.1 mol/L NaCl) 5 UL 4T 4
EAHWRE RN 60 mg/mL, BT EOEF, 3TN
feakae. o, AR GFIRD 248 40 C nk
30min (—Bt), 90 C f# 20 min ( —E%); PFMH fil
PHIEAE Hy: 40 °C Ik 7 min (FOREGAAE D, BE SN
IR FEFIIT A2 80 °C 2l in# 2. 3 1 4 min, 85 C &
AM#F 1. 2 F 3 min. LA A 90 °C Z3 Al hn#k 15, 30 #
455 (LLRfEIFRN SgoAs SgoB+ SgeCn SgsAs SgsB. SgsC-
SoAs SeoB+ SeC) s THIEINE 5 W/g, MMIMTERSE, R
HWHUKOKAE, F 4 °C ok 120, .

1.3.3 BAENZ

S RCE S TR R . IR B SR v
TR LR 27 4 B8 (VR P R N 3 mg/mL. PLZR RN =
H, SRJGAE 340 nm ZWERSGAE, PARERIOBER R
TP
1.3.4 FEFARMERZ

RIS (TR . BRI
MIREA4EEABEHR 1mL 5 02mL EE % (1 mg/mL)
WIRR A )G EE 10 min, 4 ‘C. 3 138 r/min 15 F &0
15 min 54 FIGWFRE 10 5, SREAE 595 nm A4 2
WLHEAE o DABEIR £h 2% M R+0.2 mL Y5 W5 h 2% (0 R

CBPB:2OO><M (D
Ay
K Copp NIRMELE AR, ngs Asp MR ELZ PP
W+0.2 mL VR Y W T WRO6 B s Ao W LR 2F 4 25 1V
+0.2 mL VR R
1.3.5  RAIRE AR S FOR M 5

D¢ IE IR M E 2% TR E ) 17 R R R B .
KD 6 eI E, R Eh % iR B R
FikER | mg/mL. WE KM BRI 280 nm, HRiEdy
910 nm, KFFEKFHERE 310~400 nm, REBUEH 2.

S ARSI 5 25 RNR AT SO (0 v RS PRI
RSN LI G EE T, BUER RN 1 mg/mL
R AW 3 mL, BEER SR 2B XTI, 7R3 K 200~
400 nm [X [A] P4 94543 2 LM SO B .

1.3.6 #A&E HHH (DSC)

22 LIS 07k 3R e B 2. FREZ) 6 mg &R [
MR B TEAAR S, [FIE PLAS [ R e oy e . il
ZERF B H R A RS (ARD o TS
WIHGIETE 20 'C, FHEHEZ 10 C/min, £ 1LIEE 90 C.
1.3.7 + 2 K s Bk 4h 3K R s B AR 8% K & 9k ( sodium
dodecyl sulphate-polyacrylamide gel electrophoresis, SDS-
PAGE)

SHEATIGE MRS W2 g BEABR
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W5 18 mL 5% (w/v) T+ R IREN (SDS) IR
&, 7E 13 000 r/min 2514 T 45 2 min J57E 85 °C /KIG N
1 he #J5 7 843 r/min &0 15 min, WE LER. ¥
FIEW R A UK RN 2 mg/mL, LA 1:4 (FE
R IRA . BRETE 95 C KN 20 min,
HLKAE ) 12% 2> BRI AN 5% HIMR4EIR, HikisiT 330
80V, 40min; 120V, 80min. HLIKZEH )G, HH DL
TLUE R250 YRl gLt 15 min, fieJa 4K 2 h, ik
Je WIRE R LRI 7K AR ORAT
1.3.8 ALK 5 E

S THIBE BT UIE S, KR A AT
WA 20 pg/mL, ¥ 6 uL BRI L, ElRE
W E R T ST KYE 3 KAV R k. (FH R
T H RTINS, M Gwyddion BAF BT R 71
W% (atomic force microscope, AFM) K Jy .
1.3.9 fbFAEAER Hmlz

S22 XS [ TR ER RIS . BRI I B2 1F
b B S I fR BE SRR 2 g, 5 18 mL Y 0.05 mol/L
NaCl C A) . 0.6mol/L NaCl ( B) . 0.6 mol/L NaCl +
1.5mol/L JE & (C), 0.6mol/L NaCl+8.0 mol/L J& &
(D), 0.6 mol/L NaCl+8.0 mol/L+ 0.05 mol/L g-5% % £
fE (E), JBAHF (10000 r/min, 2min), #RJ57E 4 C
M 1h, 10000 r/min F 550> 10 min, & Bradford
HilE EERTPEARE. STERSE. SETE. ®
A EAEF B —migg s & i H =k (2 ~ (5) fir.

L=Cs—C, 2
0=Cc—Cs (3
S=Cp—C¢ 4
E=C—Cp 5

X Cov Cye Con Cpa Ce 239N AL By C. D EW
WHREARIKE, ol LABTHEE, gl; 0 NA
HEE, o/Ls S ABUKMESEM, ¢/Ls E R"h#EE, ¢/L.
1.3.10 ZkEae

KH SPSS22.0 #4775 2 43 1 #1 Duncan & 5% 73 #7
K H Origin2023 A AT HIR 4 . FrA IR EE 3 X,
SE R RN N TIIE + bR ZE o

2 HEROETHE

2.1 MAFRNELEHRFLEEDRENEN
s = oS e sp = S b AL TR = by NV NP 1
W RABUE AR RERED, BEAREESSEH
T HP BT ORE ) B AR K, AT AR R AR R A P
P LA, SXFREALA L, PEMH (LR 21 4k 2 1 ik
FELE SgoB Al SgoC+ SgsA+ SeoA I FE R E (P <0.05)
TR, UEHH PRFMH AT DS i L 41 4 2 11 1) SR 4R
FEFE . PFMH AL 3 (1 LR £ 4E & 1 i BEAE 80 C hnFAs
I 55 B T P S K 3ok P R S T v i BRI A . SR

HAHLL, PFMH 7E SgA FINLR T 48 A ik, A
0.78, FHELXTHEZH (0.34) &/ T 129.41%, KB PFMH
AEFRTE SesA B 2Bk 2R IR S5 M RETT, B8R B 2 50 Ik
{7 f5.. PFMH AbHAE 90 ‘C ALHERT S B i BE A T 46 HE 2,
SeoA TUAH I, X AT BEJE RN E 1 BRI 4R, TR AR
KB EMAEFUTRESEMP. CAO 250 (1m0 th & B 24
R IR FEIAE] 90 °C I, WIBRE A 2T & 5 B
Rk

1.0
0.8 <
D(:? 0.6
=l
53 ; :
2 04 of d ef de
o g
0.2
Cj&'%&vgv%ﬁ?%g %{-Xv %:3) %Qg’ %q?%ng’%qg
Iy =

Heating methods

H: CKNXTIRAL GRKIBINHD : SgAs SgoBs SgoC 4154 80 °C Hlis i #4
#2037 4min; SgA. SgB. SgC 43 H 85 C B M#A 1. 2. 3 min;
SeoA~ SeB SeeC 7374 90 C TN 15, 30, 45s. AF/NEFRERIR
REMAT R EEEER (P<0.05), FH.

Note: CK is the control group (water bath heating); SgA, SgB, and SgC
represent microwave heating at 80 ‘C for 2, 3, 4 min, respectively; SgsA, SgsB,
and SgsC represent microwave heating at 85 C for 1, 2, 3 min, respectively;
SeA, SgoB, and S,C represent microwave heating at 90 C for 15, 30, 45,
respectively. Distinct lowercase letters signify that there are statistically
significant differences among various heating methods. (P < 0.05), the same
below.

B 1 ey KT e A NUR L H &G RE M
Fig.l Effects of heating methods on the turbidity of myofibrillar
proteins (MPs) in Nemipterus virgatus

22 MHAAFRAMNELEREFLEEBREHK M

T B M 2 RAE R AR MR B E R bR . R
ARBUKA S RBENEZ, SRS 5RMES &, K2
BT T FO0 4 2t L 2 4 B SR T K 1 1 R
M. SHXHHEZLAEL, PFMH 7E SgeA SgsAs SgsBo SgsCa
SeoA SeoB Fl SooC IR 15 45 A B m T AR (P <
0.05), KIFNEL4E AT ERIT, HREEmIE
Wtk R IR, MImMEEt TEARKNAER. X5 cAo &P
(IR T 45 TAHAL. PEMH 7E Sg,C I ¥ I 5 &5 A & 12 35K
TXHE4 (P <0.05), FE] PFMH 7E k264 T LR £F
HEAMZBHFEE DT XA, R PFMH /£
80 °C B[] n 4 X WL £ 4 i (1 44 G 1 o s B A )
YEFAY), PEMH AbFE () LR 2T 45 85 FA7E Sgon Sgs AT Sop 25
R, BN E R, SR A S 2 IRWRAK, X ]
REAE BT A (A 2 K 5 3508 B K BE A 2 iR, b 4
R A B EE AR, A8 1 B 7K B 22 1T RE A RN
REMNE, T SBEEEBUKEE TP, thah, S5xiE
AHEL, PFMH 7E Sg,A HHRIEZS G 8K (177.45 ug),
FHEEXREZH (11635 pg) 2 1 52.51%, XAlpes HAL
JR LT 4k 5 (A IR E A kU
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Heating methods

B2 oy Kata & e NR T &G A TmBEARLN A
Fig.2 Effects of heating methods on the surface hydrophobicity of
MPs in Nemipterus virgatus

23 MHBFAMNE L& ERTHEEBRARBEEING
g A

BAS T OEER. BB B BT A 7
AU, MR PN 295 nm I, R A
iR N. ik, & A FEEIE & — R b
RA R R 7 ERS, B 3 B T AR R
Xof 4 2 L AF 4 8 (A PN YR G BRFE RS . 556 R
Et, PFMH 7E SgC+ SgsA+ SgsBo SgsCe SooAs SeoB Fll SgoC
AR G BRE TP, TN SgoA FI SgoB I 5 G R B T
F W] PFMH AbFERESS 5] &8 A M R R 481k . PFMH
7E SgA F1 SgB B9 6 R = T xR, ] e & PFMH 7
80 “C i Fief [ &b B Fof 2 5 35— L € B R Bk 56 ol (1L UL R
FUEERAD TP, AL, SeA MR IEHRE T M W &,
XRPEMFM T ORRRIERE TR KL RN, 7ThE
JE A PFMH Ab 35 808 1 41 18] i 7K AH LA 38
kM b T PR S A AR ER D TR A& R
JFEK, FEEH T HIDEE FRIEEP,

—CK

4000

3000 [

2000 [

OB

Fluorescence intensity/a.u.

1000

0 | |
300 350 400 450

W K

Wave length/nm

B3 Ay Xxt @& ANURS % &G RARZ R
Fig.3 Effects of heating methods on the fluorescence intensity of
MPs in Nemipterus virgatus

LRANGIE & RAL B A B = R S5 —Fhews B 7
%, EE T AR SRR IR IAE 280 nm
B A7 AE 0, P 4 AT, BT BE L AE 280 nm A
HEARKE, WSS ERARREEGE XY, S5
WEAHEL, PEFMH AL FRZE SgoA. SgoB+ SgoC- SgsA. SgsB-
SgsC FH SooA I £F 4 T 11 58 AIMRRAIE e 5 B P 384 0 o
XKEWT PFMH IN#VEIF THEZ I EERE R, #iE T

RS ERIL. Hrh SeA IS SN IG S8 ey, W]
BESE T PFMH 7F SgA B 5 £ (55 F iR A R R &2
FTHEARIM. 28, 7E SeB 1 SoC B L4 1H 5
PFMH (Al & A EL I B RS, ATRER ™Y TERE
VIR 1 5 SRR M 5 75 i S 5 B B 56 3 4 g 1,
[FIFEHL, ZHANG 20 5 LER & A 0 fe th & Bl i i 4
SR SMRIESE N FF

—CK SgsB

SgA —— SC

1.0 —SgB —— SgA
S5 C SeB

— SgsA SeC

0.8 |

Wi S
Absorbance

240 260 280 300 320 340 360
Bk
Wave length/nm

B4 Jnihoy Xata&K G NUR L 4hE  FINBORE B h
Fig.4 Effects of heating methods on the ultraviolet abstorbance of
MPs in Nemipterus virgatus

24 MHRAFRNELEHEFHEEBRREENEN
T, fH (BRI iR 7 R A AR MR i, T
AH G2 REAPVEERFRRGE, Rt 7 RENE
Y, S EEAA L, PFMH AR S T (& T
XTHRA (2 1), FHW] PFMH ALFIR & T MPs 1938 M6
o T, M AH 5EAREIT AN MR 5+ FIEEHTILL
FRFER A AP, g 1 e, SxIRAA L,
PFMH 7 Sg;A FINUR A 45 A T, i KN 62.20 'C, Lk
XA (54.73 C) #7 T 13.65%, AHMELF XA
(0.43J/g) BEAK % 0.03J/g, BFAK T 93.02%, * ¥
PFMH 7 SgsA 724 7 R E KB H S WM 2 KR &
% . WANG 2P Fe th W3] T i Ab BRI 3% A
WUJE 27 45 8 1) AH A% . %5 B PR, PFMH 4bFEAE WS
REELmrh MPs [ E .

®1 MAGAMELEYRERAEEERREENZE

Table 1 Effects of heating methods on the thermal stability of
MPs in Nemipterus virgatus
Y. s . l
Heajg?l;gnjjefﬂtlods Heat?r?énc\:o%lfiqi:tions Lyc AHII'g")
Wat gﬁlgtjljluifating CK 5473£022°  0.43£0.02°
SeoA 59.36+4.87"  0.45£0.07°
SB 56.3040.54™  0.750.18"
SsC 55.49+2.48"  0.66£0.06"
SgsA 62.20£5.91°  0.03=0.01°
PFMH SgsB 57.09+1.94™  0.17+0.03%
SssC 62.061.14°  0.23+0.02%
SaoA 60.89+1.17"  0.24+0.01%
SeB 59.86+0.72  0.33+0.03"¢
SaC 62.10£1.17°  0.39+0.09™

W: PFMH ARSAER BB A, [ —48fsd, TRNSFERRERLE
(P<0.05), T {HAMBMIRE, AHNIEAAE, FIH.

Note: PFMH is precision feedback microwave heating, in the same indicator,

different lowercase letters indicate significant differences. (P < 0.05), T, value is the

degradation temperature, AH is the enthalpy change value, the same below.
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25 MAARNTELANESFEER SDS-PAGE I

SDS-PAGE P 1% 1J LA BN 3 Js e A Fi kb B 3 72 rp
RAMEMR. BEANZEP, hE s o, BREAR
o FELUIIERE A ESE (MHC, 180 kDa) FIULELE
1 (Actin, 48kDa) N¥, MHC 5 [ 5 4 4 45 # %
I SxFEREAHEL, PEMH Ab# 1 LG 45 4E 55 (A 7
SeA~ SgoB+ SgsA SgsB. SooB Fl So,C I HLER 5 (A H 5
ik, R P PFMH AbF )5 & A EE ) K AR
%, IS EE AR R AESE A2 e R B R,
[FET, WURZ4EE A Nsh & A &w A28, L
EATERDHRET —CRE . PFMH 42
7E SgoC SssC Fl SopA FIVLERH 1 B BE AR A 26 iy R IR
RUM#AE K EE miR s FREARSELE, 5T
FAF K. CONG 2P i 90 °C fuftk 1] & A P 4R 88 1y o
FEIUNIERE A, R I (R B n #4 5 DLER & E 1 2%
WA AMAR, SAB AR ok, HxRRAM
b, SesC Al SoA TE 25~35 kDa 4b Hi B 19387 46 i B 0. 55
W, RUIE A TR 448 5 A R A 1 PR AR A R 2 4
LIRS

TR

Molecular Marker CK SgA SgB SgC SgA SisB Marker SieC SpA SooB SoC
weight/kDa

- " q »ood
245 - s i Y- S O
180 . - - - Myosin heavy

1925 ;‘. == chain
63— ==

— - -— — aup e=d WahE A
48 - R Actin

VE: Marker & A5 4 T wE bR

Note: Marker is the standard of protein molecular weight.

B 5 ey XX a IR 4% & SDS-PAGE B1R69% R
Fig.5 Effects of heating methods on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) images of MPs in
Nemipterus virgatus

2.6 MAHAFRANELEHRALEEBRARROEND
AFM 1B —Ffrig ML O R AE T 5, mT F I 44
KRR B0 T AP, 5K n#oi
PFMH BN A e A A AR ERRE R A T B E
54k (B 6), PEMH 7E SgA LR £F 45 235 (1 5% /A
—H A E], SgB M EFES A E], SgC B
WUR 27 4 5 A 5y T RERBE R, HEABEHRED.
PFMH 7E SgsA (19 UL £F 4 85 (A 75 1 SR 4R F2 P B A8 K
RANRAWAHRIIG N, K] SgsA MR LT 4k H R A1k
Z (A B AZ Tk P W v o T i 3 BN 1) (19 38 1 SgsB AT SgsC 11
B ARBRIREIR, X AT e A R 9K B R A2 i R R
AR DR, AT H AR D) RE R
A EER . 76 90 'C AT, SeA Fl SeB & A
FRARA I KA 2 B Rk D, X2l TULERE AR E
T REMRZL, WIERE ARG OK, S8E

WA,

2.7 MAFRNEkE ERERCFHEEIER DM

TEARRINFATT AL E T, BEHE R b 24 A0 BAE F
JIHIARNER 2 Fron. SXTHEAHEL, PFMH i 72 5 & Fb
WHEMBAEH IS B M RZ BARENZER (P <0.05),
PFMH &b ¥ J5 55 +4 & /2>, nl e & K28 PFMH FH 1k
T ER AR 2 AR 4 2kt ILER R A T B R DL,
5 x4 AR t, PFMH 7E SgA A B & =& KN
3.06 g/L, LEXTIELL (2,67 g/L) 1 T 14.61%, FHH
IR R BT vy T 0T R AH . B KR LA FH AR 0 B R
2 AP i R A el U sz IO 4% 435 g 1100 5 A ) A1), PEMIHL Ak
S B g KA AR R B S RRZEAR LG, D2
1 SgsA B, F JBE Bt 1 B /K AH ELVE 3R &5 T 105.60%,
W 5m oA B . IX AT RE S R PEMH A B 5 /K 2 1] 1)
Fig, F, ERESERMLS RS, B EAEH
Weg, HXFHEAEL, PFMH AL B SgB SgCe SgsAs
SesC Al SeoA B BE & BB FH N (P <0.05), HTE
SesA B, it =g S T 97.80%, FHFE PFMH it
fr, BEERMAEEORP RS RE R, JhEd Rk
AR . CAO ST T T bt Rk B T LA st
A BKA EAE M RS Erm, RS
B AR RSN B R B, AT 520 AR
1RG5

B 6 An#hgy Xata & &R H& G RIS by % m
Fig.6 Effects of heating methods on the apparent morphology of

MPs in Nemipterus virgatus
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Table 2  Effects of heating methods on the chemical interaction

forces of surimi gel in Nemipterus virgatus g L™
In#oTR R BT RS E BUKMEEER AESE CREsE
Heating  Heating Ionic bond Hydrophobic = Hydrogen Disulfide
methods conditions  content interaction  bond content bond content
I N
Water-bath  CK ~ 1.04£0.46" 1.25£0.30°¢  2.67+0.20®  0.91%0.11°
heating
SpA  0.87+0.11%  0.87£0.23%"  2.91+0.30°  0.84+0.22°
SeB  0.94£0.31%  1.27£0.24%  2.03+0.42°¢  1.43+0.04™
SeC  0.33£0.02%  1.70£0.30°  1.50+0.35%  1.37+0.25°
SeA  0.56£0.12%¢  2.57+0.26°  3.06£0.15°  1.80+0.14°
PFMH SeB  0.55£0.26™¢  1.41x0.44™  0.59+0.06"  0.71x0.01°

SuC  0.51£0.10°%  1.49+0.31%  1.83£0.08°* 1.61+0.04™
SeeA  1.20£0.01°  1.19+0.13°  1.61£0.10°*  1.14+0.03¢
SeeB  0.15+0.02°  0.64£0.10°  2.36£0.53"™  0.86+0.07°
SeC  0.48+£0.08°°  0.68+0.10  1.16+0.50  0.31+0.01°
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feedback microwave heating, PFMH) X HEE AL 4r 14 H52
M, FEAFEILL TS5

1D S5 m#AH, PFMH 7E S A (85 °C, ik
ANE 1 min) N b BE AR TR KR B B (P<<0.05).
BEAh, SOGHREEREAC, SAMRUE ETF, W] PFMH 4t
FResf e NS A 4E 88 A i) = 2454 . /£ PFMH id /2,
B KA EAE P B8 ) & B B I (P<<0.05),
JBE UG I P FU A P R X 246 5 K 45 B 25 . 22 i A
% (differential scanning calorimetry, DSC) %% % B,
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Effects of precision feedback microwave heating on the physicochemical
properties of myofibrillar proteins in Nemipterus virgatus

LIN Yawen® , REN Wenyan', LIU Xuejie! , YI Shumin® , WANG Lei?, LI Jianrong® , LI Xuepeng'*

(1. College of Food Science and Engineering, Bohai University, Jinzhou 121013, China;
2. School of Liquor and Food Engineering, Guizhou University, Guiyang 550025, China)

Abstract: This study aims to explore the effects of precision feedback microwave heating (PFMH) on the physicochemical
properties of myofibrillar proteins (MPs) of Nemipterus virgatus. The MPs were collected from the Nemipterus virgatus as the
research subject. Traditional water bath heating (40 ‘C for 30 min, and 90 ‘C for 20 min) was taken as the control. A systematic
investigation was also made on the impacts of PFMH on the protein's turbidity, surface hydrophobicity, fluorescence intensity,
ultraviolet (UV) absorbance thermal stability, gel electrophoresis patterns, surface morphology, and surimi gel chemical
interactions under various temperatures and heating durations. Results showed that the turbidity and surface hydrophobicity of
MPs significantly increased after PFMH treatment, compared with the control group. Both increases also indicated protein
aggregation and denaturation, which were critical to understanding the variations in the internal structure of the protein.
Specifically, the turbidity of MPs reached 0.78 when heated under SgA conditions, which was an increase of 129.41%,
compared with the control group (0.34). Meanwhile, the surface hydrophobicity increased to 177.45 g, representing a 52.51%
increase, compared with the control group (116.35 ng). As such, the PFMH treatment altered the tertiary structure of the
protein. The lowest intensity of fluorescence was at SgsA, indicating that the PFMH treatment enhanced intermolecular
interactions within the protein. Specifically, the PFMH treatment led to the dynamic fluorescence quenching of protein
oxidative aggregates in the excited state, resulting in reduced fluorescence intensity. There was a higher fluorescence intensity
of myofibrillar protein treated with PFMH at low temperatures (80 °C for 2 and 3 min), compared with the control. The reason
was possibly that the rapid PFMH treatment caused some tryptophan residues to be buried within the MPs molecules.
Conversely, the UV absorbance exhibited an upward trend, indicating that the PFMH heating induced the conformational
changes in the protein structure. The exposure of more aromatic residues led to more effective UV light. Thermal stability was
assessed using differential scanning calorimetry (DSC). The results showed that the PFMH treatment significantly enhanced the
thermal stability of MPs. Furthermore, the degradation temperature (7;) of the MPs under SgsA conditions reached the
maximum of 62.20 C, an increase of 13.65%, compared with the control group (54.73 C). The enthalpy change (AH)
decreased from 0.43 J/g in the control group to 0.03 J/g, representing a 93.02% reduction. As such, the PFMH treatment
effectively prevented the thermal denaturation and degradation of MPs at elevated temperatures. Gel electrophoresis patterns
and atomic force microscopy (AFM) images further revealed the structural changes induced by PFMH treatment. The MPs also
unfolded to form a dense gel network structure under the SgsA condition. Additionally, the AFM images indicated that the size
of MPs aggregates increased, while the quantities decreased after PFMH treatment at 90 °C. Chemical interactions revealed that
the maximum content of hydrogen bond was 3.06 g/L after heating at SgsA conditions, which was 14.61% higher than that of
the control group (2.67 g/L). Meanwhile, the hydrophobic interactions and disulfide bonds increased by 105.60% and 97.80%,
respectively. However, the ionic bonds decreased after PFMH treatment, compared with the control group. The cross-linking
and aggregation of MPs were promoted to form a more stable and compact protein structure. In conclusion, these findings
demonstrated that the PFMH treatment significantly affected the physicochemical properties of MPs in Nemipterus virgatus.
The protein denaturation and aggregation also induced the structural changes to enhance the thermal stability and the formation
of dense gel networks. The heating processing of surimi products can also offer potential reference data for the future
application of PFMH technology.

Keywords: Nemipterus virgatus; myofibrillar proteins; physicochemical properties; precision feedback microwave heating
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