547 % 517 i Tl B Vol. 47 No. 17
2026 4 9 H Science and Technology of Food Industry Sep. 2026

TEWHE, SE500R, TREE, 55, kT i v fr 25 B2 2 MR AL I8 16 (0 I P UL 21 46 28 L FLABRRIE 0B (0], B0 Tl BHEL, 2026,
47(17): 131-140. doi: 10.13386/j.issn1002-0306.2025080220

WANG lJingjie, CHAI Jiale, XU Xinglian, et al. Analysis of the Emulsifying Properties of Water-soluble Myofibrillar Proteins Based
on Non-covalent Modification with High-charge Density Polysaccharides[J]. Science and Technology of Food Industry, 2026, 47(17):
131—-140. (in Chinese with English abstract). doi: 10.13386/j.issn1002-0306.2025080220

HT R e 3 SR B R e K

WURS 4R B3 ALttt

l£z$l:|:123 nb%{qﬂﬂ’. 4 $E123 ;;§£4,ﬂ %51,2,3,*
(1.ASR IR 5HTR R 4B T 5 LT, T hd % 211800;
2R RATIR A S TF B LT, T AR 211800;
3BT AR KRFERAI FIE, I dE R 211800;

4.7 RiBERAAREBATRNG], |~ R=i% 527400)

v

W EALHRT RARACTEESEFELEN SR ERTOILNERGHrh, FREBRTRRAREZR T AL
# &4 (Carboxymethyl cellulose, CMC) (BRAKEH 0.7, 0.9 = 1.2, oA g4k, +. rj‘%ffrf“ B) 5REIR
“ 4% G (Myofibrillar protein, MP) #E & G R-% 4L &4, ZASH T CMC EEM154F MP JLik &9 JLILH
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Abstract: This study investigated the effects of non-covalent modification of polysaccharides with different charge density
on the emulsifying properties of myofibrillar proteins (MP). Carboxymethyl cellulose (CMC) with degree of substitution
values of 0.7, 0.9, and 1.2 (correspond to low, medium, and high charge density) was selected to construct protein-polysac-
charide complexes with salt-free MP. The emulsification behavior, rheological characteristics, and stability of CMC-modi-
fied MP emulsions were systematically investigated. Results indicated that CMC significantly enhanced the emulsifying

activity of MP (P<0.05), with an emulsion activity index reaching 188.53%, representing a 3.83-fold increase. Furthermore,
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CMC also induced emulsion droplets to exhibit reduced size and narrower distribution. Rheological analysis revealed that

high charge density CMC enhanced the elastic and strain-resistant properties of the emulsions. Meanwhile, it strengthened

emulsion stability by increasing the apparent viscosity and critical strain levels while inhibiting protein aggregation. This

study offers a scientific approach to enhancing the emulsifying properties of MP in low-sodium systems. This approach lays

a foundation for the development of low-salt emulsion-based meat products and promoting the application of polysaccha-

rides in novel low-salt meat formulations.
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FLAL A S B g XU, CUEREE T R
S e, U RIS SR, WA T R
Z A2 DURLF4EEE 1 (Myofibrillar pro-
tein, MP ) 2% LAk PRI il i o et e s AR FH g S22
EE, H AR 50%~60%, 2 —FhEh s ohfE
HP, N Tad R v f 22 R =193 (0.6 mol/L)
(T AP R FEOL S AR E BRI, MR
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FAL S LA A SR I 2 G ER S, S X s (R Y
FLAL POt HA F i

WA R R BT 0 OB Sy, DRI ECRB A AL
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F AR R R AL RS e R, S el A ZLIAH LR
H-Z R G Wik RAERe i = T 3 4%, B0 fae
PERTIE 93%%, AypRtO WESE A FR B, S HS AT LA
(UL 48R B R K PR = 25.12%. 15E G5
il ENE A SR I Vs I A 7y e S R A e = I B e i 712 )
PRoKPE, RIBHRAL T 7K 5343 A0 BFE 38 T R
FaEtk.

W BT 42 (Carboxymethyl cellulose, CMC),
JE—FPLTYE R IR ISR R B2t Y, B
BEE . FEPRSEAER, g HFPFE &SI TA R, Jif
BT 2 B0, AN ) HaL 7y 285 B 3R FH JL T 4EZ N (CMC)
T EEFUU LT i8R 1 P et RN 3RS e M, e FLfeT
EE CMC LUREFRHAE ] 5 &M 455 T MP XK, i35
T MP MG EmHEFHFR e L 2 ghf, [T CMC ml 5
i MP FYB/K IR 553k | 85 alEr e+ ), 3F
THEFE MP 87K F35 R0, B CMC HL T2 B
FAIEE N, MP/CMC &2 -5 WA 7K 033 /e 5 Sl 2588,
1= B a7 5 B MP/CMC & & W #E TeEh 4 & b s f
BEIR B 55.47%, Hel s EA R T (0.6 mol/L NaCD 11y

KA FIRBTSEIE L RS E MP/CMC 254
S SEWEAR BT i Bk P oI T X i R R AR R
T T, AP ERAE THIAH CMC dE34rE
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A AAER, SR e ST L AR LA P S
BEE BT A R ROR B’ AR
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1.1 MREEE

XS . BRSO T R
HEZ I35 25 I (Bovine serum albumin, BSA) [V
PR BRON F]; $2 FR BT 4EZ 40 CMC (U 4
2 0.7.0.9. 1.2, 53 F ik 250 kDa, FRAGHCEE A
{57 43 %44 "4 LCMC, MCMC., HCMC) 3¢ [
Sigma-Aldrich 2 F]; 256 e 84 Fir A 1050 249 4 53
i,

SIM-F124 Hl7K#HL  HZA SANYO 22 Fl; GM200
Freedl  FEE Retsch 24 H); Shimadzu AUY 120 43
PRS- HAS S E S A); C-MAG HS4 % 14 HEL
Ultra Turrax T25 & 3 2] K AL it IKA 2y &
Avanti J-E B B0 32 [E Beckman Coulter 2 75
Fiveeasy 5 Z\ pH i1 2E [E Mettler 2\ H] ; Spectra
Max M2 FifiFRi¥  3&[E Molecular 4\ &) ; Mastersizer
3000 ORI AL FEE B /R SCAN F); Zetasizer Nano
ZS 90 Zeta HH iYL Malvern 4\ &) ; Scope
Al S R iEE  f5[E Carl Zeiss 45 BR 2N &l 5 Phys-
ical MCR 301 ZhZSFZZ{Y  BL L F] Anton Paar 2%
H]; Rheolaser Master #7728 . Turbiscan £ HGHEL
BHMY B Formulaction I’Union 2Y 5] o
1.2 SEWFYE
1.2.1 MP WF2EL R BRI XA R R 2 (4 °C)
R =D 12 h, MP fYERIEEH 2 /)77 1631
FEIeE, B RRRREAE 4 °C KA 3T, el
BN SR IR 708 . BARB IR
e UR 09 XS k) R 530 5 2= 180 AR W Fn 4 4 20 2, Yk
1 em® Ze A5 (/INEegTRE R PR BE (3000 r/min, 10 s), K
JITAS 1A JBE S5 AR HEER W (0.1 mol/L KC1, 20 mmol/L
K,HPO,/KH,PO,, 1 mmol/L EGTA F1 2 mmol/L
MgCl,) 3% 1:4 FeBlIREG (wiv), B TEVKIS IR &)
F£ (6700 r/min, 30 s) IR, ZRJ5 FHXUZZ AL 08, H
VEMETE 4 °C, 2000=g 7% T 5.0 10 min, WA T )=
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MP Vi€, A LIRS - i8-8 02D IR . Bl
B = EL D TS UTHES 0.1 mol/L KC13% 1:4 Lk
IR A (w/v) , 232 (6700 r/min, 30 s) PR FIXUZE
2EA Tk, BHIEMRTE 4 °C, 2000 g 5% 250 10 min,
WAEDTTE R EE DRI - iE- B0 B —k . i
JE RIS ULHE S oK% 1:4 HLBREG (wiv), 2138
LLUE R UEIRAE 4 °C, 3500xg %330 K #5400 10 min, I
ST, A LIRS - IE TR, BZOKIERAE 4 °C,
5000xg %38 R ES.Cr 10 min, A ERIRTTTE B S5
FRAE I MP, ARAEAE 4 °C B LIS e 22001, LA
BSA SAARMESE H, SR H XA IR I 2 25 AR

1.2.2  AS[m] AL fap 85 B 2P &1 MP il 25
g B HOC A I I 52 e B A MP FH 2% 48 UK R R #1
10 mg/mL, Fk)5 i MP 2545 R PU2H I 4 4 ¢ F
g 14 FERs EFEAS), 55— AR X R, bRid oy
MP; Hogy =2l femg 11 (4 °C, 1000 r/min) 5514
SRS A GRIEBURE N 0.7, 0.9, 1.2 IOFR T 3L
LFYEZR N, CMC ¥R E N 1 mg/mL, 53 5lFRic s MP/
LCMC. MP/MCMC. MP/HCMC (433 %f A% . 77,
1= HLT 5 ), PRASERE J1 3 30 min fif 24 FE &
i MP, S ZARAG T AN [R] H faf 235 3 22 Bl E L i
i) MP 75U [RIB A AS [R FL T35 B CMIC VTR, TR
FEA 1 mg/mL.

1.2.3 FLnohss  fF LR w15 s 3Lt L,
B MP LA B AN W) FBL fop 285 FEAEAMT 1Y) MP %52 (10 mg/
mL) AP G I 411 PO IR &, s
SPEEPLEA 15000 r/min 2J3% 2 ¥R, FRK 30 s, il
1.2.4 HAFUIEESZUERETE S5 aHeaENe
Ay 35 T e FL Ak 3 P 8 20 ( Emulsifying activity
index, EAD) 5 ZLbFe 2 1445 X (Emulsifying stability
index, ESD), IFFHVEAE R Thl& it e 2L 7 BRI
EC I EC 50 pL FLE, il A 5 mL SDS #%# (0.1%,
w/v), IBE SIS HE 500 nm A RE W SERE . Bl
FLEE 30 min, B LA _E R [FRR Y T w2 0 5 e o't
BE. EAI F1 ESI it =U1F:

EAI(m’/g) = (2x2.303xnx A,)/[C x (1-¢) X 10000]

ESI(%) = A,,/A,x100

o, Ag 2 0 min BFISE B9 G REME; Ayy R
HE 30 min J5 A2 9 IOGEEE; C S B8R TR A
(mg/mL); n R BEAEEG o MZLHROH I AHIAR 5 Ee
(VvIv) o
1.2.5 Zeta-Hfii £ Chen %7 10535, i
AN RE MP . AN [W] L fay 285 B AT 19 MP % -5 L
W, I N AN RT3 B CMCIERTY Zeta-HLAT, {38
BT R R A 25 °C, B A AR AU RE S b, TF
90°FH 25 °C S N H#ATHALII A, R AL A
B B A4 Smoulokowski #5528 b A 1 s T 1 B, Uk
TR Zeta-HAV .

1.2.6 FLWRAE  HFHEA AN FLIR ARiAR, {85
WP SR 25 °Co D BLAR R, P AE RG22
0.5 mg/mL, 3% A 1 cm BAZ B /Y A1 32 L O LA T
R , REI £ BE Ry 90°,

1.2.7 FLUKOWEEAE G Ao EE LI
THOREEAE , Z:25 AR NS (i R VR S ek, BRURE Bt
FLUE 100 pL %76 i 23 A b e Sr BV 55 3% A
5647 i, FEJS T 20 59085 S 40 A5 ) B WLEEAE
AT S VR APE S

1.2.8 FLIFWEE  FIHBh A RAS O 5 FLI
PO, ARSI P IR BN 25 °C o e Rl
EAn I SRR T 2B AR N 50 mm BSEHUR Sk oV
30 s, AR FE 6B 1 mm, ZRJ5 0 55 57 4] 33 3 A
0.1~100 s~ ZePEG I RE A S 19 22 UL BE (B AR 1k
TEHHLT,

1.2.9 ZLUERAARATHE Aot AR 4 47 D0 3ok I o 7L,
WRFE T . B Seim e B AR IS RAS T LR
AR PER X (A (LVR), FE/S7E 1%(LVR PN)EY5Y
D A T W R S E TR RS WS TR e & = Ei KRN
0.1~10 rad/s &k PEHE IS AR P i RERI B G RN AR
H GUEyAE k.
1.2.10 ZLUE M AEFA4 ot B2 e 50 mm 11
SR, T LA ET SR RE ST R AR ) & LT
10 min, B S TR ARSI LA 2 R S 2 R
X, ShAFE T PENNE AR H S FE Y 0.01~10 Hz,
IRBEBEE R 25 C.
1.2.11 FLIZS A ERRa e MEFR B FL 2 3
FasE EFE 4 (Turbiscan stability index, TSI) FYlxE=
% Yuan 2520 (058 B 20 mL Bt RLIR RS 2B
/MR . SRJE, FHIEZIAM6(880 nm)FE 25 °C R
i 3 h, A3 E 2 A B E PEFR SO TS B G B A
Aif L. TSI Fe e F 2 i oa
%, [Si(h) =S (h)]
TSI = Z R R
o, S;(h) A5 1 IREEHE S h ARG E 5

Si.1 () M5 i-1 WREARE S BE h AbOGaRE55 H R
AR

1.2.12 FLY HOEOGIERORAS  FEP B aig iy 3k
fith I, 2% Zhu SR (4 )7 2RO AR SO LAY
PRRARA T A TN o 158 20 mL B 1 FL
WAL BB EE /NP, SRS BV RS 2 . A
LHRESATE 25 °C(£0.5 CHIZATRRFIE 14 h, HRIEK
AT T AR R A R SRR B o I S B8040 el PR
%4} (Rheosoft Master 1.4.0.0)313, 3£ LAY T 77
(Mean square displacement, MSD) . ##4: 35 %% (Elas-
ticity index, EI) . 7% W %k i 35 %% ( Macroscopic vis-
cosity index, MVI) FlI [V 7545 %% (Solid-liquid bal-
ance, SLB)IATRAE .

1.2.13 FLFLMTHEC ¥ 20 mL g il 25 10 2Lk
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e RS 28 RO Y DI IR /I D HEA T ORAT, H T I a)
(F &, 22+0.5 °C) FLHTH5 %% (Creaming index, CI) 1Y
ME S 24 hid5% | RFLIE)E SR (H) FLENE =
B (H) 542 168 h, C1 FZ 08 FFRoR:

CI(%) = H,/H,x100

1.3 BRI

ARSLEG T T A F5 bR 2/ T 3 WSy B AT S
5, BPm Ab FRoR FH SPSS BT B R 2R Oy 2550 0T
(One-way ANOVA), 3>k ] Duncan's £ = L 51
AT Ak BRLZH 18] 1) 4 55 P 28 S /KO, 2854 W 2B PR E
P<0.05. %34bh, KM Origin A4 UEF T1ER]
2 FRS57h
2.1 FLEEFM
2.1.1 FLfkiEHESFU R ErE  FLIRIETERR L EAL
FEFRTE/RALTIAR R P AR S BT B Y B8R H BT (g) RENSFL
AT - /K ST AR (m?) , e i e T FLAb i F H
A B AR I K 5T R AR T s FLALRR R IR 2K
ESI FRAE T & A BT FLIR At Fe rh fa e ZL AR &
rREE I,

nE 1 R, IR R D, 5 MP FLUAH E,
MP/LCMC F1 MP/MCMC &5 ¥FL# " EAT % ESI
¥4y 48 25 I = (P<0.05), Hirh MP/LCMC &2 & ¥ i
Shog H, H EAIL F1 ESI 43 %135 20.21+0.40 m*/g
188.53%%3.76%, 8 MP ZLIRAKIKIETT T 38.90%
383.78%. WFFTHE HI A T W B AE TH i 2R 12—
Py Rt AR, L SRR T A2 2 1 g A M SR TR K
PEARIRE IR . SRR B S, BB T3
PR, T T =LA M, FRB R T = 1
EAL 8. UbAN, ZZ0E0 7S N3 & mT H e S B i) 2o
PERE, TSSIE B &R 1 BT - 2 0 G W Re A U EH T
e r 7K S Lisoe LY [Rle, & e - 20
GHal e HE R AR AT R A 7 4, DATHE 5
FL R EPE, XYL AT X MP/CMC & -5 FL R
fEZLAbFS Y EST #5275 T4l MP ZLI IS
HEAT A .

251 [ JEAI 17300

a a [_JESI
20t Ea = 1240

b A
15} I b 7 1180
10 f 1120
5l b 160
0 0

W o o
% N W
W W
El'1 MP il MP/CMC & &R LA PR RO L AL
T PR
Fig.1 Emulsifying activity index (EAI) and emulsion stability
index (ESI) of MP and MP/CMC complexes

1 ARIFRFRR 2273 B3 (P<0.05)

FUALTEVEFEREAT (mYg)
FLALREHEFELEST (%)

2.1.2 Zeta-FaAV 45 H3 fay 25 BE 2 HH AR LA & 1 %
FHHAE Y Zeta-HANLPISEZMRANER 1 s T A
il Zeta-FE AL S TAAE, X0 H T MP 55 H 57
5.5 2245 M WAR R 14 pH T MP 45 HL &, MP
R Z AR £, 1Lt 5 CMC #4511
W EAN-ZHE SRR R, 451 BN,
LCMC. MCMC., HCMC & Y Zeta-E5 A7 IR Ky
—39.77+1.32, —54.13+1.27, —60.50+0.87 mV, [ H,
TP TS, CMC YRR Zeta- HE ASL 48 X 2 T 14 R,
Tt B FE T 2% B B, TR TR R I R AT S . MP
AR EYE, 5 CMC 4565, TR Zeta-FEL
o X B S 35 1S R (P<0.05) , {B AN [A] B, faf 25 )& MP/
CMC I Zeta-HL N 4axHEIC B ETE2E S, TEFLIK
R R BRI 2SR AR . X A BB A B —
CMC AR Z= i, F far 285 B v felt vl i 25 ] 2 1 Bk AT 1
N, Zeta-H AN £ XHE B 2 16 R T MP/CMC &A1k
', MP 55 CMC BHE T3 455, IR H a4 3
CMC HH 5 MP FE ST, A 32 UF & i far,
FL 1R 55 B TR S 2 CMC FE MP 43128 T8 B % [
JFHYESR, Ui B a4, NI e /N T 5] e £y 285 A
[Fl'2E Y MP/CMC & & #0] Zeta-HL 22 7P0, 45
IR CMC AELHEMiRRaE L5 MP iy H T, 78
B BT 43 A TR T, I 2L v & A
RAE, Im AR EN, X5 MP/ICMC B2 & WFLk
ESI 23T MP L4 R —2. Qiu 2507 5%
ZERWRHE A T- 2 E G WL Zeta-FoA7 4G
SHE [EIRE & T2l A 2L, SN0 s 2L B A A
—10 mV Z£25-35 mV,

F 1 MP, CMC Fl MP/CMC & &M Zeta-Hfii

Table 1 Zeta-potential of MP, CMC and MP/CMC complexes
215 Zeta-HL(mV)

MPA ~22.68+0.54"
LCMCIH —39.77+1.32¢
MCMCH## —54.13+1.27¢
HCMCH —60.50+0.87°
MP/LCMCIA -35.06+0.12°
MP/MCMC —34.94+0.45
MP/HCMCA -33.5+0.31°
MPHL —21.74+0.16*
MP/LCMCFLIR —38.16+0.31°
MP/MCMCFHLi# —40.28+0.23°
MP/HCMCFLI —38.60+0.37°

TE: [FFUA ) 5 BEROR 22 53 .35 (P<0.05) , 3221 .

2.1.3 WA SHOREER  FLIHTE R N EFL
W T R A 2 —, AT LA Sz e 2 P T B RN R
TEIM-/K B g aE 7128, D[4,3] {8 F1 D[3,2] {& 4N
2% 2 R, 4 MP L D[4,3] {5 16.30+0.41 pm. 5
MP FL#AHEL, MP/LCMC ZLHFT MP/MCMC FLkT
298/ IN(D[4,3] (B4 FIFEZ 15.8420.59 um A1 15.14+
0.02 pum, D[3,2] {H 1 [A] 2> W 25 F& A% ( P<0.05) , Tfij
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MP/HCMC &5 Rcki2 BT, thas T ae2

24 LCMC F1 MCMC it 5 MP 1P [RIE IS 55 5L
wika e, FLkI AR/, 1 MP/HCMC &1L
W, FFRATEE CMC RS F4E [ AIgh A0 i s
Z ][5 T 210 MP, 1] 58-S 205 1 R B RN, 1

A MP Fil CMC £ 2L 2= 18 1 5340 AN 5], X Fp
MP 5%, CMC 7 FLHZE AN 5] 53 A6 B 55 T 1 AH
AL ZEAE T, HE I B ZLIRCR AR IS R = 3 H R P

S BANEE T LA OSSN E 2 B, A Eeak
MP FL#, MP/CMC & & YL i 55 /0N, i - An
WIS . HENEOLT, FLIR R RLAR

s AEIGEEES), U BH LA TR i R EE PR AL R

FACRIBCR A0, 25 b, |mAR-2ZHE S HEAA

P Fali s [ ey F s vE, Tl LI EAA A i 34—

PE, A —ERE BT MP/CMCE &5 Y7Lk
EAI /5 T4 MP ZLIIIEIAN

F# 2 MP FLEAM MP/CMC & & ¥IFLk ki
Table 2 Particle size of MP and MP/CMC composite emulsion

215 D[4,3](um) D[3,2](um)
MP 16.30+0.41° 5.11+0.05"
MP/LCMC 15.84+0.59" 3.79+0.01¢
MP/MCMC 15.14+0.02° 4.00+0.00¢
MP/HCMC 16.380.04° 4.37+0.05°

MP/MCMC-20x P/HC)

MP/MCMC-40x

K2 MP FL A MP/CMC 25 WFLIl rI o4ty
Fig.2 Microstructure of MP and MP/CMC composite emulsion
A AR UA 200 pm,

2.2 EBARRTIE
2.2.1 FOWFEEE W FWELEERE ST V)R AR L

A A BRI RS AS BT U, i R R S
Sr ¥ Z BB EAE - . aniE 3 Fas, B 59 D)

105 -
= MP
v * MP/LCMC
v
_ 1oty . MP/MCMC
& . Vv . v MP/HCMC
Elop" 8. v,
- [ ]
e - - ® Vv v
10° | =%
LI : : : .
10! : : —
107 10° 10' 10

BIUIEEE (s7)
K3 MP FLEA MP/CMC & A WIFLIR 2
Fig.3 Apparent viscosity of MP and MP/CMC
composite emulsion

PRI TN, 25 2R A R0 B A Bt = B AIG, B R
AT A4 B R () B DI R AR A T A o 5 4l MP FLIRAH
L, MP/CMC & -G EA T i G R, X 5R
W ZZ W e A 2 = B A W R RE o kA, B
# CMC Hafof % B U4k i, MP/CMC B 52 R
SR R B e o

FLW B AR KRR B2 B M5 TR
IIN RGNS 22 18] AR ELAE FH DA B A A a3 i v
JRIGFEIEY . T CMC A E R iRt Hak
B S BO7KR G- ERE I AN PERE ), Rl HonT
BAPAEIAAE S 8 U ST 2 AN, T iR
F I B R EE B, X ARG Hf#RBE T MP/CMC &
PR sl MP ZLIRMIZERE S o ST 21 CMC
S0 Hy PR O 2240 L fer AN 2K 3R A, R HER 2ok 1b
VEFH S50, H A4k g B I plias Tal 7 B, AT H = 2L
WEE . BRI, RIS CMC TS R %
RN W MINT & CMC IR RM, X — IR AEAR LS
TSR . T AT FLIRA R ORFST IR,
CMC 5] AT 38 if 384 584 31 PN 9 i el HE SR 2000 5
IKACAE R, AR 345 i B A R TR alias [R] S BH X 4%,
I BFLR TR ) SR T Y, g2 R B,
LA CMC S 5@ SR - 2E SR
H R BT TP, XS5 AR S TSR B 1)
re L 2 B A 2 00 20 1 s B Oy Wl 3B T I RO i
ik,
2.2.2 MR SRR R AE LR R
REPE M — P 20125, AEREAT R (G AR AR R (G")
Sy 5tER MP ZLI A T EFDRE PR . aniEl 4 TR, 7E
LR PR RGP X AW B Y, T L GEY T G
B, HPIARLIEATAESE . X RHFLIR AR S5 EE R A
Z, BV 2 18038 ol AR P BRSO 38 T 55 4
LR GEH, AR FL P SRS T R O 3 S A SRR A T
Mo AR, MP/CMC & &3 GEESE MP
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