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ABSTRACT: Objective To investigate the effects of carboxymethyl pachymaran on the stability, structure,

physicochemical properties and biological activity of casein at different ratios. Methods Pachymaran was
derivatized with carboxymethyl groups to enhance its solubility, and its structural features were studied,;
carboxymethyl pachymaran was mixed with casein in different ratios, and the turbidity, zeta potential, protein
solubility, and phase diagram of the complex were evaluated at different pH values; the aggregation degree and
physicochemical properties of different casein-based samples were studied under acidic conditions using confocal
laser microscopy and rotational rheometer; free radical scavenging ability and non-enzymatic glycation product
inhibition ability of different casein-based samples were compared. Results The molecular weight of
carboxymethyl pachymaran obtained in this study was 2.43x10°> g/mol. The successful preparation of carboxymethyl
pachymaran was determined by the degree of substitution (0.84) and the characteristic absorption peak of
carboxymethyl group. When carboxymethyl pachymaran was mixed with casein, it could effectively affect the pH
stability and reduce the turbidity of casein under acidic conditions, and its solubility was also enhanced. This might
be due to the electrostatic interactions between polysaccharides and proteins affecting the surface charge distribution
of the molecules. Among them, the best stabilizing effect was observed when carboxymethyl pachymaran was
mixed with casein at 5:1 (w/w). Subsequent studies on the structure and physicochemical properties of the complex
showed that with the introduction of polysaccharides, especially when they were mixed at a ratio of 5:1 (w/w), the
aggregation degree, apparent viscosity and modulus of the complex were lower, indicating that its gel network
structure had better stability. The biological activity results showed that the complex, especially when they were
mixed at a ratio of 5:1 (w/w), exhibited the strongest antioxidant activity and non-enzymatic glycation product
inhibition ability. Conclusion The carboxymethyl pachymaran-casein complex obtained in this study has better

structural stability and biological activity in acidic environments, providing a theoretical basis and technical support

for the development and processing of stable acidic dairy products.
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1.1 RS

ARk GBI AE 2 LB ), CS. 4 M & (B
Sigma-Aldrich A w)); 502 . VKESER . A AAMLEH. ZFR. &
B SALBN(or AT al, E2EREAA R R A |, 1L1-—
PRI -2- = A 3L 2R Pk A A 3 (1,1-diphenyl-2-picrylhydrazyl
radical, DPPH), 8- KJi5k-1-Z8M IR & (i, R A= 91a
B HD); BASHE . AW, THEE0E . BUhiffohE . 2L A
AR UE S (S0 =99%, EIFBTRL T A= A7 BR A W)

1.2 UE5E%

HH-W600 18 i 7K 78 5 (A M AL A3 BRA F); UV-2600i
EAHN GBI (R E AL A R A ); DAWN
HELEOS #5815 (1% -2 M WOGHURMYL (3 ERR Rt R
23 wD); CY-3000 i J7 45 4 (i M SRMEA R ) A PR 2 )
CR2IN 5 # % 7 & O ML (78 E Eppendorf £ R 2% Al );
Labconco FreeZon FLZ5 &V THRMLCT B H 2 Wik %
34 B2\ wl); Thermo Scientific Nicolet iS10 f# HLIH-2T 4M
AL (PR BERH AT BR2Y Hl); Nano ZS ZHAKLEE K L 3
BASL(fi7 2= I R FEAL AR B 2 v]); LEICA SP8 UG IE
R AL BB (TR E R BRGS0 w]); Mars60 Jié ks i
A AN (R ) 22 AR A B )

1.3 XWHE
13.1 CMP #41& 5 % 4%

(1) CMP (il # 5 4lifk

%2 WANGPI 7k, B ARZE R AR LIRRRE LE 1:50 (w/V)
T2 0.6 mol/L E A ALANIA W, 4 °)CF#F EIEHL 8 h, 4%
L>(8000 r/min, 15 min)f5 -2 I 1 o FIFH vk g ER 7 0 b A
TH A pH=6, VIIELF/KBHI(3000 D) 3 d. 187k T 5 Bl
AR AR 20

FlJs, a2 A 20% (V)& A b4n
VW, VIR SEEE 3 h (LSRR SRIEIMARZmR(24 ¢g
HAOTREERT 100 mL 5N EE HHF 20% (VA EL
FNRGTR, BRI 3 b FRMASRZIEGER,
60 CISET N 1 h, FHUKBSERES S N % pH=7,
EZE TR IR N, TRV B HTA(3000 D)iit/KiENT 3 d,
BITRZ WG 95% e, BOBEEDTTR, Bk
THEENEH] CMP,

(2) CMP [k 2220 i 4540 R AE

2% L1 EUNG ik, DI R bR ES,, SRR -
TR ERTAI & CMP Y SR 5t DAAR IV 18R 1 R An i,

e D Wk E B A S &, A 3,5- TRk
o R ) 8 JROME % e A U TR IR Sk B oA i, R
TR A - R 000 G 2 LM S I % 5 3 Ao e R U )
T CMP MEEEE(E, 10 mL CMP (10 mg/mL)5 4 mL
NH,Cl 2% sfi&#(0.1 mol/LYIRA G pH & 6.5 FMA
10 mL CuSO4 FRUEIE . (0.05 mol/L), &5 )5 it ik ¥ b
HW pH A ZE 8.0, A 0.05 ¢ EREREFE R A, L —
Jt VU . % (ethylene diamine tetraacetic acid, EDTA)RIERS
(0.05 mol/L)iif E X IE W B L &L W (0, i 5% EDTA HFERIE
TR

1 CMP (FFHBAKAE M, FUEBFREEE | mg/mL
PRSI, P85 AT I 40 0000 B v A 1 A3 20 B g, R E
200~800 nm HY P FAHEEE, SR A Nexus 470 £L4MGiE
M & CMP H 21 4h 56 3% (400~4000 cm™'), I %
Ominic7.3 BV T4 KRB HP-5 RER BATE (30 mx
0.32 mm, 0.25 pm)fY GC-6890N S AH 4,3i% 43 H1 CMP 1y 2
BHALL, CMP LA 3 mol/L =i L FR i i 5 % B 91 F 110 °C
KR 6 h, BRERG HIKMEYAHIMA 10 mg HERE
. 1.5 mg JULEEFD 1.0 mL ISR SGHS, BHET
90 °C T /KA 30 min, R HFMA ZBREF 0.5 mL IH-FRRT
90 °C'F i 30 min JE ¥ FRERT BRIERE, DL . ABE.
TIEE . BURACTRE . 2 ZURU A0 SRR bR e A E
fit £ He-Ne i#06#5(/=658 nm)Fl Styragel HMW 6E 4%
(7.8 mmx300 mm)FREERGEE (A2 FABO RO 3G E CMP
(T 1853 5 (M) T T BE RS AR (Ry), HiP 1.0 mg/mL
CMP % T 0.1% NaCl K%,
1.3.2 CMP %+ CS & pH v o 4 b6y B 2545 A

(L)L BE ) 5

4 CS MAATELTF 0.01 moL/L BEERER A il Re Bt HE,
1533 CS R BE)E, CS W IR BTt & M 7 0.1 mg/mL, 43
SF P IZEATRAY 050 0.10 5 0.02 mg/mL fiY) CMP ¥ATR
(CMP:CS=5:1, 1:1, 1:5, m/m, {id WSLIRHTE XL HH T
HEVRENRA REEZR). &5, HXEREYH
0.1~1.0 moL/L h R ¥ i I\ pH=7 R 1L 7% i = pH=1.00+0.02,
FEAE 25 °CFIE AR pH BF CMP, CS, CMP-CS & &1
] ODgoo fH, A 3 I,

(2) zeta HLNL AN 2

f£ 25 °C'F, f#i Nano-ZS-90 {5 & [ CMP-CS
HEYRY zeta AL, TE 3K,

(3) e B 1l o

4 CS A& CMP-CS IREYIE R ZE AR pH /5,
£ 3000 r/min T .0 10 min, FIFBCRAS DR iEE
K& H i & a, BE 3K, 901 mL, Bl ER
0~0.8 mg/mL AYFRIEL MLV HE WS 5 mL % S
W G250 RS AR T RER N 5 min, BFESE
595 nm Ab AWV EE DAL il m i M 4R o FE e R ikl



5512 4]

RERRUE, 45 PR B4R PR S 8 11 pH RE MRS A s Ve R P S AL A 52 91

EIREA S .

(HHE HHMRAS L

T4 CS ¥ (2 mg/mL) 5 CMP (2 mg/mL)ZE AT
RA, JFH 0.1~1.0 moL/L thiefafb Z AR pH, BlJSHFE
ph 4 CCTHE 24 h, 0RO S BURA, s E A
TRIRUTTE() . TCUIEBTHRIR(O) . BMEER (o). AT
TV TV ()
1.3.3 b 2R E ZMEIIR

# pH 4.0 FEABOLHLRERM BMGAZR T
% CS-CMP IR G WM BOE R & B EIR . ¥ 2 mL A[FH
FESLEROR 20 uL & P18 B (0.05 g/100 mL Z.E) 3R I e
2 min, BEERF 200 uL P ok 4E 555 nm MUK KR
630 nm Y % B KT MBS iE AL,
1.3.4 GREAMERE

7 pH 4.0 TR FAHES AR i CS L)L J% CS-CMP 1R
BRI B SRR . B 1 mL ARSI T IR AR
M b ERASTTYIMEA, £ 0.1~500.0 1/s AYBT Y1 RIE
FEI I A CS VR BREE A3l IR Se e, 15 et 3l
A AR 0 B o AR I MR M X, IS AE 1%10
] 28 PR T XA R AT A AR, ] SR A AR
(G'/G")K F 551%.(0.1~100 rad/s) 1) pR & 2214
1.3.5 ARIMRAMNF N T

2% LIU %I g5 s, SR FI2 mL R FRAE S 5
2 mL 2x107* mol/L DPPH 3t {8 33 6 5 ¥ 30 min J5 T
517 nm P2 H 6 BE oo B, 9152 2 mL 2x107* mol/L
DPPH ¥ 5 2 mL JoK CBERA WO 4,, P 2 mL
FERA S 2 mL JOK CBHR G RIGOLEE 4, TH 3K,
TR ILA K (1):

DPPH #iliil| #/%= (1_%) x100% (D
1

FH: 4o AR SR VE TN DPPH IR IROGIE ; 4, AR
WNTEK BRI GRS, 4, i DPPH IERUINTC /K Z Y

WS
AR, #% 7 mmol/L 1 2,215 2L -WL-3- £ FE R I e nae mhfe
-6-1if[iZ (2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid,
ABTS)/KIE W5 2.45 mmol/mL #J K,S,04 /K Wi AR FHIR
B TK B HAR B R 734 nm AL WGIE A 0.7, B
8 ABTS TAEM )5, ¥ 0.1 mL 285 1.9 mL ABTS
CAEIR ] . BEFES 6 min J5M5E 734 nm AW SGME, WA
ToK CBEACE L S AR R 2 1o AR T R0 A X
ABTS FHEF A SRR, TR 3 K. HELAKQ):

Ay — 4

ABTS BHES 7%/ %= (=== x100%  (2)
1

A A HRE LA DPPH WA OERE; 400 ABTS T
YER NG 2B WGBS
1.3.6 MR ohataF Bk A AL o 39 H) 4 A

Z 8 FENG U556 ik Ry ek 8, sy i

O - ML TR P AR R SRR AR . A I AR (K
W 5 mg/mL)5 H 32 (AR E R 10 mmol/L)E i
SRS ARAE, WSIN 5 mg/mL A5 (2 mL)JFF FH#ERR L
M (pH 7.4)E R R 10 mL, JE1E 37 °CF ML 10 d,
S0 0. 5. 10 d BUREEATINAE . Hovh, B 0.4 mL A 50
W, A3 B IS TE-T 45 %% (500 mmol/L, 0.2 mL)FiH
F241(500 mmol/L, pH 2.9, 3.4 mL), ¥51IR AT 37 °Chig
B 1 h, WE 294 nm LRCE I Z B S A 1L
Pl % L T X 2¢O M ) RE S Ak 28 0K 7 ¥ (advanced
glycation end products, AGEs)#Iifill2&, 5k i 9 LRI
TESCR WK 370 nm, R 440 nm 4544 T K6 28 I
M, B 3K, DABERRER S iR AE R s vt B
1.4 BUBRALIE

SRR 3 IRER, SRV EEbRE (R 25 %
MNo K SPSS 18.0 Geit i Xt Hictha #h4 7 B K R Jy 22 40 M
FZ & 4 (Duncan), P<0.05 /8 HA BEM2ER,

2 EREHR

2.1 CMP BEEELE AL S EEHFHE

A3 1 ATAL CMP BB & ik Bl 87.37%, [RIES &5 11 5T
FEAIL, 0N 0.19%, R —Fhali i s 20,
PHLA A AR, CMP B i A vl A @ pi g, Hrp
RN E RSSO, R CMP J2 LIRS F
WARZhE . FR, CMP BB =ik 0.84, AL
TR P AT AL R T, [ R IR 2R K
DA K At A= 3 1 ] REAS 2 B AR T

F1 CMP WS ERSRAZEMEIE

Table 1 Chemical composition and basic structure
characterization of CMP

2R 2 CMP
BHEE R % 87.37+1.35
A/ % 0.19+0.07
R R 5 /% 7.43+0.36
S5/ % 5.21+0.63
AR 0.84+0.02

43FH/(g/mol) 2.43x10° (+2.16%)
% B B &2 /mol 9.43
H #E Bl  4/mol 1.24

L CMP HEEAMEIEIE (I 1A) AT LUE B, CMP T8
200~500 nm 3 B P9 JC BH S IR fic0dg, SR LA A . Ak,
WL 2T AT (B 1B) X JLARRAE W e A7 e, o
3277 em ' ARIHJE T CMP Y O-H SRR S, T 1600 cm™
LRI B T CMP () C=0 B, JE R FP AR R g1,
AR AR RS ZHETE LA A W 3] B 5. 7 R g 0
P, CMP & —FP HAT F 5 R B L 20 .
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Fig.1 UV visible absorption spectrum and Fourier transform infrared spectrum of CMP

2.2 CMP xf CS /AR pH Mo R4 AV 1S (E B
e 0bA

I B 3 WA v 2 OB R /N T B 1 URFE B,
TE 2 4 BRI UG B BEAR 25 5 % PR AN A 25 Ak o Pl ek AR Ak (P
2 AL pH M 7.0 BEZE 6.0 B, N[RIE M L il CMP-CS
AR AR R, B CMP 5 CS Z Al
TELESRAH EAET . 24 pH H 6.0 21K 4.0 I, CS #F 5 1y 3 JiF
W B, e pH 4 8 AbikFIR K, XM T pHZRWiFE
CS ZHS T SHMEA S TRE". T CMP BIIA,
CMP-CS &A% 1 B 7E % 9 B TR S 25 8, (H 35 1A
5:1 HBIREIME AP ERKMENEERT CS, H 1:1
Al 1:5 BYELB R4 CS K. FEZ RIAIIRIE 1, Fo e,
HXT CS 9 pH R MR A B N @i e zeta B
(B 2B)5 CS WfEPE(E 2C) T LAE H, MLETH 7 iR Y
CMP il i FHEVE 1 5 IEH AT CS &5, R CMP
FriE T CSIY, 3R [E7EI% pH 3 Bl Yl L A BAE FHIE BL
TEARER, MR S SHEE A LIIE A Y B &
Jine B, 24 pH M 4.0 BAKE] 3.0 i, HT CMP Al CS #;
RS A S LA, B A TR BB, AR
RZ BB sk, ZEAERARM pH (<3.0)F, B pH 25k,
ST FR LA B H B (4~5) R, BRILM T FIbfE CMP H
A ELE A, HIF T ES CS WA TR, A
T RRAR T 25 i B 5 2 IV A, ARG B AR e AT
I+ CS. 4% HOU FPVmY, e 7 AF pH
TR E P REIE 32 TR W LT 4 Xk g s, H 528
(VR A 3 S MG L I, #E— 2 pHL BBl N, 1E & CMP
MBI AREIEHE = CS 11 pH Rk, ALRiE CMP &ty
TR IETE

B 2D 2% T CMP-CS IR W AHAT Wbl pH .
RSk, B 2D ufLAE H, 7R s
(pH 5 F1 6)iF, WELH] CMP 5 CS ByLiaE, AR H TR

F(-COO)HE R T /KM Y B M P> 21, Y pH 8 5]
FRVEIE, 76 pH 4~5 LA 5:1 Fefil N B9 A8 BA B irpka
FEVE, REMER B TCUTIE RIS . 4R1, 78 1:1 A 15 1
BN WERE] 5 CS IR IS R AL TNE, X FRTEZ pH i
N CMP 5 CS Z[H) i # s A BLAE FEC®R . 1 pH [ ifE—
AR R T AR AT R AR E S B Y A,
CMP-CS ZAWI7E pH N 2~4 5 Bl B BTG I 2 I IR T BE o
LA, BEH pH FRIRE] 2 I5F, 5:1 Wil R AR S WIT I B4,
B A UTTE . R, vk CMP BEZE T SEAY pH JE
MAERE CS BiFl e, BAa 3 e R

BEskUE, HE 2 BI%, CMP X} CS X pH fa @tk B
B RRRAE A, REAR A R S I, RS
WHFE PRI pH=4 JHRSFY CMP XF CS E pH i o 45 it i
PR T DL B R AR S5 A 500
23 BAHRES

9T LT % pH=4 T CMP-CS [IMOULEE e 451,
ARG RO IR A BB AT RO ZE # 5 RS
BT B MER . AN 3 iR, 7E pH=4 £ T, REREIIER
CS WS H B R R KR ERE 3A), IR
W25 A6 75 R T FLI 8 1 - BT A e i Al iR M S b A
B X FUGIESE T CS 4371 pH=4 I AT Him i) R 45
Pk AR, 7EE 3B~D 1, REMER A S oA B RS A, B
XFF AR LB A9 CMP-CS H & HI(CS W IR 24—,
CATRERER CS KA T BEMAK, XrTHE T A
AR LT A Y R A 22 T 58 M VR Y, 6B CcMp
AL A AR RES WP CS 1Y pH RE . XA
[f] CMP-CS Z & Ll &, 455 2250, s R AR
AL RERE, RETGEHEMREN, M L1 LS
BEYNHXEZE, xR, 1€ pH 4 IEOL T, CMP-CS ¥
A LA FH OB | R I E A IR e T T RE 2Bl CMP &
AU I 2 AR5



5512 8 FERRIE, 25 FR W ELARZE ZHEXS AR 1 pH AR UE 1k 5 A I P A 45 S LRI A 5 93
A B
1001 e 10°r —+— CMP-CS (5:1)
CMP-CS (1:1)
80 5t —+— CMP-CS (1:5)
E —e— CMP
= oo I\ &0
%( = CS \ ﬁ
40t —e— CMP-CS (5:1)[ % \ -5t
CMP-CS (1:D)| 4 v
—+ CMP-CS (1:5) “Yyry
20t v OMP LH\ ~10 }
00 0000000 000 o Toueiuh
0= 2 3 4 5 6 7 Bl 2 3 4 5 6 7
C pH D pH
501
- CS 7t © o o o o
40f* CMP-CS (5:1)
CMP-CS (1:1) 6t © o o o o
o anl* CMP-CS (1:5
< 30 (1) 5L A A A A o
i o
E L )
w 20 4t A N A A o
10r 3 A A A o)
0r 2 A A A A

5:1 1:1 1:5 cS  CMP
CMP:CS(w/w)

&2 AKE CMP:CS & A tufil IR A 7 i AL ME i bl pH AR 4k (n=3)

Fig.2 Variation of physicochemical properties of complex solutions with pH value under different CMP:CS composite ratios (n=3)
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Fig.3 Laser confocal microscopy images of different CS samples
24 RETFHME
1E pH=4 15T, CMP-CS IR 4G LR & 5 Wi A 1k fig
HISZIRANIE] 4A FI B 7R o RV RE AR TR AE Sl T
TN BT T, EHRR T BT Z [ R AR S A
YERL. thiE 4A FTRA H, BT ke bl i ULt S Bt

B AR RS TR, R WA BT DA A TR,
AP TFRE A2 T AR A0 B HEB AR 41 R A Wi 22 11 A
AR AP KRR, Sk CS AEL, ASTE E
CMP-CS E AW MAE BEARXT AR, X2t i T/ INokr 2R A 4
MBI, S0 F R ShBE I AR, ALY 25 SRt A 7L R
- R AR R oW 27 Ak, xR A kbE 2
WS BRI IR/, XA AT RE AR EE AR Y CS AR
ErEERR, WA ATRER T 5:1 I CMP-CS -8 WIRokiic 5
REFERN, F0FRIMEEE ) BAR, FHE TR

J TR E A WE R ARk, B 4B BoR
TARRA B E YR G ERERR) M G7(RFERR)
BEARR AR L. 455, 7 0.1~100.0 rad/s SR IEHE A,
BAFESRI GR GREATR ARG K. ksh, T &
WA T 67, RUIET CS T RLAILS A W) S S MR X 245 25
Fy, H ARG AT AR 4R X ARFRE AL
B, BAWHEEREE CMP &R RmmE, X £,
CMP MINA SR GWERERAES CS ZRIME LK
BRI . X5 CLSM ., U | HHRIZ5 S0 45 A
—5, B CMP, $ERIE Mk CMP, i@ AHE RS CS
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Fig.4 Characterization of rheological properties of different CS samples
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Fig.5 Comparison of antioxidant activity of different CS samples (n=3)
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