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1.1 #Et5iRH

U R ORTERS , R I A BRAA /) 5 6
22§(2000 U/mL) |, v B8 A= 8 R A BRI
o-VERIE(3 700 U/g) | %0 M TE A i (100 000 U/g) ,
b T B R A W AR A PR TTAE A Al 2K By | R
B OKBETR S AR TOK SRS, KR k2
AR F]; LB, R & T a4k T A R
Al53,5-AE LKA R | By Bk, R T AR R AL 2 )
7 CTRIEF ERWR  PU B AL T RN A BN 7 5 5 41 R
Bk T PR P Ak TR A BR A D 5 A R TS K B
FiR el , T 350 b 2= iR A R A N b 6 i
CL-2B, Fij#t Pharmacia LKB 2] S AL4N, KEETH R

N DX R KA 27380 T 5 S AN, R DLt A FR
OS] S T TR X8 S o bt
L2 UFR5E&

DF -1018 UG A IR N FARE J) e $1 4%  HH -
ZKA RUSA DY LK i i, I ST AEA S A BR 2
ALC-2100 %173 B K F-, b g G 3 AX AR AT FR2S 7 5
TG16-WS R 5 A s 25 0L, b1 Pl a0 ALY
WA PR/ ; DHG -9203 A 7Y e $AME 5L T4 48 , 1 ifg
—fERFE A A BR A A3 722E BRI, i
TN BRZS 7] 5 SHA —C RUK S 1H IR 3R 7 %% , Bt
MITEREALEF BT BRA W PHS =25 #Y pH 3T, b
LB AT R 7] DIC BUNE P, &
AT = AL A PR 7] 5 Versamax Y bR AL, 5 [
Molecular Devices 23 1) ; DBS —160F %% AH (435 JZ 41
AL, FUERE RO A FR 2 7] 5 Spectrum 100 FYLT
AN 3% AL ( fourier transform infrared spectrometer,
FT-IR) . DSC4000 %! 22 /R 49 $i £ $AY ( differential
scanning calorimetry, DSC) , 5[ Perkin Elmer /A ] ;
Smart Lab (9) %l X &f 2477 914X ( X-ray diffraction,
XRD) , H A #2202 4 ; SUB020 HU 454 i - i
% ( scanning electron microscope, SEM), H 728 H 57
YN
1.3 XWHE
1.3.1 B ff 2809 %) & B8 A B WAL B 0 ) T

W15, 0 g JEAD (T2E) A LR - 2 B B 2% vh
W, o3 R pH (B i B RS (B 2L o-TE
oy it | 2 W Uy I ) B LU A | TS A | TR A [
B R BT S TR S8 U A SR A 2
BV, R PR R S 45 R B IR A IR

1. 0 mL A8 10 A% 89_EVEICT 25 mL A
H B 1.0 mL ZE 68K, FEANA 1.5 mL DNS 385,
WA TR 5 min, & 2 HCE 20 min 5 7R K
550 nm AL
1.3.2 B LBEALIE B 69 5 & R T BeAL IE B,

JE 6 ] 2

o Tk e i D o ) 2 LT R 23 R 30% Y BE By
FL, 7 B Bl L BRI T IR I T)  pHL (R
F WA R BURE I Skt R

IIAFRI 2. 0 g JETERY (THE) | L BRALTER T
250 mL 4B, A 50 mL ZE 48K, I N 3 i
M lkFE R, IR A1 JE H 0.1 mol/L i & SR AL 8l
I WU E ML, FEANA 25 mL 0. 5 mol/L #YE
SEALBRIATE  THIR IR 0.5 h 5, 0.5 mol/L £k
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Wx(1) H(2),
v, -V 0. 043
W, = V2=V xex x100% . (1)
m
162W
DS Ac (2)

T4300 -42W,, °
L) K2, W, CEEES R %V, FE
s iH #E HCL AR B, mL; v, , JEL3E # 7H #E HCL AR FR,
mL;c, R PRSI E , mol/Lym , X FEST &, ¢; DS, &
Tk Ak 0 LA
1.3.3  ZH 00 R @ ML BOM AL AR B e ) 5T
17,5 mL 4 mol/L B TC/KSHALES B 7.5 ¢ il
it &, T Ak 50 ME VE B B IE L, ARG e AR b
(160 ~200 r/min,21 C) HEFE—wmfE, Lo Crk
HKIBE WL LN, B0 (8 000 r/min 20 min) , 5
IEW, R 2 BR AR AR, DL ZE I K v U T
15 ~25 min, 8.0, BIAS R mMfLsEss 0,
W5 3% 1WAk TE B BT 500 mL BEAR R A
200 mL ZE0R 7K, #E Si i P e i £ 10 min(EE 3
W), R 25 min, B FIE W, BERE 78 K 2BRIK Y,
PV )5 5.0 (8 000 r/min 30 min) , & T~ 40 C E25 T
A TPt BDAAL e RO R VLT FP kLl i
A—E R RK R PR 28 R0 e f
TUTEREPE 2 WG B0, 40 CHET Z1E & B4 R4
TRVERY . TERBILRITE LA (3) .
TERBIIL R =
m CHIALTER)
m(BLTER) + m CGRBILTER)

x100%

(3)

1.3.4 TH s w
1.3.4.1 S FRanfme

Bt 5 mL A5 (1 mg/mL) HEABERAE , i 548
“} 0. 025% F4 <. NaCl F10. 019% NaOH 1R GENREES,
FH A 30 mL/h, (i A ST OIS
1.3.4.2 SS9 E

A R W — B R T I A R . B 40 pl
1.3.4.1 WS 95 T bR AR Y, A 40 pL
Jo B 53 BN 5% WA B 1 WO 140 L B IR , =
IR T A-3530 min, {1 AR ALTE 490 nm I E
B
1.3.4.3  JER BN

100 wL 1.3.4.1 1 Pl 8 09 94y F g AR
P, HIA 100 L 0. 02 mol/L iy i 15 & , F) F B b

S 22 RE S AE 650 nm AW G
1.3.5 ZH B MU LEH 6G IAR

H—E B B RE S 1 5 o R T OB RS | B
MURAE I F 2 & b HEATHE S A0 3, SR )5 L
A SEM Jit K 2 000 fi53i5%
1.3.6 EHBEIL B TR E N E

PR SRR Tt L 1: 28 T DSC 4%
LR, TEIR T M2 h, Al S 1, dE T
TR WER Y T RS 2 WS Byt Zerh i
Hfg . BERFIKE R 20 CHE 1 min, M5
PL10 °C/min [ 3 3 )\ 20 C [ ZE - 30 C, 5 LU
10 °C/minfJ R M - 30 CTHE 30 C, 55
2 5 % LI B S B0 e K VR 4 RS T 3%
T Ak B AR R R ( T, of maximally freeze-concentrated
state, T) .
1.3.7 RHFAEA LGN Z

FEFE a5 TR IR ER & B R - 2053
i, WS VE By B 5 1 o T L A AR b, TSR
450 ~4 000 em ™',
1.3.8 EHHEL LS

£:2% Chen %5 (7535 , i F XRD XHRE S A9 45
an REE AT AT . TS AR (26) FHTER 1 ~60°,
A 0,020, FHHEEE 10°/min,
1.3.9 U & AL AR M T

B2 AR vk IR ARt T R
N 6% WITENFL, Tk KV H o #4 30 min K
tb. FREMFLARBHEZIRG , FRI—E B iE R
FL(m,) T 15 mL B0 s T - 18 C ok H It
JBE 24 h B | A ARAARR S HE S0 5 YR (4 000 ©/min |
20 min) , 5525 LIH W, R ULTE R (m, ) . HTKE
E R (4),

bikz =" 000 (4)

1.4 ¥iEAE

FRA L E A 3 R B LTI + B O
ZEn . FIH SPSS 5 Excel B4 % s #4743 47 ;
Duncan 2 W7 25 5 B M08, P <0.05 &
IRESWRE i Origin FAZ4A
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8, 856 AR B A . SEImas RE W], >
6 > i A ARV e Y BT LU 1 1 A S
R, TR 0 s AR RR A S e S 2 U A
VERYURL A7 B T DA B IOCA BB B A I ) 2%
1 8 PRI R 0 TR A3 A P 25038 1) S 0 52 DA R 3] /MR
RN BN 8] PR BE S BT , pHL ABLX Tl /K il ot
FETC IR & 5200, DAk 1% JE A9 Tl A 2% 121 S 52 g )
20 h AR 100 U/g SN iEE 45 C .pH {H M 4.5,
LR ) (DE ) fe g, o4 0. 78, 256 L R 5K
B ANE SIS A R R b & 3 RN [FE I
PR Y BIR ) P I A UE K (1) AIRIE 5 3 21 (low
reducing power, LRP) , s W s [E] 5 h ik 40 U/g
JRTREE3S °C .pH {H M 4.5,DE {H 0.23; (2) Hif
J5 71 41 ( middle reducing power, MRP) , Jz i i [E]
15 h g7 & 60 U/g SN BE 40 °C \pH {H4 4.5,
DE 18 0. 48; (3) & if il J1 241 (high reducing power,
HRP) , 5 W B5f [6] 20 b BV B2 100 U/, 2 0 it
45 °C .pH{E°M 4.5,DE{H0.78,

L L R LA A, X 2B AR s 1) T
AT TG RIE SRS N | R0 I
SIS ESF AT LA K pH B BOAC BE B 5% 0 24 11 32 11 41
s 3 R RIS S WA TE R - (1) IRIBU B 4
(low substitution degree, LSD) , ZTREFE N 4% |
SRR 50 °C SIS 1 h pH R 7.5; (2)
B ZH ( middle substitution degree, MSD) , ZFR I
I 6% IR 40 °C MR 1.5 h pH {H
H9; (3) @ BUAR B 4 (high substitution degree,
HSD) , ZFRIFHA it 10% NI 45 °C VLI
2 h pH {E N 8.5,

2.2 ERfR BRI E SR

AN Pl i | S0 R R AL R DL TR 1,
Pl 1 R ARTRD S SR AT, R TR AL 5 AN ] i A
JEVER BRI BEANTR] , 388 I ) 5 IO BE By, kv
Py ORI R s o AR R A ) v I T R 3R
TR A AN [v) 5 SR 8 A8 T g oy TR, 3 T
BB 2 | R AR Ve U R A A R T
BREEC G ATEM ORI NS . 3% 7T BB T UE R
it i J T B 1 e v R LTI T e e R vy, LT
%, M CIEACRC 5 T Ry R T S5 B IR SR T AR
B, DS O ot e AR B ey, DR Y 2 TR TR
R, HOBA TR sy, v ade B 3 3 WA 38 AR A AT
I 5T TR TR P AL, R i 5 JE oy A 2 T
JEBUIN, ATRESE th T AN v B 78 Hh ik s ) I 2 22 B

BEEARIAL , PR Fd I XA AR TN
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Fig. 1 Gelatinization degree of different hydrolyzed

acetylated starch

2.3 BEREZEBLEMERES

A T il A A TR T AL IS Y BOAC BE DL
F 1 1 AT, F T AL S R AT B B O 2
PR TR P AT T AR [RT st ] LUK B, A () i e 2%
PFT, SRR LR, TR AR A A R S U T
FEASIE, X AT BEJE: T SR IR —Fh DR S 5
TEARZ ASIORL A B8 Z i & 28 5 VEH3 43T AM IR Y 2 ik
BT R, PR ST T B R A AR TRy WKL SMZ

T ARFIBER 2 BALTE R B
Tab. 1 Substitution degree of different hydrolyzed

acetylated starch

AR
F
LT WIS
LRP-LSD 0.0249 £0.002 6" 0.016 4 £0. 001 0®
LRP-MSD 0.034 5 £0. 001 4° 0.019 6 +0. 001 5¢
LRP-HSD 0.0552 +0.001 2% 0.028 2 +0. 004 9¢
MRP-LSD 0.039 1 £0. 001 0° 0.020 8 0. 001 8
MRP-MSD 0.059 9 0. 007 0° 0.029 9 +0. 000 9¢
MRP-HSD 0.076 5 +0.001 6" 0.038 0 +0. 002 4"
HRP-LSD 0.0515 0. 002 5¢ 0.0252 +0. 003 2°
HRP-MSD 0.079 3 £0.001 0" 0.0380 +0. 001 6"
HRP-HSD 0.095 8 +0. 000 6° 0.0459 +0. 001 6°

LRP-LSD Ay {1 /i g i g A A B2 VE 43 , LRP-MSD Ay {1 e 2 i
PR EEVE R, LRP-HSD {1 6 A e B2 v AR B2 V€ # , MRP-LSD oy
e i i A A HOFR BB V2 S, MRP-MSD Ay o i A 5 B oy BB B8 9
MRP-HSD iy v i 2 R v LA B2 3 By, HRP-LSD oy i it A 7 241G
B EEVEHT , HRP-MSD Sy =i e i B v UG B2 € 8, HRP-HSD by 15
TR B o BOUAR BE VB Y . AN TR /NG 7 B 3RO (6] 9 46 24 5 3
(P<0.05),
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TE R AU PN 0 £ Tk S5 5 i A A, RIS U o R
FEIRVRI AR B, R A 100 70 4% SR AR, B 8 i B
TRBE /N> s AR ) BRI i A 1R T, il e 2
R TR VE R B QB T LA QT A ] i 2 o
T Tt ik I Y Ry 45 R R IR 5 SO U o W A
T, BRI L e 4 U oy ks JRCAG BE T R Rk B 8, E B
o Tt o AR P AR S T s VE R AL B T v, LA
PANSVIER, ) L1b e 1 NG 93 S =N K =T N3 1
AR T R A BB R TR 1Y, X SR E I 1A
R 2 1E T, 5 IATER BURL A BRI 2 | 5 1F
B OWEAEOMEAR LU, R AR T R ORL 4 41 53 A
A, BT LRG| id J5 5 B R
Wik, Lo ATER R NI REE RGO, JG 250 00
FVEHR 3 Ff LR R A 2 B B (LRP-LSD . MRP-
MSD HRP-HSD) #4743 #7 .
2.4 BEZBUEMSTREDHENN

BB Ok ] AN R4 5553 B8 5558 oy
BRI R AR VE D 43 Tk 1 B AR T
VERYLLRL AT 43K 8 o T i R 4y oy R Ry
31130 w5 (17128 a0 £ G R
Sl B R A AR A R AR A 8 A TR BT B
K ABAE X — A i A IS AR A L, BEAE A E Ky
V18 BT R R TETRA I 1 D 3 0BG | e B 1) 725 b g
E T ELANME A A3 BT AR, E S S A9 JOUAE A 5 T %
it FE

AN Bt it £ TR AR VE B3 1) 43 —F oL i 43 A DL AL 2,
JRvER [ 2 (a) ] YT B e HLAQHEL , M it £ Wt 1k
b RXTVE R 43 F 0L i RN B A3 A A — g s ),
PSR A EHEBYETRESE, KR 20a). (c).
(e) . (g) AT, TERY A>T (WG RAAIG , WS T 1032 47
HeJm , ELIF AR 3R 2 N, 30T g2l 1 elotk s
FEVE R 43T P9 ) SRS E— 25 1R 2408, 1R S A B A
INEOGA A R R B N K, T T A
FEEEW A, 0% 2(a) (b)), 2(c).
(d),El2(e) . (f), Kl 2(g) . (h), BIEEILETS
FERY AT TR A3 A, 1T L & B 1k b A BSOS TR
O A K5 M A T 1 BB (B AR G AR i 3
FHTR]D {5 A Al Ak B S 3 A9 1) B 5 i S i 8
BRI RTIL, Do AR ML B R b SR
53 ) STHET 53 Wt 2L AN [R) 43 i 19 J B, HLEB
Oy A R A B AR S Y AR T B 2 A0
B, XA 20 2 T Ak AL B S S S B (E R,
WCS (R TEHEER o B . ol T W 5 Bt Ak b

AT IXAIVE T, PR PR B O, SR SR T
W RUB A . | A R R, ARl P ERR I WCS
AR AL 2 TR P i BB RE R 23 I ) 20 A
R B ST AL IO AT LK SO AT 5 ) A JB0RE Py
P8, P CRE A o A B2 ), EL R PE AR B K, P
BURRCR I
2.5 FEBMRCEHLTE M BRI SRARE S 4

AR B £ AL TE R ORE SR LI 3, h K 3
FR B ORI A 5t 2 AR AR AR TR T
B MAS A 5E R . B3 (b) ((d) (D) 2518
O [ e e R FEE 9 WCS I BRI, 58T 3 (a)
Xof FE TR, E b MORE /N BT K A W R A AR AL AT
REJR Fh T 3 o 0 AR i, TR A0 URE 3% 1T 7™ 2 A [
JEE B T8 FL AR, S B IS A U By U R /N R
AN Bl R ot AR E A O, M1 B S L
(14 FLTR B A A 22 LTt R AR, AT i 2 g
RE RS HE A JE M3 UL P4, 3 mT DA T A 1o 7 AR B
O AR AR BIUE S . o BIRTHEIE 3 (b) 2 (g) AT
W, 2R EAL S T T AR AL T B R A R
B, JE R ORI 1458 4%, L B T Ak 5o 7 B2 )
e, R T R PR 2 T SRR, P R T B BT Y
FrIZ S5 BERURL % 25 50 254, ORI IR A e
AR
2.6 EBBIEBUEMKRBURTRESN

MK S B (< 20% ) B, — R A
DSC JM5E T, 5 /K& (( >20% ) i, ik DA T,
KR, TRNFE W) T, FrA8 e 1 oK 73 35 5 AR
T HEAT VR URAR BRI, A R 8 B B Ve VR e R A
XY T, 20

ANTF) A WAL TE R Y T, Wk 2, ik 2 ]
R BEK 3 S IG, 2 THOR A RIS A £ I A e A
(T, ST R, R PR Z2 A0 oK 23 Al U e by
PRZH B A ARRR AT A 398 S5 ) 73 1 Bz gh 3 it
JIrF s a2 B RO B A 4R A
T AT BRI 5] TR T, FEAR 3R RO U RE O
PEAFER T AR S 2, i TR (]
(L BEAVERT, VERD A S5 A A e Ak, FUBE B B AR AR
BER, Oy T IS PRI 5, X 5 KO0 FE B A 2R A
ML, & BT, TR, TR LUR B, 23R
WIALIG  TER 3 70 T, WA, LT 0 e 1 e
R IR A R4 2 1A Al P e AR J . Y
SO XY RS ph TR I AL S B WS S
LKA e A AR AR I 04 S AN 1) T BRI EK
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Fig.2 Molecular weight distribution of different hydrolyzed acetylated starch
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Fig.3  Morphology of different hydrolyzed acetylated starch granules
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Tab.2 Glass transition temperatures of different hydrolyzed acetylated starches C
FE d i

w(K) =2% w(/K) =6% w(7K) =10% w(/K) =14% w(7K) =18% w(7K) >20%

JEVEH 93.43 +0. 17° 82.67 £0. 47" 73.29 +0. 24* 63.06 +0. 57° 48.43 £0.48" -4.29 +£0.75*

LRP-LSD 92.77 £0. 48° 80.29 +0.23" 66. 83 £0.02" 57.57 +0. 48° 45.86 £0. 461 -5.36 +0. 66"

RITWEHT  \irp_vsp 90. 86 +0. 44" 78.22 +0.97¢ 63.52 +0.25¢ 53.62 0. 40! 44,22 +0. 15° -7.19 £0. 58"
HRP-HSD 83. 14 £0. 46" 70.30 =0. 13€ 61.27 0. 384 48.74 £0. 185 42.11 0. 197 —12.33 £0.18°

JRVEH 92.89 +0. 49° 80.57 0. 11" 67.11 £0. 49" 59.53 £0.29" 46.98 £0. 48¢ —4.32 +0. 344
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Effect of Substituent Distribution Within Starch Granules on
Physicochemical Properties of Waxy Corn Starch

ZHANG Haoran, YU Tingting, LIU Ying, ZHAO Kai”
(College of Food Engineering, Harbin University of Commerce, Harbin 150028 , China)

Abstract: To explore the influence of the distribution of substituents within starch granules on the
physicochemical properties of waxy corn starch, waxy corn starch was used as the raw material.
Enzymatic hydrolysis was performed using pullulanase and glucoamylase. Enzymatically hydrolyzed
acetylated starches with different degrees of modification were prepared by controlling the conditions of
enzymatic hydrolysis and acetylation modification. The enzymatically hydrolyzed acetylated starches were
subjected to surface gelatinization treatment. The changes in the degree of substitution in different regions
within the granules were determined by the degree of gelatinization and gel permeation chromatography.
The starches with different substituent distributions were analyzed by scanning electron microscopy,
differential scanning calorimetry, infrared spectroscopy, and X-ray diffractometry. The freeze-thaw
stability of starches with different substituent distributions was measured. The results showed that based
on the analysis of the gelatinization degree of starch granules and the degree of substitution before and
after gelatinization, with the increase in the degree of enzymatic hydrolysis and modification, the degree
of substitution of the remaining starch after gelatinization increased, acetyl groups were introduced into
the interior of starch granules, resulting in a relatively uniform distribution of the substituents in the starch
granules. The scanning electron microscopy results indicated that as the degree of modification deepened,
the surface structure of starch granules was damaged, with depressions and holes appearing, and the
internal substitution of starch granules increased. The results of infrared spectroscopy, differential
scanning calorimetry, X-ray diffractometry, and freeze-thaw stability analyses showed that as the degree
of acetyl substitution inside the starch granules increased, the glass transition temperature of starch
molecules decreased, the characteristic crystallization peaks weakened, the relative crystallinity
decreased, and the freeze-thaw stability enhanced. The purpose of this study was to provide a reference
for the further application of composite modified starch in the food industry and the subsequent study of

substituent distribution.

Keywords: waxy corn starch; enzymatic hydrolysis; acetylation; substituent distribution; physico-

chemical properties
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