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ABSTRACT

Project Code: RSA 5080014

Project Title:  Improving structure of rice starch gel to resist freeze-thaw process by addition
of Thai polysaccharides

Investigator: Associate Professor Dr. Sanguansri Charoenrein
Department of Food Science and Technology, Faculty of Agro-Industry
Kasetsart University, Chatuchak, Bangkok 10900

Project Period 3 years (25 July 2007 — 24 July 2010)

This research shows that three polysaccharides i.e. konjac glucomannan (KGM), waxy
rice flour (WF) and tapioca starch (TS) reduced spongy structure of freeze-thaw rice starch gels.
However, their effectiveness and mechanism were different. Rice starch gels with KGM showed
that swollen starch granules were more evenly distributed and appeared to connect as a
network suspended in viscous KGM-leached amylose phase. This arrangement retarded rice
starch gel retrogradation, reduced spongy structure, lower % syneresis and hardness of freeze-
thaw starch gel. Gel with WF showed that highly swollen WF starch granules spread and
covered the less swollen rice starch granules which could explain the retardation of rice starch
gel retrogradation, reduced spongy structure, lower % syneresis and hardness of freeze-thaw
starch gel. While gels with TS showed the connection of swollen TS granules and swollen rice
starch granules. This arrangement retarded rice starch gel retrogradation, reduced spongy
structure and lower % syneresis. However, both swollen granule types caused an increase in
hardness of unfrozen and freeze-thaw starch gel. It can be concluded that the most effective
polysaccharide in reducing the spongy structure of freeze-thaw rice starch gels was KGM
followed by TS and then by WF. Furthermore, sucrose also reduced the spongy structure
formation, lowered % syneresis and hardness of freeze-thaw rice starch gels. Fast frozen gels
had less spongy structure than slow frozen gel. Addition of sucrose and KGM retarded spongy
structure formation, lowered % syneresis and decreased hardness of slow frozen rice starch

gels.
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mimﬁauﬁmaﬂmaqa Mldtianisiganan Inasvasngs lastiaansasidunadin (spongy

:j ~ Q 1 { 1 =1 g; Q ~ 1 ~ [ =1 IJ
structure) uasnAnUdsBaIaratsNuTIianudmigasdnsuSinausianudesnsiivmalngduann

o ' { A 0 & ' @ f o
e §uNgunni -10 uaz 20 C umwaﬁazagmﬂlmam’s: glassy 39 MIATIINUNTARGIVBIRATD
(starch retrogradation) WAg9AINUNNTANKNANIANVRIELTY (ice recrystallization) lasuwananIiwD

A £ o @ ' A = { A 0 o o
Wagudasnindedwdiiungunnil -5 C Tu1l 2002 Lee wazanld@nunIaNAIAITDITDILAR
FANSTNWNG (sweet potato) ugtdanudslasi@uny 9 Tia WUIIMTLANUTULNUAN BAILUN LazNINY
Huseantawlun1saanisuenalvasin (syneresis) AoUTN9g9 lasamTién 0.6% AINNWHUAANTT
LENAVBIUN (syneresis) VL@Tmﬂﬁq@ LENITZAUAMNITNTUAINN 0.3%  UTUUNWANNAUIAHEANI

o o g L = | = (3 Ao a v o & a
nIny %ﬂﬂ"ﬂ’]ﬂ%LL‘H%LL‘ﬂ%ﬂ&JUG&INE‘]VL‘]_I&@Q’NM%%@TQGLW&@ IRTMZVIB&%L%VILL&Zﬂ’]ﬂ&I%%VLﬂLW&Iﬂ’)’]&I
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A & | & o & = a o & A A o &
NUAVUDILANRA aﬂqﬂqiﬂﬂquﬂwﬂﬂﬁwﬂﬂwwaqﬂH‘UU\Tﬂ']iLﬂ@iI'ﬂiLﬂiL@"ﬁuTa\'ia(ﬂ']?’ﬁ (starch

retrogradation) lagaadtunANalunsgugsdnInuswnunuLaznIsN

{ o 1 v v QI lg/ { { g‘
Wavinmsugibanuds anutudusasasazanaluizuuazifaduizos 9 hasaniinluszuuas
1 a A' J < { a e; a Aa v & o v a g/ ~
foe 9 ALl uNENINNLANTY fuumzmLﬁaqmwgumﬁaqm‘mﬂuﬂmammwum}:mlmn@uﬁﬂmLLm
mﬂﬁqml,a:fhuﬁvl,ajLLﬁaﬁaﬂ%amumaamiazmﬂﬁm’m%ﬁ@mﬂwvlajmmmLﬁwﬁﬂﬁmﬁumﬂé‘a

aaniladn (Ferrero WRs Zaritzky, 2000)

1 =1 5 6 a dl s dl 1 & v U 1
T3 rI19nIsIALTNEN L‘wa‘nmminm@mirﬂaﬂuLLﬂaa"LﬂgaﬂEmmVLuLﬂu@aamivl,mmmi
a g e o :/ a :’ v & a s
AaasuNRLUUNaILer T AANITLENVaIEN0 0NN ATIRI T T UNEIN NITLAASINILNTLATY
yasuaflaguazuadlaiwnfiunumsiiansanwanlng (recrytallization)  mTasuutasfiaziiaunn
v ‘:g/ Q Q 1 a\ %
%‘%auawunua@mEﬂummmﬁaLLazqm%QulumiLﬁmﬂm Ferrero WasAtue (1994) ANHINAVDY
AT IUNTUTUD I LT L%ﬁLm:L‘i?amﬂﬁ'uqmﬁgﬁlumnﬁu%ﬂmﬁ -5, -10 WA -20 BIFLTALTR
\ @ Aa ¢ v ¢ & & o & & & y Ao =
F#aANUAIAIYDITEULUNTRANTTT N IWa 10 1WasiFuduaziowinuny 0.3 twasidud wuil NaaIsa
a ¢ = & ¥ o a a a a a '
NN (270 aw/py) wdlesidudminsnvenihtesfigauasiiioffoufisunazasgamniingdi s
Lﬁu%'ﬂmﬁqmwgﬁ -5 AIAL AL ULV AT uUN M DLk nwn U AL e FURRLUUN a9 ANITLAGS
Immim%mamaﬁiaa"l,ﬁmnﬁq@ LﬁaaﬁnﬂLfluqmvm“ﬁﬁgaﬂiﬁqmﬂgﬁﬂmaﬂimﬁﬁu AT aLAL
> d' QJ o 1 ;:!I 1 = Qs a t:ll :!In:l =
'masnwqmmgwm:mlﬁlummaamsazmmvmmem@msmaﬂmmaaﬁnﬂmaoma’mwmwwu@go

v o

TUfluasnainianunitaiasas é’aﬁuimaqaludmﬁ%ommmLﬂaauﬁmﬁﬂﬂﬁé'uwuﬁﬂuvlﬁ FIUN
410 wae -20  adewaldna wudnandasiiuanisuenuasin lduanaisagnelinasany lagnigas
ad P a o o ¥ A A & o ~ = S oA = a
qmunﬂumz"lum@aﬂmmﬂmaamoLLUHWaamwwmuammﬂmw 5 aIfLaltyR aadaTaungy
Namaaé'mm,%’;ﬁ'uqmmgﬁ WU aaSANadaLlasiFuan1TLanYaIdININNT eI NAaEIN LT
é’@mL%ﬁLLm_lL‘%Wﬁﬂvlu'L?mLﬁaﬁuﬁmmuwaaﬁuﬁmﬁuvﬁﬁqmﬁgﬁ -5 DIANLTALTUR bHDIANNNITHT DI
wuuSnazyn v liiRedunisnanan é’oﬁfml,ﬁl,ﬁu%‘ﬂmﬁqmﬁgﬁgaﬂ’hqmugﬁﬂmamm%%’uﬁa:vl,&i

A InInIaTHasLad larlazuad latwnfin

#anaNH Ferrero uazAmhy (1994) SINUINNatAuuauunuaNad lWInszuuua wanunuwnyas
frgaarlasiiudnsienvadinaananszuylang 3 qmﬁ{]ﬁmuﬁué*ﬂm #aNINNREITILTBINWANT
a A o a t:ll ) v Aa £Z :’ t:ll = d' g; Qs Qs =4
AasInsinsiatuvadiai lagnvinlwiialasigsonuunasing -5 adeniraldas NNIRIUTALIATIS?
luﬂﬂiLLﬁLﬁamv‘ﬁmﬁaamﬂLLSﬁuLmuﬁ'sJﬁ)zL‘*ﬁwvlﬂ%'uﬁ'quLaqaLLaﬁIaa'f?]'amuﬂsna@nWiLﬁ@%IwiLﬂSL@%'u
Y9N laa latiiad LaLNaIaNIT A INIINILAT UYL N IaWAAUA8LATEd DSC W1 88T 152U
qm%gﬁlumnﬁu%’nm”l&iﬁNﬂ@iamnﬁ@ﬂmm‘smfmaaLLaiﬂaLWﬂﬁmﬁaamﬂ@hﬂ%mmmm%auﬁlif

e 1 dl s 1 J [} A o o a dl s =
IummmUwu:ﬁ:izmwimaqa (AH) VI'J@’IVL@M/LNNWJ']NLL@ﬂ@nGQUWGN%UNWQQJ”‘YWJT]G] BAILITILLRS

=

qmﬁgmumnﬁu%'ﬂm HANIMNBUTUUNUNNAAMNITNTU 0.3 1UaStFwdn aINIIngUEINTANTINT
INILATWUaILa N latwnin e

Lee WwazAme (2002) WSsuifisudszandawaadlalasaeasssd 9 sialunsiiuanuaia

& & o v  aa A A = . A = o
VBILWRNTANITUULNAN U?ﬁﬂqiﬂugﬂﬁnﬂLUaﬂLLTG (freeze-thawing treatments) 3 WJun137a
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¢ = & ¥ oA a A o & A A ae
wWaiiFudnisusnvasi laswuinlianIoufisuiuaiuendiwiiaimaglas 1fauan (curdlan)
> a 6 = o > (% = “ A o ¢ v
aKaY (gellan) ANadn wadthasyiuuw waslanadunuud? lofonoadua  MSANLAZLTY
WNWNNRINITNTILAANTTLAANTUENAIVBIUT (Syneresis) 1édni1 lasnanududuvedlalas
AaRRaLd 0.3% uauununinaziilsdninmenge swnenuduiu 0.6% Mminuzldszdninw
dngalunisaanmisiamsuenzesin udnmInaseunaiieiinsiniadusesuaiilaiwniiudaviaias
differential scanning calorimetry (DSC) wui1 laidsuaadiuaazdyszansawlunmstlesnumsiied

NI ALATUINNNINLT LN WLAZ AN

3. 35n1INAaad
a o n‘f 1 & 1 e dq,
TassnTITuiuLImMInaaadaanidi 4 §I%AI%

1. Aeneesddsznovussantifuesiagdy ldun aaizd1a (rice starch, RS) wiyN — Aawu
ﬂ'ﬂﬂQIﬂLLuuLLuu (konjac glucomannan, KGM) uilednLndten (waxy rice flour, WF) L8
RONSTANUFLHA (tapioca starch, TS)
mfiLﬂi’lzﬁaaﬁﬂszﬂawaﬁmqau eu3D289 AACC (2000), AOAC(1985) WaT ILATZH
YSuauadlagauisnisves Juliano (1971)

N A & a & o A a & A & . .
FUUAANNABAVAIRANITINT  IATIZAMULATOIIATIZAANNABAUUUTIAGT  (Rapid Visco
Analyzer: RVA)

2. ﬁﬂ‘mNamaamnamauﬂ'ﬂﬂgiﬂLLuuLLuu Wil IR LRTRANTTNBEIUERAIGaRNL AT
AMNABAVAITEUUFNNTTTN — 17 URLLHORNHEVDILIARANTTTINY  WaNINHIIANEINAVA
rm‘lﬁuﬁ,’lmag‘[maaﬂuxuuam%ﬁn - ane

a & aa . & @ o ' =
NMILAILULANTANTTANNIDVEY Charoenrein et al. (2010) Laaam?ﬁmﬂunﬂmamwmm
NTUVBIFANTTINILYINAL 8 % (Hwin/Aiwiin)

A o o & a & o A a e & o o
L FNHNEDDILANFANTTILATIZRALLATBIILA AL LORUNE (Texture Analyzer)

3. ?misnNamaamilﬁamauﬂ'ﬂﬂgimmmmu wilstndie) wRZEASTAREULHAY  GaAINNAIAN
22909883 uTanuds  (freeze-thaw  stability) Lﬁaé'usi’aua:‘[mm%aszé’ugamﬂ
(microstructure) 2adLaRANSTINIMALEENUTS  wanINNRSIANEINAVIaAT IS NN TuTLEaN
LL%LLazmiLauﬁwmaﬁma@iaawﬁaﬁanﬁmmaaLaaa@m‘mﬁnLLazLﬁ]aa@’]%ﬂT’]’swawﬁuaau
ﬂ'ﬂﬂgiﬂmemuumﬁam@a@hU

LA & o . & o A LA = . A a
M3t anudidrasnaaagansaltiaTasusilanudIuuy cryogenic freezer GRRMGERLAZE
anmanlwaIaariiny -40 ° @ LLazﬁwéT’sashoaaﬂfﬂ'mm?aal,ﬁaqmﬂgﬁia\ﬂmaﬁaamaa@m
fl9 20 ° @ LLﬁQﬁ’]@T’JE]zi’mLﬁﬂ§ﬂ‘1ﬂﬂ%§LL°ﬁL§aﬂLLﬁdLLllll chest freezer gaunndl -18 fl9 20 ° @
o el A ~ = = L= = 1 A ~ g: =YY= > a
fusunIusLdanudsuuusa lwn1IAn ¥ a5 IN T a N9t lﬁaﬁﬂsuqmﬁgmmaa

a ) & o ) ;A = v & LA
amaneluaIad cryogenic freezer 1w -80 ° @ sumsugibanudawuuth Wumsusiban
& @ ' o A = Aa A 2 o)
Lmamamﬂugumyammuuu chest freezer Nllgasnnil -18 019 20 @
AMIWIANNAIAIVBILARRANTTUTLEaNUT @1u3TVad Charoenrein et al. (2008) waz lua28E19

Afvhenaldanitues Arunyanart and Charoenrein (2008)
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Iﬂix‘lﬁ%”wizﬁﬂﬂaﬂ’]ﬂﬁ’ﬁﬂﬂé/a\‘]ﬁlaﬂiiﬂﬁaLﬁﬂ@]iauLLUUﬁadﬂi"I@@]’m%%“ﬂ6\1 Satmalee and
Charoenrein (2009) W&z Charoenrein et al. (2010) mum‘sﬁﬂmimaa‘?’m:ﬁuqamﬂéhma”aa
‘-‘gaﬂﬁﬂﬁuuu confocal laser scanning microscope faNfA10819628 FITC-dextran

4, ﬂs:mawamiﬂ@aaaLLa:ﬁwLauaﬂaVLﬂmiLﬁ@LLa:mia@é'ﬂwmﬂmaa%nWaoﬁﬂuwaam‘fwﬁn
@TaUmuamauﬁnngimmmmu LLﬂx‘i‘ﬁ”]’)L‘HﬁEl’J LL&Z&WW%‘Eﬂuﬁ’lﬂZ‘Hﬁd LLE\]ﬂ%Lﬁ]E\]&@]’]%’E‘IT’]’Jﬁ

Lauﬁﬂmaeﬂma

4. HALAZINTUNANIINAADY
1. Aenzissdlsznauuazaalfvasinniu
1.1 av@/sznaunmaai
¢ @ o Y A & o o o A, g
ga3rt1n Aeudnnglawnuuu uilsdmilen uazsairduivzwasnianlslunmenssdt
290Uz NaUMILANAINTNN 1 FasuT NS lag 31.57% G'i?ﬁm%isl,umiuﬁnﬁﬁﬂ%mm
uwodilasgy (Juliano, 1992) sudanmldsdn ludu wand@luliinmdr  asudnnglawauuuudl
a o o L @ o @ = ' ° @
Usmnaulisdu lusfuuazidagivindy 0.87, 0.95 uaz 1.89% anudey Fadudnlasszandmiung
I| o v a Qg v { U |a a ol ‘é | a {
qﬂﬁmumsmlﬁmqmum Twpmenuilstnnnierlusunnallagdannfa 4.11% GaduiSurm
wun U lwudlataniion  wasidSanmlusan lusdn LLazLﬁﬂuﬂ%mmﬁg\iﬂdwa@ﬁwﬁnLﬁadﬁnﬂiﬁ
1 U o vV a Ag 1 6 = o o a a Q = a s
Vl,uvl,@mumswﬂ%mqﬂﬁ fuwReNITIRAUnas NS el larluszautwnand uasdusuoldsin

Qs U =) C: A (=1 Qs QI/ Q o %
T wazt ludSurmddaiduanumena luasgasounalsnas

79N 1 asddznaumaaiizasaanisdn (RS) aeudnnglauuuuu (KGM) uilsthamiies (WF)
WRSRANSTRUFLULHAAS (TS)

@We : Wesidudlasiinninui)

fatng ANNTU wadlag Tus6in lasin LN
RS 11.41 £ 0.03 31.57 £ 0.38 0.94 + 0.05 0.06 + 0.01 0.04 £ 0.02
KGM 11.71 £ 0.01 - 0.87 £ 0.03 0.95 £ 0.03 1.89 £ 0.03
WF 11.69 + 0.01 4.11 £ 0.08 6.99 £+ 0.02 0.25 £ 0.05 0.24 £ 0.02
TS 12.69 + 0.01 17.13 £ 0.60 0.03 £ 0.00 0.02 £ 0.00 0.10 £ 0.06

RULLAG * AUARLINMTIATIEN 3 1 + WD SIUUNATNY
—_— o9

1.2. a”nymzi’@z;;ﬁya'ad@@”7)ﬂna”aa?ammuiwudamﬁ@ (SEM)
' e o oy @ A A = ¢ Ao @ o o A a ' =i
wud sansrrnaesiivinmisllasansTndawmeanemeaaent Aa UIMaEmnRN
= ' o ° o a = & ' . & & & A
LAV IAADUIIRNUFND (AININN 1) muml,ma@m"ﬁaglwma 3 — 8 luasan LUAROSTLNILNAN
iaﬁaaqu@aan‘lﬂmaa‘[ﬂsﬁuuaﬁé’fjuﬁmﬂu%@uamﬁﬂmuﬁ’;Lﬁ@am%ﬁ @%’mﬂauﬁ'ﬂﬂg‘[mmmm
wlvwa ldadigue dvlngfvwennniudesasriniuaziud1denag ﬁwaaﬂauﬂ'ﬂﬂgimmmmu
& = =< o Ao & = A ¢ o o v
Ll]umaEl&l&ql&lLL&@]\‘m\‘lﬂ’liQﬂﬁJ@ﬂﬁLL@ﬂaaﬂ "quaﬂwmzmummmiukm Tuamengasrinalnad
' 1 & Ao & Aa o o a V=
wui Wesenssianwaiiunsenaunllansaansotinuas (truncated end) wazlawalugininiie

6 ¥ 1 g <3 6 6 e o v A
FOITVNIDLNITALIW LAARANITINNFNNITUBRIUBAINIUIAUIZN W 5-40 "lwmau
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wZ||  1adm

813579717 x1,500 110 ﬂauﬁnﬂgIﬂLmuLLu %200 L¥in

wilstnndien  x1,500 win FANSTUUIIULHAI x1,500 110

P o = & o a = & YRR ~ = & o
NNN 1 ANBIUSVBILUARANITVII ﬂﬂuﬂﬂﬂgIﬂLL&l%LLuu Lll@]ﬁ@]'ﬁ"ﬁl%LLﬂx‘i“ﬂ']')L‘ﬁuﬂ'l LAZLUARANITU W

fenag ﬁaw’hﬂﬂﬁaa@aﬂﬁﬂﬁﬁLﬁﬂmammudmmm

1.3 AIMINEIAIVBIFATITT2
& & @ 9 v a € o o o A o A L A o a
niganirtn  wildhaumiled  uazseirduddznasidininesdniugimilaszaugunnil
QI J’ { { ~ 1 d g; U U v
WNAW (M 2) uazhganndlugeg 70 - 90 ° @ Saldlumuaisuaany wuduihdhumiiednig
% A 6 o o a & v o % a? ' a o
WaITIFIFa JadasnfeaeTTiuiUznasuazaairinauday wananilutisgunni 80 -90 @
! o Y A A o & A & YRR = PN
wuin minasaweduilitnuniisalenanas Jsenaduwaunannminifasansvluuiledniniainnes

Y a o A a &
mmﬂm@m‘nmﬂmLﬁaqmﬁgugwu
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2ANTNAIAT
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Q =+ —%—TS
G
c /‘ / —e— WF
=< 10.00 T

5.00

0.00

50 60 70 80 90

aauunll (avaadardad)

a

MWA 2 ANITWEINIVAIFATTIN? LLi”Jo"ﬁ'nmﬁmLLaza@lﬁmﬁuﬁﬂﬂméﬁﬁqmﬂnu 50, 60, 70, 80

L1]
Waz 90 o

1.4 GUUAA AN

PIMIANLRINTABANVRLadIsIaTadeTTRaNuniiauuuTIaisT  (RVA)  wuin

& o @ @ a € o o o A ada a A A A
RONTTI1IIN uwiliinmbouasaaniziudidznasligampiinsuiamadfsuudasnnuniionse
Aad a a L% 1 o o = o % '

gannififaad lwatulyiiiy 82.78, 71.08 uaz 69.45 °0 AWML TIHAFAAARDINUAINNINGY
M dwiuianuniiegarig uazdiaauuays  wuduiehaniolidisauuadingatasasnin
gasTUniLznasuazaasTinaiay suingiuwi ienduwsinandiunauedlasiuandany
Y EReCHE Warhmanzinesidwuidisauuazasiagaunimuaianuuand1anuadn

waf1A7Y (p<0.05)

ANT9N 2 mmwwﬁ@gaq@ mwwﬁm‘hq@ ANNRLARAR mmwﬁ@q@'ﬁ’m memmm:qm%{]ﬁﬁ

BUAAAMNRIAVAIFAITTINY WIIT AT RANITNWR UL AR

anunia (RVU)

aqm%gﬁﬁfu _ _ - _
T S cat L mw'wu@ AMUNRLA  ANURBA  LTaLLA
wita (1) g9 fge 8RNI gavng
RS 82.78a 228.92c 186.63a 42.29c 305.67a 119.04a
TS 71.08b 406.17a 150.13b 256.04a 255.04b 104.92b
WF 69.45¢ 286.79b 140.63c 146.17b 173.17¢c 32.54c¢

RNEWAA - AaRsaudnaenwsanlulaunwluuwiag lidenuuandranwasnsiivedamy (p>0.05)
a ¥ ¢ o o [ g’
2. Namaam‘sm&lﬂauﬂnngfﬂmemu wile2nited aassandlenas u,a:u'm'msgfﬂia
AaFNTANIBAMANIAVDITLUUAANTTINILALLHDFNATVDILRATANIBA1INDOUNITUD

= [
LJanNLLAd
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NNMINATERFULAMBANARA WU LﬁaLaNﬂa%gﬂﬂE‘]IﬂLLN%LL%%NGI%?%UUﬁ@l’]%ﬁ"ﬁ’]’)-ﬁ’]

o Y v 1 J d { QI
m‘l%mm’m%ﬁ@gaq@ ANuniaaaad mmq@ms BRSLTALLUA flﬂ’]EJN‘IJ% (@]’li’lﬂﬁ 3) uaziilatina

2 o 1 1 g 1 13/ . a 1 |
l]i&l']mﬂ.l@dﬂﬂ%&lﬂﬂfﬁIﬂLL&l%LL%% mmmﬂﬁ@mmﬁﬁmqwu Rojas wasatwe (1999) asunaIn ain

Nﬂ%ﬂﬂﬂ?iLﬁNﬂ’J’]&lﬂﬁ@ma\‘iﬂa%gﬂﬂQIﬂLLNuLLuu

LRZLAAFANTTNNAIAL U lATUAMNTAY

#INTLNA é’umﬁ%miwdwaﬂauﬁ'ﬂﬂQIﬂLLuuLLuu

171973 Matfsuutasnnuniauaiaassding (RS) wauﬂauﬁﬂﬂﬁimmmmu KGM) Nana

T 0-0.5%

ANURKA (RVU)*

et ANNnia ANNnia ANNNLA ANNRHA LT
5980 @‘i']ﬁg@ AR GOV
RS 127.92 £+ 0.71 102.64 £ 028 25.46 +2.18 133.88+0.18 31.42 + 2.71
RS+0.3%KGM 231.05+ 548 164.29+525 66.75+0.24 28525+3.18 120.96 + 2.06
RS+0.5%KGM 330.50 + 2.83 257.34 +6.24 73.17 +3.42 400.80 +2.30 143.46 + 8.54

WUNBLAG * ALREIINMT) Lﬂi’]zﬁ 2 61 + §aAd BUWNAI
LACRISLAZ0 ]

va v A 6 v ¥ =)
IMNNTOTNIIROURNUAATWAINRUAVDITZUURONTTININFULTITIL AT 1.0, 1.5 waz 2.0%

& g; 1 a b ¥ o ¥ A v QI J
(maaumm%mlmwuﬁa 8%) ‘wmwmmmLLﬂwnmﬁmml%auummumﬁwﬁmaoizuumeu

> A A da XA a P o @ ~ A a o
I L0 (@I’]i"ld‘ﬂ 4) ﬂ’J’m‘Iﬁu@‘ﬂL‘W&l”lluumﬁ]Lﬂ@]’%’mﬂ’J’m‘ﬁu@‘UaGLLi_J\‘l‘IJ’]’JmuEJTJ NI NILNADUAT

ﬁ'%sm:mhﬂuLaqamaal,l,ﬂo"ﬁ’nmﬁmﬁ'uam%ﬁ*’fm

17197 4 mIudfsuudasdianuniiavasaanioin (RS) nanuisininited (WF) Nanudutu

0 - 2.0% (Wih.WAIU8IVaILTINIRNA lUITULAD 8%)

aNunia (RVU)*

(;]”Jﬂ{i’]\‘] AIMURUA ﬂ'J’I]ﬂJ‘W%@] AIMURUA AIMURUN L@
RIRA k(3 NN qANNE
a4 9 q q
RS 133.79 £ 2.65 120.29 £2.06 13.50 + 4.71 181.83 £ 0.82 61.54 £ 2.89
RS+1%WF 189.08 + 0.94 163.08 £ 1.77 26.00 £ 0.82 241.88 = 2.77 78.79 £ 4.54
RS+1.5%WF  234.42 +1.77 195.33 £ 2.24 39.08 £ 0.47 292.38 + 2.30 97.04 £ 0.06
RS+2%WF 265.17 + 1.53 219.13 £ 2.42 46.04 £ 3.95 319.54 + 2.06 100.42 + 4.48

RUULKA - ﬁﬁL@aﬁUﬁﬂ'ﬂ’]ﬂﬂﬁiﬁLﬂi’]ZﬁZ 1 + ANDIUBNIATII
LACRISLAZ0 &

mﬂmsmmaauawﬁ'@ﬁ’mmm%ﬁmaoizuuamﬁ"nﬁ’nNamms“’nﬁuﬁ’mmﬁa 1.0 1.5 uaz

2.0% (Wih.Ldvasva9udenanualuszunia 8%) nuinmsidnaasraniznasrinlAaudfswainu
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A £ o @ [ A = A A A XX a A & o
%u@madizuugdmu(ﬁﬂume‘m (@\1@']5’]\1“/] 5) BIAIMVURUANLANNVUWDIILNAITNAIVURUAVDIRANITU

f1enad naa muﬁ@é’umﬁ%ms:%dﬁﬂumqamaaam%ﬁ'uﬁwﬂmé’aﬁuam%"m?n

13190 5 MILUREUUURIAIANNRIAVBIFANTTT? (RS) NENRONSTNUFILUZART (TS) NANVLTNTH

0 - 2.0% (Wih.WAIUaIvaILTINInUa luITLLAD 8%)

ANURika (RVU)*

et ANNRALA m'}wu@ ANNALA ANNRLA LETALLA
FIFN fwa AR gaNgE
LT} q q
RS 133.79 + 2.65 120.29 +2.06 1350 + 471 18183 +0.82  61.54 +2.89
RS+1%TS 22233 +566 17163 +11.02 50.71+536 274.08 +3.06 102.46 + 7.95
RS+1.5%TS  274.71% 4.54 192.63 + 7.01 82.08 +11.55 310.75+4.95 118.13 + 11.96
RS+2%TS 317.21 + 5.36 212.33+224  104.88+3.12 32713 +253  114.79 + 4.77
WINHLAG - ALRAAAINNMTIOTZR 2 61 + eudosuuinass
AWBLAG 3
miLam‘iﬂmasﬂﬂ‘saaﬂmzuuamﬁmﬁn - i Wuiﬂﬁﬂﬁmflwﬁ@gaq@ ﬂ’nwﬁ@@hqﬂ

o a & { a v o by ' \ Aa a &
ﬂ’ﬂ&]%ﬁ@]ﬂ@mdLLﬂtﬂ’J’]N%ﬁ@]Q@WI’mLWN%% WalNUAMUTNT WU aIENaNa A1aNURAaLREIhEILNUT

sudnsauualdaaniiaifuihmaglar (19190 6)

a9 6 Mandfsuudasdanunilavassaizdn (RS) 8% wawhanaglasa (Su) Nanududu

0 -20%

feend anunia (RVU)*
aNunite ANunita anunia  anunia LTALUA
ﬁdq@ (ﬁl’]qﬂ RIBRN Eﬁ!@]ﬁ’]ﬂ
RS 1347 £ 0.5 1220+20 127%15 1462154 242134
RS +10% Su 2157 £ 0.4 1971 +02 186X 02 2146+t22 175%25
RS +20% Su 2940*09 2780%f22 159*x13 291.1%t18 131104

RUIYLAQ * ﬁ’]Li)oailﬁ]’mﬂ’ﬁ%LﬂiﬁtﬁZ 1 & g doaunuaIa
LACRISLAZ0 &5

2.2 1GORNANE

NNMTIAHRORNARVD RTINS TTNNA8LATIIALHARUNE (texture analyzer) T 1unaLi @

maximum force (LTIFUMINAFIFA) NUFAITIANVLTIVEIIN FMTVAFANTTTIRAEMTTTIHEN
AauENNAlALILLLL 0.3% uaz 0.5% fauutidanulsfidn maximum force aaasilaiinnaudinngla
UNBLUBHG (A1790 7) m@rhLﬁ@ﬁnﬂmsﬁiuLaqamaaﬂauﬂ'ﬂﬂgiﬂmemmﬁﬂﬂﬁ@mm\imﬁuﬁaﬁu

?lﬂﬂINLﬂQﬂﬁ@]’]g"H %x‘i‘ﬁ'ﬂﬁﬂ?’]%&“ﬁﬂ“ﬂ 2ILAINNARN
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g7 7 AANUDS (maximum force) maaLﬁ]aa@ﬁ"ﬁ“ﬁnﬁLauﬂauﬂ'ﬂﬂgimmuuuu 0 — 0.5% niawn13y

WoLEanua
A18819 ANRNVUDI (hIaw)
RS 3.323 £ 0.091
RS + 0.3% KGM 2.725 £ 0.159
RS + 0.5% KGM 2.644 £ 0.116

RUDIAG - ANARIINNMIIATIER 5 51 + 8 L9lUaNAIT
—_— a9

- deformation level = 60% of original gel height

o el 6 v 6 v Y v = 1 1 A ~
fNIVRAFIANITTNUALIIAFAITTINFULTNT A RE2 1.0, 1.5 Uaz 2.0% noawugidanids
WU maximum force aARY (131N 8) FULBFIUIN LAeaNMINLilidnrieINdaTININDIN
g9 amuluwaeiouas  lesaizvasuilithumiipinesduszuanaan  vldluanavesueiila

L‘Wﬂa%luLLﬂ\“i“fh'J mﬁmLﬁﬂ"lﬂﬁ@mﬂamﬁuﬁaﬁ'm QGINLRQRE‘(@]'}%‘E ﬁaﬁﬂﬁmwwﬁw DILIRRAR

]
A A Y

PN719N 8 A1ANMLTY (maximum force) VBILARRANITD? (RS) NMAnuilsinniten (WF) 0 - 2.0%

AawnsuTidanud
A18819 ARNNLDY (Faw)
8%RS 1.65 +0.06
8%RS+1.0%WF 1.48 £ 0.06
8%RS+1.5%WF 1.34 + 0.04
8%RS+2.0%WF 1.25 + 0.09

RUNULKA - ﬁ’]LQﬁUﬁ@ﬁ]’]ﬂﬂﬁiﬁLﬂi’]xﬁ 5 1 + A NdeIUBNIATIN
—_— oas

- deformation level = 40% of original gel height

FIBLARRANTTTNINFURONITNUEULBRI 1.0, 1.5 usy 2.0% nanwdiiianuds wuinden
i A £ { v A . a { = o o o A o Y \
maximum force XYW (13197 9) Fuling i HamnnsiidesassiudUznasnnosaudss

P ~ Lo o= & o A o, v a = & v
WaANaan (AMNN 2) VL‘IJLUU@]Lmiﬂa%JJHULSJ@E{@’ITD?J’]’JVIWQG@YJ 'YHSLWLW@JQ')’]NLL?NTQGLﬁ]aﬁ@nifﬁ"ﬂ'ﬂ

'
A A

e1319N 9 AANNLDS (maximum force) VBILRRFANITIN (RS) NLANFANTTAUSLULHAI (TS) O -
2.0% nawnIugitanuds

A28819 ALY (Faw)

8%RS 1.65 +0.06
8%RS+1.0%TS 2.05 =+ 0.06
8%RS+1.5%TS 2.02 +0.03

8%RS+2.0%TS 2.04 £0.02
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RUNULKA - ﬁ’]LQﬁUﬁ@ﬁ]’]ﬂﬂﬁiﬁLﬂi’]:ﬁ 5 1 + A NdeIUBNIATIN
—_— oas

- deformation level = 40% of original gel height

] & o & ' oA = A & P
sruaaraTstnauieaglate 10% dawunbanuds wuddidianuudiansd (13199 10)
fullvg i Wwwnzhaaglesaluszduiimihiduwans@lowasiliiasiianudeuds wdiile
- oo ¥ x v e ¥ e
Wuanudntuzeshmannds luanasheasasldudsudulaaniussildanunialuszuy
£ o § o = ¢ o a & A o
gawmawihliianuudwasassasrinisdwlanauiuimaglae 20%

31971 10 AaNALds (maximum force) Badtaaaa3ITT1I (RS) Mdnianaglasa(Su) 0 — 20%

AawNIIWTLEanwd
A28819 ANRMNLDI (AW)
8%RS 0.39 + 0.1
8%RS+10% Su 0.22 + 0.01
8%RS+20% Su 1.17 £ 0.19

RUULKA - ﬁﬁL@aﬁUﬁﬂ'ﬂ’]ﬂﬂﬁiﬁLﬂi’]Zﬁ 5 1 + AUDHIUBIIATIB
LACRISLAZ0 &

- deformation level = 20% of original gel height

Elumimaaal,ﬁaaéfuwuh (93]")?]ﬂ"]dLﬁ]aa@’]%ﬁﬁ’]’)Nﬁ&lﬁ'ﬁwE’JaLL‘ITﬂﬂ'lvli@TLLSZﬁ']@Wﬂ‘giﬂiﬁﬁ% LANT
Al e o & o o A & o & = o d'
LL@lﬂIW’HEIL$YI1°IW\'J’J@L%§JEKNNE‘I°U8\‘JL@§§N texture analyzer NARILLIBLIR @x‘]%%"ﬂx‘]ﬂiﬂlﬂﬂﬂ%ﬁﬂ'}'}ﬂu

[ ¥ o o L% . ' o { 19 oo ' Aa & '
ﬂ?i’)@]Lﬁﬂﬁ&lNﬁI@]ﬂl"ﬁ deformation level @13 ¢ N Lﬁa"l,&flmmasmm@mm@mmmzmnm‘m@

a a 1 o 1 [
3. N'él'ila\‘iﬂ'lil,ﬁﬂﬁ'ﬁ‘waaLL’ﬁﬂﬂ’lliﬁ.{ﬂaﬂ')’lNﬂdﬂ')‘Ua\?Lﬁ]aﬁﬂ’lg’ﬁ;ﬁ')uﬁlﬁaﬂuﬂd (freeze-
- ¥ o o Qo . 6 1
thaw stability) Lﬁaa&lwauaz‘[maa%’wsmuqamﬂ (microstructure) 2031Ra8ANTBTNILY

=~ [
LgantiAd

3.1 mﬂ@?wwayn-ﬂauy”nngmeuuuu (KGM)
A L ') 4 = A & & o AN M v

NANTIN 11 wmwmﬂfml,zmmmaamluﬂ']smgﬂmmmamm 1 -5 YAUVDILIAFATTTNN bl |6
A @ A A ¢ o Aa Y
meauunﬂgﬂﬂLLuuLLuuumgoﬂixmm 62% 1%"]sz‘1’]L%@ﬁ@l’]‘i"ﬁ”ﬂ’]’muﬂauﬂﬂﬂQIﬂLLﬁJuLLu%ﬂ’ﬂw
NT% 0.3 1Az 0.5% VANNILENAUAINNAARIARD 32.02 LAz 21.53% ANAIAU LEAIlALAWIN Ao
gﬂﬂQIﬂLL&I%LL%%&’]@J’]SQa@ﬂ’lSLLUﬂ(;f’J“lla\‘]ﬁ’Yi]’mLﬁ]ﬂﬁ@]’l‘gmﬁ’]’avlﬁ LLazLﬁaLﬁuﬂ%mmﬂauﬂ'ﬂﬂgimmu
LN IR US U NS NAU 894N Ll a kNS TT LT LE A NUT LR YNRL AL AN AT
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P ' & A A < A x> A a
a9 11 dmsusnaanvedin lunsdugdainilianudesaun 1-5 vasaasaidn (RS) Midunau
ﬁ'ﬂﬂgimmmmu (KGM) Nanuidutusasas 0 — 0.5%

v
ﬂ’];élilﬁtﬂ’]i“&lﬂﬂﬂﬂ‘ﬂﬂﬂ%’l

AIDEN 51muiaumiﬁu§ﬂmnLﬁanuﬁa
1 2 3 4 5
RS 62507 +0.82 6622 +0.60 6596 +035  66.60" +1.15  69.93" + 0.41

RS +0.3%KGM  32.02"+6.85 57.78" +841 5662 +547 6257 +377 6491 +295
RS +0.5%KGM 21537 +640 4465 +291 4353 +3.31 49.02" + 0.01 49.68" +2.17

RINUAR - ANARLAANMTIATIER 5 F1 + ANDoIUUINATIH
—_— o9
- dadaauasaaneTrngiiwlownululwinan lidanuuandanwagneivosan (p>0.05)
- dadgauagaraneaan il ounwluuwias anuuandrsnuedsino A
(p>0.05)

o A o o & o A LA = A A = A ~
Tueulita FUNE Lﬁ]aa@mmnLuamumiwﬁwaﬂLL°11<1LLa:ﬂugﬂﬁnﬂLmamwﬂmauw 1 §any
& a £ ' LA « v A a o ' =

UWDIANTY 56% NNLARNAWLTLE AN LmmaL@uﬂauﬂﬂﬂgIﬂLquLLuuaa"Lﬂ ANANNLDIUDILAR
goniTuTidanudianasad it ayneaia (p>0.05) HaNINHANULTIVDIIARANITTINANADY
o A LA = A A = o o A o A [ & o A
ﬂﬂﬂQIﬂLmuLLuumamummmmamwaLLa:ﬂugﬂmmUamLmLLm 9N INALA BINLLARFANTTTNN
"LsJ'"L@TLauﬂauﬂ'ﬂﬂgiﬂtmmmuﬁaumﬂmﬁaﬂLLﬁd‘é‘ﬂ@hﬂ NMIAANIIURU WL R IR UL RNHRLAZNITAN
mnmnéf’maoﬁwaoLfﬂaams’m%'smﬂmsﬁugﬂmnLﬁaﬂLL%&@T’mmnamauﬁ'ﬂﬂgimmmmuﬁ U130

asunylaen sﬂmaa‘?ﬁaszﬁuqan’mmaamaa@]ﬁmﬁn

TN 12 @renuudIvadaagaitnn  (RS) ﬁLauﬂauﬂ'ﬂﬂQImeuLLuu (KGM) Neanudautn
0-05% ﬁmumiﬁugﬂﬁnﬂLﬁaﬂuﬁ\ﬁauﬁ 1

ANAMNUDI (B6)

f18819 .
Aaulgidanud Auztannidanudsrand 1
RS 3.323" £ 0.091 5.193" £ 0.761
RS+ 0.3% KGM 2.725" £ 0.159 3.237™ £ 0.714
RS + 0.5% KGM 2.644™ £ 0.116 3.202™ + 1.389

RUURAG - ANRRLINMIIATIER 5 51 £ &2 aUnaNa Iz
—_— o9
- deformation level = 60% of original gel height
1 nl' U o o |n=l' = s 1 1 s 1 == o >
- mmaﬂmumﬂmaﬂwﬂmyﬂmuaunu’lmmmau"l,mummLmnmoﬂuamwummmy (p>0.05)

1 = v @ o & A A o & 1 ] L 1 A @ o @
- ﬂ']Lﬁ)oﬂUG]’]N@]'JU@]’JE]ﬂESLﬂﬂ‘Y]L‘ﬁllE]%ﬂ%lul,l,u')@]('lvl&lNﬂ'ﬂlll,l,(im(indﬂ%ﬂEl']\‘]&l%ﬂﬁ']‘ﬂiy (p>0.05)

mnms?mwﬂmaa%aszé’uqamﬂmaamaam%iﬁﬂ@ Um‘sdaag]éfa UﬂéTaaﬁ;am‘mﬁ'éLﬁﬂmau

WUUFBINTINAININA 3 LLﬁ@x‘llﬁLﬁ%'ﬁ’] Iﬂﬁx‘]ﬁ%’]x‘]“ﬂa\‘]L"ﬂi\lﬁ@ﬂi{“ﬁ‘ﬂ’"ﬂﬁa%LLf‘lmﬂgﬁﬂ’]‘iLL"ﬁLﬁ@ﬂLL"‘ﬁ\‘iLLﬂzﬁW
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LA RNAMNLANAIINUBENITALIN mwé’omnmﬁamﬁaLLa:ﬁugﬂlmauﬁ 1 LRIFEANTTINILAG

o s & A A 2 a 2 ¢ & d. o X ' LA = o '
TassasauuunaItintw ﬂaugwgwﬁammrmNaﬂmummamwlm:mwmswmammmazﬁ]omag
lulunsndsay ¢ INTW TassaTanasinigsvihldiianmsuenaiuasinaananlasdaiIuaIaaad8
(Ferreo et al. 1993; Lee et al. 2002) WNINTH Aa &IUVBILAAFANTTN baiuTaauazduIuaINWLUB
wIaN3uNI MILAAIINININATY LﬁaLamauiTﬂﬂQIﬂLLuuLLuuaﬂumaa@n% WU LAalaIade

me\laaﬁﬂumaﬁmumsﬁugﬂmﬂLﬁam@almauﬁ 1 %auad gwguﬁmmmﬁﬂm LLazL&I‘ﬂ%ﬂ‘fia‘]JE

]
a o

d o Qs v =1 v s g’ cl)
wguﬁmmvﬁma@aa sﬁGLi‘juﬁﬁL‘Vi@!ﬁ’mty“n“l’l’]l%ﬂ’m’a’]&lLL“IJG“IJQGL%EI&GI’]‘E"E“D’YJLLatﬂ’ﬁLLﬂﬂ@l’J“]Ja\‘]%ﬁ@l’]
ﬂdﬂéﬁaEmﬁvl,&i"l,ﬁlﬁmauéTﬂﬂQIﬂLLaJuLLuu ﬁdLLﬁLﬁlaa@]’lgﬂiﬁLawﬂaugﬂﬂﬁiﬂLLN%LLuuﬁéﬁﬁugﬂﬁ]’m
A I ~ a L ) A € A o . I @ ' AN M o
WWanudesaun 5 fﬂ:ugwgulmyw LmmeﬂmaugwguuaﬂwmﬂwmLLaszLmmeama‘n"l,w"l@
Lawﬂauﬁnﬂgiﬂuwmmu

mnnwﬂfﬂﬁaa@iamiﬂﬁuuu confocal laser scanning microscope @33380ULATIRTI9TZAL
ﬁ;ammlaaLaaamﬁ(m%aﬁaumumﬁaﬂuﬁa WU Laaamwﬁﬁnﬁ"l,&ivlﬁlﬁuﬂauﬁ'ﬂﬂgimmmmuﬁLﬁ(ﬂ

¢ A o o > ' | & a ~ o A A ¢ o AdA o

amﬁmwaomauﬂqunuamavlmﬂm:l,umJ (MNN 4 Fraila) lummzmaaamsm'nmﬂaumﬂﬂgiﬂ
WNBUBBHENDE  0.5% LIARANITININNAIAIIEHIUIALANN IR NIZANUAINW IR N B L ATIAE
(network) @3AWA 4 9d8 Ishihara wazame (2010) loanuin Wailagasadnin lataand luslu
svazangnua1ninuas soybean polysaccharide 22AUWIALANAY

nnuanInasasteduinliiuisguwit wsndunilavesmiazaoiagsey 9 wWasaniosdn
‘ﬁwaaéﬁém]Lﬁ(ﬂmrﬂ:uLaqmjadﬂauﬁﬂﬂQIﬂLLuuLLuuLﬁﬂéTumﬁ%mﬁuLLaﬁIaaﬁaaﬂmmmﬁmm%
TNIANIAD MINLLARANITTNIAANITIUAIUL UNAZLFAITINMIAAIINININATUAAINTT LIRFANST

ﬁﬂaﬁ"l&i"l,@ﬁ?mﬂauﬂ'ﬂﬂgimmmmu T I % MILENAIVBIHNLAZANNUT IV ILIRRANSTAAR
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(a) Rice starch unfrozen

13 i vt

= (e) Rice starch+ 0.3% EGM 5 cycle
— - T e .

WA 3 Iﬂiaa%ﬁas:é’ugamﬂmaaLaaam%ﬁnﬁtau KGM 0 — 0.5% nawuwsidandy

LLa:ﬁﬁaﬁugﬂmmﬁaﬂLLﬁasauﬁ 148z 5 mnné:”aofgamsﬂﬁﬁLﬁﬂmauuuudaaﬂﬁ@
(250x%, Bar = 100 pum)

MW 4 Iﬂsoa%"m:ﬁuqamﬂmaowaam%ﬁn (1) uazfliin KGM 0.5% (177) fiatk
LL°IiL§'|aﬂLLﬁoaﬁnﬂﬁadgaﬂiiﬂﬁ Confocal Laser Scanning Microscope (Bar =20

pum)
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3.2 maduuilvirunies (WF)
nmIanasssihiessaniztniduuildrmiorldundenudsuazinasas $1wam 5 sou
wu uilstmiisnamansasamsnenaivesin ldanasnmsutifianudoussyinazans 1 a0 (@1990
13) FAARBINUHALATIRTI99ZALIAN1AVEILAA Tasmusnaalassaionasninle udlusounsusiden

wiatazyinazangsaun 2-5 ﬂizaﬂ%ﬂ’]‘v\ll%ﬂﬂiﬂ(ﬂﬂ']‘JLLEIﬂ(?gf’J“IJ 2IUNAARI

A . & A A = A & o o Aa
797 13 dnsusneanvasin lumsiuglnnidenudesauf 1-5 vasaasaitaE (RS) Al
W@uuilsdnnien (WF) Nanududs 0 — 2.0 %

A1 % NILLNDANVRIUN

Gelligk a‘hmmaumiﬁugﬂmﬂLﬁamv‘ﬁa
1 2 3 4 5
8% RS 38.14aA £+ 0.69 52.65aB + 0.58 55.76aC + 2.11 56.74abC + 1.06 57.49aC + 1.60

8% RS +1% WF 26.97bA + 4.02 52.56aB + 0.88 54.49aBC +4.53 56.48abC +0.70 57.49aC * 0.39
8% RS +1.5% WF 20.82cA £2.72 49.62bB + 2.17 55.24aC + 0.64 57.72aDz 0.81 57.73aD + 0.31
8% RS +2% WF 14.05dA + 2.64 47.60cB + 0.84 55.44aC + 1.32 56.00bC + 1.84 56.79aC + 0.64

RNPLAG - AaREAaaNNITIezA 5 91 £ AndsiunneIgn
—_— o9
- dadgauagaranes vy il aunwluuwinenlilenuuandrnuadalissag (p>0.05)

- dafgauasfaneIanmlawnwlulwiad lidanuuanarenuaeeiivefan (p>0.05)

= & o A a Y a A LA « A A =
anuudspadasaiziniduuilsinmier Weruwmiusidanuduazuzlanibanuds
ua1 Aerdninenuidiadiaagansrinusidanudiuazinazaigad g drayneaia (p>0.05) a4
A o A o A o ¢ o ' A = A A & '
A1319N 14 LLazmwmlﬂammnuLaaamsmnﬂaummmﬂaﬂLwaLLa:ﬂugﬂmﬂleammﬂauﬂ’mm
LWHanudianes MInan U awiladeu e RUNRLAZNAIIRANIILINAITAINNVAILIARATTAIDAT

W@awilstnien i mlﬂiﬂa%U’]EIVL@?@T’JﬂIﬂidﬁ%/NSZ@TﬁJﬁ)‘aﬂ']ﬂ"llaGLﬁmﬁ@l’ﬁ{‘ﬁ"ff’]’)

'
a a Y

TN 14 @1ANNLDIVIRaFANT1IN (RS) Miduuilstnanden (WF) Nanaduds 0 — 2.0%

A A A = A
Vlmumiﬂug‘ﬂﬁ]’mLEJEJﬂLL”IJ\‘liaU‘Vl 1

AR (Haw)

A28819 .
Aauugidanud auzUaniiianudazand 1
RS 1.65aA £0.06 596" +0.14
RS+ 1% WF 1.48aA + 0.06 3.24 £ 0.71
RS + 1.5% WF 1.34aA + 0.04 2.65" +0.26
RS + 2.0% WF 1.25aA + 0.09 2,00 £ 0.07

RUURAG - ANRRLINMIIATIER 5 51 £ 820 aUnaNa Iz
—_— o9

- deformation level = 40% of original gel height

@ o

1 = v @ o A A o 1 1 o [l = s
- mmaﬂmwmﬂmaﬂwﬂwﬂmuaunﬂuumuau‘lwmwLw'mmoﬂuamw gsag (p>0.05)
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' d' [ o o = _d A o & = ' o ' Ao o @
- ﬂ’]L@oﬁU@I']ll(ﬂ'lU@I’Jﬂﬂ‘]&lﬁl,ﬂﬂ“/lL‘V\SJﬂ%ﬂ%l%LLu’NNvl&I&Iﬂ?ﬂ&lLL@]ﬂ(?'l'Nﬂ%ﬂEI’NSJuUa’]ﬂI]JV (p>0.05)

mﬂmsﬁﬂm‘[maa%wszé’u@amﬂmaaLaaa@ﬁﬁﬁ’rﬂ@nmidaag}ﬁqﬂﬂﬁaa@aﬂﬁﬂﬁﬁlﬁn@sau
LUURAINIIAAININD 5 LRAIIFLAKIN ImaaiﬁwadLﬁlaams“*ﬁﬁ’n%é‘aﬂm,lfﬁl,ﬁaﬂuﬁdLLaxﬁugﬂluiauﬁ
A o o S A A 2 a 2 ¢ & d. o & ' LA «
1 Janwulaigsanuunadin ﬂB&IEWEWNLﬂ@]’ﬂ’mNaﬂu’]LL“ll(i“(lﬂE](v’l’J"llusluiZ%’J’]\‘m’]iLL"HLUaﬂLL"ll\‘iLLaz
ﬁaé’aa;}ilmm‘%ﬂsﬁiau 9 INTU TassaFanasinigsrihlviianmsuenaizasitaananlassaiauadlan
3 a fa?dl 1 6 d' 1 I o = [ o o ] |dlI a LY U A
M8 LNINDH A FIUVBILIAFATTN LUUTIAILAr T UTUAINWLUL Ll alANwiITInTIEY 1 Was 2%
& \ a o & A A A = A o

AT LLAARAST WU m@ﬂmmﬁaLLUUWaauﬂmﬁm‘nmumsﬂugﬂmﬂmewﬂumw 1 souad 3
winlsnaldnas  wazwvindrauzwgulanunwanss sadusungddynilddianuudeies
RANITTNILATMILENAIVaNNAIN TGI8t L latduniletnmitor TR NYSI sl etk
1 a U :/ J 1 6 dl a U £ = o A A =
FAIRANTIILAA LATIFT LU LUW NN Lmlmﬁmami‘*ﬁm@mmwnmummoﬂugﬂmmmamwo

4:{' a |¢§/ =) >3 6 U d' ] U A Y % a [ %] %% 1
J8UN 5 azugwgulmymulnammmJLﬁ]aamsmnwvluvl,@L(ﬂmmwnmum NALATIRI AN HILLAINEID
ﬁﬂj";Ua%mUwamsa@awawhmmmné’*maaﬁwmnLaaams’%ﬁ'nﬁl,aml,ﬂa“ﬁnmﬁmﬁmumsﬁugﬂ

A < P A ' J s
INNLYBNLYITAIUN 1 LL@]LW%J@YWJ%I%?@‘UE]@]N']

mﬂmﬂ%ﬂﬁaoﬁ;amiﬂﬁwu confocal laser scanning microscope @3338aUlATIRTI9TZAL

¢ o ' LA et ] ¢ o Aa o o A ' =1
samazaseagaisiadeumutidenuds wud Twaasarssdnniuilidinmilsineued 2% e
¢ A % ] o o A A o a | & = & o A A
FANITNWBIAININITNIZTWAINA L (MWD 6) Tauiiegwit oradudaganszanuilsinuniiean
Qs U ~ v ~ v { e v 1 A v et 1 ¥ 1 o
wasimanniudiaganisiiuszdnaquiliasanizininasdiiasndt  Salassainasnanitazdieh
Twanuudsvasangassanas TIaa % mMILenaesiuazmsiialasiaauuunasinluaa

6 o A A & ¥
a@mwaoﬂugﬂmmﬂaﬂLLmalmaumu 9



25

a) Unfrozen 8%RS b) Frozen 8%RS, Cyclel

ety f( 4

d) Frozen 8%RS + 1% WF, Cyclel

g _._{H ) <

i &

f) Frozen 8%RS + 2% WF, Cyclel g) Frozen 8%RS + 2% WF, Cycle5

ndi 5 lawsaieszauaaniazedaasanizdng (RS) uazduuilidnmndes (WF) neuutidionuds
A LA = A A = A o fa &
wazfiiwmautiianudsuasAngdanidenudssaui 1 uaz 5 1NnaasIanTIAkdIaNaTaU

LUURDINIG (250x, Bar = 250 pm)

NN 6 ‘[maa%’wmzé’ugammaaLamm%ﬁn (the) wazduuiednwien (WF) 2 % (391) naw

usidonuiianinndesgansseni Confocal Laser Scanning Microscope (Bar = 20 um)
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3.3 MANENTTUBFILUAFT (TS)
ANNINARDINIFAITTTNTLAUFAN BRI A W uBL e anudInaz¥inazay 31974 5
01U WU FANSTNWEULHAIRINITNAAMILLNGIVaNN laaraInIutLEanudnazvinazaiy 1 sau
(#1519 15) aa@ﬂﬁaaﬁuwa‘[maa&ﬁaizé’ugamﬂmaama Tagsnansnanlatigsranasiinle welusay
MWL anuIIuazinazassaun 2-5 UszanTnnlunisaansuenalasinaasd agndlsnauia
a o 9y @ a o ' a ¢ o o o o o o 4 A
WHUNULTITNNATEILED WUTT NILANRANITAWEUZRRITN IR % ﬂ’mwﬂmmaamlumiﬂugﬂmﬂ
A = ~ A o ' a Y a & o
wHanudslusaun 2-5 Jendniiniadunilstnimianianitas

A ! s A A = A & v Y Aa
79N 15 dmsusnaanvasi lunsduzlanidanudisauil 1-5 vadaaaanidnE (RS) Niims
\@NlgansTIwEUsnad (TS) NnNuduTL 0 — 2.0 %

A1 % NMILENDaNYRIUN

QRRLgh Hwnsaumsanglanienuis
1 2 3 4 5
8% RS 38.14aA £ 0.69 52.65aB + 0.58 55.76aC + 2.11 56.74abC + 1.06 57.49aC + 1.60

8% RS +1% TS

8% RS +1.5% TS

8% RS +2% TS

28.52bA + 3.16
24.24cA £ 1.59
21.94cA £ 1.89

46.61bB + 1.29
41.70cB £ 2.28
39.25dB + 0.90

48.36bBC * 1.95
44.30cC + 0.50
43.11cC + 2.04

49.74bC = 0.73
45.13cCD £ 0.18
45.51¢cC + 1.67

49.26bC * 1.46
46.80cD + 0.84
45.41cC + 2.21

RINEAG - ANARLAANMITIATIER 5 1 + ANDeIUUINATINN
—_— a9
- snlafpauasalanssingiwlaunwluuwinan lidanuuandrnuaenadisadna (p>0.05)

- dnlafsaudmgaIanean Il aunwluuwias iflanuuanarsnuadslvedan (p>0.05)

P R PRI LT e L ARG Cake T SR LﬁamummﬁﬁamﬁdLLa:ﬁugﬂmmﬁaﬂ
uwlauda fdgananuudsveassanisinugibenuduazinazaoadeiiiodayneada (p>0.05)
f9an397 16 6’1’5'0Naéﬂma'nLL@m@mmﬂmSLasmausﬁ'nngiﬂLmuLLuLLazLLﬂﬁnmﬁm R CRILTIIER
fuitedudauazmssamsueneIasinvesasga frd e AN g ST RN U=nasl aunsnetune

1eien ﬂIﬂSGﬁ%ﬂdizﬁUﬁ;aﬂﬁﬂm AILRFATTIN?

e13199N 16 FANVLDIVIIAFANTT1L3N (RS) MiGNaASTUREUZAKT (TS) NANVLTNTH 0 — 2.0%

A a A = A
V]N’]uﬂ']iﬂugﬂﬁ]']ﬂlsﬂ ANLYITAUN 1

1 ~ =) Qs
ANANULYY (WIFW)

G18819 .
AowusiEanudy auzUaniiianudazand 1
RS 1.65aB +0.06 5.95¢A +0.14
RS+ 1% TS 2.05bB * 0.06 7.08bA +0.19
RS + 1.5% TS 2.02bB + 0.03 6.88bA + 0.47
RS + 2.0% TS 2.04bB £ 0.02 7.82aA +0.37
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RINPLAGA - ADRLINMALATENR 5 51 + D Bnsna g
RINLAQ 3
- deformation level = 40% of original gel height
- sntafgaumsaanwylng Nmiawnulunwinenlifanuuandrinuwageiinusan (p>0.05)

- dadsauasaanwIanmilannuluuwas lidanuuandrsnuadedinedany (0>0.05)

nnnAnmlasiaiiszauIanmasesassairinlasnidesgdiuniaansiaidiana e
LUURINTIAGINWT 7 usaalfiinin alfuaasminilzngs 1% vltassaniatiaialases
LLmeaaiﬂumaﬁmumsﬁugﬂmﬂLﬁamlﬁolmauﬁ 1 deead JWTUITWILENAY UAzlUNINGIaU]
Winilanunuanag s’fiaLﬂumm@;ﬁwﬁtyﬁﬁﬂﬁﬁmmmﬁwamaam%ﬁ“ﬁnLmzmnwnﬁwmﬁw‘iﬁ
nidanef W ldiausansmiuddinas (WatRuanusuduasgassanilznaandn 2% lassais
wwuwasinfiatasas asm"lsﬁmﬂuwaam%ﬁL@‘?wam%ﬁ'uéwﬂmé’wé’aﬁugﬂmnLﬁammﬁasauﬁ 5
ﬁgwwlmﬁu LLa:mwwmmaam’%nsfiaugmumn%u NalaTsa N InaNiTiseseNg
msa@awaammnmnéﬁmau{nmﬂLaaam%ﬁnﬁ'Lam@n%ﬁuﬁ%ﬁﬂwﬁaﬁmumsﬁugﬂmﬂLﬁamm‘?a

a A & %
39UN 1 LL@]LWQJﬂ’W“lJ%ELWSQ‘]Jﬂ@&I’]

nmislEndasganssaiiuy confocal laser scanning microscope 7779800 1ATIFIITTAL
JamazadasaaistItaunusidonuds wud luessenirdnndsansoduindznamaag 2%
= & @ o ' & AN M v a & o o o A
Wagenirazimznguiunizneny 9 linnndiaasaisnldlddusainiuddings  (nwh 6)
o A ' = { o o o o { ' & Y [y o £
auliegndn  desaninnnesarvassaiTinilznaitTismendadasan izt lwnszanu@ N
FalaTaaieaInadIheztiIuan % nmsuenalzadinazmIaialassanauuunasinluagasonadan
sUnnilenuddluseudu 9 edelsfauilasnndesaiziudlznanihazdslinasdiunauuan

A Y v = =1 o v 6 v dl a 6 Lod o o A 1 ~ 1
sanunilawluuilednunilen e ldlessansadnfduaanSriniUznasianuuinudsuinniiiaa
aansot N I ldiduaansoiuddenas imﬁ?‘iLﬁlaam%ﬁnﬁLamauﬂ'ﬂﬂgiﬂLLuuLLuuLLa:LLﬁaﬁn

/=)
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a) Unfrozen 8%RS

f) Frozen 8%RS + 2%TS, Cyclel g) Frozen 8%RS + 2%TS, CycleS
Mnh 7 Iﬂidﬁ%’ﬁoszé’uqamﬂmaowaam%ﬁn (RS) uazidnaansoiudtznad (TS) Aauusitian
= A LA = A A = A Y &
wis wasiruwmaugiianudsuazfugdannianudssaun 1 uaz 5 1Nndasanssan

BANATOUULLUFDINIIA (250%, Bar = 250 um)

A o o & @ ) A a & o o [ :
NAN 8 Iﬂiﬂﬁsqﬂizﬂﬂﬂqaﬂ"lﬂ"ﬂaﬂlﬂaa@']iﬂﬂ]"ﬂ (S]Y]El) LAZNLANRANTTNWRIUZARS 2.0% (°l|'3']) nau

LL°ﬁL§aﬂLL‘ﬁdﬂﬂﬂﬂﬁadqaﬂiiﬂﬁ Confocal Laser Scanning Microscope (Bar = 20 um)
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3.4 nmﬁwﬁ%magfﬂm

mﬂmimaaaﬁﬁwaam%‘*ﬁnLLa:Laaa@n%ﬁﬁnﬁLauﬁﬁmaegimavlﬂLmﬁamﬁma:ﬁm:mu
UIn 1-5 380 WU muam{ﬂmaﬁmaﬁwa@ % MIUINTBIVBILNARINARY LABTaARIANAIN
Lﬁuﬁumaoéﬂmaﬁlﬁwﬁu (@197 17) m@lwaﬁ&lum'ﬁmaaamﬁ f1771 MIWENAIVBIVBILARILNUANT

wan@vadun LHhadany ?J\‘]L‘V\E‘nﬁLLHﬂﬁ?N"Iﬁﬁ"I@ﬂﬂ"EIﬂiﬁNﬁllﬂ%iﬁ’) ]

A ! A A = A x> o A
797 17 Annsuenaanvasanal unsautnienudiseud 1-5 vasaasa1ithaud (RS) 7
Lauﬁﬁmaﬁﬂma (Su) NANNLTNTH 0 — 20 %

A1 % MIWLNAANVAIVAILAR

UREEAR Swnraumituzdanidenuds
1 2 3 4 5
RS 55.02aAB + 0.57 57.25aC + 0.39 55.41aB £ 0.41 55.62aB + 0.39 54.54aA + 0.27
RS +10% Su 14.48bA + 2.16 25.37bB + 1.53 28.34bBC + 2.70 31.05bBC +6.28 34.47bC + 0.39
RS +20% Su 1.25cA £ 0.36 4.64cB £ 1.20 25.20bC £ 2.54 28.57bD * 1.41 32.54bE + 1.80

RNPLAG - AaREAaaINNITIezA 5 91 £ Andsiunanesgn
—_— o9
- dadgauagaranes vy imlaunwluuwinenldlenuuandrnuagalissag (p>0.05)

- dadgauasaanEIanlawnwlulwiad lidanuuanarsnuaealivefan (p>0.05)

mmuﬁwaaLaaamﬁmﬁnﬁLﬁuﬁﬁmasﬂma Lﬁamum‘m’mﬁaﬂLL%LLazﬁugﬁJmﬂLﬁamﬁmﬁ’;
ﬁ@h@‘i'ﬂndﬁmwLL°'ﬁ<1°uaaLﬁ]ﬂﬁ@lﬁ‘*}j‘*ﬁﬂLLﬁLﬁaﬂLL‘*‘ﬁaLLazv‘hazmﬂaU'Nﬁﬁfﬂéwﬁzymwﬁa (p>0.05) 14
a9 18 MIaamMTaswulasenuilioduTauazNIaaMsLaNAasinYasaaFANS TR BT
uilstwiienit mm‘ma'ﬁmEJVL@T@T’Jzﬂmda%”wszé’m;amﬂmadLaaam%*’ﬁn wastSanamindiud s e

Tuszuuaagas a0

' [
A A

797 18 danuudizedaaaaniinud (RS) Mduhaaglesa (Su) ienuidudu 0-20 % k1w
A A < A
msdugnbianudssaui 1

AR (Faw)

GRhalgK) .
Aowusidanuds auzUaniiianudazand 1
RS 0.39Be = 0.11 8.73aA + 0.37
RS +10% Su 0.22Be = 0.01 5.96bA £ 0.19
RS +20% Su 1.17Bd = 0.19 3.38cA £ 0.35

RUDIAG - ANARIINMIIATIER 5 51 + 8 L9lUaNAIT
—_— a9
- deformation level = 20% of original gel height
' A o o o = o VA ' o P oA e o
- mmaﬂmwmﬂmaﬂm‘lmyﬂmwaunu’tuumuau"twummLmﬂmaﬂuamauuﬂmmy (p>0.05)

' A o o o & A & [ & Al ' o >
- ﬂ’]L@oﬂU@l']ll@nU@'l')ﬁ]ﬂﬂ:ﬁlaﬂﬂ‘ﬂL‘VWJa%ﬂ%luLLu'J@JvLilllﬂ?']NLL@Iﬂ@nGﬂ%ﬂU’NN%Uaflﬂfy} (p>0.05)
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& 4 ANy & o A da A € . a v o A X o 89 \ &
W IEIUA hiudIaInIaNTandn Wwn3ng (matrix) EVAMVTNTULANTY mimwimaﬂmaqaww
FUITUAAINBUUBLA LT UINITINaza 18I WNLTIA2 larTatAaNandILdI9tAaNITREaA Y
{ a é/ g o v Aa v g/ =)
ATTUIBNNSNAATURILYN AL AR lATIFILULN B9 LazANSHENYBI28LAaI88NANNLAA (Ferrero
{ { a J v v a
et al., 1993; Lee et al., 2002) T,@Ummsnﬁ'a:mm:mumsﬁmmuﬁ%l,mmﬂﬂ’]iLmusgIﬂsaaavLﬂ’Luszuu
22IRRRAITTIN lagwunawseanIngIau g JWI (pore) mnwﬁnﬁmﬁwaamaa@n%ﬁ@uﬁma
ﬁmm‘mmmnn’hLaaa@lﬁmﬁ"l&ivlﬁtawgimaiﬂﬂmmﬁmlummaaL&J‘ﬂ%ﬂq?iau 9 39zlinunuINn
£ v @ A a £ ° A A & & a '
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, A € 2 ¢ = A o A A = a &£ a
FIUVDINNINGTOU ) JWTUINWANUILTS I@]alL;Jammmawaon’ﬁﬂugﬂﬁnﬂwamwuwwu IWull
I‘g’ Y =) { =) A/
pwialngiwdoalddiusaaunindsou g EwgumaaLaaam%"ﬁﬁmwwma@m NITUIBAINLAAT U

A o v 6 a 2 g’
LA mm:mlﬂma RINNVD Lﬁ]ﬂﬁ@ﬂi‘ﬁm@liﬂid FIUUUN I

¥ (a) Rice starch | cycle] 5 B0

«

P % o ¢ o A a ¥ a A
NIAN 9 Iﬂidﬁi?dit@‘ﬂ’ﬂqﬂﬂﬂﬂ‘ﬂBGLQGEW]’]S‘U‘IITJ (RS) LLﬂtﬂL@lN%’]@]’]ﬂ‘quiIﬂiﬁ (Su) YlN’]%ﬂ’]Sﬂ%Eﬂﬁ]’]ﬂ

\anudesaunl 1, 3 uaz 5 1INNABIANTIAUBLANATAUULLFRINTIA (100x, Bar = 100 um)

a v & . A a o & @ 4 v o

@139 19 Ltamlmﬁmwmamummasgimamlmﬁmamswn mmasﬂmmﬂﬂamu

g’ 6 A o A I3 1 g’ A = £ UR A A v o v &R
Imaqmlaamlm:umaaamﬂ avn lus 8o nudIg1 w094 NLT 962 la 9 TUS v Tt g B lWREn
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a J & { v { v a v s 1
maammnﬂ%au | gﬁmwwmmnmu T\‘]Nﬂﬁvlﬂylﬂﬁiﬂﬁﬁa@ﬂﬂE’J\‘]ﬂ‘LIIﬂix‘iﬁi’]x‘i‘izﬂﬂ’gﬂﬂ"lﬂLLﬂtﬂ’]ﬂ"liLLUﬂ
VBIVBILNARI

197 19 o iudear ldluszuunasaiztinnduiheagless (Su) Nanudutu 0-20 %

YSuaifudsarle (nsuinsy

GRLHaN B
UDILLU)
Rice starch 1.638 £ 0.008 a
Rice starch + 10% sucrose 1.157 % 0.005 b
Rice starch + 20% sucrose 0.842 £ 0.006 c

RUURG - ANARLINMIIATIER 2 B + §IWd SIUUNGITU
—_— o9

1 = v o o & A A o & 1l 1 o 1 A @ o w
- mmamm&lmﬂmaﬂmmﬂ‘ﬂmwaunu‘lmmmﬂwmmme@mﬂuamwummmy (p>0.05)

3.5 mﬂﬁwmyn-ﬂauﬁ'nngmeuuuu u‘,";magfmmm:é’@m?ﬂumﬂwﬂﬁanuﬁd
1 ~ s 1 v 3 1 ~ o =3 & Q
luﬂﬁiLL“ﬁLﬁaﬂLL"ﬂx‘l@]’JﬂEl’]\‘iL’%&ﬁ@l’]g"ﬁvl,@ﬂ“ﬁﬂ@li’]Li’JI%ﬂ’]iLL"ELE‘JaﬂLLﬂld 2 320U Aanuuiimelaany

LA = o A v A Ao LA = o a
WOLEANUDIUITZNIDL 4 D/UN LRSLUUT TINa@IINITUTLENUTIUIZN 0.1 0/U1N NMIRA[IVD
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AN 10 LHBATNNIWTLE LT I62 800N TLTLEH o NUTILUUT AL UUULSI VIR FA ST

LRARANTTTNNLTLE aNUT IR ATINILTLE aNUD ISV AINITUL NV DIV ILRAINDEN I
¢ o A 1A & o [ LA = o P & X A LA & o
RANSTINNWTLE D NUTIRILDATINITUTLE DNUTILULTT (AN319N 20) Neititasanmsusidanudanise
o LA = = o o ' o ~ A = \ Aa A a a
aaMIugidanudanuuisisin RSz UL waN1225UWeT (rubbery) Tadutrandinmsiiafiefauay
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(Ferrero et al., 1994) F1MIUANTUENVBIVBILARIVBILARRANSTINLTLHanUdImIBaaTnsutidan
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uwdauund wuinsdnaeudnnglaLuuuuuaanInaaa il EREMILEN VIV IRAIVBIINIAST
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2031ANT ﬂ"‘] % NIILLLNVDIVDILIAR
a8t whifen TEUZIAMINLTNE ()
uig 0 7 21 45
RS N 5812 +063 5938 +022 59.01"+1.06 59.11 P+ 1.71

RS +10% Su 2436 " +072 2416 £200 2447 1082 2565" +0.39

RS +0.5% KGM 2545 +108 2562 +116 2582 +112 2593" +1.20
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RS 37 2247%+098 2357 276 22957 1021 22257 +0.20
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3657 +039 3947 £014 351" +040 367 %058
RS + 0.5% KGM

al aA

041 +001 0412001 041 +001 040" +0.01
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aA
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RUINULHAAN - @i’lmﬁﬂﬁ@ﬁ]’mﬂﬂﬁmi’lzﬁ 3 % ‘?hLﬁElﬂL‘.lJull’miﬁ’m
—_— o9
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PNTHN 21 ANANULTIVBIIRFANSTNHIWINIUTLE 0 NUDIR288ATINITUTLE D NUTILDUT RS UULILT?

20T AnNULTIVBILAN (Faaw)
@28814 W L. .
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aaudnnglauauuum 0.5 % AaRANNALAUIULUY 0.5% +
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AAIINITLTLE B NLDILUULID

(T) &ANTTTN 8 %+
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T o o
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WA 11 Iﬂiaai”ﬁas:ﬁuQaﬂWﬂmaaLaaami‘wﬁ'nﬁ@uﬂauﬁnngiﬂLquLLuuLLa:ﬁwmﬂaegIﬂiaﬁ
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Abstract

Several methods for measuring the freeze-thaw stability of starch gels can lead to inaccurate and imprecise estimates of syneresis due
to partial reabsorption of separated water by spongy starch gels. This study evaluates a method that combines centrifugation with simul-
taneous separation of released water through a separator and filter paper. The evaluation procedure used low- and high-amylose rice
flour gels treated to 5 freeze-thaw cycles. The traditional centrifugation method was unable to detect significant increases in syneresis
(p < .05) of medium-amylose gel after 4 freeze-thaw cycles due to formation of a water reabsorbing spongy structure in 4-5 cycles.
For high-amylose flour gel, which forms a spongy structure after the first freeze-thaw cycle, the traditional method did not detect sig-
nificant change in syneresis values in any of the freeze-thaw cycles. In contrast, the centrifugation-filtration method, which actively
separated released water and prevented its reabsorption, detected significant increases (p <.05) in syneresis with each cycle for med-
ium-amylose flour gels. When using this method with high-amylose flour gel, we detected high syneresis values after the first cycle which
stayed similar through 2-5 cycles indicating a progressive reduction in freeze—thaw stability of the samples which is consistent with the
fact that high-amylose rice flour gels have less freeze—thaw stability than do gels made from medium-amylose flour. In conclusion, this
study demonstrated that the centrifugation—filtration method measures syneresis with increased accuracy and precision. The authors

recommend adoption of this method for determination of freeze-thaw stability in starch gels.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Syneresis; Freeze—thaw; Stability; Starch; Gels

1. Introduction

As demand for ready-to-eat food products increases, a
variety of frozen foods are continually launched into world
markets. Upon freezing, however, water in the foods trans-
forms into ice, often resulting in physical stress to the food
matrix. When a frozen food is thawed for consumption, the
moisture is readily separated from the matrix and it causes
softening of the texture, drip loss, and often deterioration
of overall quality (Rahman, 1999).

In the freezing process, when starch pastes or gels are
frozen, phase separation occurs upon formation of ice crys-
tals. Upon thawing, a phenomenon known as syneresis

* Corresponding author. Tel.: +66 2 562 5027; fax: +66 2 562 5021.
E-mail address: fagisscr@ku.ac.th (S. Charoenrein).

0144-8617/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2007.11.012

occurs with starch pastes and gels because the water can
be easily expressed from the dense network (Karim, Norz-
iah, & Seow, 2000). Repeating the cycle of freezing and
thawing enforces the phase separation and ice growth
(Eliasson & Kim, 1992). As the ice crystals become larger,
the syneresis and sponge formation occur more readily.
Syneresis in freeze-thawed gel is due to the increase of
molecular association between starch chains, in particular
retrogradation of amylose (Morris, 1990), expelling water
from gel structure (Saartratra, Puttanlekb, Rungsard-
thong, & Uttapap, 2005). Thus the amount of syneresis is
a useful indicator for the tendency of starch to retrograde
(Karim et al., 2000).

Freeze-thaw stability is an important property that is
used to evaluate the ability of starch to withstand the unde-
sirable physical changes occurring during freezing and


mailto:fagisscr@ku.ac.th
User
Text Box
41

User
Note
Accepted set by User


144

thawing. This property may be simply evaluated by gravi-
metric measurement of the water of syneresis that separates
from starch pastes or gels (Schoch, 1968; Wu & Seib, 1990).
Repeated freeze-thaw cycles that involve subjecting sam-
ples to repeated freezing and intermittent thawing to room
temperature over a period of 2-4 h are known to drastically
accelerate retrogradation and syneresis (Radley, 1976).

Several syneresis based measures for determination of
the freeze—thaw stability of starches have been reported.
However, the procedures for these methods have not been
standardized. In general, methods for measuring syneresis
fall into four groups. The most widely used group uses cen-
trifugation (Lee, Kim, Park, & Lee, 2006; Schoch, 1968;
Varavinit, Shobsngob, Varanyanond, Chinachoti, & Nai-
vikul, 2002; Yeh & Yeh, 1993; Yuan & Thompson,
1998). In this method, the weight of water extruded by cen-
trifugation at 1000-8000g is used to measure syneresis as
the percent reduction of the original gel mass (Yeh &
Yeh, 1993). However, the result of syneresis measurement
taken after a fixed number of freeze-thaw cycles may lead
to improper or misleading conclusions since some starch
pastes subjected to several freeze—thaw cycles may partially
reabsorb separated liquid upon standing for a short time at
room temperature.

The second group uses vacuum filtration of the freeze—
thaw gel samples through the filter paper with a constant
weight placed upon the sample during filtration. The extent
of syneresis is calculated as weight percent of water loss
based on the initial water content in the gel (Lee, Baek,
Cha, Park, & Lim, 2002).

The third group uses gravimetric drip of expelled water
from the thawed gels. In this method the thawed starch gel
was placed into a glass funnel, allowing the water to drip
out for 2 h by gravity (Chen, Schols, & Voragen, 2003).

The fourth group uses the measurement of diameter of the
released water front on the filter paper from contacting the
freeze—thaw sample with controlled time. The extent of syn-
eresis is calculated as difference in diameter of released water
front of the freeze-thaw sample and unfrozen sample after a
controlled time as compared with the diameter at the initial
contact time (Ferrero, Martino, & Zaritzky, 1994).

The second, third, and fourth methods could partially
prevent or eliminate the problem of re-absorption of
extruded water; however, these methods either consist of
complicated steps or require a long time to perform. More-
over, if the measurement conditions are not properly con-
trolled, the results will lack precision.

In this paper, we present an alternative approach to sep-
arate the released water by combined method of low force
centrifugation with simultaneous separation of the
extruded water through a drilled hole separator and filter
paper. Two types of rice flour with medium- and high-amy-
lose content were used to verify our proposed techniques.
Both rice flour pastes exhibited different frozen structure
after being subjected to repeated freeze-thaw cycles. The
traditional and widely used method with centrifugation
was selected to compare with our proposed method. These
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two methods measure the released water after freeze-thaw
starch gel was subjected to a centrifugal force.

2. Materials and methods
2.1. Materials

Two varieties of Thai rice Khao Dok Mali 105-
KDMLI105 and Luang 11-L11 from the Kalasin province
were selected for the study. The crude rice was stored for
six months prior to milling in Karasin Rung Rueng Rice
Mill Factory. Rice was wet milled and then dried at
45 °C for 5 h. Resulting flours were then ground in a ham-
mer mill and passed through a 100 mesh sieve. The granule
size of KDML 105 was 2.8-5.1 um with mean diameter of
3.8+ .7um and L11 was 2.3-5.6 pm with mean diameter
of 3.9+ .9 um. KDML 105 and L11 rice flour contained
7.68 and 10.59% moisture and 17.58 and 32.48% amylose
contents, respectively (AACC, 2000).

2.2. Flour gel preparation

Rice flour suspensions (9% total solid w/w wet basis)
were prepared by mixing the starch in distilled water and
stirring continuously at 250 rpm for 1h followed by
200 rpm at 85 °C for 25 min. The suspensions were then
ioaded into 10ml syringes (20 mm in diameter) and
stecamed for 9 min. Finally, the samples were placed in an
incubator at 25 °C for 2 h.

2.3. Freezing and thawing

Flour gel samples were frozen in chest freezer at —18 °C
for 22 h and then thawed at room temperature for 2 h. This
freeze-thaw cycle was repeated for up to 5 cycles.

2.4. Syneresis measurement

Two methods for measuring syneresis were compared.
For method 1, thawed flour gel samples were removed
from the syringes and put in centrifuge tubes with closed
screw caps. Samples were centrifuged at 8000g for
15 min. The supernatant was decanted and the residue
was weighed. The percentage of syneresis was then calcu-
lated as follows:

Weight of separated liquid from gel "

— 100
Total wt. of gel before centrifuging

%Syneresis =

For method 2, the syneresis was determined in the cylin-
drical plastic tube with filter paper (Whatman No. 41) on
the drilled holes (.7 mm diameter, 13 holes) at the bottom.
The cylindrical plastic tube was placed in centrifuge tubes
as shown in Fig. 1. Centrifuge tube (28 x 104 mm) was
weighed (wtg). A single piece of Whatman No. 41 filter
paper (24 mm diameter) was placed at the bottom of the
cylindrical plastic tube with cover, after which the tube
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N Cylindrical plastic tube
With cover (25 x 50 mm)

Filter paper (¢ 24 mm)
on the bottom with ¢ 0.7
mm drilled-holes

Centrifugetube !
(28 x 104 mm)

Fig. 1. Apparatus for centrifugation—filtration of gels (tube set).

set was weighed (wt;). Thawed flour gels were added to
each tube set (added into cylindrical plastic tube with
cover) and the tube set with sample was weighed (wt,)
again. The tube was then centrifuged at 100g (centrifuge
DAMONY/IEC division) for 15 min. The cylindrical plastic
tube with cover was pulled from centrifuge tube, before
final weighing (wts). The liquid separated from starch gel
was weighed and the syneresis percentage calculated as
method 1. The data were reported as averages of five
measurements.

2.5. Frozen structure by scanning electron microscope
(SEM)

The freeze—thaw samples were cut and gradually dehy-
drated in 50, 70, 90%, and absolute ethanol at room tem-
perature for 24h at each concentration and finally
dehydrated using a critical point dryer. The cut surface
samples were mounted on the stub, coated with gold, and

observed with a JSM-5600LV microscope (JEOL, Eng-
land). The accelerating voltage and the magnification are
shown on the micrographs.

2.6. Statistical analysis

We used a completely randomized design. The difference
between means was determined using the Duncan’s new
multiple range test. All statistical analyses were performed
using SPSS 12.0 for Windows.

3. Results and discussion
3.1. Structure of freeze—thaw gels

To elucidate the relationship between the syneresis and
the structure of rice flour gels, the microstructure of
freeze-thawed gels was examined using SEM. Specimen
images are shown in Fig. 2. There were clear differences
in microstructure in KDMLI105 and L11 flour gels after
1-3 freeze—thaw cycles. The freezing and thawing processes
resulted in pores in the gels. However, for KDML 105,
medium-amylose, flour gel treated with 1-3 freeze—thaw
cycles appeared to have less well-defined pores embedded
in a weak matrix and a texture that was similar in appear-
ance to mashed wet tissue paper (Fig. 2a). In contrast, after
4-5 cycles, the texture of the flour gels changed to a
sponge-like structure (Fig. 2b). The pores resulting from
ice crystal formation and thawing were more clearly seen
and the matrix surrounded pores were stronger due to
increasing retrogradation of the starch matrix from
repeated freeze-thaw cycles.

Fig. 2. SEM images of freeze-thaw rice flour gels. (a) KDML 105 after 3 cycles, (b) KDML 105 after 5 cycles, (c) L11 after 3 cycles, and (d) L11 after 5

cycles.
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Table 1
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Syneresis during freeze-thaw cycles for KDML 105 and L11 flour gels determined by method 1 (M1) and method 2 (M2)

44

Sample/method Syneresis (%)*

1 cycle 2 cycle 3 cycle 4 cycle S cycle
KDML 105 M1 1.86 £2.53 a 14.67 +£3.64 b 2735+ .56 ¢ 7.65 £ 10.59 ab 6.98 +£6.18 ab
KDML 105 M2 1.74+ 149 a 375+ 84 a 15.09 £ 6.07 b 32.79+2.50 ¢ 47.80 £2.48 d
L11 Ml 3.79 + 6.41 ns 5.62+3.72 6.01 +3.86 6.03 +3.50 3.61 +3.05
L11 M2 5946+ 1.13 a 63.17+1.36b 64.86 + 1.04 be 66.16 + .63 ¢ 64.62 +3.20 be

A significant letter in the same row of flour gel/method indicates the difference in each method (p < .05).
"There is no significant difference (p > .05) among freeze-thaw cycle of each method.

% The values reported as means =+ standard deviation.

Freeze-thawed L11, high-amylose, flour gels behaved
differently. The well-defined spongy structure with termite
gallery-like pores appeared after 1 freeze—thaw cycle, and
there were no additional significant changes in frozen struc-
ture during 4 more cycles. The frozen structure of L11 flour
gel cycles 3 and 5 is shown in Fig. 2c and d. The matrix sur-
rounding the pores was thick and strong due to retrograda-
tion of amylose.

3.2. Syneresis

Method 1 and method 2 show that both rice flour gels
synerese after 1-5 freeze-thaw cycles. However, the results
from each method differed (Table 1). Moreover, the stan-
dard deviations for results clearly show that method 1
results had much larger variation for both rice flour gels.
This indicates that method 1 is less precise than method 2.

For KDML 105, medium-amylose rice flour, method 1
and method 2 resulted in similar syneresis after 1 freeze—
thaw cycle. However, the results after 2-5 cycles using both
methods were different. Method 1 resulted in significant
increase of syneresis values (p <.05) from freeze—thaw
cycles 1-3. However, after fourth and fifth freeze—thaw
cycles the percentage of syneresis decreased. This decrease
was likely from the changes in gel structure to sponge-like
structure (Fig. 2b). This structure easily reabsorbed most of
the extruded water if the water separation was too slow.
Chen et al. (2003) state that the spongy structure made it
difficult to measure the excluded water because, after cen-
trifugation the sponge-like gel reabsorbed most of the sep-
arated liquid, which led to misleading results. Similarly,
Yuan and Thompson (1998) also encountered the same
problem in their research. Since the flour gel directly con-
tacted the released water, separation of the water was dif-
ficult to control, leading to results with high standard
deviations. In contrast, method 2 exhibited a continuous
significant increase (p <.05) in the syneresis values with
increasing freeze—thaw cycles. The flour gel with spongy
structure from 4 to 5 freeze-thaw cycles could not reabsorb
the extruded water back into the gel matrix since the
extruded water was readily separated out from the gel
and was collected at the bottom of the centrifuge tube. This
result is reflected in the changes in gel structure from cycles
3 to 4 and 5 as shown in Fig. 2a and b.

For L11, high-amylose rice flour, method 1 resulted in
nonsignificantly low syneresis values in all freeze-thaw
cycles. This could be misleading. These rice flour gels
showed a sponge-like structure since passing after the first
freeze-thaw cycle and through the fifth freeze-thaw cycle
(Fig. 2c and d). Again, method 1 could not separate
extruded water fast enough before it was reabsorbed into
the spongy gels. The large variation in results of each cycle
was noticeable. On the other hand, method 2 resulted in
high syneresis values after the first cycle and changed little
through 2-5 freeze—thaw cycles. This indicates a reduction
in freeze—thaw stability of the samples, which correlates to
the fact that high-amylose rice flour gels are of less freeze—
thaw stability than medium-amylose rice flour gels. Using
method 1 could not clearly show this fact.

Another advantage of method 2 is that it used low cen-
trifugal force of 100g which would not cause severe distor-
tion to the freeze—thaw gel.

4. Conclusion

This study reported on the advantages of using a combi-
nation of centrifugation and filtration method for measur-
ing syneresis in rice starch gels. This method has proved to
be successful in determination of syneresis in freeze—thaw
rice flour gels and offers important advantages over centri-
fugation method. The results obtained from medium- and
high-amylose rice flour gels correlated well to the structure
of freeze—thaw gels by SEM. Moreover, the results had less
variation than those of traditional centrifugation method
due to simultaneous separation of the released water.
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Rice starch gels subjected to repeated freezing and thawing tend to decrease in quality. This study inves-
tigated how the addition of sucrose to rice starch gels affects factors commonly used to measure quality.
Rice starch gels containing 0-20% sucrose were treated to 5 freeze-thaw cycles. The result showed that
sucrose effectively reduced the % syneresis. Scanning electron micrographs of freeze-thaw gels showed
that smaller pore size and a thicker surrounding matrix corresponded with increasing sucrose concentra-
tion. Furthermore, the amount of freezable water in starch systems decreased with increasing sucrose
concentrations, which also corresponded with gel microstructure. These results suggest that re-associa-
tion of starch chains (retrogradation) induced by freeze-thaw treatment is retarded by sucrose. This
study showed that sucrose is an effective agent for preserving the quality of freeze-thawed rice starch

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

New and innovative frozen food products are continually being
launched into world markets as a result of lifestyle changes by con-
sumers. Upon freezing, however, water in these foods transforms
into ice, often resulting in physical stress to the food matrix. When
a frozen food is thawed for consumption, the moisture is readily
separated from the matrix and it causes softening of the texture,
drip loss, and often lead to deterioration of overall product quality
(Rahman, 1999).

In the freezing process, when starch pastes or gels are frozen,
phase separation occurs upon formation of ice crystals. Upon thaw-
ing, a phenomenon known as syneresis occurs with starch pastes
and gels because the water can be easily expressed from the dense
network (Karim, Norziah, & Seow, 2000). Repeating the cycle of
freezing and thawing enforces the phase separation and ice growth
(Eliasson & Kim, 1992). As the ice crystals become larger, the syn-
eresis and sponge formation occurs more readily. Syneresis in
freeze-thawed gel is due to the increase of molecular association
between starch chains, in particular retrogradation of amylose
(Morris, 1990), expelling water from gel structure (Saartratra, Putt-
anlekb, Rungsardthong, & Uttapap, 2005). Thus the amount of syn-
eresis is a useful indicator for the tendency of starch to retrograde
(Karim et al., 2000).

Freeze-thaw stability is an important property that is used to
evaluate the ability of starch to withstand the undesirable physical

* Corresponding author. Tel.: +66 2 562 5027; fax: +66 2 562 5021.
E-mail address: fagisscr@ku.ac.th (S. Charoenrein).

0144-8617/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2008.04.002

changes that may occur during freezing and thawing. This property
may be simply evaluated by gravimetric measurement of the water
of syneresis that separates from starch pastes or gels (Schoch,
1968; Wu & Seib, 1990). Multiple freeze-thaw cycles that involve
subjecting samples to repeated freezing and intermittent thawing
to room temperature over a period of 2-4 h are known to drasti-
cally accelerate retrogradation and syneresis (Radley, 1976; Yuan
& Thompson, 1998).

The effect of starch modification on freeze-thaw stability of dif-
ferent starch gels has been investigated in numerous studies (Hung
& Morita, 2005; Kaur, Singh, & Singh, 2004; Pal, Singhal, & Kulkarni,
2002; Reddy & Seib, 2000). However, few studies have investigated
the role of food ingredients on freeze-thaw stability in starch gels.
Sucrose is one of the major food ingredients and about 10% tonnes
are produced annually (Izydorezyk, 2005). It is a common ingredi-
ent in baked and processed foods. Research on the effects of su-
crose upon the retrogradation of starch gels has been conflicting
and inclusive. Sugars have been shown to retard retrogradation.
I’Anson et al. (1990) and Chang and Liu (1991) found that sugars
reduced crystallinity in retrogradated wheat starch gels. Kohyama
and Nishinari (1991) found that sugars decreased retrogradation in
sweet potato starch pastes. Katsuta, Nishimura, and Miura (1992)
reported that sugars inhibited retrogradation of rice starch gels.
Lii, Lai, and Liu (1998) reported that sugars showed marked sup-
pression effects on retrogradation of rice starch gel. Baker and
Rayas-Duarte (1998) found that adding sugars to amaranth starch
gels had varying results, but for the most part, sugars showed sim-
ilar or increased stability when compared with a control freeze-
thaw. Other researchers have found accelerated retrogradation
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with sugars. An increased rate of retrogradation was reported with
the addition of sugars to corn and rice starch gels (Chang & Liu,
1991; Germani, Ciacco, & Rodrigues-Amaya, 1983). Maxwell and
Zoble (1978) reported increased rate of crystallization in wheat
starch gels with the addition of sugar. The majority of their
research used differential scanning calorimetry technique to mea-
sure the extent of retrogradation due to amylopectin reorganiza-
tion. This may not correlated well with the freeze-thaw stability
of starch gels, which is mainly due to amylose re-association. Only
two studies investigation the effect of sucrose on the freeze-thaw
stability of starch gels have been reported in the literature (Ahmad
& Williams, 1999; Baker & Rayas-Duarte, 1998).

In the present study, change in % syneresis (reflective freeze—
thaw stability) of sucrose added rice starch gels were correlated
with concomitant changes in microstructure observed by scanning
electron microscopy. Freezable water of sucrose added to rice
starch gels were determined and used to elucidate these results.

2. Materials and methods
2.1. Materials

Rice starch was supplied by Cho Heng Rice Vermicelli Factory
Co., Ltd. (Nakorn Prathom, Thailand). The amylose content of the
rice starch was 31.60% as determined by the method of Juliano
(1971). Food-grade sucrose (Mitr Phol Sugar Co., Ltd., Supanburi,
Thailand) was purchased from a local supermarket.

2.2. Starch gel preparation

The preparation of starch gel followed the method of Charoen-
rein, Tatirat, and Muadklay (2008). Rice starch suspensions (8% to-
tal solid w/w wet basis) containing 0%, 10% and 20% w/w sucrose
were heated to 80, 82.5 and 87 °C for 25 min, respectively. The sus-
pensions were then loaded into 10 ml syringes (20 mm in diame-
ter) and steamed for 9 min. Finally, the samples were placed in
an incubator at 25 °C for 2 h.

2.3. Freezing and thawing

Starch gel samples were frozen in a chest freezer (Sanyo refrig-
erator, model SF-C1497) at —18 °C for 22 h and then thawed at
room temperature for 2 h. This freeze-thaw cycle was repeated
for up to 5 cycles.

2.4. Syneresis measurement

Syneresis measurement was modified from methods of Cha-
roenrein et al. (2008) and Baker and Rayas-Duarte (1998). The
thawed starch gel samples were removed from syringes and put
in the cylindrical plastic tube with filter paper (Whatman No.
41). The cylindrical plastic tube was placed in centrifuge tubes.
The tube was then centrifuged at 100g (centrifuge CN-1050, MRC
Ltd., Holon, Israel) for 15 min. The amount of liquid separated from
the gel was measured in a burette. The percentage of syneresis was
then calculated as the ratio of the amount of liquid separated (ml)
to the total weight (g) of the gel before centrifugation and multi-
plied by 100. The data were reported as averages of three
measurements.

2.5. Frozen structure by scanning electron microscope (SEM)
The freeze-thaw samples were cut and gradually dehydrated in

50%, 70%, 90% and absolute ethanol at room temperature for 24 h
at each concentration and finally dehydrated using a critical point

dryer. The cut surface samples were mounted on the stub, coated
with gold and observed with a JSM-5600LV microscope (JEOL, Eng-
land). The accelerating voltage and the magnification are shown on
the micrographs.

2.6. Determination of freezable water

Freezable water is defined as water that can phase separate
within the sample matrix and, when sufficiently cooled, from ice
crystals detectable by DSC (Reid & Kerr, 1993). A differential scan-
ning calorimetry (Pyris-1, Perkin Elmer, Norwalk, CT, USA) with
Pyris™ operation software was used for determination of the
amount of freezable water in starch systems. The instrument was
calibrated with indium. The weight ratio between dry solids of
starch and water remained constant (1:2.3), whereas the sucrose
addition was either 1:2.7 or 2.25:2.7, based on the dry weight of
starch. Rice starch (5.4 mg, dry basis) and sucrose (0, 2 or
4.5 mg) were placed in a stainless steel pan, and then a microsy-
ringe was used to add distilled water (12.6 mg) until the starch-su-
gar mixture was fully wet. The water was allowed to evaporate on
a balance, until the ratio between starch and water reached exactly
1:2.3, and then the pan was hermetically sealed. Using an empty
pan as reference, the sample pan was cooled to —60 °C at 30 °C/
min, and then held at that temperature for 20 min. Then heated
to 160 °C at 10 °C/min. The sample was then cooled to —60 °C
and held for 20 min once more, before heating to 160 °C at 10 °C/
min again. Based on the known heat of fusion of ice of 334 ]/g,
freezable water (g water/g solids) was calculated from the area un-
der the ice melting endotherm of the second scan. All measure-
ments were done in duplicate.

2.7. Statistical analysis

We used a completely randomized design. The difference be-
tween means was determined using the Duncan’s new multiple
range test. All statistical analyses were performed using SPSS
12.0 for Windows.

3. Results and discussion
3.1. Syneresis

Freeze-thaw stabilities of starch gels were assessed by measur-
ing liquid separated after freezing/thawing 1-5 cycles. The effect of
sucrose on the amount of syneresis in rice starch gels is presented
in Table 1.

In the first to fifth cycles, the analysis of variance shows that
rice starch gels without sucrose and rice starch gels containing
10% and 20% sucrose significantly (p < 0.05) affects the percentage
of syneresis of rice starch gels. Freeze-thawed rice starch gels no
containing added sucrose had a high syneresis value (55%) after
the first cycle and showed little change through subsequent
freeze-thaw cycles. On the other hand, freeze-thaw rice starch
gel with sucrose showed markedly lower in % syneresis and be-
haved differently from that of without sucrose addition. Starch gels
containing 10% sucrose which had 14.84% syneresis in the first cy-
cle, showed an obvious increase in syneresis value to 25.37 after 2
freeze-thaw cycle. After that the syneresis values changed slightly
through 3-5 cycles. Starch gels containing 20% sucrose which had
only 1.25% syneresis in the first cycle, showed a progressive in-
crease in syneresis values, 4.64-25.20%, through 1-3 cycles. How-
ever, after fourth and fifth freeze-thaw cycles, the percentage of
syneresis slightly increased. Our finding agreed with Baker and
Rayas-Duarte (1998) who found that 10% and 20% sucrose addition
into amaranth starch gels significantly improved the stability of
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Table 1

Percentage of liquid separated (syneresis) of rice starch gels (8% w/w) containing sucrose 0%, 10% and 20% at each freeze-thaw cycle

Sample Syneresis (%)’
1 cycle 2 cycle 3 cycle 4 cycle 5 cycle
Rice starch 55.02 + 0.573A8 57.25 + 0.39%¢ 5541 +0.41%8 55.62 + 0.39%8 54,54 +0.27*A

25.37 £1.53%8
4.64 +1.20°

14.84 +2.16°A
1.25£0.36%

Rice starch + 10% sucrose
Rice starch + 20% sucrose

34.47 +5.25"¢
32.54 +1.80E

31.05 + 6.28"EC
28.57 £1.41°P

28.34 + 2.70°EC
25.20 +2.54"¢

#Mean values in each column with different superscripts are significantly different (p < 0.05).
A-EMean values in each row with different superscripts are significantly different (p < 0.05).

" The values reported as means + standard deviation.

Table 2
The amount of freezable water in starch systems

Sample Amount of freezable water
(g water/g solids) in starch systems (gelled)’
Rice starch 1.638 + 0.008°

1.157 + 0.005"
0.842 + 0.006°

Rice starch + 10% sucrose
Rice starch + 20% sucrose

4~“Mean values in each column with different superscripts are significantly different
(p < 0.05).
" The values reported as means * standard deviation.

the starch gels after 2 cycles. However, after more repeated freeze-
thaw cycles, they observe no significant differences in freeze-thaw
stability between sugar added amaranth starch gels and control
samples. The observed difference between Baker & Rayas-Duarte’s

results and ours is probably due to measurement method and
starch types used in each experiment.

It is well known that when a starch gel is frozen, starch-rich re-
gions are created in the matrix, where water remains partially un-
frozen. High solid concentration in the regions facilitates the starch
chains to associate forming thick filaments, whereas water mole-
cules coagulate into ice crystals forming a separated phase. These
effects contribute to spongy structure and released liquid or syner-
esis (Ferrero, Martino, & Zaritzky, 1993; Lee, Baek, Cha, Park, & Lim,
2002), which can be reduced by adding sucrose (Fig. 1). However,
after increasing freeze-thaw cycles, starch gel containing sucrose
increasing syneresis values. This indicates that acceleration of
starch chain association and progressive larger ice crystals forma-
tion by repeated freezing and thawing reduce the influence of su-
crose on freeze-thaw stability of starch gels.

Fig. 1. SEM images of rice starch gels (8% w/w) containing sucrose (0%, 10% and 20%) after freeze-thaw for 1, 3 and 5 cycles (100x, Bar = 100 pm).
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3.2. Structure of freeze—thaw starch gels

To elucidate the relationship between the syneresis and the
microstructure of rice starch gels, the microstructure of freeze—
thawed gels was examined using SEM. Images of treated speci-
mens are shown in Fig. 1. Clear differences were observed in the
microstructure of rice starch gels after 1-5 freeze-thaw cycles
for both gels with and without added sucrose. All freeze-thaw
treated starch gels developed a spongy structure which can be
attributed to amylose retrogradation and ice crystal formation.
Along with syneresis, a thick fibrillar network of starch gel was
formed in the spongy structure during the repeated freeze-thaw
cycles; similar findings were reported by Ferrero et al. (1993). In
rice starch gel with no sugar added, the microstructure after the
first freeze-thaw cycle produced pores in the gel (Fig. 1a). After
the third and fifth freeze-thaw cycle, the starch gels had slightly
larger pores but the matrix surrounding pores showed similar
thickness (Fig. 1b and c). These structural findings correlate well
with insignificant changes in syneresis values found after 1-5
freeze-thaw cycles of rice starch gel with no sucrose addition.
After 1 freeze-thaw cycle, the starch gels containing 10% sucrose
appeared to have smaller pores but have thicker matrix sur-
rounded the pores (Fig. 1d). After 3 and 5 freeze-thaw cycles, pore
size increased while matrix thickness decreased (Fig. 1e and f). In
20% sucrose systems after 1 freeze-thaw cycle, the matrix sur-
rounded the pores was thickest and the pores were smallest
(Fig. 1g-i). However, with succeeding freeze-thaw cycles, the ma-
trix surrounding pores in the starch gels became thinner and more
compact and the pores became larger (Fig. 1h and i). In the rice
starch gels containing added sucrose and treated to multiple
freeze-thaw cycles change in microstructure corresponded closely
with increased percent syneresis.

The specimen images showed that sucrose effectively stabilized
the microstructure of rice starch gels because sucrose could main-
tain the matrix surrounding pores in the starch gels. We speculate
that increasing the concentration of sucrose in starch gels may re-
tard amylose retrogradation by a mechanism that slows amylose-
amylose re-association.

3.3. DSC studies of freezable water in starch systems
The amount of freezable water in starch systems significantly

decreased (p < 0.05) with increasing sucrose concentration (Table 2).

18

1.6 1
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Fig. 2. Correlation between freezable water (g water/g solids) and syneresis (%)
after 1 freeze-thaw cycle.

The results show that sucrose hydrated water in starch systems
leads to lower amounts of freezable water. Thus, pores size re-
sulted from ice crystals formation were smaller and the matrix sur-
rounded pores were thicker.

Simple linear regression of freezable water on syneresis pro-
duced very high model fit (r* = 0.975) suggesting a linear relation-
ship between the amount of freezable water and % syneresis after 1
freeze-thaw cycle (Fig. 2).

It can be noted that starch based frozen foods containing su-
crose would show a low syneresis value after the first freeze-thaw
cycle. However, if production, distribution, storage and consumer
handling conducted without proper care and allowed the foods
subjected to more than 2 freeze-thaw cycles, increase in syneresis
as well as spongy structure can be noticeable.

4. Conclusions

The addition of sucrose was shown to be an effective agent for
the reduction of syneresis in rice starch gels subjected to repeated
freeze-thaw cycles. In this work, sucrose was most effective in
enhancing freeze-thaw stability of starch gels at 20%. Therefore,
sucrose could retard changes in the texture in rice starch gel to
spongy structure during repeated freeze-thawing. Moreover, the
amount of freezable water in starch systems was decreased with
increasing sucrose concentrations, which correlated to gel micro-
structure and % syneresis. This research shows that sucrose can
be a useful additive for preservation of the quality of frozen food
products.
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ABSTRACT

It is well accepted that high undercooling or supercooling usually produces numerous small ice crys-
tals. This paper shows that if heat transfer is not rapid enough, high undercooling causes non-homog-
enous sized ice crystals. Three freezing regimes (i.e. fast, slow and slow with undercooling) were used
in this study. Fast freezing produced numerous homogeneously small ice crystals embedded in a thin
rice starch gel matrix. This microstructure caused low % syneresis and hardness versus slow freezing’s
rather homogenous distribution of fewer large ice crystals embedded in a thicker gel matrix resulting
in high % syneresis and hardness. However, slow freezing with undercooling produced non-homoge-
nous clusters involving small and large ice crystals embedded in a very thick gel matrix. Starch retro-
gradation before ice formation played an important role in this frozen structure. The information
gained from this study enhances understanding of the behavior of starch-based food during freezing

Retrogradation and storage.
Microstructure

Syneresis

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Freezing has been recognized as an excellent and fairly wide-
spread method of preserving food products, especially ready to
eat meals which increasingly play an important role in today’s
lifestyle. The freezing process involves removing sensible and
latent heat in order to lower product temperature generally to
—18 °C or below (Delgado and Sun, 2001). During freezing, nucle-
ation of ice occurs when the temperature of a food is lowered to
the initial freezing point and this is followed by ice crystal
growth.

Undercooling, sometimes called supercooling, is the phenom-
enon where the temperature of a solution or material is reduced
below its freezing point without ice crystallization occurring (IIR,
2006). Undercooling is a non-equilibrium, metastable state,
which is analogous to an activation energy necessary for nucle-
ation process (Fernandez et al., 2006). It is well accepted that
the number of nuclei formed is directly proportional to the
extent of undercooling reached in the sample before nucleation
occurs (Burke et al., 1975; Gilpin, 1977). There are several inves-
tigations showing that a higher extent of undercooling causes
smaller ice crystal formation in pressure shift freezing (Fernan-
dez et al., 2007; Fuchigami et al, 2002; Kalichevsky-Dong
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et al, 2000) and in conventional freezing (Miyawaki, 2001;
Petzold and Aguilera, 2009). However, there has been no pub-
lished data on undercooling induced by slow freezing and its
impact on ice crystal size and the properties of starch gels.

The rate of freezing is also known to affect the retrogradation
rate of starch gels. Slower freezing rates increase both starch
molecular associations and precipitation (Jacobson and BeMiller,
1998) and result in a harder rice starch gel (Varavinit et al.,
2002) and a harder texture in cooked pasta (Olivera and Salva-
dori, 2009) as well as high syneresis in tapioca starch gel
(Muadklay and Charoenrein, 2008). The beneficial effects of fas-
ter freezing can be attributed to the prevention or retardation of
the formation of retrogradation nuclei due to the rapid transition
through the rubbery state during which both nucleation and the
propagation of starch chain association occur (Ferrero et al.,
1994).

In this study, we were able to consistently create an undercool-
ing condition associated with slow freezing rice starch gels and
then to compare the ice crystal size, microstructure, syneresis
and texture of this frozen gel with fast and slow frozen gels. Syn-
eresis and changes in texture are two of the most important prop-
erties of frozen starch-based foods which affect acceptability by
consumers. The outcome of this research would be a benefit in
gaining a greater understanding of the freezing process and its
behavior in a model system as well as in frozen cooked rice or
starch-based products.


http://dx.doi.org/10.1016/j.jfoodeng.2010.04.014
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2. Materials and methods
2.1. Materials

Rice starch was supplied by Thai Flour Industry Co., Ltd. (Bang-
kok, Thailand). The amylose content of the rice starch was 37.50%
as determined by the method of Hoover and Ratnayake (2001).

2.2. Starch gel preparation

The preparation of starch gel followed the method of Charoen-
rein et al. (2008). Rice starch suspension (8% total solid w/w wet
basis) was heated to 80 °C for 25 min. The suspension was then
loaded into 10 ml syringes (20 mm in diameter) and steamed for
9 min. Finally, the samples were placed in an incubator at 25 °C
for 2 h.

2.3. Freezing and thawing

Starch gel samples were frozen using three systems. Systems (i)
and (ii) used a cryogenic cabinet freezer (Minibatch 1000 L; Bang-
kok Industrial Gas Co., Bangkok, Thailand) which allowed the flow
rate of liquid nitrogen to be adjusted creating a cold atmosphere of
—80 °C and —20 °C respectively and (iii) used a chest freezer (Sanyo
refrigerator, model SF-C1497) at —20 °C. The temperature inside
this freezer after sample loading was around 10-12 °C before the
freezer door was closed. During freezing, sample temperatures
were recorded using thermocouples placed in the sample cylinders
at surface and center positions. The temperature inside the freezer
was also recorded. Temperature measurements for (i) and (ii) were
recorded every 30 and 60 s respectively and every 10 min for (iii)
using a data acquisition system. Each experiment was repeated
twice. The frozen samples were first kept in a chest freezer at
—20°C for 24h and were then thawed at room temperature
(25 + 2 °C) for 120 min. After thawing, they were removed from
the syringes prior to performing the following tests.

2.4. Determination of frozen structure with scanning electron
microscopy (SEM)

The freeze-thaw samples were cut and gradually dehydrated in
50%, 70%, 90% and absolute ethanol at room temperature for 24 h
at each concentration and finally dehydrated using a critical point
dryer. The cut surface samples were mounted on a stub, coated
with gold and observed using a JSM-5600LV microscope (JEOL,
England). The accelerating voltage and the magnification are
shown on the micrographs.

2.5. Syneresis measurement

Syneresis measurement followed the method of Charoenrein
et al. (2008). The thawed starch gel samples were removed from
their syringes and put in a cylindrical plastic tube with a perforated
bottom which was covered with filter paper (Whatman No. 41).
These tubes were then placed in centrifuge tubes and centrifuged
at 100g (centrifuge CN-1050, MRC Ltd., Holon, Israel) for 15 min.
The cylindrical plastic tube with cover was removed from the cen-
trifuge tube, and the liquid which had separated from the starch
gel was weighed. The percentage of syneresis was then calculated
as the ratio of the weight of liquid separated from the gel to the to-
tal weight of the gel before centrifugation and multiplied by 100.
The data were reported as the average of five measurements.

2.6. Texture measurement

The thawed rice starch gel was transferred from the syringe into
a rectangular mold (about 150 x 40 mm and 30 mm deep which
had a gap for sample cutting) and the middle of the gel was cut into
a sample 20 mm in length. The texture was determined using the
Texture Profile Analysis method (five replicates per treatment)
with a Stable Micro System (TA-XT plus) Texture Analyzer. Sam-
ples were compressed with a 100-mm diameter probe at a test
speed of 0.5 mm/s. The deformation level was 40% of the original
sample height and the gels were compressed twice. Hardness
was expressed as the maximum force exerted during the first com-
pression cycle.

2.7. Statistical analysis

A completely randomized design was used. The difference be-
tween means was determined using the Duncan’s new multiple
range test. All statistical analyses were performed using SPSS
12.0 for Windows.

3. Results and discussion

Rice starch gel was used as a model system in this investigation
because it is a common ingredient in foods. In addition to showing
sensitivity to freezing rate (Jacobson and BeMiller, 1998; Ferrero
et al,, 1994; Muadklay and Charoenrein, 2008), it is semi-solid
and hence eliminates the possibility of convective heat transfer.
Thus, a relatively uniform distribution of ice crystals is produced.
Moreover, the frozen structure of a starch gel can be easily illus-
trated (Charoenrein et al., 2008).

3.1. Freezing of rice starch gel

Fig. 1a-c shows the temperature-time freezing curves obtained
experimentally for freezing rice starch gel under different freezing
regimes. Fast freezing i.e. freezing at —80 °C in a cryogenic freezer
lowered the sample temperature from 20 to —20 °C within 11 min
(Fig. 1a). A small but noticeable freezing plateau (around 6 min)
was observed after the sample reached the freezing point; how-
ever, no undercooling was observed. Fig. 1b shows the freezing
curve for slow freezing at —20°C in a cryogenic freezer with a
freezing time of 59 min. It should be noted that the temperature
inside the freezer was lowered to —20 °C in only 10 min due to
the high efficiency of the freezer. A clear appreciable freezing pla-
teau (around 30 min) was observed; however no noticeable und-
ercooling was detected at this freezing rate. Fig. 1c shows a
freezing curve for slow freezing at —20 °C in a chest freezer with
a long freezing time of 307 min. It can be noted that the tempera-
ture inside the freezer after closing the freezer door was approxi-
mately 10 °C. This is due to the considerable length of time the
chest freezer was open during sample loading and the lower effi-
ciency of the chest freezer (as compared to the cryogenic freezer).
The time required for the chest freezer temperature to reach
—20 °C was about 100 min. In this freezing regime, clearly notice-
able undercooling was observed before the freezing plateau was
reached (at around 90 min). Our two separate experiments involv-
ing this freezing regime showed the same freezing curve pattern.
The average gel surface temperature was lowered to about
—7.5 °C before instantaneous ice formation took place. The surface
temperature lowered slightly faster than the center temperature.
After nucleation was initiated at the surface, a temperature
increasing appeared due to the released latent heat into the still
unfrozen gel from the frozen surface. Therefore a slightly higher
undercooling temperature at the center was noticed. Freezing
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Fig. 1. Freezing curves of rice starch gels (8% w/w) at (a) —80°C in cryogenic
freezer, (b) —20 °C in cryogenic freezer, and (c) —20 °C in chest freezer.

profiles involving fast and slow freezing using the cryogenic free-
zer did not show undercooling and this might be because of the
conditions under which these samples were frozen and the rate
of heat transfer from the samples.

3.2. Frozen structure

The SEM images of frozen rice starch gels are shown in Fig. 2a-c.
Ice crystals were visualized as holes left in the matrix. Fast freezing
in the cryogenic freezer (—80 °C) produced, as expected, a large
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Fig. 2. SEM images of rice starch gels (8% w/w) after one freeze-thaw cycle (a)
frozen at —80 °C in a cryogenic freezer, (b) frozen at —20 °C in a cryogenic freezer,
and (c) frozen at —20 °C in a chest freezer (250x, bar = 100 pm).

number of small ice crystals and each crystal was surrounded by
a thin gel matrix (Fig. 2a). The shape of the ice crystals was spherical
or oval and they were uniformly distributed throughout the sample.
In contrast, slow frozen samples without undercooling contained a
few large ice crystals embedded in a thicker gel matrix (Fig. 2b). A
well-defined spongy structure with termite gallery - like pores
was evident in this sample. It is surprising that the structure of sam-
ples that were slow frozen with undercooling in a chest freezer
(Fig. 2¢) was significantly different from that of fast and slow frozen
gels. A less homogenous frozen structure was observed in this sam-
ple. It was expected, based on Fig. 1¢, that high undercooling would
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result in numerous small ice crystals in the frozen gel. However, the
SEM micrograph showed otherwise. A cluster of small spherical ice
crystals was surrounded by a few irregularly shaped large crystals
within a very thick gel matrix. This frozen structure can be ex-
plained by its freezing profile (Fig. 1c). First, during cooling and
undercooling which range in this sample from 10 to —7.5 °C, the
gel temperature fell slowly (0.3 °C/min) which allowed amylose
chains to retrograde to the highest extent as revealed by the pres-
ence of the thickest matrix around the ice crystals. In fact, several
investigations have reported that low temperature accelerates ret-
rogradation of starch gels or starch-based foods (Lin and Chein,
1995; Czuchajowska et al, 1998; Satmalee and Charoenrein,
2009). Second, although high undercooling is usually associated
with a high nucleation rate (Reid, 1983) and consequently results
in numerous small ice crystals (Miyawaki, 2001; Petzold and Aguil-
era, 2009), this phenomenon was not observed in this experiment.
We understood that although a high nucleation rate was induced,
with this slow freezing rate, the rate of heat removal was not suffi-
ciently rapid to facilitate the growth of all nuclei into ice crystals.
Instead, some ice nuclei might have melted due to the temperature
increasing after releasing latent heat of ice crystallization while
those remaining grew and became ice crystals. This explains the
occurrence of non-uniform ice crystals surrounded by a very thick
gel matrix.

3.3. % Syneresis

The determination of % syneresis from freeze-thaw starch gels
is used to evaluate the ability of starch to withstand the undesir-
able physical changes which occur during freezing and thawing.
Syneresis in a freeze-thawed gel is due to the increase in molecular
associations between starch chains, in particular the retrograda-
tion of amylose (Morris, 1990) which results in the expulsion of
water from the gel structure (Saartratra et al., 2005). Thus the
amount of water released due to syneresis is a useful indicator of
the tendency of starch to retrograde (Karim et al., 2000).

Our previous study showed that medium-amylose rice flour
(17.58%) gels had a significantly lower % syneresis after the first
freeze-thaw cycle than did high-amylose rice flour (32.47%) gels
(Charoenrein et al., 2008). This result implies that amylose plays
an important role in the retrogradation associated with freezing
and thawing.

Several studies on the effect of freezing rate on syneresis of
freeze-thaw starch gels have been reported. Fast freezing was
shown to result in lower syneresis (Muadklay and Charoenrein,
2008) or lower retrogradation (Jacobson and BeMiller, 1998; Ferre-
ro et al., 1994) than slow freezing. The beneficial effects of fast
freezing can be attributed to the prevention of starch retrograda-
tion nuclei formation due to the rapid transition through the rub-
bery state during which both nucleation and propagation occur
(Ferrero et al., 1994). In this study, we also found the same trend,
that is, the fast frozen rice starch gel had a significantly lower %
syneresis (18.02%) than the slow frozen starch gel (38.14%) as
shown in Table 1. It was expected that the starch gel frozen at a
slow freezing rate with undercooling freeze-thaw starch gel would

Table 1
Percent of water separated (syneresis) of rice starch gel at 8% (db) with different
freezing rate. The samples were subjected to one freeze-thaw cycle.

Freezing rate Syneresis (%)

Fast freezing (cryo —80 °C) 18.02 + 1.49°
Slow freezing (cryo —20 °C) 38.14 £ 0.69°
Slow freezing (chest —20 °C) 1.92 +0.36¢

Mean values followed by the different letter are significantly different (p < 0.05).

Table 2
Hardness of rice starch gels with different freezing rate after subjecting to one freeze-
thaw cycle.

Freezing rate Hardness (N)

Fast freezing (cryo —80 °C) 3.92+0.17¢
Slow freezing (cryo —20 °C) 5.95 +0.14°
Slow freezing (chest —20 °C) 7.54 £1.98*

Mean values followed by the different letter are significantly different (p < 0.05).

have the highest % syneresis. However, this starch gel had the low-
est % syneresis (1.92%) even though it retrograded to the greatest
extent. This apparent contradiction could be due to the fact that
the thawed water, especially that in the small pores surrounded
with big pores, (Fig. 2c) was trapped in the thick matrix. In this
study, we used a combination of centrifugation and filtration to
simultaneously separate the released water from the freeze-thaw
gels and to use this water as a measure of syneresis (Charoenrein
et al., 2008). A low centrifugation force (100g) was used to mini-
mize the impact of structural changes caused by high centrifuga-
tion force. However, the low centrifugation force applied in this
study might not be sufficient to expel the water present in the
thick matrix. When we removed these samples after centrifuging
them and pressed them between our fingers, a large amount of
water was released.

3.4. Texture

The textural properties of rice starch gels were studied after
freezing and thawing. Table 2 shows that starch gels that were fast
frozen and thawed were not as hard as were the slow frozen and
thawed gels. Fast freezing took the starchy foods through the tem-
perature zone for maximum staling faster than slow freezing (Kock
et al.,, 1995; Muadklay and Charoenrein, 2008); therefore, much
more starch retrogradation occurred during the slow freezing pro-
cess which consequently resulted in the higher hardness values for
the thawed gels. These results are consistent with the findings of
Ferrero et al. (1994) which showed that increasing the freezing rate
of 10% corn starch pastes decreased retrogradation. However, und-
ercooling associated with slow freezing resulted in the highest
hardness for the starch gels. The temperature range of this sample
(10 to —7.5°C) was lowered slowly (0.3 °C/min) which allowed
amylose chains to retrograde to the greatest extent as revealed
by the thickest matrix around the ice crystals in these samples.
Several investigations have revealed that a temperature which is
low but is above the glass transition temperature accelerates retro-
gradation or an increase in the hardness of starch gels and starch-
based foods (Czuchajowska et al., 1998; Lin and Chein, 1995; Slade
and Levine, 1986). This thick matrix caused a high hardness in the
starch gel.

4. Conclusion

High undercooling can be achieved in rice starch gels using slow
freezing in a chest freezer. However, in this study, with a low rate
of heat transfer, a large number of the ice nuclei which formed sub-
sequently melted and this resulted in a non-homogenous frozen
structure. Clusters of relatively small ice crystals with some large
ice crystals embedded in a very thick gel matrix resulted due to
the large extent of retrogradation which occurred during the long
cooling and undercooling period. This frozen structure caused a
low % syneresis and high hardness which is different from starch
gel properties seen in normal fast and slow freezing. However, fur-
ther work on syneresis measurement with higher centrifugal force
needs to be conducted to elucidate the relationship between



314 S. Charoenrein, N. Preechathammawong /Journal of Food Engineering 100 (2010) 310-314

syneresis and microstructure of slow frozen rice gel with underco-
oling. This overall finding will assist in the understanding of
changes in starch-based food during freezing and storage.
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