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AHOTAIIS

Hen YUynmni. Texnomnorisa ¢hi3ndnoi Moaudikaii KapTOMITHOTO KPOXMAJIO
Ta HOro BUKOPUCTAHHS Y BUPOOHMIITBI XapuyoBUX MpoAYyKTiB. — KBamidikaiiitna
HayKoBa poOOTa Ha MpaBax PyKOITUCY.

Huceprariiss Ha 3700yTTS HAyKOBOTO CTymHeHs JokTopa ¢imocodii 3a
cunemianpHicTiIO 181 — «XapuoBi TtexHonorii» — CyMCbKuil HalliOHAJIHHHIA
arpapauii yHisepcuret, Cymu, 2023.

Huceprariitny poOOTy NPUCBAYEHO PO3pOOI TEXHOJIOTii Momudikarii
KapTOIUITHOTO KPOXMAJII0 3a JONMOMOTOI (DI3MYHUX METOMIB, TaKUX 5K
BosiorotepmiuHa o0podka HMT B moeiHaHH1 3 MIKpOXBUIILOBOIO 00p0oOKor0 MW,
Ta HAayKOBOMY OOIPYHTYBAaHHIO 3aCTOCYBaHHS (I3MYHO-MOJIU(DIKOBAHOIO
KPOXMAJTI0 Y TEXHOJIOT11 BUPOOIB 3 MIIIEHUYHOTO OOPOIITHA.

VY nepmomMy po3aial aucepTaniiiHoi poOOTH TpPEACTaBiCHI pe3ylabTaTH
aHaJIITUYHOTO OIVISITY JITEpaTypPHUX JIKEPEIL, a CAME BCTAHOBJIECHO B3a€MO3B’ I3KU
MDK CTPYKTYpPOIO Ta BJIACTHBOCTSIMHU KpPOXMAJIIO, TIPOBEJIEHO aHalli3 CrnocoOiB
OOpOOJICHHSI HATUBHOTO KPOXMAJI0 3a JIONOMOTOK (I3UYHUX, XIMIYHHUX Ta
dbepMeHTaTUBHUX METOJIB Mo (iKallii, BA3HAYEHO MEPCIEKTUBH 3aCTOCYBaHHS
MOJIM(PIKOBAHOTO KPOXMAJIIO Y BUPOOHUIITBI MPOIYKTIB XapuyBaHHS.

HMT 1 MW e nalinpuBabnuBimiuMu MeTogaMu (i3U4HOi Monudikarii
KpOXMaJlt0 3aBISKM iXHIM TepeBaraM: BIACYTHICTh TMOOIYHUX TPOMYKTIB-
pEeareHTiB, MOXJIMUBICTh OTPUMATH MOAU(PIKOBAHUI KpOoXMallb 13 3aJaHUMHU
BJIACTUBOCTSIMU IIPH 3MiH1 TapaMeTpiB 00pOOJIEHHS, MPOCTUM MPOLIECY KOHTPOITIO
AKOCTI Ta O€3MeKM B YMOBax IPOMUCIOBOTO BHUPOOHUIITBA, EKOJOTIYHICTH
MPOIIECY Ta BiICYTHICTh HETAaTUBHOTO BILJIMBY Ha HABKOJIMIITHE CEPEIOBUIIIE.

VY npyromy po3miii BUKJIaJICHO HayKOBY MpoOeMy AMCEepTaliifHoi poboTH,
oOrpyHTOBaHO BHUOIp 00’€KTIB Ta HANPSAMIB JOCIIPKCHHS, HABEJACHO METOJIU
byHIaMEHTAIPHUX Ta MPUKIAAHUX JOCTIKeHb. BiamoBiIHO [0 3aBlaHb
JOCIIKEHHST OyJI0 CKIIaJieHO poOody MporpaMmy JOCHIKEHb, sika mepeadadae

JTOCIIKEHHST MoaudiKaIlli TEXHOJOTTYHUX MPOIIECIB BOJIOTOTEPMIYHOT 0OPOOKH
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HMT HatuBHOrO KapTOMISHOIO KPOXMANIO JUIsi BHU3HAYEHHS ONTUMAJIbHUX
napameTpiB 0OpOOICHHS Ta JOCTIKEHHS Moau]iKkaIlii TeXHOJOTTYHUX TPOIIECIB
BOJIOTOTepMIuHOI 00poOkM HMT kpoxmanio B Mo€IHaHHI 3 MIKpOXBUIBOBOIO
MW nonepenHpor0 Ta TMICAI00poOKOr0. A TakoXX TMPEJACTaBICHO METOIU
BU3HAYCHHS (D13MKO-XIMIYHHUX BJIACTUBOCTEH KPOXMAJIBLHOTO KieHcTepy, (hi3uKo-
XIMIYHUX BJIACTUBOCTEH KpPOXMaJIbHUX TpaHyd Ta ix OararomacmTaOHOT
CTPYKTYpH JUIsl BCTAaHOBJIEHHS MOJXKJIMBOCTI 3aCTOCYBaHHS MOAM(IKOBAHOTO
KapTOIUITHOTO KPOXMAJI0 Y BUPOOHMIITBI MEYMBA, CBIXKOI JIOKIIMHA, XJ10y Ha
napy.

Hocmimpxeno BrumB ymoB HMT Ha Mopdosoriuni, ¢i3uko-XIMIYHI
BJIACTUBOCTI Ta BJIACTUBOCTI IMEPETPABICHHS MOAM(PIKOBAHOTO KapTOIUISHOTO
KpOXMaJIo in Vvitro, MPOBECHO ONTHUMI3AIII0 Iporecy oOpoOJIeHHs, 10 Hajae
KOMILJIEKCHE pOo3yMiHHS BIUIMBY yMOB HMT Ha (¢yHKIIOHANbHI BIACTHUBOCTI
KPOXMAaJI0 Ta MEXaHi3M MEePETBOPEHb, KU 3a0€3MeUYUTh KOPUCHY TEOPETUUHY
OCHOBY JUIsl TOAANBIIMX JOCHIDKEHb IIOAO0 TOKPAIICHHS 3aCTOCYBAHHS
MoaudiKaIil KPOXMaI0 METOJ0M BOJIOroTepMiuHOi 00pooku HMT,

[Tpo30opicTh 1 CTIAKICTH 10 peTporpaaallii KpOXMaIbHOTO KIEHUCTEpy Micis
HMT Oynu 3HMKEH1, PO3YUHHICTb 1 3/IaTHICTH /10 HA0yXaHHS KPOXMAJIbHUX 3€pEH
3MIHIOBAJIMCA B 3aJICKHOCTI Bl TemriepaTypu oopodienns. HMT moxe cyTTeBO
BIJIMBATH HA TEKCTYPHI BJIACTUBOCTI KapTOIUITHOTO KPOXMAallo, a TBEPIICTb,
KJICHKICTB, )KyBaJbH1 BIACTUBOCTI Ta MPY>KHICTh KpOXMaJIbHUX TeniB micias HMT
CIOYATKy 3HAYHO 301IBIIYIOTHCS, a TIOTIM 3MEHIIYIOTHCS 13 MOJOBXKEHHIM 4acy
0o0poOku. KopoTkuii wyac HarpiBanHs (<1,5 roauHM), BIJHOCHO HHU3bKa
temnepatypa HarpiBants (<100 <C) i HU3bKHI BMICT BOJIOTH y cupoBHHI (<25%)
y mpoueci HMT MoXyTh 3HauHO MOKPAIIMTH TEKCTYypHI BJIACTHBOCTI
kpoxmanibHux redaiB. HMT o6poOka kapTOmIssHOro KpoXMailto BIUIMBAE HA MOToO
GbyHKIIIOHATBHI BJIACTUBOCTI, TOMY JJII BUKOPUCTaHHS HWOTO y CKJIAIl Pi3HHUX
XapyoBUX MPOAYKTIB (xy110a Ha Mmapy, JOKIIMHM, IEYMBA) HEOOXITHO MiI0UpaTH

BIJIMOBIIHI YMOBHU BOJIOTOTEPMIYHOI OOPOOKH.



4

HMT o0pobka 3miiicHIOBaja 3HAYHUN BIUIMB Ha PO3MIp YaCTHHOK,
MOPQOJIOTIUHI, CTPYKTYpHI Ta MEPETPABIIOBAILHI BIACTUBOCTI KapTOIUISTHOTO
kpoxmano. HMT o6poOka crpusiia yTBOPEHHIO YACTUHOK BEIMKOTO PO3MIpY,
IpaHyIM KPOXMAJII0 Majid IIOPCTKY IMOBEPXHIO, HIO0 MPHU3BEJIO JI0 YTBOPEHHS
MOPOKHUCTOI CTPYKTYPH, pO3TAIIOBAaHOI Ha TIIyMi TpaHyJ KapTOIUISHOTO
Kpoxmalito. Pe3yibTaT peHTreHOCTpYKTypHOro anamnizy XRD mnokazanu
HiBUIICHY BIAHOCHY KPHUCTAJIIYHICTH 1 TpaHC(HOPMOBaHY KpPUCTAIIYHY
CTPYKTYypy 3 B-Tumy na C-tum micns TpuBajaoi 0OpoOKH TEIIoM Ta BoJioroio. B
pe3yabTaTi NpoBEACHHS 1HPPAUYepPBOHOI CIIEKTPOCKOIII 3 mepeTBopeHHsIM Dyp'e
FTIR BcTanoBieHo, 1110 00poOKa TETIOM 1 BOJIOTOI0 MOXKE MPU3BECTH JI0 PO3PUBY
MOJIEKYJISIPHOTO JIAHIIOra KPOXMaJIbHOI MOJIEKYJIM a00 pO3pUBY acOLIaTUBHOTO
BOJHEBOTO  3B’S3Ky  MOJEKyJd Kpoxmairo. Pesynpratm  BH3HA4eHHs
MEepPETPaBIOBAHOCTI KPOXMAaIIO in vitro mokazanu, mo npouec HMT moxe
3HAYHO 3MEHILIUTH KUIbKICTh HIBHJAKO 3acBOroBaHOro kpoxmamto (RDS), ane
30UTBIIUTH KUIBKICTh PE3UCTEHTHOro Kpoxmanmo (RS), me Bka3dye Ha Te, 1o
kpoxmasi HMT mnoTeHIiifHO MOXYTh CTaTH CHPOBUHOIO JUISI MPOMHUCIOBOTO
BUPOOHUIITBA PE3UCTEHTHOIO KPOXMAaJI0 Ta MOXKYTh BHUKOPHCTOBYBATHCS B
SAKOCT1 HU3bKOKAJIOPITHUX XapuOBUX 1HIPEIIEHTIB.

OnTuMi3oBaHi TapamMeTpu TMPOIECY 3HIKEHHS B SI3KOCTI KPOXMAaJIbHUX
remB  MoaudikoBaHoro kpoxmimo nusixom HMT  Oynu  HacTynHuMM:
temmnepatypa craHoBuia 90°C, yac o6pobku ckiaaas 1,5 roquHu Ta BMICT BOJIOTH
y CHUpOBHHI BiAmoBigHO OyB 23,56%. 3a TakMX yMOB MaKCHMajbHE 3HAYCHHS
TEOPETUYHOT 3HMXKEHO1 B'si3kocTi craHoBwio 3871 c-Ila. IlepeBipounnii
eKCIIEPUMEHT IOKa3aB, 110 (pakTUUHA cepellHsl 3HM)KEHA B’S3KICTh CTaHOBUJIA
3677 c-Ila, TO0TO mOXMOKAa Mk (HaKTUYHOIO 3HIKEHOIO B’SI3KICTIO Ta
TEOPETUYHOIO 3HMKEHOIO B’SI3KICTIO Oyna He3HauHa. [IOpiBHSHO 3 HATUBHUM
KapToTuitHUM KpoxmasieM (NS), Kpoxmasib, SKUW TMPOMIIOB BOJOTOTEPMIUHE
00poOnennss (HMTS), MaB Huk4y MiKOBY B’SI3KICTh (2966 c-11a), HIKUY CTIHKY

B’ s3KicTh (2882 c-Ila) 1 Hikuy B’s3KiCTh pyiiHyBaHHs (84,5 c-1la), ame Buiry
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temneparypy kieicrepy (71,1°C), Bumry kiHieBy B'si3kicTh (6559 c-Ila).
TBepaicTh, Koresis, KIEHKICTh, )KyBajbHa 31aTHICTh remto NS cranoswmm 2706 T
0,63; 1700 1; 1404 r-MM BIAMOBIAHO, TOJI SIK TBEPHICTh, KOTe31s, KICHUKICTD,
KyBaJibHa 37aTHICTh reato HMTS cranounm 6082 r; 0,73; 4920 1; 3570 r-MMm
BimoBiHO. [TopiBHAHO 3 TeeM HAaTUBHOTO Kpoxmaito NS, TBEpIICTh, KOTe3is,
KJIEHKICTh 1 PO3)KOBYBaHHSI reito moaudikoBaHoro kpoxmano HMTS Oynu
3HAYHO BWIIMMH, OJHAK HE OYJO0 ICTOTHOI PI3HUII B TPYKHOCTI TEIO.
Perporpanmamis rexro NS 1 HMTS 3pocTana 3 mooBkeHHSIM 4acy 30epiranss, i
perporpanaiis remxo HMTS Oyna Buioro, Hixk NS, 110 CBITYUTH MPO OUIBIITY
CXWJIBHICTh MOJM((DIKOBAHOTO KpOXMajlo 10 perporpanauii. Pesynbratn
JTOCITIJIPKEHHSI MTPOIIECy MepeTpaBiIeHHs KPOXMAIIIO 1n vitro mokasanu, mo HMTS
MaB OUIBIIMKA BMICT MOBUIBHO po3iiersieHoro kpoxmamto (SDS) ta BMict
PE3UCTEHTHOT0 KpoxXMalto RS, HIK HATUBHUI KapTOIUIIHUM Kpoxmanb NS, ane
HUKYHMHM BMICT HIBUIKO-3aCBOIOBAaHOTO Kpoxmaito RDS. [1opiBHSIHO 3 HATUBHUM
KapTomyiitHUM Kpoxmainem BwmicT RDS 3menmmuBcs Ha 10,05%, mnoBiibHO-
3acBOIOBaHOTO Kpoxmamro SDS 36umpmmBes Ha 5,06%, a pe3HCTEHTHOTO
kpoxmaiao RS 306inpmmBes Ha 2,48% BIAMOBIAHO B ONTHUMI30BAaHOMY 3pPa3Ky
moaupikoBanoro kpoxmamno HMTS.

BB  Bomorotepmiunoi 00poOku kpoxmamto HMT y mnoegnanHi 3
MIKpOXBUIBOBUM 00poOsneHHssM MW 110 1 micast BojgoTepMiuHOI 0OpoOKM Ha
MopostoriuHi, (Gpi3uKo-XiMiuHI BJIACTUBOCTI Ta BJIACTHBOCTI MEpETpaBICHHS IN
VItrO KapTOIISHOTO KPOXMAJIIO OYJIM OLiHEHI B YeTBEPTOMY po3aiii podotu. Lle
JOCIIIJIKEHHSI TMPEACTaBUIO BCEOIYHE pO3YMIHHA €(EKTIB JABOHAMPABICHUX
momudikamii HMT 1 MW Ha ¢yHKIIOHaIBbHI BJIACTUBOCTI Ta BJIACTHBOCTI
3aCBOIOBAHOCTI KPOXMAII0, a TaKOX JO3BOJIUJIO BU3HAUUTHA MEXaHI3M, SKHMA
3a0€3MeUNTh KOPUCHY TEOPETHYHY OCHOBY IS TIOJABIINX JOCTIKEHD 1100
MOKPAIICHHS 3aCTOCYBAaHHS TEXHOJIOT11 MIKPOXBUIILOBOTO OOPOOJICHHSI CHPOBHHH
JU1s1 MouiKarlii ii BIaCTUBOCTEH.

VYci 3pa3ku kpoxmanto, MoaudikoBaHi 3a gqonomororo oaHiei HMT, onniel
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MW ta noggiitHoi mogudikamii HMT y moegnanni 3 MW, nokazanu HIXK4YYy
37aTHICTh KPOXMANI0 10 HaOyXaHHsS, HDX HATUBHOTO Kpoxmainb NS, mpu
TeMrieparypi BUIpoOyBaHHA 65—85°C, Toal SK MPOTHIIEKHI pe3ynbTaTd Oyiu
orpumMani nipu 95 °C. Bci 3pa3ku KpoXMaJll0 Majiid BUIIY PO3UYUHHICTB, HIXK Y
HAaTUBHOTO KpoxMmaito, mpu Temneparypi 75-95°C. OOpobOnenns MW,
obpoosmennss HMT 1 koporkouacHe oOpobrmenns HMT y mnoenHandi 3
HoTepeIHbOI0 00p0oOK0I0 MW MOXYTh MIABUIIUTH CTa0LIBHICTh OaraTopa3oBoro
3aMOpPOXKYBaHHS-PO3MOPOKYBAHHS TEII0 MOAU(PIKOBAHOTO KPOXMAIIO, TOMAL 5K
TpuBasie o0poOnenHs HMT (>4h) moxke mnocaabuTh CTabUIBHICTh TeEiB
KapTOIUISTHOTO KPOXMAJIIO MPH 3aMOPOKYBaHHI Ta po3MopoxxyBaHHi. [lonBiitHa
momudikamis HMT 1 MW s3milicHioBasia OuIbIIMK  BINIMB Ha MPOIEC
peTrporpanaiiii kpoxmaito, Hixk Bukopuctanuas HMT ta MW okpemo, kpim Toro,
HMT y noennanHi 3 nonepeanboro o0poOkoro MW Takox Majia OUIbIINNA BIUIMB
Ha peTporpajauio kpoxmanto, Hixk HMT y noeanansi 3 noctoopooxoro MW. Hac
BOJIOTOTEpMIYHOTO 00poOsieHHs HMT wmaB 3HauHMid BIUIMB Ha MPO30PICTh
KpOXMaJILHOTO KJiercTepy, noasitHa moaudikaiis HMT y noeqnanui 3 MW mana
OUIBIIMK BIUIMB HA TMPO30PICTh KPOXMAJIBHOTO KIEHCTepy, HIXK 0O0poOKa
kpoxMaimo HMT ta MW oxkpemo. TBepaicTh, Koresis, KJIECHUKICTh 1 *KyBalbHa
3MATHICTh yCIX TeNiB KapTOIUIIHOTO KpoxMmaito, MoaudikoBaHoro HMT
(Bxurouaroun oOpobnenns HMT, obpobnenns HMT y noennanni 3 MW),
3MEHILUIUCS 31 30UIbIIeHHSIM yacy HarpiBaHHs. Kapromisiauii kpoxmans HMT,
nornepeaHs0 00pobiaeHuit MW, maB BuIlle 3HaY€HHSI TBEPIOCTI, HIXK KAPTOTUISTHUMA
kpoxmaiib HMT, 3 MW mnicisio6poOkoro.

O6pobka HMT mpusBena 10 He3HAYHOTO 30LIbIICHHS OTU3HM (3HAYSHHS
L*), tomi sk omgHOpa3zoBa oO0poOka MW crnpuumHuiIa HE3HaYHE 3MEHIICHHS
O1JIM3HU, IO BKA3ye€ Ha Te, 110 KoJiip ycix 00podiaenux HMT 3paskis (HMT, MW-
HMT, HMT-MW) crtaB sickpaBilmm, a KoJip OAHOTO 3pa3ka, 0opodbrenoro MW
(MWS), craB TemHimuM. ExciepuMeHTH 3 pO3MOJIIJIOM YaCTHHOK KPOXMAJIO 32

po3mipoM nokazanu, 1mo D50, D (4,3) 1 D (3,2) Bchoro 00po61eHOro Kpoxmairo
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Oynu BuuMHU, HXK NS, ToAl sk 3HaueHHs S.S.A Oyro 3Ha4HO 3HMKEHO 3a MW 1
HMT, to6to MW 1 HMT 00po6Kky MOKYTh CIPUUMHUTH PO3LIUPEHHS, YaCTKOBY
KJIeHCTepu3allilo Ta arjioMepanilo KpOXMallbHUX TpaHysd, IO MIpPHU3BEIE [0
BEJIUKOTO PO3MIPYy YAaCTHHOK, IO Y3TOKYETHCA 3 PE3yJAbTaraMH CKaHYIOYOi
enekTpoHHoi Mikpockomii (SEM). Pesynsrati po3noaity Boau B KapTOIUISTHOMY
KpOXMaJli TToKa3aju, 0 3B’si3aHa BOJAA Yy BCIX 3pa3kax KpPOXMaJll0 CTaHOBHIIA
omu3pk0 90%, KpiM TOTO MPOBEACHI JTOCHIKEHHS CBiA4YaTh, IO B PE3YJbTaTi
00poOsieHHsT 3MiHIOETRCSL po3noai Bojoru PT, PTy, ta PThas, mokpamyerbes
B3a€EMOJIiSl MK KpOXMaJsieM 1 BOJIOO.

IlonBiitHa 00poOka kpoxmamio 3a pgomnomororo MW 1 HMT pobuia
MNOBEPXHIO TpaHyd KpPOXMaI0 OUIbLI MIOPCTKOK 1 CIPUYMHSIIA yTBOPEHHS
OUIBIIMX 3amaiuH abo rpediHIliB, HIXK okpeMa o0poOka 3a gornomororo MW a6o
HMT, oco6muBo y Bunagky HMT-MW. OTtpumani pe3ynbratu miaTBEPIKEHO 3a
JIOTIOMOTOI0  CKaHYIOUO1 €JEKTPOHHOI MIKPOCKOIIi, OCKUIBKM Ha TIOBEpPXHIi
KpOXMaJbHUX IpaHyJI micias Moaudikailii 3’ sBUUcCs AesiK1 3anaguHu a0o BUOOTHH,
a LEHTP MOJIIPU30BAHOI MOMEPEUHOI CTPYKTYPH MOBUIBHO PO3LIMPIOBABCS. YCi
BUIM OOpOOKM TIABUIIYBIM TEMIIEpaTypy KIeWcTepusaiii Ta 3HUKYBaIH
B’S3KICTh, aJie 3MEHIIYBaJM IIKOBY B’SI3KICTh 1 B SI3KICTh PYWHYBaHHS
kpoxMainsHOoTO Kieiictepy. Crektpu FT-IR ta XRD noxkazanu, mo HMT ta MW
pPYWHYIOTh TOJBIMHI CHipaidl Ta KpPUCTAIIYHY CTPYKTYpYy KapTOIUISTHOTO
KpoxMairo. Yci Buau oopoOku mimBuiyBaiu BMIcT RS, ane 3HMWKyBamu BMICT
RDS kapTormisiHoro kpoxmainto. 3a Tiel camoi TpuBaiocTi HarpiBanHs HMT Bmict
RS y kpoxwmani, monudikoBanomy HMT y moennanni 3 MW nicnsio6po6koro, OyB
3HaYHO BWIIHUM, HIK y Kpoxmamo, moaudikoBanomy HMT y moeananHi 3
nonepeaabr0r0 MW 06poOKoro Ta OKpEMOIO BOJIOTOTEpMiuHO0 00poOKor0 HMT.
Pesynbrath  nmOCHiIKEHb, OTpUMaHI B JAHOMY  pO3IUI,  MOXYTb
BUKOPHCTOBYBATHCS i IPOMUCIIOBOTO 3aCTOCYBaHHS METO/IIB
BOJIOTOTEPMIYHOTO Ta MIKPOXBWJIBOBOTO OOpOOJieHHs s Moaudikarii

KpPOXMaJII0 Ta BUPOOHHUIITBA HOBUX BHUAIB MOJU(]PIKOBAHUX KpOXMadiB 13



3aJlaHUMHU BJIACTUBOCTSAMH.

VY n'sToMy po3/iii MpencTaBIeHO Pe3yJbTaTH IOCHIKeHb BIUIMBY 3aMiHU
YaCTHHU IIIIEHUYHOTro OopoltHa Ha MoaudikoBaHUM Kpoxmanbd, Ha SKICHI
XapaKTEPUCTUKHU MPOAYKTIB 13 MIIEHUYHOTO OOpOIIHA, BKIIIOYAIOYM TEYUBO,
CBIKY JIOKIIMHY Ta xii0 Ha mapy. Y IIbOMYy JIOCHIKEHHI MOIU(DIKOBaHHIMA
kaprorisinuid kpoxmaib (HMTS) rorysanmu 3a gomomorotro HMT mpu 90°C
nporsiroM 1,5 rommam 3 BMicTOM Bosoru 23,56%, Tomi sik Momu(ikoBaHi
kaproruisiHi kpoxmaii (MWS) rorysanu nusixom MW 06poOKu ipH MOTY>KHOCTI
400 Bt npotaromM 5 XBWJIHUH 3 BMICTOM BOJIOTH - 25,0%.

3amiHa OOpoOIIHA 3 HU3BKUM BMICTOM OUIKY (BMICT 01Ky 7,0%=*1,5%) Ha
monudikoBanuit kpoxmaab HMTS a6o MWS y kinbkocTi moHaa 5% BIUIMHYIA HA
OpraHOJIENTUYHI MMOKA3HUKH TE€YMBA, KOJIP CTaB IHTEHCHUBHIIIMM, YKOBTIIIUM 1
MEHIII Y€PBOHYBAaTUM. TBEpICTh (BKJIIOYAIOYM CEPEAHIO TBEPAICTh, TBEPIICTD
MOBEPXHI Ta MaKCUMaJbHy TBepAIcTh) neunBa 3 HMTS a6o MWS 0Oyna 3HauHO
HIKYOI0, HIK KOHTPOJIbHOTO 3pasky (P 3nauenns1<0,05), 1m0 BKa3ye Ha MEHIITY
po0OTY, SIKy HEOOXIJHO 3aTpaTUTH IIiJl Yac XyBaHHS, HAa TOBEPXHI IEYHUBa
yTBOpIOBajacs XpycTka ckopuHka. JlomaBanns BinnoBiaHoi kKiabkocTi HMTS abo
MWS B penentypy mnedyriBa MOK€ MOKpAIIUTH 30BHIIIHIN Bursa. llednBo 3
nonaBanHaM kpoxmanto HMTS a6o MWS y xiumekocti 15% wManmo kparii
OpraHOJIENTUYHI TOKa3HUKU (30BHILIHIA BHUIVISAA, apoMaTr, CMaK) XpYCTKY
CKOPMHKY 1 OTpMMAaJ0 HaBUILY OLIIHKY MiJ Yac AEryCTalliHOTO aHami3y.

3amiHa YaCTUHU MIIEHUYHOTO OOPOITHA 3 HU3bKUM BMICTOM OUIKYy (BMICT
oinky 10,0 %=+1,0 %) na HMTS a6o MWS BrinHyo Ha TEKCTypy Ta BIACTUBOCTI
TicTa (3AaTHICTD J0 PO3TATYBAHHS) JIJISl IOKITUHU. 3 IOTIOMOT OO0 KOPETSIIAHOTO
aHajizy OyJio 3p00JICeHO BHCHOBOK, IO BJIACTHBOCTI TiCTAa Ha PO3TATYBaHHS, a
caMe CTIMKICTh O PO3TATYBaHHsI, Oyl HaJA3BHYAHO 3HAYYIIMMH, ITO3UTUBHO
KOPEJTIOIYUMU 3 BJIACTUBOCTSIMHU CTIMKOCTI IO PO3TATYBAaHHS Ta €IaCTUYHOCTI
BapeHoi JiokimnHu. Buecenns HMTS 1 MWS y peuentypy JIOKIIMHUA 3HaYHO

3MEHILNJIO0 Yac NpurotyBaHHs npoaykry (P 3nauenns < 0,05), mBHUIKICTDH
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BOJIONOTJIMHAHHS CYXOi PEYOBUHM Ta MIBUAKICTbh BTPATU CyXOi pEYOBUHU 3HAYHO
3pociia 31 30UIbIIEHHIM KiTbKoCTi MoaudikoBaHoro kpoxmamo HMTS ta MWS.
JlokmmHa Maja XOopolIlll OpPraHoJENTUYHI Ta BapWIbHI BIACTUBOCTI MPHU 3aMiHi
neHnyHoro 6opomna Ha HMTS menme, Hix Ha 30%, Ha MWS — meHIie, Hixk
Ha 20%. Jomasanns monax 30 % HMTS a6o 20 % MWS BigmoBigHO BILIMBA€E Ha
nedopMaliiro JOKIIUHKA Ta MPU3BOIUTH J0 30UIBIICHHS KIJIBKOCTI JIoMY. Takum
yuHOM, MakcuMmalbHe BKIoueHHSI HMTS a6o MWS mae cranoButu 30% ta 20%
BiJIITOBITHO.

B po6oTi gocnikyBaiu TOIIBHICTE 3aMIHHU MIIEHUYHOTO OOpoITHa (BMICT
ouky 10,0%+1,0%) na HMTS a6o MWS y peuentypi xmiba Ha napy. [Tutomuii
00'eM xJ1i0a, TPUTOTOBAHOTO Ha Mapy, 3MEHIIYBaBCS 31 30UIbLIEHHS KUIBKOCTI
monudikoBanoro kpoxmaiaro HMTS abo MWS. [Tutomuii 06’eM xs1i6a Ha mapy 13
3actocyBaHHsIM MWS, OyB HI>KUUM, HIXK 00’ €M xJ110a Ha napy 13 3aCTOCYBaHHAM
HMTS, mo cBiguuth npo te, 1mo MWS maB OiIbIIniA BIUTUB HA TUTOMHUK 00’ €M
xmiba Ha mapy, Hbk HMTS. ExkcniepuMmeHTanbHuil XJ110 Ha mapy, MOKa3aB BUILI
3HaueHHs L* 1 a*, ane HwKYl 3HaYeHHS b*, HIK KOHTPOJBHUM 3pa3ok,
MIPUTOTOBAHUM HA TPy, 3MIHU KOJIbOPY OyiH OUIbII OYEBUTHUMU 31 301THIIICHHSIM
piBHa 3aminu HMTS a6o MWS, to6T0 X110, o mictuth Outbiie HMTS abo
MWS mae cBiTimmit kosip. Konmu piBeHb 3aMillleHHs MIIIEHUYHOTO OOPOIITHA Ha
HMTS a60 MWS 06yB Buium 3a 30% 1 20% BiAMOBIAHO, BIAMIHHOCTI B KOJIHOPI
(AE>3) MiX KOHTPOJIBHUM 1 EKCIIEpUMEHTAJIbHUM 3pa3kaMd MOXkHa Oyso
BUSIBUTH oOpraHojienTuyHo. CTPyKTypHO-MEXaHiuHI BaCTHBOCTI XJii0a Ha mapy
IpU 3aMiHI MIIEHUYHOTo OopoinHa Ha MonudikoBanuit kpoxmais HMTS a6o
MWS 6inbie 30% ta 20% BIAMOBITHO 3MIHUIKCS Yepe3 MOPYIIECHHS CTPYKTYPH
TiCTa, 1€ TPU3BEIO 10 IMMABUIICHHS TBEPAOCTI, KJICHKOCTI Ta KyBajdbHOI
3IATHOCTI, TOJI SIK 3HAYE€HHSI IIPY>KHOCTI OYyJI0 3HUKEHO, 110 BKa3y€ Ha YTBOPEHHS
OUTbIII TBEpAOi Ta IMIUIBHOI CTPYKTYpH Xisiba Ha mapy. 3arajbHi CEHCOPHI
MOKa3HUKHU 3HIKYBAIUCS 31 30UIBIICHHS KUTBKOCT1 MOJIU(DIKOBAHOTO KPOXMAITIO

HMTS a6o MWS. 3araipHa ceHcopHa OlliHKa Oyna BUIIow 3a 80, Ko piBEHb
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3aMIHU TIIEHUYHOTO OopolnHa Ha MoaudikoBanuii kpoxmaiab HMTS ado MWS
ctaHoBUB He OubIIe 30%, e CBIMUUTH MPO Te, M0 PO3POOICHUN MPOAYKT Oyre
NpUIHATUHN criokuBadamMu. KpiM TOro, pe3y/bTaTd BU3HAUEHHS PIBHS TITIOKO3U B
KpPOB1 yYaCHHUKIB €KCIIEPUMEHTY ITICIISI IPUHOMY 1K1 B p13HUM Yac MiCIs BXKUBAHHS
xmiba, Tme4nBa, JIOKIIMHU TMOKa3ad, M0 MpoxykTy 3 momaBaHHsM HMTS abo
MWS maroTh HXKYHM TTyKEMIYHUN 1HIEKC Ta MOXKYTh OyTH PEKOMEHI0BaH1 JJ1s
J1a0CTUKIB Ta JIIOACH MOXHIIOTO BIKY.

[IpoBeneHi nOCHiKEHHS MOXYTh HaJaTH IIHHI PEKOMEHJAIll 00
MOJIAJIBIIOT0 3aCTOCYBaHHS KAPTOILIIHOTO Kpoxmaito, MmoaudikoBanoro HMT Ta
MW, y BUpOOHHUIITBI XapUOBUX MPOAYKTIB, @ TAKOK MAIOTh BEJIMKE 3HAUCHHS JJIsI
MIPOCYBaHHS KapTOILIi, IK OCHOBHOTO MPOAYKTY XapUyBaHHS.

KuarouoBi ciaoBa: kpoxmanb KapTOIUISSHUN, BOJOroTepMiuHa 0O0poOKa,
MIKpOXBHJIbOBA 00pOOKa, (I3UKO-XIMIYHI BIJIACTUBOCTI, KJelcTepu3allis,
CTPYKTYpHI  BJIaCTHUBOCTI,  JeTiAparariis, 3acBOIOBaHICTb,  OOPOIITHSHI
KOHJUTEPChKI BHUpPOOH, XJ1100OYJI0YHI BHUPOOH, CTPYKTypa, OPraHOJENTHYHI
BJIACTUBOCTI, TICTO, MEYMBO, XJ10Ill, MaKapOHH, JIOKIIINHA, TJIKEMIYHUN 1HJICKC,
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ANNOTATION
Deng Chunli Technology of physically modification of potato starch and their

applications in food products. Qualified scientific work as manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 181 — «Food
technology» — Sumy National Agrarian University, Sumy, 2023.

The thesis 1s dedicated to the development of the technology of modified
potato starch by using physically modification of heat-moisture treatment (HMT)
combined with microwave treatment (MW), and thesis is dedicated to the
scientific substantiation development of the technology of food products with
incorporation of modified potato starch.

This first section of this thesis presents the results of an analytical review of
literary sources, namely, the relationships between the properties and structure of
starch, the analysis of physical, chemical and enzymatic modification of starch,
and the application of modified starch in food. HMT and MW are the most
appealing physical modification method of starch due to their advantages of
environmental protection, no reagent by-product, easy control process and safe
for industrial production. Therefore, the literature review especially focuses on
the effects of HMT and MW on the properties of starch.

On the basis of analyzing the literature, the scientific problem of this thesis
is expounded in the second section, the choice of objects and the direction of
researches is substantiated, methods of fundamental and applied researches are
resulted. In accordance with the objectives of the study, a work program was
formulated, which not only provides the studies of modification technological
processes of single heat-moisture treatment of native potato starch to determine
the optimal parameters and the studies of modification technological processes of
heat-moisture treatment combined with microwave pre- and post-treatment, but
also provides the determination methods of physicochemical properties of starch
paste, physicochemical properties of starch granules, multiscale structure of

starch granules, and provides the potential application of heat-moisture treatment
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and microwave treatment modified potato starch in food products (cookies, fresh
noodles and steamed bread). In order to achieve the established tasks, the research
methods and techniques are demonstrated and their descriptions are given.

The third section of this thesis systematicall studies the effects of HMT
conditions the morphological, physicochemical and in vitro digestion properties
of potato starch and its process optimization presented a comprehensive
understanding of the effects of HMT conditions on functional and digestibility
properties of starch, as well as the related mechanism, which would provide a
useful theoretical basis for further studies on improving the application of thermal
treatment technology in starch modification.

The transparency and retrogradation stability of potato starch after HMT
were reduced, solubility and swelling power varied with the gelatinization
temperature. HMT can significantly affect the textural properties of potato starch
and the hardness, gumminess, chewiness and resilience of HMT starch gels first
increased significantly and then decreased with the extension of treatment time.
Short heating time (<1.5 h), relatively low heating temperature (<100 <C) and low
moisture content (<25%) of HMT process can significantly enhance the texture
properties of HMT starch gels. The HMT potato starch pasting properties results
indicated that it is necessary to select appropriate heat-moisture treatment
conditions for the preparation of vermicelli food by using the HMT potato starch
in order to obtain better edible quality.

HMT had great effect on the particle size, morphological, structural, and
digestive properties of potato starch. HMT led to large particle size, rough surface
of starch granules and resulted in hollow structure located at the hilum of potato
starch granules. XRD results showed an increased relative crystallinity and
transformed crystalline structure from B-type to C-type with the extension heat
moisture treatment. FTIR spectroscopy results indicated that the heat moisture
treatment may result in the breaking of starch molecular chain or the breaking of

the associative hydrogen bond of starch molecule. In vitro digestion results
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showed that HMT process could significantly decrease rapidly digested starch
(RDS) content, but increase resistant starch (RS) content, which indicating HMT
starches could potentially become sources of industrial-resistant starch and as
low-calorie food ingredients.

The optimized process parameters of setback viscosity of HMT were as
follow: the temperature was 90<C, the time was 1.5 h and the moisture content
was 23.56%. Under such conditions the maximum theoretical setback viscosity
value was 3871 cP. The verification experiment showed the actual mean setback
viscosity was 3677 cP and there was little error between the actual setback
viscosity and theoretical setback viscosity. Compared with native potato starch
(NS), optimized heat-moisture treatment modified starch (HMTS) had lower peak
viscosity (2966 cP), lower hold viscosity (2882 cP) and lower breakdown
viscosity (84.5 cP), but higher paste temperature (71.1<C), higher final viscosity
(6559 cP) and setback viscosity (3677 cP). The hardness, cohesiveness,
gumminess, chewiness of NS gel were 2706 g, 0.63, 1700 g, 1404 g-mm,
respectively, while the hardness, cohesiveness, gumminess, chewiness of HMTS
gel were 6082 g, 0.73, 4920 g, 3570 g mm, respectively. Compared with the NS
gel, the hardness, cohesiveness, gumminess and chewiness of HMTS gel were
increased significantly, and there was no significant difference in springiness and
resilience. The retrogradation of NS and HMTS increased with the extension of
storage time, and the HMTS had higher retrogradation than that of NS, indicating
that potato starch modified by heat-moisture treatment was more prone to
retrogradation. In vitro digestion results showed that HMTS had higher slowly
digested starch (SDS) content and RS content than that of NS, but lower RDS
content. Compared to the native potato starch, the RDS decreased by 10.05%, the
SDS increased by 5.06% and the RS increased by 2.48%, respectively in the
optimized HMT potato starch.

The effects of HMT assisted by MW pre- and post-treatment on the

morphological, physicochemical and in vitro digestion properties of potato starch
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were also evaluated in the fourth section of this thesis. This research presented a
comprehensive understanding of the effects of HMT and MW bi-directional
modifications on functional and digestibility properties of starch, as well as the
related mechanism, which would provide a useful theoretical basis for further
studies on improving the application of microwave technology in starch
modification.

All the starch samples modified by single HMT, single MW, and dual
modification of HMT combined with MW showed lower swelling power than that
of native starch when the test temperature was 65—-85°C, while opposite results
were obtained at 95°C. All the modified starch samples showed higher solubility
than that of native starch when test temperature was 75-95°C. Single MW, short-
time single HMT and short-time HMT combined with MW pretreatment can
enhance the repeated freeze-thaw stability of potato starch pastes, while long-
time HMT (> 4h) could weaken the freeze-thaw stability of potato starch. Dual
modification of HMT and MW had greater effects on starch retrogradation than
that of single HMT or single MW, moreover, HMT combined with MW
pretreatment also had greater effects on starch retrogradation than that HMT
combined with MW post-treatment. HMT heating time had great significant effect
on starch paste transparency, dual modification of HMT combined with MW had
greater effect on the transparency of starch paste than that of single HMT and MW.
The hardness, cohesiveness, gumminess and chewiness of all the HMT modified
potato starch gel (including single HMT, HMT combined with MW) decreased
with the extension of heating time. The HMT potato starch pretreated by MW had
higher hardness value than that of HMT potato starch post-treated by MW.

HMT treatment caused a slight increase of lightness (L* values), while single
MW treatment caused a slight decrease of lightness, indicating that the color of
all the HMT treated samples (HMT, MW-HMT, HMT-MW) became brighter and
the color of the single MW treated sample (MWS) became darker. The starch
particle size distribution experiments showed that D50, D (4,3) and D (3,2) of all
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treated starch were higher than NS, while the value of S.S.A. was significantly
decreased by MW and HMT, indicating that MW and HMT treatments can caused
expansion, partial gelatinization and agglomeration of starch granules, resulting
in large particle size of starch granules, which were consistent with the results of
scanning electron microscopy (SEM). The results of water distribution in potato
starch showed that he bound water in all starch samples was the main water which
at least accounted for 90%, the MW treated starch had three different state water,
while NS and single HMT treated starch only had two different state water. There
were significant differences of PT»; and PT,, between NS and all treated starch,
NS had the lowest PT»; but highest PT»,, indicating that MW and HMT treatments
could change the water distribution and improve the interaction between starch
and water.

Dual starch modification vie MW and HMT made the surface of starch
granules rougher and caused more serious depressions or scallops than single
modification with MW or HMT, especially in the case of HMT-MW, which can
be verified from the scanning electron microscopy, normal light and polarized
light microscopy that some depressions or potholes appeared on the surface of
starch granules after modification, and the center of polarized cross structure
slowly expanded. All the treatments increased the pasting temperature and setback
viscosity but decreased peak viscosity and breakdown viscosity of starch. The FT-
IR and XRD spectra implied that HMT and MW destroyed the double helices and
crystalline structure of potato starch. All treatments increased the content of RS
but reduced the content RDS of potato starch. Under the same HMT heating
duration, the RS content of starch modified by HMT combined by with MW post-
treatment was significantly higher than that of starch modified by HMT combined
by MW pre-treatment and single HMT. The information obtained in this research
might be beneficial to the industrial applications of microwave and heat-moisture
techniques deployed to modify starch and eventually produce new starch

materials satisfying the potential consumer requirements.
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The fifth section of this thesis also presents the results of the effects of
substitution of wheat flour with potato starch modified by heat-moisture treatment
and microwave treatment on the quality characteristics of three typical food
products including cookies, fresh noodles and steamed bread, which would
provide a beneficial theoretical basis for further research on the application of
HMT and MW modified starch in food. In this research the HMT modified potato
starches (HMTS) were prepared by HMT at 90°C for 1.5 h with 23.56% moisture
content of starch (the optimized process parameters of HMT), whereas the MW
modified potato starches (MWS) were prepared by MW at 400 W power for 5 min
with 25% moisture content of starch.

The substitution of low protein flour (the protein content was 7.0%+1.5%)

with HMTS or MWS in quantity above 5% made cookies brighter, yellower, and
less reddish. The differences in color between the control and experimental
cookies were detectable by the human eye when the substitution amount of low
protein flour with HMTS or MWS reached 5%.The hardness (included average
hardness, surface hardness and max hardness) of cookies with HMTS or MWS
was significantly lower than of control (P e <0.05), but higher crispy value,
indicating less work to be consumed when chewing. The addition of appropriate
amount of HMTS or MWS to cookies could improve the appearance. Cookies
with addition of HMTS or MWS powder in the amount of 15% not only had crispy
taste, but also had the highest acceptability score and yellowest color, therefore,
the appropriate incorporation of HMTS or MWS was 15%. The present research
might help to enlarge the application of modified potato starch in confectionery
products.

Substitution of with HMTS or MWS altered the texture and tensile properties
of dough. Through correlation analysis, it has been concluded that the dough
tensile properties of resistance to extension and extensibility were extremely
significant positive correlated with the cooked fresh noodles tensile properties of

tensile strength and elasticity. Substitution wheat flour (the protein content was
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10.0%+1.0%) with HMT and MW modified potato starch (HMTS and MWS)

significantly decreased the optimal cooking time of fresh noodles (P < 0.05),
the dry matter water absorption rate and loss rate of dry matter significantly
increased with the increase of substitution amount of HMTS and MWS. When the
incorporation amount of HMTS was less than 30% and the incorporation amount
of MWS was less than 20%, the noodles could maintain good organoleptic and
cooking quality attributes. More than 30% of HMTS or 20% MWS will deform
the noodles and cause breakage. Therefore, the maximum incorporation of HMTS
or MWS should be 30%, 20%, respectively. The present research results can be
applied to the noodle industry, and it might also help to enlarge the application of
modified potato starch in cooking noodle-like food.

The appropriated amount of substitution of wheat flour (the protein content

was 10.0%+1.0%) with HMTS or MWS not only can maintain the quality of

steamed bread, but also increase the nutrition of steamed bread. The specific
volume of steamed bread decreased with more incorporation of HMTS or MWS.
The specific volume of steamed bread buns made by incorporating MWS was
lower than that of steamed bread made by incorporating HMTS, which indicated
that MWS had greater impact on the specific volume of steamed bread than
HMTS. The experimental steamed bread showed higher L* and a*, but lower b*
values than those of the control steamed bread, and the color changes was more
obvious with the increase of substitution level of HMTS or MWS, indicating that
steamed bread with more incorporation of HMTS or MWS displays lighter
transparent color. When the substitution level of HMTS or MWS was higher than
30%, 20%, respectively, the differences in color (AE>3) between the control and
experimental steamed bread can be detectable by the human eye. Texture
properties of steamed bread were affected with substitution due to the disruption
of dough structure, and the incorporation of HMTS or MWS led to higher value

of hardness, gumminess and chewiness, whereas the value of springiness,
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cohesiveness and resilience were reduced, which indicated that the incorporation
of HMTS or MWS led to firmer and denser structure of steamed bread. The
sensory total scores decreased with more incorporation of HMTS or MWS. The
total sensory score of was higher than 80 when the substitution level of wheat
flour with HMTS or MWS was less than 30%, indicating the produced CSB can
be accepted by consumers. Based on the above research results of steamed bread
quality, the optimal substitution of wheat flour with HMTS or MWS was 30%.
Moreover, the results of postprandial blood glucose levels of participants at
different times after eating steamed breads indicated that products prepared with
incorporation of HMTS or MWS were more suitable for diabetics or the elderly.

This research can provide valuable guidance for further application of HMT
and MW modified potato starch in wheat-based products, and it is also of great
significance for promoting potato as staple food.

Keywords: potato starch, moisture-thermal treatment, microwave treatment,
physical and chemical properties, pasteurization, structural properties,
dehydration, digestibility, flour confectionery, bakery products, structure,
organoleptic properties, dough, cookies, bread, makarony, noodles, glycemic

index, nutritional value.
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INTRODUCTION

Actuality of the Topic. Potato (Solanum tuberosum L.) as the fourth largest
food crop after wheat, rice and maize, plays an important role in the world food
security [1]. According to the Food and Agriculture Organization of the United
Nations (FAO) data, potatoes were cultivated in 157 countries and regions with a
total planting area of 16.49 million hectares and a total output of 359 million tons
in 2020. In 2020, the potato production in Asia accounted for 49.7% of the global
potato production, while the potato production in Europe accounted for 30%,
which indicated that Asia and Europe were the main potato producing areas in
2020 [2]. Starch is the main component of potato tubers and the starch content
varies with cultivar and plant growth stage, generally accounting for 66-80% of
the dry weight basis [3]. Potato starch is extensively utilized as food ingredients,
thickeners, excipients or pharmaceutical fillers in variety food systems for its
unique properties of large granule size, neutral flavor, high pasting viscosity and
swelling power, high clarity of starch paste and ability to form thick viscoelastic
gels upon heating and subsequent cooling [4-5].

However, native potato starch exhibits poor shear and heat resistance, poor
water solubility and thermal stability, which limits the application of starch [6].
Various chemical, enzymatic and physical methods or their combinations have
been used to overcome the inherent shortcomings of native starch in order to
acquire suitable properties for special applications [7-9]. Chemical method is the
most widely used modification method for its low cost of production and high
control over final product customization [10], but partly due to the formation of
chemical residues, it is usually considered to environmentally unfriendly [11].
Enzymatic method is effective with fewer by- products, but the coast is high and
the reaction process is difficult to control, while the physical method is simple,

economical and easy for commercialization [5]. Considerable interests in physical
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modification methods to have been generated due to absence of chemical
contamination, food safety, environmental friendliness and low cost of production
[12].

Heat-moisture treatment (HMT) is one of the most important physical
modification methods of starch, which refers to the utilization of high moisture
content (10-35%) and temperature (90-120°C) for a period of treatment time (15
min- 16 h) [13]. Many pervious researches have confirmed that HMT directly
affects starch digestibility through the formation of slowly digestible starch (SDS)
and resistant starch (RS) and the reduction of rapidly digestible starch (RDS),
which i1s very important for realizing consumers’ health benefits [14-17].
Microwave treatment (MW) is another appealing physical modification method
of starch for its effectively heating, high yield and potentially good quality of
products [18]. MW was used in modification of sago (Metroxylon sagu)[19],
potato[20], millet starches [21] and other starches [22]. Many researches have
studied the influence of MW on the digestibility of starch [16, 19, 23], and the
results of these researches indicating that MW could increase the content of RS
and SDS.

Obesity represents a growing global public health concern in the 21 century
[24]. It is predicted that 20% of the world’s adult population will be obese by 2030,
and in develop countries such as Australia, Canada, the UK and the USA, the
figure is expected to reach upwards of 50% [25]. Obesity is associated with
heightened all-cause mortality and significantly increases the risk of including
type 2 diabetes, cardiovascular disease, respiratory dysfunction and several other
cardiometabolic comorbidities[26]. During the past ten years, the prevalence of
diabetes in Chinese adults has been maintaining at 10% [27]. An analysis of a
China nationally representative survey shows that China has more than 130
million adults with type 2 diabetes, and 350 million individuals with prediabetes

(3) [28]. Therefore, it is a feasible strategy to develop functional foods products
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with reduced glycemic index (GI) to solve these health problems, and adding
modified starch rich in RS, SDS in food is one of the effective methods.

Nowadays, with the improvement of people's living standards and the
emphasis on healthy diet, special nutritional food products have attracted more
and more attention around the world [29]. Since most of the wheat products
belong to high glycemic index (GI) foods, enhancing food products with
functional components has the potential to be beneficial [30]. Strategies for
developing food products with low GI remain to be developed to help people with
diabetes and other diseases [31]. Partial substitution of wheat flour with whole
flour or other functional ingredients can enhance the nutritional quality of food
products. However, the dough rheological properties and the product quality may
be altered by substitution of wheat flour with other types of low-gluten flour [32].
Therefore, it 1s necessary to investigate the effects of substitution of wheat flour
with other types of low-gluten flour (i.e. modified starch) on the quality
characteristics of dough and the final products.

Connection of work with scientific programs, plans, themes. Scientific
research was carried out within the framework of the thematic plan of research
works according to topic 0119U103484 "Scientific grounding and development
of technologies of food and culinary products using innovative types of raw
materials", Department of Food Technology, Sumy National Agrarian University,
Ukraine, and the College of Food and Biological Engineering, Hezhou University,
China.

The purpose and objectives of this research. The aim of the research is
to develop technology of physically modified starches with heat-moisture
treatment (HMT) and microwave treatment (MW) and investigate the effects of
their application in the production of food products.

To achieve this aim, the following objective should be accomplished:

- investigate the effects of heat-moisture treatment conditions on potato

starch physicochemical properties, mainly include swelling power, solubility,
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freeze-thaw stability, retrogradation, transparency and textural properties.

- investigate the effects of heat-moisture treatment reaction conditions on the
structural and digestion characteristics of potato starch, mainly include paste
viscosity properties, particle size, morphological properties, crystal structure and
in vitro digestibility.

- optimize the modification process of potato starch by heat moisture
treatment using Box-Behnken response surface methodology.

- investigate the effects of heat-moisture treatment combined with
microwave pre- and post-treatment on potato starch physicochemical properties,
mainly include color characteristics, particle size, water distribution, swelling
power, solubility, freeze-thaw stability, retrogradation, transparency and textural
properties.

- investigate modification in physicochemical, structural and digestive
properties of potato starch during heat-moisture treatment combined with
microwave pre- and post-treatment, mainly include paste viscosity properties,
morphological properties, crystal structure and in vitro digestibility.

- investigate the effects of partial substitution of wheat flour with modified
potato starch on the quality of cookies, Chinese steamed bread, noodles, mainly
include the texture properties of dough, the textural properties, color
characteristics and the sensory acceptance of products.

The object of this research -the potato starch modification technology of
heat-moisture treatment combined with microwave treatment and its application
in food products.

Research methods- experimental determination methods of on the
physicochemical properties, morphological characteristics, crystal structure and
in vitro digestion properties of potato starch modified by heat-moisture treatment
and microwave treatment; experimental determination methods of the effects of
partial substitution of wheat flour with modified potato starch on the quality of

final products, mainly include the texture properties of dough, the textural
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properties, color characteristics and the sensory acceptance of products;
mathematical methods for experiment planning and experimental data processing.

The scientific novelty of the obtained results is as flows:

-the starch modification methods used in this research are single HMT and
HMT combined with MW pre- and post-treatment, which only involve water and
heat, and will not cause any pollution to the environment. The modification
processes are simple, the operations are convenient, and no subsequent treatments
are required. Therefore, the modification technologies of the research have board
application prospects in the improvement of starchy food quality.

- there are few systematic researches on the effects of single HMT conditions
on the structure properties and functionalities of potato starch, and there are also
few researches on the effects of HMT combined with MW pre- and post-treatment
on physicochemical, structural and digestive properties of potato starch. The
results of this research provide a theoretical basis for the application of single
HMT and dual modification of HMT combined with MW pre- and post-treatment
in potato industrialization.

- for the first time, the viscosity properties, gel textural properties and in vitro
digestion characteristics of the HMT modified starch and HMT and MW bi-
directional modified starch were systematically analyzed to provide reliable
evidence for their application in food industry.

- the regularities of the effects of wheat flour substitution with modified potato
starch on properties of mixed dough and quality of cookies, steamed bread and
noodles are substantiated.

- experiments on cookies, steamed bread and noodles products confirmed that
adding a suitable dose of modified potato starch can improve the quality of the
products, making the products have good texture properties and sensory
acceptability, which is of positive significance for promoting the process of potato
staple food.

The practical significance of the obtained results. The research presented
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a comprehensive understanding of the effects of HMT, HMT and MW bi-
directional modifications on functional and digestibility of starch, as well as the
related mechanism, which would provide a useful theoretical basis for further
studies on improving the application of hydrothermal or microwave technology
in starch modification. Meanwhile, the modified starch obtained in the research
has high content of RS and SDS, and had good cold paste gel texture, which is
suitable for the development of low GI food, as well as suitable for use in
vermicelli and noodle products.

The recipes of cookies, steamed breads and noodles with the addition of the
obtained modified starch were inverstigated, and the optimitional substitution
amounts of wheat flour with HMT modified potato starch and MW modified
potato starch were given. A technological scheme of cookies, steamed bread and
noodles production and a project of technological documentation were developed
(TY ¥ 00383403.001:2023 MoaudikoBaHui KapTOIUIIHUM KpoxMmaib ((hizudyHa
moaudikanis), TI neunBo «MoKay, TI xmi6ui «I[laposi», TI nokmmuna «Jlerkay).

The results of the dissertation can be used in the educational process when
studying the disciplines "Theoretical foundations of food production", "General
technologies of food production", "General technologies of starchy food
products", as well as during the as well as during the conduct of fundamental and
applied research in the direction of the development of technologies of flour
products or processing starch raw materials.

The personal contribution of the applicant is to plan and conduct
experimental research in laboratory, perform mathematical processing and
scientific analysis of the experimental results, formulate conclusions and
recommendations, prepare of materials for publication, test and implement new
technologies of this research.

Approbation of dissertation results. Approbation of the scientific and
practical results presented in the dissertation was carried out by the applicant

personally with the methodical and scientific support of the scientific supervisor.
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The main results of the work were reported at the II International Scientific
and Practical Conference " The world of science and innovation ", London, United
Kingdom, September 16-18, 2020; II International Scientific and Practical
Conference " Topical issues of modern science, society and education " , Kharkiv,
Ukraine, September 5-7, 2021; III International Scientific and Practical
Conference "Modern scientific research: achievements, innovations and

development prospects ", Berlin, Germany, August 29-31,2021; II International

Scientific and Practical Internet Conference "Informational and innovative

"

technologies in hotel and restaurant business, tourism and design ", Dnipro —
Opole, December 1-2, 2021; VI International Scientific and Practical Conference
"MODERN RESEARCH IN WORLD SCIENCE ", Lviv, Ukraine, 4-6 September
2022.

Publications. According to the results of the research, the applicant
published 14 scientific papers, including 9 journal articles, 2 of which are
published in a category B scientific professional publication approved in Ukraine
and 2 in a scientific professional publication approved in Ukraine indexed by
Scopus, 1 publication in a Polish scientific journal indexed by Web of Science, 1
publication in Slovakia scientific journals indexed by Scopus, 2 in Hungarian
scientific journals, 1 publication in a Brazil scientific journal indexed by Scopus;
5 abstracts of scientific conference reports.

The structure of the dissertation. The dissertation consists of an
introduction, 5 sections, conclusions, a list of references of 236 names, appendices.

Main content dissertation is laid out 186 pages of printed text, contains 48 tables

and 48 figures.
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SECTION 1 STARCH MODIFICATION AND ITS APPLICATION
PROSPECT IN FOOD PRODUCTS

1.1 The relationships between the properties and structure of starch

Starch is a renewable carbohydrate in nature and plays an important role in
various food industries [33]. Starch is a useful biopolymer constituting two
primary types of polymeric components of amylose and amylopectin [34].
Amylose molecules are chain-like molecules connected by a-1,4 glycosidic bonds,
and amylopectin is the main chain formed in the same connection method as
amylose molecules, and then connected with the main chain by a-1, 6-glycosidic
bonds to form branched starch molecules [35]. The molecular structures of
amylose and amylopectin were showed in Fig.1.1. The the ratio of amylose and
amylopectin as well as the entanglement between amylose/amylopectin and
amylose/amylose have great impact on starch properties, such as water binding
capacity, thermal properties, and enzyme susceptibility [36-38]. In general,
amylopectin is the main component in most starch granules by weight, whereas
amylose accounting for 15-30% [39]. Lots of amylose molecules and amylopectin
molecules cluster together to form starch granules, of which are the form starch
exists. The two starch polymers of amylose and amylopectin are organized on
different scales in the starch granules to form a multi-scale supramolecular, which
mainly includes the whole granule (<I um-100 um), the growth rings (100-400
nm), blocklet structure (20-500 nm) the semicrystalline lamellae (9-10 nm) and
the molecular structure (0.1 nm) [40-42]. The diagram for multi-scale structure of

starch was showed in Fig.1.2.
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Fig. 1.1 Structure of amylose and amylopectin (A: Amylose: a-(1—4)-glucan;
B: Amylopectin: a-(1—6) branching points)

Side View Top View 10'7

%gg ‘e f”g:;‘* g

Molecular structure

Lamellar structure

£ H"‘l 3 ﬁ:@
Ty 8
%“:*& T

(.rystallme structure

Channel

Growth ring i

Blocklet

Granule

Fig. 1.2 Diagram for multi-scale structure of starch

Structural changes in starch during gelatinization and retrogradation process
can greatly affect the rheological behavior, thermal, pasting, and textural
properties of starch [43-45], of which determine the main functional properties of
its application in food. When the starch suspension is heated to gelatinization
temperature, the starch granules begins to absorb water, expand and melt, the
crystal structure begins to be destroyed and then melted completely, the
amylopectin double helix is dissociated, amylose is leached out, leading to the
increase of viscosity of the system, ultimately resulting in the formation of starch
paste or starch gel [46-47]. After gelatinization, the completely unwound starch

molecular chains gradually recrystallize (rearrange) to form an ordered structure
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during the cooling process, resulting in gradually increase in the viscoelasticity

and hardness of the starch gel [48].

1.2 The methods of characterizing the physicochemical properties of starch

The properties of starch largely determine the quality and shelf life of starch-
based foods. Therefore, more and more scholars pay attention to the inherent
properties of native starch, and various modification methods are used to modify
starch to obtain special functional characteristics, and compliant with the
requirements of specific food products [34, 42]. There are many methods have
been used to determine or characterize the rheological properties, thermal
properties, pasting, and textural properties of starch.

The rheological properties of starch paste or gel are generally determined by
dynamic rheometer [49-50], which are closely related to the gelatinization and
retrogradation of starch, including the rheological behavior of starch during
gelatinization, the viscoelasticity of starch gel during and after retrogradation, and
the rheology of starch paste [51]. The main parameters describing the rheological
behaviors of starch are elastic or storage modulus (G '), viscous or loss modulus
(G"), and loss tangent (tan 6= G"/ G '). When tan o is higher than 1, the
viscoelasticity of the material tends to be liquid-like behavior, while tan o is lower
than 1, the viscoelasticity of the material tends to be solid-like behavior; moreover,
when tan o is lower than 0.1, the material has a “gel property”, while tan 0 is
higher than 0.1, the material is week gel, and the storage modulus shows a
frequency dependence [52].

The thermal properties of starch are very important for further research,
development and manufacture of starchy food. Differential scanning calorimetry
(DSC), differential thermal analysis (DTA), and thermogravimetric analysis
(TGA) are the most common and most important methods for determining the
thermal properties of macromolecular substances. Almost all the thermal

properties data are obtained by these instruments or methods [53-55]. The
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parameters of thermal properties determined by DSC commonly include onset
temperature (To), peak temperature (Tp), conclusion temperature (Tc) and

gelatinization enthalpy (AH) [56]. The starch transition temperature (To, Tp, Tc)
and the AH determined by DSC are related to the degree of crystallinity, a high

degree of crystallinity indicates high transition temperatures [57].

Pasting refers to the process in which starch granules absorb water, swell and
disrupt crystalline structure under high temperature [58]. The pasting properties
of starch are key properties for the selecting industrial starch resources, which
reflect the gelatinization ability, disintegration ability, swelling ability and gel
forming ability of starch [59]. The Brabender Viscograph and Rapid Visco
Analyser (RVA) have been widely used for the determination of pasting properties
of starch [45, 60-61]. The pasting profiles of starch determined by these two
instruments reflect structural changes of starch, i.e. granular swelling after water
absorption, melting of crystalline structure, leaching of molecular components,
granule breakdown, and finally retrogradation [62]. Texture profile analysis (TPA)
determined by texture analyzer is the most widely used method to investigate the
textural properties of starch gels and starch-based food systems. The texture
properties, including hardness, chewiness, springiness, gumminess, and resilience,
are the most direct and vital indicators for consumers to evaluate the palatability,
mouthfeel, swallowing properties, sensory properties, storage stability and overall

acceptability of starch-based food [63-66].

1.3 Analysis of existing starch modification technologies

Starch, as major source of carbohydrate in human nutrition, have been
exploited for thousands of years form various plant resources, and its application
in modern industrial products has also been developed for decades [67]. However,
the inherent shortcomings of starch such as low shear resistance, low thermal

resistance, low water solubility and high tendency towards retrogradation limit its
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applications in food and non-food industries. Therefore, it is necessary to modify
starch by physical, chemical, and enzymatic modification to overcome these
deficiencies and widen the application field of starch [7-9]. The following
chapters will summarize the application of existing physical, chemical, and
enzyme modification techniques in starch modification.

Physical modification of starch can be categorized into thermal physical
modification and non-thermal physical modification, among which thermal
physical modification mainly includes pre-gelatinization, heat-moisture treatment
(HMT) and annealing, whereas non-thermal physical modification mainly
includes ultrasonication, ultrahigh pressure treatment, microwave treatment
(MW), and gamma irradiation and milling process of starch [68], which are
summarized in Table 1.1. Comparing with starches which are modified chemically
and enzymatically, physical modified starches are applied more popular in food

products because they are considered healthy and green.

Table 1.1
The summary of physical modification
Type of physical | Definition Application
modification
Pre- Pre-gelatinization modification of Pre-gelatinized starch has
gelatinization starch is accomplished by heating and | been widely used feed
by mechanical shearing. industry, food industry and
pharmaceutical industry.
Heat-moisture HMT involves incubation of starch HMT starch is widely used in
treatment granules at low moisture level (<35% | various food, such as
(HMT) water w/w) during a certain time (15 dressings, noodles, baked

min-72 h) at a temperature above the foods, batter products,
glass transition temperature but below | confections, dairy products,
the gelatinization temperature (usually | creams, fat mimetics, and

80-140°C). resistant starches.

Annealing Annealing involves incubation of Annealed starch can be used
starch granules in an excess of water in frozen food, rice noodles,
(generally >40% w/w) at a temperature | bread, cakes, and noodles,
that is above the starch’s glass starch-based functional foods
transition temperature and below its products.

gelatinization temperature for certain
time.
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Type of physical | Definition Application
modification
Ultrasonication | Ultrasound defines the mechanical Application of ultrasonication
waves at a frequency above the upper | in starch-related industries is
value of normal human hearing range | improvement of starch
(>16 kHz). Most of the ultrasonic extraction, facilitation of acid-
application in starch is in a starch- and enzyme- catalyzed
water system. hydrolysis of starch,
production of starch
nanocrystals/ nanoparticles
Ultrahigh Ultrahigh pressure (UHP) treatment Ultrahigh pressure (UHP)
pressure consists of subjecting an aqueous treatment can be used as a
treatment slurry of starch granules to a pressure | method for the preparation of
exceeding 400 MPa, which could pregelatinized starch, cold
partial or complete gelatinize the water-swelling starch,
starch with maintenance of the resistant starch.
granular form.
Microwave MW of starch involves the application | Starches modified with
treatment (MW) | of electromagnetic waves within the microwave heating alone or in
frequency ranging from 300 MHz to combination with other
300 GHz, and the corresponding methods have enormous
wavelengths ranging from 1 mto 1 potentials for various food
mm and pharmaceutical
applications.
Gamma Gamma irradiation is a nonthermal and | Radiation processing can
irradiation ionizing physical method and includes | promote the efficiency of
the use of radioactive isotopes such as | starch modification by
%°Co or 1*’Cs forms. The radiation chemical methods.
dose depends on the radiation source
and exposure time.
Milling process | Milling is a gradual mechanical Milling process can largely
process to produce flour from grain. affect the functional
properties of final product,
either flour or starch.

Chemical modification of starch is to endow starch with desirable physical
and chemical properties while maintaining chain integrity by blocking or
introducing functional groups, thereby extending its application [69]. Generally,
chemical modification of starch is accomplished though derivatization such as
acetylation, cationization, acid hydrolysis, oxidation, esterification, etherification,
grafting, cross linking and composite modification[70], which are summarized in

Table 1.2. However, the application of these techniques is limited due to issues
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such as consumers’ concern for food safety and environmental pollution.

Table 1.2
The summary of chemical modification
Type of | Reaction mechanism Application
chemical
modification
Oxidation Oxidized starch is
% S = widely used in
papermaking,
{/%O M textile,
" - 2| e J{% Jf construction  and
’ i food industry.
The semi-crystal structure of starch was destroyed
by oxidation modification, and the uniform
amorphous polymer matrix was obtained.
Cross-linking Step(1) St-OH + NaOH — St-ONa*+IL,0 Cross-linked
Step(2) Sr-o-Na+\+ C/“Hg-CIE_—EHg-Cl—»St-O-CHg-CH-CHg+NaC1 starch_ is Wid_ely
e used in adhesive
Step(3) St-ONa*™+ CH}-/CH-CHQ-O-St—b St—O—CHz—(l‘,H—CHQO—St pFOdUCti on.
KE)}' OH
The use of a cross-linking agent to form a diester
bond or a diether bond between an alcoholic
hydroxyl group on a starch molecule, introducing a
new chemical bond, and staggering and connecting
molecules in starch particles to make two or more
starch molecules.
Grafting gu.on GHOR o CH,0H Grafted starch is
TR f,f' f'¢ O f,§ %“‘ A widely used in the
OH l) | .
fields of
1810 + BC=CH —— SI—CH—CH R superabsorbent
i I - materials,
! degradable
B S o plastics and films,
0 ) o0 food and
The initiation sites of graft copolymerization in | packaging.
starch molecules are mainly C1-C, terminal group
and C,-Cz ethylene glycol group.
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Type of | Reaction mechanism Application
chemical
modification
Esterification o Esterified starch is
NaOH 0 0 widely used in
$-0H+ O _— SI—'.'l—ll—(lH:—(LH—(i—(),\a - .
' CH,CH=CH(CH,),CH, i, fooq, medicine,
0 i textile,
& papermaking and
b other fields.

Esterification is a modification method that
improves the properties of starch by introducing
new functional groups through the esterification
reaction of hydroxyl groups in starch molecules
with other substances.

Etherification Ol \)L OH Etherified starch
0 ¢ 0 Na' 0 can be wused in
' food, textile and
OH NaOH RO 0 .
O, 0 packagl_ng _
 ReHorCHCO0Na production fields.

0
O"Na®
Etherified starch is produced by replacing the
alcoholic hydroxyl groups in starch with etherified
compounds.

In recent decades, enzymatic technology has become an promising
modification method of starch for its high yield, few by-products, easy process
control and desired functional characteristics of final products [71]. During
enzymatic modification of starch, the most common used enzymes include o-

amylase (AM), PB-amylase, glucoamylase, debranching enzyme, pullulanase,

transferase, cyclodextrin glycosyltransferase, and glucose isomerase [72], which

are summarized in Table 1.3.

Table 1.3
The summary of enzymatic modification
Reaction method Reaction mechanism Common enzyme agent
Liquefaction The o-1, 4-glycosidic bonds | Medium-temperature a-amylase

within the starch molecules are | High-temperature a-amylase
hydrolyzed in a random manner to
produce linear and branched
oligosaccharides with varying
lengths.



javascript:;

Table 1.3 is continued 43

Reaction method Reaction mechanism Common enzyme agent

Saccharification The non-reductive ends of a-1,4 | Glucoamylase
glucan molecules such as starch | B-amylase
and dextrin are continuously
hydrolyzed by glucose or maltose.
Debranch The a-1,6 glycosidic bonds within | Pullulanase
the a-1,4 glucan molecule can be | Isoamylase
specifically hydrolyzed. Amylopulanase

Transglycosidation | The process of transferring sugar | Cyclodextrin
groups from one glycoside to | glucosyltransferase

another. a-glucosidase
Isomerization The reaction of substrate Glucose isomerase
molecules to form isomers under | Starch branching enzyme
the action of catalyst Trehalose synthase

All these modification methods are aimed at changing the structure of starch,
affecting the functional characteristics and digestibility of starch, so that the
modified starch acquires the desired properties to meet the requirement of food
industry applications. Due to the risk of reagent residue and the environmental
pollution caused by chemical reagents in chemical modification, the application
of chemical modified starch in food has certain potential safety hazards, while
enzymatic modification is relatively expensive and difficult to control the reaction
process, enzymatic modified starch is not often used in the food industry. In
contrast, physical modified starch is widely applied in food industry for its safety,

non-toxicity, cost efficiency and easy commercialization.

1.4 Theoretical basis of processing native starch using physical modification
methods

Physical modifications of starches are generally considered to be those
modifications that destroy or produce changes in starch properties affected by
physical treatments alone without introducing any chemical modifications to the
starch polysaccharide molecule (expect for limited glycosidic bond cleavage
(depolymerization), leading to only some reduction in average molecular weight)
[73]. These structural changes can alter the properties and functionalities of the

starch, including the properties of its hot pastes and gels and their digestibility.
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Physical modification of starch can be categorized into thermal mechanical force
treatments, physical field treatments and other physical treatments, as shown in
Fig.1.3. The physicochemical properties, functional properties and digestive
properties of starch are altered differently depending on the methods and the

extent of modification, which determine its application in food industry.

Hydrothermal

Heat-moisture treatment (HHIMT) rontunout

Annealing treatment (ANN)

Starch Physical

Modification Milling
Extrusion
Freezing-thawing
Cold plasma
Drum drying

Ultra-high pressure (UHP)

Microwave Physical field

Ultrasonic
Irradiation treatment

Pulse electric field (PEF)

Fig.1.3 Common physical mo&ification of starch

The effects of single HMT and MW on functionalities and structural
properties of starch have been investigated by many researchers as reviewed by
Schafranski et al.[74] and Oyeyinka et al.[22]. However, Due to the diversity of
reaction conditions, including the botanical source, moisture content, temperature,
treatment time, heat source, and cooling progress, it is difficult to define the
properties of HMT modified starch and the mechanism of dual modification
combined with HMT and MW is far from being fully understood. Therefore, this
research selected the physical modification methods of single HMT and heat—
moisture treatment combined with microwave pre — and post — treatment to
modify potato starch. The objective of this research was to evaluate the effects
single HMT, HMT and MW bi-directional modifications on functional and
digestibility properties of starch, as well as the related mechanism. The purpose
of this research was to provide new knowledge on HMT, HMT and MW bi-
directional modifications affecting potato starch and provide a useful theoretical
basis for further studies on improving the application of hydrothermal and

microwave technology in starch modification, we were also expecting to broaden
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the application of HMT starch, HMT and MW bi-directional modified starch in
food field. Therefore, the following section focuses on these two physical
modification methods (HMT and MW) and their effects on the properties and
structure of starch.

1.4.1 Heat-moisture treatment

Heat-moisture treatment (HMT), the currently most studied method of
physical modification of starch, refers to the process in which starch is performed
at high temperature (80-140°C) for a period of time ranging from 15 min to 24 h
with a low moisture content (10-35%) [75-77]. Not only the HMT process
parameters of heating temperature, heating time and moisture content of starch
could affect the effect of HMT on starch modification, but also the characteristics
of starch such as botanical source, structure, amylose/amylopectin ratio and
organizational form could affect the effect of HMT on starch modification [78].
Among all parameters, the moisture content of starch and the heating temperature
of HMT play a vital role in the effect of HMT on starch [73].

HMT enhances the interactions between the starch chains, leading to the
disruption of crystalline structure and separation of the double helical structure;
the broken crystals subsequently rearrange themselves (Fig. 1.4) [74]. HMT
facilitates polymer chain interactions by disrupting the crystal structure and
dissociating the double helix in the amorphous region, and then rearranging the
disrupted crystals. The disruption of crystalline near the starch granule surface
caused by HMT conducive to the attack of a-amylase within it. When the crystals
are not destroyed by HMT, the sensitivity of enzyme is increased due to the
destruction of the double helices in amorphous regions. The disruption facilitates
the access of enzyme into the interaction sites between amylose chains during
polymer chains rearrangement [79]. Several properties of starch are altered or
improved by HMT, including changes on granule morphology, swelling power,
solubility, pasting properties, crystallinity, gelatinization characteristics,

digestibility, enzymatic hydrolysis susceptibility, acid hydrolysis sensitivity,
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thermal stability, and gel textural properties of starch [73], thus broadening the
application of HMT starch in food industry. The main advantages of HMT
compared to other starch modification techniques (chemical and biological)
include high product safety, flexibility in relation to heat sources, low waste
generation, non-generation of chemical residues and non-restriction by food
legislation [80-81]. These advantages make it an extremely attractive

methodology for industries, especially food.
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Fig. 1.4 Structure of native starch granules anc\lreifter HMT-modified

HMT is by far the most studied method of physical modification of starch.
The properties of HMT modified starch largely depends on processing conditions
(i.e., moisture content, temperature, heating time, etc.) and properties starch (i.e.,
source, composition, morphology, granular size, as well as its amylose content,
etc.) [82-83]. Therefore, the effects of these treatments are different for different
starch sources and different processing conditions and should be investigated
individually. According to previous studies, enhancing HMT modification by
increasing the treatment temperature [84], prolonging the heating time [85] or
increasing the cycle time [86] can promote the further rearrangement between
starch chains, consequently affecting the structure and physicochemical properties
of HMT-modified starch. In addition to technological conditions, starches with a
higher ratio of amylopectin to amylose are more sensitive to HMT because the

steric hindrance near the a-(1,6)-glycosidic bond is weaker than that near the o-
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(1,4) bond [87]. Besides, the roles of the other factors such as heating source of
HMT, operating pressure and cooling process in modification need to be further
studied [88].

In HMT-modified starch, the extent of morphological changes is correlated
with the HMT process conditions and species of starch [89-90]. Increasing
moisture content promote the expansion of starch granules and favors
morphological changes [91], while starch granules with higher amylopectin
content is more sensitive to HMT, which can be demonstrated by the example that
HMT-modified rice starch with different amylose showed different extent
morphological changes that higher degree of agglomeration and surface fusion in
rice starch containing lower amylose content [92]. The HMT-modified starch
granules may undergo morphological changes, and the extent of this changes is
closely related to processing conditions (including moisture content, temperature,
heating time) and the botanical source of the starch. Increasing moisture content
enables starch granules to absorb more water during processing, promotes their
expansion and facilitates thermally driven morphological changes [91]. Under
polarized light, HMT-treated starch exhibits weaker and fuzzier birefringence
cross than that of native starch, and it may even completely disappear when
intensity of HMT process conditions is high, which indicates the destruction of
ordered structure in the starch granules [93] and changes in the radial orientation
of double helices [94]. According to H. Li et al.[95], the observation of
birefringence cross is also consistent with the crystallinity results of X-ray
diffraction (XRD) measurements, indicating that low- moisture treatment can
induce starch chain reassembly to increase the starch order, while high-moisture
treatment can lead to disorder of starch crystallization. HMT destroys the
regularity and compactness of starch semi- crystalline system, enhances the
thickness of crystalline and amorphous lamellae, results in the reduction of
crystallinity [91], implying that semi-crystalline lamellae damage may be also a

contributor to the reduction of crystallinity [80]. By contrast, the sufficient
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mobilization of starch branches during the HMT processing improves the
orientation of less stable helical chains, induces the recombination of smaller
crystals or facilitates the transformation of amorphous regions into new crystalline
states, thus resulting in an increase in crystallinity [88].

In general, HMT-modified starch has higher To, Tp and Tc but lower AH

than that of native counterpart [96-97]. The pasting temperature is the minimum
temperature of starch viscosity development, reflecting the structural stability of
starch in the early stage of paste formation [98]. As reviewed by Q. Wang [88],
the pasting temperature of cereal starch increased more or less after HMT
modification, which 1s consistent with the above-mentioned increase in
gelatinization temperature. The elevation of gelatinization temperatures and
pasting temperature implies the enhancement of thermal stability. HMT may
facilitate the diffusion of starch molecules through intra-/intermolecular bonds
and promote the entanglement of amylose and amylopectin, which not only limits
the flexibility of the amorphous domain, delays its expansion, but also makes the
crystal structure more robust [91]. Moreover, swelling power and solubility of
cereal starch such as maize [99], buckwheat [100], oat [101], sorghum [102] and
rice starch [103] exhibit a reduction after HMT modification, indicating that HMT
can disrupt amylose/amylopectin array within granules. Furthermore, HMT-
induced complexes of amylose-lipid can inhibit the expansion of starch, thus
reducing amylose leaching and solubility [88]. HMT has been widely reported to
alter starch digestibility and enhance the nutritional value of starchy food by
increasing slowly digestible starch (SDS) and resistant starch (RS) content [104].
According to Chung et al [105], HMT increased the SDS and RS content in corn,
pea, and lentil starches at 100 and 120°C with 30% moisture content. Several
studies have also reported that HMT can elevate the content of SDS and/ or RS
[13,91-92, 99].

1.4.2 Microwave treatment
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Microwave treatment (MW) of starch involves the application of
electromagnetic waves within the frequency ranging from 300 MHz to 300 GHz,
and the corresponding wavelengths ranging from 1 m to 1 mm [106]. MW
converts electromagnetic energy into heat energy by triggering high-frequency
movement of molecules, and it also has a non-thermal effect that directly affects
the reaction molecules [107]. Due to its’ uniformly heating, high heating rates and
environmental protection, microwave treatment become another appealing
physical modification method of starch [108]. Majority of the studies in starch
modification using microwaves and other methods to modify starch take
advantage of the rapid heating involved during the microwave process, as well as
the ability of microwave to promote starch interactions with added chemicals or
additives. The mechanism of starch structure changes during MW can be
classified into four stages. The first stage involves the phenomenon of dielectric
relaxation of water molecules, which is responsible for the initial heating of starch.
This is followed by a stage of rapid temperature rise, during which moisture is
lost from the starch granule interior. The loss of moisture presumably creates high
pressure within the granules and further cause the granule to expand from the
center. The last stage involves the obvious degradation of starch granules [22].

The frequency, power, radiation time and geometry of heating system of
microwave, and the botanical source, density and dielectric properties of starch
affect the effect of microwave on starch [77]. Generally, the higher microwave
frequency and moisture content of starch, the greater degree of damage of starch
structure caused by microwave treatment. Researches have shown that microwave
irradiation of starch leads to changes in granule morphology, molecular structure,
structural order and crystallinity, which consequently affects its functional
properties, such as solubility, swelling powder, gelatinization, retrogradation and
digestion ability [20, 109-111], thus boarding the potential applications of

microwaved modified starch in various food and pharmaceutical industry.
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The application of single MW in starch modification has been widely studied
[18, 20, 65, 112], and in order to obtain better functionality and expand the
application of starch in different fields, the combination of MW with other
methods has also been widely studied recently [113-116]. The high penetrating
power of microwave energy involved in the heating process and the rapid and
uniform heating of starch samples make MW seems to be a convenient method to
modify starch, although the physicochemical changes observed with MW-
modified starches are similar to those modified starches treated by traditional
physical modification methods such as HMT and annealing [117]. The heat
generated during MW could cause starch to produce free radicals, which can
depolymerize large starch molecules into small ones through the cleavage of
glycosidic bonds, resulting in structural changes and physicochemical properties
changes of starch granules [22]. The MW-modified starch granules may undergo
different morphological changes depending on MW processing conditions
(including starch moisture content, microwave power , exposure time and the
subsequence of MW performed before or after other modification methods) and
the botanical source of the starch. Double treatment of MW combined with other
heating methods resulted in higher degree of starch fragmentation and
agglomeration/fusion of taro starch granules than single MW [113]. The
analogous result was reported by L. Wang et al.[116] that double treatment of MW
with ultrasound promoted drastic changes with rougher surface and more pits in
potato and maize starch granules surface morphology than that of single treatment
modified starch granules, and the surface damage of ultrasound-MW- modified
samples was more severe than that of the other counterparts. High moisture
content of starch seems to be conducive to greater penetration of microwave
energy, resulting in severe surface damage of starch granules, collapse in granule
structure, aggregation to form larger starch clusters or fusion with the adjacent

granules, which can be exemplified by the research of Y. Li et al. [116].
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The different influences in crystalline pattern and crystallinity of starch
modified by MW can occur depending on the botanical source, moisture content
and MW processing conditions. The degree of crystallinity of wheat and normal
starches decreased and the waxy corn starch remained almost unchanged after
microwave, the crystalline pattern of all starch samples retained the A-type [117],
whereas the crystalline pattern of potato starch modified with microwave heating
and esterification changed from the B-type polymorph to the C-type [118]. It is
reported that MW disrupted the amylopectin, a-1,6-glycosidic bonds, resulting in
a decrease in the number of the outermost unbranched chains [112], and the
fracture of intra and intermolecular hydrogen bonds in starch caused a decrease
of in the intensity of diffraction peaks and the relative crystallinity [119]. In
contrast, starch also can transform to more dense crystalline type after MW under
certain conditions. Maize flour (30% moisture content) under microwave
irradiation (400 W) with different exposure time (0.5, 1, 2, 4 min) exhibited higher
V-type crystalline structure and diffraction intensity, indicating a crystalline
growth fostered by MW [120]. The analogous result was reported by M.
Villanueva et al [121] that rice flour (20%,30% moisture) under microwave
irradiation (900 W) for 4 min and 9 min also displayed higher V-type crystalline
structure and diffraction intensity. The occurrence of these results may be
attributed to the generation of double helical chain caused by MW through
rearrangement of starch crystals, forming more ordered crystal arrays than that in
native starch [122].

Similar to HMT-modified starch, MW-modified starch also has higher To,
Tp and Tc except AH than that of native counterpart [112, 117, 122-124], which

may be attributed to better hydration of starch amorphous regions after microwave
heating [124]. It was reported that MW-modified starch had lower breakdown,
trough, final and setback viscosity than that of native starch, and the reduction of
these pasting properties was related to microwave heating time, as longer

microwave heating time resulted in greater decrease in the pasting properties of
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starch [112, 125]. However, the effect of MW on the pasting temperature of starch
is not always the same. According to the research result of Colman et al. [125]
that MW-modified cassava starch exhibited a slight but significant decrease in the
pasting temperature than that of native cassava starch, while other researchers
reported that waxy maize starch showed higher pasting temperature than that of
native waxy maize starch [112], wheat and corn starches [117]. Most starch
exhibit decreased swelling properties and solubility after microwave irradiation.
The impacts of MW on starch swelling and solubility are similar to HMT at the
condition of relatively low moisture content (<50%) of starch [126]. The
solubility and swelling power of wheat and corn starches (30% moisture content)
could be reduced after MW (0.5 W/g, 60 min) [117]. The swelling power of MW-
modified starch reportedly decreased continuously with the increase of starch
moisture content [21]. The reduction of swelling power might be attributed to the
enhancement of intra-/intermolecular forces through hydrogen bonding caused by
MW, and the inhibition of water molecules binding to free hydroxyl groups of
amylose and amylopectin [127]. Moreover, MW-modified starch samples
exhibited slow digestion properties, resulting in increased SDS components and
decreased starch digestibility [128]. The increase amounts of SDS and RS
components in MW-modified starch was not only starch moisture content,
microwave power, microwave heating time, but also related to the difference of

amylose content and the starch crystal structure [22].

1.5 Applications of physically modified starch in food production

Physical modification methods of starch mainly involve heat-moisture
treatment (HMT), annealing, microwave treatment (MW), ultra-high pressure
(UHP), ultrasonic, ultraviolet light, radiation and ohmic heating, of which HMT
and MW are the most studied physical modification methods of starch from
different botanical source. Starch modified by these methods can be used in

various field, such as textile, paper, biomedicine, chemicals and food industries,
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among others. The structure of starch (arrangement of starch components) can be
altered after being modified by physical modification methods to obtain
appropriate functional properties for production of specific products. Physically
modified starch is preferred in processed food for its appropriate functionalities,
safety, non-toxicity, cost efficiency and easy commercialization [129]. According
to the forecast report released by Fior Markets company that the global modified
starch market is expected to grow from USD 10.13 billion in 2017 to USD 15.53
billion by 2025 at a compound annual growth rate of 5.5% during the forecast
period 2018-2025 and the physical modification modified starch had a 45.60%
market share in 2017 [130]. Physically modified starches have been widely used
in the preparation of flour products, bakery products, beverages, meat products
and other food products. Germinated brown rice treated with HMT can partially
or completely replace wheat starch to improve nutritional content and higher
consumer acceptability of cookies [131]. HMT-modified potato starch with
sodium chloride can enhance the hardness of starch dough and the starch noodles
exhibited less solid loss and broken noodles, firmer texture, and better elasticity
[132]. According to L. Wang [133] annealed rice starch can increase the sensory
evaluation scores, cooking qualities and texture properties of rice starch noodles.
Waxy maize starch pregelatinized by physical modification methods (extrusion or
drum-dryer) can be used in the preparation of jelly confectionery, e.g. soft candy
or chewing gum [134]. In addition, pregelatinized waxy maize starch can be used
as alternative thickener in low-fat emulsions, replacing non-starch hydrocolloids
[135]. MW-modified starch has great potential application in food and
pharmaceutical [22]. MW-modified starch exhibited superior properties as
hydrophilic matrix excipients for sustained release tablets compared to their
unmodified counterpart [136]. The cooking time of noodles can be reduced when
MW-modified starch was incorporated into wheat dough or other flour composites

[137].
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Conclusions to section 1

1. Native starch is widely found in the form of granules in many tissues of
most plant species. Starch granules are composed of various structural elements,
such as single chains, helices, superhelices, clusters, lamellae, blocklets, growth
rings, and granules. As an important raw material used in food industry, the
rheological, pasting, and textural properties of starch are the major functional
properties to determine its applications.

2. The inherent deficiencies of native starch can be overcome by physical,
chemical, and enzyme modification techniques. All these modification methods
have the potential to change the structure of starch, thus affecting the functional
properties, digestible properties of native starch or delivering new functional
properties to modified starches, which ultimately determine the application in
food and nonfood industries.

3. Physical modification of starch refers to the use of thermal mechanical
force or physical field to destroy or produce changes in the packing arrangements
of the starch polysaccharide molecules within granules, thereby ultimately
changing the properties and functionality of starch. Heat-moisture treatment and
microwave treatment are the most appealing physical modification method of
starch due to their advantages of environmental protection, no reagent by-product,
easy control process and safe for industrial production.

4. Various modified starches have been used widely in many food and
nonfood industries. In the future, novel modification methods or techniques are
required to produce starches with more diversified and promising properties for

wider industrial applications.



55

SECTION 2 OBJECTS, SUBJECTS AND METHODS OF RESEARCH

2.1 Objects and materials of research

The object of research in the dissertation was the technologies of modified
potato starch and their applications in flour products include cookies, fresh
noodles and steamed bread.

The subjects of research were: the properties of modified potato starch
obtained by the method of heat-moisture treatment (HMT) processing and the
method of microwave treatment (MW) processing, the properties of dough
made by incorporation of modified potato starch and the properties of cookies,
steamed bread and noodles made by incorporation of modified potato starch.
Therefore, the physicochemical properties as well as color characteristics, particle
size and water distribution, morphological, the pasting behavior, structural
characteristics, and in vitro digestibility properties of modified potato starch were
evaluated. Moreover, the potential effects of wheat flour substitution with HMT
and MW modified potato starch on the quality characteristics of cookies, fresh
noodles and streamed breads were assessed.

The following materials were used as research materials:

— modified potato starches were obtained from the native potato starched
modified by heat-moisture treatment and microwave treatment. The native potato
starches were obtained from potato tubers of Favorita variety sold locally in
Hezhou city (Guangxi, China). Favorita variety potato is widely cultivated in
China and characterized by high yield and good edible quality.

— wheat flour (Chen Keming Food Co., LTD, Yiyang city, Hunan province,
China).

— low protein flour (Guangzhou Da Fan Zhuo Food Co. Ltd., China).

— white granulated sugar (Nanjing Ganzhiyuan Sugar Co. Ltd., China).

— unsalted butter (Anchor, New Zealand Milk Brand Co. Ltd.).
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— pure milk (Yili industrial group Co. Ltd., China).
— active dry yeast (Angel Yeast Co., LTD, Yichang, Hubei province, China).
Raw materials and materials used during experimental research and

production tests met the corresponding requirements of applicable regulations.

2.2 Staging experiments

Experimental studies were conducted in the laboratories of Hezhou
University (China) and the laboratories of Guangxi Key Laboratory of Health
Care Food Science and Technology (China). The plan of theoretical and

experimental works is given in Fig. 2.1.

Research progress of starch modification technology and applications of physically
modified starch in food production (literature review)

v

Modification technology of potato starch: heat-moisture treatment, microwave
treatment, heat-moisture treatment combined with microwave pre- and post-treatment

All modified starch samples
v v v
Determination of Determination of
physicochemical Determination of multiscale structure of

properties of starch paste,
including swelling power,
solubility, freeze-thaw
stability, retrogradation,
transparency, texture
properties, pasting
properties, in vitro
digestibility.

physicochemical
properties of starch
granules, including
particle size, color
characteristics, water
distribution.

starch granules, including
scanning electron
microscopy, light
microscopy, Fourier
transform infrared
spectroscopy, X-Ray
diffraction.

I

\ 4

Applications of modified potato starch in cookies, fresh
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Determination of
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Sensory evaluations of
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|

v

Development of regulatory documentation, testing and implementation of
develoned technologies of cookies. fresh noodles. steamed bread

Fig. 2.1 The plan of theoretical and experimental works
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2.3 Research methods for starch modification

During the research, standard and special organoleptic, physicochemical,
structural and mechanism methods were used to determine the properties of

modified potato starch, dough and final products.

2.4 Laboratory determination methods of starch

2.4.1 Determination of swelling power and solubility of starch

Swelling power and solubility of starch samples were determined in triplicate
according to the method of [138]. A 0.60 g portion (dry basis) of starch sample
was placed into a pre-weighed 50-mL centrifuge tube with 30 mL of distilled
water. The starch was completely dispersed in the distilled water by oscillating
with a turbine mixer (XW-80A, Haimen Kylin-Bell Lab Instruments Co., Ltd.,
Haimen, Jiangsu, China) for 5 s. After that, all the centrifuge tubes with starch
samples were placed in a water bath oscillator with the speed of 200 rpm for 30
min at 55, 65, 75, 85, and 95°C. The samples were cooled to room temperature
before being centrifuged at 2150xg for 20 min with an L550 centrifuge (Hunan
Xiangyi Laboratory Instrument Development Co,.Ltd., Changsha, Hunan, China).
The supernatants were poured into pre-weighed aluminum specimen boxes and
dried to a constant weight in a DH411C hot-air oven at 105°C, while sediments
were immediately weighed. The swelling power (SP, g/g, on dry weight basis) and

solubility (S, %) were calculated as follows:

Solubility (S) = % x 100 (2.1),

__r
W (1-S/100)

Swelling power (SP) = (2.2),

where 4 is the weight of dried supernatant, W is the weight of dried sample,
and P is the weight of sediment.

2.4.2 Determination of starch paste freeze-thaw stability



58

The freeze-thaw stability of potato starch gels was investigated by putting
samples through alternative freezing and thawing cycles (freezing for 24 h at -
18°C and thawing for 2 h at 30°C) according to the method of [139] with a slight
modification. Potato starch suspension (5%, w/w potato starch on a dry basis)
were prepared by blending starch in ultrapure water and then the suspensions were
gelatinized by placing in a water bath at 95°C for 30 min with continuously
stirring. The samples were held for 5 min before being poured in were pre-weight
centrifuge tubes (25 mL), respectively. The weight of centrifuge tubes was
recorded, and then the gel samples were frozen in refrigerator at -18°C for 24h
and then thawed in 30°C for 2 h. This was one FT cycle and the FT cycle was
repeated for five cycles. After being centrifuged at 3000 rpm for 20 min, the
resulting supernatant in the tubes were weighted and recorded. The syneresis rate
was calculated as the percentage of supernatant weight on gelatinized gel weight.
2.4.3 Determination of starch paste retrogradation

Potato starch suspensions (1%, w/w potato starch on a dry basis) were
prepared by blending starch in ultrapure water and then the suspensions were
gelatinized by placing in a boiling water bath for 40 min with continuously stirring.
After the gelatinization was completed, took out the suspensions and cooled to
room temperature, poured it into 25 mL tube and kept still in 25°C incubator. The
volumes of the starch paste supernatant were recorded every 2 h (total 16h). The
percentage of starch paste supernatant liquid volume in the total volume of starch
paste changed over time to characterize its retrogradation property.

2.4.4 Determination of starch paste transparency

The transparency of potato starch was measured using the method described
by [140] with modifications. Briefly, potato starch suspensions (1%, w/w potato
starch on a dry basis) were prepared by blending starch in ultrapure water and
then the suspensions were gelatinized by placing in a water bath at 90°C for 1 h.
After gelatinization was completed, took out the suspensions and cooled to room

temperature. The transparency of the starch was measured at a wavelength of 640
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nm and ultrapure water was used as a blank. The experiment was performed in
parallel three times. After the first measurement, the starch-water suspension was
stored at 4°C for 120 h, and then measured every 24 h.

2.4.5 Determination of texture profile analysis (TPA) of starch paste

The potato starch gels were investigated according to the previous study with
slight modification [141]. Potato starch suspensions (12%, w/w potato starch on
a dry basis) were prepared by blending starch in ultrapure water and then the
suspensions were gelatinized by placing in a boiling water bath for 20 min with
continuously stirring.

After the gelatinization was completed, potato starch gels were taken out and
cooled to room temperature, the samples were then placed in the refrigerator (4°C)
and frozen for 24 h. And then the selected starch gels were removed from the
container, the size of the container was 55 mm diameter and 20 mm height. Before
the measurement, the samples were equilibrated at room temperature for 1 h, and
the tests were performed by using texture analyzer (TA.XT PLUS, Stable Micro
Systems, UK) with a plate probe with a diameter of 100 mm. The pre-test speed
and post-test speed were set at 1.0 mm/s, the test speed was set at 2.00 mm/s,
while the strain was fixed at 50% with a trigger force of 5 g. All the textural
parameters were measured and calculated by the instrument software from the
resulting force-deformation curves, including hardness (g), adhesiveness,
springiness, cohesiveness, gumminess, chewiness and resilience. The TPA
measurement was carried out parallel three times.

2.4.6 Determination of starch pasting properties

A rapid visco-analyzer (RVA Starch Master2, Perten Instruments, Stockholm,
Sweden) was used to evaluate the pasting and paste properties of the starch
according to the methods described by [142] with slight modifications. A 2.5-g
portion of each starch (corrected to moisture content of 14 g/100 g) was mixed
with 25 mL of distilled water and kept in the test slot of the equipment. The

temperature gradient was as follows: equalization at 50°C for 1 min, increased
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from 50°C to 95°C within 3.75 min and maintaining at 95°C for 2.5 min, and then
decreased to 50°C in 3.75 min and maintaining at 50°C for 2 min.
2.4.7 Particle size determination of starch granules

The particle size parameters of starch samples were detected by a laser
diffraction particle size analyzer (BT-2001, Baxter Instruments Co. LTD, China)
with dry method. Air was used as medium and the optical mode was Mie. Starch
sample (3 g) was added to the storage hopper with a shading ratio ranging from
5%—-12%. The starch particle size parameters included particle diameter of
volume (D(4,3)), particle diameter of surface (D(3,2)), specific surface area
(S.S.A.), and D50 (median particle diameter) represents the corresponding
particle size which is smaller than 50% of the sample particles.
2.4.8 Determination of color characteristics

Color parameters (L*, a*, b*) of starch granules were determined at least
three times by using a colorimeter (CR-400, Konica Minolta Inc., Japan.) after the
calibration of the equipment with a standard-white reflection plate. L* indicates
lightness, which varies from black L* =0) to white (L* =100), a* is greenness /
redness value, which varies from green (-60) to red (+60) and b* is blueness /
yellowness value, which varies from blue (-60) to yellow (+60). Color difference
(AE) between experimental samples and the control samples was calculated with

the equation:

. \/ T4 a6 g

where L*, Lo* is the lightness value of experimental sample and control
sample; a*, ap* is the greenness/ redness value of experimental sample and control
sample; b*, bo* is the blueness/yellowness value of experimental sample and
control sample. The smaller value of AE indicates the smaller color difference
between experimental sample and control sample. A AE value >3 was used to
indicate whether the color differences between two different samples could be

visibly differentiated[143-144] .
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2.4.9 LF-NMR spin- spin relaxation (T2) measurements of starch granules
Low-field nuclear magnetic resonance (LF-NMR) spin-spin relaxation
measurements were carried out using a Niumag Benchtop Pulsed NMR Analyzer
(NMI120X, Niumag Electric Corp., Shanghai, China) to determine the water
distribution of native and treated starch. A saturated NaCl, solution was used to
equilibrate the water content of the samples for two weeks at 25°C until the water
activity of the samples (aw = 0.724) was constant and consistent. According to
the method of [145], approximately 1 g of equilibrated starch was placed into
the NMR tube with diameter of 15 mm to measure T2 using the Carr-Purcell-
Meiboom-Gill (CPMG) sequence. The testing temperature was 32+0.1°C and the

proton resonance frequency was 18.0 MHz. Typical pulse parameters were as
follows: the time of 90° pluse (P1) was 9.5 us and the time of 180° plus (P2) was
19.04 ps, the waiting time (TW) between subsequent scans was 3500 ms, data
from 5000 echoes were acquired as 4 scan repetitions, and each measurement was
performed at least 3 times.
2.4.10 Methods of scanning electron microscopy

The morphology of starch granule was observed by scanning electron
microscope (SU8100, Hitachi Ltd., Tokyo, Japan or JSM-7610F, JEOL, Japan) as
[146] with slight modification. The starch samples were sprinkled on a double-
sided adhesive tape mounted on an aluminum stub and coated with gold with for
30 s by using an EDT-2000 ion sputter (2x10-4 MPa,25 mA). Subsequently, all
the coated samples were examined at an acceleration voltage of 2.0 kV and the
images were captured at x1000 and x1500 magnification.
2.4.11 Methods of light microscopy

A small amount of each starch sample was placed on a microscope slide with
1-2 drops of glycerol with a distilled water mixture (1:1, v/v) to disperse the starch
evenly, then the starch was covered with coverslip and placed on the objective
table of the microscope (BX53, Olympus Corporation, Tokyo, Japan). The normal

light microscopic images and polarized light microscopic images of starch
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samples were observed and captured under normal light mode and polarized light
mode, respectively, with the magnification of x400.
2.4.12 Fourier transform infrared spectroscopy (FT-IR) analysis

The starch samples were placed directly on to sampling unit of an FT-IR
spectrophotometer (Spectrum, Perkin Elmer, Waltham, MA, USA) to determine
the FT-IR spectra with a scanning spectral range from 4000 cm™! to 400 cm™! at
25°C.
2.4.13 X-Ray diffraction analysis

X-Ray diffraction (XRD) analysis of starch samples was carried out by an
X-ray diffractometer (Rigaku Ultima IV, Ultima IVTM, Tokyo, Japan) equipped
with a goniometer at 40 kV (target voltage) and 40 mA (tube current). The
measurement diffraction angle (20) ranged from 4° to 40° at a scanning rate of
4°/min with a step size of 0.02°. MDI Jade 6 software was used to calculate the
relative crystallinity (%) of each starch sample according to the following

equation:
. - Ac
Relative crystallinity = 1a X 100 (2.4),

where Ac is area of crystalline peaks, Aa is total area of crystalline and
amorphous peaks.
2.4.14 In vitro digestibility analysis of starch

The contents of rapidly digested starch (RDS, starch which was digested
within the first 20 min), slowly digested starch (SDS, starch which was digested
between 20 and 120 min) and resistant starch (RS, the residual starch which was
digested after 120 min) in native potato starch and treated starch were determined
according to the method previously described by Han et al [7] with some
modifications. In brief, 200 mg of starch samples with 10 mL of a sodium acetate
buffer solution (0.1 M, pH 5.2) were added to a flask and heated in boiling water
for 30 min to completely gelatinize starch. Afterwards, tubes were cooled in a

water bath at 37°C and incubated for 30 min with 160 rpm shaking. Then, the
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enzyme solution of 5 mL of a-amylase from porcine pancreas (300 U/mL,
Shanghai Yuanye Bio-Technology Co., Ltd, Shanghai, China) and 2 mL of
amyloglucosidase from Aspergillus niger (225 U/mL, Shanghai Yuanye Bio-
Technology Co., Ltd) were added to each sample tube, and incubation was
continued in a water batch at 37°C with 190 rpm shaking. Then, 1 mL of the
digestion solution was pipetted into a test tube with 20 mL of anhydrous alcohol
to stop the enzyme reaction at intervals of 20 and 120 min, and then centrifuged

at 2810xg for 10 min in an L550 centrifuge. The released glucose concentration

in the supernatant was measured with the glucose oxidase/peroxidase (GOPOD)
assay kit (Megazyme, International Ltd. Co., Wicklow, Ireland). The glucose
content multiplied by a factor of 0.9 was used to calculate the percentage of
hydrolyzed starch and the following formulas were used to calculate the contents

of RDS (%), SDS (%), and RS (%):

RDS = G20 X 09 (2.5)
B TS e

0.9
SDS = (6120-G20) X 7= (2.6),

RS =100 — RDS —SDS (2.7),
where: G20 and G120 are the glucose contents after 20 min and 120 min of

hydrolysis, respectively; 75 is the total starch content of each sample.

2.5 Quality determination of cookies, fresh noodles and steamed bread

2.5.1 Determination of texture properties of cookies

Cookies texture was determined by texture analyzer (TA.XT PLUS, Stable
Micro Systems, UK) with P2 probe on the center of every cookie. The pre-test
speed and the test speed were set at 1.00 mm/s, post-test speed was set at 2.0 mm/s,
while the distance was fixed at 5 mm with a trigger force of 20 g. All the textural
parameters were measured and calculated by the instrument software from the

resulting force-deformation curves. As presented in Fig. 2.2, the average force
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value between 0 and 2 seconds on the curve reflected the average hardness of
samples, the first peak force value reflected the surface hardness of samples, the
maximum force value on the curve reflected the max hardness of samples, the
number of peaks > 100 g on the curve reflected the crunch value of samples and
the number of peaks greater than 10 g and less than 100 g in the curve reflected
the crispy value of samples. The TPA measurement was carried out parallel at

least three times.
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Fig. 2.2 Graphical analysis of cookie texture curve
2.5.2 Determination of texture and tensile properties of noodle dough

The dough was uniformly molded into cylindrical shape with diameter of 25
mm and height of 34 mm by a mold, and then was wrapped in with plastic wrap
and rested at room temperature for 15 min before the determination of texture
properties. The texture properties were determined by using a TA-XT plus texture
analyzer (Exponent stable microsystem, version 6.1.2.0, Stable Microsystems
Ltd., UK) equipped with P/50 probe, and the parameters were set as follows: the
pre-test speed and post-test speed were set at 1.00 mm/s, the test speed was set at
1.00 mm/s, while the deformation level was 75% with a trigger force of 5 g.
Hardness, adhesiveness, springiness, cohesiveness, chewiness and resilience were
measured to evaluate dough texture properties.

The dough was covered with plastic wrap and rested at room temperature for
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15 min, and then was put into the special dough strip preparation tank of the
texture analyzer A/KIE probe to prepare uniformly size dough strips for tensile
test. The parameters were set as follows: the pre-test speed and post-test speed
were set at 2.00 mm/s, the test speed was set at 5.00 mm/s with a trigger force of
5 g. The tensile properties of the dough were evaluated by the resistance to
extension and extensibility.

2.5.3 Determination of texture and tensile properties of fresh noodles

The texture and tensile properties of fresh noodles were determined as the
methods reported by Zhang et al. [147] with slightly modifications. The TPA
compressive texture properties and TPA tensile properties were determined within
15 min after cooking using texture analyzer (TA.XT PLUS, Stable Micro Systems,
UK) equipped with P/36R probe, A/SPR, respectively. The fresh noodles with
same length of 20 cm and same diameter of 2.5 mm were cooked in boiling water
until the optimal cooking time was reached, then quickly removed and cooled to
room temperature in cold water and drained for 5 min before the measurement.
the noodles were sheared same length with 4 cm. 3 sticks noodles were placed on
the test bench side by side for determination for each time. As for TPA
compressive test, the determination parameters of texture properties were set as
follows: the pre-test speed and post-test speed were set at 2.00 mm/s, the test
speed was set at 1.00 mm/s, while the deformation level was 75% with a trigger
force of 5 g. Hardness, springiness, cohesiveness, chewiness and resilience were
measured to evaluate noodle texture quality.

As for the TPA tensile test, 1 stick of cooked noodle was tied at one end of
the lower arm groove of the probe and tightened. The other end of the noodle was
tied to the upper arm groove with the same procedure.

The determination parameters of tensile properties were set as follows: the
pre-test speed and test speed were set at 2.0 mm/s, the pre-test speed was set at
10.0 mm/s, while the distance between the two arms was set at 30 mm. The tensile

properties of the noodles were evaluated by the maximum breaking force obtained.
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2.5.4 Determination of texture analysis of steamed bread

Steamed bread texture was determined according to the methods of Hsieh et
al. [148] with slight modifications. The crumb of steamed bread was cut into
cubes with the size of 2x2x2 cm and assayed using texture analyzer (TA.XT
PLUS, Stable Micro Systems, UK) equipped with P/36R probe. The pre-test speed
and post-test speed were set at 2.0 mm/s, the test speed was set at 1.00 mm/s,
while the deformation level was 50% with a trigger force of 5 g. Hardness,
springiness, cohesiveness, gumminess, chewiness and resilience were calculated
by the instrument software.
2.5.5 Determination of quality characteristics of cookies, fresh noodles,
steamed bread

(1) Determination of color

Color parameters (L*, a*, b*) of cookies, steamed bread were determined at
least three times by using a colorimeter (CR-400, Konica Minolta Inc., Japan.)
after the calibration of the equipment with a standard-white reflection plate
according to the method of 2.4.8 determination of color characteristics. The center
rather than the edge of every cookie was used as the test point for color
determination. Both color steamed bread crumb and steamed bread crust were
used as the test point for color determination respectively.

(2) Determination of specific volume of steamed bread

The specific volume of steamed bread was determined by millet
displacement method according to [149]. Cooled steamed bread was weighed, and
the volume was determined through millet replacement method, and the specific
volume (mL/g) of steamed bread was calculated by the ratio of volume to the
weight of steamed bread.

(3) Determination of cooking properties of fresh noodles

The optimal cooking time was determined by the methods of Niu et al. [150]
with some modifications. 20 sticks fresh noodles with the length of 20 cm were

cooked in 500 mL of boiling water and cooked till the central opaque core in
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noodles disappeared, as judged by slightly squeezing the noodles between two
transparent glass slides.

The dry matter water absorption rate of noodles was determined according
to the methods of Mu et al. [151] with slightly modifications. The moisture
content of fresh noodles was measured firstly, and the total quality (M2, g) of 20
sticks fresh noodles with the length of 20 cm was recorded and then cooked in
500 mL of boiling water until the optimal cooking time was reached. The noodles
were quickly removed from the cooking water and cooled in distill water, then
placed on filter papers to absorb the surface water of the noodles. The total mass
of cooked noodles was recorded (M1, g). The dry matter water absorption rate

was calculated as follows:

M1-M2x(1-W)
M2x(1-W)

The dry matter water absorption rate(%) = x 100 (2.8),

where M1 was the mass of cooked noodles (g); M2 was the mass of fresh
noodles (g); W was the moisture content of fresh noodles (%).

The loss rate of dry matter was determined according to the method of Lin
et al.[152] with slightly modifications. The noodles soup obtained from the
determination of the dry matter water absorption rate was reserved for the
determination of the loss rate of dry matter. It was transferred into weighing dish
and dried in an oven at 105 °C to constant weight. The mass weight (M3) after
constant weight was recorded. The loss rate of dry matter was calculated as

follows:

M3
M1(1-w)

The loss rate of dry matter = x 100 (2.9),

The cooking breakage rate of noodles was determined by the method of
Zhang [153]. 20 sticks fresh noodles with the length of 20 cm was cooked in 500
mL of boiling water until the optimal cooking time was reached. Calculated the
percentage of broken noodles, which was the cooking breakage rate of noodles.
2.5.6 Sensory evaluations of cookies, fresh noodles and steamed bread

The panelists (7 males and 8 females, ages of 20-35) of sensory evaluation
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of cookies, fresh noodles and steamed breads were postgraduate students and the
stuff of the Department of Food Science and Technology. The sensory evaluation
methods were as follows:

(1) Sensory evaluation of cookies

The sensory evaluation was done according to method of Cervini et al.[143].
The test was carried out by 9-point hedonic scale for color, texture and over all
acceptability of these cookies. For all sensory attributes, a score of 5 was
considered as the limit of acceptability.

(2) Sensory evaluations of fresh noodles

The experimental method was based on the scoring method for sensory
evaluation of Chinese white salted noodles reported by Liu et al [154], with some
modifications as indicated in Table 2.1. For all sensory attributes, total scores of
80 was considered as the limit of acceptability.

Table 2.1

Scoring method for sensory evaluation of fresh noodles

Parameters | Score | Evaluation rules

Color 10 Creamy white/pale yellow (8.0-10); white (6.0-7.9); gray or dark
(0-6.9)

Appearance | 10 Smooth (8.0-10); less smooth but good shape (6.0-7.9); little

shape distorted (4.0-5.9); very coarse or misshapen (0-3.9)

Oral 20 Good chewiness, medium hard (17.0-20); slightly hard or

chewiness slightly soft (12.0-16.9); poor chewability, very hard or very soft
(0-11.9)

Elasticity 25 Very elastic (21.0-25); good elastic (18.0-20.9); medium elastic
(12.0-17.9); low elastic (6.0-11.9); no elastic (0-5.9)

Stickiness 25 No stickiness (21.0-25); very slightly sticky (18.0-20.9);
medium sticky (12.0-17.9); sticky (6.0-11.9); very sticky (0-5.9)

Smoothness | 5 Good smooth (3.0-5.0) ; medium smoothness (2.0-2.9) ; no
smoothness or coarse (0-1.9)
Flavor 5 Good flavor (4.0-5.0) ; medium flavor (2.0-2.9) unpleasant

abnormal smell (0-1.9)

(3) Sensory evaluations of steamed bread

The experimental method was based on the scoring method for sensory
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evaluation of Chinese northern style steamed bread reported by Cheng et al [155],
with some modifications as indicated in Table 2.2. For all sensory attributes, total

scores of 80 was considered as the limit of acceptability.

Table 2.2
Scoring method for sensory evaluation of steamed bread
Parameters Score Evaluation rules
Specific volume | 20 The highest score is 20 points for 2.3 mL/g, the score
decreased by 1 point for each decrease of 0.1 mL/g.
Color 10 Creamy white/pale yellow (7.1-10); dark yellow (4.1-7.0), gray
or dark (0-4.0)
Appearance 20 Good volume and symmetry, good upright, very smooth,
shape bright, no specks (16.1-20.0); basic symmetry and upright,

fewer rough surfaces, fewer specks or bubbles on the surface
(10.1-16.0); no symmetry, low height, and bad shape, rough
surface, specks or bubbles on surface (0-10)

Internal texture | 10 Good crumb structure dense homogenous and spongy (no big
holes) (7.1-10); acceptable crumb, homogenous with few big
holes (4.1-4.0), poor, uneven large holes, and not homogenous
(0-4.0)

Flavor 10 Good fragrance with fermented aroma (7.1-10); moderate
aroma (4.1-7.0); unpleasant abnormal smell (0-4.0)

Oral chewiness | 10 Good chewiness, soft and easy to swallow (7.1-10); moderate
hardness and chewiness (4.1-7.0); poor chewability, hard and
difficult to swallow (0-4.0)

Elasticity 20 Good bounce back, and can be pressed to 1/2 volume (16.1-
20.0); bounce back slowly, and can be pressed to 1/4 volume
(10.1-16.0); poor no bounce and crumbly (0-10)

2.5.6 Postprandial blood glucose measurement of participants.

The postprandial blood glucose level (mmol/L) in participants was measured
using a rapid blood glucose meter according to Health Industry Standard of the
People’s Republic of China— standard for determination of food glycemic index
(WS/T 652—2019). All the participants (15 males and 15 females, ages of 20-45)
of postprandial blood glucose measurement of cookies, fresh noodles and steamed
breads were healthy. At 8:00 a.m. on the day of experiment, all the participants
were instructed to eat 50 g the test food (cookies, fresh noodles and steamed

breads) after measuring the fasting blood glucose levels (fasting for more than 10
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h), and then their blood glucose levels were measured at 15th, 30th, 45th, 60th,

90th, and 120th min after eating. Each measurement was performed 3 times.

2.6 Statistical analysis

All the measurements were performed three times unless otherwise stated,
and the data were recorded as means + standard deviation (SD). One-way analysis
of variance (one-way ANOVA) with post-hoc Duncan’s test was performed by
Data Processing System (7.05 for Windows, Hangzhou Ruifeng Info-technology
Co., Hangzhou city, Zhejiang province, China). Differences were considered
significant at P vaine<0.05. Microsoft Office Excel 365 (Microsoft Corp., Redmond,
WA, USA) and Origin Pro 8 (OriginLab Corp., Northampton, MA, USA ) were
used to report the data.
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Conclusions to section 2

1. The subject, materials and additives in research are given. The plan of
theoretical and experimental works is made.

2. Research methods for starch modification, laboratory determination
methods of starch and applications and influence of modified potato starch in

cookies, fresh noodles and steamed bread are introduced in detail.
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SECTION 3 EFFECTS OF HEAT-MOISTURE TREATMENT
CONDITIONS ON PHYSICOCHEMICAL PROPERTIES,
STRUCTURAL PROPERTIES OF POTATO STARCH AND ITS
PROCESS OPTIMIZATION

Potato is not only the fourth largest crop in world production after rice, wheat
and corn, among the most important crops for feeding the global, but also is
among the most important crops for its feeding the global population [156].
Potatoes are widely planted in China, and in 2015, China harvested nearly 95
million tons potatoes [157]. Majority of potatoes are processed into starch, flour,
flakes and other products, while minority are consumed as fresh eating. Potato
starch 1s mainly used as thickener, colloidal stabilizer, gelling agent, adhesive in
food industry, and also used as bulking agent, water-retention agent [158]. With
the advantages of being renewable, nontoxic, biodegradable and of relatively low
cost, starch-based derivatives are nowadays used for many applications in food
processing in order to achieve particular technological properties [159]. Heat-
moisture treatment (HMT)is by far the most studied method of physical
modification of starch. Due to the reaction conditions included the starch source,
moisture content, heating temperature, heating time and other process parameters
are diverse, it is difficult to define the properties of HMT starches in definitive
way. It is also difficult to define the application of HMT modified starch on the
effects of improving the quality of final food products. Previous research had
confirmed that setback viscosity of starch had significantly correlation with the
quality of food products such as vermicelli and noodles [160].

Therefore, this research was carried out to evaluate the effects of starch
moisture levels, heating time and heating temperature of HMT on
physicochemical, morphological, the pasting behavior, structural characteristics,
and in vitro digestibility properties of potato starch. Moreover, in order to obtain

HMT modified starch with specified properties, the response surface
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methodology (RSM) was used to optimize the HMT processing parameters with
setback viscosity as an index. Different HMT modified starches were prepared
and named according to the methods of 2.3.1 heat moisture treatment modified
potato starch preparation, and the results of these studies are presented in this
section.

The mechanism of dual modification combined with HMT and MW is far
from being fully understood. Therefore, we also prepared different HMT and MW
bi-directional modified starches and investigated evaluate the effects of HMT
assisted by MW pre- and post-treatment on the morphological, physicochemical
and in vitro digestion properties of potato starch. Therefore, the technology of
potato starch modification for research refers to the use of heat-moisture treatment

and microwave treatment as showed in Fig. 3.1.

Potato tubers

I

Native potato starches

l

Pre-microwave N Heat-moisture N Post-microwave
treatment modification treatment modification treatment modification

Single heat-moisture treatment modified starches, single microwave

treatment modified starches, heat-moisture treatment combined with

microwave pretreatment modified starches, heat-moisture treatment
combined with microwave posttreatment modified starches

'

All modified starch samples were dried at 45°C
for 24h hours

v

All modified starch samples were Sifted
through 80-mesh sieve

All modified starch samples were vacuum-
packed in polyethylene bags, and stored in an
airtight container for conducting further studies

Fig. 3.1 Technological scheme for obtaining modified potato starch
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3.1 Preparation of heat-moisture treatment modified starch

Potato starch was subjected to HMT in accordance with the method
described by Huan Li et al. with some modifications [95]. (1) Different heating
time groups (tHMT): Starches were weighted in different spiral blue-moth bottles,
and ultrapure water were added to adjust moisture content to 25% and equilibrated
for 24 hours at 25°C. Samples were then heated in electric thermostatic drying
ovenat 110°C for 1 h,2h,3h,4h,5hand 6 h (tHMT1, tHMT2, tHMT3, tHMT4,
tHMTS, tHMT6, respectively ); (2) Different heating temperature groups (THMT)

Starches were weighted in different spiral blue-moth bottles, and ultrapure water
were added to adjust moisture content to 25% and equilibrated for 24 h at 25°C.
Samples were then heated in electric thermostatic drying oven at 90°C, 100°C,
110°C, 120°C, 130°C (THMT90, THMT100, THMT110, THMT120, THMT130,
respectively ) for 2 h. (3) Different moisture content of starch system groups
(CHMT): Potato starch samples were weighted in different spiral blue-moth
bottles, and different volumes of ultrapure water were added to adjust moisture

content levels to 15%, 20%, 25%, 30%, 35% (CHMTI15, CHMT20, CHMT25,
CHMT30, CHMT335, respectively) and equilibrated for 24 h at 25°C. Samples

were then heated in electric thermostatic drying oven (DH411C, Yamato, Tokyo,
Japan) at 110°C for 2 h. After modification, all these HMT modified potato starch
samples were removed from the oven and cooled naturally to room temperature,
and then all the treated starch samples were dried at 45°C for 24 h using the same
hot-air oven, so that the starch moisture was less than 12 g/100 g. The dried
modified potato starches were intermittently pulverized for 50 s (pulverized for 5
s, stopped for 5 s to avoid too high temperature of starch caused by pulverization)
using an FW100 pulverizer (Tianjin City Taisite Instrument Co., Ltd.). The
pulverized starches were sieved through an 80-mesh sieve, then hermetically
packaged in polyethylene bags, and stored in a glass desiccator for conducting

further studies.
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3.2 Effects of heat-moisture treatment conditions on the physicochemical
properties of potato starch

3.2.1 Effects of heat moisture treatment conditions on swelling power and
solubility of potato starch

The swelling power of HMT starches and native potato starch (NS) at 55°C-
95°C were shown in Fig. 3.2, Fig. 3.3 and Fig. 3.4. The swelling power of NS

and HMT starches showed an increasing trend with increase of test temperature.
The swelling power of tHMT and THMT were significantly reduced (P ya,e<0.05)
in comparison with that of NS in the test temperature of 65°C - 85°C. The swelling
power of HMT starches were increased in comparison with that of NS in the test

temperature of 55°C, which indicated that HMT increased the swelling power of

potato starch in low temperature. At the same test temperature (65°C -95°C), the
swelling power of HMT starches decreased with the increasing heating time,
heating temperature and moisture content, and these results were consistent with
the result of a pervious stay focusing on mung bean starch [161] and corn starch
[99]. The reduction in swelling power of HMT starches could account for the
rearrangement of starch molecule or / and re-associations of starch chains caused
by HMT [162]. With high moisture content, HMT destroyed the crystal structure
because of water molecules could enter the crystallization zone of starch granules
and the water molecules were likely to interact with starch molecules in the

destroyed crystals, resulting in a relatively high swelling power.
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The solubility HMT starches and native potato starch (NS) at 55°C- 95°C

Fig. 3.6 and Fig. 3.7. The solubility of NS and HMT

were shown in Fig. 3.5,

o,

starches showed an increasing trend with an increase of test temperature (65

95°C), but lower than that of low temperature (55°C). HMT starches showed
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higher solubility in comparison of NS in low test temperature (55°C -75°C),
which indicated that HMT destroyed the structure of starch granules, preventing
amylose and lipids to form complex at low temperature, thereby increased the
solubility. Amylose in starch granules was hard to leach out after HMT, and
formed a stable structure with amylopectin in starch molecules [101], thereby the
solubility of HMT starch was lower than that of NS, which was consistent with
the results of previous researches on the modification of corn starch [99]. In

general, HMT decreased starch swelling power and solubility, which were suitable

in noodles processing.
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3.2.2 Effect of heat moisture treatment on freeze-thaw stability of potato
starch

Freeze-thaw stability represents the ability of starch withstand the
undesirable physical changes that may occur during freezing and thawing.
Thermal energy fluctuation and phase change of water during freeze-thaw are the
possible cause of disruption of the gel matrix of starch. When a starch gel is frozen,
starch- rich regions are created in the matrix, where water remains partially
unfrozen. High solid concentration in the regions facilitates the starch chains to
associate forming thick filaments, whereas water molecules coagulate into ice
crystals forming a separate phase. Upon thawing, ice transforms to bulk phase
water, which can be readily released from the polymeric network (syneresis). The
water release consequently leaves the starch gel sponge-like [163].

The freeze-thaw stabilities during FT cycles (1FTC, 2FTC, 3FTC, 4FTC,
SFTC) were shown in Fig. 3.8, Fig. 3.9 and Fig. 3.10. with the percentage of
syneresis as an index. The syneresis of all the starch gels including NS increased
with the increasing of freezing-thawing cycles. Compared with NS, tHMT]I,
THMT 90 and CHMT15 starch gels had lower syneresis, which indicated that
HMT could improve the freeze-thaw stability of starch gels under such conditions.
With further increase of treatment heating time, treatment heating temperature and
moisture content, destruction of starch granules increased significantly, starch

molecules were rearranged, which limited the ability of starch molecules and
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water molecules to bind to each other through hydrogen bonds, thereby the water
in starch granules was more easily precipitated, resulting in poor freeze-thaw

stability of starch gels.
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3.2.3 Effect of heat moisture treatment on retrogradation of potato starch
The retrogradation of starch is the process of gelatinized starch molecules
from disordered state to orderly rearrangement, finally coagulation and
sedimentation. In the gelatinization process of starch by heating, the ordered
starch molecules become disordered under the action of water and heat. In the

process of cooling and storage, due to the effect of molecular potential energy, the
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disorder of high energy states gradually tends to the order of low energy states.
NS and HMT starches were gelatinized and stored at 25°C for 16 h and the starch
paste supernatant liquid volumes were recorded every 2 h. The retrogradation
HMT starches and native potato starch (NS) were shown in Fig. 3.11, Fig. 3.12
and Fig. 3.13.

Fig. 3.11, Fig. 3.12 and Fig. 3.13 showed that retrogradation of NS and HMT
starches increased and tended to balance with the extension of storage time. HMT
destroyed the structure of starch granules and reduced the hydrogen bonds
between starch molecules and water molecules, which was prone to retrogradation,
resulting in great retrogradation of potato starch. Starch retrogradation was
generally considered to have adverse effects starchy food because it shortens the
shelf life of food, reduces the consumer acceptance and sensory evaluation.
However, HMT starch can be used to produce vermicelli and other food for its
property of easy retrogradation. To certain extent, retrogradation of starch is also
nutritionally important because retrograded starch is slowly digested by human
digestive enzymes in the upper gut, which can alleviate the release of glucose into
the blood stream, resulting in reduced postprandial glycemic and insulin

responses [164].
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potato starches under different heating time
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3.2.4 Effect of heat moisture treatment on transparency of potato starch

The transparency of starch paste is an important indicator for product
characteristics, which is closely related to the appearance and acceptability of
starch and its processed products, also reflects the ability of starch molecules to
bond with water molecules [165]. As shown in Fig. 3.14, Fig. 3.15 and Fig. 3.16,
the starch pastes retrograded during storage which affected the transparency,
thereby, the transparency of NS and HMT starches decreased with the extension
of storage time. With increase of treatment holding time, treatment holding
temperature and moisture content, the transparency of starch pastes decreased
significantly. HMT destructed starch granules, which led to rearrangement of
starch molecules and destruction of crystal structure. The number of unexpanded
starch granules and incompletely broken remaining starch granules increased
during the heating gelatinization process, which caused the light scattering when
it passed through the starch paste, which reduced the transparency of the starch
pastes [166].
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3.2.5 Effect of heat moisture treatment on pasting properties of potato starch

The starch viscosity properties are correlations to the gel texture properties,
the stability of starch paste and retrogradation tendency. The RVA profiles of NS
and HMT starch were shown as Fig.3.17 and the gelatinization parameter values
were shown in Table 3.1, Table 3.2 and Table 3.3. As shown in Fig.3.17, the RVA
profiles of all HMT samples had great difference with NS starch, the RVA
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gelatinization properties of HMT starches were significantly different from each
other. Compared with native potato starch, the peak viscosity, hold viscosity and
breakdown viscosity of HMT starch decreased with the increasing of moisture
content, treatment temperature and time, while the gelatinization temperature
increased (Table 3.1, Table 3.2 and Table 3.3), and the final viscosity was higher
than peak viscosity, which indicated that potato starch modified by heat-moisture
treatment was more prone to retrogradation. The decrease of peak viscosity is
supposedly attributed to the strengthening of starch interior interactions by heat
moisture treatment enhancing granule integrity, preventing penetrate of water into
the starch granules. The breakdown viscosity is related to the thermal stability of
the swollen starch granules in the starch paste during heating and shearing, i.e.
lower breakdown indicates more resistance to shear force [167-168]. Final
viscosity and setback value are represented to the re-association during cooling of
the main amylose that released following. The lower viscosity and higher
gelatinization temperature indicated that the structure of starch particles was more
stable and the internal force between molecules was stronger after heat moisture
treatment. Therefore, the starch modified by heat moisture treatment requires
more energy to decompose its structure and form paste, thus improving the
gelatinization stability of the sample. The setback viscosity firstly increased and
then decreased with the extension of treatment time, temperature and moisture
content. The setback viscosity has great relativity to the retrogradation properties
of starch and has great influence on the tensile strength of vermicelli food [160].
Therefore, it is necessary to select appropriate heat-moisture treatment conditions
for the preparation of vermicelli food by using the HMT potato starch in order to

obtain better edible quality.
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Table 3.1

Effect of heat-moisture treatment on rheological properties and relative

Samples Pasting Peak viscosity | Hold viscosity | Final Breakdown (cP) Setback (cP) Relative
temperature (cP) (cP) viscosity crystallinity
0 (cP) (%)
NS 68.5+0.2¢ 6598.0+72.8* 4071.7£25.4° 4567437 | 2526.33+47.34° 495.7£11.6° 19.37
tHMT1 76.1x1.3¢ 2189.0+63.2° 2145.0£60.9° 4234+71° | 44.00+2.65° 2089.0+25.1° 20.08
tHMT2 76.7+£1.6 1888.0£14.0¢ 1850.0+10.2¢ 3736+6¢ 38.00+4.36" 1886.3+3.5" 23.32
tHMT3 95.0+0.1° 173.7+4.5¢ 148.7+4.0° 573+10¢ 25.00+£1.00% 424.3+5.7¢ 24.43
tHMT4 97.0+0.0° 62.6+4.9° 232.3+22.1¢ 232422¢ 6.67+0.58° 176.3£17.5¢ 22.83
tHMTS 95.1+0.1* 47.3£5.5¢ 42.7+3.2f 146+34F 4.67+2.89° 103.0+31.2° 20.98
tHMT6 90.9+4.0° 42.3+1.5¢ 38.7+0.6 109+2f 3.67+1.15° 70.7+2.3¢ 20.75

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).
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Table 3.2

Effect of heat-moisture treatment on rheological properties and relative

crystallinity of potato starch under different holding temperature

Samples Pasting Peak Hold Final Breakdown (cP) | Setback Relative
temperature (°C) | viscosity viscosity viscosity (cP) crystallinity (%)
(cP) (cP) (cP)
NS 68.5+0.2¢ 6598.+£73% 4072+25° 4567+37° 2526.3+47.3" 496+12f 19.37
THMT90 72.7+2.0¢ 3367+56° 3299+53° 6997+81* 67.3£3.1° 3697+£71% 21.30
THMT100 67.7+£3.0¢ 1662+17¢ 1617154 3024+13¢ 44.7+£2.1% 1406+13¢ 21.43
THMTI110 76.7+1.6° 1888+14¢ 1850+10° 3736+9¢ 38.0+4.4% 1886+4° 23.32
THMTI120 75.0£1.0% 1282+435¢ 1258+38¢ 2365+30¢ 23.7+5.5¢ 1107129 25.77
THMT130 81.2+1.61° 1165+25° 1147+24F 2002+59" 18.0£1.7¢ 855+36° 25.74

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).

Table 3.3

Effect of heat-moisture treatment on rheological properties and relative

crystallinity of potato starch under different moisture content

Samples Pasting Peak viscosity | Hold viscosity | Final viscosity | Breakdown Setback (cP) Relative
temperature (cP) (cP) (cP) (cP) crystallinity
(W) (%)
NS 68.5+0.2¢ 659873 4072+25° 4567+37° 2526.3+47.3 496+12¢ 19.37
CHMTI15 67.8+£0.3¢ 5594+31° 49204497 5930+73* 674.7+41.9° 1010+30¢ 21.46
CHMT20 66.3+3.9¢ 1720134 1685+14¢ 3102+34¢ 35.0£2.0¢ 1416+£26° 21.71
CHMT25 76.7+1.6° 1888+14° 1850£10° 3736+9°¢ 38.0+4.4¢ 1886+4* 23.32
CHMT30 83.8+0.2% 1378+5°¢ 1346+8°¢ 2627+£52¢ 34.0+2.6° 1275£36° 24.19
CHMT35 85.3+1.7* 1217+10F 1180+14F 2190+27° 37.0+5.3¢ 1010+14¢ 25.09

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vare<0.05).

3.2.6 Effect of heat moisture treatment on texture properties of potato starch

paste

Starch gelatinization refers to the process in which the crystalline structure

of the starch-water suspension melts at a certain temperature, and the starch

granules are highly swollen or even broken and gelatinized. This is an irreversible

process from an ordered structure to a disordered structure. This process is

accompanied by water swelling of starch granules, precipitation of amylose, water
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association and crystal loss, and finally a network structure gel is formed, which

is closely related to the quality characteristics of food.

Textural properties of the native potato starch (NS) gel and HMT starch

(THMT, tHMT, CHMT) gels, including hardness, springiness, cohesiveness,

gumminess, chewiness and resilience, were investigated as the determination of

texture profile analysis (TPA) of starch paste. And the results were shown as Table
3.4, Table 3.5 and Table 3.6.

Table 3.4

Textural properties of native potato starch (NS) and tHMT starches

Starch gel Hardness (g) Springiness Cohesiveness Gumminess Chewiness Resilience
(mm) ) (& (g'mm) Q)
NS 2705.55+3.11° 0.83+0.01° 0.63+0.01* 1700.43+11.44¢ 1403.774+29.88°¢ 0.40+0.03*
tHMT1 5528.36+3.03° 0.65+0.02° 0.59+0.04% 3286.67+224.62° 2137.88+95.10° 0.41+0.03*
tHMT2 7037.943+1.69* 0.69+0.00° 0.54+0.01° 3765.31+70.58° 2577.18+29.67° 0.34+0.03°
tHMT3 2448.32+6.65° 0.57+0.04¢ 0.30+0.00° 738.17+£7.20¢ 420.26+22.52¢ 0.084+0.01°¢
tHMT4 2639.09+38.55¢ 0.54+0.03¢ 0.28+0.00° 750.92+24.03¢ 403.55+32.02¢ 0.08+0.01°
tHMT5 2239.92+44.15" 0.49+0.01¢ 0.24+0.02¢ 537.14+33.75¢ 263.57+11.25¢ 0.08+0.01°
tHMT6 1534.46+12.27¢ 0.41+0.04¢ 0.20+0.00¢ 309.20+3.56° 126.16+2.76" 0.07+0.01°¢

Notes: all values are the means of triplicate determinations

+standard deviation. The
means within the same column with different letters are significantly different (P vawe<0.05).

Table 3.5

Textural properties of native potato starch (NS) and THMT starches

Starch gel Hardness (g) Springiness Cohesiveness Gumminess Chewiness Resilience
(mm) G (& (g'mm) Q)

NS 2705.55+3.11¢ 0.83+0.00° 0.63+0.01° 1700.43£11.444 1403.77+29.88¢ 0.40+0.03°
THMT90 10203.52+3.09* 0.93+0.00? 0.82+0.01° 8382.18+105.69* 7782.81+92.20* 0.59+0.04°
THMT100 8308.08+102.65° 0.84+0.01° 0.55+0.01¢ 4585.48+37.33" 3856.21£14.00° 0.38+0.01°
THMTI110 7037.943+1.69¢ 0.68+0.00° 0.54+0.01¢ 3765.31+70.58¢ 2577.18+29.67¢ 0.34+0.03°
THMTI120 2955.38+13.97¢ 0.72+0.00¢ 0.40+0.00¢ 1189.55+11.89¢ 858.24+4.37¢ 0.23+0.03¢c
THMT130 1230.64+2.45F 0.54+0.00° 0.27+0.01¢ 327.36+9.35f 178.43+6.48f 0.11£0.00¢

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vawe<0.05).
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Table 3.6

Textural properties of native potato starch (NS) and CHMT starches

Starch gel Hardness (g) Springiness Cohesiveness Gumminess Chewiness Resilience
(mm) ©) © (g'mm) ©)
NS 2705.55+3.11F 0.83+0.01° 0.63+0.00° 1700.43+11.44¢ 1403.77+29.88¢ 0.40+0.03°
CHMTI15 7349.3460.48" 0.83+0.00° 0.87+0.017 6383.39+172.05° 5266.54+160.00° 0.61+0.04°
CHMT20 7560.91+14.97* 0.74+0.00° 0.44+0.03¢ 3307.93+33.28° 2449.48+17.63° 0.28+0.02°¢
CHMT25 7037.94+1.69° 0.68+0.00¢ 0.54+0.01¢ 3765.31£70.58° 2577.178+29.67° 0.3440.03%
CHMT30 3380.40+147.33¢ 0.58+0.01¢ 0.33+0.03" 1071.25+46.45° 620.51+14.04° 0.13+0.01¢
CHMT35 3774.98+16.10¢ 0.66+0.02¢ 0.40+0.01¢ 1506.15+25.61¢ 995.78+42.49¢ 0.22+0.01¢

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).

Table 3.4, Table 3.5 and Table 3.6 showed that the hardness, gumminess,
chewiness and resilience of HMT starch gels increased significantly and then
decreased with the extension of treatment time. Short heating time (<1.5 h),
relatively low heating temperature (<100°C) and low moisture content (<25%) of
HMT can significantly enhance the texture properties of HMT starch gels. With
the increase of treatment time, temperature and moisture content, the textural
property parameters of HMT starch gels decreased gradually. The texture
properties of starch gels were related to the type of starch, the structure and
proportion of amylose and amylopectin [169]. HTM caused the granular structure
of potato starch to be damaged to varying degrees, and the dissolution of amylose
were inhibited under HMT. Meanwhile, HMT caused the molecular structure of
starch to change and starch gelatinization to occur. Proper heat moisture treatment
of starch is beneficial to improve the texture properties of starch gel, which is
conducive to the application of HMT modified starch in noodles. Previous studies
had found an improvement in the texture (adhesiveness, chewiness, and tensile
strength) of the noodles prepared with HMT modified rice starch or sweet potato
starch [170].

3.2.7 Effect of heat moisture treatment on particle size distributions of potato

starch granules
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Table 3.7 to Table 3.19 showed that the D50, D(4,3) and D (3,2) of HTM
starch were significantly higher than that of NS except the 50 value and D(4,3) of
tHMT6, whereas the S.S.A. value of HMT was significantly lower than NS. The
large particle size of HMT starch indicated that heat moisture treatment could
result in slight swell of potato starch, which might further lead to the rupture,
adhesion and partial gelatinization and agglomeration of the granules. This result
was agreement with a previous study about lily starch [95].

Table 3.7
Effect of heat-moisture treatment on particle size distribution of potato starches

under different holding time

Samples D50(um) D(4,3) (um) D(3,2) (um) S.S.A(m%kg)
NS 34.12+0.40° 36.60+0.38° 22.24+0.56¢ 99.93+2.54°
tHMT1 35.33+0.19° 37.83+0.18% 24.02+0.14° 92.50+0.52°
tHMT2 35.300.14° 37.84+0.21% 24.27+0.06° 91.52+0.20°
tHMT3 35.23+0.94° 37.18+1.35% 25.90+1.25% 85.99+4.17%¢
tHMT4 36.16+0.122° 38.75+0.12° 25.00£0.21% 88.87+0.74%
tHMTS 35.37+0.28° 37.85+0.27% 24.48+0.19° 91.63+0.48°
tHMT6 34.73+0.46" 36.50+0.76° 26.51+0.39° 83.83+1.23¢

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vawe<0.05).

Table 3.8
Effect of heat-moisture treatment on particle size distribution potato starches

under different holding temperature

Samples D50(pm) D(4,3) (um) D(3,2) (um) S.S.A(m%kg)
NS 34.12+0.40¢ 36.60+0.38¢ 22.24+0.56¢ 99.93+2.54*
THMT90 35.59+0.30% 38.06+0.27% 24.02+0.67° 92.54+2.66°
THMT100 35.60+0.39% 38.08+0.36% 24.30+0.26° 91.43+0.97°
THMT110 35.30+0.14° 37.84+0.21° 24.27+0.06° 91.52+0.20°
THMT120 35.49+0.35% 37.86+0.42° 26.09+1.13* 85.27+3.79¢
THMT130 35.87+0.16* 38.46+0.18* 24.92+0.19° 89.15+0.68"

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).
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Table 3.9

Effect of heat-moisture treatment on particle size distribution of potato starches

under different moisture content

Samples D50(um) D(4,3) (um) D(3,2) (um) S.S.A(m%kg)
NS 34.12+0.40¢ 36.60+0.38¢ 22.24+0.56° 99.93+2.542
CHMT15 35.25+0.11°¢ 37.71+0.14¢ 24.17+0.11° 91.95+0.40°
CHMT20 35.72+0.03¢ 38.33+0.02% 24.67+0.29° 90.04+1.06°
CHMT25 35.30+0.14° 37.84+0.21°¢ 24.27+0.06° 91.5240.20°
CHMT30 36.38+0.21° 38.68+0.46" 24.92+0.46° 89.17+1.67°
CHMT35 41.12+0.42° 45.60+0.50° 27.00+0.81% 82.33+2.45¢

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).

3.2.8 Effect of heat moisture treatment on in vitro digestion of potato starch

The results of RDS, SDS, and RS of cooked native starch and HMT starch
sample were shown in Table 3.10. The values of RDS, SDS, and RS fractions in
NS were 31.14%, 55.17% and 13.69%, respectively. Compared to the native
starch counterpart, HMT starches had less RDS and SDS, but more RS. The total
content of SDS and RS of HMT starch was significantly higher than that of NS
starch (p<0.05), the holding time of heat-moisture treatment had greatest effect
on the content of RS, indicating that heat moisture treatment could rearrange the
molecular chain and the newly formed ordered structures (crystallites and helices)
increased the resistance of starch to enzymatic hydrolysis, eventually reduce the
digestion of starch by transforming part of RDS into SDS and /or RS [161]. In
particularly, tHMT1, THMT100 and CHMT15 had the highest content of SDS
and RS, and there was no significant difference between the three samples.
Therefore, choosing appropriate treatment time, temperature and moisture content
can not only save energy, but also obtain modified starch with higher content of

SDS and RS.
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Table 3.10
RDS, SDS and RS contents of native and HMT starches

Samples RDS (%) SDS (%) RS (%)

NS 31.14£0.10° 55.170.17" 13.69+0.10"
tHMT1 28.28+0.30fg 51.46+0.21"% 20.25+0.10°
tHMT2 29.9140.27° 51.16+0.39¢ 18.93+0.25¢%
tHMT3 30.46+0.71° 50.28+0.26" 19.25+0.16¢
tHMT4 28.73+0.00° 49.11£0.16' 22.16+0.16°
tHMT5 29.3240.56¢ 51.94+0.47" 18.74+0.09°
tHMT6 29.93+0.10¢ 50.05+0.17" 20.02+0.09"
THMT90 30.34:0.00% 52.59+0.48° 17.07+0.48¢
THMT100 28.38+0.1818 54.13+0.25" 17.48+0.38"
THMT110 29.9140.27° 51.16+0.39¢ 18.93+0.254%
THMT120 29.89+0.36° 53.35+0.21¢ 16.76+0.16¢
THMT130 30.30+0.17% 52.8420.26% 16.86+0.19¢
CHMT15 28.20+0.278 53.93+0.18" 17.88+0.09°
CHMT20 29.10+0.18% 53.35+0.22%¢ 17.54+0.09"
CHMT?25 29.9140.27° 51.16+0.39¢ 18.93+0.254%
CHMT30 28.78+0.50° 51.44+0.90% 19.79+0.41°
CHMT35 29.16+0.44% 53.78+0.12% 17.06+0.35¢

Notes: all values are the means of triplicate determinations +standard deviation. The

means within the same column with different letters are significantly different (P vaie<0.05).

3.3 Effects of heat-moisture treatment conditions on the structural
properties of potato starch
3.3.1 Morphological properties of potato starch modified by heat-moisture
treatment

The microscopic images of the NS and HTM starch samples obtained under
SEM were shown in Fig.3.18. Almost all the NS starch showed elliptical shaped
granules and some round shaped granules with a smooth surface. After heat
moisture treatment, potato starch granules were damaged and showed a negligible
change in terms of morphology at low moisture levels (<25%), which was
agreement with the results of HMT modified highland barley starch granules at
low moisture levels [80]. Relatively high temperature (e.g., 120°C and 130°C)
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and high moisture content (e.g., 30% and 35%) led to coarser and rougher granule
surface than that of NS. Similar results were obtained for HMT modified rice
starch that the granule surface became slightly rougher than that of NS with the

increasing agglomeration degree of the starch granules [171].
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Fig. 3.18 Morphology of native potato starch and HMT starches

3.3.2 Light microscopic properties of potato starch modified by heat-
moisture treatment

Normal light microscopy (NLM) and polarized light microscopy (PLM)
were used to obtain the microscopic images of NS and HMT modified starch (Fig.
3.19 and Fig. 3.20). Smooth surface and hilum structure were obtained from NS
granules under normal light. After HMT modification, the hilum structure of HMT
potato starch became hollow. The diameter and depth of the hollow region
increased with increasing the length of heating, moisture content and heating
temperature. Similar results were obtained by Watcharatewinkul [172] and Huan
Li [95]. The location of hilum structure which was in the amorphous zone led to
relative fragility. Furthermore, high temperature and certain moisture condition
during HMT caused partial swelling and disruption of starch granules, which was
the reason that hollow central region became large.

Visible black polarization cross like “X” and “+" of NS starch granules was

observed under polarized light. Maltese cross with the helium was biased toward
to the small end of the starch granules, and the deviation of large granular starch
was higher. However, for HMT starch, the contour of the Maltese cross became
gradually unclear and showed large black area in the middle of the cross. HMT

starch showed high birefringence intensity at moisture contents lower than 20%
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and heating temperature lower than 100°C, whereas a remarkable reduction of
birefringence intensity was observed when the moisture content was higher than
25% and 110°C. The Maltese cross contour became unclear by short time HMT
modification, and became obvious when heating length was over 5 h. the average
orientation of helical structures caused birefringence patterns. The results were
consistent with the results of pervious research of K Liu et al [80]. The decrease
in birefringence intensity on HMT indicated a change in the radial orientation of

double helices due to increased amylopectin chain flexibility.
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Fig. 3.19 Morphological characteristics of the heat-moisture treated potato

starch granules under normal light <400 (A)
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Fig. 3.20 Morphological characteristics of the heat-moisture treated potato
starch granules under polarized light <400 (B)

3.3.3 X-ray diffraction (XRD) of potato starch modified by heat-moisture
treatment

The diffraction patterns of NS and HMT starch samples were illustrated in
Fig. 3.21. Four main peaks at 5.6° 20, 17° 20, 22° 20 and 24° 20 can be seen from
the NS starch pattern, indicating that the crystal form of potato starch was B-type.
Some significant changes in the crystalline patterns of HMT starch were observed.
With the extension of heat moisture treatment process, all HMT starch diffraction
peaks gradually disappeared at 5.6° 20 and 19.5° 26, the diffraction peak at 15°
20 became smooth, and the two independent diffraction peaks at 22 ° 20 and 24°
20 tended to merge into a single peak near 23° 260, which was a characteristic of
A type. When treatment time reached 5 hours, the diffraction peak at 23° 20
divided into two diffraction peaks at 22°20 and 24° 20 again. These results
indicated the crystal structure of potato starch gradually changed from B-type to
C-type with the extension heat moisture treatment. When treatment time was too
long (more than 5 hours), its crystal structure changed to B-type again. Relative
crystallinity for NS was 19.37% and the crystallinity of HMT potato starch
initially increased and then decreased with the extension of the treatment time,

but all HMT starch had higher crystallinity than that of NS (Table 3.1, Table 3.2
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and Table 3.3). With the increase of treatment temperature from 90°C to 130°C,
the crystallinity increased from 21.30% to 25.74%. With the increase of moisture
content from 15% to 35%, the crystallinity increased from 21.46% to 25.09%.
The results indicated that heat moisture treatment destroyed and rearranged the
double helix structure of starch molecules, which strengthened the connection
between starch chains, produced new and more stable crystalline structure, and
ultimately led to an increase in the relative crystallinity of starch. The increased
X-ray intensity was agreed with previous studies about HMT mung bean

starch[161].
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Fig. 3.21 X-ray diffractograms of native and HMT potato starches
3.3.4 FTIR spectroscopy of potato starch modified by heat-moisture
treatment
The FTIR spectra of NS and HMT starches were shown as Fig. 3.22. All
samples showed the same characteristic peak at 3290, 2920, 1636 and 1344 cm’!
and no new absorption peaks were generated, which indicated the original basic

structure of potato starch was not destroyed and no new compounds were
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produced after heat moisture treatment. However, it can be seen from the
spectrograms within the spectrum range, the intensity of the absorption peaks was
different with difference modification conditions, although the position of
absorption peaks did not change. The absorption peak strength of potato starch
increased or decreased, indicating that the molecular conformation of starch
changed in the process of heat moisture treatment. With heat moisture treatment
process extend, the infrared absorption peak intensity in the range of 1000 cm’!-
3300 cm™ showed an overall trend of first weaken and then increased. The
absorption peaks at 1600 cm'-1750 ¢cm™ correspond to the carbonyl (>C=0)
stretching vibration area [173]. The absorption peaks at 2850cm™-3100cm’!
correspond to the CH stretching vibration area and the absorption peaks at 3100
cm'-3700 cm™! correspond to the hydroxyl (OH) stretching vibration area [174].
These results indicated that the heat moisture treatment may result in the breaking
of starch molecular chain or the breaking of the associative hydrogen bond of
starch molecule, which eventually leads to the increase of the number of carbonyl

group and hydroxyl group, and it is possible to increase the new C-H bonds.

tHMT6
tHMTS 7 THMT130

THMT120
7 THMT10 :
THMT100

THMTS0

Transmittance (%)
Transmittance (%)

T T T T T T T T 1 T T T T T T T T 1
4000 3800 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave number{cm-1) Wave number (em™)

CHMT35
CHMT30

T CHMT25 )
CHMT20

CHMT15

Transmittance (%)

T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave number(cm™')

Fig.3.22 FTIR spectra of native and HMT potato starches
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3.4 Optimization of heat-moisture treatment processing parameters of
potato starch by response surface methodology
3.4.1. Effect of heat-moisture treatment on setback viscosity of potato starch
under different heating time

The effect of heat-moisture treatment setback viscosity of potato starch under
different holding time was shown as Fig. 3.23. Since starch molecules were in a
messy state under the action of water and heat, the appropriate extension of the
moisture and heat treatment time were beneficial to enhance the interaction
between starch molecules, but too long time would lead to excessive degradation

of starch molecules [175].
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Fig. 3.23 Effect of heat-moisture treatment on setback viscosity of potato starch
under different heating time

As can be seen from Fig. 3.23, HMT heating time had significant effect on
the setback viscosity of starch. Setback viscosity decreased with the extension of
HMT heating time, the highest setback viscosity was 2089 cP at 1 h. Therefore,
0.5h, 1 h and 1.5 h were used as the three levels (-1, 0, 1) of response surface,
respectively.

3.4.2. Effect of heat-moisture treatment on setback viscosity of potato starch
under different heating temperature

The effect of heat-moisture treatment setback viscosity of potato starch under

different heating temperature was shown as Fig.3.24.
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Fig. 3.24 Effect of heat-moisture treatment setback viscosity of
potato starch under different heating temperature

During the process of HMT, the water molecules in starch crystals turned
into gaseous, destroyed the —1, 6 and —1, 4 bonds under the action of heating,
changed the double helix structure of amorphous and crystalline regions at the
meantime [176]. All these changes led to the related properties of starch changed
accordingly. As can be seen from Fig. 1, HMT holding temperature could increase
the setback viscosity of starch significantly, the highest setback viscosity was
3697 cP when the heating temperature was 90 °C. Considering energy
consumption and cost comprehensively, 90 °C, 100 °C and 110 °C were used as
the three levels (-1, 0, 1) of response surface, respectively.

3.4.3. Effect of heat-moisture treatment on setback viscosity of potato starch
under different starch moisture content

The effect of heat-moisture treatment setback viscosity of potato starch under
starch moisture content was shown as Fig. 3.25.
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Fig. 3.25 Effect of heat-moisture treatment on setback viscosity of
potato starch under different starch moisture content

As can be seen from Fig.3.25, HTM can increased setback viscosity
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significantly, with the extension of moisture content, the setback viscosity
increased, the highest setback viscosity was 1886 cP when the moisture content
was 25%. As a plasticizer, water had a significant impact on the structure and
properties of starch during the HMT process. The presence of water was
conducive to the destruction of the starch crystal structure and promoted the
movement of starch molecular chains. The rearrangements of starch molecules in
amorphous regions were formed more crystals. However, too low moisture
content was not conductive to the interaction between the molecular chains in the
amorphous regions; starch was gelatinized easily with too high moisture content
which led to excessive degradation of starch molecules [177]. Therefore, 20%, 25%
and 30% were used as the three levels (-1, 0, 1) of response surface, respectively.
3.4.4. Experimental analysis of response surface and model establishment
On the basis of single factor experiments, Box-Behnken design (BBD) with
three variables (temperature, time and moisture content) at three different levels
were used to find a possible correlation among these variables and obtained a
response surface. The factors and levels in the response surface analysis were

shown as Table 3.11.

Table 3.11
The factors and levels in the response surface analysis.
Factors
Levels
A: Temperature (°C) B: Time (h) C: Moisture content (%)
-1 90 0.5 20
0 100 1 25
1 110 1.5 30

The central point experiment was set to be repeated for five times and total
of 17 experiments with three different levels (coded as —1, 0, 1) of each factor,

which were shown as Table 3.12.
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Table 3.12

Experimental design and corresponding results for RSM

Run

A: Temperature (°C)

B: Time (h)

C: Moisture content

Setback viscosity (cP)

(%)
1 -1 -1 0 1711.667
2 1 -1 0 2525.333
3 -1 1 0 3890.667
4 1 1 0 858.000
5 -1 0 -1 1320.000
6 1 0 -1 1740.000
7 -1 0 1 2788.667
8 1 0 1 835.333
9 0 -1 -1 966.333
10 0 1 -1 3352.667
11 0 -1 1 3072.333
12 0 1 1 1304.333
13 0 0 0 2785.333
14 0 0 0 3009.667
15 0 0 0 2901.000
16 0 0 0 2848.667
17 0 0 0 2835.333

All experiments were performed in triplicate. The relationships between the

responses and the independent variables were constituted by means of the

quadratic polynomial equation. The optimum conditions were deduced using

multiple response analysis.

Response surface methodology (RSM) was used to optimize the process of

HMT potato starch under the effect of the independent variables (heating

temperature, heating time and moisture content) with setback viscosity as an index.

The central point experiment was set to be repeated for five times and total of 17

experiments with three different levels (-1, 0, 1) of each factor were listed in Table

3.12 and the analysis of variance (ANOVA) results of quadratic regression model

for RSM was listed in Table 3.13. All experiments were performed in triplicate.
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Table 3.13
ANOVA for response surface quadratic model
Sum of Mean F P e
Source df Significance
Squares Square Value Prob>F
Model 14698408 9 1633156 94.20812 <0.0001 **
A 1760001 1 1760001 101.5251 <0.0001 *x
B 159612.5 1 159612.5 9.207197 0.019 *
C 48308.68 1 48308.68 2.786671 0.139 -
AB 3698570 1 3698570 213.3509 <0.0001 *x
AC 1408178 1 1408178 81.2303 <0.0001 *
BC 4314621 1 4314621 248.8876 <0.0001 *x
A? 1350059 1 1350059 77.87774 <0.0001 *x
B’ 16888.89 1 16888.89 0.97423 0.3565 -
? 1717901 1 1717901 99.0966 <0.0001 *x
Residual 121349.4 7 17335.62 - - -
Lack of Fit 92236.25 3 30745.42 4.224271 0.0989 -
Pure Error 29113.11 4 7278.278 - - -
Cor Total 14819758 16 R-Squared 0.991812 A R- 0.9813
Squared

Notes: * — indicated significant (P a.e<0.05); ** — indicated extremely significant (P vaiue
<0.01); A — temperature; B — time; C — moisture content

The setback viscosity of HMT starch was influenced by holding temperature,
time and moisture content were fitted with the quadratic polynomial model
represented by the following equations:

S,=2876-469.04-4+141.25-B+77.71-C-961.58-4-B—-593.33-4-C—
1038.58-B-C-566.25-4>~63.33-B>~638.75-C*,

where S, 1s setback viscosity (cP); A, B, C were the HMT holding
temperature (°C), time (h) and moisture content (%), respectively.

ANOVA was performed for the model (Table 3.13) and observed that the
model F-value of 94.21 implied the model was significant. There was only a 0.01%
chance that a «Model F-Value» this large could occur due to noise. Values of
«Prob>F» less than 0.0500 indicated model terms were significant. In this case 4,
B, AB, AC, BC, A%, C* were significant model terms. The «Lack of Fit F-value»
of 4.22 implied there was a 9.89% chance that a «Lack of Fit F-value» this large
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could occur due to noise. Lack of fit was significant (P=0.0989>0.05), the model
fitted well. The «Pred R-Squared» of 0.8973 was in reasonable agreement with
the «Adj R-Squared» of 0.9813. «Adeq Precision» measures the signal to noise
ratio. A ratio greater than 4 is desirable. The ratio of 31.015 indicated an adequate
signal. This model can be used to navigate the design space.

The response surfaces of interaction of variables on setback viscosity were

shown in Fig. 3.26.
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Fig. 3.26 The response surfaces for the interaction of various factors on setback viscosity of
HMT modified starches: a — the interaction of HMT heating temperature and heating time; b —
the interaction of HMT heating time and starch moisture content; ¢ — the interaction of HMT
heating temperature and starch moisture content

The Design-Expert 8.0.6 software was used to optimize the setback viscosity
equation model formula, and the optimized process parameters of setback
viscosity of HMT were as follow: the temperature was 90°C (coded —1), the time

was 1.5 h (coded 1) and the moisture content was 23.56% (coded —0.288), under
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such conditions the maximum theoretical setback viscosity value was 3871 cP. In
order to verify the reliability of the model, triplicate experiments were carried out
with the optimal process parameters (the temperature was 90°C, the time was
1.5 h and the moisture content was 23.56%). The mean setback viscosity was
3677 cP and there was little error between the actual setback viscosity and
theoretical setback viscosity. Therefore, it was feasible to use RSM to optimize
the process of HMT on potato starch and had practical application value.
3.4.5 Comparative analysis of starch pasting properties

The starch pasting properties are correlated to the gel texture properties, the
stability of starch paste, and retrogradation tendency. The pasting properties of
native potato starch (NS) gel and optimized heat-moisture treatment modified
starch (HMTS) were listed in Table 3.14 and the rapid viscosity analysis (RVA)
pasting profiles were illustrated in Fig. 3.27.
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Fig. 3.27 Rapid viscosity analysis (RVA) pasting profiles of native and modified

potato starches

As shown in Fig. 3.27, the RVA profiles of HMTS had great difference with
that of NS. Compared with native potato starch (NS), HMTS had lower peak
viscosity (2966 cP), lower hold viscosity (2882 cP) and lower breakdown
viscosity (84.5 cP), but higher paste temperature (71.1°C), higher final viscosity
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(6559 cP) and setback viscosity (3677 ¢cP). HMTS had lower viscosity but higher
gelatinization temperature, indicating that the starch modified by heat moisture
treatment requires more energy to decompose its structure and form paste, thus
improving the gelatinization of the sample. Heat moisture treatment could
enhance the interior interactions of starch, preventing the penetration of water into
starch granules, thus resulting in decrease of peak viscosity. As shown in Table 4,
the peak viscosity of HMTS was lower than final viscosity, while the peak
viscosity of NS was higher than final viscosity, indicating that HMTS was more

prone to retrogradation than NS [178].

Table 3.14
Pasting properties of native and modified potato starches.
S | Paste temperature Peak viscosity | Hold viscosity | Final viscosity Breakdown Setback viscosity
ampies (°C) (cP) (cP) (cP) viscosity (cP) (cP)
NS 68.5+0.2° 6598+73* 4072425° 4567+37° 2526.3+47.3* 496+12°
HMTS 71.1+0.8* 2966+46° 2882+44° 6559+61° 84.5+2.9° 3677217

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05)

The breakdown viscosity is related to the thermal stability of the swollen
starch granules in the starch paste during heating and shearing, lower breakdown
indicates more resistance to shear force [167-168]. The setback viscosity has great
relativity to the retrogradation properties of starch and has a great influence on the
tensile strength of vermicelli food or noodles, higher setback viscosity indicates
higher tensile strength [160].

3.4.6 Comparative analysis of textural properties

Textural properties of the native potato starch (NS) gel and optimized HMT
potato starch (HMTS) gels, including hardness, springiness, cohesiveness,
gumminess, chewiness and resilience, were determined by TPA test (Table 3.15).
The textural properties of starch gels depend on the constituents of starch and
amylose, the volume and deformation of de granules and the interaction between

the continuous and dispersed phases [179].
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Table 3.15

Textural properties native and modified potato starches

Starch gel

Hardness (g)

Springiness
(mm)

Cohesiveness (—)

Gumminess (g)

Chewiness
(g'mm)

Resilience (-)

NS

2706+3*

0.83+0.01°

0.63+0.00°

1700+11°

1404+30°

0.40+0.03*

HMTS

6082+8°

0.81+0.00°

0.73+0.00°

4920+2°

3570+12°

0.42+0.03*

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).

Gel hardness generally rerated to the retrogradation of starch. Previous study
reported a positive correlation between gel hardness and the amylose content of
the starch and high-amylose starches produced a harder gel [180]. Linear amylose
molecules re-associate more easily than high-branched amylopectin molecules.
As can be seen, the HMTS gel showed significantly higher hardness than NS gel,
the difference between the hardness of NS gel and HMTS gel can be attributed to
higher amylose content of HMTS.

Springiness reflects the ability of starch gel to recover from its deformation
with a period of time after being squeezed. The springiness of starch gel is affected
by the number of crosslinking points and the density of crosslinking points of the
network structure formed by starch molecules. The more effective crosslinking
points, the greater springiness of the gel. There was no significant difference of
springiness between NS gel and HMTS gel, although NS gel showed greater
springiness than HMTS gel.

Cohesiveness is a measure of how well a starch gel resists the second
deformation according to its behavior in the first deformation, which means
cohesiveness is a criterion of how well a starch gel can keep its structure after the
first bite [181]. Starch gels with good gel setting and high acceptability in starchy
food are identified by high cohesiveness. HMTS gel represented the higher
amount of cohesiveness (0.7255) than NS gel (0.6285), which indicated that the
HMTS has a better ability to withstand deformations.
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Gumminess (hardnessxspringiness) is the energy required to break up a
semi-solid food to ready it for swallowing [179]. HMTS gel showed higher
gumminess than NS gel about 189.4%, which indicating that HMTS gel needs
more energy to be ready for swallowing about 2.89-fold than NS gel. Chewiness
(hardnessxspringinessxcohesiveness) is the energy required for disintegration and
mastication of semi-solid foods. HMTS gel showed higher than NS gel about
154.27%, which indicating that HMTS gel needs more energy to be ready for
swallowing about 2.54-fold than NS gel. The variations in gumminess and
chewiness values showed a similar trend as hardness, due to the high relative
weight of hardness in calculating these textural parameters [182]. Resilience is
other criterion of TPA test, measure how well the starch gel fights to regain its
original position. HMTS gel showed higher resilience than NS gel, but there was
no significant difference between them.

The changes in the textural characteristic of HMTS gel were mainly due to
the rearrangement of starch molecules, and starch chains was cross-linked with
non-starch molecules such as protein and fat, making the starch structure denser
after the gel treatment, thus enhanced the textual properties of starch.

3.4.7. Comparative analysis of retrogradation

The retrogradation of starch is the process of gelatinized starch molecules
from disordered state to orderly rearrangement, finally coagulation and
sedimentation. In the gelatinization process of starch by heating, the ordered
starch molecules become disordered under the action of water and heat. In the
process of cooling and storage, due to the effect of molecular potential energy, the
disorder of high energy states gradually tends to the order of low energy states.

As can be seen from Table 3.16, retrogradation of NS and HMTS increased
with the extension of storage time, and the HMTS had higher retrogradation than
that of NS, indicating that potato starch modified by heat-moisture treatment was
more prone to retrogradation. This result was consistent with viscosity properties

of NS and HMTS. Heat-moisture treatment destroyed the starch granules structure
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and reduced the hydrogen bonds between starch molecules and water molecules,
which was prone to retrogradation, resulting in poor the retrogradation stability of
potato starch.

Table 3.16

Retrogradation of native and modified potato starches

Retrogradation (%)
2h 4h 6h 8h 10 h 12h 14 h 16 h

NS 0.00£0.00° | 8.00£0.00° | 8.00£0.00° | 8.00+0.00° 8.00+0.00° | 8.00+0.00° | 8.00+0.00° | 8.00+0.00°

Samples

HMTS | 12.80+1.06* | 22.53+1.29* | 28.00+1.83* | 30.80+1.74* | 32.00+0.80* | 34.00+1.20° | 34.53+£1.29* | 35.33£1.67*

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vae<0.05).

The results of this research indicate that it is feasible to use RSM to optimize
the process of HMT on potato starch and has practical application value. And the
HMT starch prepared under the optimized conditions is suitable for the production
of vermicelli, noodles and other products that require good retrogradation
characteristics, which is of great significance in promoting potato as staple food.
However, the modified potato starch is not suitable for products that do not need
good retrogradation properties for the HMT modified gel is easy prone to
retrogradation.

3.4.8 Comparative analysis of in vitro digestibility

Intrinsic and extrinsic factors affect the starch digestibility, of which external
factors include the effect of processing of conditions, modified treatments and
additives [183]. RDS will cause a sudden rise of blood glucose level after
ingestion can be used as a proxy indicator of GI value [184]. SDS is slowly broken
down and completely digested in human small intestine, instead of causing a rapid
rise of blood glucose level, it maintains blood glucose at steady level, thus playing
an important role in the diet of type 2 diabetic patients [185]. RS is the portion of
starch that is not absorbed in the small intestine of healthy individuals[186], but
it can be used as a substitute of dietary fiber in foods to improve the processing

characteristics and nutritional value [187].
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As shown in Table 3.17, the optimized HMT potato starch (HMTS) had
higher SDS content and RS content than that of native potato starch (NS), but
lower RDS content. Compared to the native potato starch, the RDS decreased by
10.05%, the SDS increased by 5.06% and the RS increased by 2.48%, respectively
in the optimized HMT potato starch. The increase of SDS and RS in the optimized
HMT potato starch indicated that the HMT could enhance the interactions
between amylose—amylose and amylose—amylopectin, which may partially
restrict the accessibility of starch chains to the enzymes [100].

Table 3.17
RDS, SDS and RS contents of native and modified potato starches

Samples RDS (%) SDS (%) RS (%)
NS 31.14+0.102 55.17+0.17° 13.69+0.10°
HMTS 28.01+0.73° 57.96+0.44% 14.03+0.16%

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).
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Conclusions to section 3

1. In this section, the effect of HMT on the swelling power, solubility, freeze-
thawing stability, retrogradation, transparency and textural properties of NS and
HMT starch were investigated. The research results show that the transparency
and retrogradation stability of potato starch after HMT were reduced,
solubility and swelling power varied with the gelatinization temperature. The
HMT potato starch pasting properties results indicated that it is necessary to select
appropriate heat-moisture treatment conditions for the preparation of vermicelli
food by using the HMT potato starch in order to obtain better edible quality. HMT
can significantly affect the textural properties of potato starch and the hardness,
gumminess, chewiness and resilience of HMT starch gels first increased
significantly and then decreased with the extension of treatment time. Short
heating time (<1.5 h), relatively low heating temperature (<100°C) and low
moisture content (<25%) of HMT can significantly enhance the texture properties
of HMT starch gels. The changes of physicochemical and textural properties of
HMT starches could account for destruction of starch granules, the rearrangement
of starch molecule or / and re-associations of starch chains caused by HMT, which
limited the ability of starch molecules and water molecules to bind to each other
through hydrogen bonds.

2. HMT had great effect on the particle size, morphological, structural, and
digestive properties of potato starch. HMT led to large particle size, rough surface
of starch granules and resulted in hollow structure located at the hilum of potato
starch granules. XRD results showed an increased relative crystallinity and
transformed crystalline structure from B-type to C-type with the extension heat
moisture treatment. FTIR spectroscopy results indicated that the heat moisture
treatment may result in the breaking of starch molecular chain or the breaking of
the associative hydrogen bond of starch molecule, which eventually leads to the

increase of the number of carbonyl group and hydroxyl group, and it is possible
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to increase the new C-H bonds. In vitro digestion results showed that RDS content
significantly decreased, whereas RS content in HMT starch increased, indicating
HMT starches could potentially become sources of industrial-resistant starch and
as low-calorie food ingredients.

3. Response surface methodology (RSM) was used to optimize the process
of HMT potato starch with setback viscosity as an index, and the optimized
process parameters of setback viscosity of HMT were as follow: the temperature
was 90°C (coded —1), the time was 1.5 h (coded 1) and the moisture content was
23.56% (coded —0.288). Under such conditions the maximum theoretical setback
viscosity value was 3871 cP. The verification experiment showed the actual mean
setback viscosity was 3677 cP and there was little error between the actual setback
viscosity and theoretical setback viscosity. Therefore, it was feasible to use RSM
to optimize the process of HMT on potato starch and had practical application
value.

4. The RVA profiles of HMTS had great difference with that of NS.
Compared with native potato starch (NS), HMTS had lower peak viscosity
(2966 cP), lower hold viscosity (2882 cP) and lower breakdown viscosity
(84.5 cP), but higher paste temperature (71.1°C), higher final viscosity (6559 cP)
and setback viscosity (3677 cP). TPA tests demonstrated that HMT can enhance
the textural properties of starch gel. Compared with the NS gel, the hardness,
cohesiveness, gumminess, chewiness and resilience of HMTS gel were increased
significantly, and there was no significant difference in springiness. The
retrogradation of NS and HMTS increased with the extension of storage time, and
the HMTS had higher retrogradation than that of NS, indicating that potato starch
modified by heat-moisture treatment was more prone to retrogradation. The
optimized HMT potato starch (HMTS) had higher SDS content and RS content
than that of native potato starch (NS), but lower RDS content.
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SECTION 4 EFFECTS OF HEAT-MOISTURE TREATMENT
COMBINED WITH MICROWAVE PRE-AND POST-TREATMENT ON
PHYSICOCHEMICAL, STRUCTURAL AND DIGESTIVE
PROPERTIES OF POTATO STARCH

The effects of single HMT and MW on functionalities and structural
properties of starch have been investigated by many researchers as reviewed by
Schafranski et al. [74] and Oyeyinka et al. [22]. However, the mechanism of dual
modification combined with HMT and MW is far from being fully understood.
Therefore, the purpose of this research was to evaluate the effects of HMT assisted
by MW pre- and post-treatment on the morphological, physicochemical and in
vitro digestion properties of potato starch. This research presented a
comprehensive understanding on the effects of HMT and MW bi-directional
modifications on functional and digestibility properties of starch, as well as the
mechanism, which would provide a useful theoretical basis for further studies on

improving the application of microwave technology in starch modification.

4.1 Preparation of modified starch

4.1.1 Microwave treatment modified potato starch preparation

The moisture content of native potato starch was adjusted to 25% as
described above and the starch mixture was equilibrated at 25°C for 24 h. 70 g
moisture-balanced starch was placed flat into a lab dish (diameter:18 cm), covered
with microwave-specific plastic wrap, and 10 holes were evenly pierced with
toothpicks. Then, the lab dish with starch was placed in a microwave oven
(G8OF20CN2L-B8(RO),  Guangdong Galanz  Microwave  Appliance
Manufacturing Co., LTD, Foshan, Guangdong, China) for 5 min at 400 W power
(increasing the power or time of microwave heating will cause the starch granules
to burn). The treated starch samples were dried and stored according to the method
mentioned above in single HMT. The prepared starches were named MWS.

4.1.2 Dual modification of starch
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(1) Heat-moisture treatment assisted by pre- treatment of microwave (MW-
HMT): the moisture-balanced MWS samples (25%) were subjected to HMT at
90°C for 1.5 h, 4 h, 8 h and 12 h, next, dried and stored according to the procedure
described above for single HMT. The prepared starches were named as MW-
HMTI1.5, MW-HMT4, MW-HMTS8 and MW-HMT 12, respectively.

(2) Heat-moisture treatment assisted by poste-treatment of microwave
(HMT-MW): The moisture-balanced (25%) native potato starch was subjected
to the HMT at 90°C for 1.5 h, 4 h, 8 h and 12 h, respectively to obtained single
HMT modified potato starch (HMT1.5, HMT4, HMTS8 and HMT12, respectively).
To obtain HMT-MW starches, the moisture content of HMT1.5, HMT4, HMTS
and HMT12 samples was adjusted to 25%. After equilibration at 25°C for 24 h,
the starch mixtures were subjected to MW according to the description above for
single MW. The starch samples were dried and named as HMT1.5-MW, HMT4-
MW, HMT8-MW and HMT12-MW, respectively.

4.2 Effects of heat-moisture treatment combined with microwave pre- and
post- treatment on the physicochemical properties of potato starch

4.2.1 Effects of eat-moisture treatment combined with microwave pre- and
post- treatment on swelling power and solubility of potato starch

Differences in cohesive force within starch granules can be characterized by
differences in swelling and solubility. The swelling power of native and modified
potato starches is shown in Table 4.1 and the solubility of native and modified
potato starches is shown in Table 4.2.

The swelling power of native starch and modified starches increased with
increase of test temperature. The modified starch showed lower swelling power
than native starch when the test temperature was 65°C, 75°C and 85°C, while
opposite results were obtained at 95°C, and the MWS sample showed the highest
swelling power (21.58%) at 95°C. MWS had the higher swelling power than M\W-
HMT modified starch at the same test temperature; moreover, the swelling power
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of HMT modified starch (HMT, MW-HMT and HMT-MW) generally decreased
with the treatment time when test temperature was same. The decrease in starch
swelling power can be attributed to the enhancement of molecular interactions
between amylose and amylopectin, and the amylose-lipid complexes formed
during MW and HMT [7]. The swelling power of starch granules can also be
affected by starch granules physical destruction, starch molecule rearrangement

or/and starch chains re-associations induced by MW and HMT [21].

Table 4.1
Swelling power of the native and modified potato starches
Sample Swelling power (%)
55°C 65°C 75°C 85°C 95°C
NS 2.28+0.03" 12.13+0.79* 14.14+0.16* 17.10+0.12* 13.29+0.57¢
4.02+0.23" 12.94+0.19° 12.59+0.20° 15.74+0.26" 21.58+0.04*
MWS
.05+0.01° 20+0.17¢ 31+0.32¢ 9240, ef .37+0.14¢
MW-HMT1S 3.05+0.01 11.20+0.17 12.31£0.32 12.92+0.11d 16.37+0.14
. +0. c 58+0. ef 65+0. . 0. def 5 +(). e
MW-HMT4 2.84+0.05 9.58+0.19 11.65+0.55¢ 12.90+0.09 14.27+0.14
-+ ef + fgh + fgh oy g Y e
MW-HMTS 2.63+0.07 9.04+0.24 10.56+0.16 11.27+0.23 14.12+0.83
. +0. fg R +0. h 3 +0. fg . +0). g . +0. e
MW-HMT12 2.52+0.02 8.69+0.23 10.70£0.02 11.19+0.12 14.35+0.38
2.46+0.10¢ 11.13+0.39¢ 13.28+0.64° 13.76+0.70° 18.27+0.31°
HMTI1.5
2.48+0.06¢ 10.00+£0.03¢ 12.36+0.19%¢ 13.35+0.16¢ 16.36+0.09°
HMT4
2.47+0.04¢ .18+0.15%h 11.56+0.03¢ 13.16+0.25% 15.53+0.25¢
HMTS 7+0.0: 9.18+0.15 56+0.03 3.16£0.25 5.53+0.25
47+0.02¢ .85+0.30" .89+0.30° .58+0.08° 20+0.177¢
HMT1D 2.47+0.02 8.85+0.30 10.89:0.30 12.58+0.08 15.20+0.177
2.7940.00¢ 10.61+0.25¢ 11.84+0.31% 13.08+0.019F 18.34+0.03°
HMT1.5-MW
2.69+0.04% 95+0.11° 10.25+0.33¢" 12.85+0.20%F 16.39+0.06°
HMTAMW 69+0.0: 9.95+0 0.25+0.33 85+0.20 6.39£0.06
2.42+0.02¢ 9.45+0.11°" 10.04+0.13" 12.730.11°" 16.81+0.4°
HMT8-MW
HMT12-MW 2.4120.08¢ 8.99+0.32¢" 9..9520.09' 12.56+0.16" 16.56+0.20°

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vare<0.05).

The leaching of soluble molecules of starch granules, such as amylose,
sugars can be characterized by solubility. Modified potato starch showed
generally higher solubility than native starch when the test temperature
was >75°C, and the solubility of starch samples increased respectively with the

increase in test temperature from 75°C to 95°C (Table 4.2). This indicates that
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temperature increase could induce the leaching of amylose or sugars from starch
granules. MW, HMT, HMT combined with MW pre- and post-treatment could
cause depolymerization of starch molecules, resulting in a higher ratio of shorts
chains which had greater tendency to hydration than native starch molecules [7].
At the same test temperature, the solubility of HMT and HMT-MW starch
increased with the length of heating time, which indicated that long time heat-
moisture treatment could enhance the molecular depolymerization of starch. The
MW, HMT and HMT combined with MW pre- and post-treatment can cause the
weathering of starch granules, which consequently leads to the improvement of
solubility [113]. However, high gelatinization temperature of modified starch
could lead to low solubility at low test temperature. The modified starch had not
been gelatinized at low temperature, and the soluble substances cannot be leached

out from the starch granules, resulting in low solubility.

Table 4.2
Solubility of native and modified potato starches
Sample Solubility (%)
55°C 65°C 75°C 85°C 95°C
4.29+0.44° 4.69+0.31° 2.11£0.17 2.70+0.17' 7.70£0.318
NS
MWS 3.59+0.47° 3.24+0.21° 2.77+0.27 5.64+0.63f 7.27+0.138
g b i f f
MW-HMTLS 0.77+0.06 3.29+0.07 2.73+0.07 5.94+0.33 8.70+0.30
MW-HMT4 1.53+0.15° 3.18+0.11° 2.98+0.031 6.70£0.24° 9.94+0.37°
2.37+0.02% 3.09+0.06" 3.51+0.31" 7.2940.19¢ 11.36+0.46"
MW-HMTS
2.29+0.04¢ 3.02+0.04% 2.32+0.13 7.18+0.05% 13.54+0.02°
MW-HMT12
2.40+0.08% 2.80+0.14% 5.630.15° 4.59+0.118 7.35+0.308
HMT1.5
c be d b
HMT4 2.32+0.00 3.08+0.18 6.91+0.25 4.70+0.158 11.28+0.31
HMTS 2.38+0.07% 2.65+0.11¢ 8.35+0.08° 5.86+0.09" 14.05+0.18°
2.66+0.11¢ 2.70+0.15¢ 6.14+0.31¢ 3.57+0.30" 8.69+0.28"
HMT12
3.75+0.17° 3.11£0.07% 3.0140.13! 7.14+0.47% 8.43+0.39"
HMT1.5-MW
C be g c d
HMTA-MW 2.94+0.06 3.09+0.08 4.42+0.12 8.09+0.13 10.53+0.36
1.63+0.12f 4.68+0.14* 7.64+0.21¢ 15.28+0.13° 13.69+0.14°
HMT8-MW
HMT12-MW 1.37+0.10° 4.94+0.34° 15.66+0.39° 34.830.33° 15.65+0.18°

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vawe<0.05).
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4.2.2 Effects of heat-moisture treatment combined with microwave pre- and
post- treatment on freeze-thaw stability of potato starch

Starch with good freeze-thaw stability can be used as emulsifiers in food
products such as sauce, yogurt, and jellies. High syneresis rate indicates low
freeze-thaw stability of the food products [188]. The freeze-thaw stabilities of
potato starch modified by heat-moisture treatment combined with microwave pre-
and post- treatment during freeze-thaw cycles (1FTC, 2FTC, 3FTC, 4FTC, SFTC)
were shown in Table 4.3 with the percentage of syneresis as an index. The
syneresis of all the starch pastes including NS increased with the increasing of
freezing-thawing cycles. During the whole freezing-thawing cycles, there was no
water separation from MWS samples. In addition, MW-HMT1.5 and HMT1.5 had
lower syneresis rate than that of NS after two freezing-thawing cycles, all these
results indicating that single MW, short-time single HMT and short-time HMT
combined with MW pretreatment can enhance the repeated freeze-thaw stability
of potato starch pastes. Similar to the results of section 3.2.2, the water separation
of modified potato starch increased with the extension of HMT heating time,
indicating that long- time HMT (= 4h) could weaken the freeze-thaw stability of
potato starch. Moreover, both HMT combined with MW pretreatment and HMT
combined with MW post-treatment had stronger weakening effects on the freeze-
thaw stability of potato starch than that of long-time single HMT. The freeze-thaw
stability of starch paste was not only positively correlated with the amylopectin
and amylose ratio in starch [19], but also positively correlated with the chain
length of starch molecules [189]. Therefore, from the increased syneresis rate of
starch paste, it can be inferred that long- time single HMT, long- time single HMT
combined with MW not only decreased the amylopectin and amylose ratio of
potato starch, but also destroyed the molecular chains and the spatial structure of

potato starch.
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Table 4.3
Freeze-thaw stability of native and modified potato starches
Sample Syneresis rate (%)
1FTC 2FTC 3FTC 4FTC 5FTC
NS 0.05+0.00" 4.42+0.111 6.24+0.22! 9.28+0.308 9.48+0.30'

MWS
MW-HMT1.5 0.57+0.18" 2.37 £0.10 3.47+0.12* 4.49+0.01" 5.13+0.38
MW-HMT4 4.25+0.44" 5.61+0.07" 8.60+0.23¢" 9.74+0.14¢ 10.02 +0.45!
MW-HMTS 17.65+1.13° 21.12+0.42¢ 25.99+0.13¢ 35.89:40.25" 40.02:+0.20°
MW-HMT12 27.1140.30° 35.42+0.92° 37.73+0.52° 39.23+0.84° 41.17+1.61a

HMTL.5 0.24+0.04¢" 3.59+0.18! 43040211 4.7240.06 4.93+0.33

HMT4 0.95+0.058 3.23+0.16’ 8.74+0.218 17.20+0.18° 20.18+0.47¢

HMTS8 9.72+0.21° 13.39+0.40¢ 21.37+0.44° 24.89+1.83° 27.01+0.27¢

HMTI2 10.84:0.49¢ 15.44+0.11° 33.7540.33" 34.26+0.07° 36.9040.11°
HMTI.5-MW 0.99:+0.04¢ 4334033 7.88+0.16" 9.74+0.418 13.31+0.31"
HMT4-MW 14.47+0.63¢ 16.50+£0.27¢ 23.03£0.13¢ 25.99+0.10° 28.1240.29°
HMT8-MW 15.20+0.18¢ 18.48+0.07¢ 24.99+1.01¢ 29.15+0.95¢ 32.34+0.46¢
HMTI2-MW 27.42401.2° 31.41+0.28° 33.63+0.05" 35.9140.37° 37.28+0.35°

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).

4.2.3 Effect of heat-moisture treatment combined with microwave pre- and
post- treatment on retrogradation of potato starch

The retrogradation of NS and all the treated potato starches increased and
tended to balance with the extension of storage time (Table 4.4). HMT heating
time had great significant effect on the retrogradation of starch, all the HMT
modified potato starch (including single HMT and HMT combined with MW pre-
and post-treatment) with longer heating time showed stronger retrogradation
characteristics. Dual modification of HMT and MW had greater effects on starch
retrogradation than that of single HMT or single MW. Moreover, starch modified
by HMT combined with MW pretreatment was more prone to aging than starch
modified by HMT combined with MW post-treatment. Starch retrogradation
refers to the process that involves the recombination of amylose and amylopectin

chains into ordered structures and characterize the potential to reduce starch
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digestibility [190]. The starch granules reformed double helices during
retrogradation process, inhibiting catalysis and reducing the efficiency of
digestive, thus reducing the digestion rate of cooked starch [191]. All these of this
research results indicated that HMT combined with MW could enhance the
content of slowly digestible starch and resistant starch, which was confirmed in
the results of in vitro digestibility (Section 4.2.10), indicating that HMT and MW
modified starch had huge potential application value in the daily diet of patients

with insulin-independent diabetic.

Table 4.4
Retrogradation of native and modified potato starches
Sample Retrogradation (%)
2h 4h 6h 8h 10h 12h 14h 16h
NS 0.00+0.00' 8.00+0.00" | 8.00+0.00" | 8.00£0.00" | 8.00+0.00" | 8.00+0.00" | 8.00+0.00" | 8.00+0.00"
MW 28.00+3.46" | 42.93+1.857 | 45.33+0.46" | 46.27+0.23" | 47.20£0.00" | 47.60£0.00" | 48.00+0.00" | 48.00+0.00"
MW-HMTL.5 | 48.00+0.00" | 53.73£0.46° | 55.20+0.69° | 55.73+0.46° | 55.87+0.23° | 56.27+0.23° | 56.27+0.23° | 56.27+0.23¢
MW-HMT4 | 57.33+1.15¢ | 61.73+0.92¢ | 62.27+1.15¢ | 62.67+1.15% | 62.80+1.39" | 62.93+1.62% | 62.93+1.62¢ | 62.93+1.62¢
MW-HMTS8 | 72.53+0.46" | 73.20+0.40° | 73.60+0.40" | 73.73+£0.46" | 73.73+0.46" | 73.73+0.46" | 73.73+0.46" | 73.73+0.46"
MW-HMTI12 | 76.67+0.61° | 77.07£0.23" | 77.4740.23" | 77.47+0.23% | 77.47+0.23* | 77.47+0.23" | 77.47£0.23* | 77.47+0.23
HMTI1.5 12.53+1.29' | 24.80+1.74¢ | 32.40+0.69¢ | 35.60+0.69¢ | 37.47+0.92¢ | 37.73+£0.46¢ | 38.00+0.40¢ | 38.40:+0.40¢
HMT4 53.07£0.46° | 59.73+0.46° | 60.27+0.23¢ | 60.67+0.23¢ | 60.80+0.40¢ | 60.93+0.23¢ | 60.93+0.23¢ | 60.93+0.23¢
HMTS 54.13£0.23° | 60.00£0.00¢ | 60.40£0.40¢ | 60.93+0.46" | 61.47+0.61¢ | 61.47+0.61¢ | 61.47+0.61¢ | 61.47+0.61¢
HMTI12 66.53+0.92° | 68.27+0.46° | 68.80+0.80° | 68.93£0.61° | 69.20£0.80° | 69.20+0.80° | 69.20+0.80° | 69.20+0.80°
HMT1.5-MW | 44.00£0.00¢ | 53.33£0.23° | 55.03+£0.77° | 55.47+0.23° | 55.87£0.23° | 56.00+0.00° | 56.00£0.00° | 56.00+0.00°
HMT4-MW | 57.07+0.92¢ | 61.60+0.69° | 62.13+0.23¢ | 62.53+0.61¢ | 62.53+0.61¢ | 62.67+0.83¢ | 62.67+0.83% | 62.80+1.06°
HMT8-MW | 72.27+0.46° | 72.80+0.69° | 73.07+0.83" | 73.20+0.80° | 73.20+0.80° | 73.20+0.80° | 73.20+0.80° | 73.20+0.80°
HMTI2-MW | 73.07+1.01° | 73.47+0.92° | 73.47+0.92° | 73.73+1.15% | 73.73+1.15" | 73.73+1.15" | 73.73+1.15" | 73.87+1.29°

Notes: all values are the

means of triplicate

determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).

4.2.4 Effect of heat-moisture treatment combined with microwave pre- and

post- treatment on transparency of potato starch

As showed in Table 4.5, The transparency of NS and all the treated potato

starch decreased with the extension of storage time. Similar to the results of the
retrogradation of starch, HMT heating time had great significant effect on starch

transparency. The longer heating time, the lower transparency of starch after
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gelatinization. Moreover, dual modification of HMT combined with MW had
greater effect on the transparency of starch paste than that of single HMT and MW.
After being modified by HMT and MW, the molecular structure of amylose and
amylopectin chains was rearranged, and the starch granules underwent
aggregation and recrystallization, resulting in an increase of amount of residual
starch granules that were not expanded or completely broken during gelatinization
process. Light refraction caused by the unexpanded starch granules and light
refraction caused by the association between starch molecular chains effortlessly

resulted in low transmittance of starch paste [192].

Table 4.5
Transparency of native and modified potato starches
Sample Transparency (%)
0h 24h 48h 72h 96 h 120 h
NS 28.70+0.78" 21.97+0.06" 15.43+0.25° 13.73+£0.21* 10.23+0.25° 12.63+0.12°
MW 18.90+0.10° 13.47+0.15° 10.77+0.06° 10.27+0.06° 9.80+0.10° 9.00+0.10¢
MW-HMT1.5 12.57+0.06" 8.47+0.06" 7.43+0.06° 6.57+0.06° 6.27+0.06" 6.23+0.06"
MW-HMT4 10.53+0.12" 7.37+0.06" 6.33+0.06¢ 5.73+0.06" 5.47+0.15¢ 5.33+0.06"
MW-HMTS 9.27+0.12) 5.63+0.06! 4.97+0.06 4.57+0.06' 4.57+0.06! 4.33+0.06
MW-HMT12 8.63+0.06 5.10£0.00™ 4.70+0.10' 4.43+0.06' 4.33+0.06/ 4.33+0.06"
HMT1.5 18.03+0.23¢ 12.57+0.06° 10.830.06° 10.400.10° 9.57+0.06° 9.40+0.10°
HMT4 14.17+0.06° 9.570.06¢ 7.97+0.06¢ 7.60£0.00¢ 7.60+0.10° 7.30+0.10¢
HMTS 11.00+0.10# 6.47£0.12 5.47+0.06! 5.33+0.06¢ 4.73+0.06! 4.70+0.101
HMTI2 10.03+0.21 6.13+0.12% 5.17+0.06 4.93+0.06¢ 4.70+0.00i 4.60+0.001
HMT1.5-MW 14.70+0.10¢ 10.37+0.06¢ 8.90:£0.00° 8.00+0.10° 7.97+0.06¢ 7.07+0.06¢
HMT4-MW 12.37+0.12° 8.23+0.12¢ 7.20+0.10° 6.53+0.06° 6.27+0.06 5.87+0.12¢
HMT8-MW 10.43+0.12M 6.70+0.10 5.87+0.06" 5.70+0.10° 5.33+0.06¢ 4.97+0.06'
HMTI12-MW 9.60+0.10) 6.27+0.06* 5.47+0.12! 5.27+0.12¢ 4.93+0.06" 4.87+0.12!

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vawe<0.05).

4.2.5 Effect of heat-moisture treatment combined with microwave pre- and

post- treatment on pasting properties of potato starch
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The pasting properties of native and modified potato starch are listed in Table
4.6 and the rapid viscosity analysis (RVA) pasting profiles are illustrated in Fig.
4.1. The RVA pasting profiles and the pasting properties of potato starch were
significantly changed by single MW, single HMT and HMT combined with MW
pre- and post-treatment. The peak viscosity of native potato starch was 6598 cP,
which was higher than that of all the treated starch samples. The pasting
temperature of native potato starch was 68.5°C, which was significantly increased
to 73.5-93.0°C after MW and HMT except for the MWS (68.8°C) and the
HMT1.5 (71.0°C). Higher pasting temperature indicated interactions between
starch chains enhanced by MW and HMT, and more energy was required to
destroy the enhanced starch structure during gelatinization process. All the MW-
treated starch samples and HMT-treated starch samples showed lower peak
viscosity, holding viscosity and breakdown viscosity than that of native potato
starch. Similar results were reported for HMT mango kernel starch and MW millet
starch [21, 193]. The decrease in peak viscosity of the samples may be attributed
to the recombination and rearrangement in starch granules after MW, HMT, MW -
HMT and HMT-MW, which limited the leaching of starch components from
granules into the medium, consequently resulting in a decreased peak viscosity.
Reduction in holding viscosity representing starch degradation upon application
of high temperature and shear, indicated a decrease in peak viscosity [21, 101].
The low breakdown viscosity indicated high thermal stability, resistance
development against shear exerted from heating and lower deterioration tendency
[20]. Compared with native potato starch setback viscosity (496 cP), all the treated
starch samples had higher setback viscosity ranging from 807 to 3168 cP, with
the highest values noted for HMT1.5-MW and HMT1.5, and the lowest one for
MW-HMT12 (Table 4.6). Additionally, the duration of HMT affected the pasting
properties. Peak viscosity, hold viscosity and final viscosity of HMT modified
starch decreased successively with the extension of HMT duration. Moreover,

HMT combined with MW pre- and post-treatment resulted in lower peak viscosity
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than that of starch modified by single MW or single HMT. Starch modified by
HMT combined with MW pre-treatment had lower peak viscosity, hold viscosity
and final viscosity than the starch modified by HMT combined with MW post-
treatment or the starch modified by single HMT, indicating that MW-HMT starch
had lower resistance to heat and shear than HMT-MW starch or HMT starch.
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Fig. 4.1 RVA pasting profiles of native and modified potato starches

Table 4.6

Pasting properties of native and modified potato starches
Samples Pasting temperature Peak viscosity Hold Final viscosity | Breakdown Setback

(T) (cP) viscosity (cP) | (cP) viscosity (cP) viscosity(cP)
NS 68.540.2f 6598473° 4072425 4567437¢ 2526.34#47.3° 496412
MWS 68.820.1f 3662+27° 3597431° 6644413° 65.743.5% 3047442°
MW-HMT15 | 80.8+1.5% 214549¢ 209049° 4559188¢ 54,34 5bcde 2439439°
MW-HMT4 88.50+.0% 15914229 1548+189 3027456° 42,343,8°0f 1479440°
MW-HMT8 92.942.0° 133916 1309424 2290+26" 30.316.4°f 985450"
MW-HMT12 93.040.6° 1315+18¢ 1256+9' 2064+18' 58.31.5° 8074’
HMT1.5 71.040.4° 352248° 3443#1° 65534887 78.343.5 3110479
HMT4 80.5145.6™ 2173458¢ 2111456° 4528+150° 61.7+42.1°« 2417498°
HMT8 76.5+1.5% 15824219 15454189 3019+14¢ 38.045.6%f 1474H47¢
HMT12 76.840.4% 143342N 1416+6' 25734239 17.3+14.6 11574279
HMT1.5-MW | 73.542.7% 2591424¢ 2516423¢ 5684491° 75.342.1° 3168+102*
HMT4-MW 81.945.3 1854+16° 179915 369648 55.042.0Pcd 19364501
HMT8-MW 75.542.0% 1475358" 14574369 28033297 55.048.9d 13453671
HMT12-MW 82.443.7° 1392481 137343 2465499 18.7411.6 10924229

Notes: all values are the means of triplicate determinations +standard deviation. The

means within the same column with different letters are significantly different (P vaie<0.05).
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4.2.6 Effect of heat-moisture treatment combined with microwave pre- and
post- treatment on textural properties of potato starch paste

The volume fraction and rigidity of gelatinized starch particles, the
rheological properties of the continuous phase, as well as the interactions between
the dispersed and continuous phase of gels determine the mechanical properties
of starch gels [194]. These were significantly affected by HMT and MW, leading
to obvious changes in gel texture. Texture, especially the hardness, is an important
quality attribute affecting the palatability, mouthfeel, and swallowing
characteristics of food [195]. A high hardness value indicates a harder structure
and more chewable quality of food [196].

From Table 4.7, it is clear that single MW modified potato starch gel (MWS)
and short-time HMT modified starch gels (HMT1.5, MW-HMT1.5, HMT-MW1.5)
had higher hardness value than that of NS and the other treated samples, which
was consistent with the results of Hongwei Cao [65] using appropriate MW to
improve the gel hardness of quinoa starch and Rungarun Hormdok [170] using
HMT to improve the gel hardness of rice starch, indicating that appropriate MW
and HMT modification could increase gel hardness of potato starch. The increased
hardness of single MW modified potato starch gels (Table 4.7, MWS) and short-
time single HMT modified potato starch gels (Table 4.7, HMT1.5, MW-HMT1.5,
HMT-MW1.5) could attributed to the increased cross-linking between starch
chains in the particular amylose portion during HMT and MW process. Trends for
HMT modified potato starch gels were observed that hardness increased for some
extent and then gradually decreased with the extension of treatment time, which
was consistent with the results of Rungarun Hormdok [170] that long time HMT
led to low hardness value. This was probably due to partial gelatinization in starch
granules at long time HMT, resulting in the collapse of some starch structure and
ultimately resulting in a less rigid starch gel.

The hardness, cohesiveness, gumminess and chewiness of all the HMT

modified potato starch gel (including single HMT, HMT combined with MW)
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decreased with the extension of heating time (Table 4.7). The HMT potato starch
pretreated by MW had higher hardness value than that of HMT potato starch post-
treated by MW, which indicated that the processing sequence of dual modification
of HMT and MW also affected the textural properties of the treated potato gels.

Table 4.7
Pasting properties of native and modified potato starches
Starch gel Hardness (g) Springiness Cohesiveness Gumminess Chewiness Resilience
(mm) ) (8) (g'mm) )
NS 2705.55+3.11¢ 0.83+0.01° 0.64+0.00a 1700.43+11.449 1403.77+29.88¢ | 0.40+0.03"
MWS 4645.49+33.14* | 0.81£0.00° 0.49+0.00% 2254.68+31.72° 1821.85+33.03* | 0.36+0.01°
MW-HMT1.5 | 2917.43+22.16° | 0.63+0.00% 0.62+0.00° 1810.32+28.19° 1139.57+13.91¢ | 0.48+0.01°
MW-HMT4 2550.09+55.74° | 0.56%0.00" 0.6140.00° 1545.24+22.96° 858.34+7.19° 0.46+0.01°
MW-HMTS8 2269.93+33.048 | 0.63+0.01% 0.34+0.01" 761.69+28.74% 480.09+10.04) 0.16+0.01¢
MW-HMT12 1990.54+0.25' 0.50+0.00¢ 0.28+0.001 564.32+1.34™ 284.14+3 47 0.12:£0.00%
HMTL.5 4393.92+6.67° 0.81+0.00* 0.50+0.00d 2177.20+£18.79° 1771.14+13.75° | 0.36+0.01°
HMT4 2702.25+4.81¢ 0.77+0.03° 0.47+0.00" 1267.37+13.72¢ 981.16+51.84¢ 0.36+0.02°
HMTS 2323.64+3.18% | 0.65+0.00¢ 0.36£0.0012 841.15+11.99 547.56:+4.24M 0.16+0.00¢
HMTI2 1778.86+18.91 | 0.81+0.01° 0.35+0.00¢ 630.64+12.99! 512.04+6.98" 0.10£0.00°
HMTL5-MW | 2755 19+6.93¢ 0.68+0.02¢ 0.52+0.00°¢ 1418.91+8.12 969.92+38.66° 0.37+0.03®
HMT4-MW 2346.49+24.26° | 0.62+0.01° 0.510.00° 1190.89+20.61" | 740.63+1.03¢ 0.30+0.01°
HMT8-MW 2054.64+5.07" 0.58+0.00" 0.48+0.01¢ 978.03+22.75! 566.83+18.03" 0.29+0.03¢
HMTI2-MW 1848.64+51.410 | 0.52+0.002 0.320.00' 598.89+11.43™ 311.13+7.21% 0.14:+0.04%

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vare<0.05).

4.2.7 Effect of heat-moisture treatment combined with microwave pre- and
post- treatment on particle size distributions of potato starch granules

The variation of particle size could reflect the changes in agglomeration of
the starch before and after modification. The particle size distribution parameters
of native and treated potato starch were showed in Table 4.8. There was no
obvious trend in the influence of HMT heating time and the processing sequence
of dual modification of HMT and MW on the particle size distribution of starch
granules, but in general, after being modified by single MW, single HMT and dual
modification of HMT combined with MW, the particle size of starch granules
could be increased. The D50, D (4,3) and D (3,2) of all treated starch were higher
than NS, while the value of S.S.A. was significantly decreased by MW and HMT,
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which was agreed with precious studies about HMT treated lily starch [95] MW
treated waxy hull-less barley starch [197]. The reason for the large particle size of
MW and HMT modified starch was that the internal temperature of the granules
rose rapidly during the MW and HMT treatment, and the internal pressure
increased, causing the starch granules to expand, resulting in partial gelatinization

and agglomeration of the granules[95, 197].

Table 4.8

The particle size distribution of native and modified potato starches
Samples D50(um) D (4,3) (um) D (3,2) (um) S.S.A.(m%kg)
NS 34.12+0.40° 36.60+0.38" 22.24+0.56" 99.93+2.54*
MWS 34.29+0.16" 36.97+0.07¢%" 24.060.078 92.35+0.26"
MW-HMT1.5 34.38+0.09% 37.24+0.21bedef 29.67+0.12%f 74.87+0.32¢
MW-HMT4 34.53+0.03%* 37.35+0.08d 30.5120.02: 72.83+0.06%
MW-HMTS 34.91£0.27% 37.79+0.26® 30.88+0.23* 71.96£0.53¢
MW-HMT12 35.14+0.68° 37.95+0.65 30.7620.56" 72.24+1.31°
HMTI1.5 34.61+0.28%* 37.48+0.19%¢ 30.28+0.17%¢ 73.3840.41°%
HMT4 34.82+0.21% 37.52+0.22% 29.51+0.23¢ 75.29+0.59°
HMTS 34.73+0.49%* 37.33+0.67 29.35+0.25 75.710.65°¢
HMTI12 34.64+0.23% 37.42+0.17%bcde 29.96+0.44°df 74.18+1.08°%
HMTI1.5-MW 34.360.13% 37.03£0.18%%" 23.97+0.428 92.72+1.60
HMT4-MW 34.29+0.19% 37.00+0.07¢¢" 29.41+0.24°f 75.55+0.62°
HMTS8-MW 34.3240.11% 36.82+0.09% 30.11:£0.23%d 73.63+0.8%de
HMTI12-MW 34.5420.07% 36.75+0.09°" 30.27+0.46%4 73.41+£1.10%%

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (Pyane<0.05).

4.2.8 Effect of heat-moisture treatment combined with microwave pre- and
post- treatment on color characteristics of potato starch

The color values of the native potato starch (as control) and treated starch
were showed in Table 4.9. In general, HMT caused a slight increase of lightness
(L* values), while single MW treatment caused a slight, although significant,
decrease of lightness, indicating that the color of all the HMT treated samples
became brighter and the color of the single MW treated sample (MWS) became
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darker. The a* values of treated samples varied significantly in different ways
depending on the treated ways. Although there was no significant difference of a*
values in starch samples with the same treated method, the color of MW- HMT
samples became more reddish, while MWS, HMT and HMT-MW samples
became more greenish. As can be seen from Table 4.9, all the treated samples
became more yellowish, as significant increase of b* values were obtained for
treated samples. Although there were significant differences of the difference of
color (AE), it could conclude that all treatments did not markedly change potato
starch color from the analysis of AE, given that AE was always below 3, indicating

that color differences was no visible differentiated of all the treated starch samples

[198-199].

Table 4.9

The color characteristics of native and treated potato starch samples
Samples L @ b’ AE
NS 99.38:£0.05% 4.80+0.01¢ -2.38+0.01°
MWS 98.710.02° 4.73+0.032 -2.21£0.03" 0.70+0.02°
MW-HMT1.5 99.31+0.24¢ 4.8140.03 -2.02+0.06" 0.42+0.05°
MW-HMT4 99.46+0.20"¢ 4.84+0.02° -1.94+0.05¢ 0.48+0.03¢
MW-HMTS 99.510.20% 4.83+0.01*® -1.71£0.03™ 0.70+0.02¢
MW-HMTI12 99.5440.06% 4.80£0.03 -1.60+0.01° 0.80:£0.02°
HMT1.5 99.38+0.07% 4.7620.03%% -2.15+0.028 0.24+0.02¢
HMT4 99.59:£0.02% 4,77£0.02%f -2.0320.02f 0.41+0.01°
HMTS 99.49:£0,122< 4.78+0.02°% -1.850.01¢ 0.55+0.03¢
HMTI2 99.66+0.08 4.75+0.04°" -1.68+0.04° 0.76+0.03%
HMT1.5-MW 99.70+0.05° 4.74£0.01% -2.14+0.018 0.41+0.03f
HMT4-MW 99.5040.05%< 4.75+0.01° -1.85+0.01¢ 0.55+0.02¢
HMTS-MW 99.68+0.13% 4.77+0.01%% -1.89+0.01¢ 0.58+0.06¢
HMTI2-MW 99.70+0.11° 4.77+0.03%" -1.74+0.02° 0.72+0.05"

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vaie<0.05).

4.2.9 Effect of heat-moisture treatment combined with microwave pre- and

post- treatment on water distribution of potato starch
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In starch-based foods, the physical properties of water can significantly
affect the processing quality of starch. LF-NMR technology is the most effective
technology for evaluating the distribution and state of water in the starch-water
system. Relaxation time (T,) is the time required for an excited spin-spin proton
to reach dynamic equilibrium after energy exchange with adjacent protons,
reflects the difference in the degrees of freedom of water. The less bounded
hydrogen protons or higher degree of freedom is associated with longer transverse
relaxation time, while the more bounded hydrogen protons or lower degree of
freedom corresponds to a shorter transverse relaxation time [200-202].

As shown in Fig. 4.2 and Table 4.10, three peaks were observed in T, of MW
treated starch (MWS, MW-HMT and HMT-MW), while two peaks were observed
in T, of NS and HMT samples. The first peak T,; (0.01-1 ms) corresponded to
bound water, which interacted with the surface of amylose and amylopectin chains
[203]. It can be seen from Table 3 that the MW and HMT treatments of potato
starch caused the T,; shifted toward faster relaxation times compared with native
starch (NS), indicating that MW and HMT treatments enhanced the starch-water
interaction and self- binding of starch, and consequently resulting in lower
mobility of water protons. The second peak T», (1-20 ms) corresponded to “semi-
crystalline lamellae water” [203], which existed in the narrow space between
crystals. Due to different spaces, the water in them exhibited different mobilities.
Peak of NS was closer to the left than treated starch; they were followed by the
single HMT treated starch (HMT1.5, HMT4, HMTS8 and HMT12). The peaks T2,
of MW treated starch were close to the right and connected with its next peak. The
third peak T,3; was located in T, between 20 ms and 100 ms was attributed to
immobilized water, which was regarded as water inside the hexagonal channels
of B-type crystal clusters and was defined as “channel water in B-type crystal” by
a previous study [204]. It can be observed from Fig. 4.2, the native and HMT
treated starch did not have channel water in B-type crystal, while all the MW

treated starch contained a certain amount of channel water in B-type crystal.
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The proportion of different state water in native and treated starch were
summarized in Table 4.10. The areas under different component represented the
proportion of different state water distribution, namely PT,; (bound water), PT»,
(semi-crystalline lamellae water), PT,; (channel water in B-type crystal),
respectively. Although the bound water in all starch samples was the main water
which at least accounted for 90%, the MW treated starch had three different state
water, NS and single HMT treated starch only had two different state water. There
were significant differences of PT,; and PT», between NS and all treated starch,
NS had the lowest PT,; but highest PT»,, indicating MW and HMT treatments
could change the water distribution and improve the interaction between starch
and water. No significant differences of PT,; were observed between MW treated
starch and single HMT treated, but all MW treated starch had lower PT,; than
single HMT treated starch; furthermore, all the MW treated starch contained a
certain amount of channel water in B-type crystal (PT»3). These results indicated
that MW treatment could result in a certain level of semi-crystalline lamellae

water shifting to channel water in B-type crystal.
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Fig.4.2 Water distribution of native and modified potato starches

Table 4.10

Relaxation times (T2) and corresponding peak areas percentages of water from

native and modified starch

Samples Relaxation Time (ms) Proportion of water in different state (%)

T Tx Ty PTy PT», PT2;
NS 0.62+0.06" 5.74£0.57° i 90.48+0.98° 9.52+0.98" )
MWS 0.59£0.01% 8.43+3.24% 30.61+3.02° 92.56+0.80% 1.14+0.06° 6.29+0.74°
MW-HMT1.5 0.57+0.00® 7.73£2.26® 25.01+£4.90* 93.06+0.04 1.5840.39% 5.36+0.35%
MW-HMT4 0.60+0.05% 8.52+0.70% 24.7142.74° 93.390.52% 3.92+0.88° 2.69+0.72°
MW-HMTS 0.57+0.00® 7.60+0.65% 24.66+0.16* 93.11+0.75% 3.57+1.42¢ 3.3342.17%
MW-HMT12 0.57+0.00% 8.060.00% 25.76+1.40° 93.57+0.30® 2.85+0.64% 3.57+0.94%
HMTI1.5 0.57£0.00% 7.10+0.99% i 93.32+0.18%® 6.68+0.18° i
HMT4 0.57+0.00% 6.75+0.53%® ) 92.59+0.26 7.414£0.26° )
HMTS 0.57+0.00° 6.44+0.53% i 93.31+1.33® 6.69+1.33° )
HMTI2 0.57+0.00% 6.60+0.65% ) 92.37+0.94° 7.63£0.94° )
HMT1.5-MW 0.57+0.00% 8.72+0.86 24.77+0.00° 93.610.29% 2.32+0.26°% 4.07+0.04%
HMT4-MW 0.54+0.05 8.72+0.86" 28.61+0.18" 93.97+0.53° 2.99+1.13% 3.05+1.66p,
HMT8-MW 0.54+0.05" 7.73+2.26" 28.76+5.64° 93.77+0.88 2.52+0.13% 3.71£1.01%
HMTI2-MW 0.54+0.04 8.52:0.70% 27.33+2.22° 93.77+0.14%® 3.19+0.40% 3.04+0.41%

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (P vawe<0.05).

4.2.10 Effect of heat-moisture treatment combined with microwave pre-

and post- treatment on in vitro digestion of potato starch
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Based on the rate and degree of in vitro digestion, starch is commonly
classified into three categories: RDS, SDS and RS, among which SDS and RS are
considered to be beneficial to human health [205]. The contents of RDS, SDS and
RS in native potato starch were 32.14%, 55.17% and 13.69%, respectively (Table
4.11), which were inconsistent with the results of previous research reported by
Wang et al.[109] showing RDS, SDS and RS contents in native potato starch at
22.5%, 12.8% and 64.7% respectively. The unusual results of RDS, SDS and RS
contents in native potato starch might be attributed to the method of in vitro
digestion. Gelatinized and non-gelatinized starch samples showed different in
vitro digestibility, which was confirmed by Ji & Yu [94] and by Piecyk & Domian
[206], while the results of Chen’s [207] research directly indicated that gelatinized
and non-gelatinized potato starch showed different contents of RDS, SDS and RS.
The gelatinized starch showed higher RDS content than non-gelatinized starch for
their granular structure had been already disrupted during the cooking process and
thus became more susceptible to enzymatic hydrolysis [95].

The RDS content of all modified potato starches was significantly (p<0.5)
lower than that of native potato starch, while the RS content was generally higher
(Table 4.11). When the heating time of HMT was less than 12 h, the RS content
increased successively with the prolongation of heat-moisture treatment time.
Previous studies have reported that HMT could increase the content of RS and the
total content of SDS and RS in maize starch[142] and sweet potato starch [208],
while MW also increased the content of RS and the total content of SDS and RS
in Canna edulis Ker starch [124] and debranched mung-bean starch [16].
Amylopectin in starch was partly degraded, the hydrogen bonds between starch
molecules were broken, and the molecular chains in starch granules were
separated by microwave heating, all these resulting in swelling and gelatinization
of starch particles. HMT further rearranged the molecular structures, transformed
some RDS fractions into SDS and/or RS fractions and increased the resistance of

starch to enzymatic hydrolysis [80, 115]. Furthermore, dual modification of HMT
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and MW increased the total content of SDS and RS but decreased the content of
RDS in potato starch (Table 4.11). It was worth mentioning that under the same
HMT heating time, the RS content of HMT-MW starch was higher than that of
HMT starch, e.g., the RS content of HMT1.5-MW (19.05%) was higher than that
of HMTL1.5 (14.02%). Additionally, HMT-MW starch also had a higher RS
content than that of MW-HMT starch under the same HMT heating time, e.g., the
RS content of HMT1.5-MW (19.05%) was higher than that of MW-HMTL1.5
(15.86%). All these results indicated that dual starch modification via HMT and
MW had greater effects on starch digestion than single MW or HMT, and the
sequence of dual modification also affected starch digestibility.

Table 4.11
Fourier transform infrared spectroscopy intensity ratios, relative crystallinity and

digestibility properties of native and modified potato starches

1047/1022 (cm™) | 1047/1035 Relative Digestibility properties
tarch _ .

Stare (cm l) crystallmlty (%) RDS (%) SDS (%) RS (%)

NS 1.036120.0001* 1.0083+0.0001* | 19.39+0.04° 31.1440.10° 55.17+0.17% 13.69+0.10"
MWS 1.0150+0.0001" 0.9992+0.0000¢ | 15.35+0.07" 29.14+0.10% 55.90+0.37° 14.97+0.43%
MW-HMT1.5 1.0099+0.0001% 0.9965+0.0001" | 15.55+0.00% 28.91+0.10°f 55.23+0.34 15.86+0.38"
MW-HMT4 1.0100+0.0002* 0.9957+0.0000' | 15.65+0.02¢ 28.43+0.10¢" 52.17+0.09¢ 19.40+0.16°
MW-HMTS 1.0180+0.0001" 0.9980+0.0002" | 15.74+0.01¢ 27.66+0.60 50.05+1.02° 22.29+0.53¢
MW-HMT]12 1.0176+0.0000¢ 0.9978+0.0001¢ | 15.83+0.01¢ 28.54+0.10" 57.25+0.68* 14.21+0.78¢
HMTL.5 1.0268+0.0000° 1.0008+0.0000° | 18.17+0.04° 28.11+0.31" 57.87+0.35% 14.02+0.38%
HMT4 1.0232+0.0002¢ 1.0002+0.0002¢ | 15.80+0.06% 29.41+0.10¢ 54.57+0.44¢ 16.02+0.427
HMTS 1.0217+0.0000¢ 0.9992+0.0001°¢ | 15.60+0.02° 29.80+0.20° 47.36+0.93¢ 22.85+0.72¢
HMTI12 1.02060.00001¢ | 0.9981+0.00017 | 15.17:0.041 30.23+0.10° 47.33+1.20¢ 22.44+1.10¢
HMTI1.5-MW 1.0235+0.0000¢ 1.0042+0.0000* | 15.64+0.03¢ 29.52+0.10¢ 51.43+0.014% 19.05+0.09°
HMT4-MW 1.0205+0.0003¢ 1.0003+0.0000¢ | 15.50+0.01 28.16+0.10¢" 50.75+1.37¢F 21.09+1.47¢
HMTS8-MW 1.013540.0000' 0.9969+0.0000" | 15.39+0.03" 28.88+0.26" 43.29+0.32" 27.83+0.47*
HMTI12-MW 1.013040.0005 0.9957+0.0000° | 15.35+0.04" 29.12+0.10% 46.37+0.33¢ 24.50+0.37°

Notes: all values are the means of triplicate determinations +standard deviation. The
means within the same column with different letters are significantly different (Pyane<0.05).

4.3 Effects of heat-moisture treatment combined with microwave pre- and
post- treatment on the structural properties of potato starch

4.3.1 Morphological properties of potato starch modified by heat-moisture
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treatment combined with microwave pre- and post- treatment

The surface structural characteristics of native potato starch and modified
potato starch samples observed by SEM are presented in Fig. 4.3. The native
potato starch granules showed oval or spherical-like shape with no obvious
fissures and grooves on the smooth surface. This result was consistent with
previous findings reported by Xu et al. [209]. Although there were no noteworthy
changes in the structure of starch after the MW, HMT and dual MW and HMT,
the surface of treated starch granules became rougher with a different degree of
pitting and indentation compared with native starch (Fig.4.3). Similar results were
obtained for millet starch and rice starch modified by MW and HMT, respectively
[21, 171]. Dual MW and HMT modification made the surface of starch granules
rougher with more serious depressions or scallops than single MW or HMT
modification, especially in the case of the double modified starch granules via
HMT assisted by MW pre-treatment (Fig.4.3).

For HMT-treated starch, the changes on starch granules surface can be
attributed to the partial gelatinization caused by pressure and thermal energy,
consequently leading to inconsistent swelling and/or aggregation/fusion of starch
particles and rough surface, or even to concavities on the granules surface [171].
For MW-treated starch, the surface roughness and deformation were mainly
related to the penetration of microwave energy. When the microwave energy was
high enough, the molecular chains that constituted the starch granule structure
would break, enventually resulting in pore formation and possible collapse in

starch granules [197].
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Fig. 4.3 Morphology of native and modified potato starches

4.3.2 Light microscopic properties of potato starch modified by heat-

moisture treatment combined with microwave pre- and post- treatment
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The micrographs of native potato starch and modified potato starch granules
observed under normal light microscopy are shown in Fig.4.4 and the micrographs
of all the starch samples observed under polarized light microscopy are shown in
Fig.4.5.

The normal light microscopy image of native starch (Fig.4.4) exhibited
hilum structure with smooth surface, while all treated starch granules showed
obvious hollow structure at hilum. The hilum is located in the amorphous zone
with relatively fragile structure [95]. Due to this fragile structure, coupled with
partial swelling and disruption of starch granules caused by the MW, HMT and
dual modification, the large hollow structure appeared at the umbilicus section of
starch granules (Fig.4.4). Because of the penetration of microwave irradiation,
single MW modification had greater effects on hollow structure at the hilum of
starch granules than single HMT. Compared with single modified starch, this
phenomenon was more obvious in double modified starch, especially in the HMT
starch pretreated by MW.

Although the polarized light microscopy of native potato starch granules
(Fig.4.5) and all the modified starches showed a typical Maltese cross with black
polarization cross or birefringence, the contour of the Maltese cross of all the
modified starches became distorted and fuzzy after MW, HMT and dual
modification, and the black zone in the center of the cross became relatively larger
than that of native potato starch. These results were similar to those from the
previous research of HMT lily starch [95]. Thermal and microwave energy
generated by HMT and MW might induce changes in radial orientation of double
helices and amylopectin chains, and eventually changed intensity of birefringence
[94].
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Fig.4.4 Morphological characteristics of native and modified potato starch
granules under normal light <400 (A)
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Fig. 4.5 Morphological characteristics of native and modified potato starch
granules under polarized light <400 (B)

4.3.3 X-ray diffraction (XRD) of potato starch modified by heat-moisture

treatment combined with microwave pre- and post- treatment
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X-Ray diffraction (XRD) analysis is an important technique used to evaluate
changes in starch structure. The patterns of native starch and modified starch
analyzed by XRD are shown in Fig. 4.6 and the corresponding relative
crystallinity was listed in Table 4. Native potato starch exhibited a B-type of X-
ray diffraction pattern, which was characterized with a small peak at 5.6° 20, a
peak at 17° 20, and a doublet at 22° 20 and 24° 260 [95, 210]. There were some
significant changes in the intensities of peaks between native potato starch and
modified potato starch. Similar reduction in peak intensities of taro starch after
HMT and MW was observed by Deka & Sit [113]. Significant changes in the
XRD patterns of all the modified starches were observed (Fig. 4.6). The
diffraction peak at 15° 20 of all the MW-HMT starch and MWS became smooth,
the diffraction peaks at 19.5° 260 gradually disappeared and the double peaks at
22° 20 and 24° 26 merged into a broad peak. Similar changes were observed
between HMT and HMT-MW starch, the diffraction peak at 19.5° 26, and the
double peaks at 22° 20 and 24° 26 gradually became smooth with the prolongation
of heat-moisture treatment time. These results indicate that the X-ray diffraction
of potato starch could be changed from B-type to a mixture of A+B type after
HMT or/and MW modification. Similar results were obtained by Li et al. [95]
regarding lily starch modification by HMT. Thirty six water molecules in a central
channel of the B-unit cell vaporized during the modification process of MW,
HMT, MW-HMT and HMT-MW, and then a pair of double helices moved into
the central channel which was originally occupied by the vaporized water
molecules, leading to the change of crystalline orientation and destruction of
crystalline regions, which eventually induced changes in the XRD pattern of
potato starch (B—A+B) [79, 95]

All modified potato starch granules had lower relative crystallinity than that
of native starch, which was 19.39% (Table 4.11). The relative crystallinity of
MWS, MW-HMT1.5, MW-HMT4, MW-HMT8, MW-HMT12 was 15.35%,
15.55%, 15.65%, 15.74% and 15.83% respectively, which indicated that the
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relative crystallinity of MW-HMT starch increased with the prolongation of heat-
moisture treatment time. Moreover, HMT-MW starch had lower relative
crystallinity than that of the single HMT starch at the same heat moisture
treatment condition. The reduction of relative crystallinity of microwave-
irradiated millet starch was also observed by Li et al. [21]. The source of starch
and HMT conditions affected the changes observed in starch crystallinity. The
results of this research showed that the effect of HMT on potato starch relative
crystallinity was consistent with the previous study on the effect of HMT on that
of normal maize starch and waxy maize starch [142]. HMT disrupted the
amylopectin crystallites and induced the instability of the lamellar arrangement of
starch granules, which made the relative crystallinity of HMT starch lower than
that of native potato starch [12]. The decrease in crystallinity of the MW starch
was attributed to the vibrational motion of the polar molecules induced by the
microwave radiation directly impacted the crystalline lamellae inside the granule
and destroyed their radial crystalline structure [211-212]. What is more, under the
combined effect of thermal energy, microwave radiation and moisture,
irreversible damage occurred in crystalline regions of starch granules, inducing
the growth of the amorphous or semi-crystalline regions, and consequently

reducing the relative crystallinity of starch[213].
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Fig. 4.6 X-ray diffractograms of native and modified potato starches
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4.3.4 FTIR spectroscopy of potato starch modified by heat-moisture
treatment combined with microwave pre- and post- treatment

FT-IR is used to monitor the appearance, type and the strength of hydrogen
bonds, which reflect the changes in starch molecule structure [214]. The ratio of
crystalline regions to amorphous regions of starch granules can be indicated by
the absorbance ratio of 1047/1022 cm™, while the short-range order can be
indicated by the absorbance ratio of 1047/1035 cm™ [114]. A higher absorbance
ratio of 1047/1022 cm™ indicates larger crystalline region and a higher
absorbance ratio of 1047/1035 cm™* indicates a higher short-range order of starch.
The FT-IR spectra of native potato starch and modified potato starch are shown
in Fig. 4.7 and their corresponding absorbance ratios of 1047/1022 cm™ and
1047/1035 cm™* are summarized in Table 4.11.

Absorption peaks of characteristic groups of all starch granules had similar
position and shape (Fig. 4.7) , and there was no new absorption peak observed in
the spectra, which indicated that any of the modification treatments (single MW,
single HMT and HMT combined with MW pre- and post-treatment) neither
created new functional groups nor altered the primary structure of the starch.
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Fig. 4.7 FTIR spectra of native and modified potato starches
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All modified starch granules had lower absorbance ratios of 1047/1022 cm™
than that of native starch, and HMT combined with MW pre- and post-treatment
had stronger effects on the decrease in the absorbance ratios of 1047/1022 cm™
than single MW or single HMT (Table 4.11). What is more, with the increase in
HMT duration, the ratios of 1047/1022 cm™ of single HMT starch samples and
HMT starch samples post-treated by MW decreased to different extents, while
opposite results were observed for HMT starch samples pre-treated by MW. The
ratios of 1047/1035 cm™ of all the starch samples had the same variation trend as
that of 1047/1022 cm™. These results indicated that microwave irradiation and
heat-moisture treatment might have destroyed the double helix structure and
crystal region of starch granules [215]. Under different treatment conditions, the
changing trend of the ratios of 1047/1022 cm™ and 1047/1035 cm* was
consistent with the changing trend of relative crystallinity analyzed by XRD
(Table 4.11), which further confirmed that single MW, single HMT and HMT
combined with MW pre- and post- treatment destroyed the crystal structure of

potato starch.
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Conclusions to section 4

1. In this section, the effect of heat-moisture treatment combined with
microwave pre- and post- treatment on the swelling power, solubility, freeze-
thawing stability, retrogradation, transparency and textural properties of NS and
all the modified starch were investigated. The research results showed that all the
modified starch showed lower swelling power than that of native starch when the
test temperature was 65—-85°C, while opposite results were obtained at 95°C. All
the modified starch samples showed higher solubility than that of native starch
when test temperature was 75-95°C. Single MW, short-time single HMT and
short-time HMT combined with MW pretreatment can enhance the repeated
freeze-thaw stability of potato starch pastes, while long- time HMT (> 4h) could
weaken the freeze-thaw stability of potato starch. Dual modification of HMT and
MW had greater effects on starch retrogradation than that of single HMT or single
MW, moreover, HMT combined with MW pretreatment also had greater effects
on starch retrogradation than that HMT combined with MW post-treatment.
Similar to the results of the retrogradation of starch, HMT heating time had great
significant effect on starch transparency and dual modification of HMT combined
with MW had greater effect on the transparency of starch paste than that of single
HMT and MW. The hardness, cohesiveness, gumminess and chewiness of all the
HMT modified potato starch gel (including single HMT, HMT combined with
MW) decreased with the extension of heating time. The HMT potato starch
pretreated by MW had higher hardness value than that of HMT potato starch post-
treated by MW.

2. Although color differences was no visibly differentiated between NS and
all treated starch, HMT treatment caused a slight increase of lightness (L* values),
while single MW treatment caused a slight decrease of lightness, indicating that
the color of all the HMT treated samples (HMT, MW-HMT, HMT-MW) became
brighter and the color of the single MW treated sample (MWS) became darker.
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Although there were significant differences of the differences of color (AE), it
could conclude that all treatments did not markedly change potato starch color for
AE was always below 3, indicating that color difference was no visible
differentiated of all the treated starch samples. The results of particle size
distribution showed that D50, D (4,3) and D (3,2) of all treated starch were higher
than NS, while the value of S.S.A. was significantly decreased by MW and HMT,
indicating that MW and HMT treatments can caused expansion, partial
gelatinization and agglomeration of starch granules, resulting in large particle size
of starch granules. Although the bound water in all starch samples was the main
water which at least accounted for 90%, three peaks were observed in T, of MW
treated starch (MWS, MW-HMT and HMT-MW), two peaks were observed in T,
of native and single HMT treated starch, which indicated the MW treated starch
had three different state water, while NS and single HMT treated starch only had
two different state water. There were significant differences of PT,; and PTz,
between NS and all treated starch, NS had the lowest PT,; but highest PT»,,
indicating MW and HMT treatments could change the water distribution and
improve the interaction between starch and water.

3. HMT, MW and HMT combined with MW pre- and post-treatment had
significant effects on the microstructure, crystalline and structural properties and
digestibility of potato starch. As can be observed from the scanning electron
microscopy, normal light and polarized light microscopy, some depressions or
potholes appeared on the surface of starch granules after modification, and the
center of polarized cross structure slowly expanded. Dual starch modification via
MW and HMT made the surface of its granules rougher and caused more serious
depressions or scallops than single modification with MW or HMT, especially in
the case of HMT-MW. All the treatments increased the pasting temperature and
setback viscosity but decreased peak viscosity and breakdown viscosity of starch.
The FT-IR and XRD spectra implied that HMT and MW destroyed the double

helices and crystalline structure of potato starch. All treatments increased the



142

content of RS but reduced the content RDS of potato starch. Under the same HMT
heating duration, the RS content of starch modified by HMT combined by with
MW post-treatment was significantly higher than that of starch modified by HMT
combined by MW pre-treatment and single HMT. The information obtained in
this research might be beneficial to the industrial applications of microwave and
heat-moisture techniques deployed to modify starch and eventually produce new

starch materials satisfying the potential consumer requirements.
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SECTION 5 APPLICATIONS OF PHYSICALLY MODIFIED POTATO
STARCH IN FOOD PRODUCTS

Wheat flour is an important ingredient in many food products, the global
commercial flour market is expected to reach $53 billion USD by 2025, with
wheat flour accounting for the majority of the market share [216]. However, the
high glycemic index (GIl) of food products restricts the consumption of patients
with diabetes and cardiovascular disease [149]. The nutritional quality of wheat
products can be improved through partially substitution of wheat flour with whole
flour or other functional ingredients, e.g. modified starch, of which modification
of starches can promote reduction of GI and improving the quality characteristics
of the foods [30]. Englyst et al.[217] classified starch as rapidly digestible starch
(RDS), slowly digestible starch (SDS) and resistant starch (RS) according to the
rate of glucose release when starch is hydrolyzed by starch digestive enzymes.
RDS can cause a sudden large fluctuations of blood glucose level after ingestion,
leading to the occurrence of many chronic diseases. SDS can be completely
digested in the human small intestine, but its digestion rate is slower than that of
RDS, therefore SDS has special physiological functions of continuously and
slowly releasing energy, stabilizing blood glucose level for a long time and
prolonging satiety, which makes SDS has a positive effect on weight and obesity
control. Besides, SDS plays an role in the diet of type 2 diabetes patients, because
it can reduce the risk of cardiovascular disease and coronary heart disease [186].
RS cannot be obsorbed in small intestine of healthy human, but it can be
fermented by microorganisms in large intestine to produce butyric acid and other
short chain fatty acids, which is conducive to the growth of benefical bacteria and
has positive effects of promoting intestinal peristalsis [218].

In our previous researches, potato starch was modified by heat-moisture
treatment (HMT) and microwave treatment (MW), and the results indicated that
both HMT and MW could increase the SDS content and RS content of potato
starch. Therefore, the addition of HMT modified potato starch (HMTS) or MW
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modified potato starch (MWS) is beneficial to the improvement of cookies,
noodles and steamed bread quality.

Cookies, noodles and steamed breads are three typcial types of food products.
Among them, cookies refer to confectionery products, noodles refer to pasta
products, steamed bread refers to bakery products. Most recipes for cookies
include high sugar and high fat, resulting in high calories. The high calorie and
high sugar content of cookies is not conducive to the stability of blood sugar, and
long-term consumption of such high-sugar and high-fat foods can easily lead to
obesity and increase the risk of diabetes [219]. Noodles have been widely
consumed for its simplicity, convenience and easy cooking [220]. The widespread
consumption of noodles enriches human dietary life, but also accelates the
appearance of hypertension, hypercholeste.rolemia and hyperglycaemia, which is
harmful to human health [152]. Steamed bread becomes popular in the world
markets and is considered as healthy food possible due to low oil and low sodium
content, and also due to relatively low steaming temperature (100°C) makes
steamed bread not containing Maillard reaction products such as acrylamide and
furan [221-222]. Since most of the wheat products belong to high glycemic index
(GI) foods, enhancing cookies, noodles and steamed bread with functional
components has the potential to be beneficial [30]. Strategies for developing
cookies, noodles and steamed bread with low GI remain to be developed to help
people with diabetes and other diseases [31].

Modified starch can be used as a kind of food products quality improving
agent. Partial substitution of wheat flour with modified starch can enhance the
nutritional quality of cookies, noodles and steamed bread. However, the dough
rheological properties and the product quality may be altered by substitution of
wheat flour with other types of low-gluten flour [32]. Therefore, this study
investigated the effects of substitution of wheat flour with potato starch modified
by heat-moisture treatment (HMTS) and microwave treatment (MWS) on the

quality characteristics of three typical food products including cookies, fresh
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noodles and steamed bread. In this research the HMT modified potato starches
(HMTS) were prepared by HMT at 90°C for 1.5 h with 23.56% moisture content
of starch (the optimized process parameters of HMT, the results were showed in
Section 3), whereas the MW modified potato starches (MWS) were prepared by
MW at 400W power for Smin with 25% moisture content of starch. According to
the Table 3.18, the content of RDS, SDS and RS in HMTS were 28.01%, 57.69%
and 14.97%, whereas the content of RDS, SDS and RS in MWS were 29.14 %,
55.90% and 14.97% (Table 4.11). According to experimental determination, the
total starch content in low protein flour and wheat flour was 73.92% and 73.15%
respectively. The content of RDS, SDS and RS was in low protein flour was
54.35%, 13.08% and 6.5%, while in wheat flour was 53.82%, 12.98% and 6.35%,

respectively.

5.1 Preparation of cookies, fresh noodles and steamed bread

5.1.1 Preparation of fresh cookies
The cookies had the following formulation: low protein flour (180 g, (the

protein content was 7.0%+1.5%, 12% moisture content), unsalted butter (120 g),

powdered white granulated sugar (50 g), pure milk (30 g), salt (1 g), sodium
bicarbonate(1 g), HMTS or MWS substituted low protein flour with equal
amounts of 5%, 15%, and 25% to make experimental cookies. According to the
different substitution of HMTS and MWS, the experimental cookies were named
as HMT-5, HMT-15, HMT-25, MW-5, MW-15 and MW-25 respectively. Cookies
made entirely of low protein flour without HMTS and MWS were used as control.
The recipe of cookies was showed as Table 5.1 and the manufacturing process of

cookies as shown in Fig.5.1.
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Table 5.1
The recipe of cookies
Cookie Type of raw material
samples | Low protein | HMTS MWS Butter Sugar Milk Salt (g) Sodium
flour (g) (€9) (€9) (€9) (€9) (2 bicarbonate (g)

Control 180 0 0 120 50 30 1 1
HMT-5 171 9 0 120 50 30 1 1
HMT-15 153 27 0 120 50 30 1 1
HMT-25 135 45 0 120 50 30 1 1

MW-5 171 0 9 120 50 30 1 1
MW-15 153 0 27 120 50 30 1 1
MW-25 135 0 45 120 50 30 1 1

Whisked butter (120 g)
until creamy and pale

Adding milk (30 g),
salt (1 g), sodium
bicarbonate (1 g)

A 4

Mixed all these materials

—> with electric mixer at
speed 1 for 3 min

Adding low protein flour,
HMTS or MWS of the
appropriate quality as

needed

\ 4

A

Adding sugar (50

A 4

9)
Cut the frozen
. Froze the soft dough
S%fgd:nﬁz.'cnkto in a refrigerator at -
Lemi 18 Tforlh
slices

\ 4

Mixed all these materials
evenly to prepare a soft
dough

Shaped the soft dough into
a cuboid with a width of 6
cm and a height of 4 cm
with a mold

\ 4

A

Shaped the soft dough into
a cuboid with a width of 6
c¢m and a height of 4 cm
with a mold

Cut the frozen
soft dough into
0.7 cm thick
slices

Backed all sample slices
in a preheated electric

oven with both the upper
and lower heat of 170 <C
for 17 min

Cooled all
cookie samples
at room
temperature for
30 min

Packed all cookie samples
into different hermetically

sealed plastic bags to
prevent moisture
absorption

Fig.5.1 The manufacturing process of cookies
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Whisked butter until creamy and pale after the butter was softened, added
the powdered white granulated sugar and mixed evenly, then pure milk and salt
were added and mixed with electric mixer at speed 1 for 3 minutes to make all the
materials smooth, added the low protein flour in batches to make a soft dough.
The soft dough was wrapped with baking paper and shaped into a cuboid with a
width of 6 cm and a height of 4 cm with a mold. And then the dough was hardened
in a refrigerator at -18°C for 1 hour. The frozen cuboid dough was cut into 0.7 cm
thick slices with a knife and all the slices were put into the prepared baking pan.
All these samples were backed in a preheated electric oven with both the upper
and lower heat of 170°C for 17 minutes. After baking, the cookies were removed
out from the oven, left to cool for 30 min at room temperature, and packed into
hermetically sealed plastic bags to prevent moisture absorption. All quality
measurements were performed in 1 hour after baking.

5.1.2 Preparation of fresh noodles
The basic formulation of noodles was consisted of wheat flour (the protein

content was 10.0%+1.0%, 12% moisture content) 100 g, salt 0.48 g and water 48

g. Wheat flour was substituted with HMTS or MWS at the levels of 10%, 20%,
30% ,40% and 50%, and named as HMT-10a, HMT-20a, HMT-30a, HMT-40a and
HMT-50a, MW-10a, MW-20a, MW-30a, MW-40a and MW-50a, respectively.
When the content of HMTS or MWS was more than 50%, the dough with strong
network structure could not be formed due to too little gluten, thus the maximum
substitution of HMTS and MWS was set as 50%.Wheat flour without HMTS or
MWS was used as control. The recipe of fresh noodles was showed as Table 5.2.

Dough was formed by mixing wheat flour, HMTS or MWS, water was
kneaded and shaped manually for 2 min. The obtained dough was divided into
two parts, one for the determination of textural and tensile properties of dough,
and the other one for the preparation of fresh noodles. The dough for preparation
of fresh noodles was covered with plastic wrap and rested at room temperature

for 15 min. After resting, the dough was kneaded again and then passed through
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a small noodle machine ((Joyoung, M6-L18, Joyoung Company Limited, Jinan,

Shandong, China). The dimeter of fresh noodles was 2.5 mm. The manufacturing

process of fresh noodles as shown in Fig.5.2.

Table 5.2
The recipe of fresh noodles
Fresh noodle Type of raw material

samples Wheat flour (g) HMTS (g) MWS (g) Water (g) Salt (g)

Control 100 0 0 48 0.48
HMT-10a 90 10 0 48 0.48
HMT-20a 80 20 0 48 0.48
HMT-30a 70 30 0 48 0.48
HMT-40a 60 40 0 48 0.48
HMT-50a 50 50 0 48 0.48
MW-10a 90 0 10 48 0.48
MW-20a 80 0 20 48 0.48
MW-30a 70 0 30 48 0.48
MW-40a 60 0 40 48 0.48
MW-50a 50 0 50 48 0.48

Adding water (48 g), salt

(0.48 g)

\ 4

Weighed the appropriate
quality of wheat flour,

HMTS or MWS as
needed

\ 4

Kneaded and shaped all

Covered the dough with
plastic wrap and rested at

these materials manually
for 2 min to form dough

room temperature for 15
min

A 4

Packed all fresh noodle
samples into different
hermetically sealed plastic
bags to prevent drying

b —

Prepared fresh
noodles with dimeter
was 2.5 mm by a
noodle machine

Kneaded and
shaped the dough

once again for 1
min

Fig.5.2 The manufacturing process of fresh noodles

5.1.3 Preparation of steamed bread
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The procedures for steamed bread manufacture were mixing, resting,
sheeting, dividing, moulding, proofing, and steaming. The basic recipe of control

of steamed bread was 100 g wheat flour (the protein content was 10.0%+1.0%,

12% moisture content), 55 g water, 1.0 g yeast and 1.0 g salt. Wheat flour was
substituted with HMTS or MWS at the levels of 10%, 20%, 30% ,40% and 50%,
and named as HMT-10b, HMT-20b, HMT-30b, HMT-40b and HMT-50b, MW-
10b, MW-20b, MW-30b, MW-40b and MW-50b, respectively. When the content
of HMTS or MWS was more than 50%, the dough with strong network structure
could not be formed due to too little gluten, thus the maximum substitution of
HMTS and MWS was set as 50%. Wheat flour without HMTS or MWS was used
as control. The recipe of steamed breads was showed as Table 5.3.

Dough was formed by mixing wheat flour, HMTS or MWS, water, salt and
yeast and was kneaded and shaped manually for 2 min. Then the dough samples
were fermented in a fermenting box at 35°C and 65% relative humidity for 60
min. After fermentation, the dough samples were kneaded one more time by
adding 5 g mixed flour (different substitution of wheat flour with HMTS/ or
MWS), and then divided into small pieces (50+0.5 g), rounded and shaped into
buns, proofed for 10 min at 35°C and 65% relative humidity and then steamed at
100°C for 20 min at atmospheric pressure. The steamed bread buns were cooled
at room temperature for 1 h prior to all analyses. The manufacturing process of

steamed breads as shown in Fig.5.3.

Table 5.3
The recipe of steamed breads
Steamed Type of raw material
bread samples | Wheat flour (g) | HMTS (g) MWS (g) Water (g) Salt (g) Yeast (g)
Control 100 0 0 55 1 1
HMT-10b 90 10 0 55 1 1
HMT-20b 80 20 0 55 1 1
HMT-30b 70 30 0 55 1 1
HMT-40b 60 40 0 55 1 1




Table 5.3 1s continued 150

Steamed Type of raw material
bread samples | Wheat flour (g) | HMTS (g) MWS (g) Water (g) Salt (g) Yeast (g)

HMT-50b 50 50 0 55 1 1
MW-10b 90 0 10 55 1 1
MW-20b 80 0 20 55 1 1
MW-30b 70 0 30 55 1 1
MW-40b 60 0 40 55 1 1
MW-50b 50 0 50 55 1 1

Adding water (48 g), salt (0.48
9), yeast (19)

\ 4

Fermented the dough in a
fermenting box at 35<C and
65% relative humidity for 60

Weighed the appropriate
quality of wheat flour,
HMTS or MWS as

Kneaded and shaped all
these materials manually
for 2 min to form dough

A 4

needed min
\ 4
Adding 5 g mixed flour (different | Kneaded and shaped the dough
incorporation of HMTS/ or MWS) - once again for 1 min
\ 4
Steamed the buns at Proofed the buns for 10 Divided the dough into small
100 <C for 20 min at min at 35 T and 65% [« pieces (50+0.5 g), rounded and
atmospheric pressure relative humidity shaped into buns

A 4

Packed all steamed bread
samples into different
hermetically sealed plastic
bags to prevent drying

Cooled the Steamed
bread at room
temperature for 30 min

Fig.5.3 The manufacturing process of steamed breads

5.2 Substitution of wheat flour with modified potato starch affects the
guality of cookies

The basic recipe for cookies was as follows: 180 g low protein flour (the
protein content was 7.0% % 1.5%, 12% moisture content), 120 g unsalted butter,
50 g powdered white granulated sugar, 30 g pure milk, 1 g salt.

HMTS (modified starch prepared under the optimized conditions of HMT
method) or MWS (modified starch prepared by MW (5min, 400W)) substituted



151

low protein flour with equal amounts of 5%, 15%, and 25% to make experimental
cookies. According to the different substitution of HMTS and MWS, the
experimental cookies were named as HMT-5, HMT-15, HMT-25, MW-5, MW-15
and MW-25 respectively. Cookies made entirely of low protein flour without
HMTS and MWS were used as control.
5.2.1 Color analysis of cookies

Fig.5.4 showed examples of cookies produced with different substitution of
low protein flour with HMTS or MWS. As can be seen from Fig.5.4, the edges of
control cookies made entirely of low protein flour were more prone to scorch.
Adding appropriate HMTS or MWS could effectively reduce the scorch

phenomenon of cookies edges.

Fig.5.4 Photos of cookies with different substitution of low protein flour with
HMTS and MWS
Color is related to the physicochemical characteristics of ingredients and

baking conditions. In this study, the center rather than the edge of every cookie
was used as the test point for color determination. Table 5.4 presented the results
of experiments evaluating the effect of partial substitution of low protein flour

with HMTS or MWS on cookies color. Compared with the control cookies, all the
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experimental cookies had lower a* value, but higher L* value and b* value,
indicating the cookies made of HMTS or MWS became brighter (higher L*), less
reddish (lower a*) , and more yellowish (higher b*). The L* value and a* value
increased with the increase amount of MWS, while the increase amount of HMTS
increased the L* value but decreased a* value. The color differences (AE) between
experimental cookies and the control cookies was above 3, indicating that the
differences in color between the control and experimental cookies were detectable
by the human eye when the substitution amount of low protein flour with HMTS
or MWS reached 5%. Although there was no significant difference between the
experimental samples, the L* value and AE increased with the increase of
substitution amount of HMTS or MWS. If the scorch phenomenon of cookies
edges was not considered, the color observed by human eye was same as the result

measured by colorimeter.

Table 5.4

Effect of HMT and MW modified potato starch on color of cookies
Cookies samples L a" b* AE
Control 78.08+1.46° 2.46+0.08 29.65+0.71 -
HMT-5 81.05+0.18° 2.25+0.06 30.69+0.30° 3.16£0.21°
HMT-15 81.18+0.22¢ 2.12+0.06° 30.84+0.11° 3.33+0.19°
HMT-25 81.24+0.29° 2.07+0.05% 30.78+0.49° 3.4140.30°
MW-5 80.75+0.21° 1.98+0.09¢ 30.95+0.14° 3.010.13¢
MW-15 80.95+0.46° 2.28+0.06 31.35+0.18° 3.34+0.44°
MW-25 81.08+0.43¢ 2.3240.05 31.23+0.71° 3.45+0.42°

Notes: all values are the mean of at least triplicate determinations + SD. The means within
the same column with different letters are significantly different (P vaie<0.05).
5.2.2 Texture analysis of cookies

Texture analyzer is the main instrument used to objectively evaluate food
quality, which mainly reflects the food texture properties related to mechanical
properties. Cookies texture is an important index to evaluate the cookies quality,
and the crispy value also can be used as sensory indicator of cookies. Too high

crispy value would lead to dross, rough taste in cookies, which would reduce the
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quality of cookies, while poor crispy value would lose the unique taste texture of
cookies [223]. Texture properties of the control cookies and experimental cookies
were investigated in 1 hour after baking according to the mentioned method, and
the results were showed in Table 5.5. The hardness (included average hardness,
surface hardness and max hardness) of cookies with HMTS or MWS was
significantly lower than of control (P yawe <0.05), but higher crispy value,
indicating less work to be consumed when chewing [224]. The hardness of
cookies decreased with the increase of substitution amount of HMTS or MWS,
while crispy value increased with the increase of substitution amount of HMTS
or MWS. When the substitution amount was same, the cookies made of HMTS
had lower hardness and crispy value than of MWS, which indicated the HMTS
had greater effect on the hardness of cookies while MWS had greater effect on
crispy value. Moreover, the substitution of low protein flour with HMTS or MWS
diluted the gluten in dough, which enhanced the dough plasticity and fat
lubrication effect in the dough [225].

Table 5.5
Eftect of HMT and MW modified potato starch on texture properties of cookies

Cookies Average hardness | Surface hardness | Max hardness /g Crunch value | Crispy value
samples /g /g

Control 543.55+11.302 545.66+12.96* 725.79+14.02° 1.40+0.55% 2.40+0.55¢
HMT-5 425.42+18.03% 365.96+10.13¢ 623.62+14.76% 1.00£0.00? 2.60+0.55¢
HMT-15 412.15£13.17¢¢ 345.92+11.54f 596.49+10.954 1.00+0.00? 3.60+0.55¢
HMT-25 319.80+13.63° 308.05+9.068 472.39+£21.21° 1.2040.45? 4.00+0.71¢
MW-5 442.03+11.01° 462.96+16.43% 632.97+18.73° 1.00+0.002 4.40+0.55¢
MW-15 424.48+14.27% 441.99£19.64° 605.65+22.52¢4 1.25+0.46% 6.38+0.52°
MW-25 396.32+15.16¢ 414.89+13.63¢ 542.20+12.95¢ 1.00£0.00? 7.2540.50°

Notes: all values are the mean of at least triplicate determinations + SD. The means within

the same column with different letters are significantly different (P<0.05).
5.2.3 Sensory evaluation of cookies

A comprehensive assessment of cookies with HMTS or MWS was showed

in Fig. 5.5. As can be seen from Fig. 5.5, there were no significant difference in
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sensory indexes of all samples. Some cookies with HMTS or MWS had higher
scores than the control cookies with intact shape and uniform color, while some
cookies had lower scores. Due to the influence of MWS on the uniformity and
texture distribution of cookies, appropriate addition of MWS could improve the
score of surface integrity and profile structure. Although adding appropriate
HMTS or MWS can effectively reduce the scorch phenomenon of cookies edges,
the color scores of HMTS cookies and MWS cookies were lower than the control
cookies, which was consistent with the results measured by colorimeter and the
results observed with naked eye. However, the acceptability score of cookies
added with HMTS or MWS was not lower than that of the control sample and
even slightly higher. Which may be related to the improvement of crispy value of
cookies by adding HMTS or MWS. In general, adding 15% HMTS or 15% MWS
could had the highest acceptability score of cookies. Therefore, the addition of
HMTS or MWS to cookies would not reduce the acceptability, but also could
improve the quality of products. Similar results were obtained when evaluating
the effect of heat moisture treated corn starch and heat moisture combined with

microwave treated cassava starch on the quality of cookies [226].

Surface integrity
8.0

——Control
= HMT-5
HMT-15
HMT-25 Acceptability
—MW-5
—MW-15
—MW-25

Surface color

Fragrance

Profile structure
Fig. 5.5 Effect of HMT and MW modified potato starch on sensory scores
of cookies
5.2.4 Postprandial blood glucose levels of cookies

Dietary carbohydrates are the main components that affect the postprandial
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blood glucose levels. Normal fasting blood glucose in adults is 3.9—6.1 mmol/L.
The postprandial blood glucose levels of participants at different times after eating
biscuits were showed in Table 5.6. The fasting blood glucose levels (Table 5.6, 0
min) of all participants were within the normal range, and there was no significant
difference between them (P y.1,e>0.05). The change trends of postprandial blood
glucose levels before and after eating cookies were the same, with an increase
followed by a decrease. After eating the control cookies, the blood glucose levels
increased quickly and reached its peak value (8.41 mmol/L) at 30 min, and then
the blood glucose levels decreased rapidly. The postprandial blood glucose levels
fluctuated greatly. Eating cookies with the incorporation of 5% HMTS (Table 5.6,
HMT-5) or 5% MWS (Table 5.6, MW-5) had the same postprandial blood glucose
levels fluctuation changes as that of the control cookies, and reached the peak
values at 30 min. The rates of increase in postprandial blood glucose after eating
cookies with more than 15% incorporation of HMTS or MWS were slower than
that of the control cookies. The postprandial blood glucose reached their peak
values at 45 min after eating, and the peak values were significantly lower than
that of the control cookies, and then the blood glucose levels decreased slowly.
Moreover, postprandial blood glucose levels of participants at different times after
eating cookies with incorporation of HMTS or MWS were lower than that of the
control cookies. All these results indicated that cookies with incorporation of
HMTS or MWS were more suitable for diabetics or the elderly, especially when
the incorporation of HMTS or MWS exceeded 15%.

Table 5.6

Postprandial blood glucose levels of participants at different times after

eating cookies

Cookie Postprandial blood glucose levels (mmol/L)

samples 0 min 15 min 30 min 45 min 60 min 90 min 120 min

Control 4.64+0.07* 6.54+0.03* | 8.41+£0.06* | 7.84+0.02% | 7.04+0.03* | 6.26+£0.06* | 5.45+0.06*

HMT-5 470 £0.10* | 6.21+0.03% | 7.83+0.02° | 7.67+0.04° | 6.90+0.03% | 5.96+0.04° | 5.42+0.03%
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Cookie Postprandial blood glucose levels (mmol/L)

samples | 0 min 15 min 30 min 45 min 60 min 90 min 120 min
HMT-15 | 4.76+£0.11° | 5.80+0.07¢ | 7.10+0.09¢ | 7.3240.04° | 6.52+0.04¢ | 5.70+0.04° | 5.33+0.04%
HMT-25 | 4.67+0.02* | 5.64+0.01°7 | 6.97+0.05¢ | 7.08+0.05° | 6.28+0.04¢ | 5.55+0.07% | 5.28+0.04°
MW-5 4.77+0.09* 6.13+0.07¢ | 7.81+0.02° | 7.70+0.06° | 6.86+0.06° | 5.99+0.02° | 5.40+0.04%
MW-15 | 4.73+0.05? 5.72+0.03¢ | 7.18+0.03¢ | 7.314+0.04° | 6.56+0.03¢ | 5.60+0.04¢ | 5.19+0.05%
MW-25 | 4.66+0.03* | 5.61+0.04" | 6.99+0.07¢ | 7.18+0.04° | 6.30+0.06" | 5.48+0.06° | 5.13+0.12°

Notes: all values are the mean of triplicate determinations + SD. The means within the

same column with different letters are significantly different (P vae <0.05).

Based on the results of color analysis, texture analysis and sensory evaluation
of cookies, it was concluded that the optimal substitution amount of wheat flour
with HMTS or MWS was 15%. Therefore, the optimal recipe of cookies made
with incorporation of HMTS or MWS was as follow: 153 g low protein flour (the
protein content was 7.0%+1.5%, 12% moisture content), 27 g HMTS or MWS

(12% moisture content), 120 g unsalted butter, 50 g powdered white granulated

sugar, 30 g pure milk, 1 g salt, 1 g sodium bicarbonate.

5.3 Substitution of wheat flour with modified potato starch affects the
quality of fresh noodles
The basic formulation of noodles was consisted of wheat flour (the protein

content was 10.0%+1.0%, 12% moisture content) 100 g, salt 0.48 g and water 48

g. Wheat flour was substituted with HMTS or MWS at the levels of 10%, 20%,
30% ,40% and 50%, and named as HMT-10a, HMT-20a, HMT-30a, HMT-40a and
HMT-50a, MW-10a, MW-20a, MW-30a, MW-40a and MW-50a, respectively.
When the content of HMTS or MWS was more than 50%, the dough with strong
network structure could not be formed due to too little gluten, thus the maximum
substitution of HMTS and MWS was set as 50%.
5.3.1 Texture and tensile properties of dough

Dough texture properties reflect the combination of water and gluten, which

are important indicators to measure the quality characteristics of dough within a
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certain range [227]. The texture and tensile properties of dough were determined
by TPA compressive test and TPA tensile test in this study, and the results were
showed in Table 5.7. With the increase of HMTS substitution, the dough hardness
decreased first and then increased, while the dough hardness increased with the
increase incorporation of MWS. The different effects of HMTS and MWS on
dough hardness were related to the different starch structure properties of HMTS
and MWS. Adding proper amount of HMTS would make the dough become soft,
and the hardness value would be reduced compared with the control dough.
However, incorporating MWS required absorbing more water, and excessive
MWS would make starch particles filled in the gluten network, which would
reduce elasticity of the dough and hindered the formation of gluten network
structure, thus resulting in the reduction of pores and the increase of the hardness
of dough. The cohesiveness, gumminess, chewiness and resilience were decreased
with the increasing incorporation of HMTS or MWS. The dough springiness has
no significant change with the increasing incorporation of HMTS except the
sample HMT-50, but the dough springiness reduced with the increasing
incorporation of MWS. These results might be related to the fact that the
incorporation of starch reduced the gluten content in dough, leading to the

deterioration of the dough network structure.

Table 5.7
Effect of HMT and MW modified potato starch on texture and tensile properties
of dough
Dough Dough TPA compressive test Dough TPA tensile test
samples Resistance Extensibility
Hardness Springiness Cohesiveness Gumminess Chewiness
Resilience (—) to extension | (mm)
(@ (mm) - (2 (g-mm)
(®
Control 5249266 | 0.903+0.035* | 0.6360.060° 3328+296° 3012+345* 0.045+0.002* 60.24+3.21* | 25.4440.77*
HMT-10a | 4801300 [ 0.919+0.020* | 0.597+0.054" 2859+212° 2624+135° 0.042+0.004° 47.03£1.44° | 23.06+1.99°
HMT-20a | 46244313 [ 0.923£0.012* | 0.568+0.063%% | 26349+£401% | 2429+349% | 0.038+0.003°¢ | 38.28+1.68¢ | 21.51+0.74%
HMT-30a | 4513+£257° | 0.914+£0.028" | 0.532+0.033°*¢ [ 2403+215¢ 2195+201° 0.035+£0.002°% | 33.85+2.18° | 21.3442.84%
HMT-40a | 4723135 | 0.879£0.053® | 0.575+0.055¢ | 27134284 24154316 | 0.033+0.0018 29.89+2.95" | 20.96+1.80%
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Dough Dough TPA compressive test Dough TPA tensile test
samples Resistance Extensibility
Hardness Springiness Cohesiveness Gumminess Chewiness
Resilience (-) to extension | (mm)
(® (mm) ©) (® (g'mm)
(2
HMT-50a | 4939+240%" | 0.837+0.108" | 0.495+0.090% 24283+366° 2093+477¢ 0.032+0.002¢ 29.02+3.19" | 18.46+1.41¢
MW-10a | 46914284 [ 0.923+0.012° | 0.760+0.054 35433+157% 3270+160% 0.040+0.002" 52.38+2.29° | 21.86+1.41%
MW-20a | 5003+256% [ 0.875+£0.055*® | 0.490+0.050° 24764304 2175+397¢ 0.040+0.001 47.55+1.87° | 20.07+0.99¢
MW-30a | 55514293¢ 0.607+0.013¢ | 0.508+0.037% 2815+197% 1710£153¢ 0.038+0.002¢¢ 38.66+2.51¢ | 18.68+1.02¢
MW-40a | 61774435 [ 0.483+£0.025¢ | 0.307+0.034 1890+164¢ 912+85¢ 0.037£0.002%" | 34.57+1.82° | 18.38+0.96°
MW-50a | 6605+455° 0.162+0.029° | 0.178+0.018¢ 1171£105¢ 1924531 0.034+0.002" 29.94+0.92" | 15.86+0.85"

Notes: all values are the mean of at least triplicate determinations + SD. The means within

the same column with different letters are significantly different (P vane<0.05).

The tensile properties reflect the strength and extensibility of dough. The
resistance to extension reflects the longitudinal elasticity of the dough, and the
greater resistance to extension reflects the stronger longitudinal elasticity of the
dough. The extensibility reflects the transverse extensibility of the dough, and the
greater extensibility reflects the better ductility [228]. It was observed that
resistance to extension and extensibility of dough significantly decreased with the
increase incorporation amount of HMTS or MWS (Table 5.7), which might due
to incorporation of HMTS or MWS diluted the gluten protein in the mixed flour.
At the same time, the filling of starch particles in dough hindered the formation
of gluten network, which would weaken the combination between the components,
thus reducing the energy required for tensile process. Therefore, incorporation of
HMTS or MWS would significantly weaken the tensile characteristics (resistance
to extension and extensibility) of the dough.
5.3.2 Cooking properties analysis of fresh noodles

The network structure of fresh and wet noodles and the degree of
crosslinking of starch inside noodles directly affect the cooking properties of
noodles. If the gluten network inside the noodles is poor and the crosslinking of
starch is not tightly combined, it will cause the noodles to be lost during cooking

process, or even the noodles will be broken [187]. Starch gelatinization and gluten
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swelling have a certain effect on the dry matter water absorption of noodles, which
mainly reflects the degree of hydration of protein and starch in noodles [229].
Table 5.8 showed that substitution wheat flour with HMT and MW modified
potato starch (HMTS and MW) significantly decreased the optimal cooking time
of fresh noodles (P vane< 0.05), moreover, the optimal cooking time of noodles
with HMTS was lower than that of noodles with MWS when the substitution
amount was same. HMTS and MWS weakened the binding strength between
protein and starch, resulting in the formation of sparse structures in the noodles,
making it easier for water to enter the interior of the molecules during cooking
process, thereby reducing the optimal cooking time of noodles [151]. The dry
matter water absorption rate is referred to the total amount of water that noodles
can be absorb and the loss rate of dry matter is related to the resistance to
disintegration during cooking process [230]. The dry matter water absorption rate
and loss rate of dry matter significantly increased with the increase of substitution
amount of HMTS and MWS. Moreover, both of the dry matter water absorption
rate and loss rate of dry matter of noodles with HMTS were lower than that of
noodles with MWS when the substitution amount was same, indicating noodles
with HMTS had a better cooking quality than that of noodles with MWS in
optimal cooking time condition. The increase in dry matter water absorption rate
may due to the disruption of the double helical structure of amylopectin and the
dissolution of amylose during starch gelatinization [231]. The added modified
potato starch weakened the network structure in noodles, which might lead to the
dissolution of water- soluble substances, thus increasing the loss rate of dry matter
of noodles. Starch granules in noodles were over-expanded or even damaged
during the cooking process, resulting in the increase of starch granules leaching,
affecting the loss rate of dry matter, and even leading to the breakage of noodles.
When the incorporation amount of HMTS was less than 30% and the
incorporation amount of MWS was less than 20%, the noodles could remain intact

without breaking.
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Table 5.8

Effect of HMT and MW modified potato starch on cooking properties analysis

of fresh noodles

Noodle Optimal cooking Dry matter water Loss rate of dry Cooking breakage
Samples time (s) absorption rate (%) matter (%) rate (%)
Control 133.3+1.2¢ 120.6+1.38 1.94+0.05’ 0.00+0.00°
HMT-10a 121.5+2.5° 122.5+0.3" 2.98+0.06! 0.00+0.00°
HMT-20a 106.3+2.14 124.1+0.2¢ 3.38+0.02" 0.00+0.00°
HMT-30a 87.3+0.6° 125.3+0.3¢ 4.39+0.04¢ 0.00+0.00
HMT-40a 77.0+2.08 127.5+0.0¢ 5.43+0.03¢ 1.67+1.44°
HMT-50a 75.0+1.0¢ 135.5+1.9° 6.00+0.05° 1.67+1.44°
MW-10a 124.342.1° 122.7+£1.2F 3.40+0.10" 0.00+0.00°
MW-20a 118.3+0.6¢ 127.240.6¢ 4.51£0.06f 0.00+0.00°
MW-30a 103.7+1.5¢ 128.440.9¢ 5.00+0.10° 1.67+1.44°
MW-40a 97.3+2.5¢ 130.6+0.4¢ 7.13+0.05° 1.67+1.44°
MW-50a 97.7+2.5¢ 147.4+0.7° 8.18+0.04* 5.00+0.00?

Notes: all values are the mean of at least triplicate determinations + SD. The means within

the same column with different letters are significantly different (P vaiue<0.05).

5.3.3 Texture and tensile analysis of fresh noodles

Texture of food is a key quality characteristic that determines its edible
quality and consumer’s acceptance. Textural properties of cooked fresh noodles
were determined by TPA compressive test and tensile test in this study. The results
(Table 5.9) showed that the control noodles made by 100% wheat flour had the
best texture than that of noodles made by partial substitution of wheat flour with
modified potato starch, which due to the gluten protein content of the starch-
added flour was lower than that of original wheat flour. The incorporation of HMT
and MW modified potato starch into noodles had some effects on the textural
properties of cooked fresh noodles. The hardness and gumminess of cooked fresh
noodles increased first and then decreased with the increase substitution amount
of HMTS or MWS, the noodles with modified potato starch had the highest value
of hardness and gumminess when the substitution amount of HMTS or MWS was

30% (HMT-30a and MW-30a, Table 5.9). Our previous research had confirmed



161

that appropriate MW and HMT modification could increase gel hardness of potato
starch, therefore the increased hardness of noodles with certain amount of HMTS
or MWS could attributed to the improved rigidity of starch gel. However,
excessive addition of modified potato starch would reduce the gluten protein
content in wheat flour, and would weaken the network of flour dough, resulting
in poor texture properties of the noodles.

It was observed that tensile strength and elasticity of cooked fresh noodles
decreased with the increase of the increase substitution amount of HMTS or MWS
(Table 5.9), which due to the decrease of gluten protein content in wheat flour
after adding modified potato starch. When the gluten protein content decreased,
the stability of the gluten network formed by mixing and stirring wheat flour and
water would be weakened, resulting in lower tensile strength and shorter
stretching distance (lower elasticity value) [152].

Table 5.9
Effect of HMT and MW modified potato starch on texture and tensile properties

of fresh noodles

Noodle TPA compressive test TPA tensile test
Samples Hardness Springiness Cohesiveness Gumminess Chewiness Resilience Tensile Elasticity
(€3] (mm) ©) (® (g'mm) ©) strength (g) | (mm)
Control 40924280 | 0.90+0.03% 0.55+0.03* 2267+218° 2038+186* | 0.20+0.02 21.63£1.50a | 46.34+2.49°
HMT-10a | 3157+297¢ | 0.92+0.03° 0.55+0.04° 1731£195¢ 1591£191¢ | 0.20+0.02% 18.6742.02b | 43.99+2.42°
HMT-20a | 3721+2511° | 0.92+0.03" 0.54+0.05" 2017+255b 1869+288™ | 0.21+0.02° 17.78+0.68™ | 43.36+2.03°

HMT-30a | 4272+565° 0.89+0.03%* 0.5140.05b 2175+158° 1941170 | 0.19£0.02% | 17.43+0.81%¢ | 37.90+5.53°

HMT-40a | 4092+177° 0.860.03% 0.50£0.03%f 2018+158° 1735+163¢ 0.18+0.03% | 17.04+0.86% | 33.05+2.61%

HMT-50a | 4001£149° 0.8440.05% 0.49+0.03%f 1997+100° 1687+130% | 0.17+0.04° 15.45£1.01¢" | 28.7243.88"

MW-10a | 3667+225¢ 0.88+0.02% 0.54+0.03%° 1958+97° 1729+101¢ 0.200.03*® 18.43+1.70% | 36.8242.25%
MW-20a | 3988+187° 0.88+0.04% 0.51:0.03¢f 2020+100° 1778£122°0 | 0.19£0.02%* | 18.46+1.34% | 34.54+2.95
MW-30a | 4294+312° 0.82+0.04¢ 0.48+0.04° 2038+87° 1672+126% | 0.18+0.02% 17.57+£1.80%¢ | 32.2142.42%

MW-40a | 3737+235¢ 0.900.02® 0.52+0.03%4 1934+128° 1749120 | 0.20+0.04 16.67+0.77% | 30.76£1.72¢

MW-50a | 3347+181¢ 0.88+0.06" 0.49+0.02¢% 1630+104¢ 1436+127° 0.17+0.03¢ 14.71+1.36° 25.27+4.88¢

Notes: all values are the mean of at least triplicate determinations + SD. The means within

the same column with different letters are significantly different (P vaie<0.05).
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5.3.4 Correlation analysis between dough texture properties and noodles
texture properties

The correlation analysis between the TPA compressive texture properties of
dough and noodles was investigated, and the results were showed in Table 5.10.
It can be seen from Table 5.10 that there was strong correlation between the
texture property indexes of dough. The dough hardness index had a significant or
extremely significant negative correlation with the springiness, cohesiveness,
gumminess and chewiness of the dough. The springiness, cohesiveness,
gumminess and chewiness of dough were extremely significant positive
correlated with each other. The gumminess and chewiness of cooked fresh
noodles were extremely significant or significant positive correlated with the
hardness of cooked fresh noodles, while the chewiness was extremely significant
positive correlated with the gumminess. The resilience of cooked fresh noodles
was significant positive correlated with the springiness and cohesiveness.
However, except for the weak significant positive correlation between the
springiness of dough and the gumminess and chewiness of cooked fresh noodles,
the weak significant positive correlation between the chewiness of dough and the
cohesiveness of cooked fresh noodles, the weak significant positive correlation
between the resilience of dough and cohesiveness and resilience of cooked fresh
noodles, there were no significant correlation between the dough and the cooked
fresh noodles of the other texture properties indicators. These results might be
related to the incorporation of HMTS or MWS. The incorporation of HMTS or
MWS diluted the gluten protein in flour, making the dough unable to form good
gluten network structure. Moreover, the noodles made with HMTS or MWS
absorbed more water than the control noodles (Table 5.8, dry matter water
absorption rate) in the cooking process, and the starch granules were easy to
dissolve (Table 5.8, loss rate of dry matter), which might cause the texture
properties of cooked fresh noodles to be different from that of the control noodles

(Table 5.9), which might also be the reason that there was no obvious correlation



163

between the texture property indicators of cooked fresh noodles and that of the
dough.
5.3.5 Correlation analysis between dough tensile properties and noodles
tensile properties

Although there was no obvious correlation between the texture property
indicators of cooked fresh noodles and that of the dough, the dough tensile
properties of resistance to extension and extensibility were extremely significant
positive correlated with the cooked fresh noodles tensile properties of tensile
strength and elasticity (Table 5.11). The results of correlation analysis between
the TPA tensile properties of dough and noodles indicated that the tensile
properties of dough could be used to evaluate the tensile properties of cooked

fresh noodles and could also reflect the quality of the cooked fresh noodles.
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Table 5.10

Correlation analysis between dough tensile properties and noodles tensile properties

Correlation TPA compressive test of dough TPA compressive test of noodles
coefficients Hardness (g) Springiness ~ Cohesiveness ~Gumminess Chewiness  Resilience Hardness  Springiness  Cohesiveness ~Gumminess Chewiness  Resilience
(mm) e (® (g'mm) e (& (mm) e (& (g'mm) ©)
TPA Hardness (g) 1
compressive  Springiness
test of (mm) -0.95%* 1
dough Cohesiveness
) -0.84%* 0.89%* 1
Gumminess
() -0.70* 0.80%* 0.97%* 1
Chewiness
(g'mm) -0.86%* 0.93%* 0.98%* 0.94%* 1
Resilience () -0.11 0.32 0.46 0.59* 0.5 1
TPA Hardness (g)  -0.27 0.28 0.21 0.25 0.19 -0.17 1
compressive  Springiness
test of (mm) -0.10 0.18 0.04 -0.02 0.14 0.42 -0.56 1
noodles Cohesiveness
) -0.40 0.55 0.55 0.54 0.63* 0.70* -0.35 0.81%* 1
Gumminess
(& -0.48 0.58* 0.50 0.54 0.53 0.22 0.85%* -0.12 0.2 1
Chewiness
(g'mm) -0.50 0.63* 0.50 0.51 0.57 0.36 0.61* 0.27 0.5 0.92%* 1
Resilience ()  -0.27 0.42 0.40 0.43 0.44 0.67* -0.22 0.74** 0.87** 0.25 0.52 1

Notes: * indicates correlation is significant at P y41,e<0.05; ** indicates correlation is significant at P vae < 0.01.
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Table 5.11 Correlation analysis between dough tensile properties and

noodles tensile properties

Correlation Resistance to
coefficients extension Extensibility Tensile strength Elasticity
Resistance to
Extension 1
Extensibility 0.75%* 1
Tensile strength 0.91%** 0.90%* |
Elasticity 0.71** 0.93** 0.85%* 1

Notes: ** indicates correlation is significant at P yaje < 0.01.
5.3.6 Sensory evaluation of fresh noodles
The sensory evaluation of fresh noodles consisted seven components- color,
appearance shape, oral chewiness, elasticity, stickiness, smoothness and flavor,
and the individual scores were added together to obtain the total score (Fig. 5.6).
The incorporation of HMTS or MWS had different effects on the sensory
evaluation indicators of noodles. Incorporation of HMTS or MWS increased the
color score of noodles, while the appearance shape had lower score. According to
the scoring method for sensory evaluation of fresh noodles (Table 2.1) and the
results of sensory evaluation (Fig. 5.6), the appearance shape scores of all the
noodles with modified potato starch were higher than 8.0 except the sample of
MW-50a, indicating that the appearance shape of noodles after incorporating of
HMTS or MWS was still acceptable for consumers. Incorporation of small

amount of HMTS (=20%) or MWS (= 10%) would not significantly change the

score of oral chewiness, elasticity, smoothness and total score of noodles. The
other sensory evaluation indicators, including oral chewiness, elasticity, stickiness,
smoothness and flavor, decreased with the increase substitution amount of HMTS
(>30%) or MWS (>20%), and similarly, the total score of sensory evaluation also
decreased. Increasing HMTS incorporation level decreased the total score of fresh
noodles from 88.06 to 76.68, increasing MWS incorporation level decreased the
total scores of fresh noodles from 87.46 to 65.78, whereas the control fresh
noodles had total score of 88.38. In terms of general acceptability, there was no

significant difference between the samples of HMTS-10a, HMT-20a, MWS-10a
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and the control fresh noodle, the sample MW-50a was the least acceptable. For all

sensory attributes, total score of 80 was considered as the limit of acceptability.
Thus, the maximum incorporation of HMTS should not be exceeded 40%, and
incorporation of MWS should not be exceeded 20%. According to the results of
sensory evaluation and cooking properties analysis (Table 5.8, cooking breakage
rate) of fresh noodles, the optimal incorporation of HMTS and MWS was 30%
and 20%, respectively. The noodles made with 30 % HMTS or 20% MWS could
remain intact without breaking and had good acceptability.

Color
——Control o5

——HMT-10

20
HMT-20 Flavor 15 Appearance shape
HMT-30
10
——HMT-40 .
——HMT-50
Smoothness Oral chewiness
Stickiness Y Elasticity
Color
25
——Control
MW-10 29
i Flavor Appearance shape
MW-20
MW-30
— MW-40
— MW-50
Smoothness Oral chewiness

Stickiness / jEIasticity
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Control

Total score

Fig.5.6 Effect of HMT and MW modified potato starch on sensory scores of
fresh noodles

5.3.7 Postprandial blood glucose levels of fresh noodles

The postprandial blood glucose levels of participants at different times after
eating fresh noodles were showed in Table 5.12. The fasting blood glucose levels
(Table 5.12, 0 min) of all participants were within the normal range, and there was
no significant difference between them (P y,,e>0.05). The change trends of
postprandial blood glucose levels before and after eating fresh noodles were the
same, with an increase followed by a decrease. After eating the control fresh
noodles, the blood glucose levels increased quickly and reached its peak value
(7.41 mmol/L) at 30 min, and then the blood glucose levels decreased rapidly. The
postprandial blood glucose levels fluctuated greatly. The rates of increase in
postprandial blood glucose after eating fresh noodles with more than 10%
incorporation of HMTS or MWS were slower than that of the control fresh
noodles. The postprandial blood glucose reached their peak values at 45 min after
eating, and the peak values were significantly lower than that of the control fresh
noodles, and then the blood glucose levels decreased slowly. Moreover,
postprandial blood glucose levels of participants at different times after eating
fresh noodles with incorporation of HMTS or MWS were lower than that of the
control fresh noodles. All these results indicated that fresh noodles with

incorporation of HMTS or MWS were more suitable for diabetics or the elderly.



168
Table 5.12

Postprandial blood glucose levels of participants at different times after eating

fresh noodles

Noodle Postprandial blood glucose levels (mmol/L)

Samples 0 min 15 min 30 min 45 min 60 min 90 min 120 min
Control 4.75+£0.07* | 6.36+0.02* | 7.41+0.06* | 7.28+0.07* | 6.77+0.05* | 6.40+0.06* | 5.39+0.07*
HMT-10a | 4.67+0.05% | 6.26+0.02° | 6.83+0.02¢ | 7.06+0.03° | 6.61+0.03" | 6.09+0.07° | 5.29+0.03°
HMT-20a | 4.68+0.04% | 5.73+0.04¢ | 6.58+0.06° | 6.72+0.04C | 6.38+0.03° | 5.83+0.05° | 5.26+0.02°
HMT-30a | 4.67+0.05% | 5.42+0.11° | 6.42+0.04" | 6.63+0.058" | 6.29+0.02°¢ | 5.73+0.05" | 5.21+0.03¢
HMT-40a | 4.74+0.06* | 5.19+0.05¢ | 6.30+0.07¢ | 6.5940.05" | 6.24+0.02% | 5.4240.03" | 5.18+0.04%
HMT-50a | 4.69+0.04% | 5.08+0.03" | 6.21+0.03" | 6.53+0.041 | 6.16+0.03°" | 5.30+0.04! | 5.01+0.06"
MW-10a | 4.68+0.01* | 6.15+0.02¢ | 6.91+0.02° | 7.13+£0.03" | 6.57+0.16" | 6.22+0.01° | 5.24+0.02°¢
MW-20a | 4.70+0.06* | 5.46+0.03¢ | 6.75+0.06¢ | 6.88+0.01¢ | 6.54+0.07° | 5.94+0.04¢ | 5.15+0.03¢
MW-30a | 4.69+0.04% | 5.37+0.05" | 6.62+0.04° | 6.73+0.04° | 6.28+0.04° | 5.8440.04° | 5.04+0.02f
MW-40a | 4.73+0.03* | 5.25+0.038 | 6.42+0.03" | 6.67+0.04°% | 6.10+0.06% | 5.60+0.04¢ | 5.05+0.01F
MW-50a | 4.68+0.04% | 5.11+0.06" | 6.25+0.03%" | 6.654+0.03%" | 6.01+£0.028 | 5.40+0.04" | 4.95+0.062

Notes: all values are the mean of at least triplicate determinations + SD. The means within

the same column with different letters are significantly different (P vaiue<0.05).

Based on the results of cooking properties analysis, texture and tensile
analysis and sensory evaluation of fresh noodles, it was concluded that the optimal
substitution amount of wheat flour with HMTS or MWS was 30%, 20 %,
respectively. Therefore, the optimal recipe of fresh noodles made with
incorporation of HMTS was as follow: 70 g wheat flour (the protein content was
10.0%+1.0%, 12% moisture content), 30 g HMTS (12% moisture content), salt

0.48 g and water 48 g; the optimal recipe of fresh noodles made with incorporation

of MWS was as follow: 80 wheat flour (the protein content was 10.0%+1.0%, 12%

moisture content), 20g MWS (12% moisture content), salt 0.48 g and water 48 g.

5.4 Substitution of wheat flour with modified potato starch affects the
quality of steamed bread
The basic recipe of control of steamed bread was 100 g wheat flour (the

protein content was 10.0%=1.0%, 12% moisture content), 55 g water, 1.0 g yeast

and 1.0 g salt. Wheat flour was replaced by HMTS or MWS at the levels of 10%,
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20%, 30%, 40% and 50%. When the content of HMTS or MWS was more than

50%, the dough with strong network structure could not be formed due to too little
gluten, thus the maximum substitution of HMTS and MWS was set as 50%.
According to the different substitution of HMTS (10%, 20%, 30%, 40% and
50%), the experimental steamed bread buns were named as HMT-10b, HMT-20b,
HMT-30b, HMT-40b and HMT-50b. Similarly, according to the different
substitution of MWS (10%, 20%, 30%, 40% and 50%), the experimental steamed
bread buns were named as MW-10b, MW-20b, MW-30b, MW-40b and MW-50Db.
steamed bread made entirely of wheat flour without HMTS and MWS were used

as control.

5.4.1 Color analysis of steamed bread

Table 5.13 presented the results of experiments evaluating the effect of
partial substitution of wheat flour with HMTS or MWS on the crust and core
colors of steamed bread. The results showed that for both crust and core, as the
amount of added HMTS and MWS increased, the lightness value (L*) and the
red-green value (a*) increased, the yellow-blue value (b*) decreased, which
indicated that as the lightness of steamed bread increased, the red value increased,
and the transparent color became lighter. As an intuitive indicator of food, color
1s one of the most important quality indicators steamed bread and plays a decisive
role in consumption and popularity [232]. A higher L* value is generally as an
indicator of better acceptance and quality [233]. In this study, although the L*
value of both crust and core of steamed bread increased with more incorporation
of HMTS or MWS, and there was no significantly difference color score of
sensory evaluation between wheat flour steamed bread and all steamed bread
containing modified potato starch (HMTS or MWS) except with 50% substitution
(HMT-50b and MW-50b), which indicated that consumers pay more attention to
their health than food color preference.

In general, MWS had greater effect on the crust and core colors of the
steamed bread than that of HMTS. The color differences (AE) between each

experimental steamed bread and the control steamed bread increased with the
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increase of substitution levels of HMTS or MWS. Moreover, when the

substitution levels of HMTS were higher than 30% or MWS was higher than 20%,
the color differences (AE) between each experimental steamed bread and the
control steamed bread was above 3, indicating that the differences in color

between the control and experimental steamed bread were detectable by the

human eye.

Table 5.13

Effect of various levels of HMTS and MWS on color of the steamed bread

Steamed Crust Core
bread
Samples L a’ b’ AE L’ a’ b AE
Control 82.63£0.63° | 2.05£0.07¢ | 11.84+0.45 | - 79.02+0.42¢ 2.02+0.07" | 12.81%0.62°
HMT-10b 83.00£0.86° | 2.07+0.04¢ | 10.62+0.24° | 1.49+£0.05" | 79.27+0.38% | 2.05+0.07°" | 12.26+0.55° 0.65+0.62!
HMT-20b 83.1040.59° | 2.10+0.03¢ | 10.40+0.41° | 1.57+0.512" | 79.65+0.43" 2.08+£0.04°F | 11.70£0.24% | 1.35+0.11"
HMT-30b 84.99+0.37°¢ | 2.17£0.08* | 10.13+0.54" | 2.97+0.12¢ | 80.72+0.48° 2.13+0.03% | 11.26+0.23¢ 2.3440.19°
HMT-40b 84.48+0.25¢ | 2.26+0.06™ | 9.48+0.18¢ 3.01£0.21¢ | 82.03+0.08¢ 2.35£0.03° | 10.23£0.33°F | 3.98+0.18°
HMT-50b 85.27+0.26° | 2.44+0.07* | 9.37+0.16¢ 3.65+0.11° | 83.76+0.28° 2.46+0.04° | 9.24+0.18¢ 5.95+0.27°
MW-10b 84.38+0.22¢ | 2.08+0.08¢ | 11.53£0.27° | 1.80£0.19% | 80.68+0.28° 2.07£0.03°" | 12.2940.36" 1.79+0.148
MW-20b 84.51+0.08¢ | 2.12+£0.03¢ | 11.30+0.44* | 1.99+0.14" | 81.16+0.27° 2.16£0.09¢ | 11.81+0.45% | 2.40+0.19°
MW-30b 84.36+1.09¢ | 2.16£0.08 | 10.31£0.66° | 2.58+0.11° | 83.22+0.16° 2.3240.04° | 10.43+0.38° 4.85+0.19¢
MW-40b 86.54£0.21° | 2.35£0.07 | 9.68+0.55% | 4.50+0.10" | 83.47+0.25" | 2.32+0.09° | 9.89+0.37' 5.34+0.11¢
MW-50b 87.35£0.27* | 2.41£0.25* | 9.26=0.45 5.41£0.26° | 86.07+0.48" 2.54+0.05° | 8.92+0.34¢ 8.08+0.31°

Notes: all values are the mean of at least triplicate determinations + SD. The means within

the same column with different letters are significantly different (P vaie<0.05).

5.4.2 Specific volume analysis of steamed bread

The specific volume of steamed bread is an important quality parameter and
is related to the gas capacity and elasticity of steamed bread. A high steamed bread
specific volume represents a better product appearance [234]. Moreover, it has
been reported increased gel surface area and porosity would support the more
action sites for amylase, therefore high specific volume implies high starch
digestibility [235].

The specific volume and colors of the steamed bread are shown in Table 5.14.

The specific volume of steamed bread decreased with the increase of substitution
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levels of HMTS and MWS, which was significantly lower than that of the control

steamed bread. All the steamed bread containing modified potato starch (HMTS
or MWS) demonstrated an observably lower specific volume compared with the
wheat flour steamed bread, indicating that steamed bread made with modified
potato starch had lower digestibility and was more suitable for diabetics or obese
people. This speculation was consistent with our previous research results that
HMTS and MWS contained more SDS and RS. The specific volume of control
steamed bread (Table 5.14, Control) was 2.82 mL/g, while the lowest specific
volume of steamed bread was 1.85 mL/g (Table 5.14, MW-50b). The smaller
specific volume indicated the denser tighter crumb structure, and the higher
hardness values were observed in the subsequent research of TPA compressive
test (Table 5.14). Compared with HMTS, MWS had greater effect on the specific
volume of steamed bread, and the specific volume of MW- steamed bread was
lower than that of HMT- steamed bread at the same substitution level. The specific
volume of steamed bread is positively related to the amount of gluten and gas hold
capacity during fermentation [155]. Strong gluten network structure is essential
for the gas cell in dough to provide expansion strength during fermentation and
steaming. Substitution of wheat flour with HMTS and MWS reduced the amount
of gluten in mixed flour and diluted gluten network of the dough, the mixed dough
cannot form strong network structure needed for gas retention. The dilution also
affected the formation of an elastic network during steaming, resulting in easy

weaken of the gluten network and lower specific volume of steamed bread [149].

5.4.3 Texture analysis of steamed bread

The texture properties of food mainly refer to its tissue characteristics and
this quality is related to the sensory and edible properties of food [232]. The
hardness, gumminess and chewiness are negatively correlated with the quality of
steamed bread, while springiness, cohesiveness and resilience are positively
correlated with the quality of steamed bread. The texture results of steamed bread

are shown in Table 5.14.
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Table 5.14

Sample Specific Hardness Springiness | Cohesiveness | Gumminess | Chewiness

volume Resilience (-)

(mL/g) (8) (mm) ) (&) (g'mm)
Control | 2.82+0.14° 3674190 | 0.97+0.01* | 0.86+0.01° 314+17 303+150 | 0.48+0.01%
HMT-10b | 2.64+0.05° 416+15 | 0.97+0.01¢ | 0.84+0.02° 348417 338178 | 0.48+0.01%
HMT-20b | 2-47%0.04¢ 547+28" | 0.96+0.01* | 0.80+0.02° 437+16h 418+15° | 0.46+0.020
HMT-30b | 2:38£0.07°" | 688420f | 0.96£0.01* | 0.79+£0.01% | 542420 518+£18° | 0.45+0.00°
HMT-40b | 2:30£0.07% | 1375115¢ | 0.91£0.02¢ | 0.70+0.01¢ 967+14¢ 881+24° | 0.39+0.01¢
HMT-50b | 1.99+0.10° 1685+29* | 0.88+0.03¢ | 0.67+0.02¢ 11294518 | 999+£59* | 0.38+0.01¢
MW-10b | 2.61=0.11° 4424211 | 0.96+0.01* | 0.84+0.01° 372415 359+158 | 0.48+0.01°
MW-20b | 2.460.10° 620252 | 0.93+£0.01> | 0.79£0.01% | 487+21¢ 455+17° | 0.42+0.01¢
MW-30b | 227£0.03% | g40+43¢ | 0.93£0.02° | 0.76+0.04¢ 639422¢ 5964244 | 0.42+0.03¢
MW-40b | 2.22%£0.07¢ 995+44¢ | 0.92+0.01% | 0.73+0.03¢ 7224214 664+21¢ | 0.41:0.02¢
MW-50b | 1.85+0.04¢ 1634£58° | 0.89+0.02¢ | 0.66=0.03¢ 1085+£58° | 963+554% | 0.37+0.02¢

Notes: all values are the mean of at least triplicate determinations + SD. The means within

the same column with different letters are significantly different (P vaiue<0.05).

The results showed that the hardness, gumminess and chewiness increased
significantly with the increase of substitution levels of HMTS or MWS. As a
major indicator of textural properties, hardness is the force required to resist
deformation, a small value of hardness implies a fluffy texture of steamed bread.
The incorporation of HMTS from 10% to 50% led to the increase of hardness
from 416 to 1685 g, and the incorporation of MWS from 10% to 50% led to the
increase of hardness from 442 to 1634g, whereas the hardness of control steamed
bread was 367 g (Table 5.14). The increased hardness implied a firm texture of
steamed bread, which could be largely attributed to the gluten dilution effect from
the incorporation of HMTS or MWS. Chewiness refers to the energy required to
break down food into small pieces by mastication [236]. In this study, the
chewiness of steamed bread with HMTS incorporation increased from 338 to 999
and the chewiness of steamed bread with MWS incorporation increased from 359
to 963, whereas the chewiness of control steamed bread was 303. The increased

chewiness reflected the denser structure of steamed bread with HMTS or MWS
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incorporation that required more energy and longer time for oral processing before

swallowing. The reduced cohesiveness of HMT- steamed bread (from 0.84 to 0.67)
or MW- steamed bread (from 0.84-0.66) indicated the disruption of steamed bread
microstructure due to the diluted gluten matrix by the HMTS or MWS
incorporation. The reduction in springiness of HMT- steamed bread (from 0.97 to
0.88) or MW- steamed bread (0.96 to 0.89) characterized the loss of elasticity,
which could due to the reduction amounts of gluten effect form the HMTS or
MWS incorporation and low leavening property, leading to the structure breaking

of dough.

5.4.4 Sensory evaluation of steamed bread

Sensory evaluation directly reflects the acceptability of food. HMTS or
MWS replacement affected different sensory quality attributes of steamed bread
to different degrees (Fig. 5.7). Increasing HMTS incorporation level decreased
the total score of steamed bread from 89.9 to 52.7, increasing MWS incorporation
level decreased the total score of steamed bread from 88.8 to 49.8. The total score
of steamed bread with 10% (HMT-10) and 20% (HMT-20) HMTS was 89.9 and
88.8 respectively, which was similar to that of the control sample (90.0), whereas
steamed bread with 10% MWS (MW-10) was 88.8. The steamed bread with 50%
MWS had the lowest total score of 49.8, while the total score of steamed bread
with 50% HMTS was 57.2 (Fig. 5.7). For all sensory attributes, total score of 80
was considered as the limit of acceptability. From Fig. 5.7, We could conclude
that steamed bread can be accepted by consumers when the substitution level of
wheat flour with HMTS or MWS was no more than 30%. When the replacement
levels of HMTS or MWS exceed 40 %, the oral sensation of steamed bread
deteriorated sharply, and the internal structure of steamed bread become too hard
and too firm, making it difficult to swallow. As the overall acceptability of
products was a subjective testing, a large number of sensory panelists should be
used in the future for commercial applications.

It is worth noting that there is a great diversity in steamed bread texture by

Chinese consumers preference [221, 236]. The altered texture of steamed bread
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due to HMTS or MWS incorporation (e.g. increased hardness, or decreased

springiness, Table 5.14) may be a textural advantage to some consumers as
indicated by sensory evaluation. The decreased appearance scores of HMT-
steamed bread and MW- steamed bread could be attributed to the increased
occurrence of cracks and surface roughness (Fig. 5.8). Moreover, the
incorporation of HMTS or MWS reduced gluten content and diluted gluten
network of the dough, which affected the formation of elastic network during
steaming and reduced oral chewiness and elasticity of steamed bread during
mastication, eventually resulting in low oral chewiness and elasticity scores. This
agreed with the results of textural profile analysis as described in section 5.4.3
above. In addition, incorporation of HMTS or MWS made the surfaces of steamed
bread become rougher, and even appeared a few specks or bubbles on the surface.
The appearance scores of the sensory evaluation were consistent with the results

shown in the photos (Fig. 5.8).
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Fig.5.7 Effect of HMT and MW modified potato starch on sensory scores

of steamed breads

Fig. 5.8 Photos of steamed bread with incorporation of HMTS or MWS at
different substitution levels
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5.4.5 Postprandial blood glucose levels of steamed bread

The postprandial blood glucose levels of participants at different times after
eating steamed breads were showed in Table 5.15. The fasting blood glucose
levels (Table 5.15, 0 min) of all participants were within the normal range, and
there was no significant difference between them (P y,1,e>0.05). The change trends
of postprandial blood glucose levels before and after eating steamed bread were
the same, with an increase followed by a decrease. After eating the control
steamed bread, the blood glucose levels increased quickly and reached its peak
value (7.54 mmol/L) at 30 min, and then the blood glucose levels decreased
rapidly. The postprandial blood glucose levels fluctuated greatly. The rates of
increase in postprandial blood glucose after eating steamed bread with more than
10% incorporation of HMTS or MWS were slower than that of the control
steamed breads. The postprandial blood glucose reached their peak values at 45
min after eating, and the peak values were significantly lower than that of the
control steamed breads, and then the blood glucose levels decreased slowly.
Moreover, postprandial blood glucose levels of participants at different times after
eating steamed bread with incorporation of HMTS or MWS were lower than that
of the control steamed bread. All these results indicated that steamed breads with
incorporation of HMTS or MWS were more suitable for diabetics or the elderly.

Table 5.15
Postprandial blood glucose levels of participants at different times after eating

steamed bread

Steamed Postprandial blood glucose levels (mmol/L)
bread 0 min 15 min 30 min 45 min 60 min 90 min 120 min

samples

Control 4.65+0.03* | 6.24+0.03% | 7.54+0.03* | 7.32+0.01* | 6.84+0.03* | 6.43+0.02? | 5.29+0.03?
HMT-10b | 4.65£0.04® | 6.13+0.08° | 6.82+0.10% | 7.03+0.03% | 6.66+0.07° | 6.32+0.01° | 5.23+0.02°
HMT-20b | 4.67 £0.02% | 5.56+0.03° | 6.77+0.03%¢ | 6.85+0.04° | 6.57+0.01°¢ | 5.96+0.02¢ | 5.19+0.02°
HMT-30b | 4.6440.01* | 5.48+0.00¢ | 6.63+0.04° | 6.75+0.02¢ | 6.42+0.04% | 5.86+0.02¢ | 5.15+0.01¢
HMT-40b | 4.63+0.03* | 5.37+£0.03° | 6.50+0.02" | 6.66+0.04° | 6.34+0.05" | 5.71+0.04" | 5.09+0.01
HMT-50a | 4.66+0.03 ¢ | 5.24+0.03" | 6.43+0.02" | 6.57+0.09" | 6.23+£0.02¢ | 5.43+0.03' | 5.07+0.01&"
MW-10b | 4.66+0.01% | 6.15+0.02° | 6.87+0.02° | 7.05+£0.02° | 6.65+0.03% | 6.29+0.01° | 5.22+0.01°
MW-20b | 4.64+0.04% | 5.50+0.03%¢ | 6.72+0.03¢ | 6.89+0.03° | 6.58+0.03¢ | 5.88+0.02¢ | 5.17+0.01¢
MW-30b | 4.66+0.02% | 5.37+0.05° | 6.62+0.03° | 6.76+0.039 | 6.46+0.03¢ | 5.79+0.01¢ | 5.11+0.01f
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Steamed Postprandial blood glucose levels (mmol/L)
bread 0 min 15 min 30 min 45 min 60 min 90 min 120 min
samples
MW-40b | 4.66+0.03* | 5.25+0.03" | 6.47+0.03f | 6.67+0.05° | 6.37+0.01¢" | 5.61+0.01¢ | 5.06+0.01"
MW-50b | 4.67+0.02% | 5.18+0.062 | 6.36+0.04¢ | 6.55+0.03" | 6.36+0.027 | 5.54+0.04" | 4.99+0.02

Notes: all values are the mean of at least triplicate determinations + SD. The means within

the same column with different letters are significantly different (P value<0.05).

Based on the results of color analysis, specific volume analysis, texture

analysis and sensory evaluation of steamed bread, it was concluded that the

optimal substitution amount of wheat flour with HMTS or MWS was 30%.

Therefore, the optimal recipe of steamed bread made with incorporation of HMTS

or MWS was as follow: 70 g wheat flour (the protein content was 10.0% +=1.0%,

12% moisture content), 30 g HMTS or MWS (12% moisture content), 55 g water,
1.0 g yeast and 1.0 g salt.



178
Conclusions to section 5

1. The substitution of low protein flour with HMTS or MWS in quantity
above 5% made cookies brighter, yellower, and less reddish. The differences in
color between the control and experimental cookies were detectable by the human
eye when the substitution amount of low protein flour with HMTS or MWS
reached 5%. The hardness (included average hardness, surface hardness and max
hardness) of cookies with HMTS or MWS was significantly lower than of control
(P vae<0.05), but higher crispy value, indicating less work to be consumed when
chewing. The addition of appropriate amount of HMTS or MWS to cookies could
improve the appearance. Cookies with 15% HMTS or 15% MWS had the highest
acceptability score. Good quality cookies can thus be prepared from low protein
flour with substitution of HMTS and MWS. The present research might help to
enlarge the application of modified potato starch in bakeries.

2. Substitution of with heat-moisture treatment modified potato starch
(HMTS) or with microwave treatment modified potato starch (MWS) altered the
texture and tensile properties of dough. Through correlation analysis, it has been
concluded that the dough tensile properties of resistance to extension and
extensibility were extremely significant positive correlated with the cooked fresh
noodles tensile properties of tensile strength and elasticity. Incorporation of
HMTS and MWS significantly decreased the optimal cooking time of fresh
noodles (P vawe< 0.05), moreover, the optimal cooking time of noodles with HMTS
was lower than that of noodles with MWS when the substitution amount was same.
The dry matter water absorption rate and loss rate of dry matter significantly
increased with the increase of substitution amount of HMTS and MWS. Moreover,
both of the dry matter water absorption rate and loss rate of dry matter of noodles
with HMTS were lower than that of noodles with MWS when the substitution
amount was same, indicating noodles with HMTS had a better cooking quality
than that of noodles with MWS in optimal cooking time condition. When the

incorporation amount of HMTS was less than 30% and the incorporation amount
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of MWS was less than 20%, the noodles could remain intact without breaking.

The present research might help to enlarge the application of modified potato
starch in cooking noodle-like food.

3. The specific volume of steamed bread decreased with more incorporation
of HMTS or MWS. The specific volume of steamed bread buns made by
incorporating MWS was lower than that of steamed bread made by incorporating
HMTS, which indicated that MWS had greater impact on the specific volume of
steamed bread than HMTS. The experimental steamed bread showed higher L*
and a*, but lower b* values than those of the control steamed bread, and the color
changes was more obvious with the increase of substitution level of HMTS or
MWS, indicating that steamed bread with more incorporation of HMTS or MWS
displays lighter transparent color. Moreover, when the substitution level of HMTS
or MWS was higher than 30%, 20%, respectively, the differences in color (AE>3)
between the control and experimental steamed bread can be detectable by the
human eye. In terms of texture properties, the results of this study showed that
hardness, gumminess and chewiness of all the experimental steamed bread were
significantly higher than those of the control steamed bread, while springiness,
cohesiveness and resilience of experimental steamed bread were lower than those
of the control steamed bread. These results indicated that the incorporation of
HMTS or MWS led to firmer and denser structure of steamed bread. The total
sensory score of was higher than 80 when the substitution level of wheat flour
with HMTS or MWS was less than 30%, indicating the produced steamed bread
can be accepted by consumers. The appropriated amount of substitution of wheat
flour with HMTS or MWS can not only maintain the quality of steamed bread,
but also increase the nutrition of steamed bread. Based on the above research
results of steamed bread quality, the optimal substitution of wheat flour with
HMTS or MWS was 30%. This research can provide valuable guidance for further
application of HMT and MW modified potato starch in wheat-based products, and
it is also of great significance for promoting potato as staple food.

4. Postprandial blood glucose levels of participants at different times after
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eating cookies, fresh noodles or steamed breads with incorporation of HMTS or

MWS were lower than that of the control. All these results indicated that cookies,
fresh noodles and steamed breads with incorporation of HMTS or MWS were

more suitable for diabetics or the elderly.
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GENERAL CONCLUSIONS

In this research, we not only investigated the effects of heat-moisture
treatment (HMT) conditions the morphological, physicochemical and in vitro
digestion properties of potato starch and its process optimization, but also
evaluated the effects of heat-moisture treatment assisted by microwave (MW) pre-
and post-treatment on the morphological, physicochemical and in vitro digestion
properties of potato starch. This research presented a comprehensive
understanding of the effects of HMT conditions and HMT and MW bi-directional
modifications on functional and digestibility properties of starch, as well as the
related mechanism, which would provide a useful theoretical basis for further
studies on improving the application of hydrothermal treatment technology and
microwave treatment technology in starch modification. Besides, we also
investigated the effects of substitution of wheat flour with potato starch modified
by heat-moisture treatment and microwave treatment on the quality characteristics
of three typical food products including cookies, fresh noodles and steamed bread,
which would provide a beneficial theoretical basis for further research on the
application of HMT and MW modified starch in food. Moreover, we also analyzed
the socio-economic efficiency of cookies, fresh noodles and steamed bread with
the studied raw materials. The main work and general conclusions of this research
can be summarized as follows:

1. The transparency and retrogradation stability of potato starch after HMT
were reduced, solubility and swelling power varied with the gelatinization
temperature. HMT can significantly affect the textural properties of potato starch
and the hardness, gumminess, chewiness and resilience of HMT starch gels first
increased significantly and then decreased with the extension of treatment time.
Short heating time (<1.5 h), relatively low heating temperature (<100 <C) and low
moisture content (<25%) of HMT can significantly enhance the texture properties

of HMT starch gels.
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2. HMT led to the rupture, adhesion and partial gelatinization and

agglomeration of the granules, which surface became rougher, thereby increasing
the particle size and result in the hollow structure located at the hilum of potato
starch granules. XRD results showed an increased relative crystallinity and
transformed crystalline structure from B-type to C-type with the extension heat
moisture treatment. FTIR spectroscopy results indicated, that the HMT may lead
to the increase of the number of carbonyl group and hydroxyl group, and it is
possible to increase the new C-H bonds. HMT significantly decreased the peak
viscosity, hold viscosity and breakdown viscosity of HMT starch, while the
gelatinization temperature increased. The total content of SDS and RS, and
tHMT1, THMT100 and CHMT15 had the highest content of SDS and RS (more
than 71.6%), and there was no significant difference between the three samples.

3. The results of response surface methodology showed the optimal
parameters of HMT were that moisture content of potato starch was 23.56%, heat-
moisture treatment temperature was 90°C, and heat-moisture treatment time was
1.5 h. Under such conditions, setback viscosity of heat-moisture treatment
modified potato starch (HMTS) paste was 3677 cP, which was higher than native
starch (496 cP) obviously. The results of retrogradation was consistent with the
viscosity properties, all of which indicating that potato starch modified by heat-
moisture treatment was more prone to retrogradation. TPA tests demonstrated that
HMT can enhance the textural properties of starch gel. Compared with native
starch gel, HMTS starch gel had better functional properties. The optimized HMT
potato starch (HMTS) had higher SDS content and RS content than that of native
potato starch (NS), but lower RDS content.

4. Heat-moisture treatment combined with microwave pre- and post-
treatment decresed the swelling power of potato starch when the test temperature
was 65-85<C, but incresed the solubility when test temperature was 75-95<C.
Single MW, short-time single HMT and short-time HMT combined with MW
pretreatment can enhance the repeated freeze-thaw stability of potato starch pastes,

while long- time HMT (>4h) could weaken the freeze-thaw stability of potato
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starch. Dual modification of HMT and MW had greater effects on starch

retrogradation and transparency than that of single HMT or single MW, and the
subsequence of dual modification of HMT and MW would also affect the starch
retrogradation and transparency. The hardness, cohesiveness, gumminess and
chewiness of all the HMT modified potato starch gel (including single HMT,
HMT combined with MW) decreased with the extension of heating time. The
HMT potato starch pretreated by MW had higher hardness value than that of HMT
potato starch post-treated by MW.

5. In general, HMT caused a slight increase of lightness (L* values), while
single MW caused a slight decrease of lightness, indicating that the color of all
the HMT treated samples became brighter and the color of the single MW treated
sample (MWS) became darker. The color of MW- HMT samples became more
reddish, while MWS, HMT and HMT-MW samples became more greenish. The
results of particle size distribution showed that D50, D (4,3) and D (3,2) of all
treated starch were higher than NS, while the value of S.S.A. was significantly
decreased by MW and HMT, indicating that MW and HMT treatments can caused
expansion, partial gelatinization and agglomeration of starch granules, resulting
in large particle size of starch granules. MW and HMT treatments of potato starch
caused the T, shifted toward faster relaxation times compared with native starch
(NS). The results of water distribution indicated the MW treated starch had three
different state water, while NS and single HMT treated starch only had two
different state water. Furthermore, MW and HMT treatments could change the
water distribution and improve the interaction between starch and water.

6. Dual starch modification via MW and HMT made the surface of its
granules rougher and caused more serious depressions or scallops than single
modification with MW or HMT, especially in the case of HMTcombined with
post-MW. FT-IR and XRD spectra implied that MW and HMT destroyed the
double helices and crystalline structure of potato starch. The relative crystallinity
of modified starch granules (15.17-18.17%) was lower than that of native starch

(19.39%). In the case of physicochemical properties, the modified starches had
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higher pasting temperature (68.8-93.0C) and setback viscosity (807-3168 cP),

but lower peak viscosity (1315-3662 cP) and breakdown viscosity (17.3-78.3 cP)
than that of native potato starch, which were 68.50C, 496 cP, 6598 cP and 2526
cP, respectively. The HMT and MW modifications significantly increased the
content of slowly digestible starch and resistant starch. The resistant starch
content of starch obtained by HMT combined with MW post-treatment was
significantly higher than that of starch obtained by HMT combined with MW pre-
treatment and single HMT. These results may promote good understanding of the
effects of HMT combined with MW pre- and post-treatment on physicochemical
properties and digestibility of potato starch, and wide utilization of microwave
and heat-moisture techniques in starch modification.

7. The incorpration of HMTS or MWS powder had significant effects on the
color, texture properties of cookies compared with the control. Although there
were no significant effects on the sensorial properties of cookies, cookies with
addition of HMTS or MWS powder in the amount of 15% not only had crispy
taste, but also had the highest acceptability score and yellowest color. Good
quality cookies can thus be prepared from low protein flour with substitution of
HMTS and MWS. The results of postprandial blood glucose levels of participants
at different times after eating cookies indicated that cookies with incorporation of
HMTS or MWS were more suitable for diabetics or the elderly. The present results
might help to enlarge the application of modified potato starch in bakeries.

8. Substitution wheat flour with HMT and MW modified potato starch
(HMTS and MWS) significantly decreased the optimal cooking time of fresh
noodles (P vawe< 0.05). The dry matter water absorption rate and loss rate of dry
matter significantly increased with the increase of substitution amount of HMTS
and MWS. Both of the dry matter water absorption rate and loss rate of dry matter
of noodles with HMTS were lower than that of noodles with MWS when the
substitution amount was same, indicating noodles with HMTS had a better
cooking quality than that of noodles with MWS in optimal cooking time condition.

When the incorporation amount of HMTS was less than 30% and the
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incorporation amount of MWS was less than 20%, the noodles could remain intact

without breaking. The results of postprandial blood glucose levels of participants
at different times after eating fresh noodles indicated that fresh noodles with
incorporation of HMTS or MWS were more suitable for diabetics or the elderly.
The present results might help to enlarge the application of modified potato starch
in cooking noodle-like food.

9. Substitution of modified potato starch (HMTS and MWS) decreased the
specific volume of steamed bread. The differences in color (AE>3) between the
control and experimental steamed bread were detectable by the human eye when
the substitution level of HMTS was higher than 30% or the substitution level of
MWS was higher than 20%. Texture properties, including hardness, gumminess,
chewiness, springiness, cohesiveness and resilience of steamed bread were
affected with substitution due to the disruption of dough structure, and the
incorporation of HMTS or MWS led to firmer and denser structure of steamed
bread. The total sensory evaluation scores of steamed breads decreased with more
incorporation of HMTS or MWS. Based on the above research results of steamed
bread quality, the optimal substitution of wheat flour with HMTS or MWS was
30 %. The results of postprandial blood glucose levels of participants at different
times after eating steamed breads indicated that steamed breads with
incorporation of HMTS or MWS were more suitable for diabetics or the elderly.
This research can provide valuable guidance for further application of HMT and
MW modified potato starch in wheat-based products, and it is also of great
significance for promoting potato as staple food.

10.  According to the optimal recipe of cookies made with incorporation of
15% HMTS or 15% MWS, the profit of production of cookies in the pastry shop
with a capacity of 60 kg per shift will be UAH 1351.14 and the profitability of
production will be 11.26%. The profit of production of fresh noodles made with
the optimal recipe of fresh noodles made with incorporation of 30 % HMTS or
20 % MWS in the pastry shop with a capacity of 100 kg per shift will be UAH
495.76 and the profitability of production will be 12.39%. The profit of production
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of steamed bread made with incorporation of 30% HMTS or 30% MWS in the

pastry shop with a capacity of 100 kg per shift will be UAH 285.66 and the
profitability of production will be 7.14%. It is expedient and profitable of
introducing the production of cookies, fresh noodles and steamed bread made with

incorporation of HMTS or MWS in the pastry shop of the supermarket.
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1. COEPA 3ACTOCYBAHHA
1.1. Ileit craHAapT MONIHUPIOETHCS Ha MOAU(DIKOBaHHIT KpOXMallb — KpOXMalb,
oJlepiKaHUI BHACTIIOK (i3UYHOTO (BOJIOTO-TepMiuHE, MIKPOXBHIBOBE OOpPOOICHHS,
KOMOIHOBaHe) 0OpOOJITHHSI HATHBHOT'O KPOXMAITIO JUISI 3MIHU HOTO BIaCTHBOCTEH.
MonudikoBaHuii KpoXMalb 3aCTOCOBYIOTh B pI3HHX Taly3sdX Xap4oBOi
IIPOMHUCIIOBOCTI: KOHJUTEPCHKIH, XIi0OmeKapchKill, IHBOBapHii, M’JICO-MOJIOYHII,
XapYOKOHIICHTpaTHill, A peamizamii dyepe3 TOPrOBENbHY MEpEXY 1 BHKOPHCTAaHHS B
CHCTeMi TPOMaJICHKOTO Xap4uyBaHHS Ta I TEXHIYHUX IIiTeil (B TEKCTIIIBHIN, ITallepoBiii,
J1s OypiHHA CBEPJIOBHH).
Bumorn moo 6e3mneqHocTi Mo} iKOBaHOIO KPOXMalllo BHKIaneHO B 3.3.4 Ta y
po3mimax 415.
2. HOPMATHBHI IOCHJIAHHSA
2.1.I1eii cTaHAapT MICTUTH MOCIIAHHS Ha I0J1aHi HIDKYe HOPMATHBHI JJOKYMEHTH:
JICTY 2211-93 Kpoxmaib Ta KpoXMallenpoAyKTH. TepMiHU Ta BH3HAYCHHS
JICTY 3976-2000 Kpoxmainb KyKypya3sHuii cyxuii. TexHiuHi yMOBH
JCTY 4286:2004 Kpoxmanb kapTomusTHUN. TexXHIYHI YMOBH
T'OCT 12.1.004-91 CCHBII. IToxxexna Oe3mexa. 3araapHi BUMOTH
T'OCT 12.1.005-88 CCBII. 3aranbpHi caHITapHO-TITI€HIYHI BUMOTH JO IOBITpSA
pobodoi 30HH
T'OCT 12.2.124-90 CCBII. YcraTKyBaHHS IIPOIOBOJIbYE. 3arajibHi BHMOTH II[0JI0
Oe3mexn
T'OCT 12.3.002-75 CCBIL. IIponiecu BupoOHmIYI. 3arajabHi BUMOTH IIOJ0 Oe3MeKH
T'OCT 17.2.3.02-78 Oxopona npupoau. Atmocgepa. [IpaBuna BCTAaHOBIIOBaHHS
JIOITYCTUMUX BHKH/IIB IIK1IJTHBUX PEYOBUH IIPOMHUCIOBHMH ITi IITPHEMCTBAMHU
T'OCT 1770-74 Ilocyn mipHmii 1abopatopHuii ckistHuil. [[yTiHapu, MeH3ypKH,
K061, IpoOipku. TexHIYHI yMOBHU
Bunanns odimiitae
T'OCT 4328-77 Hartpiro rigpoxcuz. TexHidHI YMOBH
T'OCT 6434-74 Jlexctpunu. TexHIYHI yMOBH
T'OCT 6709-72 Bona auctunpoBaHa. TexHIYHI YMOBH
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T'OCT 7698-93 Kpoxmais. [IpaBuia npuiiMaHHs 1 METOU aHATi3yBaHHS

T'OCT 9070-75 Bicko3uMeTpH I BU3HAYaHHA YMOBHOI B’3KOCTi JTako(apOoBux
MaTepialiB

T'OCT 10444.12-88 Ilpoayktu xapuoBi. MeTox BH3HAYaHHS JPUKIDKIB 1
IUTICeHEeBUX I'pHOIB

T'OCT 10444.15-94 IlpomyxTtu Xap4oBi. MeToaum BH3HAYaHHSA KUIBKOCTI
Me30(iITPHIX aepOOHUX 1 (PaKyIFTaTHBHO-aHAepOOHUX MIKpOOPTaHi3MiB

T'OCT 12026-76 I1amnip ¢insTpyBanbHUIl TabopaTopHUii. TeXHIYHI YMOBH

T'OCT 14919-83 EnexTpoIUINTH, €IeKTPOIUIUTKU Ta >KapHIbHI eleKTporadu.
3arajbHi TEXHIYHI YMOBH

T'OCT 24104-2001 Baru naGopatopHi. 3arajibHi TEXHIYHI BHMOTH

T'OCT 24297-87 BxigHuii KOHTPOJIb NPoaAYKIlii. OCHOBHI ITOJIOKEHHS

T'OCT 25336-82 ITocyx Ta ycTaTKyBaHHS Ja0OpaTOpHi CKJAHI. THUIIH, OCHOBHI
IapaMeTpH Ta po3Mipu

T'OCT 26668-85 IIpoaykTu XapdoBi Ta cMakoBi. MeToau BitOUpaHHsI mpoo st
MiKpOOiOJIOTi1YHHX aHali3iB

T'OCT 26669-85 IlpomykTi Xap4doBi Ta cMakoBi. IlinroroBka mpo0 it
MiKpOOiOJIOTIYHIX aHal3iB

T'OCT 26927-86 CupoBuHa Ta IpOAYKTH Xap4uoBi. MeToIu BUBHAYEHHS PTYTi

T'OCT 26929-94 CupoBuHa Ta TpPOAYKTH XapuoBi. [ oTyBaHHA TmpoO.
MiHnepaitizaiis i BU3HAYaHHS BMICTY TOKCHUHUX €JICMEHTIB

T'OCT 26930-86 CupoBHHa Ta IPOIYKTH Xap4yoBi. MeTo BU3HAYAHHS MHUIIL IKY

T'OCT 26931-86 CupoBuHa Ta IpOAyKTH Xap4uoBi. MeTou BUZHAYAHH MiJi

T'OCT 26932-86 CupoBuHa Ta IpOAYKTH XapdoBi. MeToIu BUZHAYAHHS CBHHITIO

T'OCT 26933-86 CupoBuHa Ta IpOAYKTH Xap4uoBi. MeToI1 BU3HAYaHHS KaJMilO

T'OCT 26934-86 CupoBuHa Ta IpOAYKTH Xap4doBi. MeTo]1 BU3HAYaHHS IIHHKY

T'OCT 28498-90 TepmoMeTpH pIiOUHHI CKJIAHI. 3arajbHi TEXHIYHI BHMOTH.
Meronu BUITpOOOBYBaHHS

T'OCT 29228-91 (MCO 835-2-81) Ilocyn maGopatopumii cxistauil. IlimeTku

posrpaayiioBani. Yactuna 2. Ilimetku posrpaayiioBaHi 6e3 BCTaHOBICHOTO dYacy
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OYiKyBaHHS

T'OCT 30178-96 CupoBuHa Ta IPOAYKTH Xap4oBi. ATOMHO-aOcopOIiiiHmii MeTox
BH3HAYEHHS TOKCHYHUX €IIEMEHTIB

3.3AT'AJIBHI TEXHIYHI BUMOI'A

3.1 MoaudikoBaHuii KpoXMallb IOBUHEH BIIMOBIIATH BIMOT'aM I[bOTO CTaHAAPTY,
YUHHUM HOPMAaTHBHUM JJOKYMEHTaM Ha JaHHUH BHJ MOAH(}iKOBaHOTO KpOXMao 1 iforo
Tpeda BHPOOIIATHU 3TiTHO 3 TEXHOJIOTIYHOIO IHCTPYKIIIE€IO 0 BUPOOHUIITBY JAHOTO BUIY
MOAN(IKOBAHOTO KpPOXMAlIO, 3aTBEp/PKEHOI0 Yy BCTAaHOBICHOMY IOPSAKY, 3
JOTPHMYBAHHAM CaHITapHUX HOPM 1 IIPaBIJI, 3aTBEP/DKCHUX IIEHTPAJIbHHM OpTaHOM
BHKOHABYOI BIaJN ¥ cepi OXOPOHH 310POB’ s

3.2 JIng BUTOTOBIITHHS MOJU(PIKOBAaHOTO KPOXMAIII0O BHUKOPHCTOBYIOTh HATHUBHHI
KapToILITHUI KpoxMaib — 3riiHOo JICTY 4286:2004 Kpoxmais kapromwsHuii. TexHIIH1
YMOBH.

JI71st BUTOTOBIEHHS MO (DIKOBAaHOTO KPOXMAJIO MOXKYTh BUKOPHUCTOBYBATHCH 1HIII
BHJIU BITYH3HAHOI Ta IMIIOPTHOI CHPOBHHH - 3TiITHO 3 YHHHUM HOPMaTHBHUM
JIOKyMEHTOM a00 IMIIOPTHOTO BHPOOHUITBA 3a HASBHOCTI BHCHOBKY CaHITapHO-
€IiIeMIOJIOTIYHOI eKCIePTH3U LIEHTPaIbHOr0 OPTaHy BHKOHABYOI BIIAJM, 110 3a0e3nedye
dbopmyBaHHS OMITHKH Y chepl OXOPOHU 30POB’ 5.

3.3 XapakTepucTUKU

3.3.1 3a opraHOJIENTHYHUMHI MMOKA3HUKAMH MOJH(}IKOBAHHI KPOXMallb TIOBHHEH
BIZITOBIZaTH BUMOTaM, 3a3HaUYe€HUM y Taomur 1.

Tabnuys 1 — OpraHOIENTUYHI TOKA3HUKU

HajiMeHyBaHHS IOKa3HHKA XapaKkTepucTHKA
30BHIIIHIA BUTIIA OOHOpPIAHMI ITOPOIIIOK
Komip Binwuii abo i3 311erka >koBTUM ado0 CipyBaTHM BiJTIHKOM
3amax BiractuBuii kpoxMmairo, 6€3 CTOpOHHBOT'O 3aIIaxy

3.3.2 3a ¢i3UKO-XIMIYHHUMH ITOKa3HHKaMH MOH(IKOBAaHHI KpPOXMallb ITIOBHHEH

BIZIIOBiIaTH BUMOTaM,3a3Ha4eHUM B Tabmu 2.

Tabnuysa 2 — ®i3uK0-XiMiYHI TOKa3HUKH
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Hopma
Ha3pa noka3zHHKa U1 rpyna MoaugikoBaHOro
KpOXMAJII0
MacoBa gacTka Bojoru, % <18
JUISL KapTOIUITHOTO
MacoBa gacTtka 3011, %, JJIs1 KapTOILISTHOTO
<0,5
KuCTOTHICTE — BUTPATU PO3YUHY TiIAPOKCHIY
HaTpiro MoJsipHOi KoHneHTpanii NaOH = 3
= 0,1 mons/am® Ha HeliTpanizyBarns 100 T cyxoi
PEYOBHHH, CM’, He GiIbIle HiX
VYMoOBHA B'I3KiCTh BOJJHOTO KPOXMaJIbHOTO
KJIelicTepy 3 MaCOBOIO acCTKOIO KPOXMaJo, C: >900
8 % J11s KapTOIUITHOTO
3narHicTh HabyXaTH, cM>/T
>23
CTyniHp moMeny — IPOXOKSHHS Yepe3 CUTO 3 99,0
Biukamu 1,0 MM x 1,0 MM, %, He MEHIIIE HDK ’
KinpkicTs BKparuieHs Ha 1 qM? BUINMHEX 500
HE030pOEHHUM OKOM, IIT., He OLIbIIIe HIX
MacoBa gactka cipuncroro aHriapuay (SO2),
%, He O1IBIIe HIXK 0,005
TIpumitka 1. Hopmu ¢i3uK0-XIMIYHIX ITOKa3HIKIB YTOYHIOIOTh B HOPMATHBHUX JOKYMEHTaX Ha
KOHKPETHHIT BUJT MOJIN(IKOBAHOTO KPOXMAJIIO 3aJIeXKHO B1JI CHPOBHHH 1 CII0c00Y BHTOTOBJISIHHS

3.3.3 3a MiKkpoOIOJIOTIYHIMH ITOKa3HUKaMH MOJH(}IKOBaHI KPOXMalli ITOBUHHI

BIZIIOBIIaTH BUMOTaM, HaBeIeHNX B Ta0auIi 3.

Tabauysa 3 — Mikpo06i0JOTiYHI TOKa3HHKH

Ha3Ba noka3Huka Hopma
3arajipHa KiTbKICTh Me30(ITbHHX aepoOHIX Ta 4
: g 1,0x10
(dakympTaTHBHO-aHaepoOHHX MikpoopraHizMiB, KYO B 1 1, He
OLBIIe HIK
IImiceneBi rpudu, KYO B 1 1, He OuIbINe HIK 5,0x10
Jpixmpki, KYO B 1 1, He OiibIre HixX 1,0x10
BaxTepii rpyny KHIIKOBUX NaIHYOK (Koii¢popmu), B 1 T He momyctumi
n = - 5 .
aTOTEHHI MIKpOOpPTaHi3MH, 30KpeMa 0akTepii poy T e
Salmonella, B 25

3.34 BMicT TOKCHYHHX €JEMEHTIB y MOAH(IKOBAHOMY KpOXMalli, SKHiA

BUKOPHCTOBYIOTh JUIA XapyoBHX IIijielf, He TIIOBUHEH IIepPEeBHIIYBaTH piBHIB,

BcraHoBiaeHuX MBT Ne 5061 i BkazaHux B Tabaumi 4.
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Tabauys 4 — JlomycTuMi piBHI BMICTY TOKCHYHHUX €JIEMEHTIB

Hasba mOKA3HIKA JomycTumuii p-u;em, m?ncry, MI/KT, He
OlIbIIe HiXK
PTyTBH 0,02
My’ stk 0,1
Minb 10,0
CBHHeIb 0,5
Kaamiit 0,1
[Muak 30,0

3.3.5 BwMicT pamioHYKIiIiB y MOJu(pikoBaHOMY KpoxMmam 3rimao 3 JIP-97
(lomyctuMmi piBHI BMicTy pamioHyKIiaiB 137Cs 1 90Sr B mpoaykTax XapdyBaHHSI Ta
IITHII Boxi, 3aTBepmKeHi MO3 Vkpainu Bix 25.06.97 p.): 90Sr — ne Oinpie HixX 200
Bx/xr, 137Cs — He 6inpme Hix 600 Br/kr.

4. BUMOTI'H MO0 BE3ITEKHA

4.1 IIpouec BUpoOHHIITBa MOIU(IKOBAHOTO KPOXMAJTIO 341 CHIOIOTH BiIIIOBITHO 10
3aralbHUX BHMOr Imongo Oe3meku 3rigHo 3 'OCT 12.3.002, BuMOr A0 BHPOOHHYOTO
yctatkyBanHs, 3rigao 3 ['OCT 12.2.124, Ta TOBHHEH BIAMOBIZAaTH BHMOTaM, IO
Bukiageni y JIHAOII 18.10-1.27 IlpaBmia Oe3meku MpH BHUPOOHHUIITBI Kpoxmale-
I1aTOKOBOI MPOAYKIIii, 3aTBep KeHi [epxxHarmigoxoponmpari, Ne 306 Bix 15.12.97 p.

4.2 Bumoru A0 IPHPOJHOTO Ta IITYYHOI'O OCBITJIFOBAHHS IIiJ] Yac BHPOOHUIITBA
MoaudikoBaHoro kpoxmaio noBunHi Bignosizatu CHull 11-4 (IIpupoxane Ta mTydHe
OCBITIICHH).

4.3 Bumoru [0 OIaJleHHs, BEHTWIAIIl 1 KOHIUINIIOBAaHHS IIiJ] Yac BHPOOHUIITBA
MoaudikoBaHoro Kpoxmamo moBHHHI BigmoBimatu CHull 2.04.05 (Omnamenus,
BEHTUJIALSA Ta KOHIUIIFOBAHHSA).

4.4 BuMoru J10 MOBITpsA po0OOY0i 30HH IIiJT YaCc BHPOOHHUIITBA MOIH(IKOBAHOTO
kpoxMaimo noBuHHI BigmoBigata [OCT 12.1.005.

4.5 Toxexuy Oe3meKy 3/iiicHI00Th 3rigHo 3 TOCT 12.1.004.

5. BHUMOI'H IIOJ0 OXOPOHHU JOBKILJLJISA

5.1 CriuHi BoAM TMmijJi Yac BHPOOHHUIITBA MOJAMU(IKOBAHOTO KPOXMANO IIiUIal0Th
ounmiagHio 3rigHo 3 BuMoramu CaulluH 4630 CanitapHi mpaBuja Ta HOPMHU IIOJO

OXOpOHU ITOBEPXHEBHX BOJ BiJl 3a0pyAHIOBaHHS.



5.2 KOHTpONIOIOTH BHKUIU IIKIJUIMBHX pPe4oBHH B aTtMocdepy 3rigHo 3 TOCT
17.2.3.02 ta JICII 201 [7].

6. TAKYBAHHSA

6.1 ITakyrots Kpoxmainb MoaudikoBanmii 3rigHo 3 JICTY 3976 ta JICTVY 4286.

7. MAPKYBAHHS

7.1 MapkyroTb kpoxmaib Moaudikoanmuii 3riguo 3 JICTY 3976 Ta JICTY 4286.

8. ITPABIJIA TPAHCIIOPTYBAHHS TA 3BEPITAHHSA

8.1 IIpaBmia TpaHCIIOPTYBaHHS Ta 30epiraHus 3AiiicHIOTE 3riaHo 3 JICTY 3976 ta
JCTY 4286.

9. METO/J KOHTPOJIFOBAHHSI

9.1 BigOupauus mpoo

9.1.1 BigOuparoTs mpoOH Ui BH3HAYaHHS OPTaHOJIENTHYHHX, (DI3HMKO-XIMIYHHX
MOKAa3HHUKIB Ta IIOKa3HUKIB TOKCHYHHUX ejieMeHTiB 3rigHo 3 I'OCT 7698, mia
MiKpoOioJoridHux mokasHukiB — 3rigHo 3 TOCT 26668 ta IT'OCT 26669, roTyioTh
poOYy JJIsi BU3HAYaHHS TOKCHYHHX eJeMeHTIB — 3rigHo 3 [OCT 26929.

9.2 Bu3Ha4yaroTh OpraHOJENTHYHI Ta (i3UKO-XIMiUHI MOKa3HHKU: MAacOBY YacTKY
BOJIOTH, MacOBY YacTKy 30JH, KHCIOTHICTb, MacoOBY YacTKy 3araiapHoro ¢ocdopy,
KIJIBKICTh BKpaIIeHb, MAaCOBY YacCTKy cipuucToro aHripuay 3rigao 3 TOCT 7698.

9.3 Bu3HauaHHSA YMOBHOI B’SI3KOCTi BOJTHOTO KPOXMaJIBLHOTO KIIEHCTEPY

9.3.1 BusHayaHHI YMOBHOI B’S3KOCTI BOJHOTO KpOXMaJbHOTO KIeHcTepy Ha
Bicko3umeTpi bpykdinsaa RVDV-E, abo anamoriaaomy

MeTton monsrae y BHMIpPIOBaHHI B’SI3KOCTI BOJHOTO KJEHCTepy KpPOXMalio Ha
poTariifHoMy Bicko3uMeTpi 3a TeMmeparypu 50 °C.

9.3.1.1 3aco0u KOHTPOTIOBAHHS Ta JOIIOMIXKHI IPUCTPOL

Baru mabopaTopHi 3araJbHOTO IpHU3HAYEHHS 4-TO KJIacy TOYHOCTI 3 HailOLIBIIO0
rpanunero 3BaxkyBanua 500 r — 3rigHo 3 TOCT 24104.

Porarnifiunii BicKO3UMETp IS BHMIpIOBAaHHS IHHAMIYHOI B’S3KOCTI — 3TiTHO 3
YUHHOIO HOPMAaTHBHOIO JOKYMEHTAITI€IO.

TepMmoMeTp pIAMHHHIA CKISHUI 3 MiHO NOAUIKH Imkand 1°C 1 miama3oHOM

BumiproBanH: Bix 0 °C 10 100 °C — 3rigHo 3 TOCT 28498.
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CexyHJIOMip YU TOJUHHUK HApYYHUIl YH KUIICHHKOBHII MEXaHIYHHUII — 3TiJHO 3
T'OCT 10733 gu enexkrpornuii — 3rigHo 3 TOCT 23350.

Crtakan B(H)-1(2)-1000 TC — 3rigao 3 TOCT 25336

Iumisaap 1(3)-250 — 3riguo 3 TOCT 1770

ITanmuka cxisHa abo JiHiliKa ITacTMacoBa

Mimanka jornareBa (3 BaJoM, 3JaTHUM BiJ’ € JHYBaTHCH BiJl IPUBOJY) — 3TiJTHO 3
YUHHOIO HOPMAaTHBHOIO JOKYMEHTAII€0

bansa BogsgHa

Bopa nuctunpoBana — 3riguo 3 TOCT 6709

JomycTimMe 3acTOCyBaHHS IHIMHNX 3acO0iB KOHTPOJIOBAaHHS Ta JOMOMDKHHX
IIPUCTPOIB 3 TEXHIYHIMH 1 METPOJIOTIYHIMHU XapaKTePUCTUKaMH He HIDKYE 3a3HAYCHUX.

9.3.1.2 ToTyBaHHS KpOXMAaJIBHOI CyCII€H3ii MacoBOro yacTkoio 10 %

B crakan 3BaxyoTh 50 I KpoXMalo 1 IFUIHAPOM JOJAIOTh TaKy KIIBKIiCTh
JUCTHIHOBAHOI BOIM, OO 3arajgbHa Maca KpOXMAJIo i AUCTIUIFOBAHOI BOIU CTAaHOBIIIA
500 r. BMmicT cTakaHa peTelIpHO IepeMilryioTh. KilagyTh Baj MIITaJIKH B CTaKaH 1
3BaXYIOTh 3arajibHy IX Macy.

9.3.1.3 IIpoBeeHHs BUIPOOOBYBAHHS

CTakaH CTaBIITh B KUIUIAYY BOJSIHY OaHIO, SKY IIIFHO 3aKPUBAIOTh HAKPUBKOIO 3
MPOpi3oM JUIA MilTajgKd. Banl 3’€HYIOTH 3 MIIIaJKOIO 1 CYCIICH3II0 IMEepeMIllyIOTh 3
MOCTiifHOIO MmBHUAKICTIO 250 00/XB (MIBHAKICT, 0OEpTaHHS MOBHHHA OYTH IOCTIiiHA).
Yepes 15 XB MilllanKy 3yMHHSIOTH 1 IPOJIOBKYIOTh HATpiBaHHA Iie 15 XB.

IToTiM Bi’€QHYIOTH Baj BiJ{ MIIIAJIKH, aje 3aJIUIIAIOTh HOro B cTakaHi. CTakaH
BHIIMalOTh 3 BOASHOI OaHi, 3BaXKyIOTh 1 JONHBAaIOTh CTUIBKH BOJM, Ha CKUIBKH
3MEHIIMIAach 3arajlbHa Maca CYCICH3ii, KOMIICHCYIOYH KITBbKICTh BOZH, sKa
BHITapyBaJach.

Ilepemimryroun (mBuAKiCTs oOepTranusi 100 00/XB), KieiicTep OXOIOMKYIOTH Ha
BOJHiT 6aHi 1o 50 °C i Biipa3y BUMIpIOIOTH B’ SI3KiCTh POTAI[IfHUM BiCKO3HMETPOM.

3a KIiHIEBHIl pe3yibTaT BHIPOOOBYBaHHSI OepyTh cepelHe apH(pMeTHYHE IBOX
napaneIbHUX BH3HAYCHb.

PeSyJIBTaTI/I OKPYITIIOKOTE 0 II€pHIoro AC€CATKOBOTO 3HAKYy 3 IIO0JaJIbIITNM
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320KPYTJICHHAM JI0 LILJIOTO YHCIIA.

9.4 Bu3zHauaHHS 37]aTHOCTI HAOyXaTu

Meron mossirae y BU3Ha4aHHI 00’ €My KpOXMaJIio, Ha0yXJIoro y BOJI.

9.4.1 3aco0u KOHTPOIIOBAaHHS Ta JTOIOMDKHI IIPUCTPOL

Baru nmabopaTopHi 3arajbHOTO MpH3HAYEHHS 4-To KJIacy TOYHOCTI 3 HalOLIbIIOH0
rparunero 3BaxyBanHg 500 r — 3rigao 3 TOCT 24104

HMuniagp 1(3)-100-2 — 3rigro 3 TOCT 1770

Bona quctunsoBana — 3riguo 3 TOCT 6709

JlomycTuMe 3acTocyBaHHS IHIINX 3aco0iB KOHTPOJIIOBAaHHS Ta JOIOMDKHHX
MIPUCTPOIB 3 TEXHIYHUMH i METPOJIOTIYHIMH XapaKTepHUCTHKaMHU He HIDKYE 3a3HAYCHUX.

9.4.2 IIpoBeieHHs BUIIPOOOBYBaHHS

Ha apxymii manepy 3BaKylOTh 5 T' KpOXMAIIO, IIEPEHOCST Y IHIIH/P, T0IHBAIOTh
JUCTUIHOBaHY BOJY KIMHATHOI TeMIepaTypH, peTeIbHO MEePEeMIIyIOTh, a ITOTIM BMICT
IIIHApa J0BOAATH AUCTHILOBAHOK B0k 10 100 cm®. CycleHsito Ie pa3 peTeabHO
MIEPEMIIIYIOTH 1 3aJIHIIAIOTH ¥ CTaHi CIIOKOIO 332 KIMHATHOI TeMIIepaTypH Ha OJIHY TOJIIHY,
MicIs 9Oro BiIMIYAIOTh MEXY po3auly ABoxX (a3. Y pasi MOBHOrO HaOyxXaHHS
CITOCTEPITaeThCA PIBHOMIPHHUIT pO3IIOIiIT KPOXMAITIO 32 00’ €MOM.

VY pasi HemoBHOro HaOyXaHHS KPOXMAIIIO B IIJIHAPI YTBOPIOIOTHCS JIB1 (a3u:

— BEpXHI — piJKa, Ipo30pa, AKa Maibke He MICTUTH KPOXMAIIIO;

— HIDKHS — HEIpo30pa, 3 HaOyXJIIIM KpOXMaleM.

9.4.3 OmpartroBauHs pe3yIbTaTiB

3naTHicTh HaOyxaTH KpoxMamnio H B canTHMeTpax KyOidHHX Ha TpaM pO3paxoBYIOTh
3a popmysoro:

H=V/m,

ne V — 06’eM KpoXMaiio B IIUTH/PI MiciIs BiZICTOIOBAHHSA, CM>; M — Maca HaBaKKH
KpOXMaIo, T.

3a KIiHIEBHH pe3ynpTaT OepyTh cepenHe apH(MeTHYHE JBOX NapalleIbHUX
BH3HAYCHB, 32 YMOBH, KOJIH:

— pe3yibTaTH BU3HAuYeHb, BHKOHAHHX B OJHII jabopaTopii, He IOBHHHI

BinpisHATHCH Ginbm Hixk Ha 0,01 cM>/T Bix ix cepeIHEOro apu)METHIHOTO;
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— pe3yNbTaTH BU3Ha4eHb, BUKOHAHHX JBOMA PI3HIMH JIab0paTopisiMu, HE IOBUHHI
BiapizHATUCH Gimbim Hix Ha 0,02 cM*/T Bif iX cepeJHBOrO apHpMETHIHOTO.

Pe3ynpraTi OKpyTIIIOIOTH 10 IIEPIIOTO IeCITKOBOTO 3HAKY.

9.5 Bu3HauaHHS CTYIICHS IIOMETY

MeTton monsArae y BH3HAYAaHHI MacH IPOXO/KEHHS KPOXMalio depe3 CHTO 3
IIPOBOJIOYHOIO CITKOIO 3 po3MipoM Bigok 0,1 MM.

9.5.1 3aco0u KOHTPOJIIOBAHHS Ta JTOIOMDKHI IIPUCTPOL

Baru maGopatopHi 3araJpsHOTO IPU3HAYEHHS 4-TO KJIacy TOYHOCTI 3 HAHOUIBIIOIO
rpaHunero 3BaxxyBaHHsa 500 r — 3rigHo 3 TOCT 24104

MeraneBe cuTo 3 BiukaMu po3Mipom 0,1 mm

Po3zciBHuK 1abopaTopHuii (3 KUIbKicTIO 00epTiB Bix 180 00/xB 110 200 06/XB)

ToxuHHNK HapydHUIl 9H KHIIeHHKOBUI MexaHiuHuii — 3rigHo 3 [OCT 10733, uyn
enekTpoHHui — 3rijgHo 3 [OCT 23350

Crtakau B(H)-2-150 — 3rigno 3 TOCT 25336

JomycTnMe 3acTOCYyBaHHS IHIMNX 3aC00iB KOHTPOJIOBAaHHS Ta JIOHMOMDKHUX
IIPUCTPOIB 3 TEXHIYHIMH 1 METPOJIOTIYHIMHU XapaKTePHCTUKAaMH He HIDKYE 3a3HAUYCHIUX.

9.5.2 IIpoBeeHHS BUIIPOOOBYBaHHS

BusHauaHHS CTyIeHS ITOMENIy IIPOBOJIATH Ha J1abopaTopHOMY po3CiBHHKY. CHTO
BCTaHOBIIIOIOTH Ha HiA0H. B crakaHi 3BakyioTs 100 T KpoxXMailto, BUCHIIAOTh Ha CHTO,
3aKpPHUBAIOTh CUTO HAKPHBKOIO 1 3aKpIILTIOIOTH Ha IIAT(GOPMi PO3CIBHUK, IICIIA IIBOTO
BMHUKaIOTh IpHCTpiil. Uepe3 8 XB MpOCiIOBaHHS MPUIUHAIOTH, 3JI€TKa MTOCTYKYIOTH IO
CUTY 1 3HOBY IIPOJIOBXKYIOTH IIPOCIFOBaHHS MPOTAToM 2 XB. [10 3aKiHUEHHI IIPOCIFOBaHHS
KpOXMaJllb Ha IiJIJI0HI 3BasKYIOTb.

Ilig wac py4HOTO NpPOCiIOBaHHS Yac CTPYLIYBaHHS CHTa 3 KPOXMaJleM IIOBHHEH
CTaHOBHTH 15 XB.

9.5.3 OmparroBaHHs pe3yIbTaTiB

CTymiHp IOMEIY Y BiJICOTKaX YHCEIBLHO JOPIBHIOE Maci KPOXMAJIlo, SIKUI POIIIIoB
gepes CUTo.

9.6 BMicT TOKCHYHHX €JIEMEHTIB B MOJU(IKOBAHOMY KPOXMaJli BU3HAYAIOTh: PTYTh

— 3rigHo 3 I'OCT 26927, munr’ sk — 3rigao 3 T'OCT 26930, migs — 3riguo 3 TOCT
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26931 uu I'OCT 30178, cBunens — 3riguao 3 'OCT 26932 gu I'OCT 30178, xagmiit —
3rigao 3 'OCT 26933 yu I'OCT 30178, nimax — 3rigHo 3 TOCT 26934 uu I'OCT 30178.

JomycTuMe 3acToCyBaHHS 1HIMNX METOJIB BH3HAYaHHS TOKCHYHHX €JIEMEHTIB, SKi
MaroTh CBIJIOIITBO IIPO METPOJIOTIYHY aTECTAIli0 1 Y3TOMKEHi 3 IEHTPaJbHIM OpPraHOM
BHKOHABYOI BIIATU Y cepi OXOPOHU 3T0POB’SL.

9.7 Mikpo010JI0Ti4HI MOKa3HUKH MOIU(IKOBAHOTO KPOXMAJI0 BH3HAYAIOTH 3T1THO 3
T'OCT 10444.12, TOCT 10444.15 Tta CaulluH 42-123-4940 MikpoOionoriusgi
HOPMATHBH il METOAU aHaNli3yBaHHS MPOAYKTIB JUTSIYOTO, JIKAPCHKOTO U J1i€ THYHOTO
Xap4yyBaHHA Ta iX KOMIIOHEHTIB.

AHaJi3 Ha TaTOTeHHI MIKpOOPTaHi3MI IIPOBOAATH BiTOMYI UM iHII JTabopaTopii, 110
MalOTh BIJUOBITHUI JO3BiI opraiB JlepkcaHHarsny, y mopsaaky JlepxaBHOro
CaHITapHOTO HAaIIIJly CaHITapHO-CMiJeMIOJIOTIYHUMH CTAHIISIMH 3a 3aTBEPIKEHHMH
METOJaMH.

9.8 BusHauaHHS BMICTY paJiOHYKIiIIB TMPOBOAATH 3TiAHO 3 MeToIHYHHMH
BKa31BKaMH, 3aTBEpPKEHUMH MIiHICTEPCTBOM OXOPOHH 370poB’s Ykpainu: 90Sr — Ne
5778 Meroauuni Bka3ziBkH. «CTpoHIiii-90. BusHauanHS B Xap4oBUX IMPOJIYKTax», Ne
5778-91, M., —1991.Cinouteso MA MBM UB® Ne 14/1-89, 137Cs — Ne 5779
Mertoanyni BkaziBku «Ile3iii-137. Bu3HaueHHs B XapUOBHX MPOJIyKTax», Ne 5779-91, M.,
—1991.Csigourso MA MBM UB® Ne 15/1-89.

10 IIPABILIA IIPUIIMAHHS

10.1 IIpaBuna npuitmManus — 3riguo 3 TOCT 7698.

10.2 IlepiogugHicTh BH3HAYaHHA TOKCHYHUX €JIEMEHTIB, MIiKpOOI1OJIOTIYHHX
TTOKa3HUKIB 1 palioHYKIIAIB Y MOAN(IKOBAHOMY KPOXMalli BCTAHOBIIOIOTE BiJIIOBITHO
Jt1o MeToquYHNX peKoMeH aIliil. BUsHaueHHs TOKCHYHHX €JIEeMEHTIB 1 MiKpOOi0JOTITHIX
ITOKa3HUKIB y MOAH(]IKOBaHOMY KpOXMaJi IIPOBOJAATE OJUH pa3 y kBaprTal Iloka3Huk
3011 KOHTPOJIIOIOTH IEPiOINYHO, ajle He pimie ofgHoro pa3y B 10 rHiB.

10.3 KOHTpONIOIOTH SAKiCTh CHPOBHHH Ta MaTepialiB, M0 MMOCTYIAalOTh, 3TiJTHO 3
I'OCT 24297.

11 TAPAHTIi BUPOBHHUKA

11.1 BupoOHUK TOBHHEH TrapaHTyBaTH BiJIOBIIHICTH SKOCTi MOIU(IKOBAHOTO
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KPOXMaJl0 BHMOTaM IOTO CTaHJApTy 3a YMOBH JOTPHMYBaHHS CIIOKHBa4eM YMOB
TpPaHCIOPTYBaHHS 1 30epiraHHs.
11.2 TepMiH IPUAATHOCTI 10 CIOKUBaHHA MOAH(PIKOBAHOIO KPOXMAIIO — 2 POKH

BIJI IaTU BUTOTOBJIEHHS.
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APPENDIX B

PELEIITYPA
I TEXHOJIOI'TYHA IHCTPYKIIA
Ha neuuBo «MoKa»

[Tincraa: JICTY 3781:2014 «IleunBo. 3aranbHi TEXHIUYHI YMOBH>>

1. TEXHIYHI BUMOI'H.

[TeunBo «MoKa» BUTOTOBJISIOTH BIAMOBIAHO 10 BUMOT IHMX TEXHIYHUX
IHCTPYKIII Ta BUMOT YMHHOTO 3aKOHOJIaBCTBa YKpaiHW MI0JI0 OE3MEYHOCTI Ta
OKpEeMHX MOKa3HUKIB SIKOCTI XapuOBUX MPOAYKTIB.

[TeunBo «MoKa» — 3100H€e 1neunBo 3 00pOIITHA BUIIIOTO COPTY 3 I0JJaBaHHIM
KapTOIUITHOTO KpoxMaltto ¢i3udHoi moaudikailii. Mae kBajgpatHy dhopmy.

Jlns BurotoBneHHs neunBa «MoKa» BUKOPUCTOBYIOTh TaKi OCHOBHI BUJIH
CHUPOBHHH:

OOpPOIIHO MIIEHUYHE BUILLIOTO COPTY 3 HU3bKUM BMICTOM KJIeHKOBHHH (7,0 %)
— JICTY 46.004-99

MoaudikoBanuii kpoxmans — TY Y 00383403.001:2023

uykposa nyapa — JCTY 4623:2006

MoJioko riutHe — JICTY 2661:2010

cutb - JICTY 3583:2015

B 1 kr mictutbes He MeHIIe 80 MTYK.

Bomoricts 10,0+£1,5%.

st BurotoBnenHs neunBa «MoKa» MOXyTh BHUKOPHUCTOBYBATHCH 1HIII
BUJIM BITYM3HSIHOI Ta IMIIOPTHOI CHUPOBWHU - 3TIJTHO 3 YMHHUM HOPMATHBHUM
JIOKyMEHTOM a00 IMITIOPTHOT'O BUPOOHUIITBA 32 HASIBHOCTI BUCHOBKY CAaHITapHO-
€M1JIeMIOJIOTIYHOI E€KCIIEPTU3U IEHTPAIBLHOIO OpraHy BHUKOHABYOI BJAJH, IO
3a0e3neuye (GopMyBaHHS MOJITUKH Yy chepl OXOPOHU 3/I0POB S

3a opraHoOJICNITHYHUMHU TOKa3HWKaMu IeuynBo «MoKa» mae BigmoBimaTu
BUMOTaM, 3a3Ha4eHUM y Tadsmii 1.

Tabnuys 1
HaiiMeHyBaHHSI OKA3HUKA Xapakrepucruka
dopma KBaapartHa, 6€3 momko/xkeHb, Kpai piBHI 6€3
BM atuH. Jlomyckaetbest — He Oubie 5,0%
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BHUPOOIB HAJIOMJIEHUX BiJI Macu HETTO
[MAaKOBAJILHOT OTMHHII

[ToBepxHa Heniaropina, 6e3 BKkparjieHb KpUXT, 03

3Ty THH, TyXUPIIiB, IO JIOMHYJIA

Koumip PiBHOMIpHUIA, BiJ  CBITJIO-KPEMOBOTO  JO
’KOBTOTO

Cwmak 1 3amax BrnacTuBi neunBy, 6€3 CTOPOHHBOT'O MTPUCMAKY
1 3amaxy

Bun B po3iomi [Ipormeuene neunBo 3 piIBHOMIPHOIO TOPUCTICTIO
0€3 MyCTOT 1 CJIiJIIB HEMPOMICy

3a ¢isuko-xiMmiyHnMu nokazHukamMm neuynBo «MoKa» mnoBuHHO
BIJIIIOB1JATH BUMOT'aM, 3a3HAa4Y€HUM B TAOIHUIIl 2.

Tabnuys 2
HaiimenyBaHHS TOKa3HUKIB Meton
Hopma aHaizy
Booricts, % 10,0 £0,5 | ACTVY 4910

MacoBa yacTka 3arajibHOro IyKpy (3a
caxapo3010) B MIEPEpaxyHKy Ha cyxy pedoBuny, %| 16,0 +25 | JICTY 5059

MacoBa yacTka XHpy B IEPEPAXYHKY HA CyXY 30,0 +1,0 | ACTY 5060
pedoBUHY, % -~

JIyxHICTB, Tpa] HE OLIbILIE 2.0 JICTY 4672

MacoBa yacTka 30J11, HEpO3YMHHOI B PO3UHHI
coasaHo1 kucjiot 3 M.4. 10%, %, He O1bIIe
HamouyBaHicTh, %, HE MEHIIIE 110 JICTY 5023

0,1 JICTY 4672

BMicT TOKCMYHMX ejIeMEeHTIB B NMeYMBI HE MOBUHEH IEPEBUILYBATH
TPAaHUYHO JIOMYCTUMHUX KOHIeHTpalii, nependauennx Can [1iH 42-123-4089
Ta MPUBEJACHUX B TaOIUII 3.

Tabnuys 3
HaitmenyBanns ['pannuHO nonmycruma
TOKCUYHOTO €JIEMEHTY KOHIIEHTpAIlisl, MI/KT, HE Meton ananizy
OlyIbIIIe
PtyTh 0,02 I'OCT 26927
Mu'sik 0,3 I'OCT 26930
CBUHEIb 0,5 I'OCT 26932
Kammiii 0,1 I'OCT 26933
Minn 10,0 I'OCT 26931
[{nHK 30,0 I'OCT 26934

BmicTt MikoTOKCHMHIB B mNe4YMBi HE TOBMHEH MEPEBUIYBaTH pIBHI,
nependoadeHi <«Menuko-010JOTIYHUMH BUMOTaMU Ta CaHITAQpHUMU HOPMaMu
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SKOCTI TPOJOBOJIBYOI CHPOBHHHM Ta XapuoBUX MpoaykTiB» Ne5061, a Bmict
NecTHUUiAIB HE TOBHHEH TMEPEBUIIYBATUT piBHIB, 3a3HaueHux y JCanlliH

8.8.1.2.3.4.-000 1 ix pernamMeHTy y CHPOBHUHI.

3a Mikpo006ioJIOriYHMMH MOKA3ZHUKAMM NEYUBO TTOBUHHO BiMOBIAATH

BHMOI'aM, HaBEJICHUX B Ta0uIIi 4.

Tabnuys 4

HaiimenyBaHHS TOKa3HUKIB Hopwma
KinbkicTs Me30]i1pHUX aepoOHUX 1 (paKyIbTaTHBHO-
aHaepoOHux Mikpoopranizmis, KYO B 1,0 r npoaykry,
HE 1x10*
OlsIblIIe
bakTepii rpynu KumkoBux naanvok (komigopmu), B 0,1 T He
MPOIYKTY JIOTyCKal0TCA
[TaTorenHi MiKpooprasizmu, B T.4. 0akrepii pony CanpMoHena, HE
B25T JIOTYCKAIOTCA
ITmiceneni rpudu, KYO B 1 1, He OuibIe HIXK -

2. BUMOTH 10 CHPOBHHU

CupoBuHa, 110 3aCTOCOBYETHCS IMPU BUTOTOBJICHHI TNEYMBA, MOBHHHA

Oyt pgo3BojieHa 10 3actocyBaHHS MO3 Vkpainu. SkicTh ii NOBHHHA
BIIMOBIJaTH BHUMOTaM YHMHHOI HOPMATHBHOI JOKyMEHTaIlli; 3a BMICTOM
TOKCUYHHUX €JIEMEHTIB, MIKOTOKCHHIB, TIECTUIIMIIB, HITPATIiB Ma€ BIJMOBIIaTH
«Menuko-010JI0TTYHUM BUMOTaM 1 CaHITapHUM HOPMaM SIKOCTI MPOJ0BOJILYOT

CUPOBHMHH 1 XapuoBUX MPOAYKTIB Ne 5061».

Penentypa Ha neunBo «MoKa» HaBeneHna B Tabimiii .

Tabnuys 5
CupoBuHa Bwmict Burpara cuposunu Ha 100,0
CYyXUX KT II€YHBA,
pe4yoBUH,% B HaTypl B CYXUX
pEYOBHHAX
Bopo1iHo nieHnyHe 3 88,0 49,36 43,44
HU3BKHM BMICTOM
KJICUKOBUHU
MopaudikoBaHHI KpOXMalb 88,0 8,71 7,66
Maco BepIikoBe 80,0 38,71 30,97
[{ykpoBa myapa 99,85 16,13 16,11
MoiJiok0 12,5 9,68 1,21
Cinp 96,5 0,32 0,31
Hartpito 6ikapOonar 99,0 0,32 0,32
Bona 0,00 0 0
Pazom 122,94 100,02
Buxin
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TexHoJIOriYHA iHCTPYKILis 3 mpuroryBanus neuyusa «MoKa»
[IpurotyBaHHs neynBa CKIAAAEThCS 3 HACTYITHUX CTaIiil:
- MIATOTOBKAa CUPOBUHU JI0 BUPOOHMIITBA;
- TPUTOTYBaHHS TiCTa;
- (opMyBaHHS TICTa;
- BUITIIKaHHS Ta OXOJIOKEHHS,
- yMaKoOBKa, MApKyBaHHS, TPAHCIOPTYBAaHHS 1 30epiraHHs.

IlinroroBKa CHPOBUHM /10 BHPOOHHUIITBA
[TigroToBKa CHUPOBMHU A0 BUPOOHHUIITBA 3MIWCHIOETHCS BIAMOBIIHO 0O
TexHOMOTIYHUX THCTPYKIIN IS BUPOOHUIITBA OOPOIIHSHUX KOHAUTEPCHKUX
BUpOOiB. [lommyckaeThcs B3a€MO3aMiHHICTh CHPOBHUHU BIAMOBITHO 10 Bka3iBok 110
pelenTtyp Ha IeYrBoO.

IlpuroryBaHHs TicTa
Po3m’sikiiene macio 30MBaroOTh 0 KPEMOMOA1I0HOTo Ta OJ1110r0 KOJIbOpY,
JOAAI0Th IIyKPOBY MyApPY Ta PIBHOMIPHO IMEPEMIIIYIOTh, JOJAIOTh MOJIOKO Ta
CUTb 1 TIEPEMINIYIOTh CICKTPUYHHUM MIKCEpOM MpOTSAroM 3 XBWIMH Ha 1
IIBUJIKOCTI JIO YTBOPEHHS OJHOPIJHOI MacH, I0AAI0Th CYMIII IIIIEHUYHOTO
OopoIlHa 3 HU3BKMM BMICTOM TIJIFOTEHY Ta MOAM(DIKOBAHOTO KPOXMAJIO Ta
3aMINIYIOTh M’SIK€ TICTO.

DopMYBAHHA TiCTa, BUNIIKAHHS

Ilepen ¢opmyBaHHSIM TICTO 3aropTalOTh B IMEKapChbKUW mamip 1 3a
onoMoror Gopmu GopMyrOTh NPIMOKYTHHUK IIUPUHOIO 6 CM 1 BUCOTOIO 4 CM.
TicTOBYy 3aroTOoBKy 3aJIMIIAIOTh B XOJOAWIBHUKY mputemneparypi -18 T
npotaroM 1 roguHu. 3aMopoxeHe KyOONoJiOHE TICTO Hapi3aloTh HOXKEM Ha
TICTOBI 3aTrOTOBKHU TOBIIMHOKO 0,7 CM 1 BUKJIAJaI0Th y MIJATOTOBICHY GOpPMY IS
BUIIKaHHA. BUMiKaHHS TICTOBHX 3arOTOBOK MPOBOJATH MpH Temmepatypi 170 °C
poTAroM 17 XBUJIUH.

Bunedene mneuynBO HAAXOAUTh HA CTPIYKOBUM TpaHCIOpPTEp, JI€ T
00/TyBOM XOJIOZHOTO MOBITPS 0XOJOKY€EThCs 10 Temneparypu 18-20 °C.

YnakoBka, MADKYBAHHS, TDAHCHOPTYBAHHA i 30epiranusa
VYnakoBka, MapKyBaHHS, TpaHCHIOPTYBaHHA 1 30epiraHHs I€YMBa
poBOAATECA BianmoBiaHo A0 BuMor JICTY 3781:2014.
JlomycTuM1 BIAXUJICHHS] MAaCH HETTO MaKyBaJIbHOT OJIMHUII TTeUrBa
CKJIaJ1al0Th, HE O1JIbIIe:

minyc 10,0 % — o 50 r BKIIIOYHO,
Mminyc 5,0 % - monaxa 50 mo 400 r,
MiHyc 2,5 % - nmonana 400 no 500 T,
Mminyc 1,5 % - nmonax 500 o 1000 r,
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minyc 1,0 % - monazg 1000 r.

BinxuieHHs Macl HETTO 32 BEPXHBOIO MEKEIO HE OOMEXKYETHCSL.
[leunBo 30epiraioTh y CyXuX, UHCTUX, JOOpPEe BEHTUJIHOBAHUX
IPUMILIEHHSX, 1110 HE MalOTh CTOPOHHBOTO 3aMaxy, He 3apaKeHUX IIKITHUKaAMH

xJ1IOHUX 3amnaciB, mpu Temmeparypi (18+5) °C 1 BigHOCHI BOJIOTOCT1 MOBITPS HE
oinbre 75%.

Crpox mnpuaatnocti mneunBa «MoKa» BaroBoro 3 mnojaibmum
OOTATYBaHHSM KOpOOa MOIIMEPHOIO TTIBKOIO — 4 MiC.

XapuoBa (MOKUBHA) TA eHEPreTHYHAa MiHHICTH (KagdopiHicTh) 100 r meynBa

«MoKa»
buikn, T Kupwu, r Byrnesoau, r KanopiiiHicTs,
KKaJI
3,8 30,9 54,5 511,9

PO3POBJIEHO:

acmipanTka Kadenpu TexHonorii xapuyBands CyMChKOTO HallIOHATBHOTO
arpapHoro yHIBEpCUTETY

Dg@ CAIIM Jeur Yynomi
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APPENDIX C

PELEIITYPA
I TEXHOJIOI'TYHA IHCTPYKIIA
Ha xJjioui «Ilaposi»

[TincraBa: JICTY 4582:2006 «Xmi6 Ta x11000yJI09HI BUPOOH>>
1. TexHiuHi BUMOrH.

Xmi6mi «{lapoBi» BHTOTOBJISIFOTH BIAMOBIIHO JO BHUMOT ITUX TEXHIYHUX
IHCTPYKIIH ab0 HOpMAaTUBHUX JOKyMeHTiB BupoOHuka (TY, TYY, COY Tomo,
AKi He cynepedarb BuMoram BianosigHoro JICTY), 3aTBepmkeHuUM Yy
BCTAHOBJICHOMY 3aKOHOJIaBCTBOM Y KpaiHU MOPSIKY.

Xmibui «ITapoBi» — x116111 3 OOPOITHA MIIIEHUYHOTO 3 TOHUKEHUM BMICTOM
oinky (10,0 % +£1,0%) 3 nomaBaHHSAM KapTOIUISTHOTO KpOXMalio (i3U4HOI
Moaudikaii. MaroTs Kpyriy dhopmy.

Jlnst BurotoBieHHs: xmiOmiB «llapoBux» BUKOPUCTOBYIOTH TakKi OCHOBHI
BUJIA CUPOBUHHU:

OOpOIIIHO TIIEHWYHE BHIIOTO COPTY 3 HHU3BKUM BMICTOM KJIECHKOBHHHU
(10,0 %=1,0%) — ICTY 46.004-99

moaudikoBanuii kpoxmanb — JICTY 4380:2005

npixki — JJCTY 4812:2007

cinp — JICTY 4307:2004

Boaa - JICTY 7525:2014

B 1 kr mictuthes He Mente 20 mTyK.

Bosoricts 38,04),5%.

Jlnst BuroroBieHHs xi0miB «IlapoBrUx» MOXYTh BUKOPUCTOBYBATHCH 1HII1
BUJIM BITYM3HSIHOI Ta IMIIOPTHOI CHUPOBWHU - 3TITHO 3 YMHHUM HOPMATUBHUM
JIOKyMEHTOM a00 IMIIOPTHOT'O BUPOOHUIITBA 32 HASIBHOCTI BUCHOBKY CaHITapHO-
eMiJEeMIOJIOTIYHOI EKCIIePTU3H I[EHTPAJLHOTO OpraHy BHKOHABYOI BJIaJM, IO
3abe3neuye GopMyBaHHS MOJITUKH Y chepl OXOPOHU 3/I0POB’Sl.

3a opraHoJIENTHYHUMHU MOKa3HUKaMu X011l «[1apoBi» MarOTh BiAMOBIIATH
BUMOTaM, 3a3Ha4eHUM y Tabnuii 1.

Tabnuys 1
HaliMeHyBaHHS OKA3HUKA XapakTrepucruka
30BHINIHIN BUTJIA; Kpyrna, npaBunbsHOi popmu, 6€3 60KOBUX
dbopma BUILINBIB
MOBEPXHS bes Bkparens, 6€3 31y THH, MyXHUPIIiB, TIa1Ka.
BimmapyBaHHS CKOPUHKH BiJl M'SKYIIIKH HE
JI03BOJICHO.
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KOJIip

PiBHOMIpHHMIA, CBITIO-KPEMOBHIA

CraH M’ SIKyILIKH

[TopucTticTh 100pe pO3BUHEHA, PIBHOMIPHA,
CepeAHIN PO3MIp TOP

CwMmak 1 3amax

3amax Ta cMak BJIACTUBUN MIIIEHUYHOMY XJIi0y
0e3 CTOpOHHIX 3amaxiB Ta MPUCMAKIB

3a ¢isuko-xiMmivunumMu mnokasnukamm xJioui «IlapoBi» moBUHHI
BIJIIIOB1JATH BUMOT'aM, 3a3HAa4Y€HUM B TaOIHUIIl 2.

Tabnuys 2
HaiimenyBaHHS TOKa3HUKIB MeTon
Hopma aHam3y
Bonoricts, %, He OLIBIIIE
45,0 3rigHo 3 JIICTY 7045
KucnortHicTs, rpaj, He OiIbIIe 3,5 3riguo 3 JICTY 7045
ITopucrictb, %, HE MEHIIIE 65,0 3riguo 3 JICTY 7045

BMicT TOKCHMYHMX ejieMeHTIB B XaiOusx «IlapoBux» He MOBUHEH
MEPEeBUILYBaTH TPAHUYHO JOMYCTUMMX KOHIIEHTpaIid, nependadeHux Can
[TiH 42-123-4089 ta npuBeneHux B Tadmuill 3.

Tabnuys 3
HaitmenyBanHs  |['‘paHM4YHO JOIIycTUMA
TOKCUYHOTO €JIEMEHTY|KOHIIEHTpAIlisl, MI/KT, Merton aHamizy
HE
O1JIbIIIe

Brigno 3 [OCT 26932, TOCT
CBHUHEIIb 0,3 30178

Briqno 3 'OCT 26933, TOCT
KaaMin 0,05 30178
MUIII'SIK 0,1 Brigao 'OCT 26930
pPTYTh 0,01 Brigno 'OCT 26927

Briqno 3 'OCT 26931, TOCT
MiJTb 5,0 30178

Brinno 3 'OCT 26934, TOCT
10050308 25,0 30178

Brigao 3 MP Ne 2273 [1],
MIiKOTOKCHHH: IMP Ne 4082 [2], ACTY EN
adaaTokcud By 0,005 12955
JIe30KCHHIBAJICHOT 0,5 3rigao 3 MP Ne 3940 [3],

MYV Ne 5177 [4]

3rigHo 3 MP Ne 2964 [5],
3eapaJiecHOH 1,0 MY Ne 5177 [4]




Bmict MikoTOKCHMHIB B XJi0UAX HE TNOBHHEH IE€PEBUINYBaTH PiBHI,
nependaveHi <«Menuko-0610J0TIYHUMHA BHMOTaMH Ta CaHITAPHUMH HOPMaMH
SKOCTI TMPOJOBOJIBUOI CHPOBHHU Ta XapuoBUX MpoaykTiB» Ne5061, a Bmict
NecTHUIAIB HE TMOBMHEH MEPEBHIYBaTHT piBHIB, 3a3HaueHux y JCaunlliH

8.8.1.2.3.4.-000 1 ix peryiaMmeHTy y CHpOBHHI.

3a Mikpo0ioJIOriYHUMH MOKAZHUKAMM XJIi01i MalOTh BIJIIIOBIIATH

BHMOTIaM, HaBeJCHUX B TaOmuIl 4.

aHaepoOHuX Mikpooprasizmis, KYO B 1,0
I IPOJYKTY, HE OLIbIIIe

Tabnuys 4
HaliMeHyBaHHSI TOKa3HUKIB Hopwma
KinpkicTh Me30(iTbHIX aepOOHHX 1
(axkyIpTaTUBHO- 1x103

[Tniceneni rpubu, KYO B 1 1, He OibIne HIX

He nomyckaerncs

2. Bumoru 10 CHPOBHMHH.
CupoBuHa, 10 3aCTOCOBYETHCS MPH BUTOTOBJIEHHI XJIOI[IB, MOBHHHA
Oytu no3BojieHa g0 3actocyBaHHs MO3 Vkpainu. Skicte ii moBuUHHa
BIJINOBIJJATH BUMOTaM YHHHOI HOPMATHBHOI JOKYMEHTAIlli; 3a BMICTOM
TOKCUYHHUX €JIEMEHTIB, MIKOTOKCUHIB, MECTUIIMAIB, HITPATIB Ma€ BIANOBIIATH
«Menuko-010JI0TTYHUM BUMOTaM 1 CaHITapHUM HOPMaM SIKOCTI IPOJOBOJIbYO1

CUPOBHMHH 1 XapuoBUX NPOAYKTIB Ne 5061».

Penentypa na xaioui «IlapoBi» HaBeneHa B Tabmnuii .

Tabnuys 5
CupoBuna MacoBa yacTka Butpatu 6opomiHa, KT

BoJiord, % 1 100
Bbopomno 12,0 0,70 70,0
MIIIEHAYHE 3
HHU3BKUM BMICTOM
KIIEHKOBHHU
MonudikoBanwmii 12,0 0,30 30,0
KpOXMaJlh
Hpixmxki 15,0 0,01 1,0
MpecoBaHi
Ciab 3,0 0,01 1,0
Bona 100,0 0,55 55,0
Bcroro Ticta - 1,57 157,0
KinpkicTh TICTOBHX - 31 3140
3arOTOBOK

TexHos0orivHa iHCTPYKUis 3 NpUroryBanus xJida «IlapoBuii»
[IpuroryBanHs xJ110a CKIaAa€ThCSl 3 HACTYITHUX CTaaii:

- MATOTOBKA CHPOBUHHU JI0 BUPOOHUIITBA;
- IPUTOTYBAHHS TICTA;
- OpOdIHHSA TICTA;
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- popmyBaHHS TiCTa,
- BUITIKaHHS Ta OXOJIO/KCHHS
- yIakoOBKa, MapKyBaHHsI, TPAHCIIOPTYBaHHS 1 30epiraHHsl.
IlinroToBKa CHPOBMHHU 10 BUPOOHMIITBA
[TigroToBKa CHUPOBMHU A0 BHPOOHHUIITBA 3MIWCHIOETHCS BIAMOBIAHO O
TexHOoJOrYHUX 1HCTPYKIN JUIs1 BUPOOHUIITBA XJIIOHUX BUPOOiB. JlomycKkaeThes
B3a€MO3aMiHHICTh CHPOBUHH BIAMOBIIHO 10 BKka3iBok 10 penentyp Ha XJi0.
IlpuroryBanus rticra
Ticro ¢dopmyBanu NUISIXOM 3MINIyBaHHSA IIIEHWYHOTO OOpOIIHA,
MoaudikoBanoro kpoxmaimo (HMTS a6o MWS), comi, apikmkiB Ta BOAH 1
3aMilTyBaHHs TicTa MPOTArom 2 xB. [ToTiM TicTo 3anuiiaim Ha OpoAiHHS B KaMmepi
npu 35°C 1 BigHOCHIM Bosiorocti 65% mpotsirom 60 xB. Ilicist OpoaiHHS TICTO
oOMMHAJM Ta TO/IaBasii HA (hOPMYBaHHS.
@DopMyBaHHA TicTa, IPONAPIBAHHS
Bubpoxene Ticto noAusuM Ha mmMaTku Macoro (50£0,5 ), okpyrisiiu Ta
dbopmyBanu xmi60111, BUcTOOBaM TpoTsiroM 10 xBuiuH nipu 35 °C 1 BITHOCHIN
BoJsiorocti 65%, a motim nponaproBanu npu 100+£5°C npotarom 20 XBUWIKMH Npu
atMocepHoMy THUCKy. llpuroroBani Ha mapy XJiOmi OXOJIOIKYBaJIA 1O
temriepatypu 18-20 °C mpotsirom 1 ronuHu.
YnakoBKa, MADKYBAHHS, TDAHCIIOPTYBAHHA i 30epiraHnHs
VYmakoBka, MapKyBaHHS, TPAHCIOPTYBaHHS 1 30epiraHHs XJIiOIiB
MIPOBOJIATHCA BIJMOBIAHO 10 BUMOT MapKyBaHHS TOBAPY - 3T1JTHO 3aKOHY Y KpaiHU
«IIpo iHdpopmarrito ajs CIOKHUBaYiB 11010 Xapu4OBHUX MPOAYKTIB» Big 06.12.2018
Ne 2639-VIII ta Bumor JICTY 7046:2009 «Bupobu xm1i600yaouHi. YKiagaHHs,
30epiraHHs 1 TpaHCIIOPTYBAHHSD.
Bigxunenns Mmacu B 61k 3MEHIIIEHHSI - HE MOBUHHO TiepeBuiityBatu 3,0 %,
B 01K 30UIBIIICHHS - HE OOMEKEHO.
X161 30epiraroTh y CyXux, YUCTUX, 100pe BEHTUIILOBAaHUX MTPUMIIIICHHSX,
10 HE MAIOTh CTOPOHHBOTO 3aI1axXy, HE 3apaKEHUX IIKIJHUKAMH XJIIOHUX 3aI1aciB,
npu remneparypi (18+5) °C 1 BITHOCHIH BOJIOrOCTI MOBITPS HE Oubie 75%.
Crpoxk mnpuaatHocti xuiouiB «IlapoBux» ckinagae — 24 rox 6e3
MaKyBaHHSI, 3aIITaKOBAHUX Yy MAKETH 3 TOJIIMEPHOT TUTIBKU — 48 To1.
Xap4yoBa (II0KMBHA) Ta €eHePreTHYHA HiHHICTh (KajaopiiiHicTh) 100 r xJ1i0uiB

«IlapoBux»
binku, r Kupwu, r ByrneBoau, r KanopitiHicTs,
KKaJI
4,3 0,3 48,5 201,0

PO3POBJIEHO:

acnipaHTka Kadenpu TexHosnorii xapuyBaHHs CyMChKOTO HalllOHAJIbHOTO

arpapHoro yHiBepCUTETY
Dé?\q CA‘M/& Henr Uynmi
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APPENDIX D

PELIEIITYPA
I TEXHOJIOTTYHA IHCTPYKIIA
Ha JOKIMNHY «JIerka»

[TincraBa: JICTY 7043:2009 «Bupobu makapoHHi. 3arajibHi
TEXHIYHI YMOBU>>

1. TexHiuHi BUMOTH.

JlokmuHy <dlerka) BHUTOTOBJISIOTH BIAMOBITHO IO BUMOT WX TEXHIYHUX
IHCTPYKIIH a00 HOpMAaTUBHUX JOKyMeHTiB BupoOHuka (TY, TYY, COY Tomo,
ki He cynepeyaTh BuMoram BignosimHoro JICTY), 3arBepmkeHuMm y
BCTAHOBJICHOMY 3aKOHOJ/IaBCTBOM Y KpaiHU MOPSIKY.

JlokmmuHa «Jlerka» — 1e CTPIYKOMOI0HI MakapOHHI BUPOOU 3 TJIaJIKOIO
MOBEPXHEI0 Ta NPSIMUMHU KpasMH 3 J0JIaBaHHSIM KapTOIUITHOTO KPOXMAIto
b13uunHoi Moaudikariii. Kopotkopizasi.

JIist BUTOTOBJIEHHS JIOKIIMHU «JIerkoi» BUKOPUCTOBYIOTh TaKi OCHOBHI
BUJIA CUPOBUHHU:

OOpOIIHO TIICHWYHE BWIIOTO COPTY 3 HHU3BKAM BMICTOM KJICHKOBHHHU
(10,0 %=+1,0%) — ACTY 46.004-99

MoaudikoBanuii kpoxmans — TY Y 00383403.001:2023

cinb — JICTY 4307:2004

Boma - JICTY 7525:2014

Bomoricts 12,040,5%.

JIy1st BUTOTOBJICHHS JIOKIMMHA «JIETKO1» MOKYTh BUKOPHUCTOBYBATHCH 1HIITI
BUJIM BITYM3HSIHOI Ta IMIOPTHOI CHPOBWHU - 3TIJTHO 3 YMHHUM HOPMATUBHUM
JIOKyMEHTOM a00 IMITIOPTHOTO BUPOOHUIITBA 32 HASIBHOCTI BUCHOBKY CaHITapHO-
eMiJEMIOJIOTIYHOI €KCTIePTU3HM IIEHTPATBLHOTO OpraHy BHKOHABYOI BJAaH, IO
3abe3neuye hOpMyBaHHS MOJITUKH Y chepl OXOPOHU 3/I0POB’S.

3a Opra”HoJeNTUYHUMH TTOKA3HUKAMU JIOKIINHA «JIerka» Mae BiJMOBIIATH
BUMOTaM, 3a3Ha4eHUM y Tabnuii 1.

Tabnuys 1
HaiimenyBaHH#
XapakrepucTuKa
NMOKA3HUKA
30BHINIHIN BUTIAL:
KOJIp OOHOTOHHUH 3 KPEMOBHM BIATIHKOM, O€3 CII1JIIB HEMPOMICY
ITOBEPXHS ['mageHbka
dbopma Ctpiuku 3 IpSAMUMH KpasiMu JOBKUHOIO He O1biiie 100,0 M,
mupuHa 710 5,0 MM, ToBITMHA — He OiIbIe 2,0 MM
Cwmak 1 3amax 3amax Ta CMak BJIACTUBHI JIOKIIIMHI O€3 CTOPOHHIX 3araxiB
Ta MPUCMAaKIB
Cran BupoOiB 3BapeHi 10 TOTOBHOCTI BUpOOM 30epiratotb (Gopmy, He
micysl BapiHHS 3JIMNAKOTHCS], HE YTBOPIOIOTh IPYA0UYOK
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3a QizuKo-XiMiYHUMH MOKA3HUKAMH JOKIIMHA «JIerka» noBuHHA
BIJITOBIZIATH BUMOTraM, 3a3HAa4Y€HUM B TaOJIMIN 2.

Tabnuys 2
HaiiMmenyBaHHSI TOKa3HUKIB Hopwma Meton
aHaTizy
Boaoricte, %, He OlIbIIE HIXK 12,0 +0,5 I'OCT 14849
KucnotnicTs, rpaj, He OlablIe 4,04,5 I'OCT 14849
HIK
Macosa yacTka oMy, %, He 10,0 I'OCT 14849
O1IBIIIe HIXK
MacoBa yacTka neopMoBaHUX 50 I'OCT 14849
BUPOOIB, %, HE OLIbIIIe HIXK
MacoBa yacTtka KpuxTtu, %, HE 8,0 I'OCT 14849
O1JIbIIIE HIXK
Meranomaruitai gomimku, mr Ha| 3,0 — skmro po3mip |['OCT 14849
1 Xr mpoayKTy, HE OUTbIIE HIXK OKpPEMUX YaCTOK HE
ourpie, Hix 0,3 MM
y HalOUIbIIOMY
JHIKHOMY BUMIpI1
HasgBHICTh MIKITHUKIB XJIIOHUX He nonyckaerscss | ['OCT 14849
3amnaciB

BMicT TOKCHMUYHHX eJIEeMEHTIB i1 MIKOTOKCHHIB B JIOKIIMNHI «JIerkim»

HE TIOBMHEH TIEPEBUIYBaTH TPAHWUYHO JOMYCTHMHUX KOHIICHTpAIIii,
nependauyeHux MBTuCH 5961 Ta npuBenenux B Tabnuii 3.
Tabnuys 3
HasBa enementa | ['panu4HO qomyctumi MeTox KOHTPOIIOBaHHS
PIBHI1, MI/KT, HE
O1JIbIIIe HIXK

ToKCHYHI €JIEMEHTH: I'OCT 26932, I'OCT 30178
CBUHELD 0,5
KaJIMii 0,1 I'OCT 26933, T'OCT 30178
MUIIIL SIK 0,2 I'OCT 26930
PTYTh 0,02 I'OCT 26927
MiJTb 10,0 I'OCT 26931, I’'OCT 30178
ITUHK 50,0 I'OCT 26934, T’OCT 30178
MIKOTOKCHHH: MP Ne 2273 (3), MP Ne 4082
adaaTokcuH By 0,005 (4), ACTY EN 12955
T-2 TokCuH 0,1 MY No 3184 (5)
JIe30KCHHIBAJICHOT 0,5 MP Ne 3940 (6), MY Ne 5177 (7)
3aapajeHOH 1,0 MP Ne 2964 (8), MY No 5177 (7)
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BmicT 3a1MIIKOBOI KUIBKOCTI MeCTHIMIAIB Y JIOKIIMHI HE TOBUHEH
MIEPEBUIIyBaTH JOMyCTUMUX piBHIB, mnependauennx MBTuCH Ne5061 1
JCanlliH 8.8.1.2.3.4-000 i ix peryiiaMeHTy y CUpOBHHI.

Bmict pagioHykaigiB y JIOKIIMHI HE TOBHUHEH MEPEBHILYBaTH
JTONyCTUMUX PiBHIB, nepeadauenux ['H 6.6.1.1-130, 3a3HaueHux y Tadmuili 4.

Tabnuys 4
Hassa enemenra ['pannuHO Meton
JIOTIyCTUMI PiBHI, KOHTPOJTFOBaHHS
BK/kr, HEe OLIbIIIE
HIK
187Cs (Lle3iit -137) 20,0 MY Ne 5779 (11)
%Sr (Ctponmiii-90) 5,0 MYV 5778 (12)

2. BUMOTH 10 CHPOBHHH.
CupoBuHa, 1110 3aCTOCOBYETHCSI ITPU BUTOTOBJICHHI JIOKIIIMHU, TTOBUHHA
Oyt po3BojieHa 10 3actocyBaHHs MO3 Vkpainu. SkicTh ii NOBHUHHA
BIIMOBIJaTH BUMOTaM YMHHOT HOPMATHUBHOI JOKYMEHTAIlll; 3a BMICTOM
TOKCUYHHUX €JIEMEHTIB, MIKOTOKCUHIB, MTECTUIIWIIB, HITPATIB Ma€ BIJNOBIAATH
«Menuko-010JI0TTYHUM BUMOTaM 1 CaHITapHUM HOPMaM SIKOCTI POJOBOJIBYO1
CUPOBHMHH 1 XapuoBUX MPOAYKTIB Ne 5061».

Penentypa Ha Joxkmmny «JIerky» HaBejeHa B TaOIHIN 5.

Tabnuys 5
CupoBuHa MacoBa JacTka ButpaTu 6opoiiHa, Kr
BoJord, % 1 100
Boporro 12,0 0,70 70,0
MIIICHUYHE 3
HHU3LKAM BMICTOM
KJIEHKOBHHH
Mozndikosanuii 12,0 0,30 30,0
KpOXMaJib
Bona 100,0 0,48 48,0
Beboro - 1,48 148,0

TexHo0riYHA IHCTPYKIiSE BUPOOHMITBA JOKIINHHA «Jlerkon»
[TpuroryBaHHs JOKIIMHH CKIIAAAETHCS 3 HACTYITHUX
CTaiil:
- MIJArOTOBKAa CUPOBMHHU 10 BUPOOHUIITBA;
- 3aMillyBaHHS TICTa,
- (opMyBaHHS 1 BUIIPECOBYBAHHS;
- Hapi3aHHs Ha IIMATKU HEOOX1HOT JOBKUHU;
- CYUIIHHS Ta OXOJIOMKECHHS,
- yIakoBKa, MapKyBaHHS, TPAHCIIOPTYBaHHS 1 30€piraHHs.
IlinroroBKa CHpOBMHHU 10 BUPOOHMIITBA




239

[TigroToBKa CHUPOBMHU A0 BUPOOHUITBA 3AIHCHIOETHCS BIANOBIAHO 0
TexHonoriuHMX I1HCTPYKIINA JUIs BUPOOHHMIITBA MaKapOHHUX  BHUPOOIB.
JlomyckaeThCcsl B3a€EMO3aMIHHICTh CHPOBHHH BIANOBIAHO 10 BkasiBok 10
pelenTtyp Ha MakapoOHHI BUPOOH.

3amimyBanHs Ta popMyBaHHS TicTa

Ticro ¢dopmyBanu NUIIXOM 3MINIyBaHHS IIIEHWYHOTO OOpOIIHA,
moaudikoanoro kpoxmano (HMTS a6o MWS), nonaBanu Bojay, 3amilryBaiu
IPOTATroM 2 XB BpyuHYy. OTpuUMaHe TICTO HAaKpUBAJIU MOTIETHIIEHOBOIO TUTIBKOIO 1
saymmany Ha 15 xB npu temnepatypi 18-20 °C. IToTiM TiCTO 3HOBY 3aMilllyBaJIH
npoTaroM 1 XB 1 HAPaBIsUIM HA (POPMYBaAHHS IIUIIXOM BUIIPECOBYBaHHS.

CyliiHHS Ta 0X0JI0/’KeHHS JIOKIINHHA

Cy1iHHS JOKIIWHYA TPOBOAWIM y CYIIMWIBHIN 11adi npu Temneparypi 60-
80 °C mporsroM 2,5-3,0 rogun. Ilicns CymriHHS JOKIIUHY OXOJIOJKYBAIH 0
temrepatypu 18-20 °C mpotsarom 1-2 roaus.

YIaKkoBKa, MADKYBAHHS, TDAHCIIOPTYBAHHS | 30epiraHHs

VYnakoBka, MapKyBaHHS, TpPAaHCIOPTYBaHHS 1 30€epiraHHd JIOKIIMHU
IIPOBOJATHCA BIANOBIAHO 10 BUMOT MapKyBaHHS TOBAPY - 3T1IHO 3aKOHY Y KpaiHH
«IIpo 1H(popmarlito Uil CIIOKUBAYIB 1010 XapyOBUX MPoAyKTiB» Big 06.12.2018
Ne 2639-VIII ta Bumor JACTY 4518:2008 «IIpoaykTu xap4yoBi. MapkyBaHHs JIJ1s
cnokuBauiB. 3aranpHi npasmwiay, [JCTY ISO 780-2001 «IlakyBanus. ['padiune
MapKyBaHHS 1110/10 TTOBOI>)KEHHS 3 TOBApaMm».

JlokmmHy (hacyBanu y MoJiieTUICHOB] makeTu Macoro 0,5 Kr: BIAXUIICHHS
MacHy HETTO B MEHIIIy CTOPOHY BiJl YCTAHOBJIEHOT MAaCH HETTO OJIMHUIII TAKOBAHHS
HE TTOBUHH1 NIEPEBUIIYBATH:

1,0 % - Bix cepennboi Mack HeTTO 10 OTMHUITH TTAKOBAHHS,

2,0 % - Big Macu HETTO OAMHUILI [TAKOBAHHS.

BiaxuneHHs Macu HETTO B OUTbLITY CTOPOHY Bl YCTAHOBJIEHHOT Macu
HETTO HE 0OMEXKEHO.

JlokmmHy 30epiratoTb y CyXuX, YHCTHUX, J00pe€ BEHTHJIbOBaHUX
NPUMIIIEHHSX, 1110 HE MalOTh CTOPOHHBOTO 3aMaxy, He 3apayKeHUX IIKiTHUKaAMH
xJOHMX 3anaciB, nmpu Temmepatypi (18+5) °C 1 BIZHOCHIM BOJIOrOCTI MOBITPS HE
oiunbie 75%.

XapuoBa (I0KMBHA) TA eHePreTHYHA HIHHICTH (KaJopiiHicTh) 100 r_
JOKIIMHU «Jlerkoi»

binku, r Kupwu, r ByrneBoau, r KanopitiHicTs,
KKaJI
7,9 0,5 77,6 346,5
PO3POBJIEHO:

acnipanTka Kadenpu TexHosorii xapuyBanHsi CyMCbKOTO HalllOHAJIbHOTO

arpapHoOro YHIBEPCUTETY
V@g C/ww Henr Uynmi
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APPENDIX E

CERTIFICATE OF PRODUCT APPLICATION

Since June 10, 2022, Hezhou Xianhe Health Technology Co., Ltd. has
conducted pilot tests on the product formula and processing technology of
“Modified potato Starch Cookies” provided by Deng Chunli. The modified
potato starch cookies products are crunchy and delicious, with good
nutritional value, and they are in line with our company’s product needs.
Furthermore, the company puts the product on the market in July 2022 for
trial sale, which is deeply loved by consumers and has brought direct

economic benefits to our company more than RMB 20,000 yuan.
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CERTIFICATE OF PRODUCT APPLICATION

Since August 10, 2022, Hezhou Xianhe Health Technology Co., Ltd.
has conducted pilot tests on the product formula and processing technology
of “Modified potato Starch Fresh Noodles” provided by Deng Chunli. The
modified potato starch fresh noodles products have good cooking
properties and taste with good nutritional value and economic value, and
they are in line with the company’s product needs. Furthermore, the
company puts the product on the market in October 2022 for trial sale,
which is deeply loved by consumers and has brought direct economic
benefits to our company more than RMB10,000 yuan.
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CERTIFICATE OF PRODUCT APPLICATION

Since November 10, 2022, Hezhou Xianhe Health Technology Co.,
Ltd. has conducted pilot tests on the product formula and processing
technology of “Modified potato Starch Steamed Breads” provided by Deng
Chunli. The modified potato starch steamed breads products have good
specific volume and texture properties with good nutritional value and
economic value, and they are in line with our company’s product needs.
Furthermore, the company puts the product on the market in January 2023
for trial sale, which is deeply loved by consumers and has brought direct

economic benefits to our company more than RMB15,000 yuan.
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