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ABSTRACT 

Lipusfrom wheat, oat, lentiland potato starches wereextracted by acid 

hydrolysis and by selective solvent extraction with chloroform-methanol 2:l vlv 

[CM] at ambient temperature, followed byn-propanot-water 3:l vlv [PWl at 90- 

lfMeC. The acid hydrolysed extracts which represented the total slarcrn lipid 

[TSL] content ranged from 0.1% (wlw) (potato) lo 1.13% (wlw) (oat). The 

comblned action af CM and PWresulted in almost complete removal of starch 

lipids (298.6%) from most of the starches. the exception being wheat, where 

the solvent extraction efficiency (%TSL) was 96.3%. The free lipids in the CM 

extracts (%TSL) ranged from 5.4% (wheat) to 22.1% (lentil), whereas the hee 

and bwnd lipids (amylase-lipid wmplex) in the PW extracts ranged (%TSL) 

from 77.7% (lentil) to90.851 (wheat). Neutral lipids (NL) formed the major liptd 

class in the CM extracts of all starches, while in PW extracts there were NL 

and phospholipids (PL) in palato, glywlipids (GL) in lentil, and PLinwheat and 

oat starch preparations. There was a great variation among the starches with 

respect to Ule major components of the lipid classes in both CM and I'W 

extracts. Monoacyl Ilpids were most abundant in cereal starches ( 2 7 8 % ' ~ ~ ~ ) .  

The fatty acid composition of NL, GL and PL in CM and PW extracts was 

determined. 

The physicochemical properties of PWdefatted starches of wheat, oat. 

lentil and potato weredetermined by monitoring changes in relative crystallinly 

Ii 



(RC). Brabender viscoslieo, swelling fadw (SF), amyiose leaching (AML), 

susceptibility towards acid and =-amylase, thermal properties and 

retrogradation. The RC of polato and lentil starches increased by 21 and 7.8%. 

respectively, on defaning, while that of the other slarches remained virtually 

unchanged. Defaning wliminated the pasting peak of cereal starches and 

increesed the thermal stabiliy and reduaed the hot paste consistency of all 

starches. However, Ihesb changes were larger in polato and lentil. The SF of 

all starches decreased on defatting, with thedecrease being mare pronounced 

in potato and lentil, In comparison wlh their native counterparts, the extent of 

AML at different temperatures was higher in defatted wheat and oat starches. 

The extent of acid hydrolysis of native and defatted starches of wheat and oat 

were similar throughout a common time mterval(2-20 days). However, during 

the first stage of hydrolysis, defatted granules of lentil and potato were 

hydrolysed (4 and 7 days, respectively) to a greater extent than were their 

native counterparts. Defatled granules of all starches were hydrolysed by 

porcine @-amylase to a greater extent than were native starches. The 

gelatinization temperature of defatled wheat and oat starch preparations were 

slightly lower than their native cobnterparts. Defatled granules of potato and 

leniii starch gelatinized over broader and higher temperature ranges than did 

native starches. Tho results suggested that amylose and emylapectin chains 

in native granules are more associaledwilh each other in potato and lentil than 



in Ihe other starches. Defening did not hasten or delay the onset time of the 

retrogradation endotherm in wheat, potato end lentil starches. However, the 

retrogradation enddherm of defatted oat starch appeared earlier then that of 

native starch. The differences in the onset (To), peak (TJ and conclusion (T.) 

temperatures of the retmgradatmn endotherm of native and defatted starch 

gels were only marginal and remained practically unchanged during the time 

course of retrogradation, The transition temperatures of retrograded gels were 

lower than thwe of gelatinized starches. The enthalpies of retrogradation 

(AH*) Ofdefatted starches were higher than those of their native counterpans. 

At the end of 20 days storage, this increase amounted to 4.7.3.6, 1.7 and 2.2 

Jig in defaned wheat, oat, lentil end potato sterches respectively. The gel 

strength (afler a storage period of 24h at 25%) of ail four native starches 

increased upon defatting, The results suggest that the Interactions between 

reassociating Starch chains ere of a stronger order of megnilude (due to lipid 

removal) in defatted than in untreated starches. 

A heat-moisture treatmenl study was carried out with native wheat, oat, 

lentil, yam and potato starches. The starch samples were heat treated at 

100°C for 16 hat moisture contents bekeen 10 and 30 %.The heat-treatment 

did not change granule size end shape. in oat starch, granules were less 

compadly packed after heat-treatment. The X-ray diffradion intensities 

increased in wheat, oat and lentll starches, but decreased in potato and yam. 



The X-ray patterns of wheat and oat starches remained unchanged, while 

those of lentil, potato and yam starches became more cereal iike. In ail 

starches, the swelling factor and amyloss leaching decreased, being mare 

pronounced In potato. Heat-treatment induced complex formation between 

amylose and native lipids. Differential scanning calorimetry of the heat-treated 

samples showed a broadening of tile gelatinization temperature range and a 

shifting of the endothermal translion towaro. higher temperatures. These 

changes were more pronounced in potato starch, The gelatinization enthalpy 

of wheat, oat and lentil starches remained unchanged, but those of potato and 

yam starchesdecreased on heat-treatment. Heat-lreatmant increased the95'C 

Brabender consistancy of wheat starch, but decreased those of oat, lentil, 

potato and yam starches. In all starches, thermal and shear stability increased 

after heat-treatment. Acid hydrolysis decreased on heat-treatment of wheat 

and lentil starches, but increased in oat, potato and yam starches. However. 

In potato and yam starches ths foregoing trend was evident only during the 

first seven days of hydroiysis. Thereafler, acid hydroiysis was more 

pronouncad in native than In heat-treated starches. The susceptibility towards 
I 

hydrolysis by porcine pancreatic a-amylase decreased on heat-treatment of 

wheat and lentil starches, whereas increases were observed for oat, potato 

and yam starches. The results indicated that the extent of starch chain 

associalions within the amorphous regions and the degree d crystalline order 



are altered during heat-moisture treatment. The magnlude of these changes 

were found to be dependent upon the moisture content during heat-treatment 

and on the starch source. The effect d heat-moisture treatment (10WC. 30oA 

moisture for 16 h) on the thermal and textural chsraderistir~ of retrograding 

Starch gels fNm wheat, oat, lentil and potato were also investigated. The heat- 

beatmen1 did not hasten or delay the onset time d the retrogradation 

endotherm in wheat, polato and lentl starches. Howevei, in oat starch, heat- 

moisture treatment advanced the onset time from 15 days (native) to 6 days. 

The differences in To, T, and T. of the retrogradation endotherm of native and 

heat-moisture treated starch gelswere only marginal, and remained practically 

unchanged during the lime coursed retmgradation. However, the enlhaipy of 

retrogradation (AH.) increased upon heat-moisture treatment in wheat, oat and 

lentil starches but decreased in potato. Furth~lormore, in native and heat- 

moisture treated starches, the AH. increased with storage (at 25'C) time. The 

gel strength (after a storage period of 24h al  2BC) of all four starches 

increased upon heat-moisture treatment and more marked in potato starch. 

The results indicated that the changes in thermal characteristics and taxture 

of a heatmOtQure treated starch gel on storage is determined by the interplay 

of the changes in cryslallinity, SF and AML on heal-moisture treatmenl. 

Annealing was studied with native wheat, oat, lentil and potato starches. 

The starch sam~les were annealed at various starchlwater ratios at 50% for 



time intervals ranging from 0.5 to 72 h. Annealing did not change granule sue 

and shape. Oat starch granul~s were less compactly packed afler annealing. 

X-ray diffraction patterns remained unchanged, and X-ray intensities changed 

only marginally in all starches. The SF, AML and the gelatinization 

temperature range (GTR) decreased on annealing. The extent of decrease in 

SF and AML followed the order: lentil s wheat s potato z oat, while the 

corresponding order for GTR was: wheat s lentil > oat > potato. The 

gelatinization trsnsilir-n temperatures (GTT) and enthaipy (AH) increased on 

annealing. However, the increases in GTT and AH did not begin conwrrently 

during the time murse of anneaiing. Increases in AH were slower and were 

evident only P' 1.2. 6 and 48 h respectively, in lentil. po!ato,oatand wheat 

starches. The evtvnt and rate of increase in GTT and AH followed the order: 

potato r lentil s wheat > oat. The magnlude of changes in GTT and AH 

increased with inlxease in annealing rnoisture content. The susceptibility of 

oat starch to enzyme and acid hydrolysis increased on annealing. However, 

decreases occurred in the other starches (lentil >wheat > potato). Thermal 

and shear stability of starch granules increased on annealing (potato > lentil 

> wheat s oat). The results showed that the above changes in 

physicochernical properties were due to Increased interaction between and 

among starch components during annealing. Annealing (50%. 75% moisture 

for 72 h) did not hasten or delay the onset time of the retrogradation 



endotherm in wheat ptato and lentil slarches. However, in oat starch. 

annealing advanced Ule onset time from 15 days (native) lo 6 days, The 

differences in To. T, and T. of the retrogradation endotherm of native and 

annealed starch gels were only marginal and remained practically unchanged 

during Me time course of retrogradalion. The AH. increased in all four nalive 

starches not only upon annealing, but also with the time of storage. The 

increase in gel strength was mawinal in wheat and oat starhes after 

annealing, but was more pronounced in potato and lentil starcnes. The results 

indicated that the degree of chain reassociation in an annealed starch gel is 

influenced by the double helical wntent within the annealed granule prior to 

gelstinization. 
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INTRODUCllON 

Starch, an a-Dgiucan biopolymer, s reserve carbohydrate of most 

plants, exists in a granular form. It is composed of two molecular entities. 

namely: a linearfraction, amyiose, and its bramhed counterpart, amylopedin. 

Fwn a human nutrition point of view, it is the major w m p m n t  of the diet in 

all populations. However, in our witure the main purpose of starch utilization 

in foods remain aesthetic rather Ulen nutritional (Biiiaderis. 1991). This 

biopolymer constitutes an excellent raw material for modiifyingfood texture and 

consistency. Not only is the amount of  starch important for the texture of a 

food pmduct, but starch type is equally critical. 

Presentty, starch from six major plant sources such as maize, waxy 

make, wheat, rim, potato and tapioca are commonly used in foods. The 

composition and properties of these starches vary with the plant source from 

which they are derived. However, native (unmodified) Marches, due to their 

poor funclional properties, are not preferred for incorporation into foods. 

Therefore, they areoften mod'fied by chemlcal or physical means to overwme 

one or mue ofthe shortcomings and thus expand the usefulness of starch for 

a myriad of industrial applications. 

Various chemiu,lmodificationtechniques(molecular sclsslon, oxidation. 

cmss linking and substitution) have been intmduced in ha pasL The impact 

of these modiicdions on starch properties has been extensively studled, and 

hence their applicauon has been highly exploited to pmduu, starches with 

various unique funclionality, fw food and nonfood use. 
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Physical mdification techniques such as pregelatiniration (Snyder, 

1984), extrusion cooking (Davidm eta/., 1984; Ch'mnaswamy and Hanna, 

lss&.b), defattiq (Morrism. 1981). heatmoisture treatment (Sair. 1967; 

Lorenz and Kulp. 1978; Donovan e l  a/.. 1983; Stute. 1992) and annealing 

(Weger el ah, 1987a,b: Knutson. 1990; Larsson and Eliasson. 1991: Stute. 

1992) have been shown to modify starch properties. The structural changes 

within starch granules during exhsion moking have been well documented 

(Mercier and Feillet, 1975: Warcierel a/.. 1979: Mercier eta/., 1980). However, 

there is a dearth of information about the effect of defalting, haat-moisture 

treatment and annealirg on granule structure, meological prnptxties, gel 

texture, retrcgradation and susceptibility towards enzyme and acid hydrolysis. 

Furthermore, the literature is replete with conflicting information with regard to 

the effect of the above modification techniques M starch crystaliinity and 

pasting properties. 

Theobjectiveoftilis study was to elucidate the structural changes within 

the amorphous and cryslalline regions of cereal, tuber and legume starch 

granulesduring delatting, heatmoisture treatmentandannealing by monitoring 

changes in the phqskochemical properties such as crystallinity, thermal 

characteristics, enzyme and acid resistance, swelling, amylose leaching and 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Shmh - Genenl 

Starch, a polysaccharide, plays an Important role as a renewable raw 

material. Cunent wwld pmdunion of starch Is about 21 million tons per year. 

Starches have been used in food and non food (paper, textiles, mining 

phannaceutiil, etc)lndustriesforthetvariousfundionalpmperties. However, 

the major applications are still in food and feed sectors. 

Starch occurs In the lorn of tiny white granules In various $Ass of 

plants, for example in oereal grains (wheat, oat, maize, rim, barley, rye), in 

roots (sweet potatoes, cassava, arrowroot), in tubers (potato), in stems (sago 

palm) and In legume seeds (peas and beans). The granules are 

semimystallhe, water insoluble and vary in shape and size (Table 2.1) 

depending upon the plant source. The granule is a polymer mixture with 

variable proportions of the essentially linear poly-(1-4)-a-Wlucan, amylose, 

andtha bramhed molecule, amylopedin, where linear(l-4)-a-D-giucan chains 

are oarmecled through (1-6)-ol linkages. The general characteristics of these 

molewles are presented k Table 2.2. 



Table 2.1 Shape and size of some starch granules' 

'Adapted from Blanshard (1987), wllh permlsslon. 

Starch source 

Cereal 
Oat 

What  

Maize 

Rice 

Legume 
Lentil 

Smooth p a  

ROO1 
Manlhd 

Tuber 
Potato 

Shape 

Irregular 
compound 
Lenlloular 
Polyhedric 
Polyhedrlc 

Polyhsdrlc 

Oval, round 
ellipsoidal 
Renllorm 

Spherical. 
semi spherical 

Ellipsoidal 
oval 

Diameter (p) 

7-10 

2-38 

5.25 

3-8 

15-30 

5-10 

5-35 

15-100 
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The physical and chemical properties of starches from various plant 

wigins depend on their differences between molecular structure and In the 

morphology of the starch granule itseif. Structure refers to boh, fine struoture 

(shape, size, branching pattern and chain length) of the component molecules 

(arnyiose and amylopectin), and the supra molecular order (the manner in 

which the starch components are organized within the granule). 

2 2  Starch structure 

22.1 Fine structure of amylosa 

Amyiose is an essentially linear glucan polymer, made up of e1.4 

glycosidic linkages. The amylose content of starches varies from 17 (rice) to 

38% (lentil). Properties of some amyioses are summarized in Table 2.3. 

Early work on the structure of amylose led to the conclusion that it was 

a linear polymer, since it was completely degraded to malose by P-amylase 

(an enzyme that acts only on linear cc-(1.4)-Dglucan linkages and produces 

maltose as the sole product). However. Peat et a/. (1949) showed that highly 

pure crystalline preparations of 0-amylasa from sweet potato produced only 

a b u t  70% hydrolysis of several samples of amylose. T b  above observation 

was supported by the findings of Greenwood and Thompson (1962) who 

reported that the p-amyloiysis ranges fmm 72.95% fw various purifiid 

amyloses from different sources. The crude amorphous P-amylase 



Table 2.3 Physbochmical characteristics of amyloses fmm various botanical sources 

Oat 
Takeda at al. (1%) 

Ma'm 
Rice 

I I I I I I I 
' Iodine binding caPac.W (amount (g) of iodine b u n d  by 1W g (db) of amylose) 

At 22.5'C in 1 M KOH 
' Awage number af glucose residues per chah 

Legume 
Lentil 
Smooth pea 

Rwt  
Marihd 

Tuber 
Potato 

19.6 
18.8 

20.0 

19.0 

188 
194 

384 

430 

89 
85 

75 

78 

1400 
! 4W 

2680 

32M 

Biiladeris st el. (1981a) 
Biliaderis et 81. (IgBla) 

Takeda at al. (1984) 

Bilkdark et el. (IgBla) 
- ( 49il) Hizukuri and Takagi (1984) 
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prepratiins, used in the early studes of the struclural analysis of amylose 

were later found to mntain a small amount of debranching enzyme which 

allowed the barrier to p-amylase action to be by passed (Manners. 1985). The 

&me experiments rationslimed that incomplete p-amylolysis of amylose is due 

to an irregularity in its primary st~chlre. The branching must be sufficiently 

lmg and infrequent to allow amylose to behave like a linear polymer (forming 

complexes and fllms). In moot starches onethird to two-thirds of the amylose 

fraction has secondary chains attached through occasional m(16) branch 

points, and In some species amylose has a few phosphate gmups probably at 

C.6 of glucose residues. The branch chains are usually moderately long, but 

a few may be as small as glucosyl or malt0 tetrasoyl (GI-04). Banks and 

Greenwwd (1975) andTakeda ef al. (1984) showed that the amylope leached 

fmm starch granules, Immersed in water lust above their gelatinization 

temperature (GT) has a lower rnotecular weight and higher P-amylolysls limit 

(90.100%) than amyloseleachedal highertemperatures (p-amyloiysis limit 70- 

80%) which is more extensively branched. Amylose conformation tends to be 

slightly helical due to the natural twist present in the chair conformation of the 

glucose unlts. However, the conformston and behavbur of amylose in 

aqueous solution has been the subiect of much controversy, as can be seen 

fmm the models (Fig. 2.1) that have been proposed (Hoiio el ab. 1961; Banks 

and Greenwood. 1971; Senior and Hamori. 1973). Holb e l  a/. (1961) 

proposed a tlghtly-wound helix (Fig. 2.1.a) for the structure of Me amylove 



Fig. 2.1. Models proposed for smylose conformation in 
aqueous solution (with permission). 

a) Tightly wound helix (Holo et el., 1191). 
D) Hellcal segment lrtenpersed by regions of 

rendom cc lHollo el a1 . 1961) 
C) Random coil i ~ a n k s  and ~ r e e k d ,  1971). 
d) Lipid-Amyiose complex (Carlson el al.. 1979). 



LIPID POLAR GROUP - @ 
LIPID HYDROCARBON 
CHAIN 
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chain, The above authon further suggestad thst the amylose chain is 

composed of halicai Mgments (heiiil regions stabilized by intermolecular 

hydrogen bonds) intenpaced by regions of random coil (Fig. 2.1.b). Banks and 

Gleenwood (1971) pastulatedthat amylose possesses no helical character but 

is present in the form ofa random mil (Fig. 2.l.c) in neutral aqueous solution, 

end that the helical conformat~n is farced upon amyloss by the addiiion of 

complexhg agents such as iodine. lipids, etc. Senior and Hamori (1973), 

proposed that amylose conformation involves regions of loose and extsnded 

helices whkh alternate with shorter random coil seotims. Based on this model, 

the formation ofthe amyiose-iodineor smylosa-lipid complexcan be visualized 

as the entrapment of iodine atoms or a lipid side chain, by the contraction of 

the loose helical regions of amylose into tight helices referred as 'V'amylose 

(Fig. 2.1.6). h aquews phase, amylosa can transform its conformation fmm 

one lype to another. Hnvevar, such conformational changes in the uystal 

phase are not easy beCarr:q of the restriction in the flexibility of the chains. 

The solution behaviour of amybse is dominated by two properties: the 

abilily to form inclusion complexes with iodine, surfactants, lipids and primary 

aliphatic alcohols end the ab i l i  lo participate in strong intermolecular 

interaclions leading to precipitation or gelation. Amylose inclusion complexes 

are also called 'V' amyioses (water insoluble at room tempwature) in which 

amylose exists in a helical form where the ligand resides within the central 

hf4m~hobic core (0.5 nrn in diameter) of the he l l  (Mikus el a/., 1948; 
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Morrison, 1981). The diameter of the amylose helix in the inclusion complexes 

is controlled by t h  size of the complexing agent. Evidence has been 

presented indicating that linear alcohols, iodine and fany acids form hlii 

having 6 DqlucoWl residues per turn (Mikus e l  a!., 1946; Takeo e l  at., 1973), 

branched chain alkqi compounds (e.g., tert.butyl alcohol) form helices of 7 D- 

glucosyi residues per turn (Takeo e l  el., 1973) and other bulkier moleatlea 

(e.g.. i-napthoi) yield helices of8 D-gluwsyl residuttr per turn (Yamashita el 

at.. 1973). 

Amylose forms an intense blue complex with iodine reagent (IJM 

solulion). This behaviour has been used ss the basis for quantitatimn of 

amylose (Gilbert and Spragg. 196s Wllliims el el., 1970; Chrastil. 1987). In 

IJKI solulion the guest molecules are poiyiodide ions, whW, depending on 

solute wnamtrations, may be up to I,; but are mostly I; or I; (Teiblbaum el 

at.. 1978). At high concentrations some iodine appears to be bound outside the 

helix cavilies. The wlour and I.. . of the complexes vary with chain length and 

analylical conditions. Inclusion complexes with lower alwhois sudr as thymol 

and butan-lo1 are insoluble and heat-labile and have been used to isolate 

amylose (Whistler. 1965). InclusioncomplexeswiVlfsny aC&, monoglycerides 

and certain surfactants are also insoluble, and dissociate on heating in water 

at 90-120.C (Morrison, 1988: Raphaelides and Karkalas, 1988). 
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222  Flne strvcture of amylopectln 

Amylopectin, like amylose, is a polymer of a-D-glucan. General 

characteristics of this moiewle are summarized In Table 2.2. It is a highly 

branched starch molmle composed of many haar chains (a-(l-4)-D.glucan) 

and 44% branch points(=-(18)-D.giucosidic linkages). The presence ofthese 

45% branching points give rise to an Infinity of possible arrangem~.,lts of the 

linear chains. Because of its general dominance of granule composition. 

structue and properties, amylopeclin has been widely studied in terms of 

molea!lar she, branching and inner and outer chain lengths (French. 1972; 

Robin etal.. 1974: Hirukuri. 1985. 1986). 

Investigation of arflylopectin structue is a case in point where progress 

is dependent on methodology development: In this instance, both enzymatic 

and instmental. Hydrolysis of emyiopectin with a debramhing enzyme end 

separation of ths digest (consisting of linear chains) using exclusion gel 

filtration technique nwmally gives a bi or tnmodel eiutmn profile (Fig. 2.2). 

Indicating the presence of chains with d'lferent chain length or molecular 

weight (Hikuri. 1985). Measurements of the moimuler weight or degree of 

polymerization (DP) of the rssullng linear chains, give an excellent profile of 

branch lengths. Linear chains in amybpectin fwm red to purplo palyiodide 

complexes (A,= 530-585) in I F 1  solution, but normally do not complex 

appreciably wlh almhols or monoacyi lipids. 



Fig. 2.2. -1 chromatography elvtion pmfileof enrymatically 
debranched amylcQectinfmm waxy liceand potato 
(Hizukun (1986), with permission). 



waxy-rice . 
t 
" 
d 

5 0, 
n r m 

CL i Chsln length 

DP = Degree of polymerization 

Linear line represents the graph batween retention time vs DP. 



Fb. 2.3. Models proposed for amylopectin (with permission). 

A) Cluster lnodel (Robin et al.. 1974) 
8) Cluster model (Hiukuri. 1986) 





Tabe 2.4 lhe average degree of polymerization al A and Bchains of 
smylopenin from variws botanical sources 

'Average number of gluwse residues per chain. 
b~ve ra~e  chain length of debranched starch. 

Average degree of 
polymerizationm 

Starch source  hole^ &chaln Achain Reference 

cereal 
Oat 
Maim 
Waxy mahe 
Wheat 
Amylomahe 

Lesume 
Lentil 

Root 
Manihn 

Tuber 
Potato 
Yam 

45 
BO 
51 
56 
65 

50 

52 

62 
55 

55 
28 
24 
25 
44 

23 

26 

34 
28 

1s 
17 
18 
17 
19 

16 

17 

2U 
19 

Paton ( i9W 
Hiwkuri (1985) 
Hizukuri (19851 
Hizukuri(1985) 
Hizukuri (1985) 

Biiiaderb e l  el. (1981a) 

Hizukuri (1985) 

Hbukuri (1985) 
Hizukuri (1985) 
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To expisin the physicochemicai pmpetims of this macromolecule. 

several shruchlral models have been proposed with different branching 

panems. Laminated structure (Haworth et dl .  1937), herringbone st~chtre 

(Staudiier and Husemann. 1937) end the randomly brandred structure 

(Meyer and Bemfield, 1990) were some ofthem. in the last 20 years, however, 

the'tluster model by French (1972), has received general acceptance. M i l e  

their basic concept remains, modifications have been proposed (Robin ef a/. 

1874: Hirukud. 1986) (Fig. 2.3.A,B) since the model was introdwad. Ail these 

models are depicted by three types of ~ a i n s ,  referred to as A, E- and C- 

chains (8.g.. Fig. 2.3. Achainsere unbranchedend linked to Bshains thmugh 

an a-(14) bondat its reducing end: E-chains caneither link to andher Bchain 

w to a Chain  in the same manner; Cehains function like B-zhains and carry 

the one functional reducing gmup in the molecule. The main features in the 

"Ctuste? model by Robin et al. (1974) (Fig. 2.3.A) are the presence of three 

chain populations, with chain lengths of 15-20 (for A-chains), 45 (for &chains) 

and about 60 (for Cchains) and the ratio of A-chains to Bchains is about $:I. 

This ratio is an important pmpeny d amylopectin which indicates the 

multiplicity in branching ( H i h d ,  1986: Manners. 1989). Hiiukuri (1986), 

assigned a rat0 of 0.8 and Manners (1989) indicated a range in ratios of 1.1 

to 1.5 for potato amyiopectin. The average chain length or degree of 

Polymeriition of A- and B- chains of the amylopectin molecule, obtainsd from 

d'iRerent plant sources is presented in Table 2.4. 



20 

2.2.3 Supsr molecular order of  starch granules. 

The presence of crystalline and amorphous regions within the starch 

granules is now widely accepted. Furthermore. there is indirect evidence to 

indicate that amylopectin is the main cwtalline component of the starch 

granule. The involvement ofamylopectin in the crystailites, miginally pmposed 

by Meyer and Bemfeld (1940). is supported nd only by the fact that waxy 

maize starch containing mamylose is semi crystalline, but also by the fact that 

amylose may be leached out f r m  the starch granules under appropriate 

conditions without reriousiy impairing granule crystallinity (Montogomery and 

Senti. 1958: Zobel. 1988b). Super molecular order, the organization of starch 

chains within the granule (in both amorphous and crystalline regions) through 

various degrees of intra and inter molecular associations, governs most ofihe 

physicochemical pmpertims of starch. Features of starch granule wantation 

can be detected by a number of experimental techniques which give 

information relevant to a nanometre through micmmelre distance scale. 

Examination of internal granule features by scanning electron micmswpy of 

fracture surfaces from amylase-treated starches, as well as transmission 

electron microscopy ofchemicallytreated thin sections of starches have shown 

a radial periodicity or "gmwth rings" (French. 1984) (Fig. 2.4) and suggest 

"growth ring" spacings of the order of 1 W nrn. In the light of developments in 

understanding of the fine structure of amylopectin and its suggesled radial 



Fig. 2.4. Starch granule inner structure, showing Me 
crystalline and amorphous shells (gmwth rings) 
(Gidley (1992). with permission). 





Fig. 2.5. X-ray dVfmdograns of A- end 0-lyp starch with 
charactwistic d-spacings (for each crystal type) 
(Zobe! (1988b), with permission). 
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orientatim(havi~ the reducing end towardsthecentre ofthe granulelFrench, 

1972)), 1 seems likely thal the molewlar origin of this feature lies in the 

regularity of clusters of branch points in amylopedins. giving rise lo regular 

anemation of carbohydrate densily on a distance scale of 10 nrn (Fig. 2.4). 

Starch granules being partially crystalline, givedistind X-ray diffraction 

patterns that have been known since the pioneering work of Katz and Van 

ltallie (1930). Three crystalline polymorphs of native starches, deslgnated as 

A-, B- and C-types, ara generally recognired fmm their wide angle X-ray 

scattering ditfractograms: that are still used for native and retrograded starch 

showing uystaliine strudures. The above nomenclahlre was based on the 

characteristic d-spacings, calculated from X-ray d'ffraclion panerne (Fig. 2.5). 

m e  A-trpa pattern is exhibited by cereal starches and the Wype pattern is 

s h m  by tuber, fruit and high amytose (:.40%) corn starches as well as by 

rstmgraded starch. Gtype pattern, which is intermediate between A- and B- 

type is commonly observed in legume seed starches. Although this 

rmmenclalure Is currently 6ccapted and widely used, Kah and Van llaliie 

(1830) did not provide infwmation about the super moleoular arrangement of 

Uie starch linear chains in those ws ta l  polymorphs. Hence, studies have 

persisted b determine the size, molecular mnformation andchain packing that 

describe the basic repeating element (unil cell) ofa m r c h  crystallite (hinuma 

and French. 1972; French. 1972; French and Murphy, 1977: WJ and Sarco. 

1978a,b: lmberty et a/.. 1987a.b; lmberty el a/.. 1988; lmberty and Pew, 

1988). 



Fig. 2.6. Double helix model for starch mains (French and 
Murphy (1977). with penission). 
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Theidea ofdwbleskendedrether thansinglehllcesfornativeslanh 

polymorphs was firs1 presented by Kainurna and French (1972). Feasibilily fw 

heticas being formed by both amyloae and amq!apectin waa dsmonrtrmed 

usingspacefilling moiacular models (French, 1972). French (1972), proposed 

that in starch gmnulss double helices are formed between the flexible outer 

branches (A-chains) of omybpsctin Two of these chains hwn the same 

molecule or neighbwring mclecules fi together compactly with the 

hydrophobic zones of (he opposed monomer unls in close mtact, and the 

hydmxVl groups are located outwards for stmng Interchain hydmgen bonding 

(helical order or shod range order). French and Murphy (19771, produced the 

first detailed wmputer model (Fig. 2.8) for starch double hellx wnh no lntra 

chain hydmgen bonds. The stability of the helix is analned by inter chain 

hydrogen bonding Lmhen hydmxyl gmups at positions CZ and C8 and from 

Van der Waars forcer. The helical core is highly hydmphobicand compact so 

that there is no mom for water or any other molewle to reside in it. Previous 

research has shown that granule crystallinily is due to close packing of 

neighbouring double helices (crystalline or long range order) via direct or 

indired (through a bridge of water molecules) hydmgan bonding (W and 

Sam, 1978a,b; lrnberty e l  al., 1987e,b; lmbefty e l  el. 1986: lmberty and 

Per% 1988) 

bW and Sarco (1 978a,b), published 0- and A- structures wlth douBle 

helices using data gathered from X-ray patlems taken of cryslalline arnylow 



Fig. 2.7. Double helical packing arrangement in A- and B- 
type starch crystals (VMI and Sarco (1978a.b), with 
permission). 

I) &type: hexagonal packing. 
II) A-type: orlhogonal pacKng. 





Fig 2.8. Double rmiicai packing arrangement In A- and 8-type slarch 
cystals [Imbem, el at (1987a.b and 1988): lmberly and Perez 
(1988). with penn8sslonI. 

I1 EhV2: Ulree dimensional reDrerentation alono the fibre 
' axip'icj. 

&me: pmjection of the skunure onto the a.b plane. I!) A-type: three dimensional representation along the fibre 
axis (c). 

IJJ A-type: pmjection of the structure onto the a.b plane. 
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lmbertyetal. (1987a.band 1988) and lrnberlyand Perer(19ffl).hxther 

reported that like 8-, the A-type unit cell has the same helix w n f o n a t h  (left 

handed parallel stranded double helix) and 12 gluwse residues However, 

there are only four water molewles per unit cell. Crystallization o a r s  In a 

monodinic lanice (Fig. 2.8.111. N). Interstrand stabilization is provided by 0, - 
O* hydmgen bonds and Van der WaaPs forces. The helix inner channel and 

outside dimension is 3.5 A (too small for water inclusion) and 10.3 A. The 

individual h e l i i l  repeat of 2c = 21.38 A is generated by a two fold screw axis 

which means the asymmetric repeat unit for "A" is a maltolriose residue. 

Calculated cell density for A is 1.48 and close to the observed density 1.51. 

The starch vystal polymmphism ismainly aiwibuted tothe differems in 

double helical packing with minor differences proposed in the helix geometry. 

Howeve?, in both A- and 6-type of starch crystals, the double helical packing 

is stabilized by a network of hyhogen bonds (Fig. 2.8). The centre of the A- 

type unit cell Is occupied by an amylosic dwble helix rather than a column of 

water. as in 8-type (Fig. 2.8). Furthermore, it has been postulated that 

adjacent double helices in uyrtalliies of A-typa are mainly linked by direct 

hydrogen bonding (Imberly el a/.. 1987a.b and 1988), while in 0-hlpe. 

adjacent double helices are mainly linked by hydrated water brrdges and to a 

limited extent by direct hydmgen bonding (Imberty and Perez. 1988). 

Gidleyand Bulpin (1987), haveshown(in vih)that the length ofthe A- 

chain influences the development of a crystal type. The above authors 
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synthesized starch crystals fmm amylose fragments wlth various degrees of 

polymerilation (DP) and wmpared their X-ray patterns with standard A- and 

8-type X-ray patterns. lhey nvlciuded that fragments with DP < 10 did not 

crystallize; chains with DP=10-12 yielded A-type; chains longer than DP.12 

yielded 8-type and chains lmger than DP=50 did not form the single crystals. 

instead developed a tangled network 

2.24 Starch granule amorphous region 

Altho~habout70%ofthestarchgrenuleis believedto beamorphous. 

relalively little attentim has been directed to eluddatlng Us structure. Biliaderls 

et 81. (19ffia) have postulated that two diierent type. of amorphous materials 

are present within the starch granules: a) A bulk ama-phws region (mainly 

amylose), and (b) An intercrystalline amorphous phase (mainly intervystalline 

wionsofdense branching in theamyiopecfin). Many investigations have been 

carried out to elucidate the organization of amylose chains within the 

amorphous regions ofthe starch granule (Boyer et a/.. 1976; Jane et el. 1986, 

1992; Blansherd. 1986: Zobel, 1988b). Boyer et a1 (1976), compared the 

amylose content in starch at diierent stages of maturities, and suggestad that 

amyloso is more concentrated at the granule periphery. Jane et at, (1986), 

reported that amylose in starch interacts with amylopecfm, thereby preserving 

starch granulo integrity. Elanshard (1985), proposed that amylose Is present 

in bundles at amorphous regions lnwtreat starch, but partly morystallized wlth 
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amylopectin in potato starch. Zobel(1988b), presented several argmenb to 

support me mnceptthat amylose is more closely associated with amylopedin 

in potato than in cereal starches. The above author postulated that lipids in 

starches may be responsible for effecting an irmylose separal'on within the 

granules. This would imply that the starch components of low lipid containing 

starches (potato, lentil, cassava) may be mwe associated with each other In 

the native granule man those of high lipid confdining starches (wheat and 

mm). Although this may be partly tme. it Is also plausible that the extent to 

which the starch components are associated wlh each other within the native 

granule may also depend on their respective chain length (CL). Long amylase 

CL may facilitate easier association with the chains of amylopedin. It is 

therefore likely that in potato starch the degree of association between starch 

components may be higher than in other starches, due to its low lipid conlent 

and long amylose chain length. Recently, Jane etal. (1992), showed by gel 

permeallon chromatography on native and cmss-linked com and potato 

starches, that cross-linking between amylose molecules does not inuease the 

size of amylose. However, the susceptibility of me amylose to sequential 

hydrolysis by isoamylase and pamylase decread. A -prison of me blue 

values of amylopedin (isolated fmm cross-linked starches and debranched 

withisoamylase) peaks revealedlhat amylosewas uoss-linkadtoamylopectin. 

The results from this study showed that amylose is interspersed among 

amylopectin molecules in arm and potato starch granules 
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23 Mlnw components of starch 

The mirmmmponentsofstarchare generally believed tobe mxlminants 

which enter starch during h e  exVaction process. According to their location, 

they may be considered under three categories: a) Particulate malerial or 

fragments of non-starch material that separate with starch (9.g. insoluble 

proteins and cell wall material). These materials can lead to unwanted flavors 

or colon in starch and also affect starch properties such as water binding 

capacig and viscosity; b) Surface components - materials associated with the 

surface of granules and that may be removed by extraction pmcndures which 

do not cause disruption of the granule internal structure (e.g. soluble proteins, 

other carbohydrates, inorganic material and lipids). Washing with water, 

organic solvents (chlomfon and methanol) and mild alkali solution (0.05 N 

NaOH) will remove most of these contaminants and c) Internal components - 
materials buried within the granulematrix andinaccessible to evtraction without 

granule disruption (e.g. proteins and lipids). Starches from different sources 

vary in their content of internal, non starch materials. Cereal starches in 

general contain lipids that appear to be presenl free or associated with the 

amylose fraction of starch. Tuber starches contain little lip@ on the other hand 

potato starch contains phosphate groups esterified to glucose residues of 

amylose and arnyiopectin and undoubtedly, play an important role In 

determining the physical properties of potato starch. Although cereal starches 

contain phosphate groups, these are present in the phospholipid components 
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of me starch lipids. All starches contain small amounts of nitrogenous material 

as shown by qeldahl nitmgen analysis, usuallytaken lo indicate the presence 

of protein. The presence of lipids and proteins (Morrison, 1981) In high 

amounts, affect starch properties such as hydration, walling, viscosity and 

resistance to m-amylolysis. 

2.3.1 Surface and Internal lipids 

Lipids associated with isolated cereal starch granules have been found 

lo occur on the surface as well as inside the granule (Morrison. 1981). The 

surface lipids are mainly triglycerides (TG), followed by free fatly acids. 

glycolipids (GL), and phospholipids (PL), and they include those that may have 

k e n  present on the granule surface in sihr within the plant tissue and the non 

starch lipids, which are absorbsd into the surface layer r.1 the starch granules 

during the isolation procedures (Morrison. 1981; Galllard and Bowler. 1987). 

The ron starch lipids occur as sphemsomes and as components of 

membranes and organelles associated with storage protein (Morrison, 1981). 

Since I is not possibletodistingulsh between these twotypes of surfacelipids 

on the basis of solvent eairaclion techniques, it has been suggested that all 

lipids found on the surface have to be consideredas starch lipids (Galliard and 

Bowler, 1887). The internal lipids of cereal starches are predominanlly 

monoacyl lipids, with themajor components being lys~phospholipids (LPL) and 

FFA (Hargln and Moniwn, 1980; Morrison. 1981). It is likely that k !h  surface 
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and internal lipids may bs present in the free state as well as bound to starch 

components, either in the f o n  of amylase inclusion complexes (Acker, 1977) 

in which the hydrocarbon chain ofa lipid resides wlhin the central hydrophobic 

core ofthe amylase helix (Mikus e l  a!.. 1946; Morriw, 1981) or linked via 

ionk of hydrogen bonding to hydroxyl groups of the starch components. A'V '  

X-ray diffraction pattern (characteristic for the amylose inclusion complex) is 

seen when lipid containing starches are sublected to extrusion making 

(Mercier e l  a!.. IWO), and after addition of monoacyl lipids to starc3 under 

appropriate conditions (Hmer and Hadziyev, 1981; Biliaderis el a/., 1986b). 

Native (untreated) careal starches do not exhibit the 'V' panem (Galliard and 

Bowler, 1987). This means that either the complexes do not exist in native 

starch and are formed only on heating (Galliard and Bowler, 1987), or more 

probably, that they do exist but only in partially helical or crystalline 

conformation (Galliard and Bowler. 1987). Controversy still exists wiih regard 

to the lipid binding ability of the short linear (1520 glucose units) potions of 

the outer branches of amylopectin (Lapendijk and Pennings, 1970; Krog, 1971; 

Goering et a!.. 1975; Evans. 1986; Biliaderis and Vaughan. 1987; Iiahn and 

Hood. 1987; Gidley and Bociek, 1968). 

Free lipids are easily extractable by solvent systems at ambient 

temperatures (Mmim, 1981), whereas prolonged extractionwith hot aqueous 

alcoholic solvent systems (Morrison, 1981) or disruption of the granular 

structure by acid hydrolysis (Goshima el al., 1985) is required for the efficient 

removaiof bound lipids. The amount of total starch lipids (surfaceand internal) 
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has been generally found to be in the range 0.7-1.216 in cereals (Morrison and 

Milligan, 1982; Takahashi and Selb, 1988). 0.010.87% in legumes (Hower 

and Sasulai, 1991) and 0.08-0.19X in tuben and roots (Emioia and Delamsa, 

1981; Goshlma eta/.. 1985). 

Starch damage has been &wn to ocwr during isolation of csreal 

starches(Ever6 etaf.. 1984). The type ofdamagemay range from cracks, arts 

and other abrasions on the surface to deavage of amylose and amylopsdin. 

Therefore, there is always a possibility lhat crosscontamination of surface 

(free and bound) with internal (free and bound) lipids and vice versa, wuld 

occur respeclives during cold and hot solvent exbactims. it is our opinion that 

dassmcatlon of starch lipids as surface and internal is valid only l the stanh 

granules were highly purified (6080 mg NHOOQ of dry starch) and were 

undamaged. However, since the latter criterion is very d i w l t  to achieve in 

practice, an aiternativ. classiffiation based on solvent (wld and hot) 

extractability would be more meaningful. 
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2.4 Stmh pmperties 

24.1 Gelatiniutlon 

Starch granules heated in the presence of sumeient water mhibi an 

order-disorder phase transltion oiled gelatinization, which results in near 

solubilization of starch. The above phase transition is associated with the 

diision of water into Me granule, hydration and swelling of the starch 

granules, uptake of heat, loss of wstallinity and amylosw leaching (Lelievre, 

1973: Donovan 1979; Howel and Hadziyev 1981). Most technological uses of 

Starch in fwd imlve such dis~ption of granular order and consequent 

rheologicai and textural changes. 

tha semiwstalhe nature of the starch granule led many researchers 

(Donovan. 1979; Biiiaderis etal.. 1980; Hooverand Hadziyev. 1981) to useme 

Fiory-Huggins (Flory. 1953) thermodynamic equation to interpret the 

reiationshii between walerwntent and crystallite melting (melting temperature 

and enthalpy) o!mmed during 6 t h  gelatinization. 

Inm - Iff: = (WAH.)(VJV,)(v, - X,v,') - Flory Huggins equation 

AH. =change in enthalpy offusion psr repeating unit (glucose) 

VJV, = ratio of Ule molar volume of the repeating unit (glucose) in the chain 

to that ofthe diluent (water) 

R = gas constant 
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T. = melting point of the dilwnt-plymer mixture 

Tm' =tme melting point of the mdlluted polymer 

v, = volume fraction of the diluent 

X, = the polymer solvent interaction parameter 

In theapplication of this equation, it was assumed that the starch-water system 

is homagenews andgelatinkation occurs under equilibrium wnditions. Evans 

and Haimann (1982) reported that the starch water system is not 

homogeneous, since It wnsists of indivlduat granules suspended in a variable 

amount of liquid phase. Furlhermore, these authors have postulated that, once 

starch granules reach their maximum swelling capacly, further changes in the 

amount of water added will not effect granule composition. Therefore, volume 

fractions for the Fiory-Huggins equation should be based on granule 

composition, ratherthan on thecompositionof the entire system. The detection 

of a glass transilion (Tg) point just prior to the gelatinization endothem led 

Maurice et al. (1985); Biliaderis e l  a/. (1986b) and Slade and Levine (1988). 

to poslulale that the pmcess of starch gelatinimlion is inhereniiy non 

equilibrium in character, in that it occurswhen starch granules are subjected 

to heat in the presence of plasticizing water in which crystalline meiling is 

indirectly controlled by the kimlically constrained continuous amorphous 

envimnmenf which wels in a glassy state prior to gelatinization. Based on 
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these obsuwations, the above authors came to the conclusion that the 

applimbiliw of the Flwy-Huggins equation to starch water systems is 

happmpriate. However, many researchers (Biliaderis et el., 1986b: Palon. 

1987: Russel. 1987) continued to use the Flory-Huggins equalion, sinm it 

provides a reliable means of mrnpeting the behavior of starches fmm different 

aourcas under identical experimental coMitions. 

The glass transition (Tg) of a maemmolecule defines the temperature 

region In which the chain motion (Brownian motion) commences. In pure 

amorphous maemmolecuies the transition entails a change, over a 

temperature range of about 5-ZWC, from en immobile solid to a rubbery liquid. 

In starch granules, the presenc3 of mlcrocrystals (which inter-connect the 

arnorphaus regions) provide stabilily to amorphous region chains and thereby 

increase the temperatures and range over which the softening ocwrs 

(Wderlich, 1990). However, a range of values is possible since the glass to 

rubber transformation depends on kinetic factors and is not an equilibrium 

pmcess. The glass transilii (Tg) of starch is a function of the previous 

thermal history of the sample. For Instance, heating of moist starch granules 

at temperatures in the region between the glass and melting temperahlres 

caused annealing and crystallization within the granule (Slade and Levine, 

1987: Knutson. 1990). Glass softening is much mom subtle lhan melting and 

consequently more difflwlt to deted. Differential scanning calorimetry (DSC) 



44 

lraoes m a l l y  signal the presence of a glass transition by a shii h h e  heat 

capacity in the absence of an enthalpic change (a small depression h the 

bareline just before Me onset of h e  gelatinization endothen). Plaatkiration 

of Hm amorphous polymer depresses the temperature at which the glass lo 

rubber transformation occurs. The plasticizer Increases the segmental motion 

of the starch chains. Water (low molar mass and high free volume) is a very 

effective plesticbing agent and mail  quantities can cause T, to decrease 

ma*edly (Slade and Levine. 1988; Wundarlich. 1990). 

Because gelatinization C of great importance to many food processing 

operations, several analytical techniques have been employed to probe the 

molecular mechanism of this phenomenon. These include light microscopy. 

electron microscopy, light bansmission, viwomehy, swelling and solubility 

measurements, X-ray didraction, nuclear magnetic resonance and differential 

scanning calorimetry (DSC). M these methods. DSC in particular, has 

attracted most interest in studims of phase transitions of aqueaus starch 

systems (Stcrens and Elton. 1971; Leiievre, 1973; Donovan. 1979: Biliaderis 

wtal.. 1080: Slade and Levine. 1987). 

The effecl of the moisture content on DSC traces has been extensiveiy 

investigated lo understand the molecular basis of starch gelatinization by many 

researchers (Donovan, 1979; Biliederis et al,. 1980). These studies showed 

that at relatively high moisture levels (volume fraction of water, v. r 0.85), a 
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single endothem is apparent at abwt @lac. The precise position of the peak 

depends on Le  starch verialy Mng investigated (Donovan, 1979: Biliaderis e l  

el.. 1980). Donwan (1979) observed (Fig. 2.9.1) a single endotherm at v. z 

0.7, (Fig. 2.9.l.a), and at v. = 0.65 (medium moisture), 0 shoulder was 

apparent on the leading edga of the thermagram (Fig. 2.9.1.b). This shoulder 

developed into a single peak and melied at imxeasing temperatures with 

fuflher decrease in water wntent. At v. = 0.6 (tow moisture), the first peak 

war virtvatly absent (Fig. 2.9.l.c). Furthermore, a gradual increase in meltlng 

temperature and a decrease in gelatinbation (G) enthalpy occurred when the 

cmcentration of the stanh slurry was gradually increased. Donovan (1970) 

suggesled that the initial DSC peek in biphasic mndothmms resulks fmm the 

stripping of polymer chains fmm the surfaces of the uystallites due to stress 

developed by hydration and swelling of amorphous regions, while the sewnl: 

peak represents melting (M) at low diluent (H,O) volume fractions. Acwrding 

to this model, in excess water the resultant stress due to hydralimn and 

swelling is high enough 8 . 3  only the stripping mechanism operates. Since 

Donovan (1979) considered different mechanisms to be responsible for each 

sectim of the biphasic endothem, the peaks were labelled G and M 

respectively. Biliaderis el al. (1980), obtained similar endothems (Fig. 2.9.11) 

with native and defatted wheat starch at 50% molsture level. As these 

endGtherms are due to the melting of some kind of molewlar order within the 



Fig. 2.9. DSC tharmograrns of starch-water splem (with permission). 

I) Native potato starch at various moisture levels: a) high. 
b! medium and c) low (Donovan. 1979). 

a) N a l i i  and b) Defatled wheat starches (Biliaderis et a/., 
i9ao). 



M, & M, are endothems represent gelatinization and 
uystaillte melting res+ediely. 
M, 8 M, are sndolherms represent amylose lipid complex 
melting. 
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starch granule, lhe above authors labelled them as MI,  MZ, M3 and M4 (Fa. 

2.9.11.a). Endothems M I  and M2 are comparable to the G and M endothsrms 

of Donovan (1979). m e  M3 and M4 endolherms were anributed to the meling 

of amylore lipid m p l e x  (since they disappeared on defatling (Fig. 2.9.11.b). 

From the standpoint of  granular slructure, h e  above dala (Dorxrvan. 1979; 

Biliadeds et a/.. 1980) rdected a crystaiiite population with varying degrees of 

internal order (Zobel. 1988a). 

Evans and Haisman (1982) proposed another explanation for the 

biphasic endolherms at low moidure levels. These authors postulated that 

since water migrates from one location to another wilhin the sample as the 

various granules gelatinire, the peaks must wrrespond to melting transitions 

of cwslailine malerial with diierent stabilities, ocwring at d i i ren t  diluent 

levels. Therefwe, ii the water content of the suspension is sufficiently high. 

each granule absorbs moisture without restriction and a single endothemtic 

peak is observed. This explanation is consistent wilh reports that X-ray 

crystallinity changes occur during the orst and second DSC peaks (Liu et aL, 

1991) and that the loss of birefringence begins with the passage through the 

first endotberm but is not complete until the second peak has been traversed 

(Burtand Russell. 1983). Biiiaderis et al. (1985) and Maurice et a/. (1985) have 

suggested that Ihe lower temperature peak is a consequence of chain 

mobilbaliin in the amorphous regions of lhe granule. Russell (1987) 
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interpeted that the double endotherms observed in limited water systems to 

be due to disruption of double helices associated wlh sholl range meting 

involvingamylose andamylopectinfollowed by melting ofcrystailites. Oiliaderis 

(1990) suggested that reuystailiilon can confribute to the second 

endaVnrrmic peak. 

Cooke and Gldley (1992) determined the loss of both molecular ("C- 

CPMAS-NMR spectmscopy) and crystalline (X-ray diffraction) order for a 

rangeof starches as afunction of gelatiniretionextent (DSC), inorder to probe 

any sequential loss of structural order and to investigate the structural origin@) 

of thB endothermic event. me above authors showed that aystalline and 

molscular order are lost concurrenily during gelatinization, which indicated that 

thermal stability of a b l e  helices within granules is rml affected significantly 

by the presence or absence ofa crystalline environment. Furthermore, a close 

relathhip was found to exist bebum the lo% of enthalpy and loss ofhelical 

order. This indicated lhat DSC endothermic enthalpy values primarily refled 

the loss of double helical rather than loss of orystalline wder. From the 

standpoint of starch granule ultrasmure, these resuls suggested that the 

forces holdingthe stardl granule together arelargely at the double helical level 

and that the observed crystallinity may function as a means of achieving close 

packing rather than as a primary pmvider far structural stability 
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2.4.2 Retrogradation 

Starch granules gelatinize as a result of healing in the preaence of 

water, 1.e. the granules swell, crystallins regions melt, starch chains bemme 

hydrated and some amylose leaches out of the granules. Afler being ccaled, 

ageins of lhe gelatinized starch suspension is acmmpanied by increasing 

turbidity, firmness, degree of rsystaliinity and phase separation between 

polymer and solvent (syneresis) due to reassociatlon of solubilised starch 

molecules. "Relmgrsdalion" was first used to refer lo the return of cryslallinity 

in the starch of staiiw bread (Katr. 1928) and is also used lo refer to the 

analogous process in starch. The several processes accompanying ageing are 

Important fw texture end stability of slarchzontaining fwds. 

Starch gels are metastable, and therefore, undergo structure 

transformation (further chain aggregation and crystailation) during storage. 

Amylose (essentially, a linear and smaller molecule) in the gelatinized starch 

suspension tends to associate quickly to form a gel network (starch gels may 

be regarded as wmplax composites in which swollen gelatinized granules are 

embedded in an arnylose rich matrix) (Lampit et a/, 1948). Therefore, most 

of the initial changes in the physicochemical pmperties (9.g.. texture. 

wyslallinity, wster hoiding capacity, atc) of a gel are altribuled to ernyioae 

association. Formation of hydrogen bonds beween hydroxyl groups d starch 

chains are responsible for the parallel association of solubilized starch 

molecules (molecular ofdering. Miles et a/.. 1985). The above author repotted 
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that th8 gelation of amylose m y  b e  regarded as a partial crystallizaNon 

process and it arises thmugh phase separation, which pmduces polymer rich 

and polymer deK&nt regions. Neither the initial gelation nor the development 

of Ihe  crystallinity of amylose can be reversed by heating to 100.C (kliles e l  

el.. l9ffi). 

In contraJtto amykoe, amyiopedhretrogrades vefq slavly Molecules of 

emylopectin, because oftheir very high molecular weight and branching, can 

associale only wiUl diilcuity (Lampin el  aL. 1948). Therefore. Ihe changes 

observed in the physiwchemical properties o f  the gal, on long term storage 

(more than 4-5 days) is mainly altributed to amylopectin association. Unlike 

amylose,amylopeclin crystallization is t h m o  revenible attemperalures below 

100°C (Ring elal,, 1987). DSC measurements have shownthat recrystallized 

amylopactin mells at temperatures around 60DC (Eliassm, 1985). 

MLs e l  al. (1985). suggested a three step mechanism (Fig 2.10). 

(based on the nueleatiw, theory of Avarami (1939. 1940)) t o  explain aystal 

developlnsnt during amylose pelation. The mechanism inwfves the following 

sequential steps: 1) nucleation - fwmalion o f  crilieal mrclei by inliation of 

ordered h a i n  segments, i.e. double helix formation beween the ends of 

amylosemolewles, favwring chain elongation (Fig. 2.10.a); 2) propagation - 
gmwth of crystals from nuclei by intermolecular aggregation of ordered 

segments, i.e. packing of double helical regions by chain folding (Fig. 2.10.b): 

3) maturation -crystal perfection by annealing ofmetastable micmaystaliiles. 
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Katr and Van ltallie (1930). showed that relmgraded slarch gels always 

display a "8" X-ray panem regardless of the initial crystalline panern of the 

native granule. Heliman el a/. (1954) and Dragsdorf and Varriano-Maston. 

(1980). observed an increase in the intensity of the "9" panern during ageing 

of s t a h  gels. Furthermore, the "R" panem was also obtained from 

relmgradedgelsfmm amylore andamylop&in (Miles et a!., 1985; Ring eta!,. 

1987). Thus, starch retrogradation was attributed to changes in bolh amyiose 

and amylopedin. However, the rate of retogradatinn of isolated amylose was 

not similar to that of starch (Miles et a!., 1985). Radley (1953) observed that 

the rate and extent of retrogradation of any particular amyioseamylDpedin 

miaure is directly proportional to the amwnt of amyiose present. 

The Avarami model of polymer crystallization has been widely used to 

kinetically model retrogradation (Mclver et a!.. 1968; Colweii e l  a!. 1969; 

Russell, 1987; Levine and Slade. 1988). Based on crystalline phase hanges 

vs time, the Avarami equation is expressed as follows: 

s=1 -  

where 0 is the percent crystallized starch at time 1, K is a rate con3lant, and 

n is the Avarami exponent. The Avarami expanent (n) provides qualitative 

information an the nature of nucleation and gmwlh process. For indance, an 

exponent of 1 is said to repmsent md-like crystalline gmMh fmm 

instantaneous nuclei, and an exponenl of 2 can either represent md4ika 



Fig 2.10. Mechanism ofamylosegelation(Milesetal. (1985). 
with permission). 

a) Chain elongation by double helical Ionnation. 
b) Double helical packing by chain folding. 
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crys:allim, grmdh from sporadicnuclei or disk like g r m  from instantarmous 

nuclei (Sharplss, 1966), m e  rate cxrnstant (K) b a combined function of 

nucleatim and gmwth rate, providing quantitalwe Information on the course of 

wystallization (Snarples, 1966). 

2.121 Facton lnfluencbg starch rebogradation 

24.2.1.1 Concentration 

Starch concentration influences the extent of retrogradation. Hellman et 

el, (1 956, showad that the most Intense B-pallen is obtalned for wheat starch 

gels with a water content of 47.50% (wh). For a starch gel with 63% (wlw) 

water stared 8 days at 24.C. the intensity of the Bpattem is only onemh the 

inensity observed for a starch gel with 50% waler healed in the same way. 

Zelemakand Hoseney (1986) prepared slarch gels wntaining 1560% starch. 

aged them for 7 days, then heated them in the DSC. They showed a minimum 

enlhalpy at 15% and 80% and maximum enthalpy values in gels of 5060% 

slarch (these corresponded respectively, to amgopectin contents of 37.5 and 

45%). Slade and Levine (1987), reported similar results in a study of wheat 

darch gels (10 1077% starch). These authors postulated that the decrease in 

enthalpy from 50% to 77% starch was due to decreasing plaschation by 

water, while h e  decrease from 50% to 10% starch (imease in water from 

50%-90%) was due to a dilution effect. 
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2.4.2.1.2 Moisturn content 

At very h i i h  moisture contents (295%) the amylose in a gelatinized 

starch suspension rapidly phase separates, recrystallizes and precipitates. 

Howwr, at low moislure contents (<@OX) this suspension will form an elastic 

gel, upon cooling. Studies ofthe gelatinizationand aging of nanh (Mileset a/., 

1985: Russell, 1987) have usually been wnducted at high moisture contents 

(~20%) since this conditim is often encountered in f w d  processing. At 

moisture contents a h  20%, the amylose and amylopectin within a starch gel 

recrystallizes to the Bform (Miles e l  6+ 1985), This occurs because at moisture 

levels above 20%. lha glass transition temperature (T$ drops below r w m  

temperature, allowing the starch with suficient mobility to rearrange into the 

crystalline form (Slade and Levine, 1988). 

2.4.2.1.3 Temperature 

The starch rehogradatnn process is very sensitive to temperature. This 

is evident from using DSC and X-ray diffraction as well as rheological 

measurements (Morris, 1990). Crystallization has been shown to occur (Fig. 

2.11) only when Tg c T c Tm (Morris, 1990). The higher the degree of 

sup-oling, the mwe crystal seeds will be formed, but the growth of crystals 

is favoured at higher temperature (Fig. 2.11) (Morris, 1990). However, in the 

case of a starch gel, supercooling cannot be bmught too far; at some 



Fig. 2.1 1. The effed a temperature on starch retrogradation 
(Monis (1990), with permission). 
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lemperature, T, ofthe starch as  well as  the f reezly point of the water will be 

passed, and during theseconditions n o  crystallizallon willoecur at all. The bast 

conditions for cryatallizaliin of amylopedin therefore, seem t o  be Just abwe 

VC (Eliassan and Larsson. 1993). The retrogradelion process rnighl then be 

avoided w delayed b y  storage at the correct ternprature. To bring about as 

much starch retrogradaliin as possible, the wrmdtreatrnent would be C store 

the starch gel first at a low temprature (a.9. 4-C) to promote nucleation and 

lhan a t  a higher temperature (e.g., 2540%) to promote crystal growth (Morris. 

1990). Such experiments have been performed, and after 24h at4'C starch 

gels were stored for another 24 h at 4. 12.25 and AWC. The hlghest values 

of AH were obtained after rtoraga at 12 and 25°C (Zeleznak and Hoseney. 

1987). 

2.4.21.4 Stamh source 

The extent of retrogradation is influenced by the slarch source. Russell 

(1987) showed that the anlhalpy ol recryalallization decreased in the order: 

waxy maize s polalo >wheat > amylomabe. Orford et al. (1987) imestigated 

retrogradation ofwheat, maize, potato and pea starches. Gels from all w u m s  

showed substantial increases in shear modulus over 7 days. Pea starch 

shaved the highesl increase, followed by potato maize andwheat. Crystallinily 

(X-ray and DSC) paralleled the long term development of shear modulus, 
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indicating mat this was due to a crystallization process. All gels exhibited a B- 

t p  X-ray pattern. However, the above authors made no anempt to explain 

the differences in recrystallization between various starch s o m s .  

The influence of starch source on retrogradation can be related to 

variations in the fine stwture of the wmponent molecules. Mlstler and 

Johnson(1948) suggestedthattherewasanoptimum chain lengthfcxamylose 

retrogradation. Gidley eta1 (1986) found the minimum chain lengtil required 

for retregradation (053% starch solution) was eight or nlno glucose units. 

Sterling(1978) re!x?iedthaI p-amylase treated amylopctin(extema1 branches 

reduced t o 2 3  glumae units) retrograded less readily than native amyiopedin. 

2.4.2.1.5 Addition of other components 

Retrogradation can be delayed by adding suitable substances. The most 

common additives with thls functlon are the monoacyl lipids (morwglycerldes] 

and free fatty acids. Although the exact mechanism by which the lipids retard 

retrogradation is far from dear, the role of lipids is generally anribuled to the 

formation of helical inclusion complexes between starch molecules (mainly 

amylose) and lipid hydrocarbon chains. W i t a m  et a/. (1986) moorled a 

reduction in emylwe gel rigidity, when lipids were added in the form of fatty 

acid (ClbC,J or monoglyCerMe; and the effect being dependent both on llpid 

concentration and lipid acyl chain length. In the presence of monoacyl llpida 
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(Mikus el  at.. 1946) amylose undergoes rapid canformational ordering in 

solution (mil - helix), which promotes aggregation of helices into partially 

crystalline structwes (Vzrystals). 

Many authors (Eliasson, 1983: Russell, 1963; Eliasson and Ljunger, 

1988) have shown that recrystaiiization of amyiopectin or waxy maize starch 

(100% amylop~ctin) is decreased (decreased enthalpy) in the presence of 

emuisifiers. However, the mechanism by which lipas hinder amylopectin 

reuystaliizalion has been the subject of much controversy (Gray and Schoch, 

1962: Lagendijk and Pennings, 1970; Kugimiya et d., 1980; Evans, 1986). 

26 Physical modification of starches 

2.6.1 Defaning 

Many researchers (Medcalf ef al. 1968; Gaering et al., 1975; Lorenz. 

1976; Melvin, 1979: Maningat and Juliano. 1980; Lorenz and Kuip. 1983; 

Goshima ef al.. 1985: Kawano et al., 1989) have used diierent lipid 

extractants, many of which are now known to differ in their ability to extrad 

firmly bound lipids (Morrison. 1981: Morrison and Coventry, 1985). Therefore, 

ii is difficult to interpret coherently the effect of defattr.~ on starch properties. 

Leach et al. (1959), postulated that h e  bonding forces within h e  starch 

granule influence the extent of swelling. Thus, highly associated starch 

granules should be relallveiy resistant to swelling and amylose leaching. Tester 
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and Momson (1990~) reported that the swelling bohaviour d cereal starches 

was primarily a property of their amylopectin content; amylose acts both as a 

diluant and as an inhibitor of swelling, especially in the presence of lipids 

(natural components of non-waxy cereal starch granules). Tester and Morrison 

(1990b) showed by studies on waxy rice starches (no native lipids) thai 

crystallitas wilhin the amylopctin molecule determine the onset of swelling and 

gelatinization. There are conflicting reports in the literature (Lorenz and Kulp, 

1983: Goshima ef a/.. 198$ Tester and Morrison. 1990a) with regard to the 

effect ddefalting on swelling and amylose leaching. Lorenz and Kulp (1983), 

reported that defatting with 80% methanol increased the swelling power and 

solubility ofwheat starch, whereas in potalo starch the swelling power remained 

unchanged while the ~olubilny deaeased. Goshima ef a/. (1985), reported tt~at 

lhe swelling power and solubility of potato starch increased on defatting with 

99% methanol. Tester and Morrison (1990a), reported that partial extraction of 

lipids fmm wheat starch with anhydrous methanol at 100°C increased the 

swelling factor by 30%. 

The literature is replete wilh conflicting information with regard to the 

effect of defaHing on pasting (thickening of StarcMvater slurry upon heating) 

properties (Lorenz. 1976; Melvin. 1979; Takahashi and Seib. 1988) Lorenz 

(1976). repwted that lipid removal (0.54-0.61%) from wheat starch with 80% 

methanol did not alfect the peak viscosity at 92°C. Melvin (1979), reported that 
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iipid removal (0.44.5%) from corn and wheat starches by slurrying at 70DC 

with water-saturated n-butanoi (5 h), or by Soxhlet extraction uring 85% 

aqueous methanol (72 h) reduced the pasting temperature but increased the 

pasting peak and paste consistencies. Takahashi and Seib (1988). however. 

showed lhat iipid removai from wheat (1.0%) and corn (0.82%) starches wilh 

boiling 75% ethanaieiiminatedthe pasting peak, reduced consistency and set- 

back and decreased the pasting temperature. Biiiaderis and Tonogai (1991) 

observed increased gel firmness and viscositywhen lipids were extractedfmm 

rice (0.82%) and wheat (0.64%) starches using 85% methanol (4 h). They 

monitored viscosity and gel texture changes using the Bohiin VOR rheomeier. 

The above researchers attributed the discrepancy behveen their results and 

those OfTakahashi and Seib (1988) lo differences in starch concentration (20- 

30%) versus (6.5-7.5%). Lorenz alld Kulp (1983) showed that lipid removal 

fmm potato slarch with 80% methanol (48 h) did not significantly alter the 

amyiograph consistencies. Goshima et al. (1985). however, reported lhat lipid 

removai (0.064%) from potato starch with 99% methanol (15 h) in a Soxhlet 

extractor reduced the pasting temperature, increased psste consistency at 

67.8"C and caused no change in thermal stability during lhs holding period. 

Thereisverylittle information in theliteraturewith respecltothe effectof 

defatting on starch crystallinity. Lorenz and Kulp (1983), observed that wheat 
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and potato starches showed no changes in theirx-ray pattern on defaning with 

80% methanol for 48 h. Furthermore, dsfatting was shown to cause a 

decrease in relative crystallinity (RC), which amounted to 1.7% and 6.8% in 

potato and wheat starch respectively. 

2.5.2 Heat-moisture treatment 

Heating (100-12WC) of starches at limited moisture (18.27%) contents 

(heat-moisture treatment) for 18 h dramatically changes the properties of 

starches withwt actual gelatiniratiin occurring (Sair and Felrer, 1944; Leach 

ef a/.. 1959; Sair, 1984,1967: Fukui and Nikuni. 1969; Kulp and Lorem, 1981; 

Lorenz and Kulp. 1982; Donovan e l  al., 1983; Stute. 1992). 

Sair (1967) and Stute (1992) showed that the X-ray pattern of B-type 

starches (e.g., potato) are transformed into a mixture of "B" and "A" patterns 

upon heat-moisture treatment. However, theX-ray diffraction patterns of cereal 

starches remain unaffected, by heatmoisture treatment (Buleon eta/., 1982). 

Lorenz and Kuip (1982) showed that the degree of crystallinity of careai 

starches decreases on heat-moisture Ireaiment. However, similar studies have 

not been reported for tuber and legume starches. 

The double helical packing in the unit cells of the A-type crystal is more 

compact than B-type. Thus, the "Bas to "A" transition could occur by a simple 

shifihg of helices following removal of water. On the other hand, "A" to "8" 
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transformation cannot t&e piace without the dedmction of "A" and 

reuystallization (Zobel. 1988a). A stepwise description (Fig. 2.12) of the "6" 

to "A" transformation has been proposed from computer modelling studies 

(Imberty e l  a/.. 1991) Fukui and Nikuni (1989), showed by X-ray diffraction 

sludies, that maize starch devel0psa'V'-crystalline structure (due to formation 

of amylose-lipid inclusion complexes) on heatmoisture treatment. This 

SVggests, that starch lipids and amylose occur in close pmximity within the 

granule. 

Heat-moistun treated (100%. 16h. 1&27% moisture) potato and wheat 

starches have been shown to exhibit a broadening of the gelatinization 

temperature range and a shifting of the endothermal transition towards higher 

temperatures, wmpared to the untreated starches (Loren2 and Kulp. 1982; 

Donovan elal.. 1983). The enthalpy of this transitiondecreased with increasing 

molsture wntents. The change was greater for potato than for wheat starch. 

The endotherm of the treated (27% moisture) samples (wheat and potato) was 

biphasic, as well as having an elevated Tp (mid-point temperature of 

gelatinization) and increased range. The above authors suggested, that this 

may haw, been due to We development of more stable crystallites resulting 

from changes within the crfstallite structure. An obvious question is whether 

these aystallites are derived from modificatims of the pre-existing crystallites, 

or whether they are formed de now fmm the previously amorphous regions 

(Elanshard, 1987). Donovan e l  a/. (19831, postulated from the above studies 



Fa. 2.12. Mcdel of the polymorphic IransRion fmm the B to 
the A starch, in the solid state (Imberty el a1 
(1991). wilh permission). 
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lhat heat-moisture treatment induces starch chain reorientalion in crystalliles 

which is accompanied by movement or chain reorientation in the amorphous 

or glassy regions, and alterations occur in the amorphousdomains which have 

a profound effect on the abiiityof lhese domains to destabilize crystaiiites upon 

absorbtion of water by the granule and thus upon the gelatinization 

temperatures. Elanshard (1987) suggested that, at 27% moisture and 10WC. 

the glass transition temperature of the system may have been exceeded and 

therefore, Me granules would be in me rubbery state. 

Heat-moisture treatment of cereal and tuber starches have been shown 

to reduce swelling power (Salr, 1964. 1987; Kulp and Lorenz. 1981; Lorenz 

and Kulp. 1983). However, the extent of amylose leaching increases in cereal 

starches, but decreases in tuber starches (Kulp and Lorenz, 1981; Lorem and 

Kuip, 1982). Lorenz and Kulp (1982) have postulated that the difference in the 

solubility behavlour of the cereal and tuber starches may be due to differences 

in the physical state of the amylose mponents in the native granules. In 

cereal starch granules amylnse is present in a halical form, complexed with 

!ipids; while in tuber starches the lipids are absent and the amylose occurs in 

the amorphous stale and is convened by heat-moisture treatment into a less 

soluble helical form. 

It is evident fmm the above review, that most of the studies have been 

concentrated on understanding changes wlhin the crystalline region during 

heat moisture treatment. However, changes within the amorphous regions still 
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remain an area of uncertainly which merits furUler inveaigatlon. A pmper 

understanding ofthe structural changes within the amorphous and crystalline 

domains of the starch granule would emerge, if studies are conducted on 

starches differing rat only in amylose content but also In the degree of 

Smparalion of the starch components within the native granule. 

2.5.3 Annealing 

Annealing of starch is a process whereby the material is held at a 

temperature somewhat lowerthan its gelatinization temperature which permits 

molecular reorganization to occur wlhin the granule and a more organized 

structure of lower free enemy to form (Elanshard. 1987). Typical conditions for 

sud~ treatments are temperatures af 50-ST, moisture wntents of 50-7516 

and treatment times of 48-72 h. Suh a pmcess may have industrial 

significance since the steepiw of wheat and corn grains to soften the grain 

priar lo wet milling in some instances is performed at 50°C for some 20 h 

(warm conditioning). The impact of annealing on starch structure and 

properties have been investigated by various researchers (Gough and Pybus, 

1971; Marchant and Elanshard 1978; Hoseney eta/. 1986; Yostand Hoseney, 

1886; KNeQer et al. 1987a,b; Knutson. 1990; Larsson and Eiiasson. 1991; 

Shrte. 1992). 

Eirdregenw studies of Gwgh and Pybus (1971), on annealed wheat 

staroh showed that the treatment n a m e d  the gelatinization temperature 
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range and raised me peak temperature of gelatinization. Marchant and 

Elanshard (1978), postulated that during annealing a realignmenl of starch 

chains occur wlhin the crystalline and amorphous regions of the starch 

granule. The relationship between annealing .and the glass transition 

temperature in starch granules was studied by Hoseney etal. (1986), Yo* and 

Hoseney (1988) and Larsson and Eliasson (1991). The above aulhors 

discussed thatthe physical aim of annealing is to sppmach the glass transition 

temperature which thereby enhances molecular mobilw wilhout, at the same 

time, triggering total gelatinbation. 

DSC has been used to investigate the effect ofannealingan the thermal 

characteristics of starches. Krueger et al. (1987a), annealed wm starch, both 

laboratory emaded and commercially obtained, at 5WC and 75% moisture for 

variws time intervals up to 48 h. DSC analysis showed that untreated 

commercial wrn starch had a relatively narrower gelatinization temperature 

range and a higher peak temperature and enthalpy than that of laboratory 

extracted starch. Furthermore, upon annealing. the magnitude of increase in 

gelatinization temperatures and enthalpy were higher in laboratory extracled 

than wmmerclal starches. mis demonstrated that partial annealing of starch 

granules occurs during commercial extraction (wet milling) of corn starch. 

Krueger et al. (1987b], studied the effect of annealing (W°C. 75% moisture for 

48 h) on normal and mutant varieties (waxy and high amylose) of wm 

starches. The above authors have reported that annealing had no effect on the 
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geiatinization enthaipy of waxy maize starch but increased the enthaipy of 

amylose containing corn starches. This indicated a possible interaction 

between amyioseandiinear chainsof amyiopectin. Theextent of thechange 

varied with the composition of the starch. 

Knutson (19901, investigated the effect of multi~tep annealing 

P~OCBSS (which allows higher annealing temperatures1 on maize starches 

Inorrnal, waxy and high amylose (60-70% amyiosell by DSC. Normal and 

waxy maize starches showed an increase in To and Tp, and e decrease in 

the range with reiativeiyiittie changein AH uponannealing at 76% moisture 

for 72 h at various temperatures between 60 and 70.C. However. in 

emyiomaize lhigh amylose contentl, To. Tp and AH increased dramatically 

when annealed at temperatures beyond 55'C. The above author interpreted 

the resuits as evidence that interaction between amylose and amylopectin 

[increased order within the granuW occurs in amylomalze granules during 

annealing, and further suggested that since waxy starch oontains no 

amorphous amylose regions, anneaiing effects at highertamperaturas occur 

in intercrystalline amyiopectin regions or in crystalikes. 

The effect of temperature, between 25 and SOT and time, up to 48 

h lwhen annealing starches at an intermediate starchlwatar ratio 11 :1 wlw) 

on the gelatinization behaviour of starches from maize, waxy-maize, wheat 

and potato have been investigated by DSC (Lanson and Eiiasson. 19911. 

The above authors reported that gelatinization temperatures of maize and 

waxy-maize starches remained unaffected by annealing temperatures up to 
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40'C. However. To and T, of potato and wheat linearly increased with 

temperatures between 25 and 50-C. Changes in T. was marginal in all 

starches. The closer the annealing temperature was to To of the untreated 

starch, the more pronounced was the increase of T.. Potato starch when 

annealed at 5 T C  at a moisture content of 75% for 92h (Stute. 19921 

showed an increase in To. T, and To and a decrease in the gelatinization 

temperature range. However. AH, the extent of crystallinity and the X-ray 

Pattern remained virtually unaffected. On thestrength ofthese observations. 

the above author postulated that annealing treatment causes structural 

changes within the amorphous region of the granule. 

i t  is evident from the above review that a great deal is known about 

the effect of annealing on gelatinization parameters IT., T, T. and AH) of 

cereal starches. However, changes in X-ray intensities, swelling factor, 

amylose leaching. Brabender viscosities and susceptibility towards acidic 

and enzyme hydrolysis on annealing have not received much attention, 

Furthermore, there have been no repons on the response of other cereal 

starches such as oat (exhibits properties that are not similar to those of 

other cereal starches [Paton, 197711 and legume starches to  annealing. As 

a result, i t  is still notclear how annealing modifies the structural organization 

of the starch chains within the amorphous and crystalline domains of the 

granule. 



CHAPTER 3 

MATERIALS AND METHODS 

3.1 Starch sources 

Wmatand potato staLarch~%we attained from Sigma Chemical Co.. St 

Louis. MO. Yam (Dbsmrea dumebrum) and seeds of lentil (Lens culineris 

medicus var eslon) were obtained fmm a local supplier. AC Hill oat grains 

(Avena nuda, varchinensis) whkh is a spring type, day lenglh senslw cultivar 

were obtained from Ihe Central Experimental F a n  (Agriculture Canada) in 

Ottawa. 

3.2 Starch isolation and purification 

Lentil seeds or oat grains were steeped overnight in water at mom 

temperalure. A mlxture 1 part soaked grains or seeds to 3 parts distilled water 

was blended for three minutes at law speed and follaved by another three 

minutes at high speed, in a Warlng Mender. The resultant slurry was passed 

through a double layer cheese cloth and centrifuged at 5000xg for 15 min. The 

supernatant was discarded and the sediment suspended in excess 0.02% 

NaOH to remove the residual proteins. ARer standing for 1 h the supernatant 

was removed. This procedure was repeated three times. The final sediment 

was suspended in distilled water, and subjecled to filtration through a 70 

micron polypmpylene =reen, neutralbcd to pH 7.0, filtered on a Buchner 

funnel end thomoghiy washed on the filler wlh distilled water. The filler cake 

was dried overnight at room temperature (25%). 
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The extraotion of starch from yam was carried out in the same manner 

but the yam was peeled to remove the skin, thoroughly washed and cut into 

small pieces before the blending process. 

Commercial wheat and potatc starches were purified by washing with 

excess alkali (0.02% NaOH), neutralized to pH 7. filtered on a Buchner funnel 

and thoroughly washed on h e  filter with distilled water. The filter cake was 

dried overnight at mom temperature (25%). 

3.3 Estlmatlon of starch damage 

m e  extent of starch damage was determined enzymatically (AACC. 

1983). The method determines the percentage of starch granules which are 

susceptible to hydrolysis by a-amylase. The enzyme used was a fungal a- 

amylase from Aspergillus oryiae (Sigma Chemicals Co., St. Louis. MO). ll had 

pH and temperature optimums of 4.8 and 53°C respectively. The starch (1.0 

g, db) was digested with .-amylase (12,500 Sigma units) in a 30'C balh for 

exactly 15 min, followed by addibn of 3.68 N H,SO, (3.0 ml) and N€+WO,. 2 

H,O (2.0 ml). The mixture was allowed to stand for 2 min, and then filtered. 

Sample aliquots (1 ml) of the carbohydrate solution were mixed with 2.0 mi 

of chillsd 3.5dinitrosalicylic acid and diluted to 4.0 ml wlh diltilled water. The 

lubes were healed in a boiling water bath for 5 mln. The reaction mixture was 

diluted by adding 8 ml of distilled water and h e  absorbance measured at 540 
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end 590 nm (for absorbancs above 1.5) against the blark from which the 

enzyme was o m i t 4  (Bruner, 1964). A calihtion curve was established (at 

540 and 590 nm) with maltose (0.2-2.0 mg in 2ml H,O). The % damaged 

starch was calculated as: 

%damaged starch = (M x l.M)I(W x 1.05) x 1W 

where M = mg rnslmse equivalents in the digests; W = mg starch (db). 1.05 

= molecular weight conversion of starch to maltose and 1.64 =the reciprocal 

of the mean percentage maltose yield from gelatinized statarchas. The latter is 

an emperical factor which assumes that under the conditions of the 

experiment, lhe maximum hydrolysis is 61%. 

3.4 Chemteal comporltlon of native starches 

Ail chemicals used in this study were ACS grade and the results of all 

experiments were calculated on starch dry weight basis (db). 

3.4.1 Moisture content 

Moisture content was determined by drying a preweighed (4-5g) amount 

of material in a forced air oven (Fisher Scientific, lsotemp 615G, USA) at 

105'C until it readleda constant weight. The moisture content wascalculated 

as a percentage of weight loss of the sample due to drying (AOAC, 1990). 
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3.4.2 Ash content 

Samples weighing 2.03.0 g were transferred into clean Pacelain 

CTUCLI~S, charred using a flame and then placed in a temperature-controlled 

fumaoe (Lab Heat. Blue M. Illinois) which was preheated to 5WC. Samples 

were held at this temperature until grey ash remained and then transferred to 

a desiccator, moled and weighed immediately. Ash was calculated as 

percentage weight of the remaining matter (AOAC. 1990). 

3.43 Total pmtein content 

Samples(100-2W mg)wereweighedonnilrogmfree papnandphced 

in the digestion tubes of a Buchi 430 (Buchi LaboratoriumeTechnik AG. 

FlawiUSdvmiz) digasler. The samples were digested wlh two @eHeba catelyst 

pellels (Pmfamo, Quebec) and 20 ml of concentrated H,SO, in the Ujeldahl 

digester (Buchi 430) until a clear solullon was obtained. Digested samples 

were diluted with dislilled water (50 mi); alkali (150 ml of 25% NaOH) was 

added and the released ammonia was steam distilled (Buchi 321) into 4% 

H,BO, (50 ml) containing twelve drops of an end point indicator (N-point 

indicator, EM Science, New Jersey) until 200 mi distillate was collected. The 

content of ammonia in the distillate was determined by tihating it against 0.1N 

H,SO, (AOAC, 1990). The content of crude protein in samples was calculated 

by multiplying the percentage of ntmgen by a factor of 6.25. 
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3.4.4 Amylose content 

The apparent amylose content of native and dimodsn (35% mono- and 

65% diglycerides) wmplexed starches were determined by the method of 

Chrastil(1987), after wmplele dispersion of samples in KOH solution followed 

by neutralization with HCI at mom temperature. The total amylose conlent of 

the starches was determined by the same procedure, but the samples were 

defatted wl+h hot n-propanol-water (3:i vlv) for 7 h, prior to determination. 

3.4.H Preparation of starch dispersions 

Starch samples (20 mg db) were dispersed in 10 ml of 0.5 N KOH in 

20 ml screw cap glass tubes. The contents wre transferred into volumetric 

flasks and diluted to 100 ml. Aliquols (10 ml) were neutralized with 5 mi of 0.1 

N HCI prior to dilution to 50 mi. 

3.4.42 Chrastil's method of amylose dete,mination 

Sampiealiquots(0.1 mi) of the neutralized solution were mixed with 5.0 

ml of 0.5% trkhlaroacetic acid (TCA) and 0.05 ml ofO.O1 N I, . ;I solutian (1.27 

g of I, per litre + 3 g of KI per litre). The abswbance of the blue colour was 

read at 620 nm (afler 30 min at 25'C) in a spec4mphotometer (LKB Biochrom. 

Novaspec). The absorbance of the reaction blanks wlh water was zero, and 

with pure amylopectin (mrn amylopectin from Sigma Chem. Co.. purged by 
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..eciplation with acetone) was less than 0.03. The amylose content was 

approximated by the follaving formula (obtained through a calibration graph) 

and reperenled as mg of amylose per 1W mg dry starh: 

Absorbance x 45.8 = mg of amyiose I litre in ruvette. 

3.4.6 Llpld content 

3.45.1 Llpld extraction 

Mea t  starch [5.0 g dry basis (db)] was used for comparing the lipid 

evlrac~~n effchcy of various solvent systems. Extraction at ambient 

temperalures (25-27%) was with 1M) mi each of chloroform-methanol 2:l vlv 

(CM), and water salurated nlutanol (WSB) under vigmour agitation in a wrist 

action shaker (up to 12 h). At elevated temperatures (90-lWDC) lipids were 

obtained by Soxhlet extraction wlh 1W ml each of n-pmpanollvater 3:1 vlv 

(PW), and WSB (up to 12 h). However, in the determination of lipid 

composition, all starches weresubjected tothefollowingevlractionprocedures: 

(I) starches (5 g db) were extraded under vigorous agitation in a wrist action 

shaker with 50 ml of CM at 25-2PC for 1 h: (2) the residues from CM 

extraction were solvent extracted with 1 w  ml of PW at 90-10o'C fm 7 h in a 

Soxhlet apparatuq (3) to determine the total native starch lipids, starches 

(2.00, db) were hydmlysed with 25 ml of 24% HCI at 70-80.C for 30 min, and 

the hydmtysate than extracted three times with nhexane (Goshima eta/.. 

1905). 
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3.4.5.2 Llpld pudflcation 

The crude lipidsfrom the above extracts were purified by extraction wilh 

chloroformlmethmolkater (1:Z:O.e vlvlv) and by forming a biphasb system 

(chiomformlmethanoVwater (1:1:0.9vlvlv)) by addiiionof chloroform and water, 

at room temperature (Bligh and Dyer. 1959); the chloroform layer was then 

diluted with benzene and brought to dryness on a rotary evaporator. 

3.4.5.3 Upid fractlonatlon 

The purified lipids were fractionated using silicic acid chromatography 

(Mes, 1972). The silicic acid (326 mesh, Sigma Chemical Co., St. Louis, MO) 

was washed several times with deionised water, filersd through a Buchner 

funnel and rinsed wilh anhydrous methanol. The washed silicic acid was dried 

at 120% for 24 h and stored In a desiccator until used. Each wlumn was 

prepared by suspending a 10.0 g portion of the silicic acid in 50 ml chloroform 

and pouring into a 30 a long by 2 cm diameter glass column. A 5 ml aliquot 

of the total purified lipid extract was applied to the top of the s i l i c  acid 

column. Neutral lipids (NL), glywlipids (GL) and phospholipids (PL) were 

eluted wilh 50 ml chloroform, 50 ml acetone and 75 ml methanol respectively. 

Ai! factions were concentrated using a rotary evapmtor, transferred to vials 

(4 ml) and dried under nitrogen to a constant weight. The lipid fractions were 

resolubiliied in chiorotorm and stared under nitrogen at -15'C. 
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3.4.6.4 Thin layer chromatography 

Lipid class components (NL, GL and PL) were examined by thin layer 

chromatography (TLC) on precDated silica gel plates (Fisher Scientik Co.) in 

oml of the following solvent systems: (?) pelmleum etherldiethyl etherlacetic 

acid (70:30:lvlvlv) (2) chlomformhdhanolla~etoneldiethylamineM~0 

(120:35:37:6:4 vlvlv), and (3) chlomfonlacetonelmeUlanoi/acetic acid/water 

(10:4:2:2:1 v/vlvIvIv). Neutral lipids were separated by development In solvent 

system 1. The GL were resolved in solvent system 2 while the PL were 

resolved h solvent system 3. Lipids were detected on TLC plates by charring 

with 50% H,SO, w by spraying with specair; spray reagents (Kates. 1072) and 

comparison of their R, values with those d pure samples. 

3.4.5.5. D e n s H o m ~  

A Pharmacla Ultrascan XL enhanced laser (helium-neon) densltometer 

(Model LKB 2222-20. Uppsala. Sweden) and a Phannacia XL s m a w  (code 

2400) system was used M determine the percentage distribution ofthe lipid 

wnstituenls within each iipld class. For the densitometsr scanning, lipid 

wmponenls were visualized by charring the TLC plate by spraying lightly wilh 

sulfuric aciddichmmate reagent (1.2 g of &Cr,O, in ZOO mldSO% (by weight) 

reagent grade H,SO,) as a fine mist, and heating in a forceddraft oven at 

180°C for 20-40 min. 
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3d.5.6 Fatty acid composition 

Fatty acid methyl esten (FAME) of the three lipid classes (NL. GL. PL) 

from CM and PW extracts were prepared by transmethylation with 6% H,SO, 

in 99.9 mole% of methanol at 65-70C for 15 h (Keough and Kariel. 1987). The 

methyl esters were analyzed using a Perkin-Elmer 8310 gas chromatograph 

equipped with a 30 m x 0.25 mm column (SP 2330. Suplw. Oakville. 

Ontario). Oven temperature was 180% and the injection port and flame 

ionization detector temperatures were 2 3 0  and 2500C, respectively. The flow 

rate ofthe helium carrier gas was 25 mNmin. identiktlon of FAME was based 

on the cornpalison of their retention times wilh those of FAME standard 

mixture (Supelm Inc.. Oakville, Ontario). Quantificationwas accomplished wlh 

the data handling and contml unit of the instrument. 

3.6 Preparation ol defaned starches 

To study the effect of defatting on starch structm and physiwchemical 

properties, the starches were extracted in a Soxhlet apparatus wiUl PW at 90- 

1000C for 7 h. The solvent was removed by vacuum flltration and the starch 

was dried for 72 h at mom temperature. 

3.6 Preparation o f  starchldimodan complexes 

Dimodan PM (a mixture of 90% monoaster, 1.5% FFA and 1% free 

glycerol) (Grlndsted Pmducts Inc., Rexdale, Ontario) (1 part by weight) was 
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slowly added b water (9 parts by weight) and the mixlure was preheated to 

70%. with agitation, until a lranslucent dispersion was obtained. This 

dispersion was cooled to ambient temperature (2527'C) and added to a 

starchhvatersuspension (10% wtw) preheated 1040% in the starch to dimodan 

weight ratio of 5:l. The combined volume was heated at 40PC with agitalion 

for 6 h. The Suspension was then wolod to ambient temperature, and the 

insoluble fraction was rewvered by filtration through a Buchner funnel. Any 

noncomplexing dimodan, was removed fmm the insoluble fraction by 

ex ld ion at ambient temperalure with chloroformlmethanol (21, vlv) and 

agitalion for 10 min. The mlM fraction remaining was dried under vacuum at 

40°C. 

3.7 Preparation of heat-moistun treated starches 

Thememod dhealm?isttuw treabnentwasUlatdSair(lSM), wiLhminor 

modifications. Native starch samples (15 g db) were weighed into glass 

wnteiners. Star& moisture content was bmugM to 10, 20 and 30% (whv) by 

adding the appropriate amounts of distilled water Into the containers. Starch 

ramples were mixed thoroughly during the addilb of water. The containers 

were sealed (a double layer of aluminum foil was placed ih-behveen the lii and 

the container, to obtain a tight seal), kept for 24h at amblent temperature, and 

then placed in aforced air oven (Fisher Scientific, lsotemp 615G. USA) far 16h 

at IW'C. Anelwards, the containers were opened, and the starch samples air 

dried to a uniform moisture conlent (40.2%). The effect of treatment time (1- 
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24 h) on gelatinhation transition tmperafures and enmalpy, was studied on 

starches heat-treated (1W 'C) at 30% moisture. 

3.8 Preparation of annealed starches 

The method of annealing was essentially that of Kweger el a/. (1987a). 

Native starches (25 g db) were weighed into glass Mntainen and the moisture 

content of the samples was brought to 10. 30. 40. 50, 66.6, and 75% by 

adding appropriate amounts of distilled water. Starch samples were mixed 

thoroughly during the addition of water. The sealed samples were heated at 

50% for 72 h in an air oven. The influence of annsaling Lime was investigated 

by heating starch samples (8tarch:water ratio, 1:3 wlv) at 50% far time 

intervals ranging from 0.5 to 72 h. Annealed starches were separated by 

flltration, washed several times wlh distilled water and air dried to uniform 

moisture content (- 10%). 

3.9 Physioo-chemical pmpertles 

3.9.1 X-ray diffraction 

X-ray diffractograms wore obtained with a Rigaku RU 200 R X-ray 

difractometer connected to a data acquisition and processing station The 

starch powder (s 10% moisture, wet basis) was scanned through me 28 range 

of3-35. Traceswere obtained using a Cu-Ka radiation detectorwith a nickel 

fllter and a scintillation wunter operating under the following conditions: 40 W. 

50 mA, loll" divergence sliUscattering slit, 0.3 mm receiving slit. 1 s time 



84 

constant and scanning rate of 3hnin. Relative crptallinlty was measured by 

ths method of Nara elal. (1978). (Appendix 1). Quark was used as the 100% 

reference crystal. 

3.9.2 DifferenHal scanning calorimetry 

Starch gelatinizaBon and fusion of retrograded amyiopwdln were studied 

on a Perkin-Elmer CSC-2 diierenlial scanning calorimeier (Perkin Elmer Ltd., 

England) equipped with a dab acquisition and processing station. The 

thermograms uere mxrded wlh water as reference. Indium was used for 

calibration. '* 1 thermal transitions (appendix 2) of starch were defined in 

terms of tem~crnlure at To (onset). Tp (peak) andTc (conclusion). The symbol 

AH mfers to the enthalpy associated with the transition. This enthalpy 

corresponds to the area enclosed by drawing a straight line between To and 

Tc (appendix 2) and is expressed in terms of ]oules per unit weight of dry 

starch (JIB'). All DSC experiments were replicated at least thrica. 

3.9.2.1 Starch gelattnization 

Water (8 p) was added with a miomsyringe to starch (2.5 mg) in 

aluminum DSC pans (Perkin-Elmer, kit no. 219M162). which were then closed 

with aluminum lids and hermetically sealed (using a screw press), reweighed 

and allowed to stand overnight at mom temperature. The scanning 

temperature range and the heating retewe, respectively, 20-12092 and 10°C 

min". 
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3.9.22 Starch ratmgradatiun 

Fusion of retrcgraded amylopectin at various time intervals of storage 

(0.5 h-20 days) war determined by weighing (34  mg db) of the stored (at 

25%) gels (40% whr) into DSC aluminum pans. W c h  were then clossd with 

aluminum lids, sealed and scanned from 20-100% at 5'C miti'. 

3.9.3 Brabender viaooamylography 

Pastingcheraderistics of starh slllrrles ataconcentration of6% (whr) 

and pH 5.5were determined using the Brabender vismamylograph. Madei VA- 

V (C.W.Brabender Instruments, inc., South Hackensack, NJ), equipped with a 

700-cm.g sensilivity cartridge, operating at a bowl speed of75 rpm. The starch 

siuriy was heated from 30 to 95% at the rate of 1.5'Clmin. maintained at 96% 

for 30 min, and then cooled (30 min) to 51'C at the same rate. The viscosity 

was measured in Brabender units (BU). The pasting tempnture was when 

viscosity reached 10 BU during the heating period. The thermal stability was 

evaluated from the viscosity breakdown during the holding period (at 96°C for 

30 min). 

3.9.4 Swelling factor 

The sweilingfactor(SF)ofstarches when heatedat50-95'C inexcess 

water was measured according to the method ofTesBr and Mwrioon (1990a). 

Starch rampies (50-200 mg dry basis, depending an tho anticipated SF) were 

weighed into 10 mi screw cap tubes, 5.0 ml of water added, and the aeaied 
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tubes were incubated wilh constant shaking in a water bath at the required 

temperalure for 30 min. The lubes were then cooled rapidly to 2WC. 0.5 mi of 

blue dexlran (Pharmacia, M, 2x10: 5 mglml) was added and the contents 

were mixed gently by inverting the closed tubes several times. ARer 

centrifuging at 1.500xg for 5 min the absorbance of the Supernatant ( 4 )  was 

measured at620 nm. The absorbance of the reference (4) tubelhat contained 

no starch was also measured. 

Calculatiwn of SF was based on starch weight wReeted to 10 % 

moisture. assuming a densily of 1.4 mglml. 

Fm or interstitial plus supernatant water (NV) is given by 

FW = 5.5 (VAJ - 0.5 

where 4 and A, are absorbance of the reference and sample respeC6vely. 

m e  iniliai volume of ule starch 01.: of weight W (in milligrams) is 

V. = WH.400 

and the volume of absorbed intragranuisr water 01,) is thus 

V, = 5.0 - FW 

hence the volume of h e  swollen starch granules (VJ is 

v. = v. + v, 
acd SF = V p V  

This can also be expressed by the single equation 

SF = 1 + ((770OWx([4-AJlAJ). 

The coefficient of variation d the method was generally less than 1%. 
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3.9.8 Extent of  amylose leaching 

st& samples (10.15 mg) in distilled water (10 m i ) m  heated (5M°C)  

k volume calibrated sealed Nbes fw 30 mln. The tubes were cooled to 

ambient temperature and centrifuged at 3500 rpm for 10 min. Aliquds (0.1 mt) 

of the supernatant, were assayed for soiubilized amylwe, by the method of 

Chraotil(1987). Pemntageamylose leachingwas calculated and represented 

as mg of amylose leached per 1W rng dry starch. 

3.9.6 Scanning electmn microscopy (SEW 

Oramle molphoogy ofnath, defalted and heat beated starthes, amlthe 

mode of action of porcine pancreatic a-amylase and acld (2.2N HCO on the 

above starcheswerestudied byscanning electron microswpy. Stardisamples 

were mounted on circular aluminum stubs wlh double sticky tape, and then 

coated w lh  20 nm ofgold and examined and photographed in a Hilachi (S570) 

scanning electmn micmscope at an accelerating pdenlial of 20 KV. 

Enzyme and add hydmlysed granules were prepared for SEM by rapidly 

freezing in liquid nitrogen and freeze dlying at -80%. The dried samples were 

prepared for viewing as described above. 

29.7 Acld hydmlysls 

The s ta rchesm hydmlysedwilh 2.2 N HCl at 3SC (1.Og s W 4 0 m I  

add) for 20 days. The starch slurries were shaken by hand daily to resuspend 
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the deposited granules. At specitied time intervals, aiiquds (1.0 ml) of the 

reaction mixtures were neutralized and cent<fuged (3500 revlmln. for 10 min.) 

and the supernatant iiquid was assayed for total carbohydrate (Bruner, 1964). 

Conlrols without acid but subjected to the abwe experimental conditions were 

run wncunently. The extent of hydrolysis was determined by expressing the 

solubilized carbohydrates as a percsntage of the initial dry starch. 

3.9.8 Enzymatic Hydrolysis 

Emymatiffidlgestion~d1esonstarcheswerecaniedoutus'~uystalline 

porcine pancreatic aamylase in 0.5 M NaCl containing 3 mM CeCI, (Sigma 

Chemical Co.. St. Louis, MO), in which the wncentration of ~r-amylase was 

23.9 mg ml". and the specifffi activity was 1240 units per milligram of protein. 

One unit was defined as the a-amylase activity which liberated 1 mg maltose 

in 3 min at 2 0 C  and pH 6.9. 

The procedure used was essentially that of Knutson e l  a/. (1982). 

However, a higher wncentration of enzyme was used in this study. Starch 

granules (1W mg) were suspended in datllled waler (25 ml) and 5 ml aliquots 

were placed in a mnstanl temperature water bath at 37%. Then 4.0 ml of 

0.lM phosphate bufler (pH=6.9) containing 0.006 M NaCl were added to the 

sluny. The mixture was gently stirred before adding 4 d .-amylase 

suspension. The reaction mixtures were shaken by hand daily !a resuspend 

the deposited granules. Then 1.0 ml aliquots were removed at specxed time 
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intervals, pipetted into 0.2 ml of 95% ethanol, and centrifuged. Aliquots ofthe 

supernatant were analyzed for soluble carbohydrate (Bruner. 1964). 

Percentage hydrolysis was calculated as the amount (mg) of maltose released 

per 100 mg of dry starch. Controls without enzyme but subjected to the above 

experimental conditions were run wncurrently. 

3.9.9 Retmgradatlon 

Changes in gel texture and thermal characteristics, during storage were 

monitored by a "Lloyd" texture testing machine and d i i rmt ia l  scanning 

calorimetry respectivety, at various time intervals (1-20 days). 

3.9.9.1 Starch gel preparation 

Gels(4Wb wtv)were prepared as described by Krul and Neukom (1984). 

Native, defatted, heat-moisture treated and annealed starch samples (4 g db) 

were carefully weighed into circular aluminum moulds with removable tops and 

bases and mued with distilled water (10 ml) containing 0.0296 Na,%O, (a8 

preservative). The moulds were tightly closed and R e  contents were 

thoroughly mixed for 30 min in a wrist action shaker before being heated in a 

water bath at 95% for 30 min, The resulting gels were allowed to cool within 

Ihe moulds for 30 min at 4% prior to storage at 25°C. 



3.9.9.2 m e m a l  charactsrlstlcs of the gel 

Fusion of retrograded amylopectinwas studied on a diRerential scanning 

wiorimeler, as described under sectiw, 3.7.2. 

3.9.9.3 Gel texture measurement 

The resistance topenetration ofthe gel, after 1 day ofstorage (at 25'C). 

was determined with a model 60M) R Lloyd texture testing machine 

(Omnitmnix Instruments Ltd.. Mississauga, Ontario) equipped with a data 

acquisition and pmcessing stntim. The 5 and 50 N load cells were used. The 

gels wilhin the aluminum moulds were placed on the mmpresslon table. The 

cross head of the machine, f t e d  with an appropriate load cell and a cylindrical 

probe (5 mm diameter) was driven down so as to just touch the gel surface. 

The probe was then driven at a constant speed (0.5 mmlmin.) into h e  gel for 

a distance of 6 mm. The iosdat I mm compression was termedfirmness. The 

resulting readings were in units of load grams. 



CHAPTER 4 

RESULTS AND DISCUSSION 

41 PHYSICAL CHARACTERISTICS OF STARCHES 

The physical charaderistics of the starches, used in this study, are 

summarized in  Table 4.1. The nitmgen content of irolated starches represents 

the wnlribulions from endosperm storage pmteins, lipids that contain choline. 

ethanolamlne and serine, and proteins located inside the starch granules 

(Morrison. 1981). The nitmgen content of the purified starches were In the 

range 0.01-0.04% (db), indicating the absence of endosperm protein and by 

implication, most ofthe non starch lptds (Morrison, i98l) .  Starch damage has 

been shown to occur during isolation o f  cereal starches (Evers e l  aL, 1984). 

The observed values for starch damage were within the maximum acceptable 

limit (1.5%). The d'ierenm behveen the total and apparent amylose content 

provides information about the amount ofamylose wmplexed by native lipids. 

The amountof complexed amylosefollowedthe descmndingorder: wheat >oat 

>lentil > poteto. The granule surface of all starches appeared to be smooth 

with n o  evidence of cracks or damages. Oat starch granules were found lo 

exid i n  clusters (Fig. 4.1) and they rangedfmm polygonal lo irregular In shape. 



Table 4.1. Physical characteristics of some cereal, legume and tuber starches' 

'Values are averageof lhree determinations. 
Lopids ~Malned b;y acid hydmlvsis (24% HCI) d n a h  rtarches at 70800C tor 30 mi". 

U p &  -acted oy chlordorm-methanol (2:l. vtv) a t 2 5 P C .  
Lipids extracted nq propanol-water (3:1, vlv) at 9@10O0C from the residue Ian aRer CM exIradon. 



Fig. 4.1. Scanning electron photomirrographs of native oat 
starch granules: (A) 1700~; (8) 7WOx. 





4.2 ACOMPARATIVE STUDY OF THECOMPOSITION OF LIPIDS 
ASSOCIATED WITH STARCH GRANULES FROM VARIOUS 
BOTANICAL SOURCES 

42.1 The lipid extracting ability of various solvent systems 

The lipid extrectlng ability of solvent systems at ambient and elevated 

temperalures (Fig. 4.2) was determined on wheal starch due to its high 

lysophospholipid (LPL) content (Hargin and Morrison, 1980). LPL occurs inthe 

starch granule mainly in the form ofamyloss-lipidcomplexes (A&er, 1977)and 

is thus not easily extractable by lipid solvents (Wren and Merryfield, 1970; 

Morrison and Coventry. 1985). Neither chloroform-methanol (CM) nor water 

Saturated butanol (WSB) was capable of extracting signif~cant amounls of lipids 

at 25°C (Fig. 4.2). At this temperature, the extraction ability of CM was slightly 

superior to that of WSB. However, higher yields were obtained (Fig. 4.2) when 

the residues from CM and WSB extractions (at 25-27°C) were subjected to 

lipid removal (in a Soxhlel apparatus) at 90-10U'C bypropanol-water (PW) and 

WSB, respectively. After 7 h. PW had extracted 16.2% more lipid than WSB 

(Fig. 4.2). Although there was hardly any increase in extracted lipid after 7 h 

wilh PW, the yield of lipid wntinued to increase with WSB, and reached a 

plateau after 12 h. However, this yield was still 4.3% less than that obtained 

with PW during this same time period (Fig. 4.2). Thus due to their superior 

extraction abilities, CM and PW were used at ambient and elevated 

temperatures, respectively, to characterize the starch lipids. 



Fig. 4.2. Solvent extraction of lipids from wheat starch 

-U-L-- CM extraction at 25% 
-c. .-- WSB e.xtraction at 2BC; 
-0-0- PW extraction at 1 W°C; 
-&-A- WSB extraction at 1WC. 
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4.2.2 Total starch liplds (TSL) 

Thelotal starch lipidsobtained by acid h)dmlysis are presented inTable 

4.1, They ranged from 0.1% (potato) to 1.1% (oat). 

4.2.3 Solvent extracted starch lipids (SEL) 

SEL refers to the starch lipids obtained by the combined action of CM 

and PW. The sequential use of these two solvents resulted In complete 

removal o f  starch lipids from most of the starches, the exceplion being wheat, 

where the tolal solvant extraction efklency was 96.3% (%TSL) (Table 4.1). 

Comparisons between results of this study and some ofthosecited are difficult 

because o f  differences in extraction procedures and solvents. 

4.2.3.1 Chlomform.melhanol (CM) extracted starch lipids 

The lipid conlent in  these exlracts followed the order: lentil >potato > 

cereals (Table 4.1). The values (X TSL) were 22.1% (lentil), 16.2% (potato), 

6.2% (cat) and 5.4% (wheal). Since the degree o f  penetration of CM into the 

granule interior and l s  capacity to extract bound lipids is negligible at ambient 

temperatures, the extracted lipids probably represent to a large extenl the free 

sulface liphis. However. since the granules were slightly damaged the 

probability of contamination with free internal lipids cannot be ruled out 



Table 4.2 Compositiin of neutral lipids associated with some cemd, legume and tuber starch granules 

Values an, averawd three determinations. ' Based on densitimeuic absorbance (average SD = 5% of me value). 
' FF4 free tatfy aca; MG, momacylglycerol; DO, diacylglycerol; TG, triacylglycerol: FS, free sterol: SE, storol ester. 

tr = tram IC 0 596 of total neutral iioidd - - -- - < . - . - . - -. .- . . - - .. -. - ., . 
Chloroform-methanol (2:1, vlv) et 2 5 W C .  

'n-Propanol-waer (3:1, vlv) at 901W°C from me resldue leu aner CM enanion. 



Table 4.3. ComposiIion of glycolip'& associated with some cereal, legume and Nbsr stanh granule. 

(~QIlOW dry starch) 

V-s ere averaged mree detenninationo. 
Based on denslometric absorbance (avarage SO = 5% of the value). 
' MGMG, monogalanosylmonoglvcstide: MGOG, monogalansyldiglyceride: DGDG, digdactcqldiglycetide: CE I. 

cerebmside 1: CE 11, cerebraside 11. 
tr = trace (< 0.5% of total neutral lipids). 
Chbroform-methanol (2:1, vM at 25-!PC. ' n~ropanol-water (3:l. v/v) at S&IW~C from me residue len amr CM emaction. 



Table 4.4. Composition of phosphoilpids associated with some cereal, legume and tubsr starch granules 

Values am averagrof lhree determinalions. b Based on denskometric absobance (average SD = 6% of the value). 
LPC, lysophasphatidylcholine: LPE, lysophffi~hatidylelhanol~mine; PS, phosphatidyberine: PG, phffiphatidylglyceral; PA, 
phosphatidic acid. 

* tr = trace (c 0.5% of total neutral lipids). 
' Chloroform-methanol (21. v/v) a1 25-27';. 
' n-Pmpanol-water (3:1, vfv) at 90-100°C hom the residue left after CM extraction. 



Table 4.5. Fany acid dinrimion d the  major lipid dasses in CM and PW exfacts d w m e  cereal, legume and tuber 
starches 

Starch 
source 

Wheat 

Oat 

Lipid class 
and 

Exbanion method 

Neutral lipids 
CM 
PW 
Glymlipids 
CM 
PW 
Phosphoiiiids 
CM 
PW 

Neutral lipids 
CM 
PW 
Glywlipids 
CM 
PW 
Phospholipids 
CM 
PW 

Faw acid compslion [area %). 

16:O 

43.1 
45.8 

422 
39.6 

46.7 
39.7 

35.3 
38.7 

tr 
46.6 

72n 
742 

18:O 

5.7 
6.7 

3.9 
6.1 

3.5 
33. 

3.6 
4.3 

tr 
0.5 

tr 
0.5 

18:l 

8.9 
7.1 

9.8 
10.1 

10.4 
7.3 

11.7 
8.9 

tr 
10.1 

2 9  
5.4 

18:2 

40.3 
37.8 

426 
41.5 

38.7 
47.9 

40.9 
41.5 

tr 
40.2 

13.8 
17.1 

18:3 

2 6  
1.3 

tP 
0.5 

lr 
1.3 

8.2 
4.8 

tr 
6 

102 
1.1 

20:O 

1.1 
0.9 

0.9 
2.1 

0.4 
0.5 

tr 
1.6 

tr 
21.1 

tr 
0.8 

otherb 

0.3 
0.6 

0.5 
0.1 

0.2 
0.1 

0.3 
0.2 

tr 
0.5 

0.7 
0.9 

conunued 



Values are averagaof three determinations. 
' Includes 14:O and 2 0 .  
'Trace = less than 0.1%. 

Lentil 

Potato 

Neutral lipids 
CM 
PW 
Glymlipids 
CM 
PW 
Phospholipkls 
CM 
PW 

Neutral lipids 
CM 
PW 
Glymlipids 
CM 
PW 
Phosphoiipids 
CM 
PW 

23.6 
36.5 

30.6 
429 

34.8 
30.1 

36.1 
38.2 

lr 
39.1 

44.9 
40.4 
- 

4.8 
8.2 

6.7 
5.8 

8.1 
5.2 

7.3 
9.2 

tr 
6.2 

9.7 
6.4 

18.9 
1 

13.6 
26.6 

11.2 
13.3 

28.8 
30.1 

ir 
25.8 

17.5 
222 

36.8 
223 

352 
17.7 

30.7 
34.7 

14.4 
15.8 

tr 
182 

16.9 
18.5 

14.1 
25 

13.8 
3.8 

128 
15.3 

12.5 
6.3 

l r  
9.2 

8.4 
11.8 

1.2 
1.4 

tr 
2 9  

1.8 
1.2 

lr 
tr 

b 
0.8 

1.9 
0.4 

0.6 
tr 

0.1 
0.5 

0.6 
0.2 

0.9 
0.4 

tr 
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The lipid classes generally followed the order neutral lipid (NL) > 

phospholipid (PL) s glycolipid (GL) (Table 4.2 - 4.4). The concentration (% 

SEL) of NL ranged from a low of 2 9% in wheat to a high of 14.7% in ientll 

(Tabie 4.2). The major NL (Table 4.2) fractians (% total NL) were free fatly 

acid (FFA) in wheat (42.7%) and oat (39.7%); and sterol esters (SE) in lentil 

(75.5%) and potato (69.0%) GL were not detected m oat. p>tato and lentil. 

However, its concentral'ian (% SEL) in wheat was 1.5% (Table 4.3). The major 

GL (Table 4.3) fraction (% total GL) in wheat was dlgalactosyldiglycedde 

(DGDG) (68.6%) The PL wncentralian (% SEL) ranged from a low of 1.2% 

irl wheat to a high of 7.4% in lentil (Table 4.4). The major PL (Tabie 4.4) 

fractions (Sb total PL) were phosphatayicholine (PC) in wheat (62.1%) and 

lentil (46.0%); and lysophosphaiidylcholine (LPC) in oat (92.9%) and potato 

(100%). The major fatty acid (Table 4.5) in NL fractions was paimitlc (16:O) in 

wheat and potato; and linoleic (18:2) in oat and lentil, while in GL fractions it 

was 18:2 m ientd. However, in PLfractions all starches had 16:O as their major 

fatty acid. 

42.3.2 Pmpanol+*er (PW) extracted starch liplds 

Lipids obtained by extraction of Ihe CM residues witn hot PW are 

presented in Table 4.2 - 4.4. These lipids probably represent most of the free 

and bound lipids in the grarule interior and some bound lipids that may havo 
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been present on the granule surfam. They ranged (% TSL) from 77.9% (lentil) 

to 90.8% (wheat). 

The lipid classes bltowed the order: PL > NL > GL in wheat: NL , PL 

> GL In oat: NL > GL s PL in potato; and NL = PL > GL in potato (Table 4 2- 

4.4). The neutral lipid wntent was found to vary widely even among starches 

belonging to the same species (Table 4.2). In cereal starches lhese values 

(SbSEL) were respectively 5.1 and 38.8% in wheat and oat. The corresponding 

valuesfor lentil and potato were respectively 35.6% and 37.0%. The major NL 

(Table 4.2) fractions (% total NL) were FFA in wheat (54.7%). oat (63.0%) and 

lentil (25.0%); and free sterol (FS) in potato (23 3%). The GL (Table 4.3) 

contents also d i l r e d  widely among cereal starches. The values (%SEL) were 

2.7% (wheat) and 17.8% (oat). The corresponding values for lentil and potato 

were respectively 22.1 %and 9.3%. The major GL (Table 4.3) fractions (% total 

DL) were digalactosylmonogiyceride (DGMG) in wheat (41.290, lentil (52.6%) 

and potato (72.0%); and DGDG in oat (83.3%). Cereal starches also exhibited 

wide variations in their PL levels (Table 4.4) The values (%SEL) were 86.4% 

(wheat) and 36.8% (oat). These variations were similar to those seen in NL 

and GL fractions. The corresponding PL values for lentil and potato were 

20.2% and 37.3%. The majw PL (Table 4.4) fractions (% total PL) were 

lyoophosphatidytchoiine (LPC) in wheat (82.2%), oat (70.5%) and potato 

(79.8%); and phosphatidylcholine (PC) in lentil (41.2%). The major fatty acids 
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in NL. DL and PL fractions of all starches were identical to those observed in 

CM extra& (Table 4.5). However, there were sliaht variations in their area 

percentages. 

The monoaoyl lipid content in both CM and PW extracts of wheat and 

oat amounted to, respectively 88.2% and 60.0%. The value for wheat is in 

genera! agreement with that reported by Hargin and Morrison (1980). The 

corresponding values for lentll and potato starches were respectively 29.5% 

and 49.6%. Since it is the monoacyl lipids that interact most strongly with the 

amylase helix, their removal by defatting would Inerefore result in greater 

functionalily changes in starches. 



4.3 EFFECT OF DEFAlTlNG ON STARCH STRUCTURE AND 
PHYSICO.CHEMICAL PROPERTIES 

4.3.1 Lipid (dimodan) complexing study 

Tlw total amylose content and me apparent amylose content of native. 

and dimodan-mmplexed starches are presented in Table 4.6. A comparison 

of the apparent and total amyloss givss an indication of the propotinn of 

amyiose mmpiexed with lipid. In the,sse of native starches, the proportion of 

amylose complexedwith naturally occurring iipidsamounted to22.7.14.0. 11.3 

and 5.6% in wheat, oat, potato and lentil respadively. 

The amount of amyiore complexed by native lipids and dimodan was 

31.5% (wheat) and 21.1 %(oat). Theabove values did not change significantly 

on the addtion of dlrnadan to lipidfree wheat (33.3%) and oat (19.6%) 

starches. However, additional amylose con:piexatiin [(native complexed - 
defatted complexed)Hotal] was evident in defatted lentil (12.3%) and potato 

(13.5%) starches (Table 4.6). 

4.3.2 X-Ray diffraction 

TheX-ray d'flradion patterns and the relative CrystRlitnity (RC) of netiive 

and deietled starches are shown in Fig 4.3. Native potato starch exhibited the 

typical "8" pattern of tuber starches, with peaks at 16.7, 5.9, 5.2, 4.0 and 

3.7 A. Defalting resulted in an increase in RC (21%) and Vle disappearance 

of the peaks at 16.7 and 5.9 A (Fig 4.3 E,F). The X-ray pattern changed to a 



'iable 4.8. Amylase mntwnt of native and dimodan romplaxed starches 

Values am means of threw repl~cafes f SO. 
'Apparent amylosw conlwnl was determined by Iodine blnding wllhout 

removal of mlal naflve starch bo 0s andlor dlrnwan 
' Total amvlose was dwtwrminwd'bv iodine binding after removal of 

total nar ih lipids with hot n-propanollwater (3:< vhr). 
Complexed with 5% dimodan starch dry wwlqhl bask Non.lntwractlng 
dimodan was removed with chiorolorrn/methanoi (23, v/v) at 25 C. 
' Soxhlet enraclion with hot n-propanoi/water (31, v/v) for 7 h. 



Fig 4.3. X-ray diffraction patterns and relative qstallinities of native and 
PWdefaned starches. 

(A) ne.liw wheat: (6) de:atted wheat; 
(C) n. ve oat (0) detatted oat 
(El nal ve potato. (F) defaltad potato 
(G) nat.ue lent11 (HI oefatted lentil 

See Appenaix 1 for relative crystallirrly calculation. 
cpr = counts per second. 
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combination d one half "A" and one half " 6  pattern, indicating that a 

rearrangement in the double helical packing of the native crystals may have 

occurred during defatting, resulting in the formation of a close-packed 

arrangement of double helices (Gidley. 1987). A similar transformation has 

been observea in heat-moisture treated potato starch (Donovan el at., 1983). 

The X-ray patterns of native and defatled wheat and oat starches were 

similar (A-type) showing spacings at 5.9. 5.2 and 3.8 A. Both these starches 

showed no significant changes in their RC on defaning (Fig. 4.3). The "C-type 

X-ray pattern was seen in both native and defatted lentil starches (Fig. 4.3). 

However. the RC increased by 7.8% on defatting (Fig. 4.3). 

Long range molecular ordering (crystallinity) in starch granules has 

been attributed to regular packing of dwble helices formed from adjacent 

clusters of the short DP chains of amylopectin (French. 1984). It is therefore 

likely, that starches containing amylose chains entrapped beheen adjacent 

chain clusters of amylopectin would exhibii a lower degree of long range 

molecular wder (by preventing =to% association of adjacent amylopectin 

chains) than those in which amylose and amylopectin chains are well 

separated ivlirin the granule, The unchsnned X-ray pattern and tlle very low 

inaease in intensities seen in defatted starches of wheat, oat and lentil 

indicates the degree of separation of amylose and amylopectin in the native 

granules b be in decreasing order: wheal - oat r lentil > potato. 
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The additional amylose complexing (Table 4.6) and the increaser in RC 

(Fig. 4.3) observed in defaned lentil and pobta stawes seem to suggest that 

the moisture and thermal energy that exist during refluxiny increases the 

mobility of entrapped amylose chains, resuning in their release into the 

srnwphous region of the granule. Thediscrepancy between this stud) (+7.8%, 

ARC) and thal of Lorenz and Kulp (1983) (-1.7%. .RC) with regard to changes 

in potato starch crystallinity on defaning, is possibly due to dfferances in the 

composition of the extracting solvent systems. The authors' results showed 

that both propanol-water (PW) and 60% methanol extracted the same quantity 

of lipid from potato starch. However, the maximum temperature experienced 

by potato starch granules during refluxing with PW and 80% methanol for 7 h 

was 82 and 67'C, respectively, This would then explaln the low degree of 

structural change observed by Lorenz and Kulp (1963), who defatted potato 

starch by refluxing wilh 80% methanol for 48 h. It is lkeiy that at 6PC the 

thermal energy may have been insufficient to cause the release of entapped 

amylose chains into the amorphous regions. 

4.3.3 Pasting curves 

Removal of lipids decreased the pasting temperatures of wheat (Fig. 

4.4.A) and oat (Fig. 4.4.8) by 3 and SPC, respactlvely and increased lhose of 

lentil (Fig. 4.4.C) and potato (Fig. 4.4.D) by 21 and 26"C, respectively. 

Defatting also eliminated the pasting peak of wheal and oat starches (Figs. 



Fig. 4.4. Brabender amylograms of native and PWdefalted starches 

BU = Brabender Un1s. 
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4.4.AB), increased Ule thermal stability and reduced the hot paste 

consistencies of all starches (Figs. 4.4.A-0). The magnitude of :he changes in 

thermai stabilities and hot paste consistencies decreased in the order potato 

z lentil > oat > wheat. The viscosly profile of defatted lentil and potato 

starches during the holding cycle at 9hC (Flgr 4.4.C,D) resembled that of 

cmss-linked starches. The results suggest, that in potato and lentil starches, 

the inleraction between amylopedin chain clusters during defatting may have 

been the main causative facior responsible for the large increase in pasting 

temperature, increased thermal stability and reduced hot paste consistency. 

Native oat and wheat starches showed wide differences in peak 

viscosity and set back. These values were higher in oat. However, both 

starches showed identical pasting temperatures (Figs. 4.4.A and4.4.8). Similar 

observations have been made by MacArthur and D'Appoionia(l979) on starch 

from three varieties of oat (Dai, Froker, Cayuse). The difference in peak 

viscosity can beatlributed to higher quantities ofamyiose bound lipids in wheai 

starch. It is likely that in wheat and oat, the observed changes in pasting 

wrves on defalting may reflect mainly the amount of bound lipids removed. 

This seems plausible, s~nce the changes in pasting curves were greater in 

defatted oat than in wheai, probably due to the presence of solvent 

unextractabie bound lipids still remaining within the granules of the latter 

(Table 4.1). 
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The set-back (viscosity at SOOC) is normally associated with the extalt 

Of retrogradation. The set-back of native and defatted starch gels was greater 

in oat than in wheat. This was rather surprising since oal starch is known to 

retrograde slowly due lo co-leaching of both starch components during the 

pasting process (Dwblier. 1987). Recently. Hansen et a1 (1991), showed by 

meens of Oscillatary hometry measurements that corn starch gelation n 

hindered in the presence of amylopectm. Furthermore. Miles el a1 (1985). 

postulated that amylase gelation requires network formation, and nelwwk 

formation requires polymer chain entanglement. Therefore, the low rigidity of 

oat starch gels could be attributed to interaction belween the exudates 

(branched component and amylose chains) in the continuous phase. Most 

likely thls interacllon restricts the ablllty of amylose chalns to form a strong 

network by latleral association of double helical junction zones. Thus set-back 

values probably refled the extent of water immobilization around Ihe charged 

centres of slarch wmponents (0"-H") and those of free and helically 

compiexed lipid molecules 

rather than starch paste retrogradation. The association of water molewies 

with these charged centres would decrease the effect~ve water concentralion 
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in the continuous phase, resulting in a rise in viscosity during the caoling cycle. 

The decreased set-back on lipid removal might thus be explained. Among 

nalive starches, the extent of ufaler immobilization is higher in oat starch (high 

ssi back), due to the presence of more charged centres (provided by the 

leached branched component) in h e  coniinuous phase. 

Tho amyiogram of defatted wheat starch is m general agreement with 

those OfTakahashi and Seib (1988), buf dinerfrom those of Lorenz (1976) and 

Melvh (1979). The amylograms of defatted potato starch differed from those 

reported by Goshima ef al. (1985) and Lorenz and Kulp (1983). The authoh 

results seem to indicate that discrepancies in the literature with respect to 

changes in rheological properties on lipid removal are due to differences in the 

maximum temperatures experiemed by starch granules during lipid removal. 

and i n  the nature and camposition of the extracting solvent system. 

4.3.4 Swelling factor and arnylose leaching 

Swelling factor (SF) and arnylose leaching (AML) at different 

temperatures are presented in  Table 4.7 and 4.8 respectively. Both SF and 

AML of native and defsned starches increased with rise in temperature. The 

SF of wheat, potato and lenlil staraes decreased on dafatting. However, in oat 

starch, defatting increased the SF at 50% but decreased at ~.:iperaiures 

abme BO'C (Table 4.7). Defatting also decreased the extent of AML in  potato 

and lentil starches and increasad those of wheat and oat (Table 4.8). The 
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results seem to Svggest that decrease i n  SF on defatting is indicative of 

increased granular stability arising from interaction belwsen amytopectin chain 

d~eters, the magnitude of this interaction being strongest in potato star& and 

weakest in  cereal starches. The increase in granular stability is also 

responsible for the decreased AML seen in defatted potato and lentil starches. 

However, in cereal starches. the inna'eased AML probably represents lo  a 

larger extent the removal of bound lipids. The discrepancies between these 

findims and those of Lorenz and Kulp (1983). Goshima et al. (1985) and 

Test* and Morrison (1990a) may have bean due to the same differences as  

outlined in  the previous section and to a lesser extent lo differences in the 

methodology employed for rneasuriw b e  extent of swelling. Lorenz and Kutp 

(1983) and Goshima ef a/. (1985) used the melhad adopted by Leach et al, 

(1959) for measurement of swelling factor, which does not distinguish belween 

intragranularwater and intergranular or interslitial water. Howwer, the  method 

(Tester and Morrison, 19908) used in  this study measures only the 

intragranular water and hence the true swelling factor at a given temperature 

is measured. 

4.3.5 Acid hydrolysis 

The solubilizalion patterns o f  native and defatted starches are shown in 

Fig. 4.5.A-D (valuesarepresented in  Appendix3). All starches exhibited a two- 

stage hydrolysis patlern. A relatively faster rate of hydrolysis was observed 



Fig. 4.5. Heterogeneous hyholysis of native (-A-A-) and 
PW-defatted (-ee) starches in 2.2 N HCI at 
35%. 
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during the first nine days of hydrolysisfoliowed by a slower rate between days 

9 and 12. Similar hydrolysis patterns have been reported for native wm, waxy 

corn, wheat, potato, cassava, rice, lims bean, mung bean, lentil, and wrinkled 

pea starches (Robi" et a/.. 1974; Biliaderis el aL. 1981b; Nara et at. 1983: 

Komiya e t  al, 1987; Hoover and Sosuiski. 1991). The faster hydrolysis rate 

during the inltiai eight days has been shown to correspond tothe attack on the 

amorphous regions of the starch granule. During Ihe second stage the 

cryslalline region is slowly degraded (Robin cteL. 1974: French, 1984). Lip@ 

removal fmm wheat and oat did not cause any significant changes in the 

extent of hydmlysis (Fig. 4.5.A.B). This seems to  indicate that native lipids 

complexed with arnylose do not render the amorphws regions of the starch 

granule resistant to degradation by cold aqueous acid. Lentil and potato 

starches, however, showed Increased rates of hydrolysis on defatting (Figs. 

4.5.C and 4.5.D). This increase was higher in potato. The h~gher a t e  of 

hydrolysis wasevident forthefirst fivedays indefatted lentil slarch (Fig. 4.5.C) 

and Ihe first seven days in defalted potato starch (Fg. 4.5.0). Thereafter. the 

rate of hydrolysis was l o w ~ r  than those of their native counterparts. The higher 

extent of degadation seen in defatled starches o f  lentil and potato during the 

first Sve and seven days of hydrolysis, respectively, is indicative of hydrolysis 

of released amylos~ chains that wera originally a part of the amylweclin 

strudure (in the native granule). Once the released amylose chains are 

hydmlyzed Ihe effect of increased crystalline order Lwcomes evident. 
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4.3.6 In-vltm dlgestlbility of nallve and defatted starches by 
porcine pancreatic a-amylase 

The exter.: of a-amylase hydrolysis (24 h) of native and defatted 

starchss is presented in Table 4.9. Defatting increased the exlenl of hydrolysis 

in all starches. The percentage inmase (wiih respect to native starch 

hydrolysis) followed the decreasing order: potato s lentil r oat wheat. This 

seems to suggest that defatting increases the accessibility of amylose chains 

to zamylase. In wheat and oat starches the increase In hydrolysis m l d  be 

attributed to a change in amylose conformation (it-helix - random coil) upon 

lipid removal, with the result a larger surface area becomes available for 

enzyme action. Previous studies have shown thal amyloseflipid complexes 

show reduced susceptibilityto a-amylase digestion (Larsstm andMeizis, 1979; 

Holm el a / .  1983: Seneviratne and Biiiederis. 1991). However, in potato and 

lentil starches, a change In amylose conformation is less likely (since these 

starches have been shown to contain very small quantiiies of complexed lipids 

(Table 4.1). Therefore, il seems plausible that In potato and lentil starches the 

inmase reflects the action of =-amylase on  the released amylose chains. 



Table 4.9 In-vitro hydrolysis' of native and defaned starchea by porcine 
pancreatic a-amylase 

Hydrolysis for 24 h in phosphate buffer (pH=6.91. 
'Values are means of three replicates I SD. 
-Soxhlet extraction with hot n-propanolhvaler (33, vlv) for 7 h. 
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4.3.7 Gslslinlzatlan 

The gelatinization paramelers of native and defatted starches are 

presented in Table 4.10. Defaning slightly decreased the geiatinization 

temperatures (To. T, and T.) of wheat and oat. This may be due to lipid 

removal which facilitates easy hydration of starch granvies during 

gelatinization. However, defatted starch granules from potato end lentil 

gelatinized over a broader and higher temperature range than did the 

corresponding untreated control slarches (Table 4.10). The final gelatinization 

temperature of lentil starch increased on defatting fmrn 67.5 to 75.i°C, while 

that of potato increased from 64.5 to 72.0°C. The raUge over which the starch 

granules gelatinized increased fmm 12.5 to 14.BC In lentil and from 10.5 to 

12.kC in potato starch. These increases are an tndication of increased order 

within the defatted starch granules of lentil and pctato. Takahashi and Seib 

(1988), showed that extraction of wheat and wrn starches with 75% ethanol 

did not cause any significant change in their geiatinization temperatures. 

Similar observations were reporled by Lorem and Kulp (1983) and Goshima 

ef a/. (1985) who used respectively, 80 and 99% methanol to defat potato 

starch. Biliaderis and Tonogai (1991). reported that the gelatinization 

temperature of rice starch decreased on extraction with 85Oh methanol. 

Differences in extracting solvent systems am mainly responsible for these 

discrepancies. The gelatinization temperatures o f  dimodan cornplexed native 



Table 4.10 GelatinhaSon temparahlres and mtkalp of native and defated starches 

*Vahres are m- of three replicates t SD. 
COmplexed with 5% dimodan starch dry weight basis. Non-interacting 
dimodan was removed wilh chlorofomlmelhanol (2:l, vM at 2S°C. 
' Soxhlet exb.amn unth hot n-propanoVwater (3:l. vlv) for 7 h. 
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and defatted sterches of wheat and oat (Table 4.10) were fairly close. 

However, those of potato and lentil were widely different, with defatled 

complexed starches exh~biting higher gelalinizatlon temperatures than native 

wmplexed starches. This is ~ndicative of increased (1213.5% increase) 

amylose complexing (Table 4.6) (due to release ofamylose chains) in defaned 

starches of potato and lentil. 

4.3.8 Retrogradation 

The thermal characteristics of retrograded amyiopeelin was studied by 

differential scanning calorimetry. The transition temperatures (T., T,, T.) and 

the enthalpy (AH.), representing the fusion of retrograded arnylopectin (of 

native and defatted starches) at various lime intervals (0.5 h to 20 days) of 

storage are presented in Table 4.11. As seen in Table 4.10. To. T, and T. of 

Ihe gelatinization endotherm of nalive starches were d~fferent from those of 

defatted starches. The reasons for this have been discussed above. 

The retrogradation endotherm appeared after 3 days of storage (25'C) 

in native wheat, potato and lentil starch gsls, whereas, fornatlve oat starch gel, 

the corresponding time was 15 days (Table 4.1 1). Defatting did not hasten or 

delay the onset time of the retrogradation endotherm in wheat, potato and lentil 

starchm. However, the re.mgradation endotherm appeared after 3 days 

storage in defatted oat starch. The differences in To. T, and T, of the 

retrogradation endotherm of native end defatted starch gels were only marginal 
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and remained practicaity unchanged during the time course of retrogradation. 

Furthermore To. T, and T. of the reVagraded starch gels were lower than that 

for the gelatinization endotherm (Table 4.10). in native and defaned slarch 

gels, the iranslon temperature range (Tc - To) of the retrogradalion 

endotherm was broader (Table 4.1 1) than that of the gelatinization endolherm 

(Table 4.10). This was most pronounced in potato starch. Unlike TT., To and T., 

the enlhalpy of the retrogradation endolherm (AH.) was greatly influenced by 

defatting. After 20 days of storage, the AH. (Jig) of gels from native starches 

were 7.1 (wheat). 1.9 (oat). 11.2 (potato) and 8.4 (lentil). These values 

increased respectively by 4.7, 3.6, 2.2 and 1.7 Jig on &fatting. 

In wheat, potato and lentil starches the chain ienglh of lhe outer 

branches of amyiopedin have been reported to be respectively, 17 (Hirukuri. 

1985). 20 (Hiukuri, 1985) and 16 (Biliaderis el el.. 1981a). Whereas amylose 

chain lengths are: respectively, 570 (wheat) (Takeda e l  al., 1984). 4920 

(potato) (Hizukuri and Takagi, 1984) and 1400 (lentil) (Biliaderis ef a/., 198la). 

Corresponding values for oat st~rch components have not been reparted in the 

iilerat~re. In potato and lentil starches emyiose and amylopenin are 

intermingled wilhln the granule, while in cereal starches they are present in 

separate domains. Thus, during starch chain reassociation (wilhin the 

gelatinized granule), interadions h e e n  amylose and amyiopenin are 

theoretically more likely to occur to a larger extent in potato and lentil, than in 
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wheal and oat starches. Since in all four starches, iho Vansition temperature 

range (Tc - To) for retrogradation (Table 4.11) was broader than that for 

gelatinization (Table 4.10). it implies, that the retrogradation endatharm 

reflects melting of crystaliites formed by different types of starch chain 

associations (amyiose - amylopdin and amylopectin- amylopectin) durtng gel 

storage. Mereas the gelatinization endotharm represents mainly melting of 

crysteilitesformed by associations (formed during granule development) among 

Or between amylopectin chains. It is likely that the bonding forces with~n 

crystallites of retrograded starches are weaker (due to improper atignmenl of 

the reaswiating starch chains) than those in crystallites of native granules. 

This is based on the observation that transition tsrnperatures of retrograded 

starches (Table 4.11) am lowerthan those of gelatinized starches (Table4.10). 

The gradual increase in AH, during storage of native and defetted starch gels 

suggests an increase in double helical content. 

Interaction between native lipids and the starch components, and their 

implication on starch retrogradation have been discussed earlier Complex 

formation between amyiosa and native lipids have been shown to occur during 

gelatiniralion (Eliasson and Lanson, 1993). However, controversy still exists 

with w a r d  to tho interaction of natlve lipids wlth mylopectln. Evidence from 

recent calorimetric studies have shown that lipids cnuld interact with the short 

linear (15.20 glucose units) portions of the outer branches of amylopectin 
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(Eliasson and Ljunger. 1988). The interactions between reassociating starch 

chains would be of a stronger order of magnitude in defatted than in untreated 

starches, since removal of free and armpiexed lipids would increase the 

mobility of interacting starch chains. This would then explain the increase in 

AH, on lipid removal, and the time of onset of the retrogradation endotherm 

in native (15 days) and defatted (3 days) starches from oat (Tabie 4.1 1). The 

above increase in AH. 1s more pronounced in wheat and oat smrdles (Tabie 

4.11) due to their higher content of free and complexed lipids (Tabie 4.1). 

4.3.9 Gel strength 

Gel strength (after e storage pericd of 1 day) of defaued starches of 

wheat, oat, potato snd knlii were higher than those oftheir native counterparts 

(Table 4.12). As seen in Table 4.7. the swelling factor (at 9%) of all starches 

decreased on defatting. Amyiose leaching (a1 95°C) increased in defatted 

wheat and oat starches, but decreased in potato and lentil starches (Tabie 

4.8). Since the short term development of the struclure, crystallinity and 

firmness in starch gels are dominated by irreversible (melting b 100°C) gelation 

and crystallization of amylose wilhin the gel matrii, an imrease in amylose 

leaching or a decrease in swelling factor (highly swollen granules occurring 

between adjacent amylose chains would hinder their association during 

retrogradation) would theoretically be expected to increase gel firmness. 



Table 4.12 Gel strength of nahre and defaned narch gels (40%) 
a e r  storage for one day at 25'C 

Staroh source Gel slrengul. (Q) 

25t2.0 
Defanedb 42f3.0 

Native 11f1.0 
DefaUed a 0 . 8  

NaWe 101t4.0 
Defatted 1tB3.Q 

Potato Nal'we 23k1.0 
41f2.0 

Values are averegerof mree deterrninallons * SD. 
Hot n-propanol-water (3:l v/v) for 7 h. 
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Thenfore, in wheat and oat starches me increase in gel firmness is more 

pronounced on defatting, since both the decrease in SF and increase in AML 

w u t j  favour aggregation between amylom chains. However, in low lipid 

containing starches such as lentil and potato (Table 4.1), We increase in gel 

firmness on defalting can be attributed to the large decrease in granular 

swelling (Table 4.7). which overrides the influence of decreased amylose 

leaching (Tsbb 4.8) on gel firmness. 



137 

4.4 EFFECT OF HEAT-MOISTURE TREATMENT ON THE 
STRUCTURE AND PHYSICO-CHEMICAL PROPERTIES OF 
STARCH 

4.4.1 Granu l~  morphology 

Heat-moisture treatment did not alter lile size or shape of Uie granules 

used in this study. Similar observations have also been made by Kulp and 

Lorenz (1981), on potato and wheat starches. However, in oat slarch, many 

of the granules which were aggregaled in the Mtive state (Fig. 4.6.A) were 

less compactly packed after heat treatment (Fig. 4.6.8). 

4.42 X-ray diffrnclion 

The X-ray diffraction patterns and the intensitlesof the d-spacings of the 

major diffraction peaks of native and heat-moidure treated slarches are 

presented in Flg. 4.7 and Table 4.13 respeclively [yam starch (has 13-type 

crystals like potato slarch) included in this study in order to better understand 

theeffect of heat-moisture treatment on 6-type starch crystals). Thedapacings 

of all starches shifted slightly on heatmoisture trealment. However, none of 

the treated starches exhibited major new d-spacings (Table 4.13) Heat 

treatment at 30% moisture increased the intensities of the major peaks of 

wheat, lentil and oat starches (wheat > lentil > oal), but decreased lhose oi 

patalo and yam starches (potato r yam) (Table 4.13). The noted changes in 

intensities in potato an ! wheal starches wero influenced by the level of 

moisture content during heat-treatment (Table 4.13). However, intensify 

changes in the other starches were only marginally affected by variations in 



F.0 4 6 Scsnnonp electron mlmgraphs of natrvs (A) and 
heat-mo~stdre treamd (8) (100.C. 30% moisture for 
16 n) oat starch pranules 





, 4.7. X-ray diffraction patterns of native and bat-moisture treated (HMT) 
(lWeC. m6 moisture for 16 h) starches. 

(A). native yam (moisture content (MC). 9.6%); (B), HMT yam (MC 9.8%); 
(C). native potato (MC 9.7%); (D). HMT potato (MC 9.5%): 
(E), native lentil (MC 9.6%); (F). HMT lentil (MC 9.9%); 
(G), native oat (MC 9.4%); (H), HMT oat (MC 9.9%); 
(I ), native wheat (MC 9.9%); (J), HMT wheat (MC 10.0%). 



DIFFRACTION ANGLE 



Table 4.13 Xmy diiaction spacings and intwskks ol maw peaks of MIlve and haetlnoisture treated star&% 
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moisture levels (Tsble4.13). TheX-raydffraction patterns of native wheat, oat 

and lentil starches was retained afler treatment. I:owever, alterations ('E? to 

'A' + '0')occumd in potato and yam starches (Fig. 4.7) The 'B' to 'A' + '6' 

transformation in potslo starch has also been reported by other researchers 

(Loren and Kulp. 1983; Stute, 1992). 

lmberty et el. (1991). have shown that in crystallites of  both A- and B- 

starches double helicesare found in pairsand allchainsare packed in parallel 

arrays. The pairing of dwble helices is the same in both polymorphs and 

corresponds to the interaclion between double helices that have the lowest 

energy. Starches exhibiting A- and B- X-ray diffraction patterns differ in their 

water content and the manner in which the pairsof double helices are packed 

within their respective ciystals. In B- starches lhere are 36 water molecules 

present In a channel in the centre of a hexagonal arrangement of six dwble 

helices, while in A-slarches there ere only four water molecules between 

double helices (Imberly et a/., 1991). Furthermore, the centre of A-starches 

is occupied by an amylosic hel* rather than a column of water It has been 

suggested that adjacent double helices within crystallites of A-starches are 

mainly linked by dired hydrogen bonding (Irnberty et  el., 1991; Leach et a/., 

1959). However, in crystallites of B-starches, adjacent double helices are 

mainly linked by hydrate water bridges and to a limted extent by direct 

hydrogen-bonding (Leach eta/., 1959). French (1984), hassuggested that long 

range molecular order (crystallinity) in starch granules is the result of regular 

packiw of double helices formedfrom adjacent clusters of the short DP chains 

of arnylopectin 
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The absence of new d-spacings and the slight shining o f  the existing d- 

spacings on heat-treatment o f  wheat, oat, lentil, potato and yam starches 

(Table 4 13) suggest that R e  increases in X-ray intensillas (Table 4.13) are 

largely due lo structural changes within the crystalline domains oflhe granule. 

This seems plausible since the increase in d-spacing intensities o n  heat- 

moisture treatment of waxy corn starch (99% amylopectln) is  greater than tn 

native corn (73% amylopectin) slerch (unpublished resulls). Tha increase in 

X-ray intensities with increase in moisture content on heal-treatment o f  wheat 

slarch (Table 4.13) suggests that thermal energy and moisture may have 

caused dwbie helices toshift within the crystallites and to assume a crystalline 

array that is more closely pack& and ordered (due to an Increase in h e  

number of direcl hydrogan bonds linking adjacent helices) than that i n  natlve 

slarch. The decrease in X-ray inlensitieo rn neat-lrealment of potato ana yam 

slarchas (Table 4.13) suggests a loss of crystalline order. This probably 

occurs due to rupture of the hydrate water bridges linklng adjacent double 

helices Although direct hydrogen bonds between adjacent helicas may have 

remained intact, the overall decrease in magnnude of the bondlng forces 

beween adjacent helices would cause them lo move apart and assume 

orientations that are not m perfect parallel crystalline array. As a resull, 

diffraction of X-rays would be less intense afler heat Ireatmant. The results for 

potato slarch (Table 4.13) show that moisture level during heat-lrealmant 

influences the extent of decrease in X-ray intensities. This could be attribuled 
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to greater chain flexibility (increases with lncrease in moislure content) d the 

lwsely packed double helices of heat-moisture treated potato starch. An 

increase in chain flexibility would hinder parallel alignment of the double 

helices. 

ms transformation of the X-ray patlem of polato and yam slarches from 

8 to A + 8 (Fig. 4.7) is probably initiated by rupture of the hydrate water 

bridges, which enable helices t o  rearrange themselves into a crystalline array 

that contains an amyioric helix in the central dannel d me "nil cell The 

gradual reduction in intensity of the d-spacing at 16.8 A in potato and yam 

starches (Table 4.13) wlth increase in moislure canlent (Ihis peak disappears 

at 30% moisture in potato starch) and the disappearance (at 20°A, moisture) d 

Ule doublet centred at 4.0 A and 3.7 A in potato and yam starches (Fig. 4.7) 

clearly demonstraiss thal the extent of rearrangement of the helices Is 

influenced by the moisture level during heat trealment. 

Gemat e l  a!. (1990), have shown that the legume slarch 'C' crystalline 

polymorph is a mblure of A- and 8- unit cells, and that these starches contain 

pure A- and B- polymorphs in varying proportions. The X.ray panem of native 

lentll starch did not exhibit any spacings lhat were characterisik of the B- 

panern, mls meant that native lentil starch contained mainly A-unit cetb. This 

would then explain the similar responses (Increase m X-ray intenshies) shown 

by lentil and cereal starches on heat trealment. m e  X-ray patterns of wheat. 

oat and lentil starches are not allered (Fig. 4.7) after heat treatment, since the 
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direct hydrogen bonds linking adjacent double helices within the cplttalline 

domains of these starches are resistant to disruption at the moislure level 

(30%) prevailing during heat-treatment. Consequently, only limited helical 

rearrangement is possible. and this is probsW confined onlyto those helices 

thatare tinkec eda hydrate water bridges (fewer than in tuberotarcher). I t  1s. 

therefore, likely that it is the movement and lnteradion (via direct hydrogen 

bonds) o f  these helices within the unit cell that is responsible for increased X- 

ray lntansles an heat treatment o f  wheat, oat and lentil starches. 

Starch lipids are k n o w  to form arnyloseinclusion complexes in which 

thetigand resides within thecentral hydrophobic coreof the helix (Mikus e t  al, 

1946; Mormn. 1981). A Q-X-ray pattern is seen when lipid containing 

starches are subjected to  extrusion moking (Mercier et a t ,  1980) and after 

addition of monoacyl lipids to starch under appropriate condillons (Hoover and 

Hadizyev, 1981; Biliaderis etai., lS8Bb). Native (untreated) starches do no( 

exhibit a 'V-X-ray patlern (Galllard and Bowl* 1987). Thismeans thst either 

the  wmplexes d o  rot exist in native starch and are formed only o n  heating 04 

more probably lhat they d o  exlst but only in partlatly hellcat or with insufficient 

degree of loog-range order to generate the necessary X-ray d~lfraction Pattern 

(Galllard and Bowler, 1987). 

The decrease in apparent amylose content (Table 4.14) in  wheat, oat 

and lentil starohes Indicates a change in amylose chaln conformation (random 



Table 4.1 4 Apparent amylose content of nalive and HMr starches 

Smrch source Apparent amylose wment (%Ib 

21.lf0.4 19.8iO.1 

16.7f0.2 14.8m.3 

Lentil 36.7f0.3 35.4m.4 

Potato 21 . w . 4  22.010.2 

26.5M.3 26.8M.2 

Heat motsturn treated (1 W'C. 30% moisture for 16 h). 
Delermtned by I. mndng Hnnout enraclion d nalive lipids. 
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coil - parliai hellx) o n  heat-moisture treatment. This probably enables lkplds 

which were unbound within the native granule to readily form 'V amylose 

helices. The results Indicate a close relationship between the amount of  

unbound lipids in the native granules (Table 4.1) and the magnitude of the 

decrease in apparent amylose content (Table 4.14). The apparent amylose 

content of polato and yam starches remain unchanged on heat-rnoislure 

treatment, due to their low content o f  unbound lipids (Table 4.1). 

44.3 Swelling factor and amytoze leaching 

The swelling factor (SF) and amylose leaching (AML) of native starches 

increased with rise in temperature, but were reduced on treatment ( l6h.  10VC. 

3 0 1  moisture) (Tables4 15 and 4.1C). The extent of decrease in SF among 

the starches followed the order: potato > lentil > yam >wheal > oat (Table 

4.15). Incontrast, the correspmding order i n  AML was: potato > yam >lentil 

>oat >wheat (Table 4.16). The apparent amylose content (determined by I, 

binding wlhout lipid removal) of native and heatmoisture treated starches are 

presented in  Table 4.14. The results showed that complax formallon beween 

native lipids and amylose increased on heat treatment. 

Starch granule swelling is known to begin in the bulk, relatively mobile 

amorphous fraction, and in be more restrained amorphous regions 

Immediately adjacent tothe cryslailine regions. Tester and Monison (1990a). 



Table 4.15 Swelling factor of native and heat-moisture treated starches 

' Vatues are means of three replicates i SD. 
 eat-moisture treated (at IWDC, 30% moisture for 16 h). 

% Reduction = (SF,, - SF-~M)ISF- 



Table 4.16 Amylose leaching of native and heatmdsture heated starches 

' Values are meens of three replicates t SD. 
Heat-moisture treated (at 100°C. 30% moisture for 16 h). 

% Reduction = ( A M b  - A M h - ) I A M b .  
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have shown by wmprat ive studies on normal and waxy barley starches that 

swelling is primarily apmperty of arnylopectinand amylose is adilueni. These 

auihom also showed hat amytose and lipids in normal starches could zllso 

inhibit granule swelling under conditions where arnylose-lipid complexes are 

likely to b e  formed. 

The results from this study suggest that the extent of decrease in 

swelling factw o n  heat-rnotslure treatment of the various starches could be 

attributed to an interplay of three factors: 1) Champs in the packing 

arrangemen! of the starch clystalliies (Table 4.13, Fig 4.7): 2) Interaction 

between o r  among starch components in t h e  amorphousregions of thegranule 

(Tabla 4.16) and 3) Arnylose-lipid interactions (Table 4.14). Decreases in 

amylose leaching (Table 4.16) could be attributed to an interplay o f  factors 2 

and 3. 

44.4 Gelatinization 

The gelatinizaliwn parameters of ndive and heat-moisture treated 

starches were studied by differential scanning calorimetry. The influence of 

heal  treatment a t  moisture contents between 10 and 30% on gelatinization 

transilion temperatures [onset (T.), mid-point (T,), and conclusion (T.)] and 

gelatinization anthalpy (AH) are presented in Table 4.17. The To, 1, and T, 

values of potato and cat stardres (Table 4.17) increased on heat trealment (at 
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all moisture Iwels). The increase was most marked at a moisture level of 

30%. In both starches, the extent d increase in transition temperatures 

followed the order: T, > T, > T*. At all moisture levels. the increase in To was 

more marked in polalo than in oat starch. At 30% moislure, the gelatinization 

temperature range (T*-To) increased by 5 and 6°C in potato and oat starches 

respoliiely. However, in wheat, lentil, and yam starches, signlicant increases 

in To, T, and  T. were observed only al moisture levels beyond 20% (T. > T, > 

To). As in potato and oat starches, these increases were more marked at a 

rnoisture levei of 30%. At 30% moisture, the increase in T. - To in wheat, lentil 

and yam was respeclively 2. 1 and 2%. Increases in gelatinization 

temperatures on heatmoisture trealment has also been observed by other 

researchers m potato (Donovan e t  a!, 1983: Lorenz and Kulp. 1982; Lorenz 

and Kulp, 1903: Stute, 1992) and wheat (Donovan el a!., 1983: Kulp and 

Lorenz, 1981; Lorenzand Kulp. 1982,1983) starches. Ti* AH of potato and 

yam slarches progressively decreased with an increase in the levei of moisture 

during haat-trmtmenl (Table4.17). At 30% moisture, this decrease amounted 

to 5.1 and 6.3 Jlg in p e t 0  and yam starches respectively. However, at all 

moisture levels of heat treatment, me A H  of wheat, lentil and oat starches 

remained unchanged (Table 4.17). The foregoing changes in AH for pctato 

stareh agreedwith those of Danovan eta!. (1983) and Stute (1992). However. 

the f m e r  aulhors reported a decrease in AH for wheat starch (lOOqC, 16h, 

27% moisture). 



Table 4.17 DSC'characteristics of native and HMTb starches 

Valves are msan of three determinations i SD. 
Differential scanning calorimetry. 

:Heat moisture treated (tOOeC. 16 hat moisture contents o i  10.20 and 30%). 
TO. TP and Tc indicates the temperature of the onset, midpoint and end of 
gelatinization. 
Enthalpy of gelatinization. 
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The changes in To. T,, T.. T;T.. and AH as a function of time 'luring 

heal treatment a t  30% moisture wntent are presented i n  Figs. 4.8.A.E. During 

the first 5 h, rapid increaseswere observed in To, T, and T* (Figs. 4.8.A-C) for 

wheat, lentil, potato and yam starches (potato > lentil , wheat r yam). 

Thereafier, increases were less pronounced (Figs. 4.8.A.C). Oat starch 

behaved differently in exhibiiing only gradual increases in To. T, and To with 

time (less !ha" those of the other starches). The increase in To ceased after 

2 h of heat-treatment (Fig. 4.8.A). in contrast, T, and T, continued lo increase 

gradually and then began to level off aRer 16 h of heat-treatment (Figs. 

4.8.0,C). 

Thegetatiniration temperature range (T< - To) of potato starchincreased 

rapidly during the first 5h of heat-treatment (10.2 to 17-C) (Fig. 4.8.D). while 

increases during this tlme period were only marginal i n  the other starches. 

Heat-treatment beyond 5 h caused only marginal changes in (T. - TJ of potato. 

lentil and yam starches. However, (T.-To) of oat and wheat starches showed 

rapid increases between the 8" and 16Uh of heat treatment. Therealler, 

changes were only minimal. Rapid dacrease in AH of potato and yam 

starches occurred during the flrst 3 h and between the 8- and 16" h of heat- 

treatment (Fig. 4.8.E). However, no changes were observed after 16 h (Fig. 

4.8.E). The changes in AH(decrease) wereonly marginal h wheat, whereas 

those of oat and lentil starches remained unchanged (Fig 4.8.E). 



Fig. 4.8. Gelatinkation transillon temperatures (To, T,, TJ, 
range IT&) and enthaipy (AH) a s  a function of time 
of heal moisture trealment at 100'C,30% moistuca. 
(-A-A-), wheat; (-CD-).oat; (-I-:-), lentil: 
(--*-c--), palato and (-ee), yam. 

(A). T. (onset) vs treatment time: 
(B). T, (peak) vs treatment tune: 
(C). T, (conclusion) vs treatment time: 
(D). (To-1.) (range) vs lreatmenl time. 
(El. AH (enthalpy) vs neatrnenl t me. 
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In wheat, oat and lentil starches, the increase in To, T, and T. on heat- 

moisture treatment (Table 4.17) reflects a decrease in the destabilization effect 

of the amorphous regions on the melting of starch crystallites during 

gelatinization. This is probably due to interactions between amylose chains 

(within the bulk amorphous regions) andlor between amylose chains and the 

branched segments (within the intercrystaiiine regions) of amyiopectin, rather 

than to any increase in crystalline stability. This seems plausible, since To, T, 

end T, ofwaxy maize starch are unaltered after heat-moisture treatment under 

similar conditions (unpublished results). 

As seen fmm X-ray diffraction studies (Table 4.13), the crystallites of 

potato starch are disrupted on heat-moisture treatment. Consequently. if 

changes in crystalline stability were a factor influencing increases in thermal 

transition temperatures during heat-moisture treatment, then T., T, and T. of 

heat-moisture treated potato starch should have been less than that of its 

native counterpart. The results on potato starch (Table 4.17) therefore 

suggest that as in wheat, oat and lentil starches, the Increase in To. T, and To 

on heatmoisture treatment reflects starch interactions within amorphous 

regions of the granule. The foregoing increases are higher in potato owing to 

its longeramylosechain length (Takeda el a/., 1984; Bil~aderiselal.. 1981a,b). 

As may be seen in Table 4.13, crystallite disruption also occurs on heal- 

moisture treatment of yam starch. Furthermore, the amylose chain length of 



163 

yam and potato starches are fairly similar. Therefore, the marginal increases 

in To, T, and T, on heatmoisNre treatment was rather surprising (Table 4.17). 

It i s  probable that starch chains In the amorphous regions of native yam starch 

granules may be highly associated [This is reflected in high values for T-, T, 

and T. (Table 4.1711, as a result only minimal hleradions are possible during 

heat-moisture treatment. 

The changes in transition temperatures with time (Fig. 4.8.A-C) indicate 

that, in ail starches, the Interactions wnhin the amorphous domains of the 

granules appear to occur entirely within the first 5 h of heat-moisture treatment. 

Cooke and Gidiey (1992) have shown by DSC, '%-CP-MAS-NMR 

spec~scopy, and powder X-ray diffraction studies that A H  values of 

gelatinization primarily reflect the loss of double heiicsi order rather than loss 

of crystalline register, The lack of influence of heat-moisture treatment on A H  

of wheat, oat and lentil starches (Table 4.17) therefore suggests that double 

helices do not disrupt (do not unravel) under the conditions prevailing during 

heatmoisture treatment. This suggests that identical amounts of double 

helices unravel and melt during gelatinization of native and heat-moisture 

treated whezt, oat and lentil starches. Molecular (helical) order and not 

crystalline order thus may be Ule primary determinant of the endothermic 

enthalpy of gelatinization. If crystalline order had mfluenced A H .  the A H  

values of wheat, oat and lentil starches should have then increased [because 
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of increase in crystalline order (Table 4.13)] on heatmoisture treatment. The 

decrease in AH values on heat-moisture treatment of potato and yam starches 

rab ie  4.17) suggests that some of the orlglnai double helices may have 

disrupted during the polymorphic transforrnaBon (8 to A + B). 

The pragrassive decrease in AH with increase in moisture content 

(Table 4.17) indicatesthat theextent of double helical disruption in potato and 

yam starches is influenced by double helical chain motions (which increases 

with imrease in moisture content). The changes in AH wiUl time of heat- 

moisture treatment (Fig. 4.8.E) shows that the movement end reorientation of 

doubie helices of potato and yam starches takes nearly 16h for completion. 

4.4.5 Pasting Curves 

The pasting curves of native and heat-moisture treated starches are 

presented in Fig. 4.9.A-E. Hsatmoisture treatment decreased the pasting 

temperature of wheat starch by 3OC (Fig. 4.9.A) and increased those of ient;l 

(Fig. 4.9.E), potato (Fig. 4.9.C) and yam (Fig. 4.9.0) starches by 24, 30 and 

16'C respediveiy. However, that of oat starch remained unchanged (Fig. 

4.9.8). The 96'C consistency incred-ed by 30 Brabender units (BU) on heal- 

moisture treatment of wheat starch. but decreased by 130,220,370 and 2100 

BU respectively, in heatmoisture treated oat, lentil, yam and polato starches. 
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In all starchesthe thermal stability (during the holding cycle at 96°C) increased 

on heat-moisture treatment. The amylograms on potato starch are in general 

agreement with reported data (Kulp and Lorsnz, 1981: Larenz and Kulp, 1983). 

However. with respect to wheat starch, discrepancies were observed between 

the results of this study and those of Kulp and Lorenx (1981) and Lorenz and 

Kulp (1983). The former authors reported a gradual decrease in wnsistency 

(at 92°C) wlh increase in moisture level (21 to 27%) during heal-treatment 

(16h. 100°C), the decrease being 50 BU at 27% moisture. While the latter 

authors reported that during heat treatment (16h.lOWC) the consistency (at 

9TC) increased by 70 BU at a moisture level of 21% but decreased by 10 BU 

at a level of 27% moisture. These conflicting data are rather punling smce the 

variety of wheat used in both studies was identical. 

The increase in the Brabender 95% vismsity on heat-moisture 

treatment of wheat starch (Fig. 4.9.A) could be attributed to an Increase in 

granular rigidity resulting from an increase in crystalline order (Table 4 13) and 

starch chain interactions within the amorphous regions (Tables 4.15 and 4.17). 

Although similar changes[somewhat reduced in magnitude (Tables4.15 

and 4.17)] alsooccurwilhintheamorphous andcrystaliineregionsdurlng heat- 

moisture treatment of oat starch, the granules of native oat starch are better 

able to withstand the shear effects (higher 95'C viscosity) than those of their 

heat-moisture treated counterparts (Fig. 4.9.8). This could be due to oat 



Fig. 4.9. Brabender amyborams of native and heatmoisture 
treated (HMT) (10WC. 30% moisture for 16 h) 
starches. 
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granules being less compdly poked (increases shear sensitivilyl after heat- 

moisture treatment (Fig 4.6.A.B). These resulls suggest that the change in 

granule pecklng werrldes the influence of increased granular rigidity on 

viscosity. The decrease in 95'C viscosily on heat-moisture treatment of lentil 

starch (Fig 4.9.E) could be attributed to a very high decrease in the volume 

occupied by the swollen granules (decreased SF) in the continuous phase 

(Table 4.15). This is not surprising, since the magnitude of the changes within 

the amorphous (Tables 4.15 and 4.17) and crystalline regions (Table 4.13) 

during heatmoisture treatment of lentil starch is much higher than in wheat 

and oat starches. The decrease in volume fradion apparently negates the 

influence of increased granular rigidiiy on viswsity. In potato and yam 

starches, the decrease h 95% viscosity on heat-moisture treatment (Fig 

4.9.C,D) is to a larger extent due lo uystaiiile destruction (Tabie 4.13) which 

decreases both granular rigidity and the volume fraction occupied by the 

swollen granules. 

4.4.6 Acid hydrolysis 

The solubilization patterns of native and heat-moisture treated (lW°C. 

30% moisture for 16 h) starches are shown in Figs. 4.10.A-E (values are 

presented in Appendix 4). The extent of hydrolysis of the amorphws and 

crystalline regiws ofwheat (Fig. 4.10.A) and lentil (Fig. 4.10.E) starch granules 
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decreased on heat-moisture treatment. The extent of the decrease was nearly 

the same in both starches. However, heatmoisture treated granules of oat 

starch were hydmlysed to a slightly greater extent than those of naiive starch 

(Fig. 4.10.8). During the first 7 days b: hydrolysis, heat-moisture treated 

starches of polato (Fig. 4.10.C) and yam (Fig. 4.10.0) were hydmlysed to e 

greater extent than their native counterparts. Thereafter, hydrolysis was mare 

extensive in native starches. 

The extent of acid hydrolysis (after 48h) in potato and yam starches 

subjected to heat-treatment (at 30% moisture content) far 16h at 100DC and 

75% are presented in Table 4.18 The hydrolysis remained unchanged in 

starches treated at 7S°C, but heat treatment at 100DC increased the 

suscaptibility of both starches to acidic degradation. 

It has generally been accepted (Biiiaderis eta!, 1981b; Cairns e l  el, 

1990) that heterogenous acid hydrolysis preferentially atlacks the more 

amorphous regions of the granule, whether they be a1 the surface or interior. 

In wntrest, crystalline regions are less accessible to hydrated protons (H,O') 

and are anacked only after a period of 1012 days. The decrease in acid 

(Figs. 4.10.A-E) and enzyme hydrolysis (Table 4.19) afler heel-molsture 

treatment suggests that the strudural chmges within the amorphous and 

crystalline regions of the granule on heat-moisture treatment may have 

rendered these regions less accessibleto penetration by H,O'and u-amylase. 



Fag 4 10 He1emgoneo.r hydro yrtr of notlvo ( -+#- ) 
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Table 4.18. Acld hydrntysisof native and heat-moisture treated potato and yam 
starches. 

' Hem-moisture treated at 30% moisture for 16 h. 
'After 2 days in 2.2 N HCI at 35°C (ha). 

Hydrniyslsb (%) 

5.933.3 

5.4M.2 

8.6M.4 

4.3M.1 

4.1M.2 

5.7M.3 

Starch soum 

Potato 

Yam 

Treatment 

Native 

'HMT at 75°C 

'HMT at 100% 

Native 

'HMT at 75% 

'HMT at 100'C 
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These decreases are higher in lentil than in wheat starch because of stronger 

starch chain associations within the amorphous regions of the former (Tables 

4.16 and 4.17). This seems plausible, since in both starches Ihe extent of 

increase In crystalline order on heatmoisture treatmenl were nearly of lhe 

same order of magnitude (Table 4.13). The suscaplibility of oat starch to 

snack by H,O'or a-amylase increaseson high-moisture treatment (in spite of 

slarch chain interactions within amorphous regions) due to a greeter degree 

of wntacl of the individual granular surfaces wilh H,O' cr u-amyiase (Figs. 

4.6.A.B). Cryslallile disruption in potato and yam starches during heat- 

moisture treatment may have been the causative factor responsible for 

diierences in Ihe extent of acid hydrolysis between nalive and heat-moisture 

lreated starches (heat-moisture treated > native) during the first 7 days of 

hydmlysis (Figs. 4.lO.C,D). It is plausible that the initial attack of H,O' may 

have been on the disrupted cryslaliites present at or near the granular surface. 

The reversal (native > heat-moislure treated) in the trend of acid hydrolysis 

Brier the 7' day (Fig 4.iO.C.D) suggests that the action of H,O' is now 

confined mainly to the amorphous regions in the granule interior (which are 

more aaessible to hydrolysis in native than in heal-moisture treated starches). 

The results in Table 4.10 show thal crystailite disruplion is influenced by 

the amount of thermal energy imparted lo the starch crystallitas during hem- 

moisture treatment. 
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4.4.7 Enzymatic hydrolysis 

The extent of hydrolysis (aner 72h) of native and heat-moisture treated 

slardles (30% moisture) by porcine pancreatic a-amylase are presented In 

Table 4.19. Among native starches the extent of hydrolysis followed the order: 

wheat s lentil > oat > potato > yam. The hydrolysis of wheat and lentil 

starches decreased by 2.1 and 6.5% respectively on heal-moature treatment 

(Table 4.49). However, heat-moisture treatment increased the susceplibildy of 

oal(56W). potato (30046) and yam (320%) starches towards o-amylase. 

These results on wheat and potato starches are not in agreement wlh 

those of Lorenz and Kulp (1982) who reported that the extent of hydrolysis (in 

24h) of wheat and potato starches by a commercial fungal =.,amylase 

Increased respectively, by 110 and 45% on heat-moisture treatment (16h. 

lO(PC. 27% moisture). This discrepancy may have been due to dierences in 

enzyme source or purity. The very high degree of susceptibility of potato 

starch towards .-amylase after heat-moisture treatment has also been shown 

by Kuge and Kitamura (1985). These authors showed that the extent of 

hydrolysis of poteto starch by e-amylase from Bacillus subtilis increased on 

heat-moisture lrsatment (120% 27.3% moisture for 1 h) from 3% (in 24h) to 

80% (in 6h). For corn starch the corresponding increase (in 24h) was only 

11.1%. 



Table 4.19 Hydrolysis' of native and heatmoisture treated starches by porcine 
pancreatic asmylase 

' Hydrolysts tor 72 n tn phosphate Duffer (pH-6 9) 
'Values are means of three rep lcales SD 
' Heat-malaure treated (at 1M)'C. 30% mo %lure for 16 h) 
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The four fold increase in enzyme hydrolysis on heat-moisture treallnent 

of potato and yam starches (Table 4.19) clearly demonstrates that as In acid 

hydrolysis, the initial action of a-amylase could have been on the dtsrupted 

starch nystallites near the granule surface. Therefore, it is plausible that if the 

readion between o-amylase and theabove starches was monitored over time 

periods > than 72h, a stage may have been reached when the extent of 

enzyme hydrolysis would have been greater in native than m heatmoisture 

treated starches. 

4.4.8 Scanning electron micmscopy 

Scanning electron micrographs of nalive and heat-moisture treated 

granules of potato starch afler attack by a-amylase (72h) are presented in 

Figs. 4.11.A-D. M i l e  those of native and heat-moisture treated oat starch 

granules are presented in Figs. 4.1 1 .E.F respectively. The attack of a-amylase 

on native potato starch (Figs. 4.11.A,B) manifested itsel in only superficial 

erosion of the granules. Morphological changes were not discernible and the 

resunis in agreementwitha low amylolysis rate(Tabie4.19). However, during 

the same time period, granules of haat-moisture treated potato starch were 

more extensively attacked by o-amylase (Figs. 4.11.C.D) than those of native 

starch (Fig. 4.11.A.B). Many of these granules showed deep cracks and 

fissures (Figs. 4.11.C.D). Granules of oat starch were also more degraded 



Fig. 4.11. Scanntng electron micmgraphs d native and heat- 
moisture treated (i0O0C, 30% moisture for 16 h) 
starches afler attack (72h) by porcine pancreatic a- 
amylase: 

(A) and (B), native potato starch: 
(C) and (D), heat-moisture treated potato starch; 
(E), n a l i i  oat starch: 
(F), heal-moisture treated oat starch. 
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after heatmoistwe treatment (Fig. 4.11.F). However, unlike potato starch, the 

mode of attackof &-amylase on native (Fig. 4.11.E) and heat-moisturetreated 

(Fig. 4.11.F) oat starch granules were Identical. 

4.4.9 Retrogradation 

The thermal characteristics of retrograded amylopedln was studied by 

differential scanning calorimetry. The transition temperatures (To. T,. T.) and 

the enthalpy (AH,), representing the fusion of retrograded amylopedin [of 

native and heat-molsture treated (16h, 100.C. 30% moisture) starches] at 

varlous time intervals of stwage (0.5 h to 20 days) are presented in Table 

4.20. As seen In Table 4.17. To, T, and T, of the gelatinization endotherm of 

natfve starches were d~fferent from those of heat-moisture treated starches 

(lOODC, 30% moisture for 16 h). The reasons for this has been discussed 

earlier (section 4.4.4). 

The retrogradationendotherm appeared after 3 days of storage in native 

wheat, potato and lentil starch gels. Whereas for native oat starch gel, the 

corresponding time was 15 days (Table 4.20). Heatmoisture treabnenl did not 

hasten or delay the onset time of the retrogradation endotherm in wheat, 

potato and lentil starches. However, the retrogradallon endolherm appeared 

BRer 6 days of storage in heatmoisture treated oat slarch. The differences in 

To. T. and T. of the retrogradation endotherm of native and heat-moisture 
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treated starch gels were only marginal and remained practically unchanged 

during the time course of retrogradation (Table 4.20). Furthermore To, T, and 

T, of the retrograded starch gels were lower than that for the gelatinizatton 

endotherm (Table 4.20). In native, and heat-moislure treated starch gels. the 

transition temperature range (T. - To) of the retrogradation endotherm was 

broader (Table 4.20) than that d the gelatinization endotherm (Table 4.17). 

This was most pronounced in potato starch. Unlike To. T, and T.. the enthaipy 

of the retrogradation endolherm (AH.) was greatly influenced by heat-moisture 

treatment. After 20 days storage. the AH. (Jlg) of gels (Table 4.20) fmm native 

starches were 7.1 (wheat). 1.9 (oat), 11.2 (potato) and 8.4 (lentil). These 

values increased, on hoat-moisturetreatment by 2.6, 1.7 and 3.8 Jlg in wheat, 

oat and lentil respectively. Whereas in potato starch, AH decreased by 1.5 Jlg. 

As discussed earlier, during heat-moisture treatment, crystallinity is 

enhanced within granules of wheat oat and lentil starches (wheat > lentll z 

oat), but IS disrupted in potato starch. Thus, after heat-moisture treatment the 

degree of separation between the outer chain branches of adjacent 

amylopectin chain clusters would decrease In wheat, oat and lentil starches, 

and increase in potato starch. Consequently, during gel storage, the formation 

and lateral association of double helices involving amyiopectin chains, would 

be easier and much stronger in heat-moisture treated wheat, oat and lentil 

starches, but mare d'ficuii and weaker in heat-moisture treated potato starch. 
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This would then explain the observed increase (wheat, oat and lentil) and 

decrease (potato) In AH. during retrogradation of heat-moisture treated 

starches (Table 4.20). If changes In crystallinity on heatmoisture trealment 

was the sols factor influencing AH.. then, the extent of increase in AH, on 

heat-moisture treatment may have followed the trend: wheat s lentil > oat. 

However, as seen in Table 1.20, the above order was reversed with respect 

to wheat and lentil (lentil > wheat). This suggests that interaclion between 

amylow and amyiopdin chains during gel storage may have also influenced 

changes in AH,. The amylose and amylopectin chains of lentil starch have 

been shown to be longer than those o: wheat starch. Furthermore, as shown 

in Table 4.16, the decrease in amylose leaching on heat-moisture treatment 

is higher in lentil than in wheat starch. Therefore. the probability of interaction 

between amylose and amylopectin chains (wlthin gelatinized granules) dunng 

storage, would be greater in lentil starch. Similar interactions between amylose 

and amylopectin chains may have also contributed to changes in AH, in heal 

moisturetreated potato slarch [since the chain length of the starch componenls 

and the decrease in amylose leaching (Table 4.16) is much higher than in the 

other starches]. However, the extent of Ihe foregoing contribution cannot be 

pmperlyassesSed, sincecrystallite disruption in potato starch on heat-moisture 

treatment is so extensive, that it probably negabs any influence that amylose- 

amybpectin interaclion may have had on AH. 
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4.4.10 Gel strength 

Gel strength (after a storage period of 1 day) of heat-moisture treated 

starches of wheat, oat, potato and lentil were higher than those of their native 

counterparts (Table 4.21). As seen inTable 4.15 and 4.16, the swelling factor 

(at 95%) and amylose leaching (at 95'C) of ail starches decreased upon heat- 

moisturn treatment. As stated earlier, h e  short term development of the 

structure, crystallinity and firmness in starch gels is dominated by irreversible 

(T < 1WC) gelation and crystallization of amylose within the gel matrix, an 

increase in amylose leaching or a decrease in swelling factor (highly swollen 

granules occuning between adjacent emyiose chains would hinder their 

association during retmgradat~on) would theoretically be expected to increase 

gel firmness. In heat-moisture treated starches, the aggregation belween 

amylose chains during gel storage would be favored only by the decrease in 

SF, sincethe decrease in amylose teaching would tend to reduce the amount 

of amylose chains within the continuous amylose gel matrix. in ail four native 

starches, the increase in geifimness on heat-moisturetreatment suggests lhat 

the large decrease in SF (potato z lentil r wheat > oat) overrides the intluence 

of decreased amylose leaching on gel firmness. 

Upon heat-moisture treatment, unlike in wheat and oat starches, the 

most pronounced increase in gel firmness occurred in potato and lentil 

starches (Table 4.21). This is probably due to the decrease in swelling factor 



Table 4.21 Gel strength of MtiWatld heat moisture treated starch gels (40%) 
afmr storage tor m a  day at 25% 

1393.8 

Native 

' ValuB am averagerol three determinations t SD. 
Heat-molstum treated at lOQC and 30% moisture tor 16 h. 
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being of a vsry high order of magnitude in potato and lentil after heat-moistwe 

treatment. Although, amylose leaching is also highly restricled after heat 

moisture treatment in these starches (Table 4.16), h e  decrease in swelling 

faclor is so large (potato > lentil) (Table 4.15) that it overrides the effecl of 

decreased amylase leaching on gel firmness. Therefore, the increase i n  gel 

firmness of heat-moisture treated starches reflect an interplay of granule 

swelling and amylose leaching. 



4.5 EFFECT OF ANNEALING ON THE STRUCTURE AND 
PHYSICO-CHEMICAL PROPERTIES OF STARCH 

4.5.1 Effect of annealing on leaching of slarch components from 
granules 

No soluble carbohydrates weredetermined in thefiltratewhen annealing 

was performed at 50PC for 72 h. However, amylose leaching occurred in all 

starches at tem~eratures above 500C. 

4.5.2 Granule Morphology 

The size and shape of individual starch granules of wheat, oal, potato 

and lentil starches remalned unchanged afler annealing However, granules 

of oat starch whlch appeared aggregatet in the native slate (Fig. 4.12.A), were 

less compactly packed after annealing (Fig. 4.12.8). 

4.5.3 X-ray Diffraction 

me X-ray diffraction spacings and intensities of Ihe major peaks of 

native and annealed starches (75% moisture. 5O0C, 72h) are presented in 

Table 4.22. The results showed that X-ray intensities of wheat, oat and lentil 

starches increased slightly on annealing, while those of potato starch showed 

a slight d m a s e .  However, in all starches d-spacings remained unchanged 

(Table 4.22). This implies thal only marginal changes in crystallinity occur on 

annealing. 



Fig. 4.12. Scanning eisclmn micrographs of native (A) and 
annealed (8) (50'C. 75% moishlre for 72 h) oat starch 
granules. 
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4.5.4 Gelatinization 

The thermal transitinn temperatures (T.. T,. T.) and the enthslpy (AH) 

of gelatinization of wheat, oat, potato and lsntil starches subjected to an 

annealing temperature of 50% for different time periods at a moisture mntent 

of 75% are presented in Table 4.23. The To. T, and T. of ail starches 

increased on annealing. The increase was most pronounced in To and least 

inT.. Similar observations have been made by Knutson (1990) and Larsson 

and Eiiasson (1991) on maize. wheat and potato starches. The rate of 

increase in To. T, and T. was gradual in wheat and oat starches, but rapid in 

potato (during the Zrst 30 min) and lentil (during the 30" and 60' min) starches 

(Table 4.23). Annealing beyond 24h did not signiflcanliy increase To, T, and 

T, of oat, potato and lentil starches. However, those of wheat starch became 

more pronounced asthe annealing tlme exceeded 24h. At the end of 72h. the 

inaease in To for wheat, oat, potato and lentil starches was respecliieiy. 13.1, 

3.8. 17.2 and IBC, (Table 4.23). Annealing decreased the transition 

temperature range IT. -To) and increased the A H  of all starches, (Table 4.23). 

In wheat starch, thedecrease in To - T. continued thmughoul the time wurse 

of annealing. However, in oat and lentil starches the decrease in T. - To 

ceased after 48h, and for potato starch Ihe mrresponding time was 12h. At 

the end of 72h. the decrease in Te - T. amounted lo 5.1, 2.5. 3.3 and 4.9.C 

respectively, in wheat, oat, potato and lentil starches. 

Increases in AH were evident in wheat, oat, potato and lenlil starches 



Table 4.23. m e  iduence of annealingm me on the thermal characterldtics ol *arches 

67.5 67.7 73.2 73.4 73.5 74.0 76.1 76.5 77.4 

Potato 

Annealing mo'&e and temperature mmt respectively. 75% and 53%. 
To. Tp and Tc represent resp%cliiely the onset, midpoint and end ol gelatiniratimn PC). Volume fraction of water 
(4, = 0.85: Average standard deviaWn (SD) = 0.4% (n = 3). 
' Enthalw [AH) d gelatinization [Jig of dry Sarch); Average SD = 0.3 (n = 3). 
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only after anneaiing had been in progress for 48.6.2 and I h, respectively. At 

the end of 72h, increases in A H  were respectively, 2.5, 2.1, 3.8 and 2.8 Jlg 

in wheat, oat, potato and ieniil starches. The magnitude of the increase in AH 

for potato and wheat starches was higher than that reported by Larsson and 

Eiiasson (1991). The above authors showed that A H  of the above starches 

increased by 0.8 JIg (wheat) and 0.2 Jlg (potato) when subjected to an 

annealing temperature of 5O0C for 24h (sianh:water, 1:l). Whereas. Stute 

(1992) obsewed no changes in AH on annealing of potato starch (starch: 

water. 15. 96 h, 52'C). However, significant increases In A H  have been 

reported on annealing of normal and waxy maize genotypes (excess water. 

50PC. 48h) (Krueger et al.. 1987b). and high amylase maize starches (starch: 

water, 1:3. 50% 24 h) (Knutson. 1990). It was interesting to observe that 

increases in T. and AH did not begin concurrently on annealing, and 

furthermore, the rate of Increase in A H  was slower in cornpanson to that of To 

(Table 4.23). 

The effects of moisture content (during anneaiing) on To. T,, T, and A H  

of the starches are presented in Figs. 4.13.A-D. The effect of annealing 

moisture was most pronouncod in potato starch and least in oat starch. Steep 

increases in To, T, and T, were observed at an  anneaiing moisture of 50% in 

wheat and lentil starches whereas in pogo and oat starches this occurred at 

moisture contents of 10 and 70% respectively. A steep increase in A H  



Fig. 4.13. Gelatinhalion transition temperatures (To. T,. T.) and 
enthalpy (AH) a s  a function of moisture content during 
annealing, at 5WC for 72h. (-A-A-), wheal; 
(-I-:-), oat; (-w), lentil; and (-) 
potato. 

(A), T. (onset) vs annealing moisture; 
(a), T, (peak) vs annealing moisture; 
(C), T. (conclusion) vs annealing moisture; 
(D), A H  (enlhalpy) vs annealing moisture. 
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occurred at moisture contents of 40% and 50% in potato and wheat starches 

respectively: whereas changes in A H  for oat and lentil starches were gradual 

(Fig. 4.13.D). Cooke and Gidley (1992), showed by X-ray spectroscopy and 

''C solid-state NMR that A H  reflects mainly the loss of double helical order. 

The difference in AH between native and annealed starches (Table 4.23) 

suggests that the amount of double helices that unravel and melt during 

gelatinization is higher in annealed (indicated by higher A H  values) than in 

native starch. This suggests that the double helical content of starch granules 

inweaso on annealing. Formation of double helices during annealing may be 

the result of Interactions between: A) The outer branchss of adjacent 

amylopectin chain clusters; 6) amylose and the uuler branches of amylopectin 

and C) amylose chains. It is plausible that the rate of formation of double 

helices via type A interaction would be much slower than either vla type B or 

C due lo steric hindrance beween adjacent branches of amylopectin chains. 

The slow inerease in AH and the rapid increase in T. during the time course 

of annealing (Table 4.23) suggests that the former is influenced mainly by type 

A interactions, while types B end C contribute to changes in To. It is likely that 

type C interactionsalsomakes a significant contribution to both changes in A H  

and To on annealing. However, their influence cannot be properly ascertained 

since amylose-amyiose crystailhtion cannot be reversed by heating to 10WC 

in the DSC. 



The differemes in the rate and extent of increase in A H  during 

annealing of wheat, oat, potato and lentil starc'les (Table 4.23) is probably 

due to differences in amylopsctin chain length and on the degree of proximity 

ofthe annealing temperature to T, In the starches studied, the average chain 

length of the outer branches (A-chalns) of arnylopectin have been reported to 

be respectively. 20 (Hizukuri. 1985). 14-18(Biliaderisetal. 1981a), and 13-17 

(Hizukuri. 1985) in potato, lentil and wheat starches (corresponding data for oat 

starch is not available). Thus. Ule double helices formed behveen outer 

branches of adjacent arnylopectin chains (during annealing) would be longer 

in potato Ulan in the other starches. Furthermore, doubie helical stability would 

also be higher in potato slarch, due to closer proximity of the annealing 

temperature to T. (Table 4.23). Consequently, on gelatinization the amount of 

thermal energy associated wlh the unravelling and melting of double helical 

structures (formed during annealing) would be most pronounced in potato 

starch. Thus, the diierences in the rate and magnitude of increase in AH 

between potato and the other starches is explained. 

AS discussed earller, the main type of interaction influencing increases 

in T., T, and T. is that between amylose and the wter branches of 

amylopectin. Further evidence forthis has come from studies on starchesfmm 

waxy maize (contains no amorphws amylose regions) and normal corn. In 

these starches, To. T, and T. of waxy maize showed only marginal changes on 

annealing, while those of normal corn showed significant increases (Knutson, 

1990). 
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As discussed earlier, in potato and lentil starches, amylose and 

amylopedin are intermingled within the native granule, while in cereal starches 

they are found in separate domains. Consequently. the opportunity for 

interaction between amylose and amyiapectin chains during annealing would 

be higher in potato and lentil than in wheat and oat starches. Furthermore, the 

exlent of interadim between amylose and amylopedin would also be 

influenced by the degree of proximity of the annealing temperature to To (Table 

4.23) and the chain lengths of Ule starch components. The chain lenglh of 

amylose in wheat, potato and lentil starches have been reported to be 

raspeniveiy, 570 (Takeda eta!., 1984). 4920 (Takeda ef a!., 1984) and 1400 

(Biiiaderis ef a!.. 1981a). Thus, in the above starches, the magnitude of 

interaction between amylose and amylopedin during annealing v:ould follow 

the sequence: potato c lentil > wheat > oat. This would then explain the rapid 

inueases in T.. T, and Tc during the initial stages of annealing (4 2h) in potato 

and lentil starches and the slow rate of increase in wheat and oat starches 

(Table 4.23). 

m e  rate of increase in To, T,and T, with increase in annealing moisture 

(Figs. 4.13.A-C), suggests that the moisture level at which significant 

interactions occur between amylose and amylopectin chains. (due to increase 

in chain mobility) is largely influenced by the degree of separation of the starch 

components within the granule and on their chain lengths. Significant 

interadions between amylose and amylopedin chains occurat lower annealing 

moisture levels (~30%) in potato than in the othw starches (Figs. 4.13.A-C), 
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due to their closer association (within the native granule) and longer main 

lengths in the former. The sleep increase in AH (due to interacliwn between 

adjacent amylopectin chains) at an annealing moisture of 30% in potato starch 

(Fig. 4.13.D) could also be explained in a similar manner. 

It is necessary at this stage to mention the arrangement of the double 

helices within the nal'ie cryslaliine polymorphs, which will allow a subsequent 

discussion of the decrease in gelatinization temperature range (T. - T*) on 

annealing. 

As discussed earlier, it, starch granules, amylopectin is considered to be 

responsible for crystalhity thmugh the ordered arrangement of double helices 

formed by adjacent branches within the structure (French, 1984). Cooke and 

Gidley (1992) have shown lhat there are two types of double helices in starch 

granules, lhose involved in crystallites largelperfed enough to diffract X-rays 

and those which are not; together with substantial non-ordered material. 

Furthermore, these authors have postulated that the forces holding starch 

granules togelher are largely at the doubie-helical level, and that the observed 

crystallinity may function as a means of achieving dense packing rather than 

as a primary provider of structural stability. The reason for the decrease in the 

oeiatinizalion lemperature range (T. - To) on anneaiing has been the subjecl 

of controversy. It has been suggested that the decrease in T. - To may be  due 

lo  allerations of themupiing forces betweenthecrystallitesand the amorphous 

matrix (St ,e. 1992), perfection of starch wstallites (Larsson and Eliasson 

1991), more crystalline orientation (Knregr st a!,, 1987a1, and inleraction 
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between amyiose and amylopectin chains (Knutsen, 1990). The results of this 

study i n d i i e  that the decrease in T. - To is mainly due to an increase in 

crystalline order resulting from a closer packing of the pre-existing crystalliles 

wilhin the starch granule. Gidley (1987). showed that in A-type (wheat, oat) 

starch structure there is a close packed array of double helices, whereas Ihe 

6-type (potato) structure is more open with a greater amount of interhelical 

water. As discussed earlierthe crystalline owanization wilhin granules of lentil 

starch closely resemble those of cereal starches. 

The decrease in T. -To is higher in wheat (Tabie 4.23) due to closer 

proximity of the double helices within the crystalline structure of the granule. 

(This permits stronger interaction between adjacent double helices which then 

increases crystalline order). However. X-ray diffraction data (Tabie 4.22) 

showed no significant increase in crystallinity on annealing. This implies that 

the magnitude of the increase in crystalline order may have been below the 

detection level of the X-ray diffractometer. m e  observed order of decrease in 

Tc - T. (wheat z lentil z potato) suggests thal il is not influenced by inlerchain 

associations between amylose and amylopectin. Since if it were, the 

magnitude of the above decrease should have followed the order: potato > 

lentil >wheat. 
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4.5.5 Swelling factor and Amylose leaching 

The swelling factor (SF) and amylose leaching (AML) of native and 

annealed starches at various temperatures are presented respectively, in 

Tables 4.24 and 4.25. The SF and AML of native starches increased with rise 

In temperature, but werereducedonannealing. The percentage reduction (wim 

resped to their native wunlerparts) among the starches (lenlil > wheat r 

potato z oal) increased with starch amylose wntent [lentil (-39%) > wheal 

(-27%) > potalo (-23%) >oat (=19%)] (Table 4.1). At 9WC, the decrease in 

SF (Table 4.24) in lentil, wheat, potato and oat starches were 39, 32, 30 and 

23%. respectively. mi le,  at h e  seme temperature, decreases in AML (Table 

4.25) for the above slarches were 5.1. 1.7. 1.6 and 0.5%, respect~vely. 

The decrease in SF and AML on annealing suggests interaction 

between amylose chains andlor between amylose and the outer branches of 

amylopectin. The lalter interaction is probably not the major causative factor 

since the extent of decrease in SF and AML (among the starches) would have 

then followed the sequence potato r lentil > wheat > oat, rather man that 

observed in this study (lentil r wheat > poldo > oat). This suggests that the 

magnitude of the above decrease is mainly influenced by interaction between 

amylose chains (greater in lentil starch, due to its higher amylose content 

(Table4.1). It is likely that interaction betweenamylase and amylopectln chains 

also wntribules to the above decrease. However, unlike with DSC their 

influence cannot be pmpsrly ascertained by measurements on SF and AML. 



Table 4.24. Swelling factor af native and annealed aarches 

Values am means of three replicates i SD. 
'Annealing was canied out at 50%. 75% moisture lor 72 h. 

% Redunion = (SF, - SF.,,JSF- 



Table 4.25. Amylose leaching of nawe and annealed starches 

Values are mans 01 three replicates f SD. 
' Annbaling was cmied out at 50PC. 75% moisture for 72 h. 

% Reduction = ( A M L  - AM-IAML. 
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4.5.6 Acid hydrolysis 

The soiubiliralian patterns of native and annealed starches are shown 

in Fig. 4.14.A-D (values are presentmd in Appendix 5). Throughout the time 

course of hydrolysis, annealed starches of wheat, potato and lentil were 

degraded iess readily than their native counterparts. However, annealing 

increased the susceptibility of oat starch granules to acidic hydrolysis (Fig. 

4.14.8). At the end of 20 days. the differences in Ihe extenl of hydroiysis 

behveen native and anneaied starches were 6.1. 5.4, 5.6 and 4.4 in wheat 

(Fig. 4.14.A), oat (Fig. 4.14.Q lentil (Fig. 4.14.C) and potato (Fig. 4.14.D) 

starches, respectively. 

It has generally been accepted that hydratedprotons(H,O'I preferentially 

attack the more amorphous regions of the granule, whether they be at the 

surface or in the interior. However, crystalline regions are iess accessible to 

H30' and are attacked only after a period of 1012 days (Robin et al. 1974). 

The marginal differences in the extent of hydrolysis (during the first 10 days) 

batween native and annealed starches suggesls that although starch chain 

interactions occur within amorphous regions of the granule (during annealing), 

these do not lead to the formation ofcrystallites. This seems plausible, since 

~ystaiiite formation within amorphous regions of the granule would have 

decreased the susceptibility of anneaied starches towards H,O' to a much 

greater degree than that observed in this study. French and Murphy (1977) 

have shown that models of double helices (either parallel or anliparailel) have 

a:! glycosidic links buried in the interior of the double helix where they are not 



Fig. 4.14 Heterogeneous hydm y; s d natm ( il-c ) 
ana annealed ( -CC )(50°C. 75% moishlm for 
72 h) starches 'n 2 2 N HCI at 35'C 
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accessible to H,O*. Therefore, the slight diierence in hydmlysis (during the first 

10 days) between native and annealed starches (Fig. 4.14.A-D) may have been 

due to formation of double helices (which do not form into a cryslaiiine array) 

within the amorphous reglans of annealed starches. The difference in Ihe 

extent of hydrnlysls between native and annealed starches are mwe prominent 

after the 10hday (Fig 4.14.A-D), since at this tlme, hydrolysis is mainly confined 

to the slarch aystallites. it is likely thal the increase in crystalline order on 

annealing may have rendered the starch cryrtailites mare resistant to 

penetration by H,O*. it was interesllng lo observe, that the extent of decrease 

(wheats lentil > potato) in hydrolysis (after the lb day) closely paralleled the 

increase in crystalline order on annealing (wheat > lentil s potato). As discussed 

earlier, many of the aggregated granules of native oat starch tacome iess 

compactly packed on annealing (Fig. 4.12.A.B). Consequently, the accessibilily 

of H,O' to the individual granular surfaces and ils concentralion within the 

granule would be much greater an annealing. This would then explain the 

greater suscsptibility of the amorphaus and cryslaii!ne regions of annealed oat 

starch to degradation by H,O' (Fig. 4.14.6). 11 is plausible that, if the diierence 

behveen the annealing temperature and T,was of Ule same order of magnitude 

as in wheat starch, then the difference in acid hydrolysis between native and 

annealed oat starches may have been either iess pronounced than thal shown 

in Fig. 4.14.8 or annealed oat starch may have been hydrolyzed to a lesser 

extant than 11s native counterpart. However, 1 is d~fficult to test this hypothesis. 

since amyiose leaching occurs when anneallug temperature exceeds 50'C 
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45.7 Enzymatic Hydrolysis 

The extent of hydrolysis (afler 72 h) of native and annealed starches by 

pwcine p-~creatlc a-amylase are presented in Table 4.26. Among native 

starches, the extent of hydrolysis after 72 h was respectively 63. 32, 5.4 and 

65.0% in wheat, oat. potato and lentil starches. 

Annealing decreased the extent of hydrolysis of wheat, potaio and lentil 

starches by 3, 1.3 and 5%, respsctiveiy, but increased that o f  oat starch by 

14% (Table 4.26). The actton of I-amylase on raw starch granules depends 

on the penetration of the enzyme Inside the granule and particularly an its 

capacity to altaGi the granular surface. The initial attack is mainly on the 

amorphous regions of the granule, which then increases the susceptibility of 

the exposed crystalline regions to the enzyme. Consequently, any changes in 

the degree of susceptibilily of native starches towards hydrolysis by a-amyiase 

on annealing would be influenced by  changes in: 1) the amount of granular 

surface exposed to the action of or-amylase; 2) the degree of interaction 

between starch components in  the amorphous regions and 3) the degree of 

packing of double helices within the starch mystallites. Therefore, the 

observed decrease in hydrolysis (lentil > wheat s potato) is probably influenced 

by a n  interplay of factors 2 and 3 (since the amount of granular suoace 

exposed to a-amylase remains unchanged on annealing). Howc>,ei, the 

increased susceptibility of annealed oat starch granules towards hydrolysis by 

a-mylase is largely due to h e  greater degree of contact between a-amylase 

and the surfaces of the separated granules (Fig. 4.12.A.B). 



Table 4.28 Hydrolysis. of native and annealed slarches by porcine 
pancreatic .-amylase 

Hydrolysa lor 72 h in phosphate Duffer (pH=6 91 
' V a l ~ e s  are means of three replcates t SD. 
' Mnealng was carr,ed out at 50DC. 75% molstum for 72 h 
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4.5.8 Parting curves 

The pasting curves of native and annealed (50°C. 75% for 72  h) 

starches are presented in Fig. 4.15.A-D. The pasting temperature of wheat, 

oal, lentil and potato starches increased, respectively, by 0.5, 1.0. 9.0 and 

7.0°C. The maximum viscoaitles ofwheat (40 BU) and oat (150 BU) starches 

were attained at 95%. The corresponding values on annealing were 80 BU 

(wheat) and 180 BU (oat). However, maximum viscosities of native and 

annealed potato starches o a r r e d  respedively, at 75 and 90% The 

maximum viscosily of annealed potato starch (2020 BU) was less than that of 

its native (2120 BU) counterpart. However, at 95°C the viscosity of native and 

annealed pclato starches were, respectively, 1180 and 1680 BU. Native and 

annealed lentil starches behaved differently from the above starches in 

exhibiting continuously rising viscosities throughout the heating cycb. 

Furthermore, at 95% the viscosity ofannealad lentli starch was lowerthan that 

of ils native counterpart by 70 BU. The stability of the starch granule towards 

sheer (during the 30 min holdlng pr iod at 9%) increased on anneallng (Fig. 

4.15.A-D). The increase was more pronomced in potato than in  h e  other 

sterches. 

These results on native and annealed potato starch (Fig. 4.15.0) agree 

with those of Stule (1992) with respect to the temperatures a t  maximum 

viscosities and also with the higher viscosity of annealed starch (both at 95'C 

and at the end of the 95% holding period) However, the difference in 

maximum viswsitles between nalive and annealed potato starches in  Ule 



Fig. 4.15. Brabender smylograms of native and annealed (50°C. 75% 
moisture for 72 h) starches. 
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present study (145 BU) was much lower than thatreported (1330 BU) by Slue 

(1992). The above results suggest that annealing increases granular stability. 

this being more pmnouncsd in potato and lentil than that in wheat and oat 

starches. 

4.6.9. Retrogradation 

The ihermalcharacferistics of retrograded amylopedh [from native and 

annealed (5CPC. 75% moisture for 72 h) starches] were studied by differential 

scanning cabrimetry. The transition temperatures (To. T,. T.) and the enthaipy 

(Ah) of  retrograded amylopectin of nativeand annealed (SCPC. 75% moisture 

for 72 h) starches at various time intervals (0.5 h to 20 days) of storage are 

presented in Table 4.27. The To. T, and 1. of the gelatinization endotherm of 

nal ie starches were different from thoseof annealed starches (Table 4.23). 

The reasons for this have been discussed earlier. 

The retrogradationendothem appeared after 3 daysof storage i n  native 

wtmal, potato and lentil starch gels. Whereas, for native oat starch gel, the 

corresponding time was 15 days (Table 4.27). Annealing did not hasten or 

delay the onset time of the retrogradation endotherm in wheat, potato and lentil 

starches. However, the retrogradation endotherm appeared afler 6 days of 

siwage in annealed oat starch. The differences in T., T, and T. of Ule 

retrogradation endoiherm of native and annealed sterch gels were only 

marginal and remained practically unchanged during the time course of 

retrogradation (Table 4.27). Fbrthenore To. T, and T, of the retrograded 
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starch gels were lower than that for the gelatinization endotherm. In native and 

annealed starch gels, the transition temperature range (Tc - To) of the 

retrogradation endotherm was broader (Table 4.27) than Ulat of the 

gelatinization endotherm (Table 4.23). This was most pronouncsd in potato 

starch. Unlike To. To and T., the enthalpy of the rehogradabn endotherm 

(AH.) was greatly influenced by annealing. Afler 20 days of storage, the AH. 

(Jig) of gels (Table 4.27) from native starches were 7.1 (wheat). 1.9 (oel), 8.4 

(lentil) and 11.2 (potato). These values increased on annealing by 1.7,O.B. 3.4 

and 5.3 Jlg in wheal, oat, lentil and patsto respectively (Table 4.27). 

I1 has been shown lhat annealing induces double helical formation 

between the outer branches of amylopectin in starch (however, cryslallinity 

changes were only maroinal). Furthermore, as shown in Table 4.25, annealing 

did not signiricantly affect the extent of amylose leaching in any of the starches 

(amylose leaching and its implication on the enthalpy of relrogradation has 

besn discussed eadier). These results suggest that the increased AH, in 

annealed starches (Table 4.27) probably refiect their double helical content 

priortogelatinikation. During retrogradalin reassacialion of starch chains (that 

were separated during gelalihkation) would be more extensive among those 

that were oriphally a part of the double helix (due to closer proximity and 

better alignment), than those that may have besn present as single chain 

helices or as extended chains within the ungelatinized granule. 



45.10 Gel strength 

Gel strength (after a storage period of one day) of annealed (50°C, 75% 

moisturefor 7 2  h) starches were higher than those of their native counterparts 

(Table 4.28). However, in wheat and oat slarches this difference was oniy 

marginal. The extent of this increase among the starches followed the order: 

potato > lentil > wheat z oat As discussed earlier (Section 4 4.10). the gel 

Strength is influenced by the interplay between the exlent of decrease in 

swelling factor and arnylore leaching. In all starches me amylose leachingwas 

oniy marginally affected by annealing (Table 4.25). However, the decrease in 

swelling factor was significant (Table 4.24), being more pronounoed in polato 

and lentil than wilh wheal and oat starches. Thus. the increase in gel strength 

on anneaiing would be mainly influenced by the exlent of decrease in swelling 

factor. This would then explain the order of increase in gel strength among the 

starches. 



Table 4.28. Gel strength of native and annealed slarch gel5 (4W) 
aflw aoraga for one day at 25% 

Starch source Treablrent Gel saength' (0) 

Native 25f0.5 
na1.0 

Native 11f0.7 
Annealed 12~1.0 

Native 101i4.0 
Annealed 2W3.0 

Potato Native 23f2.0 
Annealed 56f 3.0 

*Values are amregesof three delerminatlons * SD. 
Annealsd at 500C and 75% moisture for 72 h. 



CONCLUSIONS 

An evaluatim of the quantity and composition of lipids asswiated with 

wheat, oat, lentil and potato starches revealed that there was a great variation 

among lhe starches with respect tothe major companentsof Ule lipid classes 

(NL. DL and PL) in bolh CM (21, vlv) and PW (3:l. vlv) exlracts. Cereal 

(wheat and oat) starches showed higher TSL content than those of legume 

(lentil) and tuber (potato) starches. The combined action of CM (21, vlv) and 

PW (33, vlv) resulted in almost wmplete removal of starch lipids from oat, 

lentil and potato. However, in wheal starch, the solvent extraction efliciency 

(%TSL) being 96.3X.. suggested the presence of solvent un-exlractable. 

slrongiy bound lipids. Nsulral lipids (NL) formed the major lipid class in the CM 

extracts of all starches investigated, while in PW extracts these were NL, 

phospholipids (PL) and gwlipids (GL) in lentil: NL and ?L in potato and PL 

in wheat and oat. PalrnBc, linoleic and oleic were the major fatty acids in NL, 

GL and PL fractions of both CM and PW extracts. The monoacyl lipid content 

in b t t .  CM and PW extracts ofwheat, oat, lentil and potato starches amounted 

to, respedively 88.2%. 60.O%, 29.5% and 49.656. Since it is th~monoacyl 

lipids that interact most strongly with the amylose helix, their removal by 

defatting would therefore result in greater functionality changes in starches. 

Defalling of starches with PW (3:1, vlv) altered their physiwchemical 

properties. The effect war pronounced to various degrees depending on the 

starch source. increased relative crystallinity and better lipid wmplexing abilily 

of potato and lenlil starches afler defatling suggested that the moisture and 

lhermai energy inueased the mobiliy of enlrapped amylose chains, resulting 
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in their release in to the amorphous regions of the granuie and facilitated the 

development of a better moletxllar order within the granule. The change m the 

X-ray pattern of potato starch from a B-Vpe lo a combination of A- and B- 

types suggested that a cluslerhg of the outer "A" chains of amylopedin may 

have occurred, resulting in the formation of a close-packed arrangement of 

double helices. Defetiing increased the thermal stability susceptibility towards 

u-amylolysis and retrogradation of all native starches. These changes in 

phyricochemicai properties were more pronouncad in starchesfrom potatoand 

lentil than wheat and oat Overall, it was evident that the effect of defatting with 

PW ( 31 ,  vlv) on the starch granule structure and physicochemical properties 

depends on ihe type of crystalline structure (A, B or C), nature and 

composllon of the extracting solvent system, maxinlum temperature 

expefienced by the starch granules, extent of association between amylase 

and amylopectin chains in the native granule, and on the lipid content. 

Hsat-moisturetreatmentdid notcauseany significant changes on starch 

granule size and shape. However, in oat starch (occurs as compound 

granules), granules were less compactly packedafler heal treatment. In wheal. 

oat and lentil starches, the above treatment increased X-ray intensities without 

causing any significant changes in the d-spacings. Furthermore, the enthalpy 

ofgelatinization (AH) remained unchanged aftertreatment. Thissuggested that 

thermal energy and moisture may have caused the existing double helices to 

shift within ihe crystalllles and to assume a crystalline array that IS more 

closely packed and ordered. However. B-type starches such as those from 
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potato and yam were found to be highly sensitive lo heat-moisture treatment. 

and they underwent crystal disruption (decreased X-ray intensities and AH) 

and transformation (B - B +A)  during treatment This probably occurred due 

to wpture of the hydrate water brages linking adjacent double helices, which 

form the unit cells of B-lype crystals. Although, in B-type crystals, direct 

hydrogen bonds between adjacent helices may have remained intan. The 

Overall decrease in magnitude of the bonding forces between adjacent helices 

would cause them to move apart and assume orientations that are not in 

perfect parallel crystalline array. The X-ray pattsrn of native lent11 starch 

(generally classifed as C-type starch) did not exhibit any spacings that were 

characteristic of the "B" pattern This meant that native lentil starch contained 

mainly A-type unl cells Hence, lentil starch showed slmiiar responses as 

observed in cereal starches. In tubw starches (B-type), the increase In 

gelatinization temperatures (To, T, and T,) in spile of the crystal destruction 

indicated interadions within amorphous regions of the granules. Physical 

separation of compound granules in oat starch and the disruption of crystals 

in potato and yz.n starches after heat-treatment may explain Ihe increased 

suscaptibility of these starches towards u-amyhlysis. Heatmoisture trealmsnt 

increased thermal and shear stability of all native starches. Furthermore, in 

cerealstarches (wheatand oat), heat-moisturetnatment inducedtheformation 

of amylose-lipid complexes. Overall, the results rhowed that heat-moisture 

treatment modifies the phyaiwchemicai properties of starch by altering the 

extent of starch chain associations within the amorphous regions and Ihe 
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degree of crystalline order The magnitude of these changes were found to be 

dependent upon treatment conditions (starch moisture content, temperature 

and duration of treatment) and on starch structure and composition (crystal 

type, amylose content, lipid wntent, chain lengths ofamylose end amylopectin 

molecules and Uw degree of proximity between these starch molecules). 

Annealing (50%. 75% moisture for i2h) did not affect the shape and 

size of the nattve granules from wheat, oat, potato and lentil. However. 

granules of oat starch which appeared aggregated in the native state were less 

compactly packed after annealing. In all starches, annealing caused only 

marginal changes in X-ray pattern and intensities. ltwas interesting to note that 

upon annealing the increase m To end A H did not begin conwrrently, and the 

rate of increase in AH was slower in comparison to that of T.. Furthermore. the 

gelatinization temperature range (T.-To) decreased on annealing. The results 

suggested that crystalline perfection and double helical wntent within the 

starch granules increase on annealing. These increases were found to be 

influenced by the interplay of the following factors: 1) anneallng moisture, 2) 

pmximity of the annealing temperature to To. 3) chain lengths of the starch 

components, 4) the degree of intermingling of amylose and amylopectin within 

the native granule and 5) the lipid and amylose contents. 



230 

PUBLICATIONS IN REFEREED JOURNALS 

Vasanthan. T. and Hoover. R. 1992. A comperative study of the 
composition of lipids associated with starch granules from various 
botanical sources. Food Chemiatly 43: 19-27. 

Vasanthan, T. and Hoover, R. 1992. Effect of defatting on starch 
structure and physicochemical properties. Food Chemistry 45: 337- 
347. 

Hoover, R. and Vasanthan. T. 1992. Studies on lsolatlon and 
characterization of starch from oat IAvena nudal grains. 
Carbohydrate Polymers 19: 285-297. 

Hoover. R.. Swamidas. G. and Vasanthan. T. 1992. Studies on the 
physicochemical properties of native, defatted and heat moisture 
treated pigeon pea iCajanus cajsn LI starch. Carbohydr. Res. 
246:185-203. 

Hoover, R. and Vasanthan. T. 1994. Effect of heat-moisture 
treatment an the structure and physicochemical properties of cereal. 
tuber and legume starches. Carbohydr. Res. 252: 33-53. 

Hoover. R. and Vasanthan, T. 1994. The effect of annealing on the 
phys i~o~hemi~a l  properties of wheat, oat, potato and lentil starches. 
J. Food Biochem. 17: 303-325. 

Hoover. R..Vasanthan. T .Senanayake.N J.andMarton. A.M. 1994. 
Effect of defat t in~ and neat rnalsture treatment an the retrogradatoon 
of the clarch ae r from wheal. oar. Datato and lentil. Carbahydr. Res. 

Hoover. R. and Vasanthan. T. 1994. The flow properties of native, 
defatted, heat-moisturs treated and annealed starches from wheat. 
oat, potato and lentil. J. Food Biochem. iln press). 



BIBLIOGRAPHY 

Acker. L. 1977. Die Lipide der Starken-ein forschungsgebiet zwischen 
kohlenhydraten und lipiden. Fette. Seifen. Anstrichmittel. 79:l. 

AACC, 1983. Approved methods of the American Association of Cereal 
Chemists. d ed. American Association of Cereal Chemists, Inc. St. 
Paul, Mmnesnta. 

AOAC. 1990 Official Methods of Analysis of the Association of ORicial 
Analytical Chemists. 15"ed. AssociaiicnofAnaiytical Chemists. Virginia. 

Avarami. M. 1939. The kinetics of phase change I. J. Chem. Phys. 7:1103. 

Avarami. M. 1940. The kinetics of phase change II. J. Chem. Phys. 8:212. 

Banks, W. and Greenwwd. C.T. 
aqueous solution. Polymer 

1971. Amyiose 
12:141. 

a non-helical biopolymer in 

Banks, W. and Greenwood. C.T. 1975. Starch and its wmponents. p.121. 
Edinburgh University press. Edinburgh. Scotland. 

Biliadeiis. C.G., Maurice, T.J. and Vose, J.R. 1980. Starch gelatinlzalion 
phenomena studied by diierential scanning calorimetry. J. Food Sci. 
45:1669. 

Biliaderis, C.G.. Maurice, T.J. and Vose, J.R. 1981a. StNctural 
chnractariition of legume starches. I. Studies on amylose. 
amylopectin and P-limit dextrins. Cereal Chem. 5&496. 

Biliaderis, C.G., Maurice,T.J. andvose. J.R. 1981b. Structuralcharacterization 
of legume starches. I!. Studies an acid treated starches. Cereal Chem. 
58:502. 

Biiiaderis. C.G.. Page, C.H.. Slade. L. and Sirett, R.R 1985. Thermal 
behaviour of amylose-lipid complexes. Carbohydrate Polymers 5367. 

Biiiaderis. C G.. Page, C.M., Maurice, T.J. and Juliano, 8.0. 1986a. Thermal 
characterization of rice starches: A polymeric approach to phase 
transitions of granular starch. J. Agric Food Chem. 34:6. 



232 

Biliaderis. C.G.. Page. C M. and Maurice, T.J. 1986b. On the multiple melting 
trans!tions of starchlmonoglyceride systems. Food Chem. 22:279. 

Biiiaderis. C.G. and Vaughan, D.J. 1987. Electron spin resonance studies of 
starch-waterprobe Interactions. Carbohydrate Polymers 7.51. 

Biliaderis. C.G. 1990. Thermal analysis of food carbohydrates b Thermal 
analysis of food. V.R. Hatwalker and C.Y. Ma [Eds] p.168. Eisevler 
Applied Sclence Publishers, Barking. U.K. 

Biliaderis. C.G. 1991. The struchlre and interactions of starch wlth load 
constnuents. Can. J. Physiol. Pharmacol. 69:60. 

Biliaderis. C.G. and Tonogai, J.R. 1991, Influenceof lipids on the thermal and 
mechanical properties of concentrated starchgels J. Agric. Food Chem. 
397333. 

Blanshard. J.M.V. 1986. The significance of tha structure and function of lhe 
starch granule in baked products. b Chemistry and physics of baking. 
J.M.V. Blanshard [Ed] p. I .  Royal Soclety of Chemislry. London. 

Blanshard. J.M.V. 1987. Starch granule structure and function: A 
physicochemical approach. In Starch properties and potential T 
Galliard, [Ed] p.116. John Wley 8 Sons, New York 

Bligh. E G  and Dyer. W.J. 1959. A rapid method of total lipid extraction and 
purMcatlon. Can. J. Biochem. Phys. 37:911. 

Boyer. C.D.. Shannon. J.C.. Garwood. DL. and Creech. R G. 1976. Changes 
in starch granule size and amylose percentage during kernel 
development in  several Zea maysL. genotypes. Cereal Chem. 53327. 

Bruner, R.L. 1964. Determinatiin of reducing value. In Methods of 
carbohydrale chemistry. Vol 4. R.L. Whistler. [edl. p.67. Academic 
Press. New York. 

Buleon, A ,  Colonna, P. and Mercier, C. 1987. In Starch: Properties and 
potential. Val. 13. T. Galliard [Ed] pp. 79.174. John Wlley and Sons. 
New York. 



233 

6u.t. D.J and Russell, P.L. 1983. Gelatinization of low water content wheat- 
starch-water mixtures. Starch 35354. 

Carim, T.L.G., Larsson, K ,  Dinh-Nguyen, N. and Kmg, N. 1979. A study of 
the amyiose-monoglyceride complex by Reman Spectroscopy. Starch 
31:222. 

Cairns, P., Leloup, V.M., Miles, M.J.. Ring, S.G. and Morris. V.J. 1990. 
Resistant starch: An X-ray diffraction study Into the effect of enzymatic 
hydrolysis on amyiose gels. J. Cereal Sci. 12:203. 

Ch'mnaswamy. R. and Hanna, M.A. 1988a. Optimum extrusioncooking 
wnditions for maximum expansion of w m  starch. J. Food Sci. 53.834. 

Chinnaswamy, R. and Hanna, M.A. 198813. Relationship between amybse 
wntent and extrusion-expansion properties of corn starch. Cereal 
Chem. 65.138. 

Chradil. J. 1987. Improved colorimelric determination of amylore in starches 
or flours. Carbohydr. Res. 159:154. 

Colwell. KH., Axfcrd, D.E.. Chamberlain, N. and Elton. G.A.H. 1969. Effectof 
storage temperature on the aglng ofwncentraled wheat starch gels. J. 
Sci. Food Agric. 20550. 

Cooke, D. and Gidiey, M.J 1992. Loss of cryslaliine and molecular order 
durmg starchgelatinization: origin oftheenthalpictransition. Carbohydr 
Res. 227:103. 

Davidsan, VJ.. Paton, 0.. Diosady. L.L. and Lamcque, G.J. 1984. Degradation 
of wheat starch in a single screw exlruder: Characteristics of extruded 
starch polymers. J. Food Sci. 49:453. 

Donovan. J.N. 1979. Phase transitions of the starch-water system. 
Biopoiymers 18:263. 

Donovan. J.W., Lorenz, K and Kulp. K. 1983. Differential scanning calorimetry 
Of heat-moisture treated wheat and potato starches. Cereal Chem. 
60381. 



Doublier. J.L. 1987. A rheological Comparison of wheat, maize, fababean and 
smoolh pea starches. J. Cereal Sci. 5247. 

Draggsdorf, R.D. and Varriano-Marston, E. 1980. Bread staling: X-ray 
diffraction studies on bread supplemented with u-amylases from 
different sources. Cereal Cham. 57310. 

E fasson. A C 1983 Dnfferentlal scannmgcaonmolry slJoles on whealsmrch- 
gluten m xt-res Eftectof glutenand SoOlJm sloaroyl laclylate on starch 
crystall rat on aLrfng age ng of wneal starcn gels J Ceroa Scl 1 207 

Eliasson. A.C. 1985. Retrogradation of starch as measured by differenlial 
scanning calorimetry. In New approaches to research on cereal 
carbohydrates. R D. Hill and L. Munck [Eds] p.93. Elsevter Appl~ed 
Science Publishers. Amsterdam 

Elasson. AC an0 Llunger G 1986 Inlersctans between amyopect,n an0 
lhpld addlllves dLr ng ralrograoallon m a model system J Sc! Fooo 
AgrlC 44 353 

Eliasson. AC. and Larsson, K 1993. Physicochemicai behavior of the 
wmponents of wheat flour. In Cereals m bread making - A  molecular 
wlloidal approach. Chapter 2. Marcel Dekker. Inc. New York 

Emiola, L.O. and Delamsa, L.C. 1981. Physicochem~cai characteristics of yam 
starches. J. F w d  Biochem. 5:115. 

Evans. I.D. and Haisman, D.R. 1982. Theeffect of solutesonthe gelatinization 
temperature range of potato starch. Starch 34.224. 

Evans. I.D. 1986. An investigation of starchlsurfactant interactions using 
viscametry and differenlial scanning calorimetry. Starch 34224. 

Evers. A D Eader, G J and Slevens D J 1984 Productlonand measurement 
of slarch oamage m flour Pan 2 Damage prw-ced by ~nconventlona 
metnods Starcn 36 350 

Flary, P.J. 1953. Principles ofpolymer chemistry. Chapter I. Cornell University 
Press. Ithaca. New York. 



235 

French. D. 1972. Fine structure of starch and ib relalionship to the 
organization of starch granules. J. Jap. Soc. Slarch Sci. 19:8. 

French, AD. and Murphy, V.G. 1977. Computer modelling in the study of 
starch. Cereal Facdr World 2261. 

French. D 1984 Organ~ratlon of srann granules In Starcn Chemlsrry and 
lechnocgy R . Whmlsler J N BeM. ler and E F Pascnall [eds] p 183 
Zno adn Academlc Press New York 

Fukui. T. and Nikuni. 2. 1969. Heat-moisture treatment of cereal starch 
observed by X-ray diffraction. Agri. Bioi. Chem. 33:460. 

Gal iard T and Bowler. P 1987 Morphology and compos.l~on of starch In 
Slarch Properlesand polmital Vo 13 T Gallram (ed) pp 55-78 John 
Wley and Sons New Yark 

Gernat, C.S., Radorta, G., Damaschun, G and Schierbaum, F. 1990. 
Supramolecular structure of legume starches revealed by X-ray 
scattering. Starch 42175. 

Gidiey. M.J.. Bulpin. P.V. and Kay, S. 1986. Effed of chain length an amyiose 
retrogradation. In Gums and stabliirers for the food Industry. Vol. 3. 
G.O. Phillips. D.J. Wedlock and P.A. Williams [Eds] p. 167. Elsevier 
Applied Science Publishers, London, UK. 

Gidley. M.J. 1987. Factors affecting the crystalline type (A-C) of native 
Starches and model wmpounds: A ralionaiization of observed effects in 
terms of polymorphic structures. Carbohydr Res 161:301 

Gidiey, M.J. and Bulpin, P.V. 1987. Crystallization of maltooligosaccharides as 
models of the crystalline forms of starch: minimum chain-length 
requirements for the formation of double helices. Carbohydr. Re.. 
161:291. 

Gidiey, M.J. and Bociek, S.M. 1988. '% CPlMAS NMR studies of amylose 
inclusion complex, cyciodextrins, and the amorphous phase of starch 
granulss: Relationships between glywsidic linkage conformation and 
solid slate '"chemical shifts. J. Am. Chem. Soc. 110:3820. 



Gidley, M. J. 1992. Structural order in starch granules and its loss during 
gelatinhlion. In Gumsand stabilirers for the f w d  induslry. Voi. 6. G.O. 
Phillips. D.J Wedlock and P.A. Wllliams [Eds] p. 87. Elsevier Applied 
Sci Pubt. London, UK 

Gllben, G.A. and Spragg. S.P. 1965. Idornetric deteminatlon of amylose. In 
Methods in Carbohydrate Chemistry. R.L. Wnistler. [Ed.] pp 108109. 
Vol 4. Academic press. New York. 

Goenng. K J .Jackson. L L end Dehaas. B W 1975 Effect of some nonstarch 
components In corn and oarley starch gran~les on me v scos ty d 
healed slarch-waler suspensions Cereal Cnem 52 493 

Goshirna, G.. Abe, M.. Sato., N.,Ohashi. K andTruge, H. 1985,Amylographic 
reproducibility of defatted polato starch by the reintroduction of lipid. 
Starch 3730. 

Gough, B.M. and Pybus, J.N. 1971. Effect on thegelatlniration temperature of 
wheat starch granules of prolonged treatment with water at 50%. Starch 
23:210. 

Gray. V.M and Schoch, T.J. 1962. Effects of surfactants and fally adjuncts on 
the swelling and Mlubilizatlon of granular starches. Starch 14:239. . 

Greenwwd. C.T. and Thomson, J. 1962. Physicochemical studies on starches. 
XXIV. Fractionalion and characterization of starches of various plant 
origins. J. Chem. Soc. 222. 

Hahn. D.E. and Hood. L.F. 1987: Factors influencing corn starch-lipid 
mplexing. Cereal Chem. 64:81-85. 

Hansen, L.M., Hoseney, R.C. and Faubion, J.M. 1991. Osdllatory probe 
rheometry as a tool fordetamining the rhealogical properties of starch- 
water systenis. J. Texture Stud. 21:213. 

Hargin. K.D. and Morrison, W.R. 1980. The distribution of awl lipids In the 
germ, aleurone, starch and non starch endosperm of four wheat 
varieties. J Sci. Food. Agric. 31:877. 



Haworth W N Hlrst E L  an0 Ishenvwo. F A  1937 Polysaccnar.aes Part 
XXlll Determ~nalon of Inecha n .ength of glycogen J Chem Soc 577 

Hellman. N.N.. Fairchild, 8. and Senti, F.R. 1954. The bread staling problem. 
Molecular organization of starch upon aging of concentrated starch gels 
of various moisture levels. Cereal Chem. 31:495. 

H~zukdn, S 1965 Retal#onsh~p oetwesn the dlotr buton of the ma n length of 
amylopecln an0 the crysh me slmcture of starch granules Caroohydr 
Rer 141 295 

Hizukuri. S. 1986. Polymodal distribution of the chain lengths of amylopectins 
and its significance. Carbohydr. Res. 147:342. 

HlrLduri. S and Takagi, T 1984 Estmetnon of the dlstnbul~on of molecular 
WlQnl for amylose by the low-angle lascr- 8gnt.swttenng lechn q.e 
comblneo wath nqh.performancs gel cnromatograpny Csrbonydr Res 
134 1. 

Hollo. J., Szejtli, J. and Toth. M. 1961. Chemistry af starch fractionation. X. 
The conformationof glycopyranoside rings in amylose, Starch 13:222. 

Holm. J.. Bjorck, I.. Eliasson. A.C.. Asp. N.G.. Lamson, D. and Lundquist, I. 
1983. Digeslibiliiy of amyiose-lipid complexes in vifm. Starch 35:294. 

Hoover, R. and Hadziyev. D. 1981. Characlarization of potato starch and its 
monoglyceride complexes. Starch 33:290. 

Hoover, R, and Sosulski, F. 1991. Composllon, structure, functionality and 
chemical modification of legume starches; A review. Can. J. Physiol. 
Pharmecol. 69:79. 

Hoseney. R.C., Zeleznak, K.J. and Yost, D.A. 1986. A note on the 
gelatinization of starch. Starch 38:407. 

Imberty, A., Chanzy, H.. Perez S., Buleon, A and Tran, V. (1987a). Three 
dimensional s lm lwe analysis afthe cryslalRemoiely of A-starch. Food 
Hydrocolloids 1:455. 



Imberly, A,. Chanry, H. and Perez S. 1987b. Newthree dimensional structure 
for A-type starch. Mawomolecules 20:2834. 

Imberly, A,, Chanzy, H., Perez, S., Buleon, A and Tran, V. 1988a. The 
double-helical nature of the crystalline part of A-starch. J. Mol. Biol. 
201:365 

Imberty. A. and Perez, S. 1 W b .  A revisit to the three dimensional structure 
of B-type starch. Biopolymers 27:1205. 

Imberty. A.. Buleon, A.. Tran. V. and Perez. S. 1991. Recent advances in 
knowledge of starch structure. Starch 43:375. 

Jane. J.. Craig. S.A.S.. Seib, P.A and Hoseney, R.C. 1986. Characteraation 
of granular w ld  water-soluble starch. Starch 38:258. 

Jane. J . XL A .  Radosav!~~ c M and Seob. P A  1992 Locallon of amylose 
ln norma starch gran-les I Sdrceptlb lhty of amylose and amy opectln 
to cross lm* ng reagents Cerea Chem 69(41405 

Kainuma, K and French, 0.1972. Naegell amylodextrin and its relalionship to 
Starch granule structure. IN. Role of water in crystallization of B-starch. 
Biopolymers 11:2241. 

Kab. J R 1928 Gelatlnaauon and retrogradatoon of starcn m relatton to the 
probem of bread slamng In comprehensive sdrvey of starch chemlslry 
R P Waton [Ea] Chem Catalog Co Inc New Yor* 

Katz J.R. and Van Itallie, T.B. 1930. Abhandlungen zur physikalischen 
chemie der starke und eler brotbereitung. V. Alle starkearlen haben das 
gleiche. RetmgradationspeMrum. Z Physikal. Chem. (Lelpzig) A. 
150:90. 

Kales. M. 1972. Identification of lipids. In Techniques of lipidoiogy. North 
HollandlAmerican Elsevier. Amsterdam. New York. p. 398. 

Kawano, M., Murs, K and Tanimura. W 1989. Effect of embraced fatty acids 
and penetrated fatty acids on photopastograms of starch. J. Agric. Sci 
33:191. 



Keo-gh KM W an0 Karlel h 1987 DRerenual scan" ng calormetnc s t ~ d  es 
of aq~eous o#spersons of phosphatfoylcnofnss conlatn~ng two 
poiyen08~cnans Blochmlca Bophys Acta 902 11 

Knutson, C.A. Khoo. U., Cluskey. J.E and Inglett. G.E. 1982. Variation in 
enzyme digestibility and gelatinizalion behaviour of corn starch granule 
fradions. Cereal Chem. 59:512. 

Knutm, C.A 1990. Annealing of maize 
Cereal Chem. 67:376. 

sbrches at elevaled temperatures. 

Komiya. T.. Yamada. T. and Nara, S. 1987. Crystallinily of acid treated corn 
starch. Starch 39:308. 

Krueger, B.R.. Walker, C.E.. Knutwn, C.A.andInglett. G.E. 1987a. Differential 
Scanning calorimetry of raw and annealed starch from normal mutent 
maize genotypes. Cereal Chem. 54:187. 

Krusger, B.R., Knutson, C.A.. Inglen, G.E. and Walker, C.E. 1987b, A 
diierenlial scanning calorimetry study ?n the effect of annealing on 
gelatinization behavior of corn starch. J. Food Sci. 52:715. 

Krog. N. 1971. Amylose complaxing effecl of food grade emulsifiers. Starch 
23:206. 

Krusi, V.H, and Neukom, H. 19M. Untersuchungen uber die retrogradation der 
starke in konzentrierlen weizenstarkegelen. 36:40. 

Kuge. T and Kitamura. C. 1985. Annealing of starch granules -warm water 
lrealment and heet-moisture treatment. J. Jpn. Soc. Starch Sci. 32:66. 

Kugimiya, M., Donovan, J.W. and Wong, R.Y. 1980. Phase transitions of 
amylose-lipid complexes: a calorimetric study. Starch 32:265. 

Kuip, K. and Lorenz. K 1981. Heat-moisture treatment of starches. I. 
Physicochem~cal propeflies. Cereal Chem. 58:46. 

Legendijk, J. and Pennings. H.J. 1970. Relation between complex formation 
of starch wilh monogiycerides and the firmness of bread. Cereal Sci. 
Today 13354. 



Lampitt, LH., Fuller, C.H.F. and Goldenberg. N. 1948. The fractionation of 
wheat starch. VIi. Retrogradation of starch solutions. J. Soc. Chem. ind. 
60:175. 

Lamson, K. and Miezis, Y. 1979. On the possibilny of dietary fiber formation by 
interaction in the intestine between slarch and lipids. Starch 31:301. 

Lanson, I. and Eliasson, A.C. 1991. Annealing of slarch 
water wntent. Starch 43:227. 

intermediate 

Leach, H.W.. McCowen. L.D. and Schoch, T.J. 1959. Slructure of the starch 
granule. I. Swelling and solubility patterns of various starches. Cereal 
Chem. 36534. 

Leiievre. J.. 1973. Starch gelatinization. J. Applied Polym. Sci. 18293. 

Levine, H and Slade. L. 1988 Water as a plasticizer: Physieozhemical 
aspects of low-moisture polymeric systems. In Waler science reviews, r.. 
Vol 3. F. Franks [Fd]. Cambridge University Press, Cambridge. 

Liu. H., Lelievre. J. and Ayang-Chee. W. 1991. A study of slarch geiatiniratirn 
using differential scanning caiorimetry, X-ray and birefringence 
measurements. Carbohydr. Res. 210:79 

Lorenz, K. 1976. Physiwchemical properties of lipid free cereal starches. J 
Food Sci. 41:1357. 

Lorenz, K. and Kulp, K 1978. Steeping of wheat at varlous temperalures - 
effects on physiwchemical characteristics of Ihe starch. Starch 33333. 

Lmenz, K. and Kulp, K. 1982. Cereal and root starch modification by heat- 
moisture treatment. I. Physicochemicai properties. Starch 3450. 

Lwenz. K and Kulp. K 1983. Physiwchemical properties of defatted heai- 
moisture treated starches. Starch 35:123. 

MacArthur, L.A. and D'Appolonia, B.L. 1979. Cereal Chem. 56:458. 

Maningat. C.C. and Juiiano, B.O. 1980. Starch lipids and thelr effect on rice 
starch properties. Starch 3278. 



Manwars. D.J. 1985. Some aspects of the stwcture of starch. Cereal Foods 
World 30-461. 

Manners, D.J. 1989. Recent developments in wrut~derrtandingofamylop~lin 
struclure. Carbohydrate Polymers 11:87. 

Marchant J.L and Elanchard J.M.V. 1978. Sludies of the dynamics of the 
gelatinization of slsrch granulesemploying a small angle light scaltering 
system Starch 30:257. 

Maurice, T.J.. Slade. L.. Page. C.M. and Sirett. R.R. 1985. Polysaccharide- 
water interactions - thermal behaviour of rice starcn. In Properties of 
water in foods. D Slmafos arld J.L. Muiton [Eds] pp. 211-227. 
Martinus Nijhoff, Dodrecht. 

Mctver, R.G.. Axford. D.W.E., Colwell, KH. and Elton. G.A.H. 1968. Kinetic 
study of the retrogradation of gelatinized starch. J. Sci. Food Agric. 
19:5M1. 

Medcalf. D.G.. Youngs. V.L. and Gllles. K.A 1968. M e a t  starches. II. Effect 
of polar and non polar lipid fractions on pastlng characteristics. Cereal 
Chem. 45:88. 

Melvin, M.A 1979. The effect of extractable lipid on ths viscosity 
characteristics of corn and wheat starches. J. Sci. Fwd and Agric. 
30:731. 

Mercier, C. and Feiilet, P. 1975. Modfication of carbohydrate components by 
extrusion-cooking of cereal products. Cereal Ciiem. 52:283. 

Mercer C ,  Cnarbonnoere R .  Gallant D and G ~ l r n  A 1979 Str.rural 
moot#cor ons of varnousslarches by exlr~smn cuonmg w Ina rw n screw 
French exlruder In Pol*racchardes on food J M V Blanrhard an0 J R 
Mltchell [Eds] pp 153 'Buttetworthr London 

Mercier, C.. Charbonniere, R.. Grebaut, J. and De La Guenviere, J.F. 1980. 
Format~on of amylose-lipid complexes by twin-screw extrusion cooking 
of manioc starch. Cereal Chem. 57:4. 

Meyer, KH. and Bernfeld, P. 
L'amylopectine. Helv. Chim. 

1940. Researches 
Acta. 23:123. 

i'amidon. V. 



242 

Mlkus. F.F., Hixon. R.M and Rundle, R.E. 1946. The complexes of fatly acids 
WiUl amylose. J. Am. Chem. Soc. 68:1115. 

Mile* M.J., Morris, V.J., and Ring. S.G. 1985. Gelation of amylose Carbohydr. 
Res. 135:257. 

Montgomery. E.M. and Senti. F.R. 1958. Separation of amylose f r m  
amylopsctln of starch by an extraction-sedimentat~on procedure J. 
Polymer Sci. 28:l. 

Morris. V.J. 1990. Starch gelalion and retrogradat'wn. Trends in food science 
and technology. July:Z. 

Morrisan. WR. 1981. Starch lipids: A reappraisal. Starch 33:408 

Morrison, W.R. 1988. Ltpids. In Wneat chemishy and technology. 3 ' Edn. 
Vol. 1. Y Pameranz [Ed] pp 373-439. Am. Arsoc. Cereal Chem. 
St. Paul, Minnesota, USA 

Morrison. W.R. and Milligan, T.P. 1982 Lipids in maize starches In Maize: 
Recant progress in chemistry and technology. G. lnglett [ed] pp.1-18. 
Academic press. New York. 

Morrison, W.R. and Coventry. A.M. 1985. Extraclion of llplds from cereal 
Slarches wlth hot squeous alcohols. Starch 3733. 

Nara, S., Mori, A. and Komiya, T. 1978. Study on relative crystallinity of moist 
pdalo starch. Starch 30:111. 

Nara, S.. Sakakura. M. and Komiya, T. 1983. On the acid resistance of starch 
granules. Starch 35266. 

Orford. P.D.. Ring. S.G., C~rroll, V ,  Miles, M.J. and Morris. V.J. 1987. The 
effect of concentration and botanical source an Ihe geiat~on and 
retrogradalion of starch. J. Sci. Food Agric. 39:169. 

Paton, D. 1977. Oat starch - Part 1. Extraction, pur~flcation and pasting 
pmperiies, Starch 29:149. 



Palan, D. 1986. Oat starch: Physical, chemical and structural proparlies. In 
Oats: Chemistry end Technology. F.H. \Vebster. [Ed] pp. 93-120. 
American Association of Cereal Chemists, Inc. Minnesota. USA. 

Palon. D. 1987. D'flerential scanning calorimetry of oat starch pastes. Cereal 
Chem. 64394. 

Peal. S.. Welan. W.J. and Pie, S.J. 1949. Starch gelation. Nature 164499. 

Radley, J.A 1953. Starch relrogradalion. In Sterch and ils derivatives. Vol. I. 
3' Edn, pp.69. Chapman and Hall Ltd. London. UK. 

Raphaelides, S, and Ka*aIas. J. 1988. Thermal dissociation of amyiose -faW 
acid complexes. Carbohydr. Res. 172:65. 

Ring, S.G.. Colonna. P., I'Anson. K.J.. Kalichevsky. M.T.. Mlles. M.J., Morris. 
V.J. and Orford P.D. 1987 The gelation and crystallization of 
amylopectln. Carbohydr. Res. 162:277. 

Robn. J P .  Mercler. C Charbonntere. R an0 G.lbot. A 1974 Lllneruso 
starcnes Ge f !trason ana enrymal c SlLdles of finsoluote read~ss  from 
proiongeo acd lrealment of potalo slarch Cerea, Chem 51 389 

Russell, P.L. 1983. A kinelic study of bread staling by differential scanning 
caldmetry and campress~biiily measurements - The effect of added 
monoglycerides. J. Cereal Sci 1:297. 

Russell. P.L. 1987. Gelatinization of starches of different amyloselamylopectin 
conlent - A study by differential scanning calorimetry. J. Cereal Scl 

Sair, L. and Fetzer. WG. 1944. Water sorption by starches - Water sorption 
by corn and commercial modifications of starches. Ind. Eng. Chem. 
36'205. 

Salr, L 1964 Heat mo sluretreatment o l  starches an Melnods of caro0hyara.e 
chem rtry Vol 4 R L Whfsl er [Eo] p 283 Acaoemlc Press New York 

Sair, L. 1967. Heat-moisture treatment of starch. Cereal Chem. 443 



Seneviratne, H.D. and Biiiaderis. C.G. 1991. Action of alpha amylases on 
amyiose-lipid wmpiex super structure. J. Cereal Sci 13:129 

Senior. M.B. and Hamori. E. 1973, Investigation of the effect o f  amylosell, 
campiexation on the conformation of amyiose in  aqueous solution 
Biopoiymers 1265 

Sharpies. A. [Ed]. 1986. introduction to  polymer crystallization. St. Marlin's 
Press. New Yo*. 

Siade L and Levne H 1987 Recent advances n starcn retrograoa'lon to 
inddssta pa ysaccharaes S S S l  ra'a V Crescenrl and I C M Dea 
[Eosl PP 387 Goraor and Breach Saence P.bl!shers New York 

Sisde, L. and Levine, H. 1988. Nonequiiibrium melting of native granular 
starch. Part I. Temperature location of the glass transillon associated 
with the gelatinization of A type cereal starches. Carbohydrate 
Polymers 8.183. 

Snyder, E.M. 1984. Industrial micmscopy of starches. In Starch. Z1 edn. 
Chapter XXii. Academic Press inc. New Yo*. 

Staudinger. H and Husemann, E. 1937. Highly polymerized compounds. The 
conslitulion of starch. Anal. Chem. 527:195. 

Sterling, C. 1978. Textural qualities and molecular structure of starch products. 
J. Texture Stud. 9:225. 

Stevens. D.J. and Eilon, G.A.H. 1971 Thermal properties of the starch water 
System. I. Measurement o f  heat of gelatinization by OSC Starch 233. 

Stute, R. 1992. Hydrothermal modiflcalion of starches: The difference beween 
annealing and heat-moisture treatment. Starch 44205. 

Swinkeis, J J.M. 1985. Composition 
starches. Starch 37:l. 

and pmpertles wmmerciai native 

Takahashi, S. and Seib, P.A. 1988. Paste and gel properties of primecorn and 
wheat starches with and without native bpids. Cereal Chem. 65:474. 



Takeda, Y.,  Shirasab, K, and Huukuri. S. 1984. Examination of the purity and 
structure of amylose by gel permeation chromatography. Carbohydr. 
Res. 132:83. 

Takeda, Y.. Himkuri. S. and Juiiano, B.O. 1986. Purification and structure of 
mylose from rice starch Cnibohydr. Res. 148299. 

~ a k w  K .  T o L J ~ L ~ ~ .  A and Kuge. T 1973 Complexes d ra rch  and 11s 
reated mater ais wlth organic compounds. X-ral o#ffradlon d amylose 
-fatty ac.0 complexes Starch 25 357 

Tester, R.F. and Morrison, WR. 1990a. Swellin£ and gelatinization of cereal 
starches. I Effects o f  amylopectin, amylose, and lipids. Cereal Chem. 
67551 

Tester, R.F. and Morrison, W.R. 1990b. Swelling and gelatinization of cereal 
starches. II. Waxy rice starch. Cereal Chem. 67558. 

Teitelbaum. RC., Ruby, S.L and Marks, T.J. 1978. Amyloseiodine complex 
formation. J. Am. Chem. Soc. 1W:3215. 

Whistler, R.L. 1965. Fractionation of starch. In Starch: Chemistry and 
Technology. Vol. I. R.L. Whistler and E.F. Paschal1 [Eds] pp.331-347. 
Academic Press. New York. 

Whistler, R.L and Johnson. C 1948 Effed of acid hydrolysis on the 
retrogradation of amylose. Cereal Chem. 25:418. 

Mlliams, P.C., Kuzina. F.D. and Hiynka. 1 1970. A rapid colorimetric 
procedure for estimating the amylose content of starches and floun. 
Cereal Chem. 47.41 1. 

Whittam. M.A., Ring, S.G. andorford, P.D. 1986. Starch lipid interactions: The 
effect of lipids on starch retrogradation. In Gums and stabilizers for the 
food industry Vol. 3. G.O. Phillips, D.J. Wedlockand P.A. Wliliams[Eds] 
pp. 555-562. Elsevier Applied Sci. Publ. London, Uk. 

Wren, J.J. and Merryfield. K. 1970 
J. SCI. Food Agric. 21:254. 

of wheat starch. 



246 

Wu. H.C.H. and Sarko, A. 197813. Thedouble helical molecular structureof A- 
amylose. Carbohydr Res. 61:27. 

\MI. H.C.H. and Sarko, A. 1978a. The double helical molecular strudure of 
crystalline B-amylose. Carbohydr. Hes. 81:7 

Wunderlich, B. 1990. Thermal analysis. Academic Press. Boston USA 

Yarnashila. Y., Ryugo. J. and Monobe, K. 1973. An electron mcrnscopicrtudy 
on crystals of amylose-V.complexes. J. Electron Microscop. 22 19. 

Yost, D.A. and Hoseney. R.C. 1986. Annealing and glass lransil!on of slarch. 
Slarch 38. 289. 

Zeleznak, K..I, and Hoseney. R.C. 1986. The role of water in the relrogradation 
of wheal starch gels and bread aurnb. Cereal Chem. 63:407. 

Zeleznak, K.J. and Hoseney. R.C. 1987. Charaderizallon d slarch from bread 
aged at different temperatures. Starch 392.31. 

Zobel, H.F. 1988a. Slarch crystal transformalions and their industrial 
Importance. Starch 40:l. 

Zobel. H.F. 1988b. Molecules lo granules: A mprehensive starch review. 
Starch 40:44. 





APPENDIX I 

X = Rebtbe vyetallinity. 

a, = h a  under the vr j la lbe pe& (shaddm of alerch vrnple 

Aa = Area under me cr@alllne peaks of a lW% aystalline (qua*) 
sample (not shown in the diagram). 

d-spacing d a ayslat is calculated by the follawinp equalton: 
n l  r 2dsln6 - Bragg's equation. 

Mere: n = Phase number (usually I); A =Wave langlh (1.5476 nrn); 
d = Cryrlal d-spacing (A) and 6 = D'Hractim angle. 



APPENDIX 2 

,- TEi+€RAlU?€ or TIME - 
T. = O W  tempentune of geiatlniratlo~ 

T, = h k  tempmt~m of gelstlnbliao 

T, = Condusiln lernpnture of gelatlnirntion 

AREA : Used for enthalpy ~ l c u l a t l o ~  



Appendix 3 -Heterogeneous hydrolysis of native and defatted starches in 2.2N HCI al35-C. 

Values am averagerof three determinations t SO. 
Soxhlet exlraction with hot n-pmpanolkater (33, vlv) for 7 h. 



Appendix - 4: Heterogeneous hydrolysis of native and heatmoishlre treated starches in 
2.2N HCI at 35%. 

Values are meamof three determinations * SO. 
Heat moisture treated (HMT) at 1OO'C and 30% moisture for 16h. 
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