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ABSTRACT
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A series of wet-cationized starch granules from waxy maize withthat a large part of the cationic groups was found within the amorphous
different degrees of substitution (DS) were solubilized with eithev 2.2 parts of the granules. A dry-cationized sample with a high DS was also

HCI (lintnerization) or with thex-amylase oBacillus amyloliquefaciens.

treated with the acid and lost a major part of its substituents at low levels of

The maximum rate of the enzymatic hydrolysis occurred in starches witlntnerization. Probably most of the substituents were associated with the
intermediate DS. It appeared that the cationic substituents interfered wiurface and channels of these granules. The cationized starches possessed
the binding to the active site of the enzyme at high levels of substitutiofranches that were resistant to isoamylase attack and the samples also con-
The DS remained fairly constant in the granular residues after the enztainedp-amylolysis resistant dextrins. The proportion of resistant dextrins
matic attack. The rate of the acidic hydrolysis increased with increasinig the granular residues decreased after lintnerization, but remained con-
DS but the final level of solubilization slightly decreased. The DS of thestant after the enzymatic hydrolysis.

residual starch material decreased to 40% of the original level, showing

Starch derivatives are used in a range of commercia appli-
cations from food to paper manufacturing. The substitution pattern
on the D-glucosy! units of the starch molecules has been inves-
tigated but less is known about the location of the substituents
inside the starch granules or on the starch polymers. Enzymatic
treatments of the starch components have shown that introduced
substituents and cross-linkages interfere with various enzyme
actions (Chan et al 1984, Fischer and Piller 1977, Fischer and
Piller 1978, Hood and Mercier 1978, Jane et a 1992). As a resullt,
different hydrolysis patterns are obtained with the modified starches
when compared with those of their native counterparts. This
strategy has been used for structural investigations of cross-linked
hydroxypropylated manioc starch (Hood and Mercier 1978), methyl-
ated potato starch (Steeneken and Woortman 1994, Burgt et a
1998), hydroxypropylated potato starch (Kavitha and BeMiller
1998), and of various oxidized potato starches (Torneport et a
1990, Zhu and Bertoft 1997, Zhu et a 1998). A general conclusion
from these studiesiis that the starches preferentially are substituted
in the amorphous parts of the semicrystalline starch granules so that
amylose and the regions around the branches in amylopectin
become modified.

Cationized starch is used in large quantities by the paper industry
as wet-end additives and for sizing. Commonly the quaternary
ammonium reagent 2,3-epoxypropyltrimethylammonium chloride
reacts with the hydroxyl groups of the starch under alkaline con-
ditions (Kweon et d 1996). An dternative dry cationization method
(Hellwig et a 1992, Khalil and Farag 1998) has received interest
because of reduced environmental pollution. The D-glucosyl
residues are preferentially monosubstituted at position C-2, though
C-3 and C-6 may aso be substituted. Small amounts of disub-
stituted residues also exist (Wilke and Mischnick 1995, Wilke and
Mischnick 1997).

In this work, we have characterized the substitution pattern of
the amylopectin of waxy maize starch after traditional wet-cation-
ization and after dry cationization by studying the dextrin mixtures
obtained after hydrolysis with isoamylase and B-amylase. Lint-
nerization, by which the amorphous parts of the granular starch
are solubilized in dilute hydrochloric acid (Robin et a 1974), was
used to investigate the substitution patterns inside the granules. The
acidic solubilization was compared with the solubilization of the
granules by a-amylase.
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MATERIALSAND METHODS

Starch and Enzymes

Commercia waxy maize starch was a gift from Raisio Chemicals
Oy (Finland). The a-amylase from Bacillus amyloliquefaciens
[(1- 4)-a-D-glucan glucanohydrolase; EC 3.2.1.1] was purchased
from Boehringer-Mannheim (Germany) and had an activity of 600
U/mg. Sweet potato B-amylase [(1 - 4)-a-D-glucan matohydrolase;
EC 3.2.1.2] with an activity of 880 U/mg (26 mg/mL) was from
Sigma (Germany). Isoamylase of Pseudomonas amyloderamosa
(glycogen 6-glucanchydrolase; EC 3.2.1.68) with an activity of
71,000 U/mg (1 mg/mL) was obtained from Hayashibara (Japan).

Wet Cationization

Waxy maize starch granules were suspended in water (40% wi/v)

a 42°C and was adjusted to pH 11.0 with NaOH (2.5% wi/v). A
commercial etherifying agent containing 2,3-epogppitrimethyl-
ammonium chloride (RAISACAT, Raisio Chemicals Oy) was
added to the slurry. The reaction was stopped after 20 hr by adjust-
ing to pH 6.5 with HSQ, (25% v/v). An aliquot (30 mL) of the
slurry was filtered and washed with ethanol and water (1:1, 200
mL) and then with ethanol (50 mL). The sample was dried at
105°C for 1 hr before the nitrogen content was analyzed using the
Kjeldahl method. The degree of substitution was calculated as: DS
= (162.15x N%)/(14 x 100) after subtracting the nitrogen content
(0.026%) of the control starch. The rest of the slurry was filtered
(604 Rundfilter, Schleicher & Shuell), washed with water and
ethanol, and finally dried in acetone.

Damaged granules in the native and cationized samples (100 g/L)
were removed by repeated centrifugation for 5 min at §4The
collected supernatants were then centrifuged for 10 min atdl4
and the granules were washed with methanol and dried in acetone.
The dry weight of the samples was measured with a Saratorius thermo
control balance.

Dry Cationization

Waxy maize starch (2,000 g) was put into a cylindrical con-
tainer. During vigorous mixing at increased pressure (1.5 atm) and
temperature (60°C), a NaOH solution (17% wi/v, 180 g) was sprayed
onto the starch in small portions. The mixing continued until the
starch was dry, after which the cationizing chemical was added in
small portions. After 5 hr, an aliquot of the granules (30 g) was
mixed with ethanol (600 mL) in a blender (Polytron) at 2000 rpm
for 30 sec and then filtered. After repeating this blending procedure
three times, an aliquot (5-7 g) of the sample was dried for 2 hr at
105°C and the nitrogen content was determined.

Aggregated granules in the main part of the dry-cationized starch
were removed by fractionation through two sieves with pore sizes
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of 500 um and 150 um, respectively, giving three size-classes of U/mL, 0.833 mL in 0.M NaOAc buffer, pH 6.5), giving a final

the material with diameters of >500 um, 500-150pum, and <150 enzyme concentration of 10 U/mL. The samples were incubated at
um. The fractions were washed with ethanol, and solid citric aci@5°C, and aliquots were taken at intervals up to 24 hr for measure-
was added in small portions1% wi/v) to neutralize remaining ment of solubilized carbohydrates with the phengb®, reagent.

NaOH. Large batches of enzymatically treated granules (6 g) were
prepared under identical conditions by incubatiorbfes hr at which
Lintnerization of Starch Granules point 30-40% of the starch had solubilized. The granular residues

Native and cationized starch granules were solubilized iM 2.2 were collected by centrifugation (10 min at 780g), washed
HCI (2.5 g of starch/100 mL of acid) at 35°C. The suspensionsepeatedly with water and with ethanol, and finally dried in acetone.
were stirred carefully every day. Aliquots taken at specific time The effect of annealing and drying conditions on enzyme sus-
intervals were centrifuged and the carbohydrate content in the supeeptibility of native starch granules was also tested. Starch suspen-
natant was measured using the phengb@®j reagent (Dubois et sions (40% w/v) in either water or a NaOH solution (pH 11) were
al 1956). The lintnerization was continued to two stages #B@il  incubated at 42°C for 20 hr (to resemble the conditions for wet
and 80% of the granules had been solubilized. The granular resiationization). The suspensions in NaOH were then neutralized with
dues were then collected by centrifugation for 5 min at 3400  sulfuric acid (25% v/v) and all samples were washed with water.
neutralized with 0¥ NaOAc, and washed three times with deionizedThe samples were then either washed with ethanol and dried in
water. Finally, the residues were suspended in a small volume atetone or dried by lyophilization. The samples were finally treated
deionized water and lyophilized. with a-amylase for 5 hr on an analytical scale as described above.

Enzymatic Hydrolysis of Starch Granules Enzymatic Analyses of Starch Components
Native and cationized starch granules (50 mg) were allowed to Intact starch granules or residues of granules prepared by enzy-
equilibrate in 0.00&1 NaOAc (pH 6.5, 5 mL) at 25°C for 20 hr. matic or acidic hydrolysis were boiled for 15—-30 min in water (5
The samples were then mixed and centrifuged for 2 min ak )0 mg/mL, 0.65 mL). The samples were diluted with water (0.25
after which a portion of the supernatant (4 mL) was removed anaiL), and 0.M NaOAc buffer (pH 3.5, 0.1 mL), after which a
replaced by water (3.167 mL) and a solutionoemylase (60 freshly diluted (%) isoamylase solution (1AL) was added. The
reaction was stopped after incubation overnight at room temper-
ature by boiling the digests in a water bath. Aliquots were taken
1000 100 10 D.p for ch_romatographic analyses as d(_ascribed below. For a portion of
15 : T T n the digest (0.3 mL), the pH was increased to 4.8 with 04005
A NaOAc, the volume was adjusted to 0.59 mL withMD.MlaOAc
buffer (pH 4.8), and3-amylase (2uL) was added. After incu-
—&——  Native A, bation overnight at room temperature, the reaction was stopped by
———0o—— DS .;Qé boiling. Li_ntnerized sa_lmples were also treated @imylase with-
10 F-o-— DS f ; out prior isoamylolysis.
""""" & Dry-HDS ﬁﬁ P Gel-Permeation Chromatography
g;'; Samples (0.2 mL) with a carbohydrate concentratior106
s mg/mL in=0.5 KOH were eluted through a column %180 cm)
of Sepharose CL-6B (Pharmacia) with ..KOH at a flow rate
5 Jes of 0.5 mL/min. Collected fractions (0.5 mL) were analyzed with
/)l ] the phenol-HSQ, reagent (Dubois et al 1956). The column was
dp ;3,' calibrated with dextrins of known average degree of polymerization
S s (dp) as described by Bertoft and Spoof (1989). The dp of the samples
was calculated asc/z(c,dp), in which ¢ is the carbohydrate con-
centration and djs the dp of fraction.

High-Perfor mance Anion-Exchange Chromatogr aphy
(HPAEC)

lon-exchange chromatography was performed on a CarboPac
PA-100 anion exchange column (2804 mm) in combination
with a CarboPac PA-100 guard column using a Dionex HPLC
system (series 4500i, Dionex) with pulsed amperometric detection
(PAD) as described by Koch et al (1998), except for a small
modification of the gradient. The sample (2&, 0.36-1.7
mg/mL) was applied in 75% eluent A (150MMaOH) and 25%
eluent B (150 rivl NaOH containing 500 M NaOAc) and then
eluted with a linear gradient: 0—1 min a gradient of eluent B from
25-34%; 1-6 min from 34—45%; 6-55.4 min from 45-67%; and
55.4-80.4 min from 67-90%. The column was qualitatively cali-
brated for linear dextrins with glucose, maltose, a series of malto-
oligosacharides from maltotriose to maltoheptaose (Boehringer-
02 0.5 0.8 1.1 Mannheim), and with debranched waxy maize starch.

Carbohydrates (%)

Scanning Electron Microscopy (SEM)

Intact or residual starch granules were mounted on a specimen
Fig. 1. Fractionation on Sepharose CL 6B of native and cationized waxy holder with carbon cement and coated with gold. The samples were
maize starch after (A) isoamylolysis and (B) successive B-amylolysis. then examined by a Cambridge S360 scanning electron micro-
Low (LDS), intermediate (IDS), and high degree of substitution (HDS). scope (Cambridge Instruments, UK).
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RESULTSAND DISCUSSION

Characterization of Cationized Samples

The waxy maize starch was wet-cationized into three levels of
substitution. The samples had alow (LDS), an intermediate (IDS),
and a high degree of substitution (HDS), with DS values of 0.003,
0.022, and 0.046, respectively. The latter sample represented aDS
commonly used in commercial applications. The dry-cationized
sample that was prepared contained many granules that had partly
gelatinized and aggregated. These aggregates were removed from
the preparation by fractionation through two sieves with pore sizes
of 0.50 and 0.15 mm, respectively, giving three size fractions. When
analyzed for nitrogen content, the cationic substituents showed
uneven distribution in the sample. Thus, the intermediate size

on Sepharose CL 6B of the completely debranched native starch is
shown in Fig. 1A. Afte3-amylolysis, only the peak for maltose
was obtained (Fig. 1B). The low cationized sample (LDS) had a
very similar profile after the isoamylolysis (not shown), whereas the
IDS and HDS samples possessed increased amounts of dextrins
with dp up to=1,000 that were resistant to the enzyme. This
resulted in increased dp values in the isoamylolysis mixtures of
18.7-22.9 (Table I). As a result of the incomplete debranching, the
molar amount of dextrins formed in the mixtures decreased from
5.3 to 4.4 with increasing DS. From the difference between the
native and the cationized samples, the relative amount of resistant
branches was estimated as [(moles of dextrins formed from the
native sample) — (moles of dextrins formed from the cationized
sample))/(moles of dextrins formed from the native sample)

fraction (particles 0.15-0.50 mm) possessed a DS value of 0.104100. As shown in Table £6% of the branches were resistant to
whereas the large (>0.50 mm) and small (<0.15 mm) siz&oamylolysis in the IDS sample and the HDS sample possessed
fractions had DS values of 0.045 and 0.046, respectively. Thg79 resistant branches. In accordance with other investigations on
small size fraction represented 68% of the total weight of thenodified starches (Hood and Mercier 1978, Kavitha and BeMiller
sample and was designated Dry-HDS. This sample was used fp998), this suggested that the waxy maize amylopectin was substi-
further studies because it contained individual and apparently intagited close to the branch points, thereby blocking the action of the
granules (examined in a light microscope) with a DS comparablgoamylase.
to the wet-cationized HDS sample. It should be noted, though, that The Dry-HDS sample was clearly different from the corresponding
the composition of the Dry-HDS sample netessarily was repre- wet-cationized HDS sample, despite the similar substitution level.
sentative of the whole batch of dry-cationized starch. The Dry-HDS starch possessed osBb resistant branches and the
The components of the native and cationized starches were chap was 20.4 (Table I). In the gel-permeation chromatogram, a small
acterized by hydrolysis with isoamylase and a successive treaimount of large dextrins with dp > 1,000 was obtained (Fig. 1A).
ment withf3-amylase. The unit chain distribution profile analyzed
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Fig. 2. Acidic hydrolysis of native and cationized waxy maize starch
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TABLE |
Characterization of Componentsin Debranched Native
and Modified Waxy Maize Starches

Wet-Cationized®

Dry
Parameter Native LDS IDS HDS HDS
After isoamylolysis
dp° 18.7 18.7 19.9 229 20.4
Dextrins (mole)¢ 53 53 5.0 4.4 4.9
Resistant branches (mole%)d - - - 0 6 17 8

Successive 3-amylolysis
B-Amylolysislimit (%)® 100 9 74 59 83
Resistant dextrinsf

Weight % 6 26 a1 17
dp . 300 325 315 425
Mole® -+ 02 08 13 04
Mole %9 4 16 30 8

aLow (LDS), intermediate (IDS), and high degree of substitution (HDS).

b Degree of polymerization.

¢ Relative molar amounts cal cul ated as weight %/dp.

d Edimated from difference in molar amounts of dextrins after debranching of
cationized starch and native starch.

¢ Amount of maltose produced estimated from Fig. 1B.

f B-Amylase resistant dextrins with dp > 10.

9 Proportion of -amylase resistant dextrins with dp > 10 in isoamylolyzates.

TABLE Il
Level of Substitution of Native and Cationized Waxy Maize Starch
Granules Before and After Solubilization in Acid or with a-Amylase

Solubilized N Relative Content

Sample? Carbohydrates (%)  (wt%) Substituents (%)
Native starch 0 0.026

LL 29 na?

HL 78 na s
Dry-cationized HDS 0 0.423 100

LL 31 0.071 17

HL 84 0.096 23
Wet-cationized HDS 0 0.420 100

LL 32 0.274 65

HL 82 0.166 40

Enzymatically 40 0.356 85

Fig. 3. Enzymatic hydrolysis of native and cationized waxy maize starch Solubilized to low and high lintnerization level (LL and HL, respectively).

granules with thex-amylase ofBacillus amyloliquefaciens. Low (LDS),
intermediate (IDS), and high degree of substitution (HDS).

High degree of substitution (HDS).
b Not analyzed.
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A conversion of the linear chains into maltose by B-amylaseis ~ high value was possibly partly due to small crystalline remnants of
often used to show that the debranching is complete. When the  the granules that remained in the supernatant after centrifugation,
wet-cationized LDS sample was treated with 3-amylase, the hy- thus causing an overestimation of the solubilized carbohydrates.
drolysis limit was 94% despite the apparent absence of resistant Overall, however, the linterization proceeded by a pattern similar
branches (Table 1). Thus it appeared that the sample contained  to that described earlier in several reports (Biliaderis et al 1981,
substituted chains that were resistant to 3-amylolysis. Thedprange ~ Colonna et al 1988, Jacobs et al 1998).
of these chains was 10-100 (not shown) with an average dp of 30, Both the rate and the level of the initial stage of the lintner-
suggesting that the substitution was found far from the reducingation increased with increasing DS in the series of the wet-cation-
end side of the chains. On a molar level, the resistant chains repieed starches (Fig. 2). Thus, it appeared that the cationic substituents
sented=4% of the debranched waxy maize amylopectin. Becausead decreased the amount of crystallinity inside the granules, or
0.3% of the glucosyl residues in the sample were substituted (Di8ternatively, made the amorphous parts more susceptible to the
= 0.003), it could be estimated that each modified chain containeatid. The rate of the second stage, however, decreased with increasing
=1.4 cationic groups on the average [(208p x DS)/(mole% of DS and the final amount of acid resistant material increased to
resistant chains)]. 10% in the HDS sample. The changes in the granules that promoted

The samples with higher DS values possessed more dextritfss resistance remained unclear. The Dry-HDS sample was lintner-
that were resistant tB-amylolysis (Fig. 1B) and, thus, low ized at a high rate during the first two days, after which the rate
limit values (Table 1). In the HDS sample, 41% of the sample bypecame slow and the starch then possessed the highest resistance
weight was resistant to hydrolysis. This represented 30% on a molar acid. At day 21, only 84% of the granules of the Dry-HDS
level of the dextrins in the isoamylolysis mixture. The average dptarch had become solubilized.
of the resistant dextrins was, however, similar in all the wet-cation- The granular residues were collected after a low lintnerization
ized samples regardless of the DS-values. This suggested that the) and a high lintnerization (HL) level at whiet80 and 80% of
locations of the substituents within the dextrins were similar in althe granules had been solubilized, respectively. The nitrogen content
three samples. The Dry-HDS sample possessed much lower amountshe Dry-HDS residues had decreased to only 17% of the ori-
of dextrins resistant to the attack @famylase. The size-distri- ginal level in the LL sample (Table Il). This showed that the major
bution of these dextrins was broad, however, and the average dart of the cationic groups were found in the most acid-labile areas.
was higher (42.5) than in the wet-cationized samples (30.0-32.5)he relative nitrogen content then remained at this low level
This result suggested that the Dry-HDS sample contained feweluring the later stages of the lintnerization. In the wet-cationized
cationized starch molecules, but a higher density of substituents HDS sample, the substitution level decreased more slowly. At the

the modified polymers. LL level, the relative nitrogen content was 65% of the original
value and when 82% of the starch had solubilized, the nitrogen
Solubilization of Starch Granules content had decreased to 40%. Because most (if not all) of the resi-

When the native starch granules were treated sl 22l (lint- dues that remained at the HL level were crystalline, a substantial
nerization), the solubilization was fast initially (Fig. 2). During this part of the cationic substituents was found within the crystalline
phase, the amorphous parts of the granules are hydrolyzed (Rokstarch.
et al 1974, Jenkins and Donald 1997). After four days, when 59% The wet-cationized granules were also solubilized enzymatically
of the starch had been solubilized, the rate decreased, and afteniith thea-amylase oB. amyloliquefaciens. Again, the modification
days almost all (98%) of the starch granules had dissolved. Thiffected the rate of the hydrolysis. This time, however, the

Fig. 4. Scanning electron micrographs of cationized waxy maize starch granules. Low (LDS), intermediate (IDS), and high degree of substitution
(HDS). A, Wet-cationized HDS granules (bar 20 um); B, dry-cationized HDS granules (bar 5 um); C, wet-cationized HDS granules after solu-
bilization to 40% with a-amylase (bar 5 um); D and E, dry-cationized HDS granules at a low level of lintnerization (bar 5 um); F, wet-cationized
HDS granules at a high level of lintnerization (bar 20 um).
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solubilization of the HDS sample was slower than that of the LDS ~ (Gallant et al 1972, Gallant et al 1973, Manelius and Bertoft 1996,
sample, whereas the IDS sample was most hydrolyzed (Fig. 3). Franco et al 1998). The lintnerization resulted in shrunken granules,
Cationization increases the swelling power of starch granules several with a single large hole blotting the growth rings and an
(Kweon et a 1997) and therefore, probably, a moderate modifica empty inner space. At later lintnerization stages, the granules seemed
tion of the starch granules made them more susceptible to the ~ melted together into larger aggregates. There was, however, no vis-
enzymatic attack, whereas higher DS interfered with the enzyme- ual difference in the lintnerization patterns of the native and
substrate complex formation or with the adsorption of the enzyme  cationized starches.
to the granular starch. Thus, in terms of biodegradability, there It was claimed that the alkaline treatment of potato starch gran-
existed an optimal DS of the starch granules. Kweon et a (1997) ules in the production of hydroxyethyl derivatives was a major
reported an increased rate of hydrolysis with the a-amylase from cause for their higher susceptibility to enzymatic attack, whereas
porcine pancreas of several cationized starches (DS 0.030-0.035), the introduction of the hydroxyethyl substituents further enhanced
except for waxy maize starch granules. In our investigation, ithe degradation (Perera and Hoover 1998). Because the wet-
which we used the-amylase oB. amyloliquefaciens, all cationized  cationization also involved an alkaline treatment of the waxy maize
waxy maize starches were better attacked than the native granuletarch granules, we tested whether the conditions in the cationization

A batch of a-amylase treated granular residues of the wetprocess could increase the susceptibilityot@amylase. Native
cationized HDS starch was collected at 40% solubilization. In thistarch granules were treated at pH 11 and 42°C for 20 hr before
sample, the nitrogen content was still 85% of the original levelthe addition ofa-amylase. Only a slight increase in the solu-
The enzymatic attack thus proceeded through the granules regahilization (27—-29%) was obtained in a 5-hr incubation period (Fig.
less of the presence of the cationic groups. It is known that tH8). The same result was obtained with a pretreatment of the native
dextrins from waxy maize starch granules dissolved byothe granules in water (pH 7) and 42°C (thus resembling light
amylase have a high molecular weight (Bertoft and Manelius 1992annealing conditions). These granules were dried in ethanol and
The substituted parts of the granules could therefore be dissolvadetone. However, if the granules were dried by lyophilization, as
without it being necessary for the enzyme to attack close to thea the work of Perera and Hoover (1998), the granules became
cationic groups, which therefore would not interfere with the hy-clearly more susceptible to the enzymatic attack, with or without
drolysis. It was also shown that the relative crystallinity of wheathe different pretreatments. When examined in a light microscope,
starch granules remains at almost the same level cafienylase
attack (Colonna et al 1988), and thus both crystalline andpémoes
parts are solubilized with this method. o TABLEIII -

When the wet-cationized starch granules were examined by Cvcgl;iclt\ﬂera'jzzitggrogh;e%f‘;cgﬁfu'gﬁ‘i“z\éﬁgﬂ%\/\i’yﬁﬁi‘%";}g
scanning electron microscopy (Fig. 4) their visual appearance was
identical to the native granules (not shown). In the dry-cationized

Wet-Cationized?

sample, the granules were partly aggregated through glue-like bridgeg ameter Native LDS IDS HDS
on their surface as a result _of the ad_dlt!on of hydroxide. Probabl}ﬁegree of solubilization (%) 38 37 37 20
these parts represented highly cationized areas. The enzymagjc 121 13.0 14.6 185
degradation resulted in the typical erosion through preexistingextrins (mole)® 8.3 77 6.8 54
channels or holes on the surface of the granules (Huber amfeéamylolysislimit (%)¢ 100 92 74 60
BeMiller 1997) resulting in porous starch with blotted “growth rings” Resistant dextrins
and channels as previously described for native waxy maize starci{eight % " 8 26 40
dp e 11.4 16.3 21.1
MoleP e 0.7 16 19
Mole % e 9 24 35
40 aLow (LDS), intermediate (IDS), and high degree of substitution (HDS).
b Relative molar amounts calculated as weight %/dp.
¢ Amount of maltose produced.
i d B-Amylase resistant dextrins with dp > 10.
& 357 € Proportion of B-amylase resistant dextrins with dp > 10 in isoamylolyzates.
C
2 TABLE IV
g 304 Char acterization of Native and Modified Waxy Maize Starches
= at Low Lintnerization (LL) and High Lintnerization (HL) Levels
Kol
= Cationized?
B 257 Nati
ative Wet-HDS Dry-HDS
Par ameter LL HL LL HL LL HL
20- Before isoamylolysis
o < ;o ;W d 448 219 53.4 233 96.8 19.3
2 8 ; 2. - 3 Q 8 @ Aftgr isoamylolysis
S ®© 5 + T + dp 149 139 17.0 15.1 16.9 13.8
<z N = a Dextrins (mole)® 67 7.2 59 6.6 59 72
5 o~ o - Successive B-amylolysis
S o % °© T Limit (%)° 97 97 76 87 94 98
D> Y - o T Resistant dextrins?
o ¥ 5 Weight % 3 3 24 13 6 2
o 3 dp 150 150 24.0 18.6 20.0 20.0
~ o Moleb 0.2 0.2 1.0 0.7 0.3 0.1
< Mole % 3 3 17 11 5 1

Fig. 5. Enzymatic hydrolysis of native waxy maize starch granules after  a wet- and dry-cationized samples with high degree of substitution (HDS).
different pretreatmentsin neutral or alkaline conditions and drying in either b Relative molar anounts calculated as weight %/dp.

acetone or by lyophilization. Low (LDS), intermediate (IDS), and high ¢ Amount of maltose produced.

degree of substitution (HDS). Series of wet-cationized starch with d B-Amylase resistant dextrins with dp > 10.

increasing DS was dried in acetone. € Proportion of 3-amylase resistant dextrins with dp > 10 in isoamylolyzates.

Vol. 77, No. 3, 2000 349



the lyophilized granules possessed large interior fissures that
probably exposed the granules for the enzyme and resulted in a
higher hydrolysisrate. We therefore believe that the higher hydrolysis
rate of the modified starch granules, that had been dried in ethanol
and acetone, was mostly atrue effect of the cationization rather than
asecondary result of the conditions in the cationization process.

Characterization of Amylase-Treated Starch

The components of the native and wet-cationized starch granule
residues remaining after a solubilization to =40% with a-amylase
were characterized by debranching with isoamylase and gel-
permeation chromatography. The native starch was completely
debranched as shown by the complete hydrolysis into maltose by
a successive B-amylolysis (Table I11). The dp of the debranched
starch had decreased from 18.7 to 12.1 after the a-amylolysis,
showing that amajor part of the amylopectin had been attacked by
the enzyme at this stage of the solubilization.

The series of cationized starchesin Table |11 possessed the same
resistance to B-amylolysis as before the a-amylase treatment
(Table 1), though the dp of the dextrins in the iscamylolysis mix-
tures was lower. This suggested that the mode of attack performed
by the a-amylase was not affected by the cationized substitutions.
Interestingly however, the dp of the 3-amylase resistant dextrins,
which before the solubilization had comparatively high dp of =31
regardless the DS, now possessed much lower dp. In addition, the

The debranching of the lintnerized native starch (Fig. 6) was
only close to complete as shown by framylolysis limit of 97%
(Table 1V). This showed that some very short glucosyl branches
(Umeki and Kainuma 1981), which are resistant to attack by iso-
amylase (Kainuma et al 1978), remained after the acidic hydrol-
ysis. On a molar level, these short-branched dextrins represented
=3% of the mixtures. The dp of the debranched materiakd/ds
which corresponded to the results obtained by Kitahara 208rY
and others and reflected the length of the crystalline lamellae inside
the granules. If assuming complete debranching, the average number
of chains in the remaining dextrins could be expressed as (dp
before isoamylolysis)/(dp after isoamylolysis). At the LL level,
the number of chains wa8 and at the HL level it was reduced to
1.5, which showed that, on average, every second dextrin was linear.

After isoamylolysis, the HDS sample possessed dextrins of
decreasing dp with increasing levels of lintnerization (Fig. 6,
Table V). TheB-amylolysis limit increased from 59% before
lintnerization (Table I) to 87% at the HL level (Table 1V), which
corresponded with the decreased content of cationic groups. As
after thea-amylolysis, the dp of thB-amylase resistant dextrins
decreased to 18.6 at the HL level. However, the amount of the
resistant dextrins also decreased. At the HL level, they represented
only 13% by weight, or 11% by mole in the mixture. The results
thus suggested that when the acid had hydrolyzed the amorphous
parts (growth rings and lamellae within semicrystalline growth

dp increased with the DS of the starch (11.4—21.1). On a molar rings), a major part of the cationic substituents were lost and the
level, the proportion of-amylase resistant dextrins increased inremaining extensively depolymerized material, representing the
the isoamylolysis mixtures after the solubilization wittamylase  crystalline lamellae, contained the residual cationic groups in the
despite the slight reduction of the cationic substituents. This wagranule. The relative density of the substituents in the remaining
probably an effect of the pronounced reduction in molecular sizenaterial was=40% of the original (Table 1), which suggested a
Thus, thea-amylase had been able to attack the modified part®S of 0.018 (originally 0.046) in the crystalline starch. Obviously,
inside the granules between cationized substituents, thereby reducihg relative density in the amorphous parts of the granules was
the average size. higher than the average DS of 0.046.
The Dry-HDS sample was very different from the wet-cationized

Characterization of Lintnerized Starches starch. Though the composition of the dextrins in the isoamylolysis

The starch residues collected at the low lintnerization (LL) levemixture at the LL level was similar to the HDS sample, the
were already extensively depolymerized. The residues in the nativ®ntent of3-amylase resistant dextrins was low (Fig. 6, Table V).
starch had a dp of 44.8 and in the wet-cationized HDS sample, tii¢ the HL level the Dry-HDS was similar to the native sample
dp was slightly higher (Table 1V). The Dry-HDS possessed thevith only traces of resistant material. This was in agreement with
highest dp (96.8), but at the high lintnerization (HL) level, atthe low nitrogen content and suggested again that the starch was
which the size-reduction had continued, the dp was even slightlyreferentially modified at easily accessible sites. In addition to the
lower than in the other samples. outer granule surfaces, such sites could also include the channels

Carbohydrates (%)

0,4 0,7 1,0 0,4 0,7 1,0 0,4 0,7 1,0

Fig. 6. Fractionation on Sepharose CL 6B of lintnerized native, wet-, and dry-cationized starch after isoamylolysis (black symbols) and successive (3-
amylolysis (white symbols). Samples were taken at alow (squares) and high (circles) levels of lintnerization. High degree of substitution (HDS).
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that connect a central cavity in maize granules to the external _
environment (Huber and BeMiller 1997). | Native Native
The highly lintnerized native and wet-cationized HDS samples — :
were aso analyzed in more detail with high-performance anion- <=L (0.8 mg/mL) + isoamylase
exchange chromatography (HPAEC). With the gradient used, a - 5 (1.7 mg/mL)
baseline separation of debranched native waxy maize starch was ®
obtained. A standard chromatogram for the qualitative identification 2 | 8
of linear chainsis shown in Fig. 7, in which the debranched starch g
was analyzed together with an added series of glucose to malto- 3
heptaose (dp 1-7). The lintnerized native starch possessed two *
groups of dextrins (Fig. 8). The major group had a peak corres 9,:
ponding to linear chains of dp 13, whereas the positions of the o. Uh
peaks in the other group were intermediate to linear chains of d | - - ;
22-35. After debranching with isoamylase this group of dextrins _
HDS HDS
1 < (1.6 mg/mL) + isoamylase
10 = N, (1.7 mg/mL)
B 15 Q
- 6 2]
= a
2 8 u
S -
& 20 2 \U
o o
) 25 30 35 40 45 | ]
< L ' | [ ! : ! !
o \ ;
0 10 200 10 20
0 10 20 30 40 50 60 Min Min

Min

Fig. 7. Chain length distribution profile with high-performance anion-
exchange chromatography of debranched waxy maize starch to which a
series of glucose-maltoheptaose was added. Numbers indicate degree of
polymerization. Pulsed amperometric detection (PAD).

Fig. 9. Distribution profiles with high-performance anion-exchange chroma-
tography of p-amylolysates of lintnerized starches and of debranched
lintnerized starches. Concentration of sample applied to ion-exchange
column in parentheses. Numbers indicate degree of polymerization. Pulsed
amperometric detection (PAD); high degree of substitution (HDS).

~ Native Native + isoamylase
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Fig. 8. Distribution profiles with high-performance anion-exchange chromatography of native and wet-cationized starch at a high lintnerization level
before and after isoamylolysis. Concentration of sample applied to ion-exchange column in parentheses; numbers indicate degree of polymerization.

Pulsed amperometric detection (PAD); high degree of substitution (HDS).
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