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INTRODUCTION

Gelatinization of starch has been familiar to man for a long time,
but thg changes that accompany the pyrocess were not studied until the
beginuing of this century. Recently, severél investigators have tried to
define this process and many methods have been developed to measure the
changes associated with 1it.

The degree of gelatinization affects the physical properties of
pregelatinized and partially-gelatinized starch foods such as bread, paste
products and extruded snacks. Pregelatinized starches have a wide ramge
of industrial applicatioms (1), particularly in foeds. In the manufacture
of pregelatinized starches, the occasional presence of incompletely gelatin-
ized starch 'samples is still a problem (2) as it impairs the efficlent utility
of pregelatinized starches. So 2 determination of the degree of gelatiniza-
tion is very useful in quality control of pregelatinized starchss. The
extent of gelatinization affects the loaf volume and crumb characteristics
of braad (3, 4). The elasticity, malleability and softness of paste products,
as well as the crispiness and gritty texture of extruded snacks depends on
the depree of gelatinization. A precise method to determine the extent of
gelatinization is necessary to study the affects of different ingredients
and processing variables on gelatinizatlon,

Tt is an established fact that gelatinized starch is more susceptible
te enzymes than raw starch. The extent of gelatinization determines the
¢igestibility of starch to a great extent in animals iﬁcluding humans.

Weight pains in animals were found to be-related to the degree of gelatiniza-
tion (5). Since starch gelatinization and starch damage are somewhat similar

processes, a metihcd of determining starch gelatinization can very well be



applied to determine starch desmage. Several methodé for measuring
gelatinization are now in vogue, but in the analysis of foods and feeds,
methods based on enzyme digestitility are more suitable. We observed that
existing enzymic methods suffer from one or more of the following defects:
(a) The end products of digestion are heterogeneous; mainly maltose or
sometimes a mixture of maltose; oligosacchorides and limit dextrins; (b)
The degree of digestion is measured by an analysis of reducing power, a
relatively non-sﬁecific procedure, The purpose of this investigation was
to develop an enzymic method for determining the degree of gelatinization
which would overcome the errors cited above Ly using glucoamylase digestion
of gelatinized starch followed by specific determination of D-glucose with
D-glucose oxidase. Such a method has now been developed by us and was

found to be accurate, precise and sensitive,
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REVIEW OF LITERATURE

STRUCTURE OF THE STARCH GRANULES:

The starch molecule is made up of linear and branched glucose polymers
known as amylose and amylopectin, respectively. These linear and branched
compdnents of individual starch molecules associate themselves by hydrogen
bonding to form micelles (6). A starch granule is a micellar aggregate in
which these micélles align themselves radially or form areas of varying
degres of crystallinity depending on the extent of association., The micelles
are intricately interconnected in a three dimentional network into a highly
associated sﬁructure {(6). This high degree of association is responsible
for the unique properties of the intact starch granules, such as birefrin-
gences, resistance to swellinz and insolubility in cold water (despire the
‘fact that the starch molecule is highly hydroxylated) and resiscance to
enzyme att§ck. An extensive survey of the work was dome to ellucidate the
structure of the starch granules and the different types of crystalliaitﬁ
observed in starch was done by Sterling (7). The birefringent properties of
the granule were ascribed to the presence of spherulites (special aggregation
¢f needle shaped crystals) by ﬁe&er (8)., Xent-Jones and Amos.attribute the
behavior of iﬁtact starch in cold water te its crystallinicy (9.

The properties of starch, such as resistance to enzyme attack,
remarkably change when its granular structure is lest or damaged. Many
investigators tried to explain this peculiar behavior of the intact starch
granules in terms of structural intricities which are not yet well under—
stood, 1t was bélieved for a 1ong time that intact starch granules are
surrounded by membrane, but this theory has been questioned by Leach and

Schoch (10) and Badexhuizen (13i). Presence of an outer hull which is



different in composition (amylopectin to amylése ratio) than the inner core
was another explanation for the unusual properties of the intact starch
granule (12, 13). This observation is again a matter of controversy (7).
Meost starch granules show a layered structure under the microscope
and these layers appear to originate from a distinct spot known as the hilum,
This morphological characteristic is believed to have been formed during
the growth and development of the starch granule (7, 11, 13, 15). Occasion-
ally, some cracks and crevices are found to originate naturally from the
hilum (7). The size and shape of a starch granule is a characteristic
attribiute determined by its botanical source (16). The granuled size within
the same starch might again vary over a narrow or wide range depending

on the betanical type (17).

THE PROCESS OF GELATINIZATION:

Celatinization is a process which is not yet well defined, Earlier
workers tried to relate it to changes in starch viscosity, swelling power,
and solubility which occur at a much higher temperature than those encountered
in the process of gelatinizaticn (17). The lpasééfybirefringence is widely
accepted indlication of'gelatiniéation'(é). A recent definition of gelatinizé—

tion by Seib (18} seems

quote Seib, "Gelatinization 1s the irrevers@ble rupture of the native, second-
ary woutd forces i; the crystalline regions of a starch pranule."” He used ﬁhe
word “native" since gelatinization makes the granules much less crystalline
but not amerphous aud the granules show a new x-ray diffraction pattern

(Type V) {19). Apart from water, stqrch alsc gelatinizes in several polar
organic scolvents such as dimeﬁhyl sulfoxide (DHSO) (17), aquecus pyridine (21)

and ethyicnediamine (18). Starch can be solubilized in inorganic solvents



such as liquid ammonia (22) and cold alkaii. But the changes that take
place in starch during gelatinization in aqueous system are of prime concern
to us,

Intact starch granules contain about 10-177 water under normal atmos-
pheric condicions, of which about 10% carfe5ponds to the water of crystaliza-
tion to form starch mcnbhydrate t6). When starch granules are exposed to a
water séturated atmbsphere at room temperature, the granules undergo scme
reversible swelling showing the limited elastic nature of the intermicellar
network, They absorb about 40-50% water (on a weight basis)} and this process
is exothermic., The extent of swelling (9 to 30%) (6), the amount of water
held (40-50%) (17) and heats of hydration (17) vary between different
botanical types of starches, These variations ave attributed to differencas
in the granular structure of the different starches. According te Ullman (23},
cold water is absorbed by the starch granule in one or more of the following
forms, viz. water of crystallization, absorbed water or interstitial water.
Another explanation is thgt wgter is firmly bound as hydrate until free
hydroxyl groups are available in the starch molecule for binding (24). A
dehydration study on potate and cereal starches suggested that 14% of the .
water was bound directly, 14 to 30% was absorbed in the intermicellar space
of the granules and the remaining water was in free form {25).

The micellar network of granular starch is freely accessible te the
entry of water and of most liquids (18). A starch-in-water suspension,
when subjected to heating, absorbs a smwall amount of water without lesing
its birefringence until it reaches a crucial temperature (18). At this
point some granules swell rapidly and irreversibly, losing thelr birefringent

charactevistirs; the process is known as gelatinization. In gelatinizationm,



water or a polar solvent in the presence of added heat (or chemical reagent)
destroys the native crystalline structure by breaking up the binding forces
{18). Gelatinization is therefore an endothermic process (17). As the
temperature of a starch in aqueous media is increased, more and more

granuies undergo the changes described aboﬁe, until all the granules are
gelatinized completely., The entire process of gelatinization takes place
over a range of temperature {(about 10°C), known as gelatinization temperature
range, wihlch varias in different starches. Gelatinization starts in the
region of the granule where the assoclative forces are the weakest (amorphous
region): the strensth of the associative bonds in this region vavies among
the different granules bzlonging te the same botanical type (6). This is

why gelatinization takes place over a range of temperature rather than a
single tenperature. It is also observed that larger granules lose bireirin-
gence at a lower temperature than smaller granules (17).

Agents that can break hydrogen bonds such as salts, alkali and urea
were reported to accelerate the process of gelatinization (18) whereas
others retard gelatinlzation by acting as desolvating agents (&j. Starch
granules continue to swell as the temperature is increased beyond the
gelatinization teuperarure, to several hundred times the original volume.
$imultaneously soluble materials leach out of the granule and scwme of the
granules rupture completely. By this pfocess the viscosity and soluble
material in the squeous phase iacreases (18). Prolonged boiling or
mechanical shear will vitimately rupture all the gravules. Crapules oI
wheat starch were found to retain their identiy until a temperature of 95°
and en further heating in an -autoclave ét 105°C the identity of pranuies is

complately lest (26). ‘ine swelling power, viscosity and pasting properiies



are very important characteristics fer commercial utilization of starch.
These characteristics depend on the associative forces present in the granule

which again vary in different starches.

MEASUREMENT OF DEGREE OF GELATINIZATION:
A, General Methods

Degree of gelatinization is not a clearly defined term since there is
no single criterion (unit) which exactly reflects the magnitude of gelatiniza-
tion. The methods used to measure gelatinization can be devided into four
categories:

?%1- Enzymic methods invelving selective digestion of the enzyme-

susceptible fraction of the starch by one or more of the amylases.

{f} 2. Microscopic methods including observation of swelling (27),
cozgting of the birefringent granules (17) and selective staining
of the gelatinized granules using dyes such as Congo red (28) .

€§13. Methods based on physical properties of starch pastes such
as s;elling, turbidity, viscosity and solubility (1, 17, 29).
Q%a. Other specialized techniques including x-ray diffraction
(ba;ed en measuring crystallinity) (17), nuclear magnetic resonance
spectrometry (based on mobility of water in starch-water systems) (30}
and differential scanning colorimetry (based on measuring hea® absorbed
ir the endothermic process of gelatinization) (31). ®
The most sensitive and popular methods of measuring pelatinizatlon of
starch are those based on bivefrinpence and susceptibility to emzymes. These
two methods invelwve different criteria: the former is 2 measure of the

number of granules which are gelatinized and the latter measures the sum

of the extent to which individual granules have gelatinized. The flrst



criterion may not be a true measure of the degree of gelatinization because;
(a) a granule that is counted as ungelatinized because it is birefringent
may be birefringent only on a portion of the granule and the size of this
portion may vary among the individual granules belonging to the same starch
(17); {b) even though the granules vary in size, equal consideration is
being given to large and small granules, which may have different rates of
gelatinization,

The method based on enzyme susceptibility on the other hand is & better
measure of thre degree of gelatinization since the enzyme hydrolyzes the
gelatinized fraction of the starch much faster than intact starch (32)., This
explains why the results from birefringence and enzyme susceptibility are
correlated but not exactly comparable (32, 33). In the analysis of fcods
and feeds, the birefringence method is difficult to apply because stacch
granules are difficult to count in heterogeneous and colored medis and
because starch cannot be easily separated from other components in the cooked
material (18). The enzymic method is therefore widely used in the analysisz
of foods and feeds and it also has an additional advantage of simulating

the in vivo digestibility of starch (18).

B. Enzymic Methods

Native starch granules are relatively resistant to enzyme attack, possibly
because the large enzyme molecule canrot act upon the highly associlated
starch dus to steric hinderence. This compact structﬁre is broken in the
process of gelatinization allowing the large molecular weight enzymes to
act upon the polymer molecules. In partially gelatinized starches amylolytic .
enzyres seleviively attack aﬁa depolymeriée the exposed and disassociated

“starch molecules.



The damage to some starch granules that occur during grain milling
also increases the susceptibility of starch to enzyme attack in the damaged
area. Starch damage is different from gelatinization because the crystallites
are normally unbroken in the former due to their very small size (18).
Increased enzyme susceptibility Is therefore mainly due to exposure of more
surface (18). So most of the méthods of measuring staréh gelatinization
based on enzyme susceptibility are also applicable with little modification
for determination of starch damage (4).

The methods of measuring gelatinization based on enzyme susceptibilivy
commonly employ one of the two amylases; B-amylase (33-36) and glucoamylase
(37-3%) or a mixture of amylases containing mainly o- and B-amylase such as
diastase (2, 32, 40). In all enzymic methods, except one case (2) mentioned
above, fragments resulting from digestion are assayed by measuring the
increzse in reducing power. Methods based on glucoamylase digestion are
inherently mcre accurate compared to ones baéed on a- and B-amylases for
four reasons:

1. Glucoamylase provides an absolute estimate of degree of
gelatinization since it can cleave both ¢-1,4 and a—;,ﬁ bonds in

starch giving almost gquantitative conversion of starch to glucose

(41). On the other hand, a- and E-amylases are not capable of

cleaving a-1,€ branch points in starch molecules, yielding a-1,6

linked oligosaccharides including limit dextrins in addition to

maltose (42, 43).

2, All enzymic methods of measurement of starch pelatinization
are based on measuring the number of sugar molecules released

during digestion. Glucoamylase converts gelatinized starch to
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a much larger number of molecules (D-glucose) than a- or B-amylase
(predominantly maltose and limit>dextr1ns). In this manner, the
degree of gelatinization is measured by larger differences between
larger numbers when glucoamylase is used.

3. The amount of reducing oligosaccharides released by
o -amylase and B-amylase is dependent on the molecular welight of
the amylopectin fraction of the gelatinized starch (42, 43). Whereas the
D-glucose released by glucoamylase is independent of molecular
weight. This is particularly important where starch is cooked
at low pH (44},

é.l The sensitivity and accuracy of the glucoamylase method can
be increased by taking advantage of a very precise specific and
sensitive method for measuring the D-glucose released using

glucose~oxidase enzyme,

D-GLUCOSE DETERMINATION USING GLUCOSE OXIDASE:

D-Glucose determination is performed most often on blood and other
biolbgical fluids; therefﬁre many of the methods for determining D-glucose
are designed to suit this purpose. For the sake of expediency such
analyses are being performed with procedures which are relatively non-
specific for D-glucose (45); the most popular ones are those based on either
ferricyanide (46) or cupric ion (47) reduction in alkaline medium. Such
oxidation reduction systems are not only capable of oxidizing D-glucose but
many other compounds containing an oxidizible group.

Recently a number of procedures have been developed to determine
D-glucose with phenols in strong acid solution; for example anthorone

reaction (48) and phenol sulfuric acid reagent (49). These procedures in
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addition to being nonspecific for D-glucose, have handling problems due
to the high acid concentration.employed.

The specific determination of b—glucose became possible with the
discovery by Muller (50) of D-glucose oxidase (Notatin) an enzyme specific
for D-glucose. He showed that glucose oxidase catalyzes the oxidation of
B-D-glucose by molecular oxygen to D-gluconic acid. Franke and Lorenz (51)
_discovered that hydrogen peroxide is simultaneously produced in this reaction,
The first practical application of glucose oxidase in the estimation of
D-glucose in urine was done by Keston (52) and Comer (53). This colorimetric
analysis, which employed simultaneous use of two enzymes, follows the sequence

of reactions shown below:

D-glucose ( FAD 3 H202 ; Chromogen
D-glucono) FADH, c 02 Oxidized
é-lactone Chromogen

The enzyme glucose oxidase specifically catalyzes the oxidation of
B;D-glucOpyranose to D-glucono-&-lactone, which undergoes hydrolysis to
gluconic acid. The enzyme glucose oxidase is a flavoprotein, containing
the flavine adenosine dinucleotide (FAD) moiety and its systematic name is
"g-D-glucose: 0, oxidoreductase" (E.C.1.1.3.4). Oxidation of D-glucose
1s simultaneously accompanied by reduction of FAD. The reduced FAD reacts
with atmospheric oxygen to generate hydrogen peroxide which,.in the presence
of percxidase, oxidizes the colorless reduced form of the chromogen
(orttio dianisidine or orth§ tolidine) to its colored, oxidized form. The
intensity of color so produced is directly proportional to the D-glucose

concentration originally present (54-56).
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The specificity of the enzyme for B-D-glucose was established by
Keilin and Hartree during their study of the action of the eanzyme on 50
sugars and their derivatives (57) and on all eight aldohexoses (58).
Glucose oxidase was found to oxidize 2-deoxy-D-glucose (59, 60); therefore
analysis of glucose cannot be done in presence of the latter. Several
investigators examined the different factors that influence the accuracy of
glucose determination using glucose oxidase such as temperature of incuba-
tion, pH of the reaction media, acidification of the digest (61, 62),
stability of color formed and optimum concentration of glucose oxidase and
peroxidase (63)., The use of concentrated sulfuric acid in glucose analysis
using glucose oxidase was proposed by Wasko and Rice (64) and McComb et al.
(60) to stabilize the color formed due to oxidation of the chromogen and to
increase the sensitivity of the glucose assay. Glucose assay, using glucose
oxidase, was inapplicable to glucose solutions containing o-1,4 linked
glucans and oligosaccharides because of contamination of all but the most
h;ghly purified cﬁmmercial glucose oxidase preparation with carbohydrases
(65). This problem has been overcome by development of buffer systems
containing Tris-(hydroxymethyl)aminomethane (65, 66). Which was found to
inhibit the activity of carbohydrases.

Teller (59) developed a preparation known as glucostat [a commercial
reagent containing glucose oxidase, peroxidase and chromogen (67)] for
analyzing glucose in serum and plasma. In replicate blood glucose analyses
using the glucostat method (59), Field and Williams (68) reported a
coefficient of variation of * 1.5%7 at 0.5 to 10 mg/ml glucose concentration.

Very recently Banks and Greenwood (69) made a detailed comparative

study of the popular buffer systems developed for analyzing glucose.using
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glucose oxidase enzyme. They also examined various factors that influence
the accuracy, precision and sensitivity of the glucose oxidase system and
reported a coefficient of variation of * 0.5%7 at 20 ug/ml glucose concentra-

tion.
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MATERIALS AND METHODS

MATERIALS :

Reagents:

9:1 Dimethyl Sulfoxide (DMSO)-Water (V/V) Solution:

1t was prepared by mixing one part of water with nine parts of absolute
DMSO (reagent grade) in a volumetric flask. Addition of DM50 was done while
the volumetric flask was immersed in cold water to absorb the heat generated
during mixing. The contents of the flask were allowed to equilibraté to
room temperature and the volume was adjusted with DMSO, Since DMSO is very

hygroscopic, the solution was prepared fresh daily.

Citrate Buffer:

Solution a: Citric acid (21.01 g} was dissolved in water (2 &) to
obtain a 0.05M solution,
Solution b: Sodium citrate (29.41 g) was dissolved in water (2 L) to
obtain a 0.05M solution. -
Citrate buffer (0,05M pH 4.8) was prepared by mixing one volume cf
0.05M aqueous citric acid (Solution a) with approximately 1.2 volumes of
ayueous sodium citrate (Solution b). The pH was adjusted to 4.8 (using a

pH-meter) by addition of solution (a) or (b) as required.

Tris/ HCl Buffer:

Buffer was prepared by dissolving Tris-(hydroxymethyl)-aminomethane
(6L g) in 5M aqueous hydrochloric acid (80 ml) and the solution was diluted
to 1 liter with water. The buffer was warmed to 37°C and its pil was adjusted

(pi-meter) to 7.0 by the addition of hydrochloric acid.
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Glucose Stock Solution:

A standard solution of D-glucose was prepared by dissolving the
anhydrous sugar (1 g) in water (100 ml) saturated with benzoic acid
(v2.4 g benzoic acid crystals dissolved in 100 ml water) in a volumetric
flask. This solution has indefinite shelf life (6%9). Glucose standards
(eg. 50 pg/ml) for analytical pﬁrposes were prepared by éppropriate
dilution of the stock solution with distilled water. At this dilution, the
benzoic acid present was found not to interfere in enzymic glucose assay (69).
Anhydrous glucose was prepared by vacuum drying of reagent grade anhydrous
nglucose over phosphorus pentoxide for at least 12 hours. Drying was

carried out in a drying pistol using ethanol vapors (about 78°C).

Starch:

Prime Wheat Starch:

Starch ﬁas isolated from soft red winter wheat by wet milling (70} and
purified according to the specifications of Fellers et al. (71). Wheat
kernels (v500 g) were soaked in approximately 1 liter water overnight at
5°C. The steep water was drained and the soaked kernels were ground with
fresh water in a Waring blender at high speed for three minutes. The ground
mass was filtered through a 100-mesh sieve (stainless steel wire screen) and
the liquid slurry that passes through the screen was collected. The residue
on the screen was blended again in a Waring blender at bigh speed for three
minutes,rand the ground mass was sieved as before. The filtered, liquid
slurry was combined, and the excess water present in ﬁhe slurry was removed
either by centrifuging or by allowing the solids to settle over a period of
one hour., The turbid supernatant liquid was carefully removed without

disturbing the settled mass. The settled mass was in the form of a slurry
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and it was centrifuged. Centrifuging was done:coﬁvéniently in plastic
centrifuge bottles whose upper portion had been cut off to enable scraping
the top layer of the sediment, The visible brown layer on the top of the
white starch sediment was carefully scraped off using a bent spatula.

Further separation of gluten from starch was done by following the
specifications of Fellers et al. (71)., They reported that an easy and
efficient separation of gluten from starch was obtained when z starch slurry
with solids to water ratio of 1:1.5, was centrifuged at low speed (1000 r.p.m.)
for a short time (5 min,). In our work, the approximate weight of the solids
was estimated by weighing the sediment after the first centrifugation and the
corresponding amount of water (or a little more as required to obtain a
manageable slurry) was added. The turbid supernatant solution was decanted.
The thin brown film deposited on the sedimented starch was washed off by
‘directing a jet of water gently on the surface. The sedimented starch was
reslurried and recentrifuged (3 or 4 times) as before.until no visible layer
of gluten was on top of the white sedimented mass of prime starch.

The purified wet starch was dispersed in enough water to obtain a 2%
starch suspension., The suspension was stirred to disperse the starch
granules vniformly. The suspension was freeze dried and the dried sample
stored under constant humidity. This starch had 4.5% moisture, 0.7% protein,

0,067 fat and 0.02% ash,

Gelatinized Wheat Starch

Prime starch was gelatinized by heating a 1 to 2% suspension of starch
in a pressure cooker at 120° for one hour. The gelatinized starch solution

was mixed slowly in four volumes of anhydrous methanol in a Waring blender
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at high speed. The precipitated starch was ceﬁtrifuged. The sediment was
reblended with more methanol and centrifuged. The blending and centrifuging
was repeated three or four times. After the last blending, the precipitate
was filtered and the residue was dried in a desiccator over phosphoros

pentoxide under vacuum and stored at constant humidity.

Starch Standards With Different Degrees of Gelatinization

Mixture of gelatinized and prime starch (with known degrees of gelatini-
zation) were obtained by mixing weighed quantities of pregelatinized and
prime starch (total starch weight 100 mg). Both prime and gelatinized

starches had the same moisture level.

Enzymes:

Glucoamyliase:

The glucoamylase used, unless otherwise stated, was a commercial
preparation (Takamine Diazyme, Miles Lab., Elkhart, Ind.) from Aspergiilus
niger. Seclutions of glucoamylase were prepared by mixing (v83 nmg) the
coﬁmercial powder (1.9% nitrogen, Kjeldahl) with (~50 ml) 0.05M citrate
buffer (pH 4.8). Insoluble material was eliminated by filtering through
glass fiber filter paper. The filter paper was washed a couple of times
with fresh (v50 ml) citrate buffer to extract the soluble protein remaihing
on the filter paper. The enzyme solution so prepared ﬁhen made up to a
volume of 100 ml contains approximately 2 I.U. of enzyme activity ml~1 of
the solution, The specific activity of the enzyme preperation was determined
by wmeasuring (72) the D-gluﬁose'released by the enzyme from a larpe excess
1

of soluble starch; (see Methods) and was found to be 12.0 umole min. -l(mg.h

protein)~1l, Protein was obtained from Kjeldahl nitrogen analysis using the
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factor 6.25. In experiments on the digestion of granular wheat starch,

glucoamylase from Rhizopus niveus (Miles Laboratories, Elkhart, Ind.)

was also used. This twice recrystallized, freeze dried enzyme was not

readily soluble in 0.05M citrate buffer, A solution of the freeze dried
enzyme was made by suspending it in cold buffer (5°C) followed by homogenizing
in Potter-Elvehjem homogenizer), The specific activity of the latter,
crystalline enzyme was given by the supplier as 20 umole min."l(mg protein)”l.

Glucostat Reagent:

Glucostat (Worthington Biochemical Corp., Freehold, N. J. see p. 12) is
surplied in two separate vials. The bigger vial contains a mixture of two
enzymes; glucose oxidase and peroxidase. The smaller vial contains the
chromogen (ortho-dianisidine). '"Glucostat X4" is a commercial brand of
glucostat which contains four times as much enzyme and chromogen as a
"Glucostat Regular". Glucostat reagent (Worthington Biochemical Corp.,

"chromogen

Freehold, N, J.) was prepared by mixing the contents of one vial of
for Glucostat X4" with 4.0 ml of a 20% ethanolic solution of the surfactant
Triton X-100 (Mann Research Laboratories, New York, N. Y.). The mixture was
dissolved in 400 ml of 0.5M Tris-HC1l buffer (pH 7.0) which contained the

contents of one vial of "glucostat X4".

METEODS :
Determination of D-Glucose:

D-Glucese was determined by either a modified Worthington procedure (72)
or by one of the two procedures described below, Method A was used in
determining the total starch content of samples, when digests contained
40-120 ug ml™L of D—glucose."Method B was used to determine D-glucose in

the glucoamylase digests of partially gelatinized samples, when the digests
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contained lower concentrations of D-glucose (6-18 ug ml'l) than those

assayed by Method A.

Method A. An aliquot (1.0 ml) of a solution ccntaininga
40-120 ug ml'l of D-glucose in absolute ethanol: 0.03 ¥ citrate
buffer: 907 DMSO (190:5:1, v/v) was incubated at 37 * 0,5°C with
Glucostat reagent (10.0 ml). After one hour the reaction was
terminated by the addition of 0.5 ml of 4M aqueous hydrochloric
acid with thorough mixing., The clear solution was 2llowed to
cool to room temperature and the absorbance was measured in 1 em
cells at 400.nm using 2 reagent blank an& a Beckman DU Spectrophoto-
meter, Analyses were done in duplicate, and each anmalytical run

included the analysis of a standard solution of D-glucose (50 ug ml_l).

Method 5. An aliquot (3.0 ml) of a solution containing

6-18 ug n1™d of D-glucose in absclute efhanol:D.OSM citrate buffer

(10:5, v/v) was incubated at 37° % 0,5°C with Glucostat reagent

(3.0 ml). After one hour the reaction was terminated by adding 0.15 ml

of 4M aqueous hydrochloric acid. The remainder of the procedura was.

identicsl to that used in Method A.
Determination of Specific Activity of Glucoamylase:

Specific activity of glucocamylase was determined as described by
Lineback et al. (72). Glucoamylase solutions containing 80-~160 ug protein
ml—1 {protein = 6,25 x Kjeldahl nitrogen) were prepared in 0,05M citrate

buffer, pH 4.8, (see p.l7 ). The substrate used was a 4% solution of

2The presence of 5.6% dimethyl sulfoxide in the solution of D-glucose
being assayed had no effect on the color produced during incubation with
Glucostat. reagent,
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soluble (lintner) starch in 0.05M citrate buffer, pH 4.8, Frequently
starch particles aggregate if they are not dispersed uniformly in the
buffer prior to dissolution, This problem was overcome by first wetting
the starch with small amounts of buffer, followed by mixing as additional
buffer was added., The starch suspension was heated with constant stirring,
using a magnetic stirring bar, ﬁntil a Elear,solution was obtained (around
95°C). |

Enzyme activity was assayed by incubating aliquots (1 ml) of the enzyme
solution with starch solution (3 ml) at 30°C for 5, 10, 15, 30 and 60 minutes.
quyme hydrolysis_was stopped after these intgrvals by the addition of 5.0 ml
of absolute ethanol. The precipitated starch and protein were removed by
centrifugation. The supernatant solution was analyzed using Method A (see
p.19). One unit (IU) of glucoamylase activity was defined as the amount of
enzyme required to liberate 1 ymole of glucose per minute at 30°C after 60
min. incubation period under the reaction conditions defined above (72).
Specific activity was expressed as units per mg protein, determired on the

basis of Kjeldahl nitrogen.

Proximate Analysis of Starch:
Moisture:

Moisture was determined according to AOAC Method 14,004 (72a) The
method involves heating a known amount of sample (1 g) at constant temper-
ature (130°C) for one hour.

Frotein:
Protein was calculated as Kjeldahl Nitrogen, determined by AOAC method

2.049-2,051 (72a) multiplied by 5.7.
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Fat:

Fat was determined by a procedure followed by Libby (73) which involved
fat extraction by an equivolume mixture of butanol:methanol:benzene (l:1:1)
in a Soxhlet extractor. Starch (50 g) of known moisture content was
weighed into a thimble, and the thimble was placed inside a Soxhlet extractor.
The volume of the solvent mixture used for extraction was adjusted so that
all three solvents were evaporated in ﬁhe process of extraction (volume
slightly in excessrof the siphoning volume of the extractor). After about
16 hours of extraction, the extract was evaporated to dryness., The dried
material was re-extracted with chloroform by rinsing the flask several times
with chloroform followed by filtration through Whatman No. 4 paper. The
filtrates were collected in a flask of known weight and evaporated to dryness,
This material was oven dried at 120°C, for one hour and weighed. The weight
gain represents the lipid content present in the original sample (50 g).

Fat determination was not considered important in isolated starch,
sipce the fat content was too low (around 0.1%) to significantly affect the
aceuracy of our method for determining gelatinization.

Ash:

Ash content was determined by AOAC method 14.006 (72a).
Starch:

From these values, the theoretical starch content in a sample was
calculated as follows:

Theoretical Starch

= 100 - % 5 % O

+
Content % Mnistu?e Protein Fat Ash
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Determination of Total Starch:

Wheat starch (75-100 mg) sample was welghed accurately intc a 100 ml
volumetric flask containing a magnetie stirring bar of known volume., The
flask was placed in a water bath (55°C) on a magnetic stirring plate with
heater and 907 DMSO {(preheated to 55°C) was added to volume with stirring.
After stirring 5 min. at 55°C, the flask was placed in a water bath at
37° £ 0.5°C, and the contents allowed Eo equilibrate to temperature (%10 min.).
The volume of the starch solufion was readjusted by adding 907% DMSO at 37°C.
After the mixture was thoroughly stirred, an aliquot (1.0 ml) was pipetted
quickly into a test tube (18 x 120 mm) containing glucoamylase (10 IU) in
5.0 ml of 0.05M citrate buffer (pH 4.8)., The tube was incubated at 37° for
30 min, Ethanol (10.0 ml) was then added, and the tube was cooled briefly
in an ice-water bath and centrifuged., The supernatant was warmed to 37° and

a 1,0 ml aliquot was assayed for D-glucose using Method A.

Percent Total Starch (T) = (Glucosereleased)(0.90) x 100
(Sample weight)

Determination of Digestible Starch:

Predetermined amounts of gelatinized wheat starch and/or prime starch
were weighed (together) into 125 ml erlenmeyer flasks; each standard sample
contained a total of 100 mg of starch with 0, 5, 10, 25, 50, 75, or 100%
of the total as gelatinized starch, Five-hundred milligrams of silica gel
(Crade, plain; Warner-Chilcot Laboratories, Richmond, California) was added
and mixed well with the starch to facilitate wetting of the polysaccharide
with buffer. A solution of gluccamylase (500 IU) in 50 ml of 0.05 M citrate

buffer (pH 4.8) at 37° was added with mixing. After incubation at 37° for
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30_min. an aliquot (5.0 ml) was removed from the reaction mixture and added
to absolute ethanol (10.0 ml) in a test tube (18 x 120 mm). The tube was
chilled in ice-water to facilitate precipitation of protein and undigested
starch, Following centrifugation the supernatant was warmed to 37° and
assayed for D-glucose using Method B. 1f the supernatant contained too
high a concentration of sugar, it was diluted with absolute ethanol:citrate

buffer (2:1, v/v).

(Glucose released) 0.90
(X) = Sample Weipght

Percent Starch Digested

x 100
by Glucoamylase T

Susceptibility of Granular Starch to Glucoamylase:

Digestion:

Prime wheat starch (100 mg) was exposed to 500 IU of A. niger
glucoamylase (Takamine Diazyme) or R. niveus glucoamylase dissolved in (.05M
citrate buffer (50 ml, pH 4.8) at 37°C. Toluene (0.5ml) was added to prevent
microbial contamination, and each reaction mixture was stirred gently with a
magnetic stirring bar., Aliquots (5.0 ml) were removed periodically and added
to 10.0 ml of absolute ethancl. Aliquots were removed after 0.5 (to get
variable B) 1, 8, 16, 32 and 64 hrs. of incubation, After centrifugation
the supernatant was assayed for D-glucose using Method B {see page 19). A
.total starch defermination (T1) of the prime starch is necessary for calculating
the percent digestibility of granular starch if prime starch has a diffefent

proximate analysis than the starch sample used for measuring percent gelatin-

ization.
{Glucose released after 0,5 hr.
Percent incubation period) 0.9
Granular Starch (B) = Sample weight x 100

Digested by Glucoamylase -
. 1
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Scanning Electron Microscopic Observation of Digested, Intact Starch:

The sediment in the centrifuge tube from the digestion described zbove
was washed three times with water, three times with ethanol, and dried in a
desiccator over calcium chloride under vacuum,. The sedimented starch samples
were mounted on stubs using double-backed Scotch tape, and were coated in
vacuum with approximately 2 p.m; of gold. The coated specimens were viewed
in a ETEC auto-scanning electron microscope operating at 1l0-kv accelerating
potential, Photographs were recorded on Polaroid film (Type 55 P/N, Polaroid

Corp., Cambridge, Massachusetts),
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RESULTS AND DISCUSSION

The percentage gelatinization of starch in a food or feed may be

calculated by the equation: (see Appendix)

= .l_o.g(x"B)

T = S60-8 (1)

where Y is the percent gelatinization, X is the percent of starch removed
from a sample by glucoamylase digestion for 30 minutes, B is the percent
digestion of the sample's intact granular starch by glucoamylase in 30
minutes and 100 represents the total starch content in the sample, Since the
digestion of starch by glucoamylase is tc be measured by the amount of
D-glucose released into the digest medium, it follows from equation (I)

that the accuracy of a glucoamylase-glucose oxidaée procedure for determining
gelatinization depends on the following factors: (a) the accuracy of the
assay procedure for D-glucose; (b) the reliability of the method used to
deiermine total starch; and (c) the percent digestion of intact granular
starch in a sample, Each of these factors has been examined individually

in the following discussion.

GLUCOSE ANALYSIS:

The important factors that affect the accuracy of glucose-oxidase
gystems as pointed out by Banks and Greenwood (69) are: choice of buifer
solution; temperature of incubation; pH of the system; period of incubation;
and amount of acid added to stﬁp the reaction, Each variable in the analysis
of D~glucose in starch hydrolyzate waé stﬁdied aﬁd will be discussed individ-

ually.
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Choice of Buffer Solution:

A buffer system in which glucose oxidase enzyme gives maximum specificity,
highest sensitivity and rapid completion of glucose oxidation was desired.
The buffer systems commonly employed for glucose oxidase are:

(1) Tris-HC1

(2) Tris-HCl-glycerol

(3) Tris-phosphate-glycerol
{4) Thosphate

(5) Phosphate-glycerol

Banks and Greenwood (69) found Tris-HCl buffer to optimally satisfy
the three conditions mentioned abeve and was suitable for our purpose.
Phosphate buffer, even though it enabled maximum rate of glucose oxidation,
lacked specificity. Glycerol systems lowered the sensitivity of the assay

considerably (69).

Temperature of Incubation:

The temperature of incubation was increased to 37°C, since maximum
reactivity and rapid completion of reaction was attained at this temperature
(61). Variation in temperature during incubation should be minimized |
(x 0,2°C) in order to get reproducible results, especially since pH of the

Tris buffer is highly temperature dependent (69).

Hydrogen ion Concentration (pH):

The activity of glucose oxidase is very sensitive to changes in pH (56).
Since the pH of tris buffer is temperature dependent and addition of
Glucostat reagent and starch hydrolyzate lowers the pH of the Ttis buffer
system,{as seen in Table I) it is necessary that the pH of the Tris buffer

be adjusted to 7.0 at 37°C.
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EFFECT OF TEMPERATURE ON pH
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TRIS BUFFER
TEMPERATURE TRIS BUFFER : - > COMPLETE
GLUCOSTAT REAGENT ASSAY MIXTURE

25° 7.34 7.28 7.27
27° 7.28 7.22 7.20
29¢ 7.22 7.15 7.13
31° 7.16 7.11 7.07
33° 7.11 7.07 7.04
34° 7.08 7.04 7.02
35° 7.05 7.02 7.00
36° 7.03 7.00 6.97
37° 7.00 6.97 6.94
ig* 6.98 6.93 6.90
39° 6.95 6.90 6.88
40° 6.90 = =
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Incubation Period:

'this is determined by the temperature of incubation and the buffer
system used (69). For Tris-HCl buffer system at 37°C, (the‘incubation
temperature employed in our work) the reaction was nearly completed after
one hour. The reaction could be stopped earlier (15 or 30 min.) if timing
of incubation, pH and temperature could be accurately coﬁtrolled; however
minor variations in any one of the above factofs will introduce significant
variations in the results. The effect of minor variations in temperature,
pH and timiog of incubation period are made negligible by prolonging the
incubation period to 60 min, Therefore, by sacrificing the rapidity of the
assay to a small extent, a substantial improvement in the precision of the

analysis was obtained (see Table II, page 29).

Amount 0f Acid Added ro Stop the Reaction:

The acidification of the dipest serves three purposes: a) it stops the
enzyme reaction, b) it clarifies the solution, and c) it yields a color
stable for more than 24 hours (69). The procedure of Worthinscon Biochemical
Corp. (67) recommends the addition of two drops of 4M HCl for this purpose.

It could be observed from the data in Table II1 that in the region of
three to five drops, a slight varilaticn in the volume of acid added can
introduce significant variations in absorbance. So 12 drops of acid was
chosen as the amount to be used in this study, since little effect on the
sbsorbance was observed between 9 to 14 drops. Twelve drops was equivalent
to 0.5 ml, since the average size of the drop delivered was 0.042 ml, Hence
we chose to add 0.5 ml of acid per 10 ml (Method A) and 0.15 ml per 3 ml of

glucostat reagent (Method B).
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TABLE 11

PRECISION OF TWO ASSAY PROCEDURES

FOR D-GLUCOSE USING GLUCOSE OXIDASE/PEROXIDASE

Absorbance?
Worthington Procedure Hodified Procedure®
with Tris BufferP
glucose ugd
50 75 100 150 40 80 120 160
0.197 0.309 0.428 0.650 0.178 0.360 0.542 0.717
0.200 0.310 0,430 0.640 0.178 0.359 0.542 0,720
0.197 0.320 0.440 0.640 0.178 0.358 0.543 0.72C
0.199 0.308 0.430 0.635 0.177 0.360 0.343 0.71%
Mean Absorbtivity® Mean Absorbtivity
4,13 4,488
Standard Deviationf Standard Deviation
0.15 ' 0.028
Coefficient of ] Coefficient of
Variation Variation
3.6% 7 0.62%

2Measured at 400 nm in a2 10 mm cell.
bsee reference 72.

c
This work: Method A.

dp-Glucose in 1.0 ml of ethanol:citrate buffer : 90% DMSO (10:5:1: v/v)
added to Glucostat reagent (10.0 ml).

®Mean of sixteen individual absorbtivityv values, where absorbtivity
equals absorbance divided by the product of cell-path length (cm) and
concentration (mg ml—4),

fStandard deviation of mean absorbtivity.
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TABLE I1I

EFFECT OF ACIDIFICATION (4N HC1)

No. of Absorbance No. of Absorbance
Drops 13 23 : Drops 12 23
0 .287b .285P 12 .168 .166
1 .282P .281° 13 169 166
2 278 L277b 14 .169 .166
3 .277b 2780 15 .167 .164
4 150 .149 16 .166 164
5 172 .169 18 .165 .162
6 171 .169 20 164 .158
7 174 A7 22 .164 .161
8 174 172 25 .160 .151
9 171 169 30 .156 .153
10 .170 .168 ' 40 .150 147
11 .169 167 _ 60 .135 .130

8Absorbance values for two 1 Drop = 0,042 ml

different samples (1 and 2).
12 Drop = 0.504 ml
bsolution was turbid.
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Some minor factors which, if neglected,will introduce significant
errors in the results are:

1, Storing freshly prepared Glucostat reagent at 5°C for at least 12
hours before use (65) improved the reproducibility of our results.

2. Since Tris-UCl buffer has a very low buffering capacity at pH 7.0,
analysis of glucose in solutions which were acidic or basic was not possible.
Therefore, a neutralization step to adjust the pH between five to nine was
found necessary in order to use Tris-HCl buffer with the glucose oxidase
system. A solution of D-glucose in 0,1M sodium sulfate (obtained by acid
hydrolysis of starch with sulfuric acid and subsequent neutralization of
e#cess acid with Sodium hydroxide) gave the same absorbance as a solution of
the same concentration of glucose in water.

3. The glucoamylase used in starch hydrolysis was completely precipitated
by addition of ethanol and the precipitate was removed by centrifugation.

The presence of the enzyme in a starch hydrolyzate due to incomplete
precipitation and/or inadequate centrifugation was found to'interfere in the
glucose assay using glucose oxidase.

4, Dehydration of the reagent-grade, anhydrous glucose available com-
mercially was found inadequate. At least 12 hours of vacuum drying at
60-70°C was found necessary. The dried sample should be weighed soon after
cooling as it tends to reabsorb moisture on exposure to the atmosphere.

5. Glucose stock solution could be easily preserved indefinitely by
preparing the stock solution in water saturated with benzoic acid (69).
Benzoilc acid was found not to interfere with the glucose oxidase system; 1its
concentration will be quite low in dilute@ standard solutions.

6. Freshly prepared stock sclutions from dry D-glucose should be kept
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at room temperature for at least 12 hours to mutarotate and establish
an equilibrium,

7. A solution of the same composition (66.6% ethanol,.lz DMS0, 0.15M
citrate buffer) as the starch hydrolyzate should be used as a blank and to
prepare glucose standards, since glucose solutions in ethanol and citrate
buffer were found to give higher absorbances than the saﬁe concentration of
glucose in water. The effect of 1% DMSO on absorbance however was negligible.

In the early stages of our investigation we assayed for D-glucose using
the Worthington procedure (67) except that Tris~HC1 buffer was substituted
(65, 72) for phosphate buffer (pH 7.0). This procedure gave tooc great a
variability for our purpose. However, we were able to greatly improve the
precision of the D-glucose assay by incorporating four changes as suggested
by Banks and Greenwood (69). These changes were: (a) Tris-HCl buffer
(pH 7.0) was prepared at 37°C; (b) the glucose oxidaée-peroxidaée catalyzed
reaction was allowed to proceed to completioﬁ (incubation for 1 hr. at 37°C);
(¢) 1increased amounts of mineral acid (0.5 ml) were used to terminate the
reaction; and (d) freshly prepared Glucostat reagent was aged 12-24 hours
before use. Data in Table II are typical of results obtained using the
Worthington procedure andMethod A (see Methods) of this study. When the
individual absorbance values in Table IT are converted to a common basis,
the coefficient of variation of the sixteen absorbtivity values obtained
using the Worthington procedure is approximately six times greater than the
coefficient of variation obtained using Method A.

To further demonstrate the improved reliability and sensitivity of our
modified glucose assay procedure (Method A), a standard solution of D-glucose

was analyzed over a 5-day period using a single supply of Glucostat reagent.
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The data in Table IV indicate that only one determination of a D-glucose
standard is required to calibrate a new supply of Glucostat reagent, if the
reagent is ztored at 5°C in the dark andused within five days. Furthermore,
the reproducibility of Method A was * 0.3% at a concentration of 120 ug m1~1
(Table 1V); Banks and Greenwood {69)reported a reproducibility of * 0.57
‘at 20 pg m17t, |
A more sensitive methed for determing D-glucose than Method A wae also
employed in this investigation, By adjusting reaction volumes (changing the
ratio between starch hydrolyzate and Glucostat reagent from 1:10 to 1:1) we
found_Glucostat reagent could be used to assay solutions containing 6-18 ug
ml~} of D-glucose (method B), Ten separate analyses of a standard D-glucose
solution (10 ng ml~l) were performed over a 7-day period. Method B was
found (Table V) to give good reproducibility; the coefficient of variation
for 10 ug of D-glucose was found to be 0.3%.
These results show that the glucose oxidase-peroxidase assay procedure
provides a very accurate and sensitive measure of D-glucose, That is essential
to.the success of using glucoamylase to measure gelatinization for small

amounts of material.

TOTAL STARCH DETERMINATION:

In order to measure pefcent gelatinization in any sample, one must first
Lkaow the total starch content (gelatinized and non-gelatinized) of the sample.
Since starch is a glucose polymer, it on hydrolysis should yield glucose.
Therefore by measuring the amount of glucose released by hydrolysis of starch
one should be able to estimate‘the total starch content in a sample,

But actually, étarch estimation is not so simple as explained above

because of the following two reasons; (a) a method is required which yields
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TABLE IV

REPRODUCIBILITY OF A MODIFIED PROCEDURE (METHOD A) FOR ASSAY OF D-GLUCOSE?

Average of Duplicate Determination

Trial 1 2 3 4 5 6 7 8 9 10

Absorbance .542 545 541 .542 543 542 540 .542 543 544

Mean, 0.542; standard deviation, 0.0014; coefficient of variation, 0.26%

8The amount of D-Glucose was 120 ug in 1.0 ml of ethanol:citrate:buffer:
90% dimethyl sulfoxide (10:5:1; v/v). Analyses were performed over a period
of five days using Method A (see Materials and Methods) and ‘a single prepara-
tion of Glucostat reagent {stored at 5°C).
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TABLE V

REPRODUCIBILITY OF A SENSITIVE ASSAY PROCEDURE (METHOD B) FOR D-GLUCOSE?

Average of Duplicate Determinations

Trial | 2 3 4 5 6 7 8 9 10

Absorbance .296 .295 .295 .294 ,297 .294 .296 ,295 .293 ,298°

8The amount of D~Glucose was 10 ug in 1.0 ml of ethanol-citrate buffer
{2:1; v/v). Analyses were performed over a pecricd of seven days using Method
B (see Materials and Methods) and a single preparation of Glucostat reagent
(stored at 5°C) :

bMean, G.295; Standard deviation, 0.0015; coefficient of variation, 0.5Z.
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100% conversion of starch to glucose, and (b) an accurate, specific and
precise technique is needed to measure the amount of glucose released. The
latter requirement has been fulfilled by our modified enzymatic method
(Method A, page 19) based on oxidation of glucose using glucose oxidase,

Theoretically the first requirement can also be met by using glucoamylase,
an enzyme capable of converting starch completely to glucose. Actually the
quantitative conversion of starch to glucose by glucoamylase was found to
depend on several factors such as the source of the enzyme, and the botanical
source of the starch substrate (41), and the method of dissolving the starch
prior to enzymic digestion. Marschall (74) reported that purified glucoamylase
doesn't give quantitative conversion of starch to glucose without the presence
of endo acting enzyme such as a-amylase.

To determine total starch we used the method described by Libby (73)
(see Method G ). We chose this procedure principally because aqueous DMSO
can be used to détermine starch in cerealgrain (75). In Libby's procedure
starch is dissolved in 90% DMSO, and the solution is diluted with buffer
(pﬁ 4.8) so that the concentration of dimethyl sulfoxide in the glucoamylase
digest is 15% by volume. Lineback and Sayeed (76) had previously shown the
rate of starch digestion by glucoamylase is unaffected by the addition of up
to 18% by volume of dimethyl sulfoxide. The D-glucose released during diges-
tion is subsequently assayed using Glucostat reagent (Method A). In the
initial stages of our work, a 93% conversion of starch to glucose was obtained
with A. niger glucoamylase using prime wheat starch as a substrate. This
incomplete hydrolysis must be attributed to one or more of the components in-
volved in the hydrolysis; starch, enzyme.or solvent (DMSO). These components
and their possible relation to the incomplete hydrolysis will be discussed

individualiy,
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Starch:

Abnormal linkages between glucose units 1if present in starch molecule
may act as an obstacle for emzyme actionm,

Molecular aggregates may form during the process of drying starch which
may be inaccessible to attack by enzyme. This error is eliminated by
changing the drying procedure. Instead of drying the starch by repeated
methanol extraction after gluten separation, a dilﬁte suspension of starch
(2 to 37 solids) was freeze dried. Under these conditions the starch is
dispersed in the form of very fine particles, which when subjected to freeze
drying may remain as discrete particles without aggregation.

The possible presence of hemicelluloses or other non-starch components
was checked by analyzing the starch hydrolyzate obtained by acid hydrolysis
.for the presénce of pentoses. A paper chromategram, spotted heavy enough
to detect the presence of less than 17 of D-xylose, failed to show any
indication of the presence of pentoses,

Incomplete solubility of starch in 907 DMSO may be responsible for
incoﬁplete hydrolysis. Libby (73) reported that maximum solubility of
~starches in 907 DMSO, under the conditions used for starch disselution
(i.e. 55°C for 20 min.), is 0.1%Z by weight. Therefore less than 100 mg of
starch was dissolved in 100 ml of 90% DMSO and the mixture was constanfly

stirred throughout the dissolution time (2 min.) at 55°C.

Enzyme;

Transglucosylase activity present in the commercial glucoamylase may
be responsible for incomplete conversion to glucose, Transglucosylase
activity was assayed by paper chromatography of starch hydrolyzates to

detect the presence of dligosaccharidés. A very faint spot with the mobility
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of oligosaccharides appeared on the chromatogr;m, and was estimated to
represent less than one percent of hydrolyzed material by quantitative
spotting of increasing concentrations of hydrolyzate. This possiblity was
further checked by hydrolyzing a wheat starch sample with a commercially

purified (twice recrystallized} glucoamylase enzyme (Rhizopus niveus)

reported to be free from transglucosylase activity (74, 77). It was re-
ported by Marshall (74) that a highly ﬁurified glucoamylase needs an endo
enzyme to give quantitative conversion of starch to glucose. Therefore, this
purified glucoamylase (Rhizopus niveus)was mixed with small amounts of com-
mercially purified pancreatic a-amylase (78) free of transglucosylase
activity, in order to assist the quantitative conversion of starch to glucose,

No increase in percent conversion of starch to glucose was observed,

Time of Hydrolysis:

Ingufficient time of hydrolysis can cause incomplete conversion, Ap-
proximately one percent increase in percent hydrolysis was obtained when
starch was hydrolyzed for a longer periocd of time (18 hours) which agrees
with the observation of Pazur and Ando (79).

Therefore the factors due t; starch, enzyme, or length of incubation
period discussed above may not be responsible for the incomplete digestion

{93%) of wheat starch.

Solivent (DMSO):

The effect of solvent did account for the incomplete hydrolysis observed
in our study. Incomplete hydrolysis, a source of error in determining T
(Total starch) in equation I was found to be associated with the dissolution

of starch in 90% DMSO at 55°C. For unknown reasons, prolonged heating of
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starch in this solvent decreases its digestibility by glucoamylase., Libby (73)
alluded to this phenomenon but did not present data on its magnitude. On the
other hand, Leach and Schoch (20) reported solutions of starch in 207 DMSO
wvere stable over a period of months, The curve in Fig, 1 shows the digesti-
bility of starch by glucoamylase (10 IU per mg of starch) de;reased linearly
(about 5%) as the period of dissolving starch in 90%Z DMSO at 55°C was increased
from 5 min., to 30 min.

The amount of glucoamylase we used to determine total starch was deter-
mined by the amount needed to quantitatively digest the starch in a sample
in 30 min. We found 10 IU or 15 IU of glucoamylase gave almost a quantitative
(98.0%) vield of D-glucose from 1 mg of starch in 30 min. at 37°C. Increasing
the incubation peridd to 18 hr, increased the conversion to 98.5% D-glucose.
The slightly lower than quantitative hydrolysis of starch to D-glucose, is
not a serious problem since total starch (T) appears in the denominator of
equation I. The theoretical starch content as determined by proximate
analysis (see Methods) serves as a check on the value obtained by total

starch determination.

SUSCEPTIBILLITY OF INTACT STARCH TO GLUCOAMYLASE:

The accuracy of our method to determine the extent of gelatinization is
affected by the degree of selectivity of glucoamylase for gelatinized starch
compared to prime starch, The literature contains conflicting reports concern-
ing the action of glucoamylase on intact granules. Macrae and Armstrong (80)
claimed a commercial glucoamylase from A. niger (Agidex, Glaxo Laboratories,
Greenford, Middlesex, England) did not attack raw starch, and Manners (81)

stated gluccanvlase has only'iimited action on starch granules. On the other
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hand, Evers (82) presented scanning electron microscopic evidence of attack
by Agidex. However, it is possible the attack observed by Evers is due to
the presence of a-amylase in commercial preparations of gluéoamylase from A,
niger (74, 77). It has been well established that u-amylase attacks granular
starch (83).

A group of Japanese workers (37) reported a commercial glucoamylase
from an Endomyces species gave 6,1% and 1.5% digestion of native cornm starch
and potato starch, respectively, when 25 mg of starch was treated with 6 IU
of enzyme for 1 hr. at 37°., Again other workers (83) had previously shown
this commercial enzyme preparation contained an'a—amylase which was very
difficult to separate from glucoamylase, Leach and Schoch (84) also
used an impure glucoamylase to partially digest granular corn starch.

We therefore decided to examine the digestibility of intact wheat starch
not only with Takamine Diazyme, which we used to deterﬁine gelatinization,
but also with R. niveus glucoamylase, a crysfalline enzyme wWhich contains
no o-amylase (74, 77, 85).

We found? both glucoamylases extensively digested wheat starch (Table VI).
Therefore, pure glucoamylase can indeed attack native star;h. The data in
Table VI show the initial attack (< 2 hr.) by either enzyme is approximately
the same, but at longer digestion times, attack by Takamine Diazyme_is more
figorous than attack by R. niveus glucoamylase. After 64 hr,, Takamine
Diazyme affected 84% conversion of starch to D-glucose, whereas R. niveus

glucoamylase gave only 327 conversiom.

8pvers (82) treated 5 g wheat starch.with 3000 "Glaxo units" of Agidex
for 5 days at 50°C. Assuming a doubling of the rate of reaction for every
10° increase, one can estimate Evers used approximately 0.09 International
Units/mg of starch, In this work we used 5 IU/mg of starch at 37°C.



42

TABLE VI

CONVERSION (%) OF WHEAT STARCH? TO D-GLUCOSE BY GLUCOAMYLASE

Incubation period, hours

Glucoamylase ) :
Source 0.5 1 2 4 8 16 32 64

AsEerEillus
niger 2.6 4,2 7.4 13.2 22.0 38,5 53.2_ 83.9

Rhizopus
niveus 3.5 4.7 7.1 9.5 11.0 17.8 26.3 31.9

8Starch (100 mg) with glucoamylase (500 IU) in 50 ml of 0.05M citrate
buffer (pH 4.8) at 37°C. '

bCommercial preparation--Takamine Diazyme
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Examination of the partially-digested, large, wheat starch granules by
scanning electron microscopy revealed different morphological modes of
attack by the two enzymes (Fig. 2). During the first 30 miﬁ. of digestion,
both enzymes exposed the equatorial groove on ﬁany starch granules: (Fig.
2,Band E) ;the equatorial groove was not seen in the control starch {(Fig. 2,A).
At longer digestion times, R. niveus glucoaﬁylase attackéd principally on
the surface of thevlarge granules, giving their exterior a spongy appearance,
which was occasionally pierced by a sharply defined, cylindrical hole of
small diameter (Fig. 2, C and D).

On the other hand, digestion by Takamine Diazyme appeared to be less
confined to the surface of the granules than digestion by R. niveus
glucoamylase. Attack by the former enzyme was characterized by deeper and
wider ﬁenetration into a granule's interior, which created scoop-shaped
depressions cn its surface (Fig. 2, F and G). In addition, tunnéls, beginning
chiefly at the equatorial groove and growing‘wider as they penetrated deeper
into a granule, were often observed. These tunnels were not seen in granules
exposed to R. niveus glucoamylase. The tumneling and higher degree of
digestion by Takamine Diazyme could be due to the presence of a-amylase in
this commercial enzyme. Other investigators (86, 87) previously demonstrated
tunneling and extensive internal digestion of large wheat starch granules by
' a-amylase.

It is apparent then that in determining extent of gelatinization using
glucoamylase, a correction is needed because of digestion of granular starch
by the glucoamylase. This factor can be determined only after the glucoamylase

concentration for digestion of partially-gelatinized starch is chosen.



THIS BOOK
CONTAINS SEVERAL
DOCUMENTS THAT
ARE OF POOR
QUALITY DUE TO
BEING A
PHOTOCOPY OF A
PHOTO.

THIS IS AS RECEIVED
FROM CUSTOMER.



Fig. 2.

Attack of glucoamylases on wheat starch (see also

Table IV): A. control: B through D, Rhizopus niveus;

and E through G, Takamine Diazyme. Digestion periods:

B and E, 0.5 hr.; C and F, 8 hr., and D and G, 32 hr,
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The amount of glucoamylase used to digestJpartially-gelatinized starch
samples (toc obtain the value of X in equation 1) was determined empirically.
We wished to convert a 100 mg sample of starch in an aqueous medium cowmpletely
to D-glucose in 30 min., eveam when the sample contained lQO% gelatinized
starch., We found approximately 500 IU of Takamine Diazyme was needed to
accomplish this conversion under our experimental conditiouns,

To find factor B in equation I, needed to correct for attack of
glucoamylase on granular (ungelatinized) starch, we digested various amounts
(25-100 mg) of prime wheat starch with 500 IU glucoamylase for 0,3 hr. at
37°C and measured the amount of D-glucose released (Table VII). The data ir
Table VIT shows alinear correlation between the D-glucose released during
digestion and the amount of granular starch. The linear correlation is
important in using equation I to determine the percentage gelatinizatioh in
an unknown sample, since it can be shown that a correction for the digestion
of intact starch can be applied without priqr knowledge of the sample's degree
of gelatinization,

To determine the accuracy of our proposed glucoamylase method of
determining the degree of gelatipization, we prepared a series of starch
standards containing varying amounts of (0-100%) gelatinized starch (Table
VII1). Total starch determination, using dissolution in 907 DMSO, on three
of the samples gave an average of 98.0%7 theoretical conversion to D-glucose;
thus T in equation I was 98.0%. To determine the value of X, each standard
mixture was digested in 0,05M citrate buffer (pH 4.8) at 37° for 0.5 hr.
using 500 IU of Takamine Diazyme. A linear correction was then applied to
the experimentally determined digestibility (X) by using equation I (Appendix)
to eliminate the error incurred by the partial digestion of intact

granular starch. The corrected digestibility represents the experimentally



TABLE VII

HYDROLYSIS OF GRANULAR STARCH DURING 0.5 HOUR DIGESTIONZ

Sample weight Glucose released % hydrolysis
ng ng of starch
100 ' 2.63 ' 2.52
100 2:10 2.50
100 2,73 2.62
100 2,78 | ) 2.66
100 - 2,67 , 2,36
75 2,04 T 2,61
50 1,37 ‘ 2.62
25 0.69 2.64

8Wheat starch (25-100 mg) treated with Takamine Diazyme (500 IU) in
50 wl of 0,05M citrate buffer at pH 4.8 at 37°C.
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TABLE VIII

COMPARISON OF KNOWN AND EXPERIMENTALLY DETERMINED DEGREES

QF GELATINIATION

Standard Sauple? Z 2
“ Digestibilityb Gelatinization®
Gelatinization (%) _ (Y)
0 2,65 | 0
5 ' 6.84 4.3
10 11.5 9.1
25 26.8 24,8
50 _ £3.9 _ _ 48.5
75 75:3 . 74.6
100 98.4 ’ 98.4

2starch standards with different degree of gelatinization prepared by
mixing prime starch and pre-gelatinized starch (see p. 17).

bExperimentally determined digestibility of a standard sample (sample
weight 100 mg) in 50 ml of 0.05M citrate buffer for 30 min. at 37° with
Takamine Diagyme (500 1IU), Percentages based on total starch content (see
page 22}.

-B
Cvalues of Y = ;%Qﬁéi ) (see Appendix) where B = 2,67, the
digestibility of granugar starch (0% gelatinization) in 0.5 hours digestion
tiwe,
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determined degree of gelatinization (Y)., The Iatter values were found tc be
in excellent agreement with the theoretical values (Table VIII). The largest
error observed was at the 5.0% gelatinization level, where our analytical
procedure gave 4,3% gelatinization.

This method can probably be used to determine the degree of gelatinization
of starch in foods and feeds by incorporating simple procedures listed below:

(1) The sample should be dried at room temperature to eliminate excess
‘molsture, Freeze drying shall be done whenever possible.

(2) Glucose and oligdsaccharides made up of D-glucose units, if present,
shoul_d be removed prior to analysis (by extraction with 80% ethanoi) .

(3) Excess fat should be removed from fatty foods by extraction with a
solvent such as petroleum ether.

All the above mentioned procedures should be carried out at room tempera-
‘ture as far as possible or at temperatures much below the gelatinization

temperature of the particular starch sample.
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APPENDIX

100

Where Y = Percent gelatinization of starch in a sample,

X = Percent of starch converted to glucose from a

100->

"~ 100

X-X

100X - 100Y
100X - B100

100 (X-B)

sample by glucoamylase digestion, See page 22,
Percent granular starch digested by glucoamylase
in 0.5 hour digestion period.

represents the total starch content since all
the variables Y, X and B are calculated based

on total starch content.

Percent digestion contributed by the portion of
intact granular starch present in the sample.
{The variable Ty - paée 23 is not required here
because the intact starch is a part of the given

sample having the same proximate analysis.)

B 100 - BY

100
B100 - BY
100Y - BY

Y (100-B)

100 (x-B)

100-B
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SUMMARY AND CONCLUSIONS

The steps involved in the determination of the degree of gelatinization
of starch by the enzymic procedure developed in this investigation are as
follows:

(1) A proximate analysis of the starch sample is obtained and an
"expected" starch content is calculated. This step is optional and can be
skipped in routine analysis. (Time required is variable),

{2} Total starch content {T) is determined in the given sample afrer
DMSO solubilization. (Time required is 2 hours).

(3) Digestible starch (¥) is determined by glucoamylase
hydrolysis (Time required is 1 3/4 hours).

(4) Digestibility of starch (B) by glucoamylase is determined, In
routine analysis this step needs to be done only once for each botanical
source of starch), (Time required is 1 3/4 hours).

(5) The degree of gelatinization (Y) is calculated by using the equation

_ 100 (X-B)
100-B

The time indicated for cach stage is its duration in a routine analysis if
all facilities are ready. Stages 2, 3 gnd 4 can be done simultaneously if
adequate facilities are available, Therefore, a single sample can be analyzed
in two hours in a routine analytical procedure with adequate facilities.

We conclude that this dual enzyuic method is the most accurate, precise
and sensitive method developed so far to determine the degree of gelatinization

of starch,
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ABSTRACT

A method has been devised to measure the extent of gelétinization of
starch., The procedure involves selective digéstion of the gelatinized
fraction of starch with glucoamglase followed.by determination of the
D-glucose released using D-glucose oxidase, Glucoamyla;e was also used
to determine totalrs;arch in the sample. The method was tésted on known
mixtures of gelatinized and prime starch, and was found to give an accurate
measure of gelatinization. A scanning electron microscopic study of the
attack of two glucoamylases on intact starch granules was made and the
extent of attack was measured, This enzymic method provides a precise,

accurate and sensitive measure of degree of gelatinization.



