


Figure 37

Maize starch granules digested by pancreatic alpha amylase at 10 minute
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Figure 38
Starch granules in maize flour digested by pancreatic alpha amylase.
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Figure 40 shows the maize granules following digestion with fungal alpha
amylase. Following 20 minutes of incubation the granules are all digested to some
extent as can be seen by endocorrosion on the surface in Figure 40a. However, other
granules which are also present in close proximity to these granules show no digestion
by endocorrosion. The surface of these granules is rough. This may be because of the
milling process or due to another form of enzymatic digestion. The same comparison
can be seen following 40 minutes digestion in Figure 40b where a digested granule is
situated alongside undigested granules. It may be that the digested granule has lost a
protective layer in the production process. Figure 40c shows a different type of
digestion whereby the small holes are coming together on certain areas of the granule
and generally roughening the surface. Figure 40d shows that digestion is still taking
place following two hours of incubation and larger holes as well as smaller pinholes
seen previously are visible. These larger holes are scattered all over the surface of the
granule.

Potato Starch Granules in Flour

Figure 41a, 41b and 4 1c show potato starch granules in flour prior to
enzymatic digestion. Figure 41la shows the diversity in size of the potato granules and
that despite the flour preparation process, the granules appear to be intact. Figure 41b
shows the granules at a higher magnification of X 1500. It can be scen that the ends of
the smooth granules are slightly roughened. Figure 41c shows a granuie that has been
cracked possibly by the flour preparation process. Figure 42 shows the progressive
breakdown of the potato starch granules over 60 minutes. Again as with the maize
granules the progression of breakdown cannot be clearly defined every 10 minutes.
Following 10 minutes digestion very little endocorrosion can be seen. However, after
20 minutes digestion, endocorrosion appears to be present. The processes of digestion
can be more clearly seen in Figure 41 at a higher magnification. In 4 1d the granule
has a roughened surface with some open cracks, which appear to go deep into the
granule. Figure 41¢ shows a hollowed granule with a thick shell containing what
appear to be smaller granules inside. Figure 41f shows one hollowed granule inside
anothcr one.

Again as was found with the maize granules no distinguishable difference can
be seen between the granules digested with fungal alpha amylase and those digested
with pancreatic alpha amylase. Figure 43 shows granules digested using fungal alpha
amylase. Some more examples of effects of digestion are visible here. Figure 43a
shows a cracked granule with one large hole at one cnd of the crack and what could
be a hollowed interior, Figure 43b shows a granule inside the shell of either the same
or another starch granule. Figure 43¢ shows a thick shell of a granule. Circular lines
are faintly visible on the inner surface. Figure 43d shows a rare example of surface
corrosion. This is shown by the appearance of faint cracks across the surface.
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Figure 39
Starch granules in maize flour digested by pancreatic alpha amylase.
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Figure 40
Starch granules in maize flour digested by fungal alpha amylase.
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Figure 41 ,
Starch granules in potato flour undigested and digested by pancreatic alpha
amylase.
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Figure 42
Starch granules in potato flour digested by pancreatic alpha amylase.
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Figure 43
Starch granules in potato flour digested by fungal alpha amylase.
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3:3:4 Determination of the Effect of Digestion of Starch Granules on
Crystallinity using X-ray Powder Diffraction

X-ray powder diffraction patterns were taken of selected flour and starch
samples. They were then compared with x-ray patterns taken of pure starch samples.
The angles at which peaks were found were compared with those of the reference
diffractograms (Figure 8 in the Introduction) to observe the comparison in
crystallinities. Flour samples were digested for 30 minutes and 60 minutes and
compared with the crystallinity of undigested samples. This was carried out to see if
there was any decrease in crystallinity following digestion of the tlour samples with
alpha amylase.

For the biscuit flour sample tested (Figure 44) in this study peaks were
observed at 15, 17, 18.1 and 23 degrees. A small peak can be observed at 19 degrees.
Lower peaks can also be seen at between 9 and 13 degrees. The same pattern can be
secn for maize flour (Figure 45) except that the peak between 10 an 13 degrees is
absent.

The diffractogram for potato flour (Figure 46) shows a large peak at 17 and a
double peak at 14 and a small peak at 22. There is a small peak a1 6 degrees. Less
peaks are seen here to correspond with the reference (Figure 8) than in the case of the
biscuit flour. For potato starch (Figure 47) peaks are visible at 18, 20, 23 and 25
degrees. Peaks are visible at 17, 20, 22 and 24 degrees for the resistant starch standard
in Figure 48.

As can be seen from Figure 49 the preparation process for digestion of the
flour sample, which in this case had no enzyme added, had very little effect on the
crystallinity of the biscuit flour. Figure 50 shows that digestion also had no effeci on
the cystallinity of the biscuit flour. The same results were found for potato flour
whereby neither the preparation process (Figure 51) nor the digestion with added
enzyme (Figure 52) reduced the crystallinity of the flour sample. The crystallinity of
potato starch is shown in Figure 53 following digestion for 60 minutes and was
compared with undigested potato starch. No difference was found between the two
profiles.
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Figure 44
X-ray powder diffraction pattern of Biscuit Flour
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Figur: 45

X-ray powder diffraction pattern of maize flour compared to biscuit flour.
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Figure 46
X-ray powder diffraction pattern for potato flour
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Figure 47
X-ray powder diffraction pattern for potato flour compared to potato starch.
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Figure 48
X-ray powder diffraction pattern for resistant starch standard flour.
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Figure 49
X-ray powder diffraction pattern for biscuit flour compared to biscuit flour

which has under gone preparation process for digestion but without any enzyme
added.
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Figure 50
X-ray powder diffraction pattern for biscuit flour following digestion with alpha
amylase for 30 minutes.
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Figure 51

X-ray powder diffraction pattern for potato flour compared to potato flour

which has under gone the preparation process for digestion but without any
enzyme addcd.
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Figure 52

X-ray powder diffraction pattern for potato flour following digestion with alpha
amylase for 30 minutes and compared to un-digested potato flour.
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Figure 53

X-ray powder diffraction pattern for potato starch following digestion with

alpha amylase for 60 minutes and compared to un-digested potato starch.
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CHAPTER 4

DISCUSSION

4:1 Evaluation of Damaged Starch Determination Methods

4:1:1 Damaged Starch Determination by a Dye Test using Todine Solution

Dye staining with iodine gives an estimation of the amount of damaged starch
in a sample of starch granules. It was found in this study that approximately one third
of the wheat flour granules were damaged as observed by dye staining. However, the
enzymatic colorimetric method used in this study {(modified AACC 76-31 method)
gave a result of approximately 6% digestible (apparent damaged) starch for wheat
flours. Observing dye absorption on maize flour it was seen that approximately half
the granules absorbed dye. Maize flour, however, exhibited the same amount of
enzymatic digestion as wheat flours. It was found that in potato flour, which
enzymatically has a very low amount of digestible starch (1.3%) according to the
same colorimetric method, the ability of the starch to absorb 1odine is simtlar to that
of wheat flours. This may be related to the fact that the potato flour is physically well
damaged but still not readily available for enzymatic digestion. This is either because
of the flour preparation method or because of the structure of this particular type of
starch. Chickpea and soy flour samples showed very little dye absorption and their
digestibility by enzymes was also very low (0.5% and 0.4% respectively). Therefore,
the enzymatic, colorimetric test is generally not a good indication of the level of
damage in starch. Colorimetric dye absorption tests are, therefore, more indicative of
starch damage levels and enzymatic tests give an indication of digestible starch levels.
The dye absorption tests used here are, however, qualitative rather than quantitative
and only approximate estimations of damaged starch levels could be taken.

4:1:2 Evaluation of Enzvmatic Methods for Starch Damage Determination in
Cereal and Non-Cereal Flours

The amylolytic methods used in this study to determine percentage digestible
{estimate damaged) starch found that the harder wheat flours were, as expected, more
highly damaged than the soft wheat flours. Most of the wheat flours tested here were,
although of different types, mainly high protein flours which are used for bread
making e.g. High Protein wheat, Constancy wheat, Quality wheat and Superbaker
wheat. Using the AACC 76-31 method the percentage damaged starch values of the
four flours were not significantly different to each other. The results of the Farrand
method did give higher coefficients of variation to the AACC 76-31 method but the
results for the different types of hard wheat flours were again not significantly
different to each other.

Intrinsic Factors Affecting Damaged Starch in Cereal and Non —Cereal Flours

Cereal Flours

Cereal flours tend to have an A-type crystalline structure. This type of
structure is most susceptible to digestion by amylolytic enzymes. Wheat and maize
have an A-type starch structure. However, barley, which is also a cereal flour, has a
mostiy B-type crystalline structure.
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Other factors aside from crystallinity, however, also contribute to the digestibility of
flours. For example porosity of enzymes may be influenced by other substances in the
food such as the gluten in wheat '®.

Stone ground wheat flour contains much less damaged starch than the other
wheat flours tested. This is due to the fact that it has a high fibre content, which
lowers the total percentage of starch in the sample and the fact that it is probably
milled less thoroughly and efficiently than roll milled samples. The wholemeal wheat
flour had slightly less damage than the white wheat flours which is again probably
due to its fibre content.

The pre-gelatinised wheat flour 1s produced by pre-cooking wheat flour. Its
purpose is that it should be added to instant foods so that the instant food is readily
digestible for human beings as a source of energy and readily soluble in water without
the need for cooking. Using the AACC 76-31 method only 11.0% damaged starch
was found in this flour. This is clearly more than other wheat flours but is still well
below complete damage as wheat flours contain approximately 70% starch.

The maize flour used in these methods was finely milled. Milling maize
involves de-germing of moisture-conditioned com, de-hulling by friction, partial
drying and then grinding of the endosperm. De-germing is the main difference
between the production of maize and wheat flour. For the Farrand and AACC 76-31
methods similar damaged starch results were obtained for maize flour to the hard
wheat flours. Maize flour contains 8-9% protein and wheat flour contains 11.5 %
protein. Maize contains 92% starch and wheat flour contains approximately 74%
starch. Therefore, there is significantly more starch in a sample of maize flour than a
sample of wheat flour. Therefore, less starch was damaged in the maize flour out of
the total starch present than was damaged in wheat flour.

Potaro Flour

The potato flour used in these methods was prepared by peeling, trimming and
cooking potatoes, flaking on a drier and grinding. It would be assumed that, by these
intensive damaging processes, a high level of damaged starch would be obtained.
However, this is not the case. As was found with the dye absorption tests, damage
does not automatically imply digestibility. The Farrand method could not be used to
determine percentage damaged starch in the potato flour, as the result was too low and
would have given a negative value. The AACC 76-31 method gave a value of 1.3%
damaged starch. Potato starch naturally contains a mainly B-type structure which is
the least susceptible type of starch to amylolytic digestion. It is believed that increased
resistance of the B-crystalline structure is due to the higher actnal content of
crystalline structure in potato starch “ora greater number of crystallites on the
granule surface '°. Whether this crystallinity is affected by digestion by alpha
amylases was observed using x-ray powder diffraction studies and it was found that
digestion of potato flour by alpha amylase did not change the crystallinity of the flour
sample.

Potato starch also has a larger granule size, which results in a smaller surface
area available to enzymes. Particle size affects accessibility of enzymes to starch and
the larger the surface area which is available to enzymes the higher the initial rate of
hydrolysis '°.
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Potato starch granules have a smoother surface than cereal starches. A rougher surface
wotld also increase surface area. It was not excluded as a possibility that some of the
measured apparent starch damage in undamaged granules may result from the
removal of exposed clusters of amylopectin protruding from the granule surface
The hairy structure or dangling chains at the starch granule surface is necessary for
alpha amylase absorption to occur. These are probably amylopectin chains protruding
from the granule surface. Their removal leads to a smoother surface '°.

2,24

Tt may also be the case that following the cooking process used in the
production of potato flour the starch has retrograded. Re-crystallisation occurrence is
enhanced by low temperature, long chains of amylose and amylopectin and high
starch concentration. Retrograded starch is not digestible by amylololytic enzymes
unless it is incubated for a very long period of time, much longer than that which
would be carried out in these tests. It is important to note that potato flour is
composed of almost 100% starch (% dry weight).

With regard to the potato flour preparation process the starch granules may
have been too resistant to be affected by the grinding process. The cooking process
may have involved insufficient heating or insufficient water to be able to gelatinise
the starch resulting in intact granules. Previous tests carried out in this study on
determination of total starch in potato flour found that the flour gelatinised easily and
became highly digestible to amylolytic enzymes following gelatinisation.

Legume Flour

Both soy and chickpea starches have a C-type crystalline structure. It is
uncertain as to whether the C-type crystalline structure is intermediate between or a
combination of A and B-type crystalline structures. The dye absorption test found that
very few starch granules were damaged in either soy or chickpea flour.

Soya flour is not used in bread making due to the fact that it contains no
gluten, which 18 necessary to hold steam and gas in the dough and allows the loaf to
rise. Its use, therefore, results in lower loaf volume. It may, however, be used in small
quantities to improve the crumb texture. Soy flour is produced by steam cooking,
followed by drying and milling. Soya beans must also be treated prior to consumption
generally for 10 minutes at 100°C to inactivate trypsin inhibitors that would otherwise
reduce the nutritive value of the protein in the flour. These, and enzyvmes which cause
flavour problems, are inactivated by application of moist heat treatment to soy flakes
from which flours are produced. Soya flour contains a low level of carbohydrate (34
to 26%) and has a high protein content (59 to 47% dry basis) compared to cereal and
potato flours. Soy flour contains 12.3% starch. The proteins present in soya flour do
not include gliadin and glutenin. It has been found that proteins present in legume
flours inhibit alpha amylase activity. Soya flour also contains 23.5% fat. Amylose in
starch is known to complex with fat rendering it more resistant to digestion than free
solubilised amylose . Therefore, this may be a factor in the low percentage
damaged starch value found here. Starch lipid complexes will eventually be degraded
if sufficient enzyme is used '®. However, there would not be sufficient time or
enzyme for this level of degradation to occur in the above methods.
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As the flour has been cooked during production the retrogradation process
following cooking would aid in complexation with fat. Digestion may also be affected
by entrapment of starch in the cell walls of un-ground seeds '. In legumes, cell walls
Jimit accessibility of enzymes to starch **. In one previous study hydrolysis increased
when pre-treatment with proteolytic enzymes was carried out '°. As the maximum
level of damage expected cannot be more than the total starch content the maximum
value that could obtained would be 12.3%. Due to other circumstances mentioned
above it is likely to be less. In fact only 0.6% of the starch in soy flour was recorded
as digestible by the AACC 76-31 method used in this study.

Chickpea or gram flour as it is more comronly known was also tested as it is
another example of a legume flour and also has a C-type crystalline structure.
Chickpeas and gram flour when consumed raw cause a disease called lathyrism due to
a toxic substance, which 1s a derivative of beta-amino-propionitrile (BAPN).
Therefore, the chickpeas must be detoxified. This involves cooking in excess water,
draining, soaking overnight in cold water and steeping the de-husked seed in hot
water. The chickpeas are dried on a sieve in air and milled. Therefore, cooking in
excess water would result in gelatinisation and cooling could result in retrogradation
and complexation with fat. Dried chickpeas contain 21.3% protein, 5.4% fat and
49.6% carbohydrate not including oligosaccharides. Therefore, chickpea flour
contains twice as much carbohydrate as soy flour and less fat. Proteins present in
legumes inhibit alpha amylase '*® and chemically associate with some starch, which
becomes inaccessible to digestive enzymes ''°. The damaged starch value was found
to be the same as that of soy flour using the AACC 76-31 method. As gram flour
contains more starch (43.8% in dry chickpeas) than soy flour, it must be less damaged
than soy flour.

Conclusions

Hence potato, soy and chickpea flour are unsuitable for bread production from
the point of view of damaged starch content unless mixed with cereal flour, or
reducing sugars (which could be added to the flour in the form of glucose syrups).

The amount of damaged starch produced is related to the type of crystalline
structures, the granular structure and the existence of lipids or proteins, amylose:
amylopectin ratio and the arrangement of crystalline structures in the particular flour
being tested. Substances also exist which inhibit the activity of enzymes. The main
ones are proteins or glycoproteins and they inhibit the alpha amylase in in-vitro
conditions '*°. The inhibitors are more important in legumes than in cereal '° but are
destroyed during cooking *°. Oligosaccharides e.g. maltose and maltotriose are
competitive inhibitors of alpha amylase '°. Glucose and maltotetraose do not affect
activity significantly '°. Formation of an enzyme product complex, which canmot
absorb the substrate may reduce the rate of absorption. This gives an explanation for
the synergistic action between alpha amylases and amyloglucosidase, whereby
amyloglucosidase can hydrolyse maltose and maltotriose into glucose, which are the
reaction products of alpha amylolysis '°.
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Analvtical factors Affecting Damaged Starch Determination

The results for the modified AACC 76-31 method were very similar to those
of the AACC 76-31 Method, despite the variation in enzyme type and concentration
used. The coefficients of variation were higher for the modified AACC 76-31 method.
This is probably because the enzyme used must be prepared fresh for each sample run
and is subject to slight differences when weighing it. This may be controlled by
running a standard, damaged starch flour (CCFRA standard damaged starch wheat
flour) each time. The modified method is a good replacement for the AACC 76-31
method. However, the kit provides the user with pure enzymes in solution and a
damaged starch standard. The kit, however, works out more expensive than the
modified AACC 76-31 method, and each kit is limited to 100 assays.

A test was carried out based on the same principles as the modified AACC 76-
31 method but using larger initial samples. The results obtained show no significant
difference from those determined using smaller samples. The variation in results was
also found to be similar to the modified AACC 76-31 method. Therefore, there is no
benefit to testing larger initial samples of flour.

If the coefficients of variation are examined, it is shown that all of these
damaged starch methods are less suited to samples containing low amounts of
damaged starch than to samples containing larger amounts e.g. wheat flours. Certain
damaged starch methods involve the removal of beta amylase prior to damaged starch
determination *°*. This is done so that the amount of enzyme digesting the damaged
starch can be strictly controlled.

The Farrand method was far more time consuming than the AACC 76-31
method per sample analysed. The Farrand method takes approximately 2 hours and 45
minutes whereas the AACC 76-31 method takes just over 1 hour, The Farrand method
is also limited by the fact that only flours having a certain total starch value may be
determined (68 to 72 % total starch). The precision of the results for the Farrand
Method is low compared to the other two methods tested. The Farrand units refer to
the percentage maltose in the flour sample, however, as this 1s a representation of
percentage damaged starch it far exceeded the results found for the AACC76-31
method and its modified version. It has been found in previous studies that the results
of the Farrand method were three times higher than the official AACC method 76-
30A, which indicates an approximate result of 10% ''' for wheat flour. The standard
flour tested here was CCFRA standard wheat flour. This has a damaged starch value
of 36 FU. However, in this study a value of 32FU was obtained. Therefore, the
damaged starch values for each of the wheat flours tested by the Farrand method
should be slightly higher than those obtained. A valne of 7.7 % was obtained with the
modified AACC 76-31 method and 6.5% with the modified method for CCFRA
standard wheat flour. Therefore, the results for the AACC 76-31 method and its
modified version are approximately five times lower than the value obtained from the
Farrand method. It is also known that negative results can be obtained using the
Farrand method and results of over 100%. The conditions of digestion using the
Farrand method are different to the modified AACC 76-31 method - the enzyme used
is barley amylase and the incubation time is 1 hour for the Farrand method. Farrand
uses a scale in which the least damaged commercial flour available has a value of 0
and 100 represents the level in a flour that absorbed its own weight of water.
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Farrand has shown that digestibility does correlate well with water absorption.
In an intact granule water will only enter amorphous regions. When crystalline
regions are disrupted access to the whole granule becomes possible. Hydrogen
bonding occurs between exposed hydroxyl groups on starch molecules and water
molecules. Protein also contributes to water absorption. The method also assumes that
wheat flour contains an average of 70% starch. Damaged starch is quantified as
maltose but maltose makes up only 64 to 70% of the starch digested by alpha
amylase.

4:2 Comparison Between Percentage Damaged Starch Produced By
Fungal Alpha Amylase and Pancreatic Alpha Amylase Using The
Modified AACC 76-31 Damaged Starch Determination Method and

High Performance Liquid Chromatography.

4:2:1 Effect of Enzyvme Type on Percentage Damaged Starch Values

The colorimetric assay used to compare the percentage damaged starch
produced by two different types of enzymes was a modified version of the AACC 76-
31 method. HPLC HPAEPAD and HPLC RI systems (described in materials section)
were then used to determine the actual reducing sugars produced by the enzymes in
the respective flours. Incubation was carried out under the same conditions for the
preparation of samples for HPLC analysis as that carried out in the colorimetric
damaged starch method except that in the case of the colorimetric damaged starch
assay a further incubation of samples was carried out using amyloglucosidase to
convert the reducing sugars produced by amylases to glucose. Generally the sugars
determined using the HPLC HPAEPAD system are quantitatively very low and this
together with the fact that the concentrations obtained for each sugar were variable
mean that these results are an indication only of the concentration of sugars obtained
as breakdown products of starch by amylases. In this section fungal alpha amylase
and pancreatic alpha amylase were compared. The same activity of alpha amylase was
used for both enzymes.

Firstly a comparison was carried out on the percentage, damaged starch
produced by pancreatic alpha amylase and fungal alpha amylase following 10 minutes
incubation of each of the six flours tested. These included high protein wheat flour,
biscuit wheat flour, maize flour, potato flour, CCFRA standard wheat flour and soy
flour. The percentage, damaged starch was then compared with the reducing sugars
produced.

Wheat Flours

Percentage damaged starch in high protein wheat flour was the same no matter
which enzyme was used (Figure 19). The sugars produced following incubation of
the high protein wheat flour with pancreatic alpha amylase and fungal alpha amylase
for 20 minutes are compared in Figure 21 and 22. Using pancreatic alpha amylase
0732 x 10'3mg/ml of glucose was produced and using fungal alpha amylase 1.122x
10°mg/ml of glucose. Both enzymes also produce maltotriose, 0.0843 10> mg/m! by
fungal alpha amylase and 1.564 1073 mg/ml by pancreatic alpha amylase.
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Maltose is the main reducing sugar produced in starch by digestion with either fungal
(3.903 x 10-3mg/ml) or pancreatic alpha amylase (5.782 x 10-3mg/ml).

Therefore, the glucose value is higher when the flour is digested with fungal alpha
amylase but the maltose concentration is slightly higher and maltotriose
concentrations are much higher when digested by pancreatic alpha amylase compared
to fungal alpha amylase. The glucose peak produced by fungal alpha amylase, which
is shown in Figure 21, also contains glucose derived from the enzyme itself. This
glucose was discoved when the enzyme was incubated with buffer without a flour
sample being added. This glucose is not included in the histogram in Figure 22 and
the glucose value derived from the enzyme has been subtracted from all flours to find
the true value of glucose derived from the sample only. Therefore, even though the
percentage damaged starch values are the same, more reducing sugars were detected
by HPLC when the flour had been digested with pancreatic alpha amylase.

Again as with high protein wheat flour the percentage damaged starch value
for biscuit flour was the same following digestion with both pancreatic alpha amylase
and fungal alpha amylase. Figure 23¢ shows the reducing sugars produced in biscuit
flour incubated with fungal and pancreatic alpha amylases. Slightly more maltose and
more maltotriose are produced when pancreatic alpha amylase is digesting the sample.
However, a greater amount of glucose is produced using fungal alpha amylase than
pancreatic alpha amylase. Overall, in the case of glucose, maltose and maltotriose,
more reducing sugars would seem to be produced from biscuit flour following
digestion with pancreatic alpha amylase than with fungal alpha amylase even though
the colorimetric method indicates that the same amount of digestion is carried out by
both enzymes. A similar ratio of sugars was found in the case of biscuit flour as was
found with high protein wheat flour, however, less total reducing sugars were
produced in biscuit flour. This is due to the fact that biscuit wheat flour is a softer
wheat flour and, therefore, less damaged than high protein wheat flour.

Figure 23a and 23b show a chromatogram and histogram of the peaks of a
hydrolysate of starch obtained from the incubation of the CCFRA damaged starch
standard with pancreatic alpha amylase and fungal alpha amylase for 20 minutes.
From the chromatogram it can be seen that maltose was the main hydrolytic product
with smaller amounts of glucose and maltotriose also produced. Again when a more
highly damaged flour than high protein wheat flour is tested such as the CCFRA
standard wheat flour a larger maltose value than biscuit wheat flour and a slightly
larger value than high protein wheat flour can been seen. Therefore, the more
damaged the flour the more maltose is produced which is as would be expected as
more starch is available for digestion. This compares well with the colorimetric
perceniage damaged starch tests. It has been found betore that the maltose
concentration (as opposed to other reducing sugars) of flour samples varied most with
changes in damaged starch level®®. Those tests involved the use of the same fungal
alpha amylase as was used here®. In those previous studies, the concentrations of
other simple sugars varied little or unsystematically with damaged starch level. It was
found in this study that glucose values were lower in the biscuit flour than the other
two flours. The variation was unsystematic for maltotriose. Using pancreatic alpha
amylase the most maltotriose was produced in high protein wheat flour, followed by
the CCFRA standard wheat flour and the least was produced in biscuit flour. For
fungal alpha amylase the most maltotriose was produced in CCFRA standard wheat
flour, followed by biscuit flour and the least was produced in high protein wheat flour.
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A higher concentration of maltose is expected following digestion with
pancreatic alpha amylase than following digestion with fungal alpha amylase due to
the presence of beta amylases in the former enzyme solution. Fungal alpha amylase
contains only alpha amylase according to its label but the pancreatic alpha amylase
used in these tests also contains some beta amylase. Alpha amylase an endo enzyme
breaks down glycosidic bonds in amylose and amylopectin to produce alpha limit
dextrins, maltose and glucose. Beta amylase is more restricted in its ability to digest
starch and produces mainly maltose and beta limit dextrins due to the fact that it is an
exo enzyme. This was found from the results of this study and shown by the fact that
pancreatic alpha amylase generally produced less glucose and more maltose (Figures
23b and 23c¢) than fungal alpha amylase in wheat flours.

These HPLC results indicate that the AACC 76-31 and modified AACC 76-31
methods cannot determine the total concentration of reducing sugars produced in the
same way as the HPLC. This is shown by the fact that damaged starch colorimetric
tests show no difference in percentage damaged starch produced in these flours when
different enzymes were used. However, HPLC shows that one enzyme is producing
more reducing sugars than the other is. Another explanation is that the slight variation
in results obtained for the enzymatic colorimetric method may not allow an increased
amount of damaged starch produced by pancreatic alpha amylase to be
distinguishable from results obtained following digestion with fungal alpha amylase
in the same way as the HPLC can. Also fungal alpha amylase may have digested the
sample resulting in the production of more dextrins than the pancreatic alpha amylase.
Reducing sugars other than glucose, maltose and maltotriose were not quantitatively
determined in this study using HPLC.

Non-Wheat Flours

Maize and potato flour were digested with fungal and pancreatic alpha
amylase. Maize flour was tested because it 1s a non-wheat cereal flour with a mainly
A-type crystalline structure. Potato flour was tested as it contains starch which is
mainly B-type in structure.

The percentage, damaged starch in maize flour was 5.5% when fungal alpha
amylase was used to digest it and 9.4% when pancreatic alpha amylase was used
following 10 minutes incubation. The pancreatic alpha amylase value is nearly twice
the value found for fungal alpha amylase. The same amount of each enzyme is used
and incubation times are also the same, therefore, the variation in damage must be
related to the behaviour of each enzyme on digestion of the particular flour sample.
Therefore, pancreatic aipha amylase digests maize flour to a greater extent than the
fungal alpha amylase. This may be because the maize flour is highly milled and this
may allow for further digestion by a particular enzyme. Pancreatic alpha amylase may
also digest in a different way to fungal alpha amylase. It is now known that following
digestion of the wheat flours, different amounts of the same reducing sugars are
produced by different amylases.

131



Figure 24a and 24b show the reducing sugars produced in maize flour
following digestion with fungal and pancreatic alpha amylases. A large amount of
glucose is produced by both enzymes relative to the amount of maltose produced, as
compared to the results for wheat flours. With fungal alpha amylase, maltose accounts
for over 80% of the sugars released. However, incubation with pancreatic alpha
amylase appears to produce appreciable amounts of glucose and maltotriose also,
relative to the maltose produced.

The pancreatic alpha amylase particularly produces a very large amount of
maltotriose relative to that produced by fungal alpha amylase and to that produced in
wheat flours. This may account for the significant difference in total damaged starch
produced by each of the enzymes whereby using the modified AACC 76-31 method
just under twice the percentage damaged starch is produced by pancreatic alpha
amylase than is produced by fungal alpha amylase. However, in the case of maize
flour the pancreatic alpha amylase produced more of all three sugars than fungal aipha
amylase. Also any longer chain sugars than maltotriose have not been accounted for
by HPLC. These could slightly alter the percentage damaged starch values for both
non-wheat and wheat flours.

Neither enzyme used in this study will break down alpha (1-6) bonds and beta
amylase cannot digest to within two to three D-glycosyl residues of an alpha 1-6
glycosidic bond in amylopectin or beyond these bonds and so is more restricted in its
ability to digest the starch than alpha amylase. In the case of amylopectin glucose,
maltose and alpha limit dextrins {oligosaccharides of 4 or more glucose units) are
produced. Beta amylase and alpha amylase do, however, work together to enable beta
amylase to digest beyond the branch points.

A previous study showed that while using porcine pancreatic alpha amylase to
digest different types of starch wheat starch is degraded over 20 times faster than
potato starch ! The percentage damaged starch values for potato flour are very low.
Following 20 minutes incubation, 2.3% damaged starch is produced by pancreatic
alpha amylase in potato flour and 1.4% by fungal alpha amylase. The percentage
damaged starch values for potato flour as weil as maize flour were both significantly
higher when pancreatic alpha amylase was used. With potato starch, for the reasons
discussed above, the initial breakdown is expected to be slow and damaged starch
values for this flour so far have been very low. Again as was found with maize flour
the structure of the starch may allow further penetration into the starch granule by
pancreatic alpha amylase, a process which was not possible using fungal alpha
amylase. It has been previously found that B-type starches within granules are
hydrolysed more rapidly than A-type even though potato starch is generally
hydrolysed more slowly than wheat starch ®2. This may be due to more accessible
surface area of wheat starch compared to potato starch. In the potato starch the
granules may become more exposed and more easily digestible as damage progresses.
However, this does not occur up to 60 minutes. Studies on digestibility of starches
using pancreatic alpha amylase have shown that canna and potato starches are the
least digested and high amylose, comn starches are also poorly digested. As potato
starch contains less amylose than the high amylose com starch (23% compared to 55

to 60 %) the degree of digestibility is not, however, related to the amylose content ''.
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Figure 24c compares the profiles of the sugars produced in the potato and
maize flours when digested by pancreatic alpha amylase. It shows how the potato
flour is generally much tess damaged compared to maize flour and potato flour does
produce much less total reducing sugars than other flours which is in accordance with
its damaged starch value. The ratio of glucose, maltose and maltotriose was
approximately 20:50:30 for both maize and potato flours digested by pancreatic alpha
amylase. This differs from the wheat flours. The reducing sugars produced both for
maize and potato may be due to the structure of the starch granules or the way in
which these two flours are produced. The amylose: amylopectin ratios are slightly
different in that potato starch generally sPeaking contains 80% amylopectin whereas
maize starch contains 76% amylopectin ' . As amylopectin gives the starch its
crystallinity this would mean that the potato contains more of the crystalline
component. The difference is, however, very small. Maize is a cereal starch and
should have the same basic crystalline structure (A-type) as wheat starches, however,
the wheat flours have shown a different sugar profile consisting of mostly maltose.
Potato starch has mainly a B-type crystalline structure.

Therefore, the sugars produced do not depend on the crystalline structures of
the starch granules and starches with different crystaliine structures cannot be
differentiated by observation of the sugars produced following the starch’s digestion
by enzymes, and determination of those reducing sugars produced by the HPLC
method. The sugars produced generally are more likely to do with the type of enzyme
used in combination with the type of flour it is digesting.

Soya flour following digestion with pancreatic alpha amylase also produces
mainly maltose. However, the amount is much less than that of the wheat flours,
because soy flour contains less total starch and consequently less damaged starch than
wheat flours. Soya flour may also be complexed with lipids or prevented from being
digested by the presence of the large amount of protein, which is associated with it.

As was found with the HPLC HPAEPAD system the main reducing sugar
produced by fungal alpha amylase in flours and determined by the HPLC RI system is
maltose followed by glucose and then by maltotriose (Table 16).

Differential Amylolytic Digestion

The fungal alpha amylase used in this analysis contains alpha amylase (40 U
/mg solid). However, the pancreatic alpha amylase has an activity of 3.6U beta
amylase as well as 29U alpha amylase per mg of solid. Beta amylase is not used on its
own in any of these tests. Its only use in these tests is in the pancreatic alpha amylase
with alpha amylase. Considering both enzymes are in excess the combination of alpha
and beta amylase in the pancreatic alpha amylase exerts greater degradation than the
alpha amylase alone (in the fungal alpha amylase). This is clearly shown here. It is
either due to the enzyme source or the presence of beta amylase in pancreatic alpha
amylase. The extent of digestion may also be affected by the different types of flours
being digested. In previous studies fungal alpha amylases were found to be less active
on starch granules than pancreatic, salivary, malt and bacterial alpha amylases.
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It is not the case that all reducing sugars are equally greater in concentration in
maize flour compared to high protein wheat flour. More maltose relative to glucose
and maltotriose are produced in high protein wheat flour indicating that a different
ratio of glucose: maltose: maltotriose are found in the two different flours digested by
the same enzyme.

Evidence for the fact that different enzymes produce different amounts of each
reducing sugar can be found from the fact that enzymes may attack starch in different
ways '°. Two mechanisms have been proposed for the hydrolysis of amylose (non-
crystalline structure? by alpha amylase in solution, the multiple attack and the
preferential attack ''* "> '°, Porcine pancreatic alpha amylase carries out the multiple
attack whereas Aspergillus oryzae (fungal) alpha amylase carries out the preferential
attack. In the multiple attack all bonds have the same probability of being disrupted
(digested). After hydrolysis one part of the macromolecular chain is retained in the
enzyme and one of the two-substrate fragments dissociates and moves into the active
centre enabling a new hydrolysis ' This may occur several times before both
products leave the active centre of the enzyme. In the preferential attack a single
hydrolysis occurs and the two parts are then released. The internal links are then
hydrolysed in a random fashion. As the chain becomes smaller, specific end effects
associated with each type of alpha amylase become dominant '°. This breakdown
pattern could account for the greater percentage of maltotriose produced from flours
by pancreatic alpha amylase compared to fungal alpha amylase. '

When chain lengths have been reduced to 10 glucose molecules or less the
reaction rate decreases. Also the type of attack pattern changes. Products with more
specified lengths predominate. This is explained by the existence of sub-sites. They
are distributed on both sides of the catalytically active site of the enzyme. The number
of sub-sites differs between the alpha amylases. Therefore, end products of different
lengths depend on the enzyme used. An example is barley alpha amylase an enzyme
which is used in the Farrand method and which has nine sub-sites and produces
preferentially maltoheptaose and maltohexaose '°. A chromatogram was not obtained
in this study for the digestion products of barley alpha amylase.

The action of alpha amylases on amylo;)ectin produces alpha limit dextrins in
addition to glucose, maltose and maltotriose ''’. The sub-sites effect the efficiency by
which an enzyme attacks the linkage close to a branch point '°. Depending on the
source of the amylase, branches attached to alpha 1-6 bonds are three (B.sutilis), four
(pancreatic, Aspergillus oryzae) or five (barley amylase) glucosyl units long 1796
Therefore, as pancreatic alpha amylase and fungal alpha amylase are tested here, the
alpha limit dextrins they will produce have four glucose units attached to them.

In a previous study soluble potato starch and pre-gelatinised roller dried wheat
starch were examined using HPLC *. Using the AACC 76-30A method (fungal alpha
amylase) the ratio of glucose: maltose: maltotriose was 2.5:100:61.5 and with the
Farrand method (barley alpha amylase) it was 0.9:100:7.8. Therefore, the different
enzymes used in these two methods are resulting in the production of different ratios
of the reducing sugars. The combined recovery of these three sugars using the two
methods was about 77%. Other peaks obtained were thought to be as a result of
branched alpha limit dextrins which would be expected to make a contribution to the
reducing value of the digests.
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Maltose as an Indication of Percentage Damaged Starch

If the values for maltose were taken as representing percentage damaged
starch as has been done in the Farrand and the AACC 76-20A methods, the maltose
values, particularly for the maize flour used in this study (which produces large
amounts of maltotriose and glucose also), would not be a good representation of the
amount of actual digested starch. On closer analysis of a chromatogram of reducing
sugars digested from maize in Figure 20 the longer chain sugars produced by
pancreatic alpha amylase can be seen. Reducing sugars up to maltoheptaose were
qualitatively detected using standards. These longer chain sugars may also be
contributing to the percentage damaged starch values. In all flours tested small
amounts of longer chain sugars are being produced and may contribute to the total
damaged starch values.

Glucose Produced by Alpha Amvlases

1}

The glucose concentrations produced from the flour samples digested by
fungal alpha amylase are all quite low and may result from breakdown by amylase or
alternatively, by glucoamylase, which is already present in the flour. This would be
unlikely in the case of the pre-gelatinised flour as it is heat treated which would
destroy any enzymes present. The enzymes in the flour may have produced, however,
reducing sugars before the heat treatment was carried out. A heat treatment has also
been used in the preparation of potato flour. Potato flour digestion has produced very
little glucose. The values produced may be too low to be detected. It may also be
because potato flour is known to be resistant to digestion. Barley flour has a very high
glucose value. This may be due to the fact that it has a different structure to the other
cereal flours tested (contains more B-crystalline structure). This is unlikely, however,
to be the reason, as the same result was not obtained in the case of potato flour, which
also has a B-type crystalline structure. It may be that barley has a lot of naturally
present enzyme. This may be why malted barley was used as an enzyme source in the
more traditional damaged starch determination method, the Farrand method, and why
barley is so suitable for producing reducing sugars for fermentation.

Reducing Sugars Produced by Enzymes and Compared with Percentage Damaged
Starch

The concentration of each reducing sugar detected was calculated as a
percentage of the starting flour sample injected onto the HPLC RI following digestion
of a selection of flour samples with fungal alpha amylase. The percentage of each
sugar was then added together to give a final percentage damaged starch value.
Glucose, maltose and maltotriose were detected. These values were compared with
the percentage damaged starch values from the modified AACC 76-31 method. It was
found that in almost all cases the value obtained from HPLC was greater than that
obtained from the enzymatic, colonmetric damaged starch method. Therefore, the
modified AACC 76-31 damaged starch method is underestimating the actual reducing
sugars present in the enzymatically digested flour samples.
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The same test was carried out using the HPLC HPAEPAD following digestion
with fungal alpha amylase. It was found that the percentage maltose values were
lower than the percentage damaged starch values obtained using the modified AACC
76-31 method. Therefore, the HPLC HPAEPAD method is either underestimating the
maltose concentrations of the flours or the HPLC RI system is overestimating the
maltose concentrations. Due to the fact that the percentage damaged starch value
should take into account all reducing sugars and not just maltose it is more likely that
the HPLC RI system is overestimating the percentage maltose derived from the flour
samples. The maltotriose concentrations determined by the HPLC HPAEPAD system
were less than those determined by the HPL.C RI system although their values
increase at similar rate for the three flours tested when determined by either method.
Again it may be that HPLC RI is overestimating the concentrations. However, it may
also be because the samples for the HPLC HPAEPAD system are of very low
concentration, and it may he difficult to detect a sugar present in such a low
concentration. The percentage glucose and percentage maltotriose concentrations
were too low to be detected in potato flour.

The reducing sugars produced by pancreatic alpha amylase were also
converted to percentages, and compared with the percentage damaged starch values
determined by the enzymatic colorimetric method. For maize and potato flour the
percentage maltose is about half the percentage damaged starch value. This is because
greater amounts of glucose and maltotriose are produced by pancreatic alpha amylase
than are produced by fungal alpha amylase in these two flours. For biscuit flour the
maltose value is approximately he same as the percentage damaged starch value. This
can be explained by the fact that very little glucose or maltotriose was produced by
pancreatic alpha amylase in biscuit flour. Therefore, the pancreatic alpha amylase 1s
digesting different types of flour to produce different ratios of reducing sugars. High
protein wheat flour, however, contains a higher percentage maltose than the
percentage damaged starch value. This was also found to be the case with CCFRA
standard wheat flour from which a similar amount of maltose (9.3%) is obtained as
the high protein wheat flour (9.0%). Tt 1s, therefore, not possible to correlate the
percentage maltose produced by pancreatic alpha amylase with the percentage
damaged starch results. The enzymatic colorimetric method is, therefore, not
detecting all the reducing sugars produced by pancreatic alpha amylase in the wheat
flours. If it were it would be found that pancreatic alpha amylase does in fact digest
wheat flours as well as non wheat flours to a greater extent than fungal alpha amylase.

HPLC as a Method for Determination of Damaged Starch

Two different HPLC systems were used to quantify the reducing sugars
produced following amylolytic breakdown of flours with fungal alpha amylase. The
system using refractive index detection is more traditionally used for damaged starch
analysis research than the HPLC HPAEPAD system. As was found in a previous
study one of the main advantages of using the HPLC RI system is increased
throughput of samples compared to an enzymatic colorimetric method®®. With an
automatic injector samples could be injected overmight and throughout the day while
other work is being carried out. In this previous study the use of HPLC was being
compared with the AACC 76-30A method which takes approximately one hour per
sample®®. This is longer than more recent methods such as the AACC 76-31 method,
which takes approximately 10-15 minutes per sample.
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[t was found that the HPLC had greater sample capacity than the AACC 76-30
method. However, it involved greater capital cost and required more technical
expertise. It was decided in previous tests *® that a standard would be necessary to
redefine damaged starch quantitatively. Enzyme activity must also be taken into
account as it varies from batch to batch *,

The HPLC RI system requires much more concentrated samples than the
HPLC HPAEPAD system. However, it takes the same amount of time to prepare
samples for either system. The HPL.C HPAEPAD system has the advantage of
detecting lower concentration sugars and also mono, di and oligosaccharides under
the same conditions. Using the HPLC RI system the acetonitrile concentration
(mobile phase) must be reduced to measure longer chain sugars. It may not, however,
be necessary to determine the oligosaccharides as they are present in only very small
concentrations. Although the HPLC HPAEPAD system has been used for analysing
the breakdown products of pure starch it has not been used in this type of damaged
starch determination study before.

In a previous study *® the maltose value was determined by the HPLC RI
system and compared with the damaged starch figure determined by the AACC 76-30
method. A high coefficient of determination was found between them (r* = 0.97). A
good correlation (r* = 0.98) was found between the maltose values obtained by HPLC
RI and percentage starch damage determined by the colorimetric assay in this study
(Figure 26c). Therefore, as was shown in a previous study®® the HPLC RI system or
the HPLC HPAEPAD system could effectively be used instead of an enzymatic
colorimetric method for the determination of damaged starch.

4:2:2 The Effect of Variation of Incubation Time on Percentage
Damaged Starch Values

Previous studies have shown that E;rolonged incubation time with amylase
increased apparent starch damage values “. The word apparent, which is used here,
refers to the fact that damage cannot be definitively determined using enzymes but is
empirical and depends on various factors. According to Enzymes in Food Processing
113 initially maltose and maltotriose are produced by alpha amylase from amylose and
at a later stage oligosaccharides are hydrolysed to glucose and maltose. Therefore, in
a digestion process showing the sugars produced over a period of time the ratio of
sugars produced will tend towards the production of mainly glucose followed by
maltose. Over time the amount of larger reducing sugars detectable within the method
should decrease. This study investigated this theory over a certain period of time (60
minutes) in cereal and non-cereal flours.

In these tests the incubation time of wheat and non-wheat flours with
pancreatic alpha amylase and fungal alpha amylase was increased to see i1f a further
increase in percentage starch damage would be obtained. The second purpose of these
tests was to observe the reducing sugars produced over that incubation time. The
damaged starch test carried out here was the modified AACC 76-31 method. Flours
were incubated for 10 minutes as in the modified AACC 76-31 method and at 10 or
20 minute intervals up to 60 minutes. HPL.C HPAEPAD and HPLC RI were used to
determine the reducing sugars produced by both enzymes at different incubation

times.
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Reducing Sugars Present in the Flour Samples Prior to the Addition of Amylase

0 minutes refers to the fact that no added enzyme is present and the damaged
starch value refers to the reducing sugars already present in the flour. Starch damage
values of flour samples to which no alpha amylase has been added are due to the
action of endogenous enzymes (mainly beta amylase) on damaged granules 2 or may
be produced by the actual process of damage itself. Cereal beta amylases have no
activity on undamaged granules ' '?°. However, the starch granules used here have
been damaged to produce flour. Table 18 shows the maltose present in flour samples
before the addition of enzymes.

Previous damaged starch determination methods have involved a stage
whereby these enzymes are destroyed before proceeding with the method. This is to
control exactly the amount of enzyme digesting the flours. All of the flours tested in
this study had some reducing sugars present before the addition of enzymes.
However, the amounts were very low, were difficult to detect, and were inconsistent.

Wheat Flour

Percentage Damaged Starch in Wheat Flour Following 60 Minutes of Incubation

The apparent percentage damaged starch in wheat flours digested by fungal
alpha amylase and pancreatic alpha amylase from O to 60 minutes was compared
(Figures 27a and 27b respectively). Using pancreatic alpha amylase, following 60
minutes digestion, apparent percentage damaged starch i both high protein and
biscuit flour has increased by one to two percent (5.9% to 7.8%) and (3.7% to 4.7%)
respectively. It was found that the increase in percentage damaged starch up to 10
minutes is rapid and after 10 minutes is slow and steady with generally higher
damaged starch values for high protein wheat flour than biscuit wheat flour as was
found before. This is expected as high protein wheat undergoes more damage by the
milling process. However, the rate of increase obtained from fungal alpha amylase
was not significantly different to pancreatic alpha amylase.

Reducing Sugars Produced in Wheat Flour Following 60 Minutes of Enzymatic
Incubation

Figure 29a shows the effect of incubation time with pancreatic and fungal
alpha amylases respectively on the concentration of maltose hydrolysed from
damaged starch in high protein wheat flour. The rate of production of maltose over 60
minutes 1s simlar using either enzyme. This results in a high rate of increase in
production of maltose between 0 and 10 minutes, a slightly slower rate of increase
between 20 and 40 minutes and an increase in the rate again after 40 minutes and up
to 60 minutes. The production of maltose in high protein wheat flour by pancreatic
alpha amylase is greater than fungal alpha amylase as was found in the previous
section. The initial rate of production of maltose is probably due to the most available
damaged starch up to 10 or 20 minutes. After 20 minutes endocorrosion is probably
taking place.
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The rate of production of maltose in biscuit flour was also determined. The
overall rate of production of maltose using pancreatic alpha amylase was similar to
the rate of production of maltose in high protein wheat flour. It consisted of an initial
increase in rate between 0 and 20 minutes, virtually no change between 20 and 40
minutes and a second increase in rate between 40 and 60 minutes. Overall, however,
much less maltose 1s produced from biscuit flour than high protein wheat flour. The
rate of production of maltose from biscuit flour using fungal alpha amylase showed a
low increase between 0 and 40 minutes and then a slightly greater subsequent increase
between 40 and 60 minutes. Therefore, when percentage damaged starch is being
determined in biscuit flour after 10 minutes incubation with fungal alpha amylase by
the enzymatic colorimetric method, the damaged starch value is not cntirely derived
from maltose. Therefore, it must be as a result of glucose production or as a result of
the production of longer chain reducing sugars.

Glucose production in biscuit flour and high protein wheat flour was also
determined. Using fungal alpha amylase, production of glucose from biscuit flour
increased between 0 and 60 minutes (Figure 29¢). This shows that glucose rather than
maltose can account for the overall increase in damaged starch between 0 and 40
minutes. Between 40 and 60 minutes the maltose increased at a greater rate. Using
pancreatic alpha amylase the production of glucose showed its greatest rate of
increase between 40 and 60 minutes in biscuit flour (Figure 29d). Up to 20 minutes
very little glucose is produced. However, much less glucose is produced in wheat
flour by pancreatic alpha amylase compared to fungal alpha amylase and the overall
increase is very slight.

In high protein wheat flour very little glucose is produced by fungal alpha
amylase in the first 20 minutes also. Following this there is a rapid increase in
production of glucose up to 60 minutes. Overall using pancreatic alpha amylase the
rate of production of glucose is much lower. Very small amounts of maltotriose were
produced in either flour following enzymatic incubation.

The fact that more glucose is produced in both flours by fungal alpha amylase
may be due to the fact that pancreatic alpha amylase contains a proportion of beta
amylase that is more likely to produce maltose than glucose. Therefore, the
percentage, damaged starch does not always relate to maltose produced but may
depend on glucose and maltotriose and possibly some other longer chain sugars also.

The Bi-phasic Effect

Previous studies have been carried out on the rate of digestion of wheat flours.
In one study digestion of wheat flour was found to occur rapidly during the first few
minutes of incubation after which sound starch is digested at a slower more constant
rate over a more prolonged period of time. This second stage of digestion is due to
increased enzymatic access to damaged sites and hydrolysis of undamaged granules
81:2 This is known as the bi-phasic effect 2. The second phase is where the rate of
increasc in percentage damaged starch for flour samples is similar to the rate of
increase in percentage damaged starch in undamaged starch samples with increased
incubation time °.
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If a sound flour is analysed for diastatic activity, using the Blish-Sandstedt '"®

damaged starch method over periods for 5 minutes to five hours, a rapid initial rise in
maltose is got for the first 30 to 45 minutes after which it is produced in regular
increments. Damaged starch is determined using the Blish-Sandstedt !'° damaged
starch method by alkaline potassium ferricyanide reducing sugar method and the
value got is assumed to be maltose. In this study, however, there is an initial rapid
increase in the rate of digestion for the first 10 minutes followed by a slower increase
up to 60 minutes. The initial rapid rise is due to autolytic digestion of the damaged
starch present by beta amylase and the subsequent straight line increase is due to
digestion of sound starch at a slower, but constant rate.

Differences in slopes are due to differences mn susceptibilities of sound starch
to attack by the amylases. Therefore, if wheat itself is high in alpha amylase activity
considerably higher amounts of maltose will be produced initially and the results of
the damaged starch test may not be reliable *2.

These rates of increase correspond to the damaged starch values produced by
the colorimetric method in a previous study *, which refers to an initial rapid increase
in hydrolysis of damaged wheat starch granules up to 2 minutes, followed by a
gradual continued increase of less accessible sites on partially damaged granules
following this. This previous study > was only carried out over the course of 20
minutes. In those tests 50 U fungal alpha amylase was added to 100mg of wheat flour
whereas in this study 200U of fungal alpha amylase per 100mg of flour was used. The
sustained second phase increase in apparent starch damage suggests cither that
undamaged granules are susceptible to a limited rate of hydrolysis by alpha amylase
or that within individual granules damaged sites exist which differ in their
susceptibility to amylolytic hydrolysis ? The increase is due to the fact that in the
measurement of starch damage using alpha amylase there is no absolute endpoint of
hydrolysis 2 *"®. Digestion will tend towards the eventual breakdown of all the starch
present.

Oligosaccharides e.g. maltose and maltotriose are competitive inhibitors of
alpha amylase '”. Glucose and maltotetraose do not affect activity significantly '°.
Formation of an enzyme-product complex, which cannot absorb the substrate may
reduce the rate of absorption. This gives an explanation for the synergistic action
between alpha amylases and amylogtucosidase, whereby amyloglucosidase can
hydrolyse maltose and maltotriose into glucose and at the same time continuously
transform the reaction products of alpha amylolysis '°. Therefore, the continued
production of maltose and maltotriose over an increased period of incubation may in
fact be hindering the further production of maltose and other reducing sugars.

Maize Flour

Percentage Damaged Starch in Maize Flour Following 60 Minutes of Incubation

The rate of change m apparent damaged starch values over 60 minutes was
also determined for maize flour. The profile of sugars for maize flour in Figure 30
shows the type of sugars present before any breakdown by an enzyme. These sugars
may have been produced by damage as maize is a finely, milled flour or may have
been produced by the enzymes which were already present in the flour.
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A rapid increase was found in the percentage, damaged starch in maize flour during
the period from 0 to 10 minutes using both types of enzyme tested. It was found that,
as with the wheat flours, most of the digestion occurs up to 10 minutes. The
percentage damaged starch in maize flour digested by pancreatic alpha amylase
{Figure 27c) increased considerably to just under double its value between 10 and 60
minutes. Digestion of maize flour by fungal alpha amylase shows a lower increase in
damaged starch value after 10 minutes (1.1 to 5.5 %) compared to pancreatic alpha
amylase, It can be seen, therefore, that the amount of damaged starch digested is
greater in the case of pancreatic alpha amylase as was seen in the previous section and
also has a higher rate of increase than fungal alpha amylase. This can be seen all the
way up to 60 minutes. However, in the case of maize flour in which pancreatic alpha
amylase causes increased digestion compared to fungal alpha amylase, both types of
enzyme give the same rate of increase in digestion of damaged starch in wheat {lour.

Reducing Sugars Produced in Maize Flour Following 60 Minutes of Incubation

Figure 31 shows the glucose, maltose and maltotriose produced from 10 to 60
minutes from maize flour following incubation with pancreatic alpha amylase. It
shows an initial rapid increase of glucose, maltose and maltotriose up to 10 minutes
followed by a slower, steadier increase up to 60 minutes. There is an initial rapid rate
of increase in maltose production in maize flour up to 10 minutes when digested by
pancreatic alpha amylase and 20 minutes in the case of fungal alpha amylase (Figures
31 and 32 respectively). This is purely to do with the fact that a reading was taken at
10 minutes for one enzyme and at 20 minutes for the other enzyme. 1f Figure 27c¢ is
examined which shows percentage damaged starch determinations for both enzymes it
can be seen that the same rate of increase would be likely to found up to 10 minutes
for fungal alpha amylase as was seen up to 20 minutes. It is uncertain from these
studies at what time most of the first stage of digestion of the damaged starch occurs,
but it was somewhere between 0 and 10 minutes. The rate of maltose production
compares well with the rate of percentage damaged starch production up to a period
of 60 minutes.

Rate of Change in Production of Individual Reducing Sugars Following Incubation
For 10 to 60 Minutes.

A similar rate of glucose production up to 60 minutes was found with both
enzymes, following digestion of maize flour (Figures 31 and 32). By digesting with
fungal alpha amylase a higher rate of glucose is produced after 20 minutes than
maltose and maltotriose 1n maize flour. The amount of glucose produced increases
more than maltose production as digestion proceeds. It increases steadily instead of in
stages as maltose does. Prolonged incubation of maize flour with pancreatic alpha
amylase revealed that following 22 hours incubation, the glucose peak had become
the largest peak in the chromatogram so that eventually the amylases used are going
to proceed towards breaking down all the damaged starch to glucose. This is as

expected e,

The rate of increase in maltotriose production is greater when the maize flour

is digested by pancreatic alpha amylase than when it is digested by fungal alpha
amylase.
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Overall the production of reducing sugars corresponds well with the increase
in percentage damaged starch determined by the colorimetric method over a period of
60 minutes in maize flour. Therefore, pancreatic alpha amylase is digesting more
starch than fungal alpha amylase over the same period of time (60 minutes) in maize
flour causing further damage and endocorrosion.

Potato Flour

Potato flour, following incubation with fungal alpha amylase, has increased
from 1.3% damaged starch after ten minutes incubation to 1.8% after 60 minutes
incubation (Figure 27d). The digestion of potato starch, therefore, does increase after
time. However, the rate of increase is very low and is not significant. This is because
the starch, which 1s left, has a more resistant crystalline structure and the slower rate
of breakdown is due to * the higher content of crystalline structure in potato starch
and to the size of the granule *. For potato flour there is a lower rate of increase in the
production of maltose by pancreatic alpha amylase from 0 to 20 minutes compared to
maize flour and a very slow rate of increase up to 60 minutes following this (Figure
34). This is probably due to the fact that potato starch is more resistant to digestion
than cereal starch and also contains much less damaged starch, which may be digested
very early on leaving behind intact starch, which 1s difficult to digest further. The rate
of production of maltotriose by pancreatic alpha amylase for potato flour is very
similar to that of the rate of production of glucose (Figure 33).

However, it was also found that B structures within starch granules are
attacked more rapidly than A type®. This was not found here as evidenced by the fact
that there was no increase in the rate of production of percentage damaged starch
values after 10 minutes incubation. A possible explanation is that the B-structures
were all digested during the first 10 minutes, leaving A-type crystalline structures
behind. This may also be because the claim regarding B structures being more rapidly
digested is based on studies using very long digestion periods. It is also possible that
the flour production processes which the starches have undergone before being used
in this study have affected the digestibility of the starch.

HPLCRI

Chromatograms were also obtained of digested flour samples using the HPLC
RI system following enzymatic incubation for 10, 20 and 30 minutes. As expected
from the Dionex results the maltose value did not increase greatly between 10 and 30
minutes, however, the glucose values do increase (Figure 35) as was also seen with
Dionex HPLC results. This 1s due to a trend towards complete breakdown of the
starch to glucose. Therefore, maltose is not a good indication of percentage damaged
starch at earlier stages of digestion as an increase in incubation time will result in a
greater percentage of giucose in the total reducing sugars present.

High protein wheat flour was incubated for increased incubation times of 2,3
and 4 hours. [t was found that there was very little change in percentage starch
damage up to three hours. It can be concluded that very little starch in these flours
was available for digestion after 60 minutes. However, following 4 hours incubation
the amount of damaged starch increased from approximately 8 to 10 %. The enzyme
is now digesting further into the intact or partially damaged starch granules and has
reached a new phase of digestion.
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The Effects of Increased Incubation Periods on Damaged Starch Determination

Using HPLC the type of sugars produced in a particular flour by a particular
enzyme can be determined. By quantitation using enzymatic colorimetric methods the
amount of damaged starch can be determined which is constant under constant
conditions while remaining an empirical value. The colorimetric assay takes into
account all reducing sugars produced and not just maltose. The maltose produced can
be related to the overall damaged starch value and used as a damaged starch
determination method but quantitatively it does not account for the same amount of
damaged starch as 1s obtained by the colorimetric method. The rate of increase of the
combined total of all reducing sugars was found to be different to the rate of increase
of maltose.

Starch damage values increased with increasing time when using either
enzyme. As both enzymes were used in excess it can be assumed here that endo-
corrosion is occurring into less damaged or undamaged starch granules. This breaks
up partially damaged or undamaged granules and as the surface area of the granules
increases the rate of starch digestion increases again. This increase in rate did not
increase significantly in the first 30 minutes; however, if digested up to 60 minutes
the percentage damaged starch in the flour samples increases again.

4:2:3 Observation of the Progressive Digestion of Starch Granules using the
Scanning Electron Microscope.

The purpose of this section of the study was to determine whether the
digestion of the starch granules in flours, by the enzymatic, colorimetric method
carried out above, over a period of 60 minutes could be observed through the
breakdown of the starch granules and related to the determination of percentage
damaged starch using the HPLC or the colorimetric method. The two flour samples
tested were maize and potato, one cereal flour with an A-type crystalline structure and
a non-cereal flour with a B-type crystalline structure.

Maize Flour

1t was firstly found that, by using the method for preparation of the samples
for examination using the SEM, (which is similar to the modified AACC 76-31
method), the granules stick together in clumps (Figure 36a) possibly due to the protein
and solubilised starch present. This would consequently result in uneven digestion of
the starch granules, using the enzymatic colorimetric methed, duc to the fact that the
granules on the inside of the clumps would have much less access to the enzyme than
the ones on the surface. Therefore, even though extensive mixing of the sample is
carried out during determination of percentage damaged starch, the sample and
enzyme are still not thoroughly and evenly mixed.
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The flour samples were firstly examined undigested. On observation of the
maize flour samples using the scanning electron microscope it is important to note
that the starch granules have already been damaged by the milling process resulting
in, as expected, granules of varying size and appearance. Naturally the granules also
have a very varied morphology. The size of the granules varies from approximately 7
to 21 microns in length. They have an angular structure and a surface which is seen to
be either smooth, or uneven and rough (Figures 36b and 36¢). Tiny holes were also
visible.on the-granule surfaces-This may be due to the enzyime naturally present in the
flour. It was found that while determining percentage damaged starch by the
enzymatic colorimetric method and by using HPLC, that some reducing sugars were
detected before any enzyme is added to the flour samples. Therefore, digestion is
occurring even before incubation with added enzyme during the process of damaged
starch determination. Some granules have been cut into pieces and some are cracked
on the surface. This 1s as a result of the milling process. The vaniation in size and
appearance of the granules made the process of observation of breakdown over the
selected period of time quite difficult.

Figure 37 shows micrographs taken of maize flour digested by pancreatic
alpha amylase at 10 minute intervals from 10 to 60 minutes. As it can be observed
from these, it 1s not possible to detect any progressive process of breakdown every 10
minutes.

On closer analysis, under higher magnification (Figure 38), some of the effects
of digestion on the granule structure can be seen. The enzyme appears to be cating
into the surface of the granule, possibly at weak points, which were cracked by the
milling process, breaking down the surface in a random fashion resulting in an
uneven, cracked, pitty appearance (Figures 38b and 38¢) and leaving some pieces of
the surface practically untouched, while roughening the surface in other places.
Previous studies” '2 have stated that generally the surface of the granule is eroded
first which can also be observed in this study. This is slight in the case of potato and
other B- type starches °. In this study the surface has been degraded giving the granule
a rough, uneven surface possibly the effect of removing amylose and leaving
amylopectin. It was also found previously that in maize starch treated with porcine
pancreatic amylase the radial rate of degradation was faster than the tangential one
with numerous rapidly developing pin holes randomly distributed on the surface with
corrosion canals showing internal saw tooth patterns inside the granules'*. These
previous observations compare well with the ones found in this study.

After 10 minutes very little endo-corrosion can be secen at higher
magnifications (Figure 38a) (a small amount is visible) but after 20 minutes much
more endo-corrosion has occurred due to the appearance of small heles scattered over
the surface of certain granules (Figure 38b). Tiny holes (these would be characteristic
of beta amylase), as well as larger ones, can be seen, indicating that endocorrosion
occurs even following incubation for 10 minutes. Figure 38c shows much smaller
pinholes, which are more widespread on the surface rather than fewer larger holes.
There also appears to be a very general increase in the amount of endo-corrosion as
digestion proceeds. This increase, however, is not visually clear cut afier every 10
minute increase in incubation time.
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After 50 and 60 minutes incubation (fig 38e and 38f) the digestion process is
continuing in much the same way as before, with individual granules being broken
down at varying rates and degrees, and in different ways. It was found that while
some granules are being digested by a number of small holes, others look untouched
even at a magnification of X 4000 (Figures 38b and 38d). Some granules are heavily
digested while others appear smooth and undigested even after 60 minutes of
incubation (Figure 38f). 1t was found in previous studies that for native wheat
granules,-hydrolysis-occurs-granule bygranule; and an attacked granule is completely
hydrolysed, the limiting step being penetration of enzymes into the granules by
successive formation of pits or larger pores 12l The number of adsorption sites for an
enzyme depends on the porosity and accessibility of the substrate '°.

As the digestion process progresses, the holes produced initially increase in
size and appear to penetrate towards the centre of the granule in some cascs
eventually resulting in a hollow granule. Some starches including wheat, barley, rye
and some tropical tubers have susceptible areas, which become pitted due to endo-
corrosion’. These pits become enlarged and sink canals of endo-corrosion into the
granule, which are randomly formed around the surface’. This is shown in this study
in Figure 38e. Previous studies have found that under the effects of pancreatic alpha
amylase attack ° maize starch granules are hydrolysed randomly and the digestion
tunnels down towards the centre of the granule increasing the width of these pathways
as digestion proceeds.

Previous studies have found that granules from maize taro, rice and yam are
randomly hydrolysed and deep pitting canals enlarge through the granules at each
shell level. In waxy maize (high-amylopectin maize) pitting is amplified by tangential
corrosion cutting out the soft part of each shell. Amylomaize on the other hand is
undigested externally. Only small protuberances containing a pore on the top are
visible, through which the enzyme penetrates around the granule, some granules being
completely empty °. This effect does not occur in this study, due to the fact that
ordinary maize is being digested.

Previous studies have shown that during digestion of starch granules by starch
degrading enzymes the softer amorphous part of the granule is more easily digested
than the hard crystalline part 3. This can be seen by looking at the rings on the starch
granule in Figure 39a. In this micrograph granules have been cut into pieces to reveal
the inside and the enzymes appear to be digesting between the ordered concentric
rings. These rings are the crystailine part of the starch granule and the enzyme is
digesting the amorphous component between these rings, presumably amylose. This
process of digestion of amylose rather than amylopectin can also be observed in the
case of the hollowed out granule where the crystalline layers can be clearly seen
(Figure 38e). This hollowing process may be due to the fact that the surface of the
granule is structurally stronger and more crystalline than the interior. According to
previous studies” "2 starch granules appeared to be composed of successive layers or
shells of more or less crystalline material. In Figures 39a and 39b the granule was
most likely cut across the centre during the milling process revealing the internal
crystal structure.
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To observe what happens over a prolonged period of time the flour granules
were digested for 20 hours. The small holes in the granule surface have become much
larger, in some cases joining together to form larger gaps (Figures 39¢ and 39d). The
pits, which are formed, can also now be clearly seen to be penetrating through the
granule layers towards the granule centre (Figure 39d). Digestion is more widespread
throughout the solution but is still not evenly distributed. This can be seen by the fact
that some granules have a large hole on their surface and a hollowed out granule and
other granules-look-similar to-those which-have beendigestéd after only [0 minutes
with small pin holes on their surface (Figure 39¢). The crystalline layers can be
clearly seen as the gaps in the granule enlarge. However, the general trend is towards
continued endo-corrosion of the starch granules constantly increasing the percentage
damaged starch.

It would be expected that as the granules are digested a greater surface area
would be available for further digestion and the rate of digestion would increase. It
can be seen from the above percentage damaged starch results that there is a large
difference in reducing sugars present between flour incubated with no enzyme and
following enzyme incubation for 10 minutes. After 20 minutes there is a slower rate
of increase in reducing sugars produced due to the fact that readily available starch
has already been digested. The slower rate of increase in reducing sugars is probably
also due to further endo-corrosion. This would correspond to the maltose produced
by the colorimetric method relating to the hydrolysis of damaged granules and the
later second phase of slow hydrolysis of undamaged granules or the hydrolysis of less
accessible sites on partially damaged granules. Between 20 and 40 minutes little
difference can be seen between the amount of reducing sugars produced.

After 40 or 50 minutes the process of digestion may result in increased surface
arca as granules are persistently hollowed and broken up. Therefore, at this stage an
increase in rate of production of reducing sugars may again occur. At 60 minutes a
second increase in the rate of reducing sugars produced can be seen. Corresponding
change in the appearance of the maize granules cannot be observed using the SEM
due to the variation in rate of digestion of individual granules and variation in the
types of digestion of each granule.

Overall this type of starch, which is from a cereal source, and has an A-type
crystalline structure seems to have been digested by several different processes here.
An overview of granule digestion shows that some granules are highly digested
whereas others in close proximity appear to be untouched. This is as a result of readily
available damaged sites on the granules and the initial onset of endo-corrosion, which
does start to occur before the addition of any enzyme. The enzymes are then relying
solely on the process of endo-corrosion for the production of reducing sugars
following 10 minutes and possibly earher.

There appears to be no distinct difference found in this study between
digestion by fungal alpha amylase and by pancreatic alpha amylase. Fungal alpha
amylases were, however, previously found to be less active on starch granules than
pancreatic, salivary, malt and bacterial alpha amylases '%. It has been shown
microscopically that the alpha amylase of Aspergillus oryzae produced larger pores on
the surfa]c}e of maize starch than other amylases and produced maltose as the main
product ~.
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In this study the same processes of breakdown occur with fungal alpha
amylase and pancreatic alpha amylase, with extreme digestion of certain granules
occurring alongside no digestion of other granules, within the same time frame
(Figure 40b). The same pin hole digestion, together with larger hole digestion, can
also be observed. When two sets of granules were equally well exposed to 10 minutes
digestion, one set show virtually no digestion except for a roughened surface, whereas
the second set of granules show large digestion holes on their surface digesting
towards the-inside of-the-granule: T T

In conclusion it was found that there are three main ways in which the
damaged maize starch granule may be broken down by alpha and beta amylase,
However, individual granules behave differently depending on how much damage
they have been subjected to before digestion and possibly also the variation in their
individual structures. Results were found to be similar to previous studies, which
involved the observation of undamaged granules. However, time related digestion had
not been studied before.

Potato Flour

Potato flour may be produced in a variety of ways, for example the USA and
Germany produce it by two very different methods. The USA produces farina. By this
method starch is separated by a wet washing process, allowed to settle, centrifuged
and dried. In Germany potatoes are scrubbed, peeled and sliced and the slices dried by
heat, ground and sieved '2*. The potato flour used here is Canadian and is prepared by
pealing, trimming, cooking and flaking in a drier and finally grinding.

It has been found previously that potato starch is more difficult to digest than
other types of starch. Potato starch has a higher content of crystalline structure. The
resistance of the B-type structure of potato starch may be due to a greater number of
crystallites on the granule surface '’. Previous studies have found that at a higher
magnification under the SEM, granules treated by enzymes appear to be made up of
small, almost spherical blocklets coming together tangentially'. In the B-type pattern
larger blocklets are superimposed at the peripheral level. These are also seen in the C
pattern. This is thought to be why the B and C crystalline structures of starch are more
resistant to hydrolysis than the A-type crystalline structures. Unpublished work of
Gallant and Bouchet has found that the blocklets are packs of crystals composed of
small crystalline sheets stacked tangentially to the granule surface'®. Potato starch
granules have a larger granule surface area and, therefore, a lower total surface area,
which is generally smoother than cereal starches. Previous studies have shown that
generally the surface of starch granules are eroded first during digestion and that this
is slight in the case of potato and other B- type starches °.

On first observation of the micrographs in this study the potato granule as
expected is much larger than the maize granule with a much greater variation in size,
approximately from 9 to 63 microns in length. The surface is smoother and rounder
and generally has an egg or ovoid shape (Figure 41b). Very few granules appear to be
broken but some broken ones are visible (Figure 41¢). Despite the preparation
process which they have undergone their appearance after no addition of enzyme 1s in
most cases intact. Some of the surfaces on closer inspection are cracked (Figure 41c¢)
or scratched. Mainly the granules are smooth with slightly rough areas at the pointed
ends (Figure 41b).
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An overview of the digestion process every 10 minutes can be observed in
Figure 42. As was found with the maize flour there is no regulated, clearly visible
increase in digestion every 10 minutes. Several views were taken of the starch
granules as was done with maize flour and examples are shown in the results section.
Therefore, the different types of digestion processes were instead examined,

Previous studies have found that potato starch and other B- -type crystalline
starches are slightly surface-eroded-by-amylase °. This can b€ séen in this study in
Figure 41d. This roughened, cracked surface may be due to the flour preparation
process. After 20 minutes of digestion there is more striking evidence of breakdown
by enzymes. A cracking process is becoming increasingly visible and also a
hollowing out process can be seen (Figure 42c). These appear to be as a result of
enzymatic digestion, as smooth round holes can be seen in some granules, which then
enlarge and open out to eventually leave thick, hollow shells. In some cases a thick
shell only remains (Figure 41¢). Therefore, the inside of the granule is obviously
much more readily digestible than the outer shell. It also appears to be more easily
digestible than the inside of a maize granule. Also rather than damaging using a series
of holes as in the case of maize flour the enzyme seems to accentuate the crack and
form one break in the surface which gets larger eventually opening out the granule.
The granule may be being hollowed at-the stage when only a crack or a small hole is
visible. It was found in a previous study that potato starch granules digested by alpha
amylase showed " collapses, cracks and erosions”'?. 1t was also found in another
study that alpha amylase caused several large pits to be formed in B type granules and
small pits were formed by beta amylase'®. Small pits were not seen in this study on
potato flour following digestion even though the pancreatic alpha amylase does
contain beta amylase. 1t was also found in another study that as soon as the enzyme
attack moved towards the central parts of the potato starch granule digestion occurred
at an increased speed so that there were no fragments (small pieces of starch granule),
which were present following the hydrolysis of cereal starches®. This can be seen
here also, as the fragments, which were seen in the maize flour micrographs are not
seen here with potato flour. Therefore, the observations of previous studies do in
some way relate to what 1s being seen here, however, in those cases intact starch
rather than damaged starch granules were being observed.

Figure 4 1d shows initial stages of cracking on the granule surface. These
cracks may have been formed during the production of the flour and may be the area
where the beginning of the digestion process occurs. Figure 41e shows a granule,
which has opened out revealing a thick shell and a centre containing what appear to
be smaller granules. Figure 41f shows that in fact the granules may be hollowed to
reveal an inner granule. As the granules are hollowing they seem to be doing so in
layers producing what looks like a smaller potato granule inside and in some cases
more than one smaller granule again. The granule appears to have a strongly
crystalline layer followed by an amorphous layer which is easier to break down
followed by another crystalline layer and so on. It may, however, also be the case that
the smaller granules, through the process of shaking, have positioned themselves
inside the larger ones. This hollowing process continues to be visible right up to 60
minutes of digestion.
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Again the rate of digestion and determination of percentage damaged starch by
colorimetric damaged starch methods in the first 20 minutes is quite high compared to
the rate following 20 minutes which is shown in the above chromatograms. This
cannot be clearly observed using micrographs. General increased endo-corrosion can
only be seen (Figure 42).

Again use of fungal alpha amylase as compared to pancreatic alpha amylase
shows no-real-difference that can be detected in this study. Figure 43a again shows the
initial stages of formation of a hole on the granule surface. This occurs alongside a
crack but the digestion is occurring in a circular form rather than along the crack.
Figure 43b demonstrates that the granule may have an inner granular layer, which is
removed when the shell opens. Figure 43¢ shows part of a granule which has been
hollowed leaving a thick shell and what appears to be rings on the inside indicating
the crystalline structure of the starch granule. In only one case surface digestion was
observed as an eroding process on the granule. Tangential cracks can be seen although
the granule may also be hollow as well (Figure 43d).

The processes of breakdown for the two different types of flour examined in
this study (maize and potato) vary considerably. This is due to the different types of
crystallinity in the different starches, mostly A in the case of maize and B in the case
of potato. The amylose: amylopectin ratios are slightly different in that potato starch
generally speaking contains 80% amylopectin whereas maize starch contains 76%
amylopectin ''>. As amylopectin gives the starch its crystallinity this would mean that
the potato contains the more crystalline component, which implies that it may be more
difficult to digest. However, the ease of digestion is more likely to be related to the
arrangement of the starch in its crystal structure rather than the amount of amylose
and amylopectin. Potato also has less surface area available for digestion than maize,
and the two flours have also been prepared in different ways. Another reason for
variation in breakdown is the presence of lipids or proteins with the starch. Potato
flour contains almost all starch, whereas maize flour also contains significantly larger
amounts of protein and some lipid.

It can be concluded that the digestion process of starch granules cannot be
observed every 10 minutes by the observation method used here. However, the
general process of breakdown and the types of breakdown expected can be observed.
As was found by previous studies each individual granule is digested differently.
Further work could be done in this area. In order to more closely observe the stages of
breakdown of the starch granules a small number of granules could be isolated and
monitored while they are being digested. In this study some granules were highly
digested and others were untouched in the same solution of starch following
incubation with enzymes for a fixed period of time.

4:2:4 Determination of the Effect of Digestion of Starch Granules on
Crystallinity using X-ray Powder Diffraction

X-rays are diffracted by the crystalline structure of starch granules. There are
two principle types of diffraction diagrams obtained corresponding to A and B type
crystalline structures. Starch granules contain a crystalline structure that may be
broken down by damage. Whether this crystalline structure is affected by digestion
with alpha amylase is what is to be examined here.
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Diffractometry spectra for A and B crystalline patterns are shown in the
introduction in Figure 8. The first flour sample to be examined here had an A-type
crystalline structure and was biscuit wheat flour. In the reference diagram for the A-
type crystalline structure Figure 8, peaks were observed at 23.3 degrees and 18.1, 17
and 15 degrees. Peaks should also be present at 9.9 and 11.2 degrees. For the biscuit
flour sample tested in this study peaks were observed at 15, 17, 18.1 and 23 degrees.

This is shown in Figure 44 in"the tesults section.’A small peak ca{n be observed at 19
degrees. Lower peaks can also be seen at between 9 and 13 degrees.

Therefore, the crystalline pattern of the biscuit flour corresponds very well
with the reference diffractogram even though the starch used here is from a flour
which contains damaged starch. For the biscuit flour diffractogram the peaks are not
as well resolved as those of the reference diagram. This is due to the facl that for the
biscuit flour the sample is not pure starch and the milling process has also damaged
the starch. The levels of hydration of the sample also affect the intensity of the peaks.
The more hydrated the sample the more intense the individual peaks. The flour
sample used in this study may have been drier than the reference sample. The biscuit
flour used here had a moisture content of 9.6%. In Figure 9 it can be seen that the
moisture content was between B - 8% and C — 11%. These diagrams in Figure 9 show
that the lower the moisture content of the samples the less well defined are the peaks.

Maize flour, which also has an A-type crystalline structure was compared with
biscuit flour and the corresponding crystallinity can be clearly seen from Figure 45
which shows maize flour and biscuit flour chromatograms stightly offset from one
another. The peak between 10 and 13 degrees is absent in the case of maize flour.
This may be due to the fact that maize flour is a finely, milled flour which may have
resulted in loss of some of the crystallinity. It may also be because maize flour is a
different type of flour than wheat flour and has a slightly different type of crystalline
structure.

Potato flour was also examined in this study as it has a B-type crystalline
pattern. The reference diffractogram in Figure 8 shows peaks at 24, 22 a large peak at
17, a double peak at 15 and a large peak at 5.6 degrees. The diffractogram for potato
flour (Figure 46) shows a large peak at 17 and a double peak at 14 and a slight peak at
22. There is a small peak at 6 degrees. Less of the peaks are seen here to correspond
with the reference diffractogram than was found in the case of the biscuit flour and its
reference, showing possibly a greater loss of crystallinity in the potato flour
preparation process. However, certain corresponding peaks are again comparable with
the reference chromatogram. Figure 47 shows potato starch compared to potato flour.
For potato starch peaks can he clearly seen at 18, 20, 22 and 25 degrees. All the peaks
are much larger in the case of potato starch than with potato flour although peaks at
the same degrees are seen in both. Therefore, these peaks may be reduced in size by
the flour preparation process. An altemative reason is that the starch sample may be
more hydrated than the flour sample. However, this is not the case as potato flour
sample contains 13.2% moisture and the potato starch 8.09% moisture. There are two
peaks at 14 and 15 degrees, which are larger in the case of the flour than in the case of
the starch. These may have been formed as a result of retrogradation of starch during
the flour making process.
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Figure 48 shows the crystallinity in a resistant starch standard. The resistant
starch standard is made of amylomaize, which is a cereal flour, which has been
gelatinised and cooled to produce resistant starch. Peaks are seen at 17, 20, 22 and 24
degrees. The peaks are very similar to those of potato starch and the reference B-
crystalline chromatogram except for the large peak at 20 degrees. If the resistant
starch chromatogram is compared with that of ordinary maize flour, the maize flour
has an extra peak at 15 degrees which has been lost during production of resistant
starch-and-the resistant starch-standard-has ‘anextra peak at 20 degrees created during
production of resistant starch. The difference in peaks found might also be due to the
fact that the resistant starch 1s made up of amylomaize, which contains more
amylopectin than ordinary maize. As amylopectin gives the granule its crystallinity
the extra amylopectin in the resistant starch sample may account for the different
peaks observed.

Digestion of Flours and Its Effect on Crystallinity

Firstly the method for the preparation of samples was tested without the
addition of any enzyme to see if the process itself had any effect on the crystallinity of
the flour. Very little effect was had on biscuit flour (Figure 49). The biscuit flour was
then digested for 30 and 60 minutes to see if the digestion process resulted in
reduction in crystallinity. The moisture content of the digested flour samples was
10.1% moisture which is very similar to the undigested sample. Therefore, the
moisture content would have little effect on the result in this case. Figure 50 shows
biscuit flour digested for | hour. Very little change in crystallinity can be seen from
this diagram. There is a slight reduction in the size of some of the peaks. This is
probably due to slight difference in hydration of the two samples.

Figure 51 shows how there was no change in crystallimty following the
preparation process for the potato flour sample. It also shows potato flour and potato
flour which has undergone the preparation process, without any enzyme added. Figure
52 shows that digestion of potato flour for 30 minutes had no effect on crystallinity.
Figure 53 shows that digestion of potato flour for 60 minutes had no effect on
crystallinity.

Therefore, no reduction in crystallinity of starch granules digested by alpha
amylase can be detected by this method of x-ray powder diffraction.
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4:3 CONCLUSIONS

1. Enzymatic, colorimetric methods are generally not a good indication of the level of
damage in starch. Colorimetric dye absorption tests are more indicative of starch
damage levels and enzymatic, colorimetric methods give an indication of digestible
starch levels.

2. The-results-obtained-by using the modified AACC 76-31 méthod were very similar
to those of the AACC 76-31 Method despite the variation in enzyme purity and
concentration used. The results for the AACC 76-31 method and its modified version
are approximately five times Jower than the value found for the Farrand method.

The Farrand method was far more time consuming than the AACC 76-31 method.

It was found that all methods tested in this study are less suited to samples containing
low amounts of damaged starch than to samples containing larger amounts. It can,
however, be concluded that the AACC 76-31 method or the modified version used in
this study are faster, more economical and more accurate that the traditionally used
Farrand method.

3. Percentage damaged starch determined using the colorimetric assay in the two
selected wheat flours tested (biscuit wheat and high protein wheat) was the same
when either pancreatic alpha amylase or fungal alpha amylase were used. A similar
profile of reducing sugars was found from biscuit flour digested using either
pancreatic alpha amylase or fungal alpha amy!lase as was found with high protein
wheat flour. However, a greater percentage of reducing sugars were produced in high
protein wheat flour by pancreatic alpha amylase than by fungal alpha amylase. It is,
therefore, likely that the pancreatic alpha amylase is digesting a greater amount of
high protein wheat flour than fungal alpha amlylase is. Less total reducing sugars
were produced in biscuit flour. This is due to the fact that biscuit wheat flour is softer
and, therefore, less damaged that high protein wheat flour. Maltose was the main
reducing sugar produced and the more damaged the flour the more maltose was
released.

The percentage glucose was found to be slightly higher when the flour
samples were digested with fungal alpha amylase. However, the maltose
concentrations were slightly higher and the maltotriose concentrations were much
higher when the flours were digested by pancreatic alpha amylase. Therefore, the
colorimetric method 1s probably not detecting all the reducing sugars produced by
pancreatic alpha amylase. The glucose values in the flour samples digested by fungal
alpha amylase are, however, all quite low and may result from breakdown by alpha
amylase, or alternatively, by glucoamylase which is already present in the flour.

Pancreatic alpha amylase digested both maize flour and potato flour to a
greater extent than the fungal alpha amylase. Therefore, the combination of alpha and
beta amylase in the pancreatic alpha amylase exerts greater degradation than the alpha
amylase alone in the fungal alpha amylase on both maize and potato flours as
compared to wheat flours. This is either due to the enzyme source, the presence of
beta amylase in pancreatic alpha amylase or the different types of flours being
digested. The reducing sugars are greater in concentration in maize flour compared to
high protein wheat flour, which is because maize flour is more highly damaged.
However, more maltose relative to glucose and maltotriose was produced in high
protein wheat flour compared to maize flour.
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Therefore, for each of the different flours tested the different enzymes used in these
tests are resulting in the production of different ratios of the reducing sugars. The
maltose values particularly for maize flour would, therefore, not be a good
representation of the amount of digested starch as significant amounts of other
reducing sugars were also produced. Therefore, the percentage damaged starch does
not always relate to maltose produced.-but-may-depend-on-glucose-and maltotfiose and
possibly some other longer chain sugars also. Therefore, maltose is not a good
indication of actual percentage digestible starch values. Therefore, it was found by
damaged starch tests that the pancreatic alpha amylase digested more starch than
fungal alpha amylase. In the case of both maize and potato flours the increase is
mainly derived from the increased production of maltotriose.

The sugars produced do not depend on the crystalline structures of the starch
granules and starches of different crystalline structures cannot be distinguished
between by observation of the sugars produced following their digestion by enzymes
and determination of these sugars by this HPLC method. The sugars produced
generally are to do with the type of enzyme used in combination with the flour it is
digesting. Reducing sugars up to maltoheptaose were qualitatively detected using
standards. A greater amount of starch was digested when alpha amylase was
incubated in combination with amyloglucosidase. This is because amyloglucosidase
can digest a certain amount of damaged starch to glucose without the assistance of
amylase and also because certain reducing sugars including maltose inhibit further
digestion by amylase. This inhibition is prevented by the maltose being converted to
glucose, which does not inhibit amylase digestion. The HPLC RI system requires
much more concentrated samples than the HPLC HPAEPAD system, however, it
takes the same amount of time to prepare samples for either system. The HPAEPAD
HPLC system has the advantage of detecting lower concentration sugars and also
mon, di and oligosaccharides under the same conditions. The HPLC RI system
requires much less capital cost.

It was found that the enzymes used in this study were active over a wide range
of pH values but had an optimum activity at approximately pH 5.5.

4. 1t was found that during up to 10 minutes incubation with an enzyme most of the
digestion of starch in the flour samples occurs. A rapid increase in glucose, maltose
and maltotriose was produced up to 10 minutes followed by a slower, steadier
increase up to 60 minutes. As both enzymes were used in excess it can be assumed
here that endocorrosion is occurring into less damaged or undamaged starch granules.
The enzyme is now digesting further into the intact or partially damaged starch
granuies and has reached a new phase of digestion. Overall the production of reducing
sugars corresponds well with the increase in percentage damaged starch determined
by the colorimetric method over a period of 60 minutes. The rate of maltose
production also compares well with the rate of percentage damaged starch production
up to 60 minutes. A good correlation (R = 0.98) was found between maltose values
obtained by HPLC RI and percentage starch damage determined by the colorimetric
assay in this study. The maltose produced can be related to the overall damaged starch
value and used as a damaged starch determination method but quantitatively it does
not account for the same amount of damaged starch as is obtained by the colorimetric
method. Therefore, as was shown in a previous study this HPLC system could
effectively be used instead of an enzymatic colorimetric method for the determination
of damaged starch.
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1t was found that a higher rate of increase in the amount of damaged starch
digested from maize flour occurs in the case of pancreatic alpha than when fungal
alpha amylase is used. The rate of increase in percentage damaged starch produced in
wheat flours was the same when either enzyme was used. 1t was found that the
incubation time has a greater effect on starch digestion than alpha amylase activity.

5. Using the SEM tiny holes were found to be visible on the undigested maize starch
granule surface in the flour sample, which may be due to enzyme naturally present in
the flour. As was found before while determining percentage damaged starch, some
reducing sugars were detected before any enzyme was added to the flour samples.

It was found that, while some maize starch granules are being digested to form
a number of small holes, others look untouched even at a magnification of X 4000.
Individual granules are digested differently depending on how much damage they
have been subjected to before digestion and possibly also variation in their individual
structures. Also the softer amorphous part of the granule is more easily digested than
the hard crystalline part. This can be seen by observation of the rings inside the starch
granule. A hollowing process, which also occurs, may be due to the fact that the
centre of the granule may have weaker crystallinity than the surface. Generally the
surface of the granule was eroded first. Therefore, it is at this stage that an increase in
rate of production of reducing sugars may again occur.

As the digestion process of the maize starch progresses, the holes produced
initially, increase in size and appear to penetrate towards the centre of the granule. In
some cases this eventually results in a hollow granule. Afier 20 minutes there is a
slower rate of increase in reducing sugars produced due to the fact that readily
available starch has already been digested. This is probably also due to further
endocorrosion of undamaged granules or the hydrolysis of less accessible sites on
partially damaged granules.

Despite the preparation process which the potato granules have undergone
their appearance after no addition of enzyme is in most cases wtacl. Some of the
surfaces on closer inspection are cracked or scratched A hollowing out process can be
seen which, appears to be as a result of enzymatic digestion as smooth round holes
can be seen in some granules, which then enlarge and open out to eventually leave
thick, hollow shells. As the granules are hollowing they seem to be doing so in layers
producing what looks like a smaller potato granule inside and in some cases more
than one smaller granule again. These digestion processes are likely to be related to
the arrangement of the starch in its crystal structure.

It can be concluded that the digestion process of starch granules cannot be
observed every 10 minutes by the preparation method used here. However, the

general process of breakdown and the types of breakdown expected can be observed.

6. No reduction in crystallinity of starch granule< digested by alpha amylase can be
detected by x-ray powder diffraction.

7. It was found that increase in heat has a greater effect on digestible starch than
increase in time exposed to heat.
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