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Chapter 1

General Introduction

Starch

Almost all green plants produce starch as a source of energy storage. The starch is
deposited in special organelles (chloroplasts and amyloplasts) as small granules ranging
from 1 to 100 pm. These tiny white granules occur in various parts of plants, for example in
cereal grains (maize, wheat), in roots (tapioca) and in tubers (potatoes). The granules vary
in size and shape depending on the plant source, and are insoluble in cold water (Swinkels,
1985). Starch is a polymer composed of glucose units primarily linked by o(l—4)
glucosidic bonds, with some additional «(1—6) linkages (Figure 1).
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Figure 1: Schematic representation of a-(1—4) and o-(1—6) linked glucose units in
starch.




Chapter 1

It consists of a mixture of two types of polymers: amylose and amylopectin. The relative
mass contribution of amylose and amylopectin varies but normally lies around 20-30%
[wiw] for amylose and 70-80% [w/w] for amylopectin, Varieties with deviating
compositions also exist, for example nearly 100% pure amylopectin potato and maize
starch. Amylopectin is a branched polymer in which linear chains, containing on average
20-24 o1—4)-linked D-glucose residues, are linked by a(1-—6)-D-glucosidic linkages to
form a multiple-branched structure. More information on the structure of amylopectin can
be found in chapter 5.

The percentage of a(l—6) linkages in amylose (0.2-0.7%) is much smaller than in
amylopectin (4-5%), resulting in a more linear polymer (Hizukuri, 1996).

The worldwide production of industrial starch showed a steﬁdy increase over the last two
decades (Table I). Primary triggers for this increase were increased demand for high
fructose syrups (specially in the USA and to a lesser extent in Europe due to high taxes),
glucose syrups for fermentation purposes, and wheat gluten (resulting in starch as a by-
product). Despite this increase in demand there currently is a worldwide overproduction of

starch.

Table I: Annual worldwide production of commercial starches in million metric tons.

Botanical source 1980+ 1990+ 1993+ 1995/1996"
Maize 11.6 20 26.3 35.2
Potato 14 24 2.5 2.1
Tapioca & others 1.5 1.7 32 3.8
Wheat 0.6 1.5 1.7 28
Total 15.1 25.6 337 439

*Courtesy of Avebe, Veendam, the Netherlands. '(HRA, 1997)

Starch is used for various applications mainly in the food, paper and textile industries

(Whistler et al., 1984). A significant quantity of this starch is modified (chemically,

physically, or enzymatically) before use. The main modifications are polymer degradation,
2




Chapter 1
oxidation, cross-linking, and substitution with various groups, and combinations thereof.
This thesis deals with one of these modifications, the partial enzymatic degradation of

starch to a saccharide mixture.

Historic perspective of enzymatic starch hydrolysis

Payen and Persoz were the first to become aware of enzymatic starch hydrolysis in 1833,
when a malt extract was found to convert starch to sugar (Payen and Persoz, 1833).

A fungal amylase preparation was first employed for commercial syrup manufacture in
1938 (Dale and Langlois, 1940). The enzyme preparation contained a mixture of
glucoamylase and o-amylase and was used to further hydrolyse an acid hydrolysate
(Schenck, 1992). Glucoamylases are capable of cleaving both c(1—4) and a(1—+6) linked
glucose units and can convert starch to glucose. Glucoamylase is a so-called exo-enzyme,

cleaving off glucose wnits from the non-reducing ends of saccharides (Figure 2).

Glucoamylase

AN

o-amylase

Figure 2: Schematic representation of the way in which c-amylase and glucoamylase
hydrolyze starch.

An a-amylase is only capable of cleaving a(1—4) linked glucose units, but, in contrast to a
glucoamylase, can hydrolyze inside a saccharide polymer. An a-amylase is therefore a so-

called endo-enzyme. In 1951, glucoamylases from both Aspergiflus niger (Kerr et at., 1951)
3 ,




Chapter 1
and Rhizopus delemar (Phillips and Caldwell, 1951a,b) were characterized. The enzyme
from the Rhizopus strain was called glicoamylase and the Aspergifius enzyme
amyloglucosidase. Both terms are still in use although the official trivial name for the
enzyme is glucoamylase. Investigations continued, especially on the removal of the
contaminating enzyme transglucosidase (that reduces the yield of glucose attained), and
commercial operation, for the production of crystalline glucose, was initiated by 1960
(Schenck, 1992). Having reached commercial success with enzymatic saccharification, the
next goal was to replace acid hydrolysis completely by developing a high temperature
amylase that could efficiently liquefy starch. Thermostable bacterial a-amylases had been
developed in the early 1900s by Boidin and Effront (1917a,b) and were used since that time
in the brewing, textile and paper industries. So, it was a logidal step to use these heat-stable
a-amylases for starch liquefaction, and the first commercial processes were impltemented in

the early 1960s (Schenck, 1992).

Maltodextrin production

In the early 1950s, researchers had coined the term maltodextrin for saccharide mixtures
that consist of maltose, maltotriose, maltotetraose, maltopentaose etc (Walker and Whelan,
1957; Whelan and Roberts, 1952). The first commercial maltodextrin was Frodex 15 (later
called Lo-Dex 15}, introduced by American Maize Products Company in 1959 {Alexander,
1992). In the 40 years that followed, a range of commercial maltodextrins became available
and maltodextrins are now used in a wide range of applications. Maltodextrins are used for
example as carrier or bulk agent, texture provider, spray-drying aid, fat replacer, film
former, freeze control agent, to prevent crystallization, or to supply nutritional value. The
last chapter of this thesis gives more information on the saccharide composition of a starch
hydrolysate in relation to its physical and biological properties in various applications. The
total world market of starch hydrolysate products (excluding dextrose, glucose and fructose
syrups, and polyols) was estimated at some 2 million metric tons in 1995/1996 (HRA,

1997). Figure 3 gives the basic production scheme for maltodextrins.
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Alpha-amylase Starch slurry
Gelatinization
| ’ ‘ ’ Atmospheric
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Figure 3: Schematic representation of the process for the conversion of starch to
maltodextrins.
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Chapter 1

Of course, many variations to this basic theme exist. A starch slurry (40% dry weight
[w/w]) with added heat-stable a-amylase (usual liquid enzyme preparation dosage 0.01%
[v/w] on dry starch basis) is dissolved at neutral pH (6-7) by steam injection in a jetcooker.
After a holding time (2-3 minutes), the pressure is reduced to atmospheric conditions cools
down the starch solution. The hydrolysis reaction is continued at 85-90°C until the desired
degree of hydrolysis is reached. Hereafter the enzyme is inactivated by a second heat
treatment. Impurities are removed by filtration, and after de-ionization and carbon
decolorization the dry weight concentration is increased in an evaporator to about 70%
[w/w] before spray drying to the final product. Starch hydrolysis products (i.e.
maltodextrins) are normally characterized by their dextrose equivalent (DE) value, which is
a related to the degree of hydrolysis. The theoretical definition of dextrose equivalent is;
Molecular weight dextrose

DE = - x 100 (1)
Number - average molecular weight starch hydrolysate

Starch, which has a very high molecular weight, has a dextrose equivalent of virtually zero.
Totally converted starch (dextrose, the trivial name for glucose) has a dextrose equivalent
of 100. So, the dextrose equivalent is convenient number between zero and 100, to easily
characterize the mean-average molecular weight of a starch hydrolysate. The USA Food
and Drug Administration defined maltodextrins as non-sweet starch hydrolysate products
with a dextrose equivalent of less than 20 (Schenck, 1992). This arbitrarily fixed limited
value is not always taken absolute in this thesis and higher degrees of hydrolysis are also

evaluated.

Outline of this thesis

The central issue at the start of this research project was: Is the actual production process
for maltodextrins optimal or can it be improved?

To answer this question, evaluation of a considerable number of hydrolysis experiments is
necessary. The traditional titration methods (Lane and Eynon, 1923; Schoorl, 1929) to

determine the degree of hydrolysis (DE) are not only time-consuming, but also inaccurate
6




Chapter 1
{Commerford and Scallet, 1969). Therefore in chapter two, the use of osmometry (freezing-
point depression) is described to determine the degree of hydrolysis of starch in a fast,
reliable and above all accurate way. Throughout the work presented in this thesis
osmometry was used. Six parameters (including their interactions), notably temperature,
dry weight concentration, calcium addition, enzyme dosage, pH and the stirring speed were
investigated with respect to their effects on the rate of hydrolysis (chapter 3}. This was done
by a set up of experiments according to a central composite design, to restrict the number
of experiments to an acceptable level. Special emphasis in this kinetic study was placed on
the use of industrially relevant high dry-weight concentrations. Research reports on this
range were scarce, probably due to difficulties in handling these highly viscous starch
solutions, and the special equipment required (i.e. stirred autoclave, jetcooker). An accurate
description (within the investigated process ranges) of the enzymatic hydrolysis could be
given, suitable for better control of the process. The most remarkable outcome of this
kinetic study was, however, not related to enzyme activity, but to enzyme specificity. The
temperature at which hydrolysis took place was found to influence the saccharide
composition obtained at the end of the hydrolysis. The mean-average molecular weight of
these hydrolysates was the same, but their saccharide composition differed. This was
investigated in more detail, by posing four questions about this phenomenon (chapter 4):
1) How does the influence of temperature on the oligosaccharide composition evolve
during hydrolysis?
2) Is there a temperature influence on the overalt molecular weight distribution in the
initial hydrolysis?
3) What are the mechanisms underlying this temperature phenomenon?
4) Do other bacterial a-amylases also show a similar temperature influence?
The reaction temperature proved to be a valuable tool for the production of starch
hydrolysate products with a better-defined saccharide composition. Gradually, it became
evident that advances in maltodextrin production are not so much related to a cheaper
production process for the current maltodextrins (already quite optimal in industrial

practice), but to the development of maltodextrins with a more defined saccharide
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Chapter 1
composition for specific applications (so-called tailor-made maltodextrins}). A model,
capable of describing the hydrolysis of starch with respect to the saccharide produced, can
be a potent tool in the development of tailor-made maltodextrins. Since no suitable models
were available, work was initiated on the development of such a model. In first instance,
the structure of amylopectin in solution was modeled in a computer matrix (chapter 5).
When this modeled amylopectin structure was evaluated with independent literature values
related to the structure of amylopectin (i.e. percentage -hydrolysis), it was recognized that
these values were not corrected for the hydrolytic gain during hydrolysis. This
overestimation of the actual percentage of P-hydrolysis can be corrected for, however
(chapter 6). The resulting model of amylopectin in solution can be used very well to
simulate all kind of enzymatic or chemical reactions. This is demonstrated in chapter 7 by
evaluation of the saccharides produced upon hydrolysis with an a-amylase, the principal
enzyme used in maltodextrin production. The final chapter deals with the design procedure
for more tailor-made starch hydrolysate products. Both defining an optimal saccharide
composition and ways of producing this at acceptable cost are discussed. Furthermore,

future research needs are pointed out,
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Chapter 2

The use of Freezing-Point Depression for the Theoretical

Dextrose Equivalent Measurement

L. M. Marchal, J. Jonkers and J. Tramper
Starch (1996), 48, 220-224

Abstract

The determination of the theoretical dextrose equivalent (DE) was investigated, by measuring
the osmolality (mol dissolved particles / kg H,0) by freezing-point depression. Relations for
DE and increase in dry weight during hydrolysis were derived as a function of molality and
amount of dry weight at the start of the hydrolysis. With freezing-point depression it was
possible to determine the theoretical DE of oligosaccharides (dextrose to maltoheptaose),
whereas a traditional titration method (Luff-Schoorl) overestimates 20-50%. The
overestimation of DE by Luff-Schoorl titration was also evident during the hydrolysis of
amylopectin potato starch. With freezing-point depression it was possible to determine the
degree of hydrolysis in a fast, reliable and above all accurate way. The relation for the increase

of dry weight during the hydrolysis of starch with an a-amylase was experimentally validated.
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Chapter 2
Introduction

Starch mostly consists of a mixture of amylopectin {70-80% w/w)} and amylose (20-30% w/w).
Amylopectin is a branched macromolecule (M,, 10°- 5.10® [g/mol]) of which on average one
in 20-25 a(1—4)-bound giucose units are branched by o1 —6)-D-glucosidic bonds, Amylose
(M,, 10°-107 [g/mol]} consists of much longer linear chains of which on average one in several
hundreds a(1—4)-bound glucose units are branched by a(1—6)-D-glucosidic bonds (Banks
and Greenwood, 1975). An important parameter for the degree of hydrolysis of starch is the
dextrose equivalent (DE), which is defined as:

DE = Molecular weight dextrose
~ Number- average molecular weight starch hydrolysate

%100 (1

Most commonly used determinations are titration methods such as Lane and Eynon {1923) and
Luff-Schoorl (1929). Both methods are based on the reduction of Cu?* to copper(I)oxide by
the reducing sugars. Although quite commonly used, there are some disadvantages (Fitton,
1979; Swinkels, 1985b). The most important disadvantage is the overestimation of the exact
dextrose equivalent. This overestimation varies for different saccharides (Commerford and
Scallet, 1969), which makes it hard to correct for this. Attempts have been made to use HPLC
for measurement of syrups with a DE above 40 (Delheye and Moreels, 1988; Kiser and Hagy,
1979; Mariller et al., 1985). With HPLC (depending on the method and column used) the
amount of oligosaccharides with a degree of polymerisation of 1 up to 12 can be detected
separately. A problem even with highly hydrolysed starch is the contribution of the oligosac-
charides with a higher degree of polymerisation (16-70% w/w), which appear as one peak in
the chromatogram, to the total dextrose equiyalent. The use of freezing-point depression to
determine the dextrose equivalent has been reported by Kearsley (1978) and Fitton (1979).
Some characteristics of dextrose equivalent measurement with the freezing-point depression

or titration methods like Luff-Schoorl and Lane-Eynon are summarized in Table [.

12
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Table I: Some properties of measuring the dextrose equivalent by freezing-point
depression or titration methods like Luff-Schoorl and Lane-Eynon.

Freezing-point Luff-Schoorl /

depression Lane-Eynon
Time for measurement (min) 2 15-30
Variation between operators Standard error Standard error

0.05-0.09 0.2-0.8
Chemical costs per 0.02% 28 (of which 1.28
measurement disposable)
Environmental friendly Yes No

With a calibration table of known Lane-Eynon dextrose equivalents and corresponding dry
weight, the measured osmolality is converted to Lane-Eynon DE. A different substrate or
production method (for example enzyme or acid) leads to a different spectrum of molecules
and therefore to a different Lane-Eynon DE. So a calibration curve has to be made for each
different substrate or production method. The research presented in this paper focused on the
development of a simple and fast technique, suitable for process control, to measure the
dextrose equivalent as accurate as possible during a liquefaction experiment, without the need

to make a new calibration curve each time.

Theory

When 1 mol of a non-dissociating solute such as dextrose is dissolved in 1 kg of water, the
freezing-point is depressed by [.86°C. For a non-dissociating compound, the measured
osmolality equals the molality. The use of freezing-point depression is in theory applicable to
each measurement that involves an increase or decrease in the amount of moles present in a
solution (Nijpels et al., 1980; Ramet et al., 1979; Rayner and Noack, 1994). To determine the

theoretical dextrose equivalent of a starch solution by measuring the osmolality and dry weight

13



Chapter 2
a number of relations had to be derived (Appendix I). The dextrose equivalent (DE) as a
function of the dry weight (dw,) and osmolality {osm,) of the gelatinized starch and the
measured osmolality (osm,,) during the hydrolysis (I.11} thus is:

18(osm,, - osm )(1-dw )

DE = (2}

-3
dw,+18.10 (osm, - osm,(1-dw,))

The dry weight (dw) as a function of the dry weight and osmolality of the gelatinized starch
and the measured osmolality during the hydrolysis (I.12) then is:

-3 -3
dw = dw, + 18.10 osm, — 18,10 osm_(1-dw_}

3

-3
1+18.10 osm,,

To determine the dextrose equivalent during a starch hydrolysis with the classical titration
methods, the actual dry weight (at that moment) needs to be known. Refraction index
measurement is often used to correct for the increase in dry weight (hydrolytic gain) during
a starch hydrolysis (ISO, 1982). A disadvantage of this method is that it is designed to
determine sugar (dextrose) concentrations, Since the refraction of sugars is dependent on their
structure, there is a deviation between the actual dry weight of the starch hydrolysates and the
one derived from the measured refraction index. Often calibration curves are made to convert
the dry weight (as measured by refraction index) to the actual dry weight (Wartman et al,,
1976). A disadvantage is that for each different substrate or enzyme or (process} condition,
which results in a different spectrum of molecules, a different calibration curve has to be made.
The method presented here was not influenced by the factors mentioned above and only the
dry weight of the gelatinized starch had to be measured. If this was done by refraction index,
only one calibration table (to convert dry weight of the gelatinized starch given by the

refraction index to the actual dry weight) had to be made for each different substrate.

14




Chapter 2
Material and Methods

Equipment
The osmolality was measured with The Advanced Osmometer Model 3D3 (Advanced

Instruments, Norwood, MA), using a sample volume of 0.2 ml and an analysis time of about
two minutes. The conductivity was measured with a WTW LF95 (Wissenschaf TL, Weilheim,
Germany) conductivity meter. Determination of dry weight was always done in triplicate by
drying in an oven at 130°C for at least two hours. With highly hydrelysed starch this should

be lowered to 100°C under reduced pressure to decrease Maillard reactions.

The oligosaccharides

The oligosaccharides {(maltotriose to maltoheptaose, Nihon Shokuhin Kako Co. Ltd., Tokyo)
were checked for their purity on HPLC. All oligosaccharides were at least 99% pure (results
not shown). The moisture content of these oligosaccharides was determined with the Karl
Fischer method (ISO, 1978). Dextrose (Merck 8337) and maltose (Merck 5910, Darmstadt,
Germany) were at least 99.5% pure. The dextrose equivalent of the dissolved oligosaccharides

was determined by both freezing-point depression and Luff-Schoorl titration.

Salts

Salts present in the starch or in the waler, or added to enhance enzyme stability, also contribute

to the depression of the freezing-point. Correction for these salts, which determine measured

osmalality of gelatinized starch (ofTset of the hydrolysis), was done in three different ways:

1) Instarch hydrolysis the abundant salts are CaCl,, NaCl and KCI. In the relevant concentra-
tion ranges there is a linear relation between the conductivity and the osmolality (Fitton,
1979). Conductivity (at 25°C) and osmolality of different calcium chloride concentrations
in demi {0-1.5 g/l} were measured.

2} The initial increase in dextrose equivalent due to a-amylolytic activity is linear (DE 0-5).
By extrapolating the initial increase in osmolality to the y-axis, the offset due to the salts
present was calculated.

15



Chapter 2
3) Since potato starch is composed of large polymers, the maximal contribution to the initial
osmolality was negligible. The osmolality of the gelatinized starch solution was therefore
approximated by the contribution of the salts (offset). Direct measurement of the
gelatinized starch solution was, at high dry weight concentrations, not possible because
of the high viscosity. After dilution with warm demi water (to prevent retrogradation) the

osmolality was measured and the offset calculated.

Liguefaction experiment.

Amylopectin potato starch (Avebe, Veendam, the Nethertands) was obtained from transgenic
potatoes (amylose content < 1%, calcium content 481 [ug/g]). The starch suspension (10%
w/w) in demi water was gelatinized in a stirred autoclave (30 minutes, 140°C). The gelatinized
starch (pH 6.28) was transferred into a 2 liter stirred reactor and the temperature was adjusted
to 90.8°C. Calcium (25.8 ppm [ug/g]) was added to stabilize the enzyme. o-Amylase from
Bacillus licheniformis (Maxamyl, Gist-brocades, presently Genencor, Delft, the Netherlands)
was added (0.01% v/w) and the dextrose equivalent was determined as a function of time by
both Luff-Schoorl titration and freezing-point depression. To further investigate the observed
ratio between Luff-Schoorl titration and freezing-point depression at higher hydrolysis levels
(more toward dextrose) a saccharification experiment with glucoamylase from Aspergillus
niger (Spezyme GA 300N, Genencor, Finland) was done (pH 4.5, 60°C) in duplo. To compare
the DE as determined by HPLC with that from freezing-point depression, 34 highly hydrolysed
amylopectin starch samples of a liquefaction experiment (Maxamyl) were analysed. In these
liquefaction experiments the dry weight ranged from 2.8 to 37% (w/w), the pH from 5.6 to 7.6
and the temperature from 63 to 97°C. The HPLC used was an Aminex HPX-42A (300 mm x
7.8 mm) carbohydrate analysis column (Bio-rad, Veenendaal, The Netherlands) operated at
85°C, with water as eluents and a flow of 0.4 ml/min. The average degree of polymerisation
of the higher saccharides (>Dp12) afier complete hydrolysis of amylopectin waxy-maize starch
with an a-amylase from Bacillus amyloliquefaciens is between 67-165 (Bertoft, 1991). The

dextrose equivalent determined by cither freezing-point depression or calculated from the
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HPLC data were compared (paired T-test} using a degree of polymerisation of the higher
saccharides of 50, 125 and 200.

Results and Discussion

Oligosaccharides

To investigate the accuracy of the dexirose equivalent measurement with freezing-point
depression, several pure oligosaccharides were tested. Figure 1 gives the theoretical (by

definition) and the dextrose equivalent determined by Luff-Schoorl titration and freezing-point

depression.
120
100 a
— 1 according to the definition
Tt 8o @ freezing-point deprassion
% A Luff-Schoorl titration
2z
3 A
g
B A
£ w
o 8 4
[a] A
] A
20 | a a 4
]
0 . ‘
0 1 2 3 4 5 5 7 8

Degree of polymerisation [-]

Figure 1: Dextrose equivalent of several oligosaccharides (dextrose - maltoheptaose)
determined by both Luff-Schoorl titration and freezing-point depression.
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Luff-Schoorl titration overestimated the theoretical dextrose equivalent by a factor 1.21-1.5
as reported earlier (Swinkels, 1985b). The dextrose equivalent determined by freezing-point
depression correlated well with the theoretical dextrose equivalent (according to the

definition).

Salts

The relation found between the conductivity and osmolality for different calcium chloride
concentrations (results not shown) was in accordance with the results found earlier (Fitton,
1979). A disadvantage of this method is that the measured conductivity of a solution is also
depending on the viscosity (Atkins, 1987). Dilution of the gelatinized starch before
liquefaction at high dry weight and low salt concentrations gave inaccurate results (results not
shown). The influence of the resolution (1 mosm) of the osmometer on the offset at very low
molalities is relatively large. Of the three methods described in the material and methods
section, the extrapolation of the initial increase in osmolality to the y-axis was the most

convenient way to determine the offset due o the salts (Figure 2).
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Figure 2: The measured osmolality as a function of time during the hydrolysis of amylopectin
potato starch with an a-amylase.
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Liguefaction experiment.

During the hydrolysis of starch, the amount of dry weight increased with increasing dextrose
equivalent. The model predicted (equation 3) dry weight increase was as a function of the
initial dry weight (dw,) and osmolality {osm ;) and the measured osmolality (osm,, ) during the
liquefaction. Figure 3 gives the model predicted (equation 3) and the actual measured dry

weight as a function dextrose equivalent.

11 -

10.5 -

%dw [kg dw/(kg dw + kg H>0)x100%]

10 - O Measured
= Model
95 1 L I
0 & 10 15 20 25 30

DE {freezing-point depression) (-]

Figare 3: Model predicted (equation 3) and measured dry weight as a function of dextrose
equivalent during liquefaction of amylopectin potato starch.

Altheugh it is of course possible to measure the dry weight at each point during a liquefaction
experiment, this is quite laborious. The measurement of only one dry weight concentration

(dw,) 1s more efficient.
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Figure 4 shows the increase in dextrose equivalent followed by both Luff-Schoorl titration and
by freezing-point depression. The overestimation of the dextrose equivalent by the Luff-

Schoorl titration is evident.

50
40 __,_,wwm-v“e" . ‘,.h.,w-w-w““fi:
= gt
E éii_‘/ o
8 -
g
3
o
o
Q
8 20 '
% —8-—Freezing-point depression
[a]
10 4 ~-- Luff-Schoorl titration

L L

0 50 100 150 200 250 300 350
Time [min]

Figure 4: Dextrose equivalent as a function of time as determined by both Luff-Schoorl
titration and freezing-point depression during a liquefaction experiment of
amylopectin potato starch (10% dw) with an e-amylase (enzyme dosage 0.01%
[v/w], pH 6.28, 90.8°C). The data points are connected for ease of comparison
only.

The ratios between DE’s as determined by Luff-Schoorl titration and calculated from freezing-
point depression for two liquefaction and two saccharification experiments are shown in Figure
5. The ratio between dextrose equivalent as determined by Luff-Schoorl and freezing-point
depression was up to DE values of 20 around 1.5. With the increase in dextrose equivalent the
contribution of smaller oligosaccharides increases and the ratio did go toward 1 for dextrose

(DE 100) as expected.
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Figure 5: The ratio between dextrose equivalent as determined by Luff-Schoorl and
freezing-point depression (f.p.d.) for liquefaction (e and ¢) and saccharification
(A and 0) experiments.

In Figure 6 the dexirose equivalent as determined by freezing point depression and calculated
from HPLC-data for 34 different samples are given. There was no significant difference in
dextrose equivalent between these two methods. The probability values from the paired T-test
ranged from 0.54 for an average degree of polymerisation for the higher saccharides (~DP12)
of 200 to 0.43 and 0.3 for respectively 125 and 50.
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Figure 6: The dextrose equivalent for 34 different liquefaction experiments of highly
hydrolysed (e-amylase) amylopectin potato starch as determined by freezing-
point depression (e) and calculated from HPLC-data (). The average degree of
polymerisation for the higher saccharides (>DP12) taken here is 125.

Conclusion

With freezing-point depression it was possible to measure the theoretical {(by definition)
dextrose equivalent accurately. Only one dry weight determination, before the start of the
liquefaction, was necessary to know the dry weight during the whole hydrolysis. Its use as an

easy, fast and exact method to follow the enzymatic hydrolysis of a biological polymer (starch)

was shown here.
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Nomenclature

DE = dextrose equivalent [-]

DP, = degree of polymerisation [-]

dw = dry weight [kg dw/(kg dw + H,0)]
dw, = dry weight gelatinized starch [kg dw/(kg dw + H,0)]
dW, im0 = dry weight (kg dw/kg H,O]

M, = number-average molecular weight [kg dw/mol]

M, = weight-average molecular weight [g/mol]

osm = osmolality [molkg H,O]

osm,, = measured osmolality [mol/kg H,0O]

osm, = osmolality due to salts [mol/kg H,0O]
Appendix 1

An important characteristic of polymers is their number-average molecular weight. If the
amount of dry weight present in the solution per kg of H,O is known and the osmolality is

measured, the number-average molecular weight can be calculated according to:

_ dw kg0

M, (LD

0sm

Dry weight is mostly defined as kg of weight per kg solution (water and dry weight), which

leads to:

_ dw/(1-dw)
0sm '

M (1.2)
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The dextrose equivalent is directly related to the number-average molecular weight:

pE = %18 . 100. (1.3)
M

So the dextrose equivalent of the starch hydrolysate is equal to (equation .2 in 1.3):

_ 18osm(1-dw)
dw '

DE (1.4)

Table II shows the dextrose equivalent, degree of polymerisation, and number-average

molecular weight of some oligosaccharides and starch.

Table II: Molecular weight, dextrose equivalent (according to the definition), and degree
of polymerisation of some carbohydrates.

M, Dextrose equivalent Degree of
Carbohydrate
[kg/mol] [-] polymerisation [-]

Dextrose 0.18 100 1
Maltose 0.342 52.63 2
Maltotriose 0.504 35.71 3
Maltotetraose 0.666 27.03 4

Potato starch =23x1¢’° =0.008 =14,000

(Swinkels, 1985a)

The degree of polymerisation of the starch hydrolysate (DP,) can be calculated from the

number-average molecular weight:

M, -0.18
=1 4

1. 1.5
0.162 (1.3)

n
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During hydrolysis, each time when a glycosidic linkage is hydrolysed, water is added to the
hydrolysate and the mass of the solute increases. When 0.162 kg of starch is totally converted
to dextrose (DE=100) the dry mass becomes 0.18 kg. If the amount of gelatinized starch before
liquefaction (dw,} is known, the amount of dry weight during the hydrolysis is a function of

the degree of polymerisation:

0.162(DP, -1) + 0.18

dw(DP, ) =dw,
0.162DP,

(L6)
Substitution of equation 1.5 in 1.6 gives the relation of dry weight as a function of M,

M,

dw(M,) =dw, i)

M, -18.10"

Substitution of equation 1.3 in 1.7 gives the relation of dry weight during the hydrolysis as a

function of dextrose equivalent:

dw(DE) =dwa[~——u ! ] . (1.8)
1-1.10 " DE

The amount free water decreases during hydrolysis. This means that the amount of salts
present at the start of a liquefaction experiment {osm_) are slightly concentrated during
hydrolysis. The osmolality due to the hydrolysis of starch (osm) is the measured osmolality

(osm,,) minus the osmolality due to the salts present (osm,) times the concentration factor:

(1-dw,)
(1-dw)

(1.9)

osm = osm,, - 0sm,

Substituting (1.9) in (1.4) gives the dextrose equivalent as a function of the dry weight and
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osmolality of the gelatinized starch and the measured osmolality and dry weight during the

hydrolysis:

_ 18(osm, (1-dw,)-0sm,(1-dw,))
dw '

DE (1.10)

Substitution of equation .8 in 1.10 gives the dextrose equivalent as a function of the dry weight

and osmolality of the gelatinized starch and the measured osmolality during the hydrolysis:

DE = 18(osm,, - osm_)}(1-dw,)

(L11)

dw, +18.10" (osm,, - osm,(1-dw,))

Substitution of equation 1.10 in 1.8 gives the dry weight as a function of the dry weight and

osmolality of the gelatinized starch and the measured osmolality during the hydrolysis:

3 -3
dw, + 18.10 osm,_, — 18.10 osm (1-dw,)
dw = - .

; (1.12)
1+18.10° osimy,
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The Effect of Process Conditions on the
a-Amylolytic Hydrolysis of Amylopectin Potato Starch:

an Experimental Design Approach

L.M. Marchal, J. Jonkers, G.Th. Franke, C.D. de Gooijer, J. Tramper
Biotechnology & Bioengineering (1999), 62, 348-357

Abstract

The hydrolysis of amylopectin potato starch with Bacillus licheniformis a-amylase
(Maxamyl) was studied under industrially relevant conditions (i.e. high dry-weight
concentrations). The following ranges of process conditions were chosen and investigated
by means of an experimental design: pH [5.6-7.6]; calcium addition [0-120 pg/g];
temperature [63-97°C]; dry-weight concentration [3-37% [w/w]]; enzyme dosage 27.6-
372.4 pl/kg] and stirring [0-200 rpm]. The rate of hydrolysis was followed as a function of
the theoretical dextrose equivalent. The highest rate {(at a dextrose equivalent of 10) was
observed at high temperature (90°C) and low pH (6). At a higher pH (7.2), the maximum
temperature of hydrolysis shifted to a lower value. Also, high levels of calcium resulted in a
decrease of the maximum temperature of hydrolysis. The pH, temperature, and the amount
of enzyme added showed interactive effects on the observed rate of hydrolysis. No product
or substrate inhibition was observed. Stirring did not effect the rate of hydrolysis. The
oligosaccharide composition after hydrolysis (at a certain dextrose equivalent) did depend
on the reaction temperature. The level of maltopentaose [15-24% [w/w]], a major product

of starch hydrolysis by B. licheniformis a-amylase, was influenced mostly by temperature.
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Introduction

The hydrolysis of starch to products with a low molecular weight, catalyzed by an a-
amylase, is one of the most important commercial enzyme processes. The hydrolyzed
products are widely applied in the food, paper, and textile industries (Nigam and Singh,
1995). Although numercus papers have appeared in the past years describing catalytic and
mechanistic aspects as well as product profiles the information on interpretation of -
amylolysis under industrial conditions (i.e. high dry-weight concentrations) is scarce
(Henderson and Teague, 1988; Madsen et al., 1973; Rosendal et al., 1979). Most of the
kinetic research is primarily carried out at low (typically around 1% w/w) dry-weight
concentrations (Annous and Blaschek, 1994; Babu and Satyanarayana, 1993; Chiang et al.,
1979; De Cordt et al,, 1992; Dobreva et al., 1994; Fujii et al., 1988; Gorinstein, 1993;
Kennedy and White, 1979; Krishnan and Chandra, 1983; Kumar et al., 1990; Ramesh and
Lonsane, 1990; Saito, 1973; Violet and Meunier, 1989). The influence of dry-weight
concentration (possible substrate (Yankov et al.,, 1986) and product inhibition (Fujii et al.,
1988; Park and Rollings, 1994; Steverson et al., 1984)) has been given little attention.

The object of this study was to investigate, in general terms, the process conditions relevant
in industrial practice, aiming at a better control of the amylolytic process. In industrial
applications, pH and temperature are controlied and calcium is often added to enhance
enzyme stability. Knowledge of interactions between factors such as pH and calcium
(Antrim et al,, 1991} or pH and temperature (Henderson and Teague, 1988) is limited.
Furthermore, the effect of stirring on the enzymatic conversion is not known. To study
these process conditions (including interactions), a considerable number of experiments are
required. This number can be reduced to a minimum by doing the experiments according to
an experimental design (Box et al., 1978). To study the effects of pH, temperature, added
calcium, enzyme dosage, dry-weight, and stirring speed on the enzymatic conversion a
central composite experimental design was used. The rate of hydrolysis (number of bonds
hydrolyzed per minute by the enzyme) was taken as the response variable. Amylopectin
potato starch, lacking amylose, was used as a substrate because of its low tendency for

retrogradation. Since in industry starch is liquefied without buffers, which are known to
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influence the g-amylolytic hydrolysis of starch (Kennedy and White, 1979; Krishnan and
Chandra, 1983; Rosendal et al., 1979), a nonbuffered systern was used. Potato starch has
some buffering capacity due to the phosphate groups on the amylopectin. Since no base or
acid is produced during the reaction of wa-amylase, the pH remains constant during

liquefaction.

Material and methods

Ligquefaction experiments

Amylopectin potato starch (Avebe, Veendam, the Netherlands) was obtained from
transgenic potatoes (amylose content of starch <1%, calcium content 481 [pg/gl). Since a
nonbuffered system was used, there was a drop in pH after gelatinization. Adjusting the pH
after gelatinization gives practical problems due to the high viscosity of gelatinized starch,
especially at high dry weight concentrations. The pH was therefore set in suspension before
gelatinization. From preliminary experiments, a relationship between the pH in suspension
and after gelatinization was derived for our experimental setup. The starch was suspended
in demineralized water and the pH was adjusted to obtain the desired value after
gelatinization. The starch was gelatinized in a stirred autoclave by heating for 30 minutes at
140°C. The gelatinized starch was transferred to a double vesseled 2 dm’ stirred reactor
with a diameter of 0.2 m (diameter: height ratio 0.5). A four-blade 45° pitched turbine
(diameter 0.1 m) was placed at one third of the reactor height from the bottom. With the
variable calcium addition (as CaCly), the total ionic strength was kept constant. When less
than 120 pg/g calcium was added, enough sodium chloride was added to keep the total
ionic strength constant. The temperature was adjusted to the settings of the experimental
design before the start of the experiment. The exact dry weight concentration of the starch
at the start of the liquefaction was determined in triplicate by drying at 130°C for two hours.
The dry weight concentration at the end of the liquefaction was measured again, in
triplicate overnight at 100°C (to reduce Maillard reactions), to be able to correct for dry
weight increase caused by evaporation during sampling. a-Amylase from Bacillus

licheniformis was used (Maxamyl;, Gist-brocades, presentlty Genencor, Delft, the
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Netherlands). Specific density of the enzyme preparation is 1.2 g/ml with an c-amylase
protein content of 2% (20 mg/g). The actvivity of the enzyme digest was 11,200 pmol
bonds hydrolysed per minute per gram enzyme preparation (substrate 2.5% [w/w] Lintner-
starch, pH 6, 90°C). The commercial enzyme preparation Maxamyl is sufficiently pure
(Rozie et al., 1991), so no purification steps were necessary. The degree of enzymatic
hydrolysis was followed by measuring the osmolality as a measure for the number of bonds
hydrolyzed (Appendix I). A detailed description of the procedures used has been given
previously (Marchal et al., 1996). The osmometer used was an Advanced osmometer model
3D3 (Advanced Instruments, Norwood, MA). During the first 5 min of each experiment, a
standard high stirring speed (158 mpm) was used to homogenize the system. When the
starch solution became less viscous (dextrose equivalent = l'), the pH was measured. This

pH was taken as actual setting for the experimental design.

Number of bonds hydrolyzed by the enzyme

The increase in osmolality was measured in each individual experiment. With this
osmolality both the number of bonds hydrolyzed by the enzyme and the dextrose equivalent
were calculated (see Appendix I). An exponential function was fitted through the data
points (mmol bonds hydrolyzed per kg dry weight and water, as a function of time) for each

experiment:
-Bt
by() =A(l-e ), (1)
in which
by, = number of bonds hydrolyzed [mmol/(kg dw + H,O)]
A = maximum number of bonds-hydrolyzed [mmol/(kg dw + H,O)]
B = pseudo-first-order reaction constant [min’].
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The differentiated form of equation 1 gives the rate of hydrolysis at any given time [mmol /
{(kg dw + H,O)xmin )]. The variable A gives the maximum number of bonds hydrolyzed
by the enzyme for each experiment.
The dextrose equivalent.(an important parameter in the starch industry} is a measure for the
average chain length of a starch hydrolysate. To investigate the rate of hydrolysis at defined
DE-values, the time to reach such a dextrose equivalent has to be known for each individual

experiment. For this, through the DE(t) data for each experiment, the following function

was fitted:
-Dt
DE(t) =C(l-e ), 2
in which
C = maximum dextrose equivalent reached [-]
D = pseudo-first-order reaction constant [min'].

The timbe to reach a certain DE could be calculated for each experiment when rewriting

this equation to:

(3}
These times were used in the differentiated form of equation 1 to calculate d(by)/dt
tmmol/((kg dw + H;O)xmin )] at different DE's (5,10,15,20) for each experiment.

These hydrolysis speeds were used as response variables in the regression analysis.

Experimental design and analysis

The experiments were done according to a central composite design, consisting of a star
design and a two-level half-factorial design (Box et al, 1978). The actual and coded

settings of each of the six experimental factors are given in Table 1.
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Table I: Settings for the six experimental factors of the central composite experimental

design.
Settings per factor

Factor -a(-1.72) -1 0 1 a(1.72)
pH 5.6 6.0 6.6 72 7.6
Ca (ppm [ng/g]) 0 25 60 95 120
T (°C) 63 70 80 90 97
dw (kg/kg total) 0.028 0.10 0.20 0.30 0.37
enzyme (ul’kg total) 276 100 200 300 3724
stirring (rpm) 0 42 100 158 200

The rate of hydrolysis (d{by)/dt) at a certain dextrose equivalent was analyzed with linear

regression and described as (regression model, n = 6):

n
=aD+Za z:a“xI +Za”xlx1+a 4
1 Li<j

in which a; are the fitted regression coefficients of the independent variables x (pH, dw,
temperature, etc.) and & is the error. Residual plots were made to test the data for normal
distribution. The terms were grouped in three categories depending on their probability or
p-value. Highly significant terms (p<0.0001) were marked with **, significant terms
{0.0001<p<0.05) with *, and insignificant terms (p>0.05) without asterisk (Schiotzhauer
and Littell, 1991). Only the highly) significant terms (p<0.05) were considered for the final
reduced model. If a quadratic term or cross-term was significant, the single terms were
always taken into the model. If this term had a p>0.05, it was marked with a dagger. For the
final reduced model residual plots were again made to test the data for normal distribution.

In these kinds of experimental design the reliability decreases when going from the center

towards the edge of the design. Inside the design the reliability is quite acceptable. Qutside
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the design the reliability decreases rapidly (Box et al., 1978). In this particular case (six
variables), whenever the sum of the length of the coordinates is <6, the model description is
considered to be inside the design. In between the coded areas -1 and 1, all the investigated
variables (pH, temperature, etc.) can be changed freely, and described results will always be

inside the design. Therefore this article discusses only the coded areas between -1 and 1.

Influence of process conditions on the oligosaccharide composition

To investigate the effect of the process conditions on the composition of the
oligosaccharide mixture after the hydrolysis, 24 hydrolyzed amylopectin-starch samples
from different experiments were analyzed. The HPLC column used was an Aminex HPX-
42A (300 mm x 7.8 mm) carbohydrate analysis (Bio-rad, Veenendaal, the Netherlands)
operated at 85°C, with water as eluent at a flow of 0.4 ml/min. Sample size used was 50 pl
of an 2% (w/w) solution and the carbohydrates were analyzed by an index refraction
detector. Contributions of the individual oligosaccharides, expressed as percentage of total

carbohydrate, was calculated according to the 100% method.

Results and discussion

Correlation matrix

It was not always possible to obtain exactly the required settings (Table I) due to
experimental difficulties, especially with controlling the pH after gelatinization. The
correlation matrix for the experimental settings was calculated (results not shown) and none
of the factors had a significant correlation with any other factor. This means that each
regression coefficient can be estimated and independent conclusions can be drawn for each

investigated factor.
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Data Transformation

The absolute errors of the hydrolysis speed (d(by,)/dt) increased at higher rates of hydrolysis
(results not shown). The usual statistical analysis assumes a constant variance of the
absolute errors. The observed heteroscedasticity could adequately be corrected by choosing
the log-transformation as variance stabilizing transformation. Therefore, the natural
logarithm of the hydrolysis speed (ln{d(by)/dt)) was taken as the response variable in the

statistical analysis. This means that the regression model has the form of

In (d(b )J +Zax +Z X +Za”xlxj+£ )

Li<jf

The residual plots of the final reduced models showed that the response data were normally

distributed (results not shown).

Number of bonds hydrolyzed by the enzyme

General trends

Figure 1 shows a typical hydrolysis experiment, in which the number of bonds hydrolyzed
[mmol/(kg dw + H,O)] increases with time. In addition, an exponential fit (equation 1) of
the data is given. The process conditions significantly effecting the rate of hydrolysis (at
certain DE's) are given in Table II. The number of significant factors increases as the
reaction proceeds (in DE and time). The dominant factor with respect {o enzymatic
hydrolysis was the enzyme dosage, which was not surprising. At higher conversions (DE =
10 and higher), pH, and temperature (effecting activity and stability) became significant. At
DE = 20, dry weight (increased stability) and calcium addition also became significant for
the reaction rate. For the maximum number of bonds hydrolyzed at the end of the reaction
(at different reaction times), only the amount of dry weight (substrate) was significant.
Stirring at the beginning of the reaction was essential to mix enzyme and substrate well.

However, after this initial mixing, stirring {in the range investigated here 0-200 rpm) had no
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Table H: Factors (+) of significant influence (p<0.05) during different moments of
hydrolysis of amylopectin potato starch.

Initial DE=5 DE=10 DE=15 DE =20 Maxy,
pH + + +
Calcium +
Temp + + +
Dry weight + +
Enzyme + + + + +
Stirring
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Figure 1: The number of bonds hydrolyzed [mmol/(kg dw + H,0)] versus time for a
typical experiment. Experimental conditions were: pH 6.6, temperature 70°C,
calcium addition 25 ppm [pg/g], dry weight 0.307 kg/(kg dw + H20), and
enzyme dosage 300 pl/(kg dw + H,0). The exponential fit (ecluation 1) data

were: ¥ = 0.999, A = 467 [mmol/(kg dw + H,0)] and B = 8.9x10°
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Chapter 3
significant influence on the enzymatic activity. So, in this two liter batch, besides initial
mixing of enzyme and substrate, mixing was not essential. Some factors will be discussed

in more detail below.

pH, temperature, and dry weight

The initial rate of hydrolysis and the rate at dextrose equivalent five were significantly
determined only by the enzyme concentration. It may be surprising that the initial
hydrolysis was not significantly influenced by pH or temperature. However, the reported
maximum pH activity range for B. licheniformis a-amylase is quite broad and in the
investigated range (pH 6 - pH 7.2) about constant (Antrim et al., 1991; Anyangwa et al,,
1993; Bajpai and Bajpai, 1989; Dobreva et al., 1994; Madsen et al., 1973; Morgan and
Priest, 1981; Ramesh and Lonsane, 1990; Rosendal et al.,, 1979; Saito, 1973). This may
explain why there was no significant influence of pH on the initial rate of hydrolysis. Most
of the studies on temperature and pH activity relations for B. licheniformis o-amylase are
carried out at lJow substrate concentrations (0.1-1% [w/w]) and in buffered media (Chiang
et al., 1979; Ivanova et al, 1993; Kumar ct al,, 1990; Madsen et al., 1973; Ramesh and
Lonsane, 1990; Saito, 1973, Violet and Meunier, 1989). These studies report an increase of
4-30% in activity in the temperature range 70-90°C. In our experimental setup, the
temperature did not significantly influence the initial hydrolysis. At a dextrose equivalent
of 10, however, temperature and pH did significantly influence the rate of hydrolysis. The
regression coefficients (Table III) can be used to produce graphs, which visualize this rate
of hydrolysis. Figure 2 shows the statistically analyzed (regression coefficients) influence
of pH and temperature (including the interactions observed) in a 3-dimensional graph. The
highest rate of hydrolysis was observed at high temperatures (90°C) and low pH (6). At a
higher pH, the maximum temperature shifted towards a lower value. The lowest rate of
hydrolysis was found at high temperature (90°C) and pH 7.2. At a high temperature (90°C)
the influence of the pH (6.0-7.2) on the rate of hydrolysis was much more pronounced then

at a lower temperature (70°C). This is in agreement with the findings of a broader pH
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maximum at tower temperatures (30-67°C) as compared to a higher temperature (90°C)
(Dobreva et al., 1994; Madsen et al., 1973).

Table III: The significant terms for the natural logarithm of the rate of hydrolysis,
In(d(by)/dt), at different dextrose equivalents (initial, 5, 10, 15, 20), and maximal
number of bonds hydrolyzed (max,). The model-predicted rate of hydrolysis
(In(d(b,)/dt)) can be calculated for any given set of process conditions, using
these regression coetficients and the coded process conditions (Table I).

In d(by)/dt

Initial DE=5 DE=10 DE=15 DE=20 Maxy
r’ 0.89 0.88 0.91 0.84 0.75 0.95
P>F 0.0001 00001  0.0001  0.0001  0.0001  0.0001
Intercept 11310 107867  1.0066" 06787  -0.0120'  347.9"
pH (P) — — -0.1055°  -0.1039%  -0.7302 —
Calcium (C) — — — — -0.0154 —
Temp. (T) — — 0.0147"  0.0367'  0.0358' —
Dry weight — — — — 0.2194" 162.6"
Enzyme (E}  0.6083"  0.6092 0.5838" 061517 0.6339" —
E? -0.2290  -0.2098"  -0.1352" -0.1880" -0.2990° —
T — — -0.0991° — — —
P’ — — — — 0.5561" —
TC — — — — -0.5245" —
EP — — — — 0.3727 —
ET — — — — 0.2885" —
PT — — .0.1359°  -0.1849" — —

"p<0.0001, "0.0001< p <0.05, p>0.05.
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Figure 2: The regression model (Table III) influence of temperature and pH on the rate of

hydrolysis at DE = 10. The enzyme dosage here is coded zero, which is 200
ul/tkg dw + H,0).

At higher levels of conversion {DE = 20) the enzyme dosage showed an interactive effect
with both pH and temperature (Figures 3 and 4). The influence of temperature on the rate of
hydrolysis was much stronger at higher enzyme dosages (300 ul’kg) than at lower enzyme
dosages {100 pl’kg). The rate of hydrolysis increased with the enzyme dosage. So, a low
enzyme dosage (longer reaction time) results in a higher (temperature-dependent)
inactivation of the enzyme (Rosendal et al., 1979, Violet and Meunier, 1989). This resulted

in a smaller overall influence of temperature on the rate of hydrolysis at lower enzyme
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