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Waxy maize starch was subjected to a-amylase (Bacillus licheniformis) hydrolysis in buffered medium to
determine the evolution of reaction in quantitative terms and also in terms of the morphology and crys-
tallinity of the partially hydrolyzed starch granules. Gathered data allowed studying the pattern of action
of this a-amylase over waxy maize starch granules, with particular focus on a preferential hydrolysis of
the amorphous regions of starch. Results showed that waxy maize starch hydrolysis followed a two-stage
kinetic profile with an initial stage characterized by high reaction rate, followed by a slower second stage.

gg’:ggrds" The change of hydrolysis rate occurred at approximately 6 h of reaction, a time for which X-ray diffrac-
Hydrolysis tion data quantitatively analyzed by three different techniques showed a maximum of crystallinity in
a-Amylase partially hydrolyzed granules. Scanning electron microscopy images illustrated the action of a-amylases

which implied the exoerosion of the granules surface, the entry of a-amylases into the granules through
radial channels, their endoerosion towards the granule exterior, and their fragmentation. Fragmentation
of waxy maize starch granules revealed internal layered structures of starch which were interpreted as
hydrolyzed/non-hydrolyzed growth rings. Under the conditions chosen, kinetic, electron microscopy and
X-ray data all gave evidence of a preferential action of a-amylase from Bacillus licheniformis towards the
less ordered regions of waxy maize starch. Results showed that, provided the proper hydrolysis time is

Amorphous regions

chosen, starch granules with increased crystallinity can be obtained by a pure enzymatic treatment.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Starch is a natural, renewable, and biodegradable polymer pro-
duced by many plants as a source of stored energy (Le Corre, Bras,
& Dufresne, 2010). Starch is found in plant roots, stalks, crop seeds,
and staple crops such as rice, corn, wheat, tapioca, and potato
(Buléon, Colonna, Planchot, & Ball, 1998).In human nutrition, starch
plays a major part in supplying the metabolic energy that enables
the body to perform its different functions (Miao, Zhang, Mu, &
Jiang, 2011). Although starch structure has been under research
for years, its complexity has promoted that a universally accepted
model is not still available (Le Corre et al.,, 2010). However, a
multiscale structure of the granule into which alternating amor-
phous and semicrystalline growth rings (120-500 nm) composed
of blocklets (20-50 nm) made of amorphous and crystalline lamel-
lae (9 nm) containing amylopectin and amylose chains (0.1-1 nm)
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are found, has been reported to be the most widely accepted model
of the last years (Le Corre et al., 2010). The characteristic layered
structure of starch granules due to the so-called growth rings often
seen by optical, scanning and transmission electron microscopy
is the result of multiple concentric shells of increasing diameter
extending from the hilum towards the surface of granules gener-
ated by (periodical) diurnal deposition of starch (Tester, Karkalas,
& Qi, 2004).

Enzymatic and acid hydrolyses have been used traditionally to
modify native starches and to create products with altered solubil-
ity, viscosity, and/or gelation properties that find broad applications
in food, paper, textile, and other industries (Hoover, 2000; Wang &
Wang, 2001). a-Amylase is an endo-specific enzyme that randomly
catalyzes the hydrolysis of a-(1—4) glycosidic linkages in amy-
lose and amylopectin chains. In the last years, a-amylase-catalyzed
hydrolysis of starch has received much attention due to its indus-
trial value for the production of glucose and fructose syrups and
other starch hydrolysates.

In this contribution, the focus of analysis is the partially
hydrolyzed starch granules resulting from o-amylase-catalyzed
hydrolysis under definite conditions. In this context, kinetic, mor-
phological, and X-ray diffraction data, are used in combination
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to study the action of a-amylase from B. licheniformis during the
progress of waxy maize starch hydrolysis. A review of specific lit-
erature of the last years shows that a number of authors agree on the
fact that during a-amylolysis of starch, the less ordered of the gran-
ule are more easily and rapidly hydrolyzed than the more ordered
crystalline layers (Gallant, Bouchet, Buléon, & Perez, 1992; Gallant,
Bouchet, & Baldwin, 1997; Kim, Park, & Lim, 2008; Oates, 1997;
Tester et al., 2004; Wang & Wang, 2004; You & Izydorczyk, 2007).
However, and differently for example from endoglucanases which
are known to be cellulases specific of the amorphous regions of
cellulose, a-amylases are not specific of the amorphous regions
of starch, and can also exert their hydrolysis action over more
ordered regions. In this context, there are authors who have given
experimental evidence that amylolysis proceeds simultaneously
in amorphous and ordered regions of the starch granules. This is
the case of Miao et al. (2011) who studied the hydrolysis of waxy
maize starch by use of a porcine pancreas a-amylase and an amy-
loglucosidase. Upon hydrolysis authors found that the measured
enthalpy of gelatinization, crystal structure, and crystallinity of
starch granules remained unvaried, which authors interpreted as
evidences of simultaneous enzymatic hydrolysis of both crystalline
and amorphous regions of starch. Recently, Le Corre, Vahanian,
Dufresne, and Bras (2012) developed a 2-h enzymatic pretreatment
for a faster production of starch nanocrystals by acid hydrolysis.
From kinetic data, atomic force microscopy and X-ray diffraction
results authors reported that the enzymatic pretreatment with
[3-amylase or glucoamylase created porosity by hydrolyzing indif-
ferently amorphous and crystalline starch. In the work of Lauro,
Forssell, Suortti, Hulleman, and Poutanen (1999) authors con-
cluded based on X-ray diffraction data that both amorphous and
semi-crystalline regions of barley starch granules were hydrolyzed
simultaneously by a-amylase at the initial stage of hydrolysis.

In this context, the main aim of this work was to study the
evolution of the hydrolysis of waxy maize starch catalyzed by «-
amylase from Bacillus licheniformis, and determine whether under
the chosen conditions hydrolysis proceeds preferentially in the
amorphous regions of starch. Moreover, in a case of a preferen-
tial action towards the less ordered regions of starch, another aim
of this contribution was to determine the conditions required to
isolate partially hydrolyzed starch granules with increased crys-
tallinity.

2. Experimental
2.1. Materials

Waxy maize starch (97%) was kindly donated by Ferromet
(Argentina) which commercializes waxy maize starch provided by
Roquette (France). a-Amylase from Bacillus licheniformis with a
molecular weight of 62 kDa was purchased from Sigma-Aldrich as
a saline sucrose solution containing 21.0 mg/mL protein (Biuret),
and 623 units/mg protein. D-(+)-Maltose monohydrate standard
and the reagents used in the colorimetric determination of
reducing sugars (potassium sodium tartrate tetrahydrate and 3,5-
dinitrosalicylic acid (DNS)), were all bought from Sigma-Aldrich.
Buffer pH 7 was bought from Laboratorios Olivieri (Argentina). All
other reagents used were of analytical grade.

2.2. Starch hydrolysis

1g of starch was dispersed in 30 mL of buffer of pH 7 kept
at 40°C and 350rpm. 785U of a-amylase were added and this
was defined as the beginning of reaction. Suspensions were kept
at constant temperature and magnetic stirring during 24 h. Sam-
ples (300 L) were withdrawn at definite reaction time intervals

(1, 2, 4, 6, 8, 24h), filtered through a 0.22 pm membrane, and
properly diluted in order to inspect the hydrolysis kinetics by the
DNS method using maltose as standard. After the chosen reaction
time, the solid product was separated by vacuum filtration in a
Buchner funnel. Several washings of the solid recovered with dis-
tilled water were performed in order to guarantee the removal
of the biocatalyst and soluble hydrolysis products. The solid was
finally dried overnight in an air oven at 40°C. The evolution of
reaction was also determined by a parallel set of reactions, each
of which was stopped at selected hydrolysis times to recover the
remaining insoluble starch residue. The extent of starch hydrolysis
(%) achieved at each reaction interval was calculated as the amount
(g) of maltose equivalents released per gram of dried starch before
treatment x 100 (double beam PG Instruments T80 UV/VIS Spec-
trophotometer) using the DNS method (Miller, 1959); as well as
by the fraction of solubilized starch (i.e. (1 — weight of the dried
remaining insoluble solids)/weight of dried starch before treat-
ment x 100).

2.3. Characterization of partially hydrolyzed granules

Drops of partially hydrolyzed starches/water suspensions (1%,
w/v) were deposited on microscope glasses and dried at 40°C for
5min. Samples were then coated with gold using an ion sputter
coater, and observed by use of a scanning electron microscope
Zeiss Supra 40 with field emission gun operated at 3 kV. At each
hydrolysis time chosen, the granules size distribution as well as
the growth rings thickness distribution were determined by use
of Image] and JMicroVision v.1. 2.7. software according to a length
scale provided by the user. More than 35-60 granules/growth rings
were considered for each determination.

X-ray diffraction (XRD) analysis was performed on native and
selected hydrolyzed starches in a Rigaku diffractometer with Bragg
Bentano geometry, and Cua radiation in the range of 26 =5-50°.
Samples were measured under temperature and humidity room
conditions. The diffractograms obtained were carefully smoothed
and normalized with respect to the highest intensity. The crys-
tallinity of native and partially hydrolyzed starch granules was
then quantified in terms of the crystallinity index (CI), a param-
eter frequently used to describe the relative amount of crystalline
material in a sample. Three different methods dispersedly found in
the literature for the determination of crystalline and amorphous
contributions in starch were used, namely the “two-phase” method
adapted from Nara and Komiya (1983); a deconvolution method
assuming Lorentzian peaks which fitted experimental XRD data by
use of Origin software, and an adaptation of Segal’ method derived
and widely used for a rapid estimation of cellulose crystallinity
index (Segal, Creely, Martin, & Conrad, 1962).

3. Results and discussion
3.1. Kinetics of starch hydrolysis

The techniques most widely used to determine the extent of
enzymatic hydrolysis of starch are based in UV/visible spectroscopy
determinations of breakdown products (e.g. Bruner, 1964; Dubois,
Gilles, Hamilton, Rebers, & Smith, 1956; Miller, 1959) and weight
loss measurements (e.g. Le Corre et al., 2012; You & Izydorczyk,
2007). Fig. 1 illustrates the evolution of waxy maize starch hydrol-
ysis catalyzed by B. licheniformis in terms of mass of maltose
produced, remaining insoluble starch mass, and extent of starch
hydrolysis (%) calculated by both methods described.

The pattern of waxy maize starch hydrolysis evolution deter-
mined by both methods used shows two distinct stages of
hydrolysis with different reaction rate. The first higher rate stage
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Fig. 1. Evolution of waxy maize starch hydrolysis catalyzed by a-amylase from B.
licheniformis, 785U, 40°C. Extent of hydrolysis (%) measured by weight loss and
spectrophotometric methods. Evolution of the mass of remaining insoluble starch
and produced maltose (g).

is observed up to approximately 6 h of reaction. In the following
period assayed (6-24 h) a slower evolution of starch hydrolysis is
observed. Similar two-stage patterns have been reported by other
authors (Gallant et al., 1992; Kim et al., 2008; Planchot, Colonna,
Gallant, & Bouchet, 1995), who have explained their results by
assuming that they are the consequence of hydrolysis occurring
mainly in the amorphous region during the first stage, followed by
a later hydrolysis of the crystalline regions at a lower rate. In the
early contribution of Planchot et al. (1995) dealing with the hydrol-
ysis of starch granules of various botanical origins catalyzed by an
a-amylase from A. fumigatus, two-stage erosion was evident for
all starches except potato starch. The first stage was characterized
by high hydrolysis rates which, together with the corresponding
hydrolysis time periods, varied according to starch type (Planchot
et al., 1995). Besides the structural features of the starch substrate
(i.e. zones with different crystallinity) the observed variations in
the rate of hydrolysis in the two stages described, have less seldom
been attributed to the appearance of oligosaccharides that may
act as competitive inhibitors in solution (Leloup, Colonna, & Ring,
1992; Planchot et al., 1995). The hypothesis of an initial fast hydrol-
ysis of amorphous followed by a slower hydrolysis of crystalline
regions has also been used to explain the two-stage hydroly-
sis profiles frequently evidenced during acid-catalyzed hydrolysis
of starch granules (Biliaderis, Grant, & Vose, 1981; Dufresne &
Cavaillé, 1998; Jayakody & Hoover, 2002). Even three steps of acid-
catalyzed hydrolysis have been distinguished by some authors,
who have attributed them to the hydrolysis of amorphous layers,
semicrystalline layers and crystalline layers of starch, respectively
(Angellier, 2005; Li, Corke, & Beta, 2007).

Despite their very similar two-stage pattern, comparison of
quantitative results obtained herein by use of gravimetric and
spectrophotometric methodologies reveal slight differences in
hydrolysis extent values observed. The differences, with values
that are always higher for the hydrolysis extent derived from the
weight loss measurement, may be attributed to soluble interme-
diate oligosaccharide products which are quantified by weight
loss determinations but which cannot be detected by the spectro-
photometric method/have a lower response than maltose.

3.2. Evolution of granules morphology (scanning electron
microscopy, SEM)

Fig. 2 illustrates the action of a-amylase from B. licheniformis
over waxy maize starch granules for increasing hydrolysis times.

SEM micrographies chosen are representative of the predominant
state of starch granules at the target times. Fig. 2(a-b) shows native
waxy maize starch granules which still have not been exposed to
a—amylase action. Waxy maize starch granules show a polyhedral
shape with smooth surfaces. The analysis of the size distribution
evidenced granules diameters in the range of 3-21 wm, with an
average diameter of 11 wm. Numerous pinholes were observed on
some of the waxy maize starch granules (Fig. 2(b)), which have
been proposed to be openings to channels/pores which provide
access to hydrolysing enzymes to the granule interior (Huber &
BeMiller, 2000). Oates (1997) reported that the entry of hydrolysing
enzymes and other large molecules into the interior of starch gran-
ules is restricted and only possible through pores or channels,
which are either naturally occurring features of the granule, or
the consequences of damages that may have taken place during
granules extraction. The evolution of starch granules morphology
during hydrolysis (Fig. 2(c-h)) may be explained by the current
knowledge of the action of a-amylases over starch granules. Enzy-
matic reaction with insoluble substrates such as starch granules
occurs via three steps: diffusion to the solid surface, adsorption,
and finally catalysis. Once that the enzyme is adsorbed onto the
granules surface, starch hydrolysis initiates as a superficial erosion
phenomenon as illustrated in Fig. 2 (c). Following the initial attack,
hydrolytic enzymes find access to the interior of the granules via
channels, leaving holes that enlarge with hydrolysis time, as illus-
trated in Fig. 2(d-e). Subsequent enzyme attack proceeds from the
interior to the outwards of the granules.

Micrographies corresponding to 6 h of hydrolysis (i.e. Fig. 2(f))
evidence the presence of some fragmented granules in whose
interior hydrolyzed/non-hydrolyzed layers, which resemble the
growth rings of starch, can be identified. In the hydrolysis of
normal and waxy maize starches catalyzed by a-amylase from
A. fumigatus, Planchot et al. (1995) also observed highly eroded
layered structures by use of scanning or transmission electron
microscopy. Authors concluded that the emergence of a layered
internal structure in the partially hydrolyzed granules suggested
the existence of superimposed layers of high and low susceptibili-
ties related to different crystallinity levels. Under the hypothesis
that a-amylases hydrolyze amorphous regions at a higher rate
than more ordered regions, these hydrolyzed/non-hydrolyzed
may be assigned to amorphous-hydrolyzed/semicrystalline-less-
hydrolyzed growth rings, respectively.

In reference to granules fragmentation, previous works have
revealed that at sufficiently long amylolysis periods some gran-
ules became split open revealing their internal layered structure
(Li, Vasanthan, & Bressler, 2012; Miao et al., 2011). Kim et al.
(2008), hypothesized that the erosion of the amorphous regions
of the granules induced their fragmentation. With the increase
of hydrolysis time, the fraction of fragmented particles herein
observed increased, exposing the interior of a higher fraction of
granules with the described hydrolyzed/non-hydrolyzed layered
pattern (Fig. 2(g)). Granules fragmentation was also evidenced by
the progressive reduction of the average granules diameter. Size
distributions found in this contribution for increasing hydrolysis
time showed average diameters that reduced from 11 pmto 7.7 pm
in 24 h of hydrolysis. At reaction times higher than 48 h, SEM images
suggested partial gelatinization of starch which is illustrated by
partially hydrolyzed starch granules which appeared “covered” by
an amorphous gel (Fig. 2(h)). Partial gelatinization could have been
caused by extensive shear during long periods with magnetic stir-
ring.

Magnified images of the interior of 24 h-hydrolyzed-granules
showing layered patterns of alternating hydrolyzed/non-
hydrolyzed growthrings have beenincluded in Fig. 3. Measurement
of the thickness of each zone by use of JMicroVision software
allowed obtaining an average thickness of each zone. Considering



M.L. Foresti et al. / Carbohydrate Polymers 102 (2014) 80-87 83

Pl

P <
Signal A=inLens [

ZEm | EHT= 300KV

WD= 27mm Mag= 1500KX  SignalA=inLens [}

SinaiA= ntons [

Stnai A= nLens [

300KV WD = 27mm

Mag= 7.00KX Signal A=inLens [

£ 200kx  SgA=miens [

Fig. 2. Action of a-amylase over granules morphology during hydrolysis. (a and b) Native waxy maize starch - Oh, (¢) 1h,(d) 2h, (e) 4h, (f) 6 h, (g) 24 h, (h) 72 h.

34 measures (see measure indications in magnified images of
fragmented granules included in Fig. 3(b, d and f)), the amorphous
hydrolyzed growth rings showed an average thickness of 107 nm
with a standard deviation of 44 nm. In the case of semi-crystalline
non-hydrolyzed growth rings, the average thickness found upon
56 measures was 137nm with a standard deviation of 40 nm.
Average values obtained are in agreement with the thicknesses
of alternating amorphous and semicrystalline growth rings
reported in the literature (Le Corre et al., 2010; Tester et al., 2004).
According to the model of Cameron and Donald (1992) starch
granules contain relatively broad radial growth rings comprising
semi-crystalline shells which are about 140 nm thick, separated
by broad amorphous zones of at least the same thickness (Tester
et al., 2004). In the review of Le Corre et al. (2010) authors sum-
marize the current knowledge of starch multiscale structure in
which growth rings have thicknesses in the range of 120-500 nm.
Average thicknesses determined for hydrolyzed/non-hydrolyzed

regions contribute to the hypothesis of a preferential action of
a-amylases towards amorphous regions of starch granules which
appear as void hydrolyzed concentric rings. Fig. 3(g-h) illustrates
the layered interior of unfragmented 24 h-hydrolyzed-waxy maize
starch granules.

3.3. Evolution of granules crystallinity (X-ray diffraction analysis)

Starch is semicrystalline in nature with varying levels of crys-
tallinity (i.e. 15-45% according to Zobel (1988), 15-51% according
to Tester et al. (2004)). In normal and waxy starches, the branches
of amylopectin form double helices that are arranged in crystalline
domains. On the other hand, amorphous regions consist mainly of
linear amylose chains and amylopectin branching points. According
to the packing of the amylopectin double helices different poly-
morphic forms of starch can be found, which account for the A,
B, and C X-ray patterns. Native waxy maize starch used in this



84 M.L. Foresti et al. / Carbohydrate Polymers 102 (2014) 80-87

B EHT= 300KV WD = 27mm Mag= 2500KX  SignalA=intens [

e, EHT = 300KV

dow, EHT = 300KV WD= 27mm Mag= 2000KX  SignalA=inens [

(3 EHT = 300KV WD = 26mm

Mag= 15.00KX Signal A=InLens [

LEm L EHT= 300KV

Slqn:l =intens R

WD = 25mm

Mag = 25.00KX

Fig. 3. Micrographies of the interior of partially hydrolyzed waxy maize starch granules (hydrolysis time: 24 h). (b, d and f) Magnified images of selected regions.

contribution exhibited a typical A-type X-ray diffraction pattern,
with the peaks at Bragg angles (20) of 14.9, 16.9, 17.7, and 22.8° as
previously reported for waxy maize starch (e.g. Angellier, Molina-
Boisseau, Lebrun, & Dufresne, 2005; Le Corre et al., 2012).

Given the difficulties in isolating the crystalline and amorphous
contributions in XRD data of starch, quantitative analysis is not very
frequently reported. In the current contribution, quantitative deter-
mination of native and partially hydrolyzed samples crystallinity
in terms of their crystallinity index (CI, defined as the ratio of the
amount of crystalline starch to the total amount of sample mate-
rial) was performed by use of three different methods found in the
literature. As recently described by Le Corre etal.(2012), when ana-
lyzing X-ray diffractograms of starch, several methods to calculate
starch crystallinity can be considered. One method frequently used
is the so-called “two-phase method”, in which the area above a curve
connecting the peak baselines is assumed to correspond to the area
of crystalline domains, whereas the lower area is assumed to cor-
respond to the amorphous part (Nara & Komiya, 1983). CI results

obtained herein by the mentioned method were calculated as illus-
trated in Fig. 4(a). The interval considered was 20 =5-27°, since it is
where the main crystalline peaks are found. The explicit inclusion of
the zone of the diffractogram of higher 20 values in the calculus of
Cl(i.e.20=27-50°) of course modifies the absolute values obtained,
but it must be pointed out that the pattern of CI versus hydrolysis
time found (including the 6 h maximum shown later on in Fig. 5), is
exactly the same (data not shown). Values of Cl obtained by consid-
eration of the whole diffractogram (i.e. 26 =5-50°) are lower than
the ones obtained according to Fig. 4(a) due to the fact that crys-
talline peaks found at high 26 angles contribute only slightly to the
crystalline fraction.

A more accurate, although more time-consuming, method for
crystallinity index determination is the deconvolution method, in
which by use of specific software amorphous and crystalline
contributions to the diffraction spectrum are separated using
a curve-fitting process. Curve-fitting requires that the shape
and number of peaks are assumed. In the current contribution
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Lorentzian functions have been chosen for XRD spectra deconvo-
lution. Cl is calculated from the ratio of the area of all deconvoluted
crystalline peaks to the total diffractogram area (Fig. 4(b)).

Finally, as an adaptation of the peak height method developed
by Segal et al. (1962) for calculating cellulose’s crystallinity index,
the recent contribution of Le Corre et al. (2012) proposed the cal-
culation of CI of starch from the height ratio between the intensity
of the highest crystalline peak (Imax — Iam) and total intensity (Imax)
(Fig. 4(c)). For calculations performed in this contribution I;,x cor-
responds to the total intensity of the diffractogram measured at
20=17.7°,and I, corresponds to the intensity of the diffractogram
at the minimum between the crystalline peaks found at 26=17.7°

and 22.8° (i.e. 260 =21°), which is assumed to be representative of
the amorphous contribution. A scheme of the methods used for CI
determination is given in Fig. 4 for clarity purposes. The results of
the evolution of waxy maize starch granules’Cl with hydrolysis time
by all three methods described have been summarized in Fig. 5.

Fig. 5 illustrates the evolution of CI values during a-amylase
hydrolysis (time interval 0-48 h) calculated by the three methods
described. Values of CI are all in the 37-52% interval. The fact that
values of CI for a definite hydrolysis time vary depending on the
choice of measurement method used is a feature in common with
cellulose CI determination (Evans, Newman, & Roick, 1995; He,
Cui, & Wang, 2008; Park, Baker, Himmel, Parilla, & Johnson, 2010;
Thygesen, Oddershede, Lilholt, Thomsen, & Stahl, 2005). As shown
in Fig. 5, and similarly to the behaviour observed in the compari-
son of cellulose CI calculated by the methods described (Park et al.,
2010), the adaptation of Segal’s method provides the highest Cl val-
ues for native and partially hydrolyzed waxy maize starch granules.
Variations in CI determined by this technique are low, although a
slight increase in the CI promoted by enzymatic hydrolysis during
the initial hours of amylolysis is observed. As in the case of the use
of this method for the determination of the CI of cellulose samples,
Segal’ method deficiencies arise from the use in the calculation of
just one crystalline peak out of at least four, and from the fact that
the variation in peaks width is neglected (Park et al., 2010). In this
context, the height method should be considered as arough approx-
imation of the Cl value for a rapid comparison between samples. On
the other hand, and as in the case of cellulose, the other XRD meth-
ods proposed herein which consider the contributions from both
amorphous and crystalline cellulose to the whole of the XRD spec-
trum, provide a more accurate measure of the crystallinity of starch
samples.

Although the two-phase and the deconvolution methods do
not give exactly the same CI values for a given starch sample, the
pattern of CI evolution (increase with respect to native starch CI
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value in the 2-6h interval followed by reduction of CI values in
the 6-48 hinterval) is very similar for both methods. The described
increase-decrease CI pattern may be attributed to the discussed
preferential action of a-amylases over the amorphous zones of
starch. A faster enzymatic removal of the less ordered regions of
starch should result in an initial increase in the samples CI val-
ues, as the ones shown in Fig. 5. By the way, all three methods
used for CI determination exhibit highest values at around 6 hours
of hydrolysis, which interestingly coincide with the time interval
for which a reduction of the hydrolysis rate was observed by both
quantitative methods used to follow hydrolysis kinetics (Fig. 1).
An increase in starch crystallinity upon amylolysis has previously
reported for other systems. In the contribution of Zhou, Hoover,
and Liu (2004) the X-ray patterns of the hydrolyzed residues of
wrinkled pea starch showed that the relative crystallinity increased
substantially on hydrolysis (from 17.8 to 33.4%). Authors attributed
these results to the extensive degradation of the amorphous regions
of the starch granule. Based on differential scanning calorimetric
results, You and Izydorczyk (2007) also concluded that the overall
crystalline order in zero amylose starch increased due to partial «-
amylolysis. On the other hand, and based on the observation that
a-amylolysis did not produce an increase in crystallinity, a number
of researchers have concluded that a-amylases can simultaneously
solubilize both amorphous and crystalline regions of starch gran-
ules (Colonna, Buléon, & Lemarié, 1988; Lauro et al., 1999; Le Corre
et al,, 2012; Leach & Schoch, 1961; Zhou et al., 2004).

Opposite results found by different authors could be explained
with concepts similar to those proposed by Park et al. (2010) for
the variations of cellulose CI upon enzymatic hydrolysis. As pre-
viously briefly reviewed for enzymatically hydrolyzed starch, the
reported changes in Cl after enzymatic hydrolysis of cellulose do not
show a clear trend either (Park et al., 2010). Even if there are many
studies supporting the idea that CI increases during enzymatic
hydrolysis of cellulose, the reported increases have often been small
(i.e. ~2-2.6%). Moreover, a number of other reports did not find
any change in CI values after enzymatic action (Park et al., 2010).
As stated in the mentioned work, these results make it unclear
whether there is a preferential digestion of the amorphous cellu-
lose component, even if highly amorphous celluloses have shown to
be much more susceptible to cellulase action than native cellulose
(Zhang, Cui, Lynd, & Kuang, 2006). Similarly, although gelatinized
amorphous starch is known to be enzymatically hydrolyzed at
a much higher rate than semi-crystalline granular starch, many
articles referenced herein found no differences in CI values upon
amylolysis; whereas other positive CI changes observed (as the
ones determined in this contribution, i.e. 3-5%) have usually been
low. The previous might be explained by the hypothesis of enzymes
acting initially on amorphous regions of highest accessibility, but
concomitally promoting some grade of disorder of starch regions
with higher crystallinity. As proposed in the work of Park et al.
(2010) even if enzymes work initially on cellulose microfibril
surfaces consuming the less ordered surface layers of cellulose,
then internal ordered cellulose chains become surface chains with
decreased order, so that conversion of ‘amorphous cellulose’ results
in production of more ‘amorphous cellulose’ with a further decrease
in cellulose CI. In this context, a possible explanation for the
low increases observed herein in CI during enzymatic hydrolysis
(whereas kinetic and SEM data suggest a more notorious prefer-
ence of a-amylase towards amorphous regions of starch); could
be attributed to the hypothesis that while amylolysis proceeds
preferentially and at a higher rate on the less ordered regions of
starch granules, semi-crystalline fractions of starch simultaneously
decrease their order. The previous hypothesis of a concomitant
action of the phenomena described (one that induces crystallinity
increment and the other that reduces it), may justify the small crys-
tallinity changes often observed by most authors during c-amylase

hydrolysis of starch; whereas there are other studies in which no
significant change in starch crystallinity was observed (and thus it
was concluded that - at least during the assay interval studied -
hydrolysis occurred simultaneously in both order and disordered
regions of starch). Moreover, simultaneous partial disorganiza-
tion of starch induced by shear promoted during long hydrolysis
intervals with enough stirring speed required to keep starch in
suspension, may also be a plausible cause of crystallinity reduction.

Finally, and going back to the increasing-decreasing pattern of
ClI illustrated in Fig. 5, reduction of CI after the 6 h period clearly
observed by use of the deconvolution and two-phase methodolo-
gies, suggests that extensive hydrolysis effectively destroys and
solubilizes the crystalline areas of the granules. Lauro et al. (1999)
also observed that crystallinity and gelatinization enthalpy of bar-
ley starches decreased during the later stages of a-amylolysis,
which Zhou et al. (2004) attributed to extensive hydrolysis that
effectively destroyed and solubilized the crystalline areas of starch
granules.

4. Conclusion

Waxy maize starch amylolysis catalyzed by a-amylase from
Bacillus licheniformis was studied in terms of the quantitative evolu-
tion of the hydrolysis reaction, as well as in terms of morphological
and crystallinity characteristics of partially hydrolyzed starch gran-
ules. The two methods used to determine reaction kinetics showed
a change of reaction rate at approximately 6 h of reaction, delimit-
ing two hydrolysis stages which have previously been attributed
to the hydrolysis of starch regions with different crystallinity.
Besides, for the mentioned hydrolysis time, the use of two differ-
ent methods for CI calculation showed a maximum of crystallinity
in residual starch granules. Scanning microscopy images illus-
trated the pattern of a-amylase action over starch granules, with
the most interesting feature being the generation of clear layered
hydrolyzed/non-hydrolyzed interior structures, which suggested
different susceptibility to enzyme attack of alternating growth
rings. Image analysis allowed finding very good estimations of the
growth rings thicknesses which agreed with values found in the
literature.

All three type of analysis performed herein (kinetic data, SEM
and XRD analysis), contributed to the validation of the hypothesis
that under the assay conditions chosen, in the initial hours of reac-
tion amylolysis effectively proceeds preferentially and at a higher
rate in the less ordered regions of starch. Moreover, results showed
that if reaction is stopped at 6 h of hydrolysis, micrometric starch
granules with increased crystallinity obtained by a pure enzymatic
protocol can be easily produced.
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