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In this work, maize starch was modified using ultrasound (US) and ozone (O3) treatments, each one alone and
also in combination. The starch molecular structure, granule characteristics and properties were evaluated. The
US treatment alone did not show influence on the starch physical characteristics. On the other hand, the O3 treat-
ment, alone or in combinationwith US, led to significant changes on starchmolecules by increasing carbonyl and
carboxyl groups and the apparent amylose content, while decreasing pH and the starch molecular size distribu-
tion. The granules' particle size distribution (PSD), their morphology and crystallinity were not affected by any of
the treatments. Regarding the starch properties, water absorption index (WAI), water solubility index (WSI),
pasting properties and gel strength were clearly more affected by the ozone treatment as compared with the ul-
trasound treatment. However, the paste clarity was significant higher when the combined treatments were ap-
plied, especially when US was used before O3. These results are prompting the hypothesis that the US treatment
improved the subsequent action of O3.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Starches are the main energy reserve of plants and are abundantly
found in nature. Obtained from renewable sources, being inexpensive
and very versatile material in terms of functional properties, starches
are used in several industries, such as food, paper, textile and pharma-
ceutical [1,2]. The modification of starches is a highly industrially
employed technique, since it is an applicable form to improve the func-
tional properties of native starches [3,4]—which are limited by nature.
However, nowadays as important as to obtain starches with better
properties, is using efficient, safe and environmentally friendlymethods
to achieve it.

Among the starch modification methods, the most industrially
employed are the oxidative ones [3]. However, these processes are usu-
ally performed using chemical agents, and are being questioned regard-
ing their impacts on consumers and the environment, which has led to a
search by new technologies [3,5]. Among the possible alternatives to
chemical methods, ozone (O3) has been shown to be one of the most
promising, as it is highly oxidative [6] and has the advantage of being
an environmentally friendly technology, since it quickly decomposes
to oxygen [7]. Ozone has already been studied as an oxidizing agent
for the modification of a wide range of starch sources, such as potato
[8,9], rice [10] and cassava [11]. Starch modification caused by this
acicaba, SP 13418-900, Brazil.
sto).
treatment has been attributed to the generation of electronegative
groups and thehydrolysis of the glycosidic bonds of the starchmolecule,
thus reducing the starch molecular size [8,10,12,13]. However, it is im-
portant to emphasize that the botanical source and, consequently, the
structure of the starch, has a great influence on the ozone action, and
further studies in this field are still required.

On the other hand, physicalmodificationmethods, amongwhichwe
highlight US, can be used to produce modified starches with specific
functional properties, having as a positive aspect the fact that no chem-
ical agent is used in the process [3]. High intensity ultrasound treatment
is able to change the material properties (i.e. physical disruption, accel-
eration of some chemical reactions), due to a formation of intense cav-
itation [14,15]. The modification of starch technological properties
using ultrasound has already been studied and proposed for different
starch sources, such as rice [16], oat [17], cassava [18], and maize
[19,20]. US is claimed to cause starch modifications such as disintegra-
tion of granules [21–23], and molecular size reduction [21,24]. How-
ever, structural modifications of biopolymers by US treatment are
reported to be highly dependent on the US conditions and the material
source [25,26]. In fact, some of the results presented in the literature are
contradictory. These differences in the observed results emphasize that
the lack of standardization during these treatments does not enable to
establish definite conclusions about the treatment efficacy and its ef-
fects on the starchmolecular structure.Moreover, someworks in the lit-
erature do not follow good practices in ultrasound processing, which
can compromise the obtained results [27].
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Finally, the combination of ozone and ultrasound treatments have
been little explored. Only two published works explore this subject
[28,29]. However, both papers report only rheological and thermal
properties of the modified starches, but do not provide information on
structural changes neither potential correlations between the modified
starch structure and its properties. Consequently, the mechanisms of
the combined action of ultrasound and ozone on starch, remains
unexplored.

In order to meet the industrial demand for starches with specific
characteristics, considering safe and environmental needs, the objective
of this work aims to evaluate the structure and the properties of modi-
fied starches using combined ultrasound and ozone treatments. Due to
its high industrial importance, maize (corn) starch was used as the
targeted starch.
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2.1. Starch sample and processing conditions

Native maize (corn) starch (~28% of amylose, Argo CS 3400) was
provided by “Ingredion Brasil Ingredientes Ltda”.

The ozone (O3) treatment used was similar to the one reported in
previous work [8], which is schematically illustrated in Fig. 1. In short,
700 mL of starch suspension (10% m/m, wet basis) in distilled water
was placed in a glass reactor (capacity: 2 L, height: 56 cm, internal diam-
eter: 6 cm) and processed for 15min at 25 °C. The ozonewas generated
from industrial oxygen (95% purity; constant flow at 1 L/min) using an
ozone generator unit (Ozone & Life, O&G Model RM 3.0, São Jose dos
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of 42 mg O3/L of mixture, was introduced in the reactor, being bubbled
in the starch suspension. After processing, the water was separated
from the sample, and an air circulation oven (at 35 °C) was used to
dry the starch (until ~12% of moisture content). The samples were
sieved (250 μm) before the analyses.

To perform the physicalmodification using ultrasound (US), a starch
suspension in distilled water (700 mL, 10% w/w) was prepared inside a
glass beaker and processed in an ultrasonic bath (Q13/25, Ultronique,
Brazil). The US conditions were: processing time of 8 h, temperature
of 24–26 °C, frequency of 25 kHz and volumetric power of 72 W/L —
which was calculated by the calorimetric method, according to the de-
scribed by O'Donnell et al. [30]. The temperature was controlled using
a heat exchanger inside the US bath (the recirculating water was pro-
vided by an external water bath). The ideal location of the samples in-
side the US bath was evaluated according to the good practices
described in the literature [27], ensuring homogeneity and the exposure
of the sample to the highest US intensity. The bath was filled with 6 L of
distilled water mixed with 15 drops (~0.5 g) of dishwashing detergent
(lemon dishwasher, Ypê, Brazil), to decrease the surface tension of the
solvent. To prevent decantation of the starch granules during the treat-
ment, a mechanical stirrer was used and located as illustrated in Fig. 1.
After processing, the water was separated from the sample, and an air
circulation oven (at 35 °C) was used to dry the starch (until ~12% of
moisture content). The samples were sieved (250 μm) before the
analyses.

Maize starch was treated by US or O3 individually. Furthermore, the
combination of these two treatments was performed as follows: imme-
diately after ozone treatment, the starch sample was transferred to a
beaker and treated by ultrasound, using the same conditions previously
described. Moreover, the order of the combined treatment changes.
That is, another sample, after being processed by ultrasound, was trans-
ferred to the reactor and ozonated. The ozone processing (indicated as
O3) was combined with the ultrasound processing (indicated as US), is
distinguished as US-O3 or O3-US according to the order of the treat-
ments. In summary four different treatments (O3, US, US-O3 and O3-
US) were used to assess the physical modifications achieved by these
treatments.

2.2. Starch molecular evaluation

2.2.1. Carbonyl and carboxyl groups

Themethodology described by Chattopadhyay, Singhai and Kulkami
[31], with modifications, was used to evaluate the carboxyl content. In
details, ~3 g of starch was suspended in 25 mL of 0.1 M HCl and stirred
for 30 min. The samples were then filtered (205 μm) and washed with
distilled water. The retained samples were mixed with 300 mL of dis-
tilled water and gelatinized in a boilingwater bath for 15min. The sam-
ple, still hot, was titrated with NaOH (0.1 M) until pH 8.3, using an
automatic titrator (Plus Titrino 848, Metrohm, Herisau, Switzerland).
A non-modified sample (control) was regarded as the blank. Using
Eq. (1), the “carboxyl groups per 100 glucose units (COOH/100GU)”
was calculated. In the equation: Vs=volume ofNaOHused for the sam-
ple, Vb = volume of NaOH used for the blank, M = molarity of NaOH,
and S = the mass of sample (dry basis).

COOH
100GU

¼ Vs−Vbð Þ∙M∙0:045∙100
S

ð1Þ

The methodology described by Smith [32], with modifications, was
used to evaluate the carbonyl content. In details, ~4 g of starch was
suspended in 100 mL of distilled water and completely gelatinized in
a boiling water bath for 30 min. The gels were then cooled (to ~40 °C)
and their pH was adjusted to 3.2 using HCl 0.1 M. The samples were
then mixed with 15 mL of hydroxylamine solution (10 g of hydroxyl-
amine hydrochloride +40 mL of 0.5 M NaOH solution + distilled
water until reach 200 mL) and kept in a water bath at 40 °C for 4 h.
The samplewas then titratedwith HCl (0.1M) until pH 3.2, using an au-
tomatic titrator (Plus Titrino 848, Metrohm, Herisau, Switzerland). A
mix of all the reagents, without any starch sample, was regarded as
the blank. Using Eq. (2), the “carbonyl groups per 100 glucose units
(CO/100GU)” was calculated. In the equation: Vb = the volume of HCl
used to test the blank, Vs = the volume of HCl required in the titration,
M = molarity of HCl, and S = the mass of the sample (dry basis).

CO
100GU

¼ Vb−Vsð Þ∙M∙0:028∙100
S

ð2Þ

2.2.2. pH

The pH was determined as specified in Adolfo Lutz Institute [33],
using a starch dispersion (10%) and a calibrated potentiometer (Tecnal,
TEC-5 mode).

2.2.3. Molecular size distribution

A gel permeation chromatography was used to evaluate the molec-
ular size distribution of the samples. A CL-2B gel (Sigma, Sweden) was
packed in a GE XK 26/70 column (diameter: 2.6 cm, height: 70 cm).
The samples' preparation was performed as follows: 0.1 g of starch
was mixed with 10 mL dimethylsulfoxide (DMSO, 90%) and heated in
boiling water bath for 1 h. The obtained gels were slowly stirred over-
night at room temperature (~25 °C). After this process, an aliquot of
3 mL of sample (containing ~30 mg of starch) was mixed with 10 mL
of ethanol (99.5%), which promoted the starch precipitation. To isolate
the precipitated starch, the samples were centrifuged at 1210 RPM for
30 min. Before injecting the samples in the column, the precipitated
starch was mixed with 9 mL of hot distilled water kept in a boiling
water bath until complete dissolution, according to Song and Jane
[34]. 4 mL of the obtained solution (starch concentration of
~3 mg/mL) was then upwardly eluted in the column, using a solution
of 25 mmol/L of NaCl + 1 mmol/L of NaOH as mobile phase, at a rate
of 60 mL/h. A fraction collector (Gilson model FC203B, Middleton, En-
gland) was used to collect 4 mL of samples/ tube, and the content of
each tube was analysed using the blue value method [35], at 630 nm
wavelength, in a spectrophotometer (Femto, Model 600S, São Paulo,
Brazil).

2.2.4. Apparent amylose content

The ISOmethodology [36]was used to analyse the apparent amylose
content of the samples. In short, the starch sample was mixed with eth-
anol and sodium hydroxide and gelatinized in a boiling water bath for
10 min. After the gelatinization, the obtained sample was mixed with
of NaOH 0.09 M, and an aliquot of this new solution was then mixed
with acetic acid (1 M), iodine solution (10% KI and 5% I2 in distilled
water) and distilled water (until reach 100mL). The intensity of the ob-
tained blue colour (starch iodine complex)was estimated bymeasuring
the samples' absorbance at 620 nm using a spectrophotometer (Femto,
Model 600S, São Paulo, Brazil). A standard curve of amylose/amylopec-
tin previously prepared was used as reference.

2.3. Starch granules evaluation

2.3.1. Granule morphology

Images of the starch granules, showing their morphology and the
possible changes in the starch surface after processing, were obtained
by scanning electronicmicroscopy using a FEI Inspect F50, (Japan) oper-
ating at an acceleration voltage of 2.0 kV and available at LNNano, Cam-
pinas, Brazil.
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To prepare the samples, a double sticky carbon tape was fixed on a
circular aluminium stub, and dry starch was sprinkled on the tape. A
brush was used to ensure a uniform layer of powder particles. The
stubs were then coated with gold (~4 mm) and then evaluated in the
microscope using an Everhart-Thornley Detector (ETD) for secondary
electrons.

2.3.2. Granule relative crystallinity

The crystallinity patterns of the starch granules were evaluated
using an X-ray diffractometer (Rigaku Miniflex 600 RXD, Tokyo,
Japan), using copper radiation and the following test conditions: scan
rate of 2°/min at an angle 2θ ranging from 3 to 50°, with 40 kV and
15 mA. To ensure a constant moisture of the samples before the assays,
the starch samples were kept for 10 days in a desiccator containing sat-
urated BaCl2 solution (25 °C, aw = 0.9) at the bottom. The relative crys-
tallinity (RC) of the starch granules was calculated, as described byNara
and Komiya [37], using the Origin software version 9.1 (Microcal Inc.,
Northampton, MA, USA). The 2θ angle selected for the calculation
ranged from 3 to 36°

2.3.3. Granules size distribution

The particle size distribution (PSD) of the starch granules was mea-
sured using a Laser Analyser equipment (Partica LA-950V2 Laser Parti-
cle Size Analyser, HORIBA, Japan). To avoid increase in the granules'
size due to water uptake, the samples were dispersed in ethanol
(99.5%). The obtained data were evaluated using the software LA-950
for Windows (HORIBA, Japan). The area-based mean diameters (D
[2,3]) calculated by Eq. (3)) were evaluated, where ni was the number
of particles with diameter di.

D 3;2½ � ¼

X
i

nid
3
i

X
i

nid
2
i

ð3Þ

2.4. Starch properties evaluation

2.4.1. Pasting properties

The pasting propertieswere determined using the RVA-4 equipment
(Newport Scientific Pvt. Ltd., Australia, with the Thermocline for Win-
dows software, version 3.0). The Standard 2 program was selected
(held at 50 °C for 1 min, heating to 95 °C at 6 °C/min, held at 95 °C for
5 min, cooled to 50 °C at 6 °C/min, and held at 50 °C for 2 min). In
each cycle, 3 g of starch sample (14%moisture basis) and 25 g of distilled
water were used.

2.4.2. Gel texture

The gel strength was determined using a Texture Analyser (TA.XT
Plus, Stable Micro Systems Ltd., Surrey, UK) with a load cell of 50 kgf
(~490 N). The samples obtained after the RVA assays were stored in
30× 20mm(diameter × height) plastic cups for 24 h at 5± 2 °C. To en-
sure uniform moisture of the samples, they were held in a desiccator
with water at the bottom. After storage, the samples were carefully re-
moved from the cups, smeared with mineral oil, and uniaxially com-
pressed until 75% of its height using a plate probe (P/100) with
100 mm of diameter. The stress was calculated as the ratio of the force
measured by the equipment and the samples' transversal area. The rel-
ative strainwas calculated as the ratio of themaximum strainmeasured
by the equipment and the samples' height.
2.4.3. Paste clarity

The method described by Craig et al. [38], with the modifications
proposed by Aplevicz and Demiate [39], was used to measure the
paste clarity of the samples. This method is based on the transmittance
measurement (T%) of the starch pastes, which were obtained after the
gelatinization of 0.2 g of starch in 20 mL of distilled water, using a boil-
ing water bath for 30 min. To ensure homogeneity of the samples, each
tube was individually stirred 5 times every 5min. Before the assays, the
tubes were cooled to ambient temperature (~25 °C). The pastes' absor-
bance was measured at 650 nm using a spectrophotometer (Femto,
Model 600S, São Paulo, Brazil).

2.4.4. Water absorption index (WAI) and water solubility index (WSI)

The method described by Anderson et al. [40], with modifications,
was used to evaluate the WAI and theWSI of the starch samples. In de-
tails, 0.5 g of starch (dry basis) wasmixedwith 6mL of distilledwater in
pre-weighed centrifuge tubes. The samples were then heated using dif-
ferent temperatures (60, 70, 80 and 90 °C) for 30 min in a water bath
with slow stirring. After heating, the tubes were centrifuged
(1210 RPM for 10 min), and both supernatant and precipitated were
collected. The supernatant phase (containing the soluble starch) was
dried at 105 °C in pre-weighted glass plates and the soluble fraction
(SF) was determined, being used to calculate theWSI (Eq. (4)). The pre-
cipitated fraction (PF) retained in the tube (containing the starch insol-
uble fraction and thewater retained by it)was alsoweighed to calculate
WAI (Eq. (5)). For both equations: M is the mass of the starch sample
(dry basis).

WSI %ð Þ ¼ SF
M

∙100 ð4Þ

WAI
g water
g IS

� �
¼ PF− M−SFð Þ

M−SFð Þ ð5Þ

2.5. Experimental design and statistics

Each process (O3, US, O3-US and US-O3) was performed in triplicate
and the analyses were performed at least in duplicate for each sample.
The averages and the standard deviations were calculated and, when
appropriate, the Tukey's multiple comparisons were used. A signifi-
cance level of 5% was considered. A non-modified maize starch sample
(indicated as “control”) was used for comparisons.

3. Results

3.1. Starch molecular structure

Results of the starch molecular structure evaluated using carbonyl
and carboxyl groups content, pH, apparent amylose content andmolec-
ular size distribution are shown in Fig. 2.

3.1.1. Molecular oxidation: Carbonyl, carboxyl and pH

Considering the carbonyl content (Fig. 2A), the US sample did not
present a significant difference (p b 0.05) compared to the control sam-
ple, while the O3, O3-US and US-O3 samples had an increased content of
carbonyl groups compared to the control and the US treated sample.
Concerning carboxyl groups (Fig. 2A), the O3 and the US-O3 samples
had a significant increase (p N 0.05) when compared to the control,
while the US and the O3-US samples did not. The pH (Fig. 2B) of the
samples decreased after the modification, except for the US sample,
which did not show a significant variation when compared to the
control.
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In fact, the carbonyl and carboxyl groups are expected to increase
after oxidative processes, as a consequence of the oxidation of the hy-
droxyl groups [41,42]. Also, as those groups increase, the pH of the sam-
ples tends to decrease, due to the formation of carboxylic acids, which is
in accordance with results obtained in this work. Therefore, the modifi-
cation involving the use of ozone (alone or combined with US), in gen-
eral, led to an increase of the carbonyl and carboxyl groups (Fig. 2A) and
a decrease of pH (Fig. 2B). The only exception was the O3-US sample,
whose carboxyl content was not statistically different from the control
sample, despite presenting a higher value than the control. One possible
explanation for this behavior can be that the combination of US and O3

led to a higher formation of carbonyl groups, rather than carboxyl
groups, as can be observed in the Fig. 2A. Even so we highlight the dif-
ferences are small, and they can also be related with sample/process
variability. On the other hand, US processing alone, as expected, did
not affect the hydroxyl groups of the starch molecules.

3.1.2. Molecular depolymerization: apparent amylose content and size ex-
clusion chromatography

Proceedingwith themolecular evaluation, another change that usu-
ally occurs with modified starches is the hydrolysis of their glycosidic
bonds, leading to a depolymerization of their molecules (both amylose
and amylopectin), resulting in shorter molecular chains [8,41,43,44].
The blue value method, based on the starch iodine complex, is one of
themost useful methods to evaluate the changes in this degree of poly-
merization [45,46]. Therefore, the modified samples were evaluated
using two different approaches, both based on the blue value method:
the apparent amylose content and size exclusion chromatography.

The apparent amylose content (Fig. 2C) increased after themodifica-
tion processes. The exception, once again, was the US treatment, which
did not show a significant change (p b 0.05)when compared to the con-
trol. As previously mentioned, the apparent amylose analysis is, in fact,
an indirect evaluation of the iodine affinity of the starch molecules,
which can increase or decrease depending on its molecular size. There-
fore, the ozone process partially depolymerized the starch molecules,
whose residues showed higher iodine affinity, when compared to the
US and control samples. In fact, themost notable differences on themo-
lecular size distribution profile (Fig. 2D) were observed on samples that
were treated with ozone (O3, O3-US and US-O3).

The apparent amylose content variation after an ozonation process is
contradictory in the literature. Some works reported increased values
after the modification processes [12], while other report decreases [8].
Since this analysis is based on the iodine affinity of the amylose and am-
ylopectin molecules, it is possible to assume that the contradictory re-
sults may be related to the molecular chain-length and
electronegative groups obtained after the modification process.
Castanha et al. [8], for example, studied the modification of potato
starch, which is well known to have amylopectin molecules with long
chains and high iodine affinity [47], in addition of having a high level
of phosphate groups. All those characteristics may have influenced the
measured apparent amylose decrease, since the molecules may have
become less prone to bind iodine after themodification. An opposite be-
haviorwas observed byOladebeye et al. [12], indicating that ozone, as in
our case, improved the iodine affinity of the molecules — more than
simple affirm “ozone increased the amylose content”. Summarizing,
this analysis seems to be dependent of the starch source, and conse-
quently of the molecular size distribution and electronegative groups,
and processing conditions. Consequently, it appears the apparent amy-
lose content assaymay not be a conclusive response of the effects of the
ozone modifications. To overcome that weakness in the analysis, gel
permeation chromatography was used to help the understanding of
starch molecular changes upon the modification processes.

Chromatography results (Fig. 2D) showed a notable difference be-
tween the ozonated samples (O3, O3-US and US-O3) when compared
to the US and control samples, with a clear decreasing of the first
peak. Gel permeation chromatography analysis divides the starch mol-
ecules based on their sizes and ramifications: long and branched
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molecules elutefirst, forming thefirst peak (usually associatedwith am-
ylopectin molecules), while shorter and less branched molecules elute
later, forming the second peak (usually associated with amylose mole-
cules) [48]. Therefore, the decrease of the first peak after the ozone
treatment indicates that the molecules with longer chain-lengths
(probably mostly amylopectin) are depolymerized by this process.

3.1.3. Molecular structure evaluation: overview

Considering all themolecular results (Fig. 2), it is possible to observe
some patterns. In general, the effect of combining the technologies (US
+ O3) did not present a significant difference if compared to the O3 re-
sults or among themselves. It indicates that ozone processing, at the
conditions applied in this work, had a higher influence on the starch
Control

US

O3

O3-US

US-O3

Fig. 3. Scanning electronicmicroscopy (SEM) images of the control andmodified (US, O3, O3-US
(For interpretation of the references to colour in this figure legend, the reader is referred to th
molecular modification when compared to the ultrasound processing.
Furthermore, the order at which the processes were combined (US-O3

or O3-US) apparently had no influence on starch molecular changes.
It is important to notice, however, that despite of no statistical defin-

itive, the US-O3 treated sample showed a tendency to have a higher car-
bonyl content (Fig. 2A) and a lower pH (Fig. 2B), when compared to the
other samples. This sample showed a significant decrease in the appar-
ent amylose content (Fig. 2C)when compared to theO3 andO3-US sam-
ples, and its molecular-size distribution showed a second peak eluting
later, when compared to the other samples (Fig. 2D), indicating that
the molecular size of this sample was smaller when compared to the
other ones. All these results, despite apparently not significant, played
an important role on the properties of the US-O3 sample, as discussed
in next sections. Furthermore, this information can indicate that the
and US-O3)maize starch samples. Yellow linesmeasure 5 μm, and red linesmeasure 1 μm.
e web version of this article.)
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US alone processing does not change the starch molecules, but it can
promote changes on the starch granules, that affect the way how
ozone processing interacts with it (i.e. US-O3 treatment).

Summarizing, US process by itself did not led to any significant
changes in the starch molecules structure. The carbonyl and carboxyl
groups, and consequently the pH, remained unchanged, as well as its
molecular size distribution and apparent amylose content. Conversely,
ozonated samples (O3, O3-US and US-O3), with few exceptions, showed
significant changes (p N 0.05) in all the evaluated parameters, indicating
that the ozone processing, alone or in combination with the US, led to
significant molecular changes in maize starch.

Therefore, it is important to evaluate the effect of these processes on
the starch granule, in order to better understand each effect and test our
hypothesis concerning the US treatment, as follows.

3.2. Characteristics of the starch granules

The characteristics of the starch granules were also investigated, in
order to elucidate if the modification processes had any influence on
their morphology. As discussed in the Material and methods section,
methods used were scanning electronic microscopy (SEM, Fig. 3), parti-
cle size distribution (PSD, Fig. 4) and X-ray analysis to measure granule
crystallinity (Fig. 5).

3.2.1. Granule morphology: scanning electronic microscopy (SEM)

The starch granule morphology is illustrated in Fig. 3. The control
sample presented small and irregular granules, as expected for native
maize starch, and some of the granules also presented pores, roughness,
craters and depressions on their surfaces. Similarly, the modified sam-
ples exhibited irregular granules whose surface had pores, roughness,
craters and depressions, meaning that no notable changes were ob-
served between the control and the modified samples.

Other works on the literature reports the appearance of pores on the
surface of different starch samples after ultrasound processing
[44,49,50]. Some hypothesis can be raised to explainwhy no differences
were observed in the present work. The first one is relatedwith the nat-
urally heterogeneous and irregular granules shown by the native maize
starch, whichmakes it difficult to notice any changes on their character-
istics (in special using a qualitative tool such as SEM). Another explana-
tion is that the US and O3 treatments, with the conditions applied in this
work, were not enough to change the maize starch granules' morphol-
ogy. In fact, Sujka and Jamroz [44], by comparing the US effect on the
surface characteristics of different starch samples, observed that potato
and wheat starches where more affected by the US treatment than rice
and maize starches, which have smaller granules.
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It is important to mention, however, that although US and O3 pro-
cessing was not sufficient to change the granule morphology, results
presented next and related to the starch properties reinforces the hy-
pothesis that US processing promotes some changes on the granules,
which further affects how ozone processing interact with them (US-
O3 treatment). Our hypothesis is that those changes are originated at
the centre of the granules. Sujka and Jamroz [44], using transmission
electronic microscopy (TEM), observed not only pores, but also a cavity
of irregular shape in the centre of the granules after ultrasound process-
ing, and those cavities where independent of the starch botanical origin.
Further studies are needed to clarify this topic.

3.2.2. Granule size: particle size distribution (PSD)

PSD results of the control and modified starch samples, as well as its
mean particle diameters, are illustrated in Fig. 4. As illustrated, PSD of
the modified samples did not present any remarkable difference when
compared to the control (Fig. 4), regardless of having been processed
with ozone and/or ultrasound. Luo et al. [50] did not observe changes
on the maize starch shape and particle size after processing with ultra-
sound. Castanha et al. [9], on the other hand, reported a decrease on the
volume-based mean particle diameter of potato starch processed with
ozone, indicating that the process decreased the size of the bigger gran-
ules, but not of the smaller ones. The authors concluded that the bigger
granules could bemore accessible to ozone treatment. It is interesting to
note that Carmona-Garcia et al. [51] indicates that larges granules are
also more affected by the US waves than smaller ones, which can par-
tially explain the results obtained in this work (potato starch granules
are much higher than maize).

Results showed that the US and O3 treatments, did not promote ap-
parent changes on the granules' morphology, neither changed their
sizes and shapes.

3.2.3. Granule crystallinity: X-ray diffraction

The crystallinity characteristics of the native and modified starch
granules are illustrated in Fig. 5. Firstly, control and modified starches
can be classified as samples of an A-type, which is typical of cereals
[52,53]. In fact, after the modification processes, no changes were ob-
served on the X-ray diffraction patterns of the samples, which main-
tained the same pattern and relative crystallinity (p b 0.05).

Furthermore, some authors [54,55] have suggested a new approach
to evaluate the X-ray diffraction patterns of starches. In this approach,
the X-ray patterns are compared to an α-amylose standard (PDF 43-
1858), available in a database of Powder Diffraction Files (PDF-4) [56].
It worth to be mentioned that the standard amylopectin pattern is still
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Table 1
Water absorption index (WAI) and water solubility index (WSI) of the control and modified (US, O3, O3-US and US-O3) maize starch samples. Average ± standard deviation. Results
followed by the same small letter do not differ significantly (p b 0.05).

Water absorption index (g water/g starch)

Samples 60 °C 70 °C 80 °C 90 °C

Control 1.2 ± 0.0 c 6.4 ± 0.1 a 8.4 ± 0.3 b 9.9 ± 0.4 c
US 1.3 ± 0.0 b 6.8 ± 0.1 a 8.5 ± 0.3 bc 10.9 ± 0.2 bc
O3 1.4 ± 0.0 a 6.9 ± 0.4 a 10.5 ± 0.5 a 10.6 ± 0.6 bc
O3-US 1.4 ± 0.0 a 6.5 ± 0.2 a 9.4 ± 0.1 cd 12.3 ± 0.5 a
US-O3 1.4 ± 0.0 a 6.6 ± 0.1 a 10.2 ± 0.4 ad 11.7 ± 0.5 ab

Water solubility index (%)

Samples 60 °C 70 °C 80 °C 90 °C

Control 0.3 ± 0.1 cb 0.2 ± 0.0 b 1.7 ± 0.4 ab 1.3 ± 0.2 bc
US 0.2 ± 0.1 c 0.5 ± 0.2 ab 1.1 ± 0.1 b 1.2 ± 0.3 b
O3 0.5 ± 0.1 ab 1.3 ± 0.7 a 1.6 ± 0.2 ab 1.8 ± 0.2 ac
O3-US 0.5 ± 0.0 ab 0.8 ± 0.1 ab 1.6 ± 0.1 ab 1.3 ± 0.1 bc
US-O3 0.5 ± 0.0 a 0.9 ± 0.3 ab 1.9 ± 0.0 a 2.2 ± 0.1 a
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under study, and that the amylose sample used as reference for the PDF
database was not frommaize starch. Nevertheless, this approach allows
to compare each peak with its corresponding source. For example, the
peaks located at ~20° and ~22.5° are related to the amylose crystalline
structure. Therefore, by analysing results using this approach, it is possi-
ble to say that neither the amylose nor the amylopectin crystalswere af-
fected by the modification process, since the peaks locations were
maintained. These results are also supported by the relative crystallinity
results (Fig. 5B). Similar results (no changes on the crystalline domains)
were found by Luo et al. [50], while studying maize starch modification
using ultrasound, and by Castanha et al. [8], while studying potato
starch modification using ozone.
3.2.4. Granule structure evaluation: overview
To sumup, regarding the starch granules, it was possible to conclude

that their characteristics were apparently maintained, since no changes
on their morphology, PSD and crystallinity were observed after the
modification processes. However, internal changes were not measured,
but as stated by other researchers (e.g. Sujka and Jamroz [44]) using
TEM, observed internal modifications could be responsible for observed
changes on the starch molecules and their properties after treatments.
3.3. Starch properties

Practical applications of modified starches are one of the main goals
of themodification processes. Therefore, some of the functional proper-
ties of the modified starches were evaluated and correlated with the
structure characteristics described earlier. Water absorption (WAI)
and solubility (WSI) indexes, paste clarity, pasting properties (RVA)
and gel strength are illustrated in Fig. 6. Tables containing the main
Table 2
Main parameters of the pasting properties of the control andmodified (US, O3, O3-US and US-O3

letter do not differ significantly (p b 0.05). AV = apparent viscosity. Relative breakdown was c
trough AV) · 100.

Samples Peak AV
(mPa·s)

Trough AV
(mPa·s)

Relative breakdown
(%)

Control 2703 ± 16 c 1571 ± 48 a 42 ± 2
US 2694 ± 2 c 1615 ± 18 a 40 ± 1
O3 2960 ± 1 b 1350 ± 47 b 54 ± 2
O3-US 3162 ± 13 a 1170 ± 35 c 63 ± 1
US-O3 3206 ± 23 a 1106 ± 17 c 66 ± 0
results and statistical analysis concerning the WAI and WSI (Table 1)
and RVA (Table 2) analyses are also presented.
3.3.1. Water absorption (WAI) and water solubility (WSI) indexes

As expected, WSI (Fig. 6A) increased with increasing temperature.
At 60 °C, the ozonated samples (O3, O3-US and US-O3) showed a ten-
dency to present a higher solubility, although the changes did not result
statistically different. At 70 °C, the same behaviour was observed, being
the O3 sample the only that presented a significant difference (p N 0.05)
when compared to the control sample. At 90 °C, the US-O3 sample pre-
sented the higher solubility of all samples, being statistically equal only
to theO3 sample. Overall, results did not follow a linear increase and it is
possible to conclude that O3 processing apparently increased the starch
solubility. On the other hand, US processing alone had no influence on
the starch solubility, which is in accordance with results previously
discussed (no molecular or granular changes were observed for this
sample).

WAI results (Fig. 6B) were also temperature dependent and in-
creased with temperature. The highlights, once again, are observed in
the ozonated samples (O3, O3-US and US-O3). At 80 °C, the O3 and the
US-O3 treatments showed thehighestWAI, followed by theO3-US treat-
ment, whereas at 90 °C, the O3-US and US-O3 treatments showed the
highestWAI values, being the only treatments different from the control
(p N 0.05). The US treatment showed no significant differences with the
control at temperatures N70 °C. However, at 60 °C, this sample pre-
sented a higher absorption capacitywhen compared to the control sam-
ple, indicating that the US treatment may have affected the starch
structure (as previously discussed) in a way that promote the increase
of the granules water uptake capacity. In fact, as this analysis is
temperature-dependent, those results can be related with the integrity
) maize starch samples. Average± standard deviation. Results followed by the same small
alculated as: (breakdown / peak AV) · 100. Relative setback was calculated as: (setback /

Final AV
(mPa·s)

Relative setback
(%)

Pasting T
(°C)

c 2961 ± 28 a 89 ± 5 a 76 ± 1 a
c 2975 ± 17 a 84 ± 3 a 75 ± 3 ab
b 2041 ± 5 b 51 ± 5 b 72 ± 1 b
a 1721 ± 4 c 47 ± 5 b 72 ± 1 b
a 1629 ± 18 d 47 ± 4 b 71 ± 3 b
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of the granules, since a granule with a damaged structure can present
better water absorption at lower temperatures than at higher ones
where they may breakdown faster [57].

Sujka et al. [44], processedmaize starch in water using an ultrasonic
homogenizer, observing an increase of the swelling power and solubil-
ity of the samples. Similarly, Luo et al. [50] observed an increase of the
swelling power and solubility of normalmaize starch processedwith ul-
trasound. Both authors hypothesized (but did not demonstrate) that the
results may be related to depolymerization of the starchmolecules after
ultrasoundprocessing, whichwas not observed in ourwork (Fig. 2C and
D). It is important to remark that in the mentioned studies the concen-
tration of the processed starch slurries was higher (30%). This and a dif-
ferent system used compared to our work may have influenced the
results.

On the other hand, increasing solubility after ozonation were ob-
served by different authors [9,12,13], while theWAI presented different
results depending on the starch source and process conditions. Despite
different results, the authors related the observed behaviour with the
depolymerization of the starch molecules and with the oxidation of
the hydroxyl groups to carbonyl and carboxyl groups after the ozone
processing, which is in accordance with our results (Fig. 2).

3.3.2. Paste clarity

Paste clarity (Fig. 6C) was significant higher (p N 0.05) for all modi-
fied starches when compared with the control. The US-O3 sample
stood out, presenting the highest value, which was ~61% higher than
the control sample. This is a remarkable result by considering the im-
portance of the paste clarity for several starchy final food products [44].

Our theory to explain this property (US-O3 sample presenting a
higher paste clarity) is once more related to the possible modification
caused by the previous US treatment on the internal structure of the
maize starch. Although no apparent increase in pores on the surface of
the samples was observed, results are showing that the US treatment
apparently promoted ozone action, by facilitating its action on the inte-
rior of the starch granule. In fact, the weakening of the granules' struc-
ture induced by the US treatment has been reported in several works,
and it is already being used to facilitate other subsequent processes,
such as to facilitate both acid and enzymatic starch hydrolysis and to ob-
tain porous starch granules using amylase, or starch nanoparticles
[57,58].

The evidence for this hypothesis is the US-O3 sample presenting
some particularities when compared to the O3-US sample, like for ex-
ample the tendency of this sample to have a higher carbonyl content
(Fig. 2A) and a lower pH (Fig. 2B), a significant decrease on the apparent
amylose content (Fig. 2C), an apparent lower molecular size (Fig. 2D),
and higher paste clarity.

3.3.3. Pasting properties and gel texture

The RVA (Fig. 6D) and the gel texture (Fig. 6E and F) presented the
same pattern observed throughout this work, in which the ozonated
samples (O3, O3-US and US-O3) stood out from the others, agreeing
with the previous results. In fact, the US sample did not differ signifi-
cantly from the control sample in any pasting or gel texture parameters.
In general, the ozonated starch samples (O3, O3-US and US-O3) pre-
sented higher paste viscosities, lower relative setbacks and harder and
less elastic gels (evidenced by the lower relative strain, Fig. 6E). Those
characteristics can be useful in some food applications, such as gravies,
dips, sauces and puddings [59].

However, the effect of combining the technologieswas evidenced on
the RVA analysis, indicating that, despite no molecular or granular sig-
nificant differences between them or when compared to the O3 sample,
their pasting properties had some particularities. Among the results, we
highlight the peak apparent viscosity (AV), which was higher when ap-
plying the combination of the technologies (US-O3 and O3-US), and
their relative setback, which was lower. Those results indicate that the
starches were modified by the combined treatments and showed a
more consistent paste and a lower tendency to retrogradation. Our re-
sults are in discordance with the observed by İbanoğlu et al. [28]
while studying the effects of the combination of ozone and ultrasound
on the rheological properties of rice starch. The authors observed a
higher viscosity after the ultrasound processing, while after the ozone
processing and its combinationwith ultrasound, the starch viscosity de-
creased. Also, in their work, the order at which the processes were ap-
plied had no influence on the results.

3.3.4. Starch properties evaluation: overview

Summarizing, in general the starch properties were affected by the
treatments. The ozone process, alone or in combination, once more
showed different results when compared to the control and starches
treated onlywith US,whichwas similar to the control sample. However,
results show that the US treatment is apparently able to change the
starch structure, improving ozone action. As previously discussed, the
main hypothesis for this behavior is possible internal modifications
within the granules caused by the ultrasound action. Therefore, al-
though the US technology seemed to be ineffective when using alone,
it could be very useful to potentialize the ozone effects, proving to be
a potential effective alternative for starch modification.

4. Conclusions

The results illustrated that, at the conditions applied in thiswork, the
US technology by itself had nomeasurable influence on the starch struc-
ture and properties. On the other hand, the ozone proved to be an effec-
tive technology to modify maize starch, alone or in combination with
US. The ozonated samples (O3, O3-US and US-O3) exhibited significant
changes on the starch's molecular structure (carbonyl and carboxyl
groups, pH, molecular size distribution and apparent amylose content)
and properties (WAI, WSI, pasting properties, gel strength and paste
clarity). On the other hand, the surface morphology, PSD and crystallin-
ity of the maize starch samples were not affected by any treatment,
alone or combined.

It is worth highlighting that the paste clarity was significant higher
when a combination of the treatments was applied, especially when
the US was used prior the O3 treatment, illustrating the hypothesis
that US changed the starch structure, improving the ozone action. How-
ever, further studies are needed to better understand the phenomena
and optimize processing, comprising conditions of processing and
starch sources.
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