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Nano-sized starch particles (NSP) were prepared from starch granules using a purely physical method
of high-intensity ultrasonication. Particle size distribution, Field Effect Scanning Electron Microscopy
(FE-SEM), Raman spectroscopy, and Wide-Angle X-ray Diffraction (WAXD) were used to characterize
the morphology and crystal structure of the ensuing nanoparticles. The results revealed that ultrasound

treatment of the starch suspension in water and at low temperature for 75 min results in the formation
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of starch nanoparticles between 30 and 100 nm in size. An attempt to explain the generation of starch
nanoparticles was made on the basis of WAXD, Raman analysis and FE-SEM observation. Compared to
acid hydrolysis, which is the most commonly adopted process, the present approach has the advantage
of being quite rapid, presenting a higher yield and not requiring any chemical treatment.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing interest in nanomaterials of natural origin and
their unique properties have led to intensive research in the area of
nano-sized particles from natural polysaccharide polymers such as
cellulose (Moon, Martini, Nairn, Simonsen, & Youngblood, 2011),
chitin (Zeng, He, Li, & Wang, 2012) and starch (LeCorre, Bras, &
Dufresne, 2010). Because of the nanometric size effect, nanoscale
fillers typically have greater surface area per mass, leading to higher
likelihood self-interaction, which enable mechanical enhancement
at lower filler contents than with traditional filler (Siqueira, Bras,
& Dufresne, 2010). Furthermore, as the individual components of
the nanocomposite are less than one-tenth the wavelength of light,
the ensuing nanocomposite is free of scattering, leading to a highly
transparent material as long as the polymer matrix is amorphous
(Tome et al., 2011).

The extraction of nano-sized particles from natural polysaccha-
rides, namely cellulose, starch and chitin, has been the subject of
intense research during the last decade (Dufresne, 2010; Sir6 &
Plackett, 2010; Besbes, Rei Vilar, & Boufi 2011; Alila, Besbes, Rei
Vilar, Mutjé, & Boufi, 2013). Materials such as cellulose nanocrys-
tals, microfibrillated cellulose and starch nanocrystals have been
extracted from cellulose fibres and starch granules by means of
physical or/and chemical treatments.

Although much less studied than nanocellulose or cellulose
nanocrystals, the extraction and uses of starch nanocrystals have
been the subject of numerous reports (LeCorre et al., 2010; Putaux,
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Molina-Boisseau, Momaur, & Dufresne, 2003). The potential use of
starch nanocrystals as a reinforcing phase in a polymeric matrix
and as a barrier agent in packaging materials has been high-
lighted by several publications (Angellier, Molina-Boisseau, Lebrun,
& Dufresne, 2005; Angellier, Putaux, Molina-Boisseau, Dupeyre,
& Dufresne, 2005). An interesting review of starch nanoparticle
preparation and applications was published by LeCorre et al. (2010).

Starch is a semi-crystalline polysaccharide appearing in nature
in the form of granules ranging in size from 1 to 100 pm and is orga-
nized in four hierarchical levels (Tester, Karkalas, & Qi, 2004). At the
molecular level (~A), starch is composed of two macromolecular o-
1,4-p-glucopyranose units about 5A long, namely linear amylose
and branched amylopectin; amylopectin is organized in crystalline
clusters of double helices forming stacks of alternating crystalline
and amorphous lamellae with a regular repeat distance of 9-10 nm,
in which the a-1,6-branched branch points reside predominantly
in the amorphous lamellae. These are embedded in alternating
amorphous and semi-crystalline radial growth rings 100-400 nm
thick. The amorphous rings consist of amylose and amylopectin
in a disordered conformation, whereas the semi-crystalline rings
are formed by the lamellar structure of alternating crystalline and
amorphous regions. Given the hierarchical structure of starch, it is
possible to extract platelet-like nanoparticles commonly referred
to as starch nanocrystals. The main approach adopted to produce
starch nanocrystals is based on the use of acid hydrolysis to dissolve
the amorphous and paracrystalline regions of the starch gran-
ules (Angellier, Molina-Boisseau, et al., 2005; Angellier, Putaux,
etal.,, 2005). The ensuing nanoparticles are parallelepipedic-shaped
nanoplatelets around 5-7 nm thick, 20-40 nm long and 15-30 nm
wide. However, the main drawbacks of such a method remained
the long duration, along with the low yield being in the range of
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2-15%, although recent publications report improvements of the
yield and reduction of the duration of the treatment (LeCorre, Bras,
& Dufresne, 2011; LeCorre, Vahanian, Dufresne, & Bras, 2012).

Not much research has been performed to produce starch
nanoparticles using physical treatments. The isolation of NSP using
high-pressure homogenization was reported by Liu et al. for the
production of starch nanoparticles leading to crystalline micro-
particles turning into amorphous nanoparticles with increasing
run numbers (Liu, Wu, Chen, & Chang, 2009). Chin, Pang, and Tay
(2001) reported on starch nanoparticles synthesized by precipitat-
ing dissolved starch solution in absolute ethanol under controlled
conditions. However, the mean size of the particles remained fairly
large (between 200 and 400nm) and added surfactant during
the precipitation process was necessary to obtain particles with
size around 200 nm. Another environmentally friendly mechanical
approach to producing starch nanoparticles less than 400 nm in size
was described in two patents (Giezen et al.,2000; Wildietal.,2011).
The process is based on reactive extrusion of cross-linked plas-
ticized starch followed by grinding and high-speed dispersion in
water. Arecent publication (Song, Thioc, & Deng, 2011) investigated
the mechanism of starch nanoparticle formation via reactive extru-
sion and analysed the mains parameters governing the particle size.

The effect of ultrasound treatment on the physical properties
of starch suspensions has been the subject of numerous reports.
Izidoro, Sierakowski, Haminiuk, De Souza, and De Paula Scheer
(2011) showed an improvement in starch solubility, swelling
power and water absorption capacity after ultrasound treatment
(24W power with 40% amplitude at a frequency of 20kHz) for
1h. The same trend was noted by Luo et al. (2008) and Jambrak
et al. (2010), who showed that ultrasound treatment results in
a decrease in the viscosity consistency index, and enthalpy of
gelatinization. They concluded that ultrasound treatment resulted
in the distortion of the crystalline region, favouring the swelling
power of the treated starch. Biskupa, Rokita, Lotfy, Ulanski, and
Rosiak (2005) reported that 360 kHz ultrasound on aqueous solu-
tions of starch at room temperature and for up to 3h led to a
drop in the molecular weight caused by chain scission of starch
macromolecules. Gallant, Sterling, Guilbot, and Degrois (1972) and
Degrois, Gallant, Baldo, and Guilbot (1974) were the first to report
that ultrasound treatment of starch caused physical degradation
of the starch granules. Zhu, Li, Chen, and Li (2012) studied the
effect of ultrasonic treatment of potato starch granules in excess
water on changes in the supramolecular structure. The results
showed that ultrasonic treatment (power lower than 155W) for
30min at temperatures ranging from 20 to 30°C affected clus-
ter structure, especially the crystalline region, with a reduction in
the molecular order in crystalline lamellae. Surface erosion with
notch and groove formation was noted after 30 min ultrasonica-
tion at 155W, but no fragmentation of the starch granules was
pointed out, nor any reduction in particle size. Recently, Yue, Zuo,
Hébraud, Hemar, and Ashokkumar (2012) studied the impact of
ultrasound treatment on potato starch granules in aqueous dis-
persions at a low temperature around 5°C. The study showed
that treatment of starch granule suspensions by high-intensity
low-frequency ultrasound for up to 30 min resulted in damage
to the starch surface and in some cases in the shattering of the
granules.

From a critical review of the published literature, most studies
have focused mainly on changes in the gelatinization and solubility
properties of starch following ultrasound treatment. In addition,
most ultrasound intensity levels did not exceed 30 min and the
sonication treatment was performed at room temperature.

As a contribution to the development of a simple and
environment-friendly approach for the preparation of starch-based
nanoparticles (SNP), we investigated the isolation and character-
ization of NSP using high-intensity ultrasonication without any

additional chemical treatments and a low temperature of 8-10°C,
in order to prevent plasticization with water and orientate the
effect towards maximum particle size reduction.

2. Materials and methods
2.1. Materials

Waxy maize (WaxylisTM, >99% amylopectin) and standard
maize starch (70% amylopectin) were provided by Roquette S.A.,
Lesterm, France.

2.2. Sonication conditions

A 24kHz Branson digital Sonifier S-450D (Germany) coupled
with a horn (tip diameter of 13 mm) was used to treat the starch dis-
persions. Ultrasonic power dissipated, 170 W, was evaluated using
the calorimetry method (Koda, Kimura, Kondo, & Mitone, 2003)

The ultrasonication treatment of the starch suspension was car-
ried as follow; 100 ml of the starch suspension with a solid content
of 1.5%, kept in a glass cell, was immersed in a water bath at a
constant temperature of 8 &1 °C, and sonicated at 80% power out-
put for more than 75 min. Samples of the starch suspension were
withdrawn at different intervals for particle size and optical trans-
mittance measurements.

The temperature, not optimized, was selected because at 20 kHz,
lower temperature enhances sonochemical activity (Jiang, Pétrier,
& Waite, 2006; Mason & Lorimer, 2002), and above 80% power
(170W), it has been seen that the strong cavitation activity
increases the coalescence among the bubbles, lowering the effi-
ciency of chemical and physical effects (Mason & Lorimer, 2002).

2.3. Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction analysis was performed on
powders obtained from both native starch and freeze-dried
SNP suspensions. The measurements were performed with a
PANanalytical, X'Pert PRO MPD diffractometer equipped with an
X’celerator detector. The operating conditions for the refractometer
were: Cu Ka radiation, 20 between 4° and 44°, step size 0.084°, and
step time: 250s.

2.4. Raman spectroscopy

Raman spectra were collected on a LabRAM Analytical Raman
micro-spectrograph (Jobin-Yvon, Horiba Group, France) using a
He—Ne laser source as exciting radiation (A =632.8 nm) and an air-
cooled CDD detector. The samples of starch after ultrasonication
were freeze-dried prior to the analysis.

2.5. Transmittance measurements

Starch dispersions at different intervals of ultrasonication
were introduced into quartz cuvettes and the transmittance was
measured between 400 and 800 nm using a Shimadzu UV-vis spec-
trophotometer. The samples were not diluted before starting the
measurements.

2.6. Particle size determination

The particle diameters were measured at 25 °C using a Malvern
Nano-Zetasizer ZS Instrument at a fixed scattering angle of 173°.
The dispersions were not diluted before starting the measurements.
Dynamic light scattering (DLS) measurements give a Z-average size.
Each measurement was performed in triplicate and the values aver-
aged to obtain the mean particle size.
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Fig. 1. Change in particle size distribution of the starch suspension: (A) waxy maize
and (B) standard maize starch after different ultrasonication times.

2.7. Field-Emission Scanning Electron Microscopy (FE-SEM)

Field Emission Scanning Electron Microscope (FE-SEM) images
were obtained with a Zeiss Supra40 fully controlled from a com-
puter workstation. The electron source, a hot cathode producing
electrons by Schottky effect, is a tungsten filament coated with
a ZrO layer. Images were created by the SMARTSEM software. A
drop of a diluted suspension of starch (with a solid content of about
0.02 wt.%) was deposited on a silicon wafer and coated with a thin
carbon layer limited to 3 nm applied by sputtering.

3. Results and discussion
3.1. Particle size analysis

The effect of ultrasonication of the starch suspension at a low
temperature of 8-10°C and under high power was analysed by
monitoring the change in size distribution during sonication, using
starch of two different origins, namely standard starch and waxy
maize with high content in amylopectin. As shown in Fig. 1,
the particle sizes of both types become smaller as sonication
time increases, moving from several wm for the original samples
towards about 100-200 nm after 75 min ultrasonication under high
power at 24 kHz. It can be seen from the change in particle size vs.
sonication time (Fig. 2) that in the case of waxy maize the parti-
cle size decreases sharply during the first 30 min, reaching about
500 nm, then continues to decrease more slowly to reach a plateau
at about 250 nm after 60 min sonication. Furthermore, it is possi-
ble to observe the emergence of particles about 80 nm and 30 nmin
size after 60 min and 90 min ultrasonication respectively. The same
trend was noted with standard starch up to 45 min.
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Fig. 2. Change in mean particle size vs. ultrasonication time for waxy maize and
standard starch (only particles larger than 100 nm were taken into consideration).

3.2. Optical appearance

The appearance of the starch suspension (at 1.5wt.% solid
content and without any dilution) as a function of the time of ultra-
sonication is shown in Fig. 3. As the sonication time is augmented,
the transparency of the starch suspension improves and the frac-
tion of material settling decreases. After 1 h 15 min utrasonication,
the 1.5 wt.% starch slurry became completely transparent without
any change in the fluidity of the solution, which is a good indica-
tion of the major decrease in size of the starch granule particles. It
is also noting that the optical appearance of the dispersion did not
change with time and no trace of settling was noted after storing
over a period exceeding one month at 8-10°C.

The transmittance curve from wavelength A =400-800 nm is a
simple way of obtaining a rough idea of particle size reduction at
nanometric scale. Indeed, when light passes through a medium
containing randomly dispersed particles, it is scattered by them,
causing a reduction in transparency. According to Rayleigh and
Mie’s law, the scattering loss along the optical pathway is heavily
dependent on the relative size of the dispersed phase (d/A) and
the refractive index of the dispersed phase relative to the refrac-
tive index of the surrounding medium. Taking into account the
mismatch in the refractive index between water (1.31) and that
of starch (1.54), the particle size of the dispersed phase will con-
trol the transparency of the suspension. Accordingly, for particles of
size d less than A,;,/10 (about 40 nm), scattering no longer occurs
to any significant extent, resulting in a translucent or even transpar-
ent material. Furthermore, Rayleigh scattering prevails in this size
range, leading to wavelength-dependence of the transmittance,
which is lower at shorter wavelengths.

As shown in Fig. 4, the transmittance degree over the entire
visible range increased notably with the ultrasonication time. Inter-
estingly, the change in transmittance degree follows the same
trend as the change in particle size, and after 1h 15 min sonica-
tion exceeds 80%, which is a good indication of the absence of
micron-sized starch particles.

3.3. Change in morphology

To gain a more accurate idea about the morphology of starch and
generated starch particles during the ultrasonication treatment, FE-
SEM observations were performed by depositing a drop of diluted
starch suspension (with a solid content of about 0.1%) on a silicon
wafer.
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Fig. 3. Appearance of the starch slurry at 1.5 wt.% at different ultrasonication intervals: (a) initial suspension, (b) 45 min and (c) 75 min time after standing for 48 h days at

room temperature.

Native waxy starch granules are polygonal with a smooth sur-
face, about 2-15 wm in size with a mean size found to be 17 wm
using laser diffraction technique. With increasing ultrasonication
time the surface of the granules appears to be progressively broken
down and eroded, with the release of nano-sized particles about
20-200 nm in size. This is highlighted in Fig. 5, which shows sample
after 45 min ultrasonication. The radial growth rings 200-400 nm
thick from which fragments emerged can be clearly seen. Higher
magnification of a rising fragment of the eroded surface showed
a lamellar structure ranging in thickness from 50 to 80 nm from
which the nano-sized particles seem to be detached.

The standard starch particles also have a polyhedral shape and
range in size from 2 up to 10 wm. The change in the morphology of
standard starch particles during ultrasonication followed the same
trend as that of the waxy maize, with seemingly a difference in the
appearance of the particles during the erosion process. As ultrasoni-
cation progressed, the granule surface changed to rough, displaying
the 20-30 nm thick lamellar structure from which nano-sized par-
ticles seem to be released.

In both waxy and standard starch, the granular structure of
the starch particles was completely loosened after 75 min ultra-
sonication, giving rise to clusters of particles 80-200 nm in size.
The elementary size of the nanoparticles forming the clusters was
between 20 and 80 nm. It seems that nanoparticles from waxy
maize are less aggregated than those from standard starch. These
observations are in agreement with the DLS analysis data, indi-
cating that the particle populations noticed around 20-40 nm in

100
% -//
80 T
E 70 //
[}
2 60 ——15min
g 50 A ——45 min
§ 40 - — 60 min
© ——75min
= 30
20 ________,____-—-—-—--’-—-_
10 A
0 T T T
400 500 600 700 800

Wavelentgh (nm)

Fig. 4. UV-vis transmittance spectra of the waxy maize slurry at 1 wt.% at different
ultrasonication time after standing for 48 h days at room temperature.

the DLS analysis correspond to individual starch nanoparticles
while those observed around 250 nm are aggregated or clustered
starch nanoparticles. However, it is difficult to assert from these
observations whether the ensuing nanoparticles exhibit platelet or
granular morphology.

Referring to DLS measurement, the initial size of native starch
particles were about 6 wm, which is rather low than one revealed
from SEM observation being in the range of 5-15 pm. This appar-
ent discrapency might be rationalized by the specificity of DLS
being mainly adapted for sub micron particle. Indeed, DLS meas-
ures Brownian motion and relates this to the size of the particles
using the Stokes-Einstein equation. Therefore, particles with size
more than 10 wm could not be properly detected by DLS as they set-
tle down rapidly. This is the main reason accounting for the rather
low particle size of pristine starch granules.

We should also emphasize that FE-SEM observation revealed
that no micro-sized particles were observed after 75 min ultraso-
nication, confirming the complete disintegration of starch granules
into nano-sized particles.

3.4. WAXD analysis

X-ray diffraction was used to study the change in starch crys-
tallinity brought about by ultrasound treatment of granular starch.
WXAD diffraction patterns of freeze-dried starch samples at differ-
ent ulrasonication intervals are shown in Fig. 6. As expected, both
the standard and waxy maize exhibited the A-type diffraction pat-
tern typical of cereal starch, with the peaks at Bragg angles (26)
15°,17°,18° and 23° (Zobel, 1964). A small V-type diffraction peak
was also observed at 20° for standard starch, which was associated
with orderly packed amylose single helical complexes with lipid.
An important change in the DRX spectra was noted for both starch
types under the effect of ultrasonication. After 30 min ultrasonica-
tion all of the diffraction peaks decreased in intensity. With further
sonication for 75 min, the diffraction peaks at 10°, 15°, 18° and 23°
completely vanished in the case of standard starch, while the peak
at 17.5° notably deceased in intensity with the increase in width
at half height of the peak. The V-diffraction peak at 20° seems to
be unaffected by ultrasonication treatment. However, in the case
of waxy maize, all of the diffraction peaks were lost after 75 min
sonication and only a broad hallow from 4° to 30° associated with
an amorphous phase was observed on the diffraction spectra.

Seemingly, the prolonged ultrasonication of starch granules at a
temperature of 8-10°C and under high ultrasonication resulted in
a serious disruption of the crystalline structure of clustered amy-
lopectin, apparently leading to nanoparticles with low crystallinity
or an amorphous character. How, though, is it possible to rational-
ize the decrease or loss of crystallinity under the ultrasonication? Is
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Fig. 5. FE-SEM images of starch particles at different ultrasonication intervals: (A) native waxy maize, (B) waxy maize after 30 min sonication, (C) waxy maize after 45 min
sonication, (D) waxy maize after 75 min sonication, (E) native standard maize, (F) standard maize 30 min sonication, and (G) standard maize after 75 min sonication.
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Fig. 6. WXAD diffraction patterns of freeze-dried starch particles: (A) standard
maize starch, and (B) waxy maize after different ultrasonication periods.

it not really that the ensuing starch nanoparticles exhibit an amor-
phous character? In fact, as the particle size decreases down to
20-50 nm, the crystallite size becomes smaller and the diffraction
peak becomes broader, since the width at half height of a peak is
inversely proportional to the crystallite size. Furthermore, the dis-
appearance of the diffraction peak in the case of waxy maize may
be the consequence of the excessive decrease in the crystallite size
arising from the reduction in particle size. Indeed, small crystallites
that possess only a few lattice planes may not produce sufficiently
detectable reflection intensities, especially in the case of light ele-
ments such as carbon, in view of the fact that the diffraction is
proportional to the square of the atomic number.

3.5. Analysis of structural changes by Raman spectroscopy

FTIR and Raman spectroscopy were used to probe the change in
the molecular structure following ultrasonication treatment. The
FTIR spectra for starch before and after ultrasonication (spectra not
shown)showed almost identical characteristic bands dominated by
a-1,4-glycosidic linkage and the C—O—C bond in the glucose ring.
For this reason Raman spectroscopy, whichis recognized to be more
sensitive than FTIR to local changes in polymer microstructure, was
carried out. The Raman spectra before and after ultrasonication
were recorded and the spectra are shown in Fig. 7. The assign-
ment of the main starch bands, based on data from the literature
(Zhbankov, Andrianov, & Marchewka, 1997) is given in Table 1.
From this analysis, the following remarks may be made:

- Both the standard starch and waxy maize exhibit the same Raman
spectra.

Table 1

Raman wavenumbers and their respective assignment referring to literature data.
Wavenumber (cm~1) Assignment
2910 vs v (C—H)
1459 s 8§ (CH)+6 (CHy)
1403 s 8§ (C—H)
1381s 8§ (C—H)+§ (CHy)+8 (C—O0—H)
1339 s 8§ (C—H)
1260 m § (CHy)+8 (C—0—H)+§ (CH,—OH)
11265 U (C—0—H)+§ (C—0—H)+v (C—0)
1081 s §(C—0—H)
1050 s 8§ (C—O0—H)+(C—0—H)+v (C—C)
941s §(C—0—H)+4 (C—0—C)+v (C—0)
867 s U (C—0—C)+4 (C—H)+§ (CHy)
763 w v (C—C)
711w v (C—C)
614w v (C—C—0)
574 m v (C—C—0)
476 vs v (C—C—0)+§ (C—C—0)
439s §(C—C—0)+4§ (C—C—C)
408 s v (C—C—0)+4 (C—C—0)

The bands due to the skeletal mode vibrations of the glucose
pyranose ring of starches exhibit a change after ultrasonication;
the bands at 440, 478 and 581 cm~! assigned to v (C—C—0), §
(C—C—0) and § (C—C) of pyranose ring skeletal modes respec-
tively undergo a shift of about 5cm~! towards the higher
wavenumber. The bands at 520 and 620cm~! also assigned to
the pyranose ring decrease notably in intensity. Likewise, the
bands at 760 and 865cm~! assigned to v (C;—C,) ring mode
and to v (C;—0—Cs) respectively undergo a downward shift by
about 12 cm~! after sonication treatment. These changes may be
related to the decrease in crystallinity following ultrasonication.
The same trends in the Raman spectra were noted by Mutungi,
Passauer, Onyango, Jaros, and Rohm (2012).
- The vibrations related to the C—O—C of «-1,4 and «-1,6 glycosidic
linkages characterized by strong bands in the 900-960 cm~! and
a weak band at 1155 cm~! exhibited a change both in intensity
and in position. The band at 905cm~! appearing as a shoulder
of the strong band at 940 cm~! seems to vanish after ultrasoni-
cation. The band at 940 cm~! is shifted by about 4cm~! towards
the lower wavenumber, and the band at 1155 cm~! decreased in
intensity. Considering the band at 905 cm~! associated with a-1,6
glycosidic linkage, it may be inferred that the branching points
in the amylopectin were the most affected by ultrasonication,
leading to breakage of part of this linkage.
- The band at 1128 cm~! attributed to C—O stretching and C—O—H
deformation decrease in intensity after ultrasonication.

The change observed in the Raman spectra of both types of
starch after 1h 15 min ultrasonication is indicative of the severe
disruption in the native crystalline structure, namely for waxy
maize, and may reflect breakage occurring in the a-1,6 glycosidic
linkages.

Based on the above-mentioned results, it may be concluded that
the ultrasonic treatment of starch suspensions at low temperature
and high sonication power produces significant fragmentation of
starch granules, so that they become nano-sized.

3.6. Possible mechanism of generation of SNP

At the frequency used, 24 kHz, the mean diameter of the cav-
itation bubble is known to be homogeneous around 10-20 wm
(Tsochatzidis, Guiraud, Wilhelm, & Delmas, 2001). This diameter
is in the same order of magnitude as the size of starch granules,
which is around 5-20 pm at the starting point of the ultrasonic
treatment. Starch particles should therefore be dragged in the high
speed stream resulting from implosion of the cavitation bubbles
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Fig. 7. Raman spectra of (A) standard starch and (B) waxy maize before and after 75 min ultrasound treatment.

rather than experience the direct impact of the microjet rising from
collapsing bubbles. In view of the high speed, which is likely to
exceed 200 m/s, the starch particles are driven together and col-
lide violently, causing surface damage that leads to a decrease in
size (Crum, 1995; Prozorov, Prozorov, & Suslick, 2004) Based on
the SEM observations, it is likely that the resulting mechanical
collision along with the high shear forces brought about progres-
sive erosion of the starch particles starting from the surface, which
underwent further fragmentation until a limiting size was reached.
Furthermore, given the low temperature during sonication, water
molecules could not diffuse inside the amylopectin chains and no
plasticization of the amylopectin phase was likely to take place.
Both the amylose and amylopectin chains remained in the glassy
domain, encouraging the fragmentation process until the particles
became nano-sized, where they could no longer be broken down.
The mechanical damage to starch particles under the effect of ultra-
sonication in an aqueous solution was also highlighted by Yue et al.
(2012).

One might invoke the blocklet concept (Gallant, Bouchet, &
Baldwin, 1997) in order to explain the formation of SNP under
ultrasonication. If we assume that the crystalline and amorphous
lamellaes are organized in a discrete asymmetric globular unit
named blocklet with a size in the range of 50-100 nm, then the pro-
longed ultrasonication under temperature of 8-10°C might bring
about the peeling-off of the blocklet and their subsequent break
down. However, the blocklet concept is not fully recognized and
still a matter of debate. Further investigation and deeper charac-
terization of the ensuing starch nanoparticles using Small Angle
X-ray Scattering (SXA), transmission electronic microscopy (TEM)
and AFM are ongoing in order to better explain the mechanism of
the formation of SNP.

4. Conclusion

An efficient procedure has been described for the preparation
of nano-sized starch particles using the purely physical method of
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high-intensity ultrasonication without any chemical additives. The
process is based on the high power ultrasonication of a suspension
of starch granules in water at 1-2% consistency and at a tempera-
ture of 8-10°C, using two types of starch, namely standard maize
starch and waxy maize. It was shown that the particle size of the
starch granules decreased continuously with the time of ultraso-
nication treatment to level off after about 75 min to a size ranging
from 30 to 140 nm and 30 to 250 nm in the case of standard and
waxy maize respectively. Complete conversion of the starch gran-
ules from micronic to nanometric scale after 75 min ultrasonication
was confirmed by FE-SEM observation, showing clusters of par-
ticles ranging in size from 80 to 200 nm. The elementary size of
the nanoparticles forming the clusters ranges from 20 to 80 nm.
FE-SEM observation at intermediary sonication intervals revealed
that with the increasing time of ultrasonication the surface of the
granules appeared to be progressively broken down and eroded,
with the release of particles 20-100 nm in size. WAXD analysis
indicated that sonication seriously disrupts the crystalline struc-
ture of clustered amylopectin and seems to lead to nanoparticles
with low crystallinity or an amorphous character. Raman analysis
confirmed the decrease in crystallinity with ultrasonication treat-
ment and suggests the occurrence of breakage along the branching
point formed by the a-1,6 glycosidic linkage.

To the best to our knowledge, this is the first report concern-
ing the preparation of starch-based nanoparticles by high-intensity
ultrasonication without any chemical additives. Compared with
the acid hydrolysis process, which produces low yields of starch
nanocrystals, this process offers the advantage of being quite rapid
and easy to implement without the need to undertake repeated
washing treatment, since no chemical reagent is added during the
process. As no further purification was carried on the suspension of
SNP, we infer that the yield of production should be close to 100%.
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