
D
r

M
a

C
b

c

B

A
R
R
A
A

K
S
G
S

1

d
b
fi
s
h
w
t
2
t
A
r
D
&
c
s
i
H
D
t

0
h

Carbohydrate Polymers 97 (2013) 90– 97

Contents lists available at SciVerse ScienceDirect

Carbohydrate  Polymers

jo u r n al homep age: www.elsev ier .com/ locate /carbpol

evelopment  and  characterization  of  starch  nanoparticles  by  gamma
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Gamma  radiation  arises  as  an  advantageous  alternative  to  obtain  starch  nanoparticles  given  its  low  cost,
simple  methodology  and  scalability.  Starch  nanoparticles  (SNP)  with  sizes  around  20  and  30  nm  were
obtained  applying  a dose  of  20 kGy  from  cassava  (CNP-�)  and  waxy  maize  (WNP-�)  starch,  respectively.
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They  showed  the  same  thermal  degradation  behavior  and  their  maximum  mass  loss  zone  was similar
to  those  nanoparticles  obtained  from  acid  hydrolysis  (WNP-h).  Additionally,  CNP-�  and  WNP-�  were
used  as  nanofillers  in  a cassava  matrix.  Increments  of  102%  in  storage  modulus  were  obtained  with  the
addition  of only  2.5  wt.%  of  WNP-�,  showing  that  gamma  radiation  is  a successful  methodology  to  obtain
SNP  able  to be  used  as  starch  reinforcement.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Starch has received considerable attention during the past
ecades as a biodegradable thermoplastic polymer and as
iodegradable particulate filler. The main advantages of starch
llers are: their renewable nature; availability; high specific
trength; non-abrasive nature that allows easier processing even at
igh filling levels; biodegradability; and a relatively reactive surface
hich can be modified by adding reactive groups compatible with

he polymeric matrix (García et al., 2012; Le Corre, Bras, & Dufresne,
010). It is well known that it is possible to obtain starch nanopar-
icles (SNP) by starch acid hydrolysis (García, Ribba, Dufresne,
ranguren, & Goyanes, 2009). These nanoparticles were used to
einforce different kinds of matrices, such us starch (García, Ribba,
ufresne, Aranguren, & Goyanes, 2011), PVA (Sreekumar, Al-Harthi,

 De, 2012), and synthetic latex (Dufresne & Cavaille, 1998). As a
onsequence of the particle nanometric size, their addition in very
mall amounts produces significant improvements in the mechan-
cal and permeation properties of different matrices (Duquesne,

abibi, & Dufresne, 2012; García et al., 2011; Labet, Thielemans, &
ufresne, 2007; Piyada, Waranyou, & Thawien, 2013). In particular,

he incorporation of SNP in starch matrices led to improvements in

∗ Corresponding author. Tel.: +54 11 45763300x255; fax: +54 11 45763357.
E-mail address: goyanes@df.uba.ar (S. Goyanes).

1 http://www.lpmc.df.uba.ar.

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.04.081
elastic modulus and water vapor resistance (Behera, Avancha, Sen,
& Adhikari, 2013; García et al., 2009).

Starch consists of mainly two glucosidic macromolecules: amy-
lose and amylopectin. According to Jenkins et al. (1994), the
crystallinity of starch granule is associated with the amylopectin
component. Besides, the authors proposed a model considering the
shells to be formed by alternating crystalline–amorphous layers. It
is noteworthy that the amylopectin content depends on the botanic
origin.

Gamma  radiation (�-radiation) can be a convenient tool for
modification of polymer materials through cross-linking, graft-
ing and degradation techniques. It has also been suggested as a
rapid and convenient modification technique which breaks large
molecules into smaller fragments and is capable of cleaving gly-
cosidic linkages (Singh, Singh, Ezekiel, & Kaur, 2011). Gamma
radiation may  generate free radicals on starch molecules which
are capable of hydrolyzing chemical bonds, thereby cleaving large
molecules of starch into smaller fragments of dextrin (Yu & Wang,
2007). In particular, it is expected that �-d-(1–4)-glycoside link-
ages are the most susceptible bonds to be cleaved by �-radiation.
Bao, Ao, and Jane (2005) investigated how gamma radiation affects
the structures and physical properties of starch in order to under-
stand the mechanisms which affect starch granule structures. They

concluded that fragmentation mostly resulted from the cleavage
at the amorphous regions, instead of crystallite regions, but lit-
tle changes in the amylopectin branch chain length occurred. This
mechanism was  similar to that of the starch acid hydrolysis (Bank,

dx.doi.org/10.1016/j.carbpol.2013.04.081
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.04.081&domain=pdf
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reenwood, & Muir, 1973; Hoover, 2000). It is important to mention
hat although free radicals could be involved in the mechanism they
asily recombine in water, thus solutions obtained from gamma
rradiated samples are radical free.

Akhavan and Ataeevarjovi (2012) have recently showed that
amma  radiation would be an effective protocol in the size reduc-
ion of particles based on soluble starch. The mean size of these
articles could be changed by the use of surfactants during the
ormation process under gamma  irradiation. On the contrary, �-
rradiated solid starch samples have produced different results, as
eported by Singh et al. (2011). In that research, it was observed
hat the intensity of XRD peaks decreased by increasing the irra-
iation dose for potato starch from two different cultivars. They
mployed gamma radiation from 0.01 to 0.5 kGy and concluded that
tarch irradiated at 0.5 kGy did not show presence of any organized
rystalline structure. However, Bao et al. (2005) studied physical
nd structural characteristics of rice flour and starch obtained from
amma  irradiated white rice at different doses between 0.5 and
.0 kGy. These authors showed that the crystallinity increased in

rradiated starch. The shape and size of starch particles depend
trongly on its botanic origin. Then, the kind of native starch and the
rocessing technique determine the starch properties after irradi-
tion process.

The aim of this work is to develop starch nanoparticles apply-
ng gamma  radiation, since this technique is commonly employed
or food industries and would allow the SNP mass production with
ow costs. The influence of amylopectin content in the morphol-
gy, structure and thermal response was studied employing two
ifferent kinds of starch: native cassava and native waxy maize.
he gamma radiation was carried out in both starch water disper-
ions. In order to compare the properties of SNP from waxy maize
tarch obtained by this novel procedure with one of the traditional
ethods, acid hydrolysis was also carried out.
Finally, the possibility of using the nanoparticles that have been

btained applying gamma  radiation as starch matrix nanofiller was
lso studied.

. Experimental

.1. Materials

The native cassava starch (CS) (72 wt.% amylopectin and 28 wt.%
mylose) was provided by Bernesa S.A., Buenos Aires, Argentina.
he native waxy maize starch (WS) (99 wt.% amylopectin) was  pro-
ided by Roquette S.A., Lestrem, France. The starches are native.
one of these starches have received any physical or chemical
odification. It was provided as supplementary data scanning elec-

ron micrographs for both starch types. The average size of cassava
tarch granule was 10 �m with a standard dispersion of � = 3 �m.  In
he case of waxy maize starch granule the average size was  11 �m
ith a standard dispersion of � = 4 �m.

.2. Starch nanoparticles obtained by acid hydrolysis

In order to compare nanoparticles obtained by gamma  radia-
ion with the ones obtained by the traditional methodology, waxy

aize nanoparticles were obtained by acid hydrolysis as previ-
usly reported (García et al., 2009). We  employed 36.725 g of waxy

aize starch and then mixed in 250 mL  of 3.16 × 10−3 M H2SO4,

t 40 ◦C and 100 rpm, subjected to an orbital shaking action for
 days. After that, crystals were washed in distilled water and sep-
rated by successive centrifugations until neutrality was reached.
hey were lyophilized and the powders obtained were named
NP-h.
e Polymers 97 (2013) 90– 97 91

2.3. Starch nanoparticles obtained by gamma irradiation

In order to prepare the samples to be treated by gamma  radia-
tion, starch stable dispersions were prepared according to the well
known process (Vogel, 1983, chap. IX): 5 g of starch were mixed
with 5 mL  of distilled water at room temperature using a mechanic
stirring at 180 rpm obtaining an homogenous paste. After that, this
paste was quantitatively transferred to a 500 mL  glass beaker. Then
495 mL  of distilled water at 85 ◦C were added with magnetic stir-
ring for 30 s. Immediately, the beaker was cooled at 5 ◦C and stored
at room temperature in a hermetic vessel. This procedure let us to
achieve cassava and waxy stable dispersions (CSD and WSD) for at
least 1 month, without employing any other additives.

After obtaining these stable dispersions, samples were irradi-
ated with 20 kGy using 60Co gamma-ray source facility of the Ezeiza
Atomic Center-Argentina. The irradiation was developed at room
temperature with an irradiation rate of 14 kGy/h. Both irradiated
and non-irradiated samples were lyophilized. The obtained pow-
ders for the non irradiated stable dispersions were named CPD
(cassava powders from stable dispersion) and WPD  (waxy powders
from stable dispersion). On the other hand, the powders obtained
after gamma  irradiation and lyophilization were named CNP-� and
WNP-� for cassava and waxy starch, respectively.

2.4. Preparation of plasticized starch films

Thermoplastic starch was processed by casting as previously
reported (García et al., 2009) from the mixing of native cassava-
starch granules, glycerol and distilled water. A quantity of 15 g of
a starch/glycerol mixture (3:1 by weight) was  dispersed in 179 g
of distilled water. The mixture was  heated from room temperature
at a heating rate of 1.59 ◦C/min under magnetic stirring for 28 min
until gelatinization, which occurred at 70 ◦C. After gelatinization,
the gel was  degassed for 10 min  with a vacuum mechanical pump.
At that point, the composite films were prepared by adding the
suspension of both starch nanoparticles (CNP-�  and WNP-�) in the
desired quantities (2.5 wt.% relative to the total mass). After that,
the mixture was stirred for 10 min  at 250 rpm and degassed for
another 5 min. Then, the mixture was cast in a plastic mould and
evaporated in a ventilated oven at 50 ◦C for 48 h. Solid films hav-
ing a thickness between 300 and 400 �m were obtained. Matrix
and composite films were stored at 43% relative humidity (RH)
(K2CO3 saturated solution) for 2 weeks before characterization. In
order to study the modifications due to the incorporation of starch
nanoparticles, matrix films were also developed by using the same
methodology.

2.5. Characterization

2.5.1. Field emission scanning electron microscopy (FE-SEM)
Field emission scanning electron microscopy (FE-SEM) was per-

formed using a Zeiss DSM982 Gemini with a field emission gun
(FEG), to examine the morphology of starch nanoparticles. All the
samples were observed with an acceleration voltage of 5 kV.

Samples obtained after gamma  irradiation were observed using
two different sample deposition methodologies. For the first one
we employed dispersions in deionized water of lyophilized sam-
ples (CNP-�  and WNP-�).  Drops of these dispersions were put onto
silicon waffer and dried in vacuum during 24 h. For the second
methodology, lyophilized samples were sprinkled onto a carbon

tape. The same processes were employed to study nanoparticles
obtained by acid hydrolysis methodology (WNP-h).

Cryogenic fracture surfaces of plasticized starch films (matrix
and matrix with each SNP) were observed using field emission
scanning electron microscopy (FE-SEM).
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ig. 1. Starch suspensions of (a) native waxy maize, (b) waxy maize stable dispersio
f  its preparation, and (d) waxy maize irradiated dispersion (WNP-�) at 15 mg/mL 

.5.2. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was performed with

n EM 301 Philips transmission electron microscope at an accel-
ration voltage of 60 kV. Samples were prepared from diluted
uspensions of CNP-� and WNP-� in deionized water. A drop of each
ample was deposited onto a carbon coated microscopy grid and
egatively stained with an aqueous 2% solution of uranyl acetate

or 1 min. The liquid in excess was blotted with filter paper and the
emaining liquid was dried before the specimen observation.

.5.3. Dynamic light scattering
Dynamic light scattering was performed employing a 90Plus/BI-

AS  Multi Angle Particle Sizing Option (Brookhaven Instruments
orporation). The samples analyzed were native starches (CS
nd WS)  and irradiated samples (CNP-� and WNP-�).  Deionized
ater starch dispersions with concentration of 0.01 mg/mL were
repared using a tip sonicator during 20 min. Immediately, DLS
easurements were done in order to avoid sample precipitation.

.5.4. X-ray diffraction (XRD)
The X-ray diffraction (XRD) analysis was conducted with a

iemens D 5000 X-ray diffractometer. The X-ray generator tension
nd current were 40 kV and 30 mA,  respectively. The radiation was
u K� of wavelength 1.54 Å. Data were collected from 2� of 6.00◦

o 32.00◦ (� being the angle of diffraction) with a 0.02◦ step size.
The powders analyzed were the native starch (CS and WS),

yophilized stable dispersion before irradiation (CPD and WPD) and
rradiated samples (CNP-�  and WNP-�).  Nanocrystals obtained by
ydrolysis methodology (WNP-h) were also analyzed.

.5.5. Thermal characterization
Samples for thermal characterization (WNP-h, CS, WS,  CPD,

PD, CNP-� and WNP-�)  were previously stored at 33% relative
umidity (MgCl2 saturated solution) during 5 days. This charac-
erization was carried out in a simultaneous TGA-DTA DTG-60
himadzu. The samples were heated from room temperature to
20 ◦C at 5 ◦C/min with nitrogen flux of 30 mL/min.

.5.6. Dynamic mechanical tests
Dynamic mechanical measurements were performed for the

assava starch matrix film and the composites with CNP-� and

NP-�, using a dynamic mechanical thermal analyzer (DMTA IV,

heometric Scientific) in the rectangular tension mode at 1 Hz, in
he temperature range −90 to 70 ◦C at a heating rate of 2 ◦C/min.
amples were subjected to a cyclic strain lower than 0.04% assuring
hat the mechanical response within the linear viscoelastic range.
he set up was used to determine the storage modulus.
SD) at 10 mg/mL, (c) waxy maize stable dispersion (WSD) at 15 mg/mL after 15 min
ays of its preparation.

3. Results and discussion

The dispersion of native starches granules, CS and WS  (1 mg/mL)
precipitated after 15 min  of its preparation. In Fig. 1a it can be seen
waxy maize dispersion as an example. CSD and WSD  at 10 mg/mL
remain stables for at least 1 month (Fig. 1b). However, at higher
concentration (15 mg/mL), they precipitated after 15 min  (Fig. 1c).
Meanwhile, dispersion of irradiated samples (CNP-�  and WNP-
�) remained stable even at a concentration as high as 15 mg/mL
(Fig. 1d), suggesting that �-radiation produce nanoparticles. If the
particles are small enough in mass and size, they are subjected to
Brownian motion and can form a stable and homogeneous disper-
sion. (Jolivet, Livage, & Henry, 2000).

3.1. Morphological characterization

FE-SEM micrographs of nanoparticles obtained applying �-
radiation (CNP-�  and WNP-�)  are shown in Fig. 2(a–d). It is possible
to see particles with diameter below 100 nm.  It should be noted
that all samples were prepared with deionized water in order to
avoid salts crystals to be present as impurities. In micrographs it
is possible to observe nanoparticles with diameters around 30 nm
or less, but aggregates of 100 nm were also observed. Nanoparti-
cles tended to cluster together; this effect was clearly observed if
micrographs of powders were observed. Therefore, FE-SEM micro-
graphs were obtained for WNP-� and CNP-� powders sprinkled
onto carbon type (Fig. 2e and f). In both cases, it can be observed
the formation of laminar aggregates with large specific area. Similar
structures were observed for WNP-h (not shown) and previously
reported (García et al., 2009) for waxy maize nanocrystals obtained
by acid hydrolysis. Additionally, as they reported, the existence of
nanocrystals aggregates suggests the presence of a high number
of OH-groups per individual nanocrystal, which becomes strongly
associated by hydrogen bonding.

TEM micrograph of CNP-� and WNP-�  are shown in Fig. 3.
For waxy maize irradiated sample (Fig. 3a) it was  possible to
observe nanoparticles that have an average size below 40 nm. It
must be noted that many small nanoparticles (below 30 nm) could
be observed (blue circle). In the case of cassava irradiated sam-
ple (Fig. 3b), small nanoparticles with an average size of 20 nm
were observed, but these ones form aggregates (red circle) with
an average size higher than 50 nm.  In particular, for CNP-� not
only nanoparticles were observed but also some nanowires were
present.
In order to study the size distribution of the nanoparticles
obtained, we  performed DLS analysis. The histogram obtained for
CNP-� and WNP-� is shown in Fig. 4. As can be seen, the distri-
bution for CNP-� was  smaller than the one obtained for WNP-�.
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Fig. 2. FE-SEM micrographs for drops of WNP-� (a) and (b); CNP-� (c) and (d). Micrographs for sprinkled samples of WNP-� (e) and CNP-� (f).

Fig. 3. TEM images for (a) waxy maize irradiated starch (WNP-�), (b) cassava irradiated starch (CNP-�).
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reported for starch nanoparticles obtained by acid hydrolysis
(García et al., 2012). Furthermore, regardless of the obtaining pro-
Fig. 4. DLS histograms obtained for (a) CNP-� (black) and (b) WNP-� (grey).

he most probable diameter for CNP-� is (29 ± 5) nm and its aver-
ge diameter was (31 ± 5) nm,  while for WNP-� the most probable
iameter is (37 ± 7) nm and its average diameter was  (41 ± 7) nm.  It
ust to be mentioned that DLS analysis provides the nanoparticle

ydrodynamic radius.
Native starches contain between 15% and 45% of crystalline

epending on the botanic origin (Le Corre et al., 2010). XRD pat-
erns for nanoparticles obtained by �-radiation and acid hydrolysis
re shown in Fig. 5a. WNP-h showed a typical A type pattern with

 (53 ± 3)% of crystallinity in agreement with Angellier, Molina-
oisseau, Dole, and Dufresne (2006), meanwhile CNP-� and WNP-�
ad an amorphous pattern. To explore if gamma  radiation had pro-
uced any modification in the sample crystallinity, a comparison
etween XRD patterns before and after irradiation were performed
Fig. 5b). Furthermore, the XRD patterns of initial starches were also
ncluded.

The crystalline structures of the native starches (CS and WS)
howed the typical patterns for both starch types (Angellier et al.,
006; Pimentel et al., 2007). However, amorphous patterns were
bserved for lyophilized powders obtained from starch stable dis-
ersion before irradiation (CPD and WPD), suggesting that the
reatment carried out, previously to irradiation process, produced
he complete gelatinization of starch.

After gamma radiation, the CNP-� and WNP-�  diffraction pat-
erns seem to show two wide peaks with low intensity at 2� = 6.5◦

nd 2� = 12.5◦. Wide peaks in a XRD pattern suggest the presence

f nanometric crystalline particles or amorphous material (Solinas,
iccaluga, Morales, & Serna, 2001). In any of the two cases, the
Fig. 5. (a) XRD pattern for nanoparticles obtained by hydrolysis (WNP-h) and
gamma  radiation (WNP-� and CNP-�). (b) XRD pattern for lyophilized starch stable
dispersions (WPD and CPD) and irradiated samples (WNP-� and CNP-�).

amorphous component in samples (CNP-�  and WNP-�)  is bigger
than the crystalline one (Fig. 5b).

3.2. Thermal characterization

In Fig. 6a and b the degradation curves for all samples obtained
from waxy maize and cassava starch, respectively are shown. It
must be noted that regardless of the starch botanic source, the
powders obtained from the stable dispersions before irradiation,
degraded at lower temperature than native starches and their
weight loss occurred abruptly with a slope similar to CS and WS.

Nanoparticles obtained by �-radiation, for both starch types,
showed the same thermal degradation behavior and their maxi-
mum  weight loss zone was similar to those starch nanoparticles
obtained from acid hydrolysis.

Also, it could be observed that irradiated samples (CNP-�  and
WNP-�)  began to lose weight at a temperature lower than the
native starches (CS and WS)  and the powders from stable sus-
pensions (CPD and WPD), in agreement with what was  observed
for other irradiated polysaccharides (Xu, Sun, Yang, Ding, & Pang,
2007). This fact suggests that starch nanoparticles have a high
number of hydroxyl groups on their surface and it is through them
that the thermal degradation start, similar to what was already
cess (irradiation or hydrolysis) nanoparticles presented a weight
loss at a broad temperature range as a consequence of the sample



M. Lamanna et al. / Carbohydrate Polymers 97 (2013) 90– 97 95

Rate of thermal decomposition for (c) waxy and (d) cassava samples.
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Fig. 6. TG analysis for (a) waxy maize and (b) cassava samples. 

eterogeneity. This result could be due to a greater dispersion of
olecular weights generated by gamma  radiation (Guven, 2009)

r hydrolysis treatment (Angellier-Coussy et al., 2009). The fact
hat the temperature range was broadened can be clearly seen
rom curves of thermal decomposition rate (Fig. 6c and d) as was
escribed by many authors (Eid, Abdel-Ghaffar, & Dessouki, 2009;
l-Arnaouty, Eid, Salah, & Hegazy, 2012).

In Fig. 7 the results of DTA analysis are shown. Gelatinization
eak was observed around 70 ◦C for WS  and about 55 ◦C for CS. In
he case of WNP-h, the gelatinization peak observed at 70 ◦C is due
o (47 ± 3%) of the amorphous component as was  seen by XRD anal-
sis. It must to be mentioned that acid hydrolysis was carried out
t 40 ◦C hence the amorphous component did not gelatinized. This
ndotherm peak is not related with crystalline component fusion,
hich is observed at higher temperatures. According to Garcia,
olonna, Bouchet, and Gallant (1997), for native cassava starch with
ater content between 20% and 60% DSC thermograms showed two

ndothermic peaks. The first peak is due to the gelatinization pro-
ess, associated with further loss of starch crystallinity. Meanwhile,
he second one is related to the remaining crystallites fusion.

Although native starch samples showed the gelatinization peak,
or CNP-�, WNP-�,  and for CPD and WPD  it was  absent. This
act could be explained taking into account that the treatment
mployed to prepare stable suspensions probably caused starch
elatinization. Indeed the absence of this peak, for the case of CNP-

 and WNP-�,  is interesting for potential application as starch
atrices reinforcement. It should be noted that during production

rocess aimed to develop biodegradable composites, the obtained
anoparticles will not suffer any thermal modification.
.3. Mechanical characterization

SNP were employed as nanofiller in cassava starch matrix with
he purpose to evaluate their applicability. It has been shown that Fig. 7. DTA results obtained for waxy maize (a) and cassava (b) samples.
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Appendix A. Supplementary data
Fig. 8. FE-SEM micrographs for cryogenic fracture surface of: cassava matrix (a

he addition of nanoparticles obtained by acid hydrolysis technique
WNP-h) in cassava (García et al., 2009) or waxy maize (García et al.,
011) matrices led to storage modulus increments higher than
00%. WNP-h are crystalline and they acted as rigid reinforcement.
he incorporation of 2.5% of CNP-� in the cassava matrix produced
o significant changes in storage modulus while the addition of
ame amount of WNP-� led to increases of 102%. This difference
an be explained taking into account the different dispersion of

NP-� and CNP-� in the matrix. It is well known that nanofillers
ct efficiently as matrices reinforcement but only if they are well
ispersed, so interface with the matrix would be maximized (Famá,
ettarin, Goyanes, & Bernal, 2011).

In order to analyze the difference observed in mechanical prop-
rties, cryogenic fracture surfaces of plasticized starch films (matrix
nd matrix with CNP-� and WNP-�)  were studied (Fig. 8). In Fig. 8a
s shown the surface of cassava matrix which was similar to that
btained for cassava matrix reinforced with CNP-� (Fig. 8b, d and e).
n the contrary, for cassava matrix reinforced with WNP-�  (Fig. 8c
nd f) it is possible to observe the typical veins pattern for a well dis-
ersed SNP in starch matrix. A well developed vein pattern suggests
hat the deformation behavior is still controlled by the residual
morphous matrix (Bian, He, & Chen, 2002; Zilli et al., 2005). Several
tudies in starch composites with different types of nanofiller have
een shown that an increase in the filler content led to a decrease

n the space between veins (Anglès & Dufresne, 2000; Famá et al.,
011; Wilhelm, Sierakowski, Souza, & Wypych, 2003). A similar
ffect should occur when, for a given filler content, the distance
etween particles is decreased due to a better dispersion of the filler

n the matrix. As a consequence of this effect, a composite with well
ispersed NP should exhibit a more developed vein pattern. A sim-

lar result was reported by our research group for a cassava starch
atrix and SNP obtained by acid hydrolysis treatment (García et al.,

009).
The addition of WNP-�  in a cassava matrix had a lower stor-

ge modulus increase than the increment achieved with WNP-h
García et al., 2009). This difference could be explained taking into
ccount that the crystallinity percent observed for WNP-h is much
igher than the obtained for WNP-�.  However, the use of these
NP is not limited to improve the mechanical properties; in fact
hey could also have another industrial application such as thick-

ning agents. This is highly important since it is known that the
ddition of nanoparticles greatly increases the viscosity with an
xtremely low incorporation, as was reported by Kaya-Celiker and
allikarjunan (2012).
ava matrix with CNP-� (b), (d) and (e); cassava matrix with WNP-� (c) and (f).

Finally, it should be mentioned that although the nanoparti-
cles obtained by acid hydrolysis (WNP-h) produced the highest
increment in storage modulus, those obtained after gamma radia-
tion (WNP-�) also produced a significant improvement in terms of
lower production costs, as purification treatments are not required,
which greatly reduces the time and cost of SNP industrial produc-
tion.

4. Conclusions

Starch nanoparticles were obtained from waxy maize and cas-
sava starches by gamma  radiation of water starch dispersions.
SNP average sizes determined by Dynamic Light Scattering were
(31 ± 5) nm and (41 ± 7) nm for CNP-� and WNP-�,  respec-
tively.

The obtained nanoparticles of either type of starch had an amor-
phous XRD pattern. Amorphization was caused by the treatment
necessary to obtain stable dispersions rather than by the gamma
radiation. CNP-� and WNP-�  showed the same thermal degrada-
tion behavior and the maximum weight loss zone was similar to
those starch nanoparticles obtained from acid hydrolysis (WNP-
h).

The addition of CNP-� as cassava matrix reinforcement did not
significantly increase storage modulus. However, the use of WNP-�
let to the development of starch nanocomposites with an enhance-
ment in storage modulus of 102%.

Finally, it is possible to conclude that gamma radiation arises
as an advantageous alternative to mass production of starch
nanoparticles with low cost and using a simple and scalable
methodology.
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