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a b s t r a c t

The functionality of starch from chestnut (Castanea sativa Mill.) fruits isolated by alkaline and enzymatic
methods were assessed. The studied properties included: solubility, swelling power, pasting properties,
synaeresis, turbidity, and thermal and rheological behaviours. In addition amylose and resistant starch
content were also evaluated. Results showed that the starch isolation method induced changes in most of
those properties. Extracted starches (with high contents of amylose and resistant starch) showed low and
similar swelling solubility values for all of the samples. Gelatinisation temperatures were also similar
(61.5e63.0 �C), but the enzymatic method induced lower consistencies at 95 �C and after holding at this
temperature. High values of setback were found, which were clearly affected by the isolation method.
This parameter presented lower values for starches isolated by alkaline method (160 BU and 235 BU,
respectively for Martainha and Longal). Starches did not present a peak consistency during pasting.
Turbidity and synaeresis values were low at room temperature. Synaeresis increased when pastes were
stored at low temperatures. This effect was more evident for the material isolated by enzymatic method.
All of the isolation starches presented low enthalpy values (3.0e3.5 J/g), but the activation energy was
higher for Martainha starches and for starches isolated by A3S method. Pastes showed viscoelastic
behaviour, with a predominance of elastic property, forming strong gels after cooling. Longal variety
seems to be less resistant to the effect of isolation method. In general starches isolated by the alkali
method present the best functional properties as a food ingredient.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

European chestnut trees are spread all over the world to
produce wood and chestnut fruits amounting to a considerable
economical value. Castanea sativa Mill. is one of the most common
natural resources of Portugal and its fruits have been used in
human nutrition since ancient times. In Europe, chestnut fruits
represent about 12% of the world’s chestnut fruits production, with
Portugal as the second highest producer in Europe. During the
2005e2006 season the average domestic production of fruits was
reported to be 22.17 ton, representing 3% of the chestnut fruits
world production (GPP, 2007). Moreover, the 2006e2007 and
2007e2008 seasons presented production values of 30.88 and
19.85 metric ton, respectively. These results showed that chestnut
orreia).

All rights reserved.
production has not been homogeneous during the years, due to
several factors such us chestnut variety, tree age, altitude, orchard
area, diseases and unfavourable weather conditions (Pereira,
Caramelo, Gouveia, Gomes-Laranjo, & Magalhães, 2010). Actually,
the average productivity is 1 ton/ha, but according to a DGRF (2006)
study about the national strategy for forestry, productivity will
increase to 3 ton/ha in 2030. Longal and Martainha chestnut vari-
eties are the most common of Soutos da Lapa PDO (Protected
Designation of Origin), in the Viseu region of Portugal. The fruits are
mainly consumed fresh, but a surplus is often lost. Thus, it is
desirable to find potential applications for this rich starch material
source in order to add value to underexploited non-conventional
starchy sources.

Starch is one of the most important biopolymers and is widely
used in numerous industrial applications such us in the paper,
textile, food, pharmaceutical and cosmetics industries (Othaman,
Al-Assaf, & Hassan, 2010). The starches major physicochemical
and functional properties are gelatinisation, retrogradation,
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solubility, water absorption power, synaeresis, and also thermal
and rheological behaviour in pastes and gels (Rondán-Sanabria &
Finardi-Filho, 2009). These properties are influenced by shape,
molecular structure and botanical sources of native starches in
different vegetable sources (Svegmark & Hermansson, 1993; Wang
& White, 1994).

Efforts have been made to find native starches with suitable
characteristics for the food industry (synaeresis, turbidity, freeze/
thaw stability), not requiring chemical or genetic modifications. In
this sense, knowledge about the properties of different native
starches is of great importance, in order to select the most adequate
starch for a specific application (Bello-Péres et al., 2006). In order to
find the most proper use as an additive in food industry or for
biotechnological purposes (an energetic component of fermenta-
tion media), the effects of isolated methods on starches must be
well characterised (Demiate, Oetterer, & Wosiacki, 2001).

In available literature, just two studies from related to chestnut
(C. sativa Mill.) starch properties were found. Demiate et al. (2001)
studied a non identified variety for chemical composition,
morphological appearance of starch granules, some functional
properties and paste enzymatic susceptibility. The authors
concluded that chestnut pastes had an intermediate behaviour
when compared to that of cassava and corn starch pastes. Recently,
Yang, Jiang, Prasad, Gu, & Jiang (2010) studied the crystalline,
thermal and textural characteristic of starches isolated from Cas-
tanea mollissima Bl. They concluded that significant changes in
those physical properties were enhanced when different degrees of
chestnut hardness were considered.

Isolation methods influence different starch extension charac-
teristics, as previously reported by Correia and Beirão-da-Costa
(2010). The best results considering the yield, purity and pasting
properties were obtained with two methods: i) applying low shear
and an alkali treatment and ii) using low shear and a protease
digestion step. Thesemethods lead to extraction yields of 83.9% and
79.9% and a purity level of 98.3% and 96.3%, for Longal variety,
respectively (Correia & Beirão-da-Costa, 2011).

Chestnut fruit presents a large potential for commercial use
since they are good sources of starch. In a previous study, starch
contents of chestnut fresh fruits from Longal and Martainha vari-
eties were 46.8% and 48.6% respectively (Correia, Leitão, & Beirão-
da-Costa, 2009).

The objectives of the present study was to further evaluate the
effect of those starch isolation methods on functional, thermal and
viscoelastic properties of cooked pastes of starches, in order to
maximise profits from the surplus production of chestnut fruits.

2. Materials and methods

2.1. Materials

Three sets of 1 kg of chestnut fruits (C. sativa Mill. var. Longal
and Martainha) were collected from Soutos da Lapa a PDO, in the
Viseu region of Portugal. Fruits were randomly harvested at their
maturity stage, stored, dried and milled as previously reported by
Correia et al. (2009).

2.2. Starch extraction methods

Starch was isolated from chestnut flours using the following two
methods (Correia & Beirão-da-Costa, 2011):

2.2.1. Alkaline pH using successively three sieves (A3S)
The flours (120 g) were soaked in 2 volumes of 0.25% NaOH at

5 �C for 24 h. Suspensions were homogenised and screened
through a 180 mm sieve. The procedure was repeated twice. The
precipitate was screened successively in 75 and 53 mm sieves. The
mixture was centrifuged in a Universal 16 centrifuge (Hettich
Zentrifugen Company, Germany) at 800�g for 15 min, the muci-
laginous layer was scraped away and the precipitate was then
suspended in water. This last step was repeated twice. Isolated
starches were dried for two days at 40 �C in a FD 115 Binder
ventilated drying chamber (with an air flow of 300 m3/h).

2.2.2. Enzymatic method (ENZ)
Fungal protease/peptidase complex produced by submerged

fermentation of a selected strain of Aspergillus orysae and con-
taining both endoprotease and exoprotease activities was used.
Protease was purchased from the Sigma Chemical Co. (Ref.a P6110).
One unit of protease was defined as the amount of enzyme that
liberated 1.0 mmol of tyrosine per minute from casein at pH 7.5 at
37 �C. This composed by subtilisin, a serine protease type.

Flour (120 g) and water (360 ml) were mixed, the slurry
adjusted to pH 7.5 (with 0.1 MNaOH or 0.1 MHCl) and proteasewas
added (900 units). The mixture was incubated at 37 �C for a period
of 2 h and the slurry was then centrifuged under the same condi-
tions as previously mentioned. The starch fraction was suspended,
washed with water (200 ml) and filtered through a 53 mm sieve.
The filtrate was centrifuged, supernatant and tailings were dis-
carded and the starch was dried as described above.

2.3. Amylose and resistant starch content

Amylose content was evaluated by a colourimetric method
(Juliano, 1971). This method was applied with an unmodified
regular corn starch purchased from Sigma Chemical Co. (Ref.a

S4126) used as a standard. The amylose content of the corn starch
was 28� 0.6%, near the standard value (approximately 27%).

Resistant starch (RS) content was determined by the method
proposed by Mun and Shin (2006). RS content is a measure of
indigestible starch and so an important parameter from a nutri-
tional perspective.

All reported values are expressed on a dry weight basis (dwb)
and all reagents used were of analytical grade.

2.4. Swelling power and solubility

The swelling power (SP) and solubility (S) were measured
according to Lan, Hihua, Yun, Bijun, and Zhida (2008). A starch
suspension in water (2%, w/v) was incubated in a water bath for
30 min at different temperatures ranging from 50 to 90 �C.
Suspensions were centrifuged at 980�g for 15 min in a Universal 16
centrifuge (Hettich Zentrifugen Company, Germany), the superna-
tant was removed and the sediment weighed. Aliquots of super-
natant were dried in a oven at 105 �C till constant weight. The SP (g/
g on dry weight basis) and S (%) were calculated by Equations (1)
and (2) as follows:

SP ¼ ðSw� 100Þ=½Starchdwb � ð100%� % DSÞ�; (1)

S ¼ DS=ðStarchdwb � 100%Þ; (2)

where Sw is the sediment weight, Starchdwb is the dry water basis
starch weight, and DS is the total mass of dried supernatant.

2.5. Turbidity

The turbidity of suspensions of the starch samples was
measured as described by Lan et al. (2008). Starch suspensions,
prepared as described in 2.4., were heated in a boiling water bath
for 1 h with constant stirring, and cooled for 1 h at 30 �C. Turbidity
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was determined by measuring the absorbance at 620 nm with
a CADAS 100 UV spectrophotometer (Dr Lange, Basingstoke, UK)
against distilled water blank.
2.6. Synaeresis: stability to freezing and refrigeration

The stability of the gel was evaluated by synaeresis degree at
room temperature, freezing and refrigeration conditions as
proposed by Rondán-Sanabria and Finardi-Filho (2009). A starch
suspension of 6% solids was heated up to 95 �C for 15 min, cooled to
50 �C and gels kept at this temperature for 15 min. Aliquots of 50 ml
were placed in centrifuge tubes and they were conditioned at three
temperatures:�10 �C, 4 �C and room temperature for 5 days. Every
24 h, the samples were centrifuged at 8000�g for 10 min. Synae-
resis was measured as percentage amount of water released after
centrifugation.
2.7. Viscoamylographic properties

The gelatinisation process was monitored in a Brabender
(Duisburg, Germany) viscoamylograph at 10% starch concentration,
heated from 30 to 95 �C, held at 95 �C for 15 min and then cooled
until 50 �C. Breakdown (BD), a measure of consistency breakdown
extension, was calculated by Equation (3), and setback (SB) was
determined by Equation (4), both in Brabender units (BU):

BD ¼ peak consistency ðBUÞ�minimum consistency ðBUÞ; (3)

SB¼consistencyat50�CðBUÞ�minimumconsistencyðBUÞ: (4)
2.8. Thermal analysis

Thermal characteristics were tested by Differential Scanning
Calorimetry (DSC) on a Shimadzu calorimeter (model TA-50WSI,
Japan). The instrument was calibrated using indium and deion-
ised distilled water as standards. The samples (7.5 mg) were
weighed directly in DSC aluminium pans. Water was added to the
starch samples at a ratio of 1:2, and then heated from 25 to 100 �C
at 5 �C/min, at 30 ml/min as the flow rate, using nitrogen as carrier
gas. Onset temperature (To), peak temperature (Tp), end set
temperature (Te) and gelatinisation enthalpy DH (J/g of dry starch)
were determined. As the endotherms are essentially symmetrical,
the total gelatinisation temperature range (Tr) and peak height
index (PHI) can be established by Equations (5) and (6) (Krueger,
Knutson, Inglett, & Walker, 1987):

Tr ¼ �
2
�
Tp � To

��
; (5)

PHI ¼ DH=
�
Tp � To

�
: (6)

The transition kinetics were studied by DSC, using the heat
evolution method of Borchardt and Daniels as reported by
Danielenko et al. (1985). The method assumes that the reaction
follows the relationship (Equation (7)).

da=dt ¼ kð1� aÞn; (7)

where da/dt is the reaction rate; k is the rate constant (s�1); n is the
reaction order. The reaction rate da/dt is obtained by dividing the
peak height at a temperature T by the total area. The method also
assumes that the dependence of the reaction rate follows the
Arrhenius expression (Equation (8)):

v ¼ �v0 eEa=RT ; (8)
where v is da/dt; v0 is the constant rate; Ea is the activation energy
(Jmol�1); R is the gas constant; and T is the absolute temperature.

2.9. Dynamic rheometry

The gelation process was monitored in-situ in a controlled stress
rheometer (RS-75, Haake, Germany) coupled to a circulating water
bath (DC 10, Haake, Germany), through dynamic small amplitude
oscillatory shear measurements (SAOS). SAOS measurements allow
the continuous assessment of dynamic moduli during temperature,
time and frequency sweep testing of starch suspensions/gels.
Rheological evaluationwas performed according to Singh, Nakaura,
Inouchi, and Nishinari (2008), using a serrated parallel plate of
35 mm diameter with a gap size of 1 mm. The storage modulus (G0),
loss modulus (G00), and loss factor (tan d) of starch suspensions of
10% (w/w) were determinated. G0 is a measure of the energy stored
in the material and recovered from it per cycle, while G00 is
a measure of the energy dissipated or lost per cycle of sinusoidal
deformation. The maximum temperature for G0 was designated as
TG0

max
. The loss tangent (tan d) is the ratio of G00 to G0. Breakdown in

G0 is the difference between peak G0 and minimum G0 at 90 �C
holding time (Singh et al., 2008). Starch suspensions were stirred
for 5 h with a magnetic stirrer at room temperature, then loaded
onto the rheometer measuring device and covered with paraffin oil
to minimise evaporation losses. The samples were heated from 50
to 90 �C at a rate of 1.25 �C/min (u¼ 6.28 rad/s) and held at 90 �C
for 15 min. To study the effect of storage, samples were then cooled
at a rate of 0.5 �C/min (u¼ 6.28 rad/s) until a temperature of 10 �C
was reached. Subsequently, time sweep tests were conducted at
10 �C during 2 h (u¼ 6.28 rad/s) followed by frequency sweep tests
(u¼ 0.01e111.7 rad/s). All tests were conducted at a 2 Pa constant
shear stress value inside the linear viscoelastic regime. Only the
variations that did not exceed 5% between triplicate runs were
considered.

2.10. Statistical analysis

All of the data represents averages of at least three different
determinations. Results were analysed using the SPSS� for
Windows version 17.0 and Statistic� version 6 software. The data
was subjected to one-way analysis of variance (ANOVA) test. The
separation of means or significant differences comparisons of all
parameters were tested by Tukey’s HSD test. Pearson correlation
coefficients (r) for the relationships between properties were also
calculated. The level of significance used for all of the statistical
tests was 95%.

3. Results and discussion

3.1. Amylose and RS content

Amylose content (Fig. 1) does not seem to be affected by isola-
tion method. In both chestnut varieties its amount is high and
ranges from 51.4 to 56.9%. A similarly high-amylose content was
reported for the same pulse starches (Hoover, Hughes, Chung, & Liu,
2010), but for chestnuts lower amylose value (21.5%) was reported
(Demiate et al., 2001). This could be related to some factors, such as
botanical species, and even from the same plant variety or cultivar
grown under different conditions, and harvesting periods
(Copeland, Blazek, Salman, & Tang, 2009; Kaur, Singh, & Singh,
2006).

The RS content is an important parameter to be considered
mainly from a nutritional point of view as the starch in this form is
less easily digested and this may impart health benefits (Hendrich,
2010). Both chestnuts presented a high content of RS, however
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Fig. 2. Swelling power and solubility of chestnut starches. L: Longal chestnut variety;
M: Martainha chestnut variety; A3S: alkali starch isolation method; ENZ: enzymatic
isolation method.
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Fig. 1. Amylose and RS contents of chestnut starches. RS: resistant starch; L: Longal
chestnut variety; M: Martainha chestnut variety; A3S: alkali starch isolation method;
ENZ: enzymatic isolation method.
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Martainha starches presented significantly higher values (49.5%
and 46.4%, for A3S and ENZ methods respectively), which could be
classified as starches type II (Liu, 2005). These values are much
higher than the RS content of potato (0.6e0.9%), legume seed
starches (12e20%) (Liu, 2005), and similar to some commercial
available RS type II (42e60%) (Champ, 2004). These RS high values
means that these starches are resistant to the enzymatic digestion
process. As stated by Naguleswaran, Vasathan, Hoover, and Liu
(2010) the high values of RS may express the strong interactions
between amyloseeamylose and/or amyloseeamylopectin chains
within native starch granules, forming crystallites that could hinder
the accessibility of glycosidic bonds to oxigens to hydrolytic
enzymes. Generally, commercial sources of resistant starch pre-
sented high-amylose content (Liu, 2005). Our results also showed
a positive correlation between amylose and resistant starch content
(r¼ 0.799, p< 0.05).
Table 1
Pasting properties and turbidity of chestnut starches.

Pasting property Longal Martainha

A3S ENZ A3S ENZ

GT (�C) 61.5� 0.73a 63.0� 0.72a 62.0� 0.29a 63.0� 0.70a
C95 �C (BU) 1623� 16.0c 1320� 30.6a 1553� 19.1c 1100� 52.9b
CAH (BU) 1447� 29.1a 1290� 40.5b 1540� 23.1a 1165� 35.3b
FC (BU) 1680� 40.6a 1797� 26.0a 1700� 26.0a 1800� 37.7a
SB (%) 235� 8.8c 500� 16.0b 160� 14.5c 625� 17.6a
TB (%T620) 1.93� 0.018b 2.18� 0.023a 1.92� 0.020b 2.19� 0.032a

Values are expressed as mean� standard error of mean.
Means sharing the same letters in line are not significantly different from each other
(Tukey’s HSD test, p< 0.05).
Consistency is reported as BU (Brabender units).
GT, gelatinisation temperature; C95 �C, consistency at 95 �C; CAH, consistency after
holding at 95 �C; FC, final consistency; SB, setback; TB: turbidity. A3S: alkaline starch
isolation method; ENZ: enzymatic isolation method.
3.2. Swelling power and solubility

The swelling power (SP) and the solubility of chestnut starches
presented similar patterns at different temperatures (Fig. 2). Solu-
bility increased gradually from 60 to 90 �C, for both varieties and
isolation methods. However, Longal starch extracted by ENZ
method showed similar behaviour for temperatures above 75 �C.
These may be explained by a higher susceptibility of this variety to
the enzymatic treatment. In fact, the crystallinemolecular structure
of starch that is broken during heating and the water molecules
bonded to the free hydroxyl groups of amylose and amylopectin by
hydrogen bonds could cause an increment in the absorption
capacity and solubility (Singh, Singh, Kaur, Sodhi, & Gill, 2003). The
SP results obtained from chestnuts were low if compared to cassava
(119.0%), potato (36.5e40.5%), some maize varieties (20.9%), and
Chinese water chestnut starches (24.8%) (Lan et al., 2008; Rondán-
Sanabria & Finardi-Filho, 2009; Singh, McCarthy, & Singh, 2006).
This is advantageous since this property is different from other
sources.

The low SP and solubility values encountered for chestnut
starches isolated by the two methods could be influenced by some
factors, mainly the cross-linking level. Swelling power decreases
with the increasing degree of cross-linking (Mirmoghtadaie,
Kadivar, & Shahedi, 2009), and also by water holding capacity of
starch molecules, by hydrogen bonding, and by crystallinity degree
(Lan et al., 2008; Lee & Osman, 1991). In fact, the Longal variety is
the variety which presented the lower values of crystallinity, as
measured by X-ray diffraction, for both isolation methods (Correia,
Valente, & Beirão-da-Costa, unpublished data). Furthermore, the
starch granules with high-amylose content are better reinforced
and more rigid. Thus, they swell to a low degree when heated
(Sandhya Rani & Bhattacharaya, 1989).
3.3. Pasting properties, turbidity and synaeresis

Pasting properties and turbidity of chestnut starches are pre-
sented in Table 1. The gelatinisation temperatures (GT) of chestnut
starches were not affected by isolation method. The GT values
ranged from 61.5 to 63.0 �C. The studied varieties presented lower
GT values then those from some commercial starches (Liu, 2005),
pulse starches (Hoover et al., 2010), and even other chestnut
varieties (69.5 �C) (Demiate et al., 2001). The results of pasting
temperature are in accordance to the encountered swelling power
behaviours for these starches. Generally, high gelatinisation
temperatures indicate a high resistance to swelling (Thomas &
Atwell, 1999).

Results showed that consistency change upon heating, and its
values increased with increasing temperature. Moreover, the
studied chestnut starches did not present a peak consistency. This
was also reported by Demiate et al. (2001) for chestnut starch
pastes, and for some pulse starches, such as the kidney bean and
mung bean (Hoover et al., 2010). These pasting parameter values
showed that chestnut starch presented a high stable apparent
viscosity profile over time, and a high resistance to mechanical
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stirring under hot conditions, similar to a viscoamylograph profile
of cross-linked starch suspensions (Lan et al., 2008; Thomas &
Atwell, 1999). This pattern is important from a technological
point of view. Morita et al. (2003) also found that high-amylose
wheat starches with low peak viscosity and breakdown are
favourable for pasta noodles with improvement of the texture
quality of noodles.

Consistency at 95 �C was affected by starch isolation methods
and by chestnut varieties. At this temperature the A3S method
showed the highest values (Table 1). Consistencies of the pastes,
both at 95 �C and after holding at this temperature for 15 min, are
negatively correlated to amylose content (r¼�0.753, p< 0.01 and
r¼�0.642, p< 0.05, respectively). These results allowed us to
conclude that ENZ method exerted a marked effect on starch
molecules. Upon cooling, cold paste consistency increased due to
the aggregation of the amylose molecules. In our study, similar final
consistency (FC) values were found for both varieties and methods.

Setback (SB) viscosity is a measure of the degree of re-
association during cooling among the starch molecules involving
amylose (Charles, 2004), leached from swollen starch granules, and
is generally used as a measure of the gelling ability or retrograda-
tion tendency of starch (Singh, Bawa, Singh, & Saxena, 2009). The SB
was clearly affected by the isolation method, presenting lower
values for A3S method. This could be attributed, as mentioned by
Naguleswaran et al. (2010), to a reduced amylose leaching, and
a low proportion of long amylopectin chains. Furthermore,
chestnut starches presented paste properties similar to cross-
linked starches, and for these types of starches a limited amylose
leaching degree, granular swelling and SB degree has been shown
(Hoover et al., 2010). A positive correlation between the amylose
content and SB was identified (r¼ 0.667, p< 0.05).

From the encountered results it is possible to conclude that
chestnut starches isolated by A3S method presented low paste
development temperature, high consistencies, and stability. These
are interesting features for products that require high viscosity at
lower processing temperature (Lan et al., 2008).

Starch isolated by both methods showed low and similar
turbidity values, mainly in starches isolated by A3S method
(Table 1). This may be due to the presence of a high degree of cross-
linked starch, which kept the starch structures almost intact (Kaur
et al., 2006).

Starch gels are metastable non-equilibrium systems and there-
fore undergo structural changes during storage (Ferrero, Martin, &
Zaritzky, 1994). Synaeresis characterises the starch stability during
storage and is also an index of starch retrogradation degree at
low temperature (Wang et al., 2010). The paste retrogradation is
indirectly influenced by the structural arrangement of the starch
chains within the amorphous and crystalline regions of the non-
gelatinised granule, acting in the granule breakdown during
gelatinisation and also in the interactions occurring within the
starch chains during the gel storage (Perera & Hoover, 1999). This
phenomenon is undesired for the use of starch in both food and
non-food industries (Thomas & Atwell). As shown in Fig. 3 at room
temperature the pastes are quite stable, meaning that they can
form elastic gels with water binding capacity. In contrast, the
refrigerated and frozen starch gels are more unstable, the released
amount of water increasing with the decrease in storage temper-
ature and the increase in the period of storage. Longal starch and
ENZ isolation method always produced greater synaeresis values.

3.4. Thermal properties

Chestnut starches showed only one endothermic peak (Fig. 4). To
values encountered for both varieties were significantly higher
when starches were isolated by A3S method (Table 2). Those To
values are in the same range of temperatures found in literature, for
different products, such as: corn (62.4 and 66.3 �C) (Betancur-
Ancona, Chel-Guerrero, Camelo-Matos, & Davila-Ortiz, 2001),
potato (60 and 69 �C) (Osundahunsi, Fagbemi, Kesselman, & Simón,



Table 2
Thermal properties of chestnuts starches isolated by A3S and ENZ methods.

Starch sample Isolation method To (�C) Tp (�C) Tc (�C) DH (J/g) Ea (J mol�1) Tr (�C) PHI (J/g �C))

Longal A3S 62.6� 0.09b 66.6� 0.05c 74.0� 0.24a 3.5� 0.13a 1348� 84.6c 14.8� 0.45bc 0.95� 0.024a
ENZ 58.5� 0.11c 63.6� 0.06b 71.8� 0.20a 3.3� 0.12a 904� 119.2d 16.4� 0.52ab 0.83� 0.018c

Martainha A3S 64.4� 0.13a 68.2� 0.11a 76.5� 0.40a 3.0� 0.06a 2690� 65.5a 13.3� 0.44c 0.85� 0.009c
ENZ 58.4� 0.07c 64.6� 0.08c 73.4� 0.04a 3.4� 0.03a 1897� 62.1b 17.7� 0.16a 0.79� 0.019b

To: onset temperature; Tp: peak temperature; Tc: conclusion temperature; DH: gelatinisation enthalpy; Ea: activation energy; Tr: gelatinisation temperature range; PHI: peak
height index; A3S: Alkaline isolation method; ENZ: Enzymatic isolation method.
Results are the means of three determinations� standard error of mean.
The same letter in the same column is not significantly different (p< 0.05).
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2003), and cassava (61.5 �C) (Rondán-Sanabria & Finardi-Filho,
2009). More evident differences were found when looking at Ea,
(Table 2) which means that Martainha starch isolated by A3S
method is more heat stable (Eliasson & Hegg, 1980). However, once
gelatinisation started the energy needed to accomplish the process
is similar for all isolated starches, as DH values are similar.

The enthalpic values (DH) are relatively lower in comparison to
other starches and similar to high-amylose starches (Jane et al.,
1999), like wrinkled pea starch and other pulse starches (Hoover
et al., 2010). DH indicates the required energy for disruption
hydrogen bonds within the crystalline zones (Sandhu & Singh,
2007). As a high degree of crystallinity was found for chestnut
starch, in our case this may be seen as an indicator of a higher level
of weak bonds among crystalline zones. Furthermore, Chung, Lee,
and Lim (2002) also stated that a strong carbohydrate/water
interaction and a better organised microstructure lead to a higher
DH value. In spite of this, significant differences in activation energy
were also found, as mention above.

The isolation method seems to influence the Tr parameter on
Martainha. The high gelatinisation temperature ranges (a large gap
between onset and end set temperatures) suggest the presence of
crystallites of varying stability within the crystalline domains of the
granule (Singh, Kaur, Sandhu, & Guraya, 2004). Starches with
higher To, Tp, DH, PHI and narrow Tr may have a higher degree of
molecular order (Kawaljit, Narpinder, & Maninder, 2004). Thus, the
isolation method that seems to better preserve the molecular order
is the A3S method. These conclusions are in accordance with the
structural characterisation of the same starches (Correia et al.,
unpublished data).

3.5. Rheological properties

The rheological properties of starch gels isolated from different
chestnuts flours are presented in Figs. 5 and 6 and Table 3. Starch
gels have been defined as composites consisting of swollen granules
filling an interpenetrating polymer network (Liu & Lelievre, 1992),
and the major polymer in this network is amylose (Brownsev, Ellis,
Ridout, & Ring, 1987). At the earlier stages of heating, before the
onset temperature of storage modulus ðToG0Þ, the increase in the
storage modulus (G0) and loss storage (G00) was relatively slow.
Generally, during heating, G0 and G00 rose to a maximum (G0

max and
G00

max) and then dropped during the continuous heating. Our data
revealed a positive correlation between G0 and G00 (r¼ 0.821,
p< 0.01). In all samples G0 was always higher than the G00, meaning
that the formed viscoelastic pastes were more elastic than viscous.
The initial increase inG0 (Fig. 5) could be attributed to the swelling of
the starch granules accompanied by amylose leaching and forma-
tion of 3-dimentional gel network (Hsu, Lu, & Huang, 2000; Lii, Tsai,
& Tseng,1996; Vasanthan & Bhatty,1996). Asmentioned previously,



Table 3
The rheological properties of chestnut starches isolated by A3S and ENZ isolation methods.

Sample ToG0ð�CÞ (�C) TG0
max

(�C) G0
max (Pa) G00

max (Pa) BDG0 (Pa) tan dG0
max

Longal A3S 62.5� 0.29cd 74.5� 0.29b 851� 47.2c 77.7� 1.27d 181� 10.7c 0.067� 0.0060cd
ENZ 62.3� 0.41cd 75.2� 0.75b 703� 75.3c 66.3� 2.31d 288� 23.1b 0.084� 0.0019bc

Martainha A3S 64.6� 0.18bad 75.0� 0.42b 726� 21.2c 80.2� 2.81d 43� 9.8d 0.064� 0.0023cd
ENZ 63.4� 0.18bd 76.5� 2.14b 549� 48.9c 45.2� 2.9c 212� 24.4c 0.089� 0.0040ab

ToG0: G0 onset temperature; TG0
max

: G0
max peak temperature; G0

max:maximum value of storagemodulus; G00
max:maximum value of loss modulus; BDG0:G0 breakdown (G0

max�G0

at 95 �C); tan dG0
max

: G0
max loss factor; A3S: alkaline isolation method; ENZ: enzymatic isolation method.

Results are the means of three determinations� standard error of mean.
The same letter in the same column is not significantly different (p< 0.05).
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in general, after reaching a maximum, G0 modulus decreases. This
decrease is more evident in chestnut starches isolated by ENZ
method, indicating the destruction of the gel structure (Tsai, Li, & Lii,
1997), due to a possible disentanglement of the amylopectin
molecules in the swollen particles (Wang et al., 2010). This effect
may be explained by a lower crystallinity level of these starches
(Singh et al., 2008). Also, the cross-link characteristic produces
intra- or intermolecular covalent bonds among starch, which
contributed tomore difficult breakdown of amylopectin matrix and
resulted in higher G0 (Tsai et al., 1997).

G0 and G00 were positively correlated with amylose content,
presenting respectively r¼ 0.757 and r¼ 0.718 (p< 0.05), this was
expected since a strong interaction between the amylose matrix
and the rigid filler is required to obtained strong gels (Liu & Lelievre,
1992). The trend of peak G0 temperatures for various starches was
similar to that observed for To, Tp and Tc measured using DSC, peak
G0 temperatures of different starches were higher than their Tp. This
behaviour was also observed by Singh, Nakaura, Inouchi, and
Nishinari (2007) for rice starches.

Gelation of starch may be also interpreted in terms of tan d.
When a starch is heated in excess water and then cooled it forms
a firm, self-standing, true gel when tan d< 0.1 (Sang, Bean, Seib,
Pedersen, & Shi, 2008). From the tan dG0

max
, values, it can be

concluded that chestnut starches produced strong gel. During the
last phase of cooling (below about 50 �C), G0 presented an increase,
which was more evident of A3S method results. This could be due
to the interactions between the closely packed swollen granules
(Lii, Shao, & Tseng, 1995; Tsai et al., 1997) and leaching components
(Tsai & Lii, 2000). This behaviour was also observed for the final
amylographic consistency. Furthermore, the higher storage and loss
modulus and lower tan d are related to large and irregular shaped
granules (Singh et al., 2003). In fact, Martainha starch and starches
isolated by A3S method presented a higher range of granule size,
with granules size higher than 60 mm (Correia et al., unpublished
data), which could also explain the encountered rheological
differences between samples.

During the maturation period (2 h at 10 �C), G0 of gels increased
very slowly, reaching values from 907 to 1516 Pa, with higher
values for starches isolated by A3S method.

The mechanical spectra of chestnut gels after 2 h of maturation
are shown in Fig. 6. As may be observed, all samples exhibit
a typical gel behaviour with G0 being higher than G00 over the entire
frequency range studied. The storage modulus of cooked and
cooled starch was independent of frequency, indicating a typical
characteristic of “true gel”, meaning that few molecular rear-
rangements within the network occurred over the short time scale
of the applied strains (Sang et al., 2008).

4. Conclusions

Isolation method affected chestnut starch properties. The
isolationmethod that seems to better preserve themolecular order,
and consequently the functional properties of chestnut starches is
the A3S method. The Longal variety seems to be more sensitive to
isolation methods.

All isolated chestnut starches presented high amylose and
resistant starch contents. Martainha starch isolated by alkali
method presented the higher values, 56.9% for amylose and 49.5%
for RS. Chestnut starches presented a limited swelling power (lower
than 18% at 95 �C) and gelatinisation temperature (61.5e63.0 �C),
but showed high consistencies at 95 �C and after holding at this
temperature for 15 min. Generally, ENZ method led to lower
consistency values (1100 BU for Martainha and 1320 BU for Longal),
higher setback values (625% for Martainha and 500% for Longal)
and seems to influence in higher degree starchmolecules. Turbidity
also was affected by isolation procedure, with the ENZ method
producing higher values (2.2%). At room temperature the pastes
were quite stable, stability decreasing with storage time and
temperature inducing an increase in synaeresis values. For all
chestnut starches, phase transition was associated to low enthalpy
values (3.0e3.5 J/g), with the transition temperatures being similar
to other starch sources. However, the energy level that must be
surpassed in order to accomplish a complete gelatinisation was
higher for Martainha starches and for starches isolated by the A3S
method (2690 J/mol). The produced viscoelastic pastes were more
elastic than viscous (G0 >G00), forming strong gels (G0

max from 549
to 851 Pa). Nevertheless, starch isolated by ENZ method presented
lower gelling ability. The storage modulus of cooked and cooled
starch was independent of frequency, indicating a typical charac-
teristic of “true gel”.

Chestnut starch, as a source of native starch, presented prop-
erties with the potential to replace chemically modified starches,
such as cross-linked ones. In fact, a high paste consistency and
breakdown absence, associated with high-amylose content, and
strong, elastic and stable gels was observed. This could be advan-
tageous for improving the texture of, for instance, pasta noodles,
increasing productivity of high gel strength formation in confec-
tionary industry, and providing viscosity, good adhesion, binding
properties, and aid in maintaining integrity of batters. Thus, the
physicochemical and functional properties of chestnut starches,
a non-conventional source, suggest that these products may be
used as an ingredient for foods and other industrial applications
that require processing at intermediate temperatures, high shear,
and without storage at low temperatures.
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