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a b s t r a c t

A new starch was isolated from fruits of two acorn species, Quercus rotundifolia and Quercus suber by
alkaline (A3S) and enzymatic (ENZ) methods and physical and functional properties were studied. The
isolation method induced changes in most of those properties in the isolated starches, mainly in resistant
starch content, syneresis, pasting, thermal and rheological properties. Isolated acorn starches presented
high amylose content (53e59%) and resistant starch content (30.8e41.4%). Acorn starches showed
limited and similar solubility values and swelling power values, showing a gradual increase from 60 �C to
90 �C. The pasting temperatures ranged from 67.5 to 72.0 �C and pastes did not present breakdown,
which is suggestive of a high paste stability of acorn starches during heating. At ambient temperature the
turbidity and syneresis values were low, but when held at freezing temperatures the syneresis signifi-
cantly increased. Thermal analysis revealed that the acorn starches easily undergo transition phenomena
as shown by the low To and enthalpy values (4.1e4.3 J/g), these effects were more evident in starches
isolated by ENZ method. Pastes are more elastic than viscous and form strong gels after cooling. Q. suber
starch was shown to be more sensitive to the effect of isolation method. Generally, starch isolated by
enzymatic method presented less interesting functional properties, since this isolation procedure greater
affected the raw structure of starches.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Acorn fruits from Quercus suber (QS) and Quercus rotundifolia
(QR) are important forestry resources in the Centre and South
Portugal regions. Traditionally, these fruits are mainly used for the
feeding of Iberic pigs. In past times of scarcity, the flours produced
from these fruits were also used in bread production (Ribeiro,
1992), and traditional recipes still remain from these times. Other
European Mediterranean countries are also consumers of these
fruits as referred to Rakic, Povrenovic, Tesevic, Simic, and Maletic
(2006). Keeping in mind the high starch content of these fruits
(48.0% and 49.0% respectively for QR and QS) (Correia, Leitão, &
Beirão-da-Costa, 2009), the exploitation of these resources could
be profitable. Furthermore, there has been an increased interest in
new sources of starches for awide variety of industrial applications.
In this view, acorns could be a promising source of native starches
for the food industry, not requiring chemical or genetic
orreia).

All rights reserved.
modifications. Anyhow, the knowledge of starch properties is
imperative, to define its potential applications both in food and
non-food industries.

Most starch isolation methods affect starch properties, which
justify identification of the most suitable isolation method. In
a previous work, Correia and Beirão-da-Costa (2010) reported the
effects of isolation methods on QR and QS starches. The best results
considering the yield, purity and pasting properties were obtained
for two methods that applied low shear with alkali treatment and
low shear with protease digestion. Furthermore, these methods
were optimised for acorn starch isolation parameters (Correia &
Beirão-da-Costa, 2012). These methods, designated as A3S and
ENZ, lead to extraction yields of 88.5% and 86.9% with a purity of
98.1% and 97.6%, for QS variety.

In the literature, acorn starch properties from other oak trees,
but not Quercus species were studied (Aee, Hie, & Nishinari, 1998;
Soni, Sharma, Dun, & Gharia, 1993; Stevenson, Jane, & Inglett,
2006). Since acorns are good sources of starch, these fruits show
a large potential for commercial use.

The objectives of the present study were to evaluate the effect of
starch isolation method on functional, thermal and viscoelastic
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properties of gels of acorn starches, aiming to find potential
industrial applications for these underexploited raw materials.

2. Materials and methods

2.1. Materials

Q. suber Lam. and Q. rotundifolia Lam. acorns were collected in
“montados” (specific designation for orchards of Q. suber and
Q. rotundifolia) located in Idanha-a-Nova (Centre East of Portugal).
Three sets of 1 kg of each acorn fruit were randomly harvested at
maturity stage, stored, dried and milled as previously reported by
Correia et al. (2009). The granule size and microphotographs of
these acorn flours are reported previously (Correia et al., 2009).

2.2. Starch extraction methods

Starch was isolated from acorn flours using the following two
methods (Correia & Beirão-da-Costa, 2012):

(1) - Alkaline pH using successively three sieves (A3S)

The flours (120 g) were soaked in 240 ml 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 combined
underflow was screened successively on 75 and 53 mm sieves. The
underflow containing the crude starch suspensionwas recovered in
the filtrate, which was centrifuged in a Universal 16 centrifuge
(Hettich Zentrifugen Company, Germany) at 800� g for 15 min. The
mucilaginous layer was scraped off and the starch sediment was
suspended in water. This centrifugation 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/hour).

(2) e Enzymatic method (ENZ)

Flour (120 g) and water (360 ml) were mixed, the slurry
adjusted to pH 7.5 (with 0.1 MNaOH or 0.1MHCl) and proteasewas
added (900 units). The mixture was incubated at 37 �C for a period
of 2 h and it was shaken at 20 rpm, in an incubation chamber EB
TH15 with a shaker incubator KS-15 (Edmund Bühler GmbH,
Germany). The slurry was then centrifuged under the same
conditions as previously mentioned. The starch fraction was sus-
pended, washed with water (200 ml) and filtered through a 53 mm
sieve. The filtrate was centrifuged, supernatant and tailings were
discarded and the starch was dried as described above.

2.3. Amylose and resistant starch content

The colorimetric method proposed by Juliano (1971), was used
to determine amylose content, being amylose content expressed on
starch basis. One hundred milligrams of each sample was weighed
into a 50 ml Erlenmeyer flask and 1 ml of 95% ethanol and 9 ml of
1 N NaOH added. The mixture was heated for 10 min in a boiling
water bath to gelatinise the starch, cooled, and transferred, with
several water washings, into a 100 ml volumetric flask. The volume
was brought up with water and then well mixed. Five millilitres of
starch solutionwas pipetted into a 100ml volumetric flask and 1ml
of 1 N acetic acid and 2 ml of iodine solution (0.2 g iodine and 2.0 g
potassium iodine in 100 ml of aqueous solution) added. The solu-
tion was made up to volume with distilled water, shaken, and
allowed to stand for 20 min. Absorbance of the solution at 620 nm
was measured with a Lambda 25 UV/VIS spectrophotometer (Per-
kinElmer, Massachusetts, USA). Amylose content was determined
by reference to a potato amylose (Sigma Chemical Co.) standard
curve. 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, Zhihua, 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.
Suspensionswere centrifuged at 980� g for 15min 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 an 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 ðDS=StarchdwbÞ � 100% (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
was determined by measuring the absorbance at 620 nm with
a CADAS 100 UV spectrophotometer (Dr Lange, Basingstoke, UK)
against distilled water blank. Turbidity was expressed as trans-
mittance percentage.
2.6. Syneresis: stability to freezing and refrigeration

The storage stability of the gelatinised starch suspensions at
different temperatures was evaluated by syneresis degree 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 suspensions held at this temperature for 15 min. Aliquots
of 50ml were placed in centrifuge tubes and theywere conditioned
at three temperatures: �18 �C (vertical freezer Siemens Aþ NO
FROST 1.85 - GS 32NA92, Germany), 4 �C (refrigerator Siemens
KI24RA50FF Germany), and ambient temperature for 5 days. Every
24 h, the samples were centrifuged at 8000� g for 10min. Syneresis
was measured as percentage amount of water released after
centrifugation.
2.7. Pasting properties

The gelatinisation process was monitored in a Brabender vis-
coamylograph (Duisburg, Germany) viscoamylograph at 10% starch
concentration, heated from 30 �C to 95 �C, held at 95 �C for 15 min
and then cooled until 50 �C. The heating and cooling rates were
1.5 �C/minute. Breakdown (BD), the measure of degradation of



Fig. 1. Swelling power and solubility of acorn starches. QR: Quercus rotundifolia; QS:
Quercus suber; A3S: alkali starch isolation method; ENZ: enzymatic isolation method.
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physical structure, was calculated by Equation (3), and setback (SB)
was determined by Equation (4), both in Brabender units (BU):

BD ¼ peak consistencyðBUÞ �minimum consistencyðBUÞ
(3)

SB ¼ consistency at 50�CðBUÞ �minimum consistencyðBUÞ
(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 2:1, and then heated from 25 �C to
100 �C at 5 �C/minutes, at 30 ml/minute 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
Equation (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); a is the
fractional conversion; 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)):

n ¼ n0e
�Ea=RT (8)

where v is da/dt; v0 is the constant rate; Ea is the activation energy
(J mol�1); R is the gas constant; and T is the absolute temperature.

2.9. Dynamic rheometry

The dynamic rheological properties were monitored inesitu 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 evaluation was performed
according to Singh, Nakaura, Inouchi, and Nishinari (2008), using
a serrated parallel plate of 35mmdiameter with a gap size of 1mm.
The storage modulus (G0), loss modulus (G00), and loss factor (tan d)
of starch suspensions of 10% (w/w) were determined. The
maximum temperature for G0 was designated as TG0

max
. 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 ambient temperature, then loaded
onto the rheometer measuring device and covered with paraffin oil
to minimise evaporation losses. The samples were heated from
50 �C to 90 �C at a rate of 1.25 �C/minute (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/minute (u ¼ 6.28 rad/s) until a tempera-
ture of 10 �C was reached. Subsequently, time sweep tests were
conducted at 10 �C during 2 h (u ¼ 6.28 rad/s) followed by
frequency sweep tests (u ¼ 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 difference 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. Swelling power and solubility

Swelling power and solubility values, as shown in Fig. 1, are
similar for both acorn starches and isolation methods, increasing
gradually from 60 �C to 90 �C, meaning that besides a similarity of
behaviour among the two species, the isolation procedure does not
seem to affect these properties. This pattern is characterised by
a positive correlation between SP and solubility (r¼ 0.96, p� 0.01),
suggesting that solubilisation occurred along with granular
swelling.

SP values are low when compared to other starch sources such
as potato starch (56.2e64.7 g/g) (Kaur, Singh, & Singh, 2006), but



Table 1
Amylose and resistant starch (RS) contents of acorn starches.

Amylose RS

Q. rotundifolia A3S 53.7 � 0.3a 41.4 � 1.0c
ENZ 54.5 � 0.4a 37.9 � 0.4b

Q. suber A3S 57.9 � 1.0b 39.2 � 0.8bc
ENZ 59.4 � 0.7b 30.8 � 0.7a

Values are expressed as mean � standard error of mean. Means sharing the same
letters in columns are not significantly different from each other (Tukey’s HSD test,
p < 0.05).
A3S: alkali starch isolation method; ENZ: enzymatic isolation method.
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similar to giginya palm seeds (about 15 g/g) (Barminas et al., 2008)
and to chestnut starches (13.6e17.3 g/g) (Correia, Nunes, & Beirão-
da-Costa, 2012). The lower values for SP could be influenced by the
high amylose content (Rondán-Sanabria & Finardi-Filho, 2009) of
these two acorn starches (Table 1). The amylose content for all of
the samples was always high, ranging from 53.4% to 59.4%, no
significant differences were found between the two different
isolation methods for the same sample. Stevenson, Jane, and Inglett
(2006) found also high amylose content for Quercus palustris
Muench, 43.4%. Similar high amylose content was reported for
some pulse starches (Hoover, Hughes, Chung, & Liu, 2010), and also
for chestnut starches (Correia, Nunes, & Beirão-da-Costa, 2012),
also exhibiting low SP values.

The explanation for the limited swelling values obtained over
the temperature range could be also attributed to the presence of
strong bonding forces in the starch granules (Soni et al., 1993), or
influence either by high levels of cross-linking (Mirmoghtadaie,
Kadivar, & Shahedi, 2009). Furthermore, Adebowale, Afolabi, and
Olu-Owolabi (2006) attributed to C-type starches typical of
legumes limited swelling. These two latter explanations seem to fit
with acorn starches, since they also present a C-type X-ray pattern
and degrees of crystallinity between 43.1% and 46.6% (unpublished
data).
3.2. Pasting properties, turbidity and syneresis

Pasting properties and turbidity of acorn starches are presented
in Table 2. Acorn starches presented high pasting temperature (PT),
similar to pin oak starch (71.5 �C) (Stevenson et al., 2006) the effect
of the isolation method was not evident. Furthermore, the higher
pasting temperature implies a higher cooking time for this starch.
The results of pasting temperature are in conformity with the
encountered results for swelling powers of the starches. Generally,
high pasting temperatures indicate high resistance to swelling.
Table 2
Pasting properties and turbidity of acorn starches.

Functional
property

Q. rotundifolia Q. suber

A3S ENZ A3S ENZ

PT (�C) 70.5 � 0.9ab 67.5 � 0.7b 72.0 � 0.6a 70.3 � 1.0ab
C95 �C (BU) 1506 � 29c 1265 � 35ab 1280 � 35ab 1173 � 41a
CAH (BU) 1407 � 47a 1290 � 38ab 1243 � 26bc 1120 � 12c
FC (BU) 2575 � 31b 2453 � 35a 2540 � 23b 2750 � 32c
SB (BU) 1180 � 41c 1155 � 32c 1300 � 29b 1630 � 2a
TM (%T620) 2.43 � 0.2a 2.40 � 0.03a 2.37 � 0.02a 2.35 � 0.02a

Values are expressed as mean � standard error of mean. Means sharing the same
letters in rows are not significantly different from each other (Tukey’s HSD test,
p < 0.05).
Consistency is reported as BU (Brabender units).
PT, pasting temperature; C95 �C, consistency at 95 �C; CAH, consistency after
holding at 95 �C; FC, final consistency; SB, setback [SB ¼ consistency at 50 �C
(BU) e minimum consistency (BU)]; TM, transmittance; A3S, alkaline starch isola-
tion method; ENZ, enzymatic isolation method.
The studied acorn starches, as well as what was already found
for chestnut starches (Correia et al., 2012), do not present a proper
peak viscosity, and so, showing a similar profile to a cross-linked
starch suspension (Thomas & Atwell, 1999). Furthermore, the
absence of breakdown (BD) means that hot pastes from acorn
starches presented high stability (Lan et al., 2008), and a high
resistance to mechanical stirring under hot conditions. This cooked
paste stability may show the potential of the starch for use in
porridge (Hadimani & Malleshi, 1993). Stevenson et al. (2006) also
found similar behaviour for other acorn starch pastes (Q. palustris
Muench.).

The consistency at 95 �C after 15min of holding reflected the hot
paste consistency. Table 2 shows that this consistency was affected
by starch isolation methods. For both species the A3S starch
isolation method showed the highest values.

Cold paste consistency increased upon cooling, due to the
aggregation of the amylose molecules. This characteristic is esti-
mated by the final consistency (FC). In our study, acorn starches
presented high and similar FC. Other authors also reported, as the
most distinctive acorn starch pastes properties, the high final
consistency and setback (Stevenson et al., 2006).

SB consistency is defined as the degree of re-association
between the starch molecules involving amylose (Charles, 2004),
that have leached from swollen starch granules during cooling, and
it is generally used as a measure of the gelling ability or retrogra-
dation tendency of starch (Singh, Bawa, Singh, & Saxena, 2009). A
high setback consistency is associated with cohesiveness of the
pastes (Otebayo, Aina, Asiedu, & Bokanga, 2006), meaning, in
a practical sense, the paste’s ability to maintain a coherent struc-
ture, and this seems to be the case in acorn starches. The SB,
evaluated by the difference in consistencies of the pastes at the end
and at 95 �C, was clearly affected by the isolation method in QS
starches, presenting low values for A3S method. This could be
attributed to a lower degree of amylose leaching, as suggested by
the low values of solubility of acorn starches, or a low proportion of
long amylopectin chains (Naguleswaran, Vasathan, Hoover, & Liu,
2010). As the solubility values of all starches are very low and the
differences between them are marginal, it is possible to conclude
that the starch structure will be a major factor in starch pasting
properties. Furthermore, acorn starches presented paste properties
similar to cross-linked starches and for this type of starches
a reduction of amylose leaching, granular swelling and degree of SB
has been attributed (Hoover et al., 2010). A positive correlation
between the amylose content and SB, r ¼ 0.905 (p < 0.01), and
a negative one between amylose and resistant starch, r ¼ �0.862
(p < 0.01) was noticed. It must be emphasised that the high
consistency immediately acquired when the pastes were cooled,
suggests possible newapplications of this starch as an alternative to
more conventional products.

The RS values are presented in Table 1. Acorns presented a high
content of RS, QS starches presenting the lower value, 30.8% for ENZ
starch isolation method. Thus, acorn starch could be classified as
type II since it is a raw granular starch (Liu, 2005). The encountered
values are higher then the RS content of high-amylose pea starches
(18.0e19.6%) (Themeier, Hollmann, Neese, & Linndhauer, 2005), but
lower than those of chestnuts (Correia et al., 2012), high-amylose
maize starch (49.1% and 54.4%) (Themeier et al., 2005), and
potato native starch (78.8%) (McCleary et al., 2006), Acorn starches
presented similar RS values to Palmyra starch (32.2%)
(Naguleswaran et al., 2010).

Acorn starches presented high transmittance values, and the
isolation method did not affect this property. Singh, Nakaura,
Inouchi, & Nishinari (2007) reported that starch granules disinte-
grate less in the presence of higher amylose content, and that
seems to be the case in acorn starches. The high transmittance
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values of the acorn starches can be explained by their limited
swelling power and low solubility. In this respect these starches
resemble cross-linked starch, inwhich the identity of its granules is
retained after heating (Kaur, Singh, & Sodhi, 2002).

Starch gels as a metastable and non-equilibrium systems
undergo structural changes during storage (Ferrero, Martin, &
Zaritzky, 1994) always leading to some degree of syneresis. This
effect is also an index of the degree of starch retrogradation (Wang
et al., 2010). Syneresis characterises the starch stability to different
storage conditions (Fig. 2). At ambient temperature and refrigera-
tion temperature the pastes presented a high stability, meaning
that they could form an elastic gel with highwater holding capacity.
Only when the starch gels were subjected to freezing temperatures
a certain amount of water was released. As it is well known, the
paste retrogradation is indirectly influenced by the structural
Fig. 2. Syneresis of acorn starch pastes after storage at ambient, refrigeration and
freezing temperatures. QR: Q. rotundifolia; QS: Q. suber; A3S: alkaline isolation method;
ENZ: enzymatic isolation method.
arrangement of the starch chains within the amorphous and crys-
talline 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 responsible for undesired
behaviours, like bread ageing. The results showed that this
phenomenon occurs only in limited extension for acorns gels.

3.3. Thermal properties

The typical DSC (Differential Scanning Calorimetry) traces of
gelatinisation for acorn starches are represented in Fig. 3. The results
of thermal analysis are shown in Table 3. Although the results
showed some significant differences in transition temperatures, To
(onset temperature) and Tp (peak temperature), in practice the
encountered differences range 1e2 �C, which from an utilisation
point of vieware not important. A differencewas observed between
DSC gelatinisation onset and the pasting temperature measured by
the Brabender viscoamylograph, suggesting that the melting
process preceded the initial increase in viscosity (Chaisawang &
Suphantharika, 2006). To of both species occur close to 58e60 �C,
lower than other acorn starches 65 �C and 80e85 �C, respectively
found for Q. palustris and Q. leucothichophora (Soni et al., 1993;
Stevenson et al., 2006).

Both gelatinisation temperature and enthalpy of starches are
known to depend on micro-structures, presence of crystalline
regions of different degrees of organisation in the granule, granule
size, and amylose-to-amylopectin ratio (Ahmad, Williams,
Doublier, Durand, & Buléon, 1999; Singh & Singh, 2001). More-
over, DSC gelatinisation temperature is indicative of the degree of
order (crystallite perfectness), whilst enthalpy is a measure of the
extent of order (amount of crystallinity).

Generally, acorns starches presented low enthalpy values
(4.1e4.3 J/g) and Ea (1874e2189 J mol�1), and the isolation method
did not significantly affect this characteristic. When compared with
chestnut starches (Correia et al., 2012), acorn starches generally
presented high values of enthalpy and activation energy, meaning
that acorn starches need more energy to achieve gelatinisation,
reflecting a strong and better organised structure of molecules in
starch granules. The enthalpy (DH) values are similar to high-
amylose starches, like pea wrinkled starch and other pulsed
starches (Hoover et al., 2010), to potato (4.35 J/g) and cassava
(5.01 J/g) (Barminas et al., 2008), but lower relatively to Q. palustris
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Fig. 3. Endothermic transitions of acorn starches. QR: Q. rotundifolia; QS: Q. suber; A3S:
alkaline isolation method; ENZ: enzymatic isolation method.



Table 3
Thermal properties of acorns 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))

QR A3S 60.9 � 0.0a 66.7 � 0.0a 74.7 � 0.2b 4.2 � 0.1a 2157 � 40a 11.6 � 0.4a 0.72 � 0.0b
ENZ 58.7 � 0.2b 65.7 � 0.1b 74.0 � 0.1bc 4.3 � 0.1a 1874 � 44b 14.0 � 0.2c 0.61 � 0.05a

QS A3S 58.4 � 0.2b 64.8 � 0.1c 73.3 � 0.4a 4.2 � 0.1a 2189 � 49a 12.4 � 0.6ab 0.68 � 0.03ab
ENZ 58.6 � 0.1b 64.1 � 0.1c 71.7 � 0.1c 4.3 � 0.1a 1875 � 58b 11.0 � 0.7a 0.78 � 0.02c

Results are the means of three determinations � standard error of mean. Means sharing the same letters in columns are not significantly different from each other (Tukey’s
HSD test, p < 0.05).
To, onset temperature, Tp, peak temperature, Tc, conclusion temperature, DH, gelatinisation enthalpy, Ea, activation energy, Tr, gelatinisation temperature range
[Tr ¼ 2(Tp � To)], PHI, peak height index [PHI ¼ DH/(Tp � To)]. Activation energy is calculated by: v ¼ v0e�Ea=RT , where v is da/dt; v0 is the constant rate; Ea is the activation
energy (J mol�1); R is the gas constant; and T is the absolute temperature. A3S: alkaline starch isolation method; ENZ: enzymatic isolation method.
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(Stevenson et al., 2006), meaning a low degree of internal molec-
ular organisation of the granules. A strong carbohydrate/water
interaction and better organizedmicrostructure lead to a higher DH
value (Chung, Lee, & Lim, 2002), since DH indicates the required
energy for disruption hydrogen bonds within the crystalline zones.
It was also found significant differences were also found in acti-
vation energy.

The isolation method did not systematically affect the Tr
(gelatinisation temperature range) and PHI (peak height index)
parameters on acorn starches. However, the high Tr was found for
QR ENZ starch suggests the presence of crystallites of varying
stability within the crystalline domains of the granule (Singh, Kaur,
Sandhu, & Guraya, 2004), meaning that a large gap between onset
and endset temperatures is probably due to a high heterogeneity of
the crystallites present on starch granules. Furthermore, QR ENZ
starch also presented a lower PHI, which could be related to a lower
structured starch matrix, since this parameter provides a numerical
value that is indicative of the relative shape of the endotherm. A tall
narrow endotherm has a higher PHI than a shorter one, does even if
the energy involved in the transition is the same (Krueger et al.,
1987). Compare to QR starch behaviours, QS starches reacted in
an opposite way, meaning that starch extracted by alkaline method
presented the high Tr and low PHI values.

The isolation starch method that seems to preserve in a higher
degree the molecular order is the A3S method, which generally
presented high transition temperatures.

3.4. Rheological properties

The rheological properties of starches isolated from different
acorns flours are illustrated in Figs. 4 and 5, and Table 4. The storage
modulus (G0) and loss modulus (G00) were relatively low before the
onset temperature of storage modulus (ToG0), then increased during
heating until rise to a maximum (G0

max and G00
max) and then

dropped during the continuous heating. A positive correlation was
found between G0 and G00 modulus (r ¼ 0.963, p < 0.01). Heating
caused the swelling of starch granules, which always increase with
temperature (Fig. 1) resulting in a G0 increase to a maximum value
(Singh et al., 2008). In all samples the G0 was always higher than G00,
meaning that the formed pastes were more elastic than viscous.
The QR starches showed the highest G0, G00 and breakdown values
(Table 4). However, the G0/G00 ratios are similar for all starches.

Except for the breakdown, the dynamic moduli reflect roughly
the pasting properties of Table 2, albeit that the dynamicmoduli are
much more sensitive to changes in physical structure than



Table 4
The rheological properties of acorn starches isolated by A3S and ENZ isolation methods.

Sample ToG0(�C) TG0
max

(�C) G0
max (Pa) G00

max (Pa) G00
max/G0

max BDG0 (Pa) tan dG0
max

Q. rotundifolia A3S 66.9 � 1.7ab 83.1 � 0.6a 1795 � 68a 196.6 � 3.3a 0.11a 666 � 42a 0.082 � 0.003a
ENZ 59.4 � 0.8c 72.4 � 0.2b 1493 � 127ab 131.3 � 3.0b 0.09a 305 � 29b 0.080 � 0.006ab

Q. suber A3S 68.3 � 0.6a 84.8 � 1.0a 833 � 19c 67.7 � 2.4d 0.08a 87 � 12d 0.078 � 0.008b
ENZ 65.7 � 1.1ab * * * * *

*No maximum peak.
Results are the means of three determinations � standard error of mean.
Means sharing the same letters in columns are not significantly different from each other (Tukey’s HSD test, p< 0.05). ToG:G0onset temperature; TG0

max
:G0

max peak temperature;
G0

max: maximum value of storage modulus; G0 0
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.
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Brabender viscosity. QS starches presented lower G0 and G00 than QR
starches. Generally, such behaviour is ascribed to differences in
swelling behaviour (Eliasson, 1986; Keetels & Van Vliet, 1994), but
in the present case the swelling profiles were affected rather by
starch isolation method than by starch type (Fig. 1). It is not
improbable that differences in granule structure between the
starches, notably the higher amylose content of QS starch (Table 1)
play a role here. After attaining a maximum G0 the decrease in G0,
possibly due to the disentanglement of amylopectin in the swollen
particles (Wang et al., 2010), was more evident in QR starches.
Lindqvist (1979) mentioned that both amylose and amylopectin
play important roles in starch gelation. Amylose is reported to assist
in maintaining granule integrity during heating (Morrison, Tester,
Snape, Law, & Gidley, 1993). This suggests that the lower break-
down of QS starch is explained by its higher amylose content
(Table 1). The trend of peak G0 temperatures for the various starches
was similar to the transition temperatures measured by DSC
(Table 3). However, the peak G0 temperatures were consistently
higher than their corresponding Tp, as was also reported by other
authors (Singh et al., 2007). The insoluble granular fragments have
a tendency to reassociate after heating, resulting in the formation of
crystalline aggregates and a gelled texture (Thomas & Atwell, 1999).
This explains the increase in modulus (setback). Fig. 4 shows clearly
that this setback is very pronounced for starches isolated by the
alkali method (A3S), especially for QR A3S starch, but much less so
for starches isolated by the enzyme method. The latter are fairly
stable to cooling. The cooling behaviour of acorn starches and the
strong effect of starch isolation method are difficult to explain and
merit further investigation. Hot as well as cooled acorn starches
presented tan d < 0.1 (Table 4, Fig. 5), which suggests that cooled
acorn starches form a firm, self-supporting true gel (Sang, Bean,
Seib, Pedersen, & Shi, 2008). A very interesting result is that the
G0 modulus of all starches remains rather stable on storage at 10 �C,
at least for several hours (Fig. 4). This stability appears to be fairly
independent on the setback during cooling to 10 �C. Mechanical
spectra of the acorn starch gels after 2 h storage at 10 �C are shown
in Fig. 5. All starch gels had G0 > G00 and displayed a rather flat
frequency dependence. This indicates that these systems behaved
as true gels with limited molecular rearrangements occurring on
a time scale of 0.01e100 s. These results confirmed that G0 and G00 of
A3S starches were consistently higher than those of the ENZ
starches, which suggests a higher degree of structuring in the A3S
starch gels in comparison to the ENZ starch gels.

4. Conclusions

The application of starch from different origins in food systems
depends greatly on chemical and functional properties of such food
materials. Acorn starches presented high-amylose content, limited
swelling power combined with low solubility and low gelatinisa-
tion temperatures. The isolation starch method that seems to
preserve the molecular order to a higher degree, and consequently
the functional properties of starches is the alkali method. The
isolation method seems to affect Q. suber starches to a high degree.

The physicochemical and functional properties of acorn
starches, a non-conventional source, suggest that these products
may be used as an ingredient for foods and other industrial appli-
cations. The thermal transitions occur in a similar way in starches
from both acorn species. Acorn starches presented high paste
consistencies, with higher final and setback consistencies, and did
not present a breakdown. Thus, QR and QS starches could be clas-
sified as to be tolerant to heating and shearing processes. The high
consistency immediately acquired, when the acorn pastes were
cooling, the high stability and strong formation of gels, and the low
values of turbidity, suggest the possibility for new applications of
this starch. Moreover, the observed high firmness and stability of
the gel are adequate to be used as thickening, stabilising and jel-
lifying agent in foods, but acorn starch is not adequate when it is
included in frozen foods due to high syneresis effect.

The encountered results may credit acorn starches as a source
for new forms of starch for special purposes. Since large quantities
of acorns are produced each year, and left to rot, it is very important
to convert this biomass into a potential source of carbohydrates for
industrial uses.
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