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Summary
In a gluten free pasta formulation (suitable 
for celiac people), the influence of each 
constituent has a major importance on the 
final product quality, especially water and 
hydrocolloids contents used to replace the 
gluten matrix. The presence of hydrocolloids 
and proteins in dough may modify the 
availability of water to interact with starch 
in the gelatinization process. 

The aim of the present work was to inves-
tigate the effect of the addition proteins 
and hydrocolloids addition on the water-
starch interaction using a triangular mix-
ture design. Basic dough formula consisted 
in a mixture of corn starch and flour (4:1, 
53.5%), 1%NaCl, and 3% sunflower oil, wa-
ter (35.48-39.5%), gums (xanthan and lo-
cust bean gums, 2:1 ratio, 0.512-2.519%), 
and proteins (dry egg and ovoalbumin mix-
tures, 10:1 ratio, 0.683-6.704%) Combina-
tions of gums, proteins, and water were 
used in a simplex-centroid design with con-
strains.

Modulated differential scanning calorim-
etry was used to study starch gelatinization 

and the amount of unfrozen water in the 
samples; thermograms were obtained be-
tween -50ºC and 140ºC (heating rate 5ºC/
min, modulated at ±1ºC, period of 60s). 
Regarding the process of gelatinization, a 
biphasic endotherm was observed; when 
the free water content of the dough was 
progressively reduced (0.94 to 0.42g H2O/ 
g dough), endotherms shifted to higher 
temperatures (onset from 56.7ºC to 63.1ºC, 
first peak from 75.1ºC to 77.6ºC) following 
a linear relationship. The response surface 
analysis of the unfrozen water content of 
the complex composite system as a function 
of the concentration of proteins, hydrocol-
loids, and water led to a “saddle” type sur-
face, involving interactions between com-
ponents.

Introduction
The raising demand of gluten-free prod-
ucts in recent years, have led to an impor-
tant technological research for replacing 
the gluten matrix in the production of high 
quality gluten-free foods. Many of the prod-
ucts currently in the market are of low qual-
ity, exhibiting poor structure, mouthfeel, 
and flavor (Gallagher et al. 2004).  There 
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are many works on improving gluten-free 
breads (Gallagher et al. 2004; Lazaridou et 
al. 2007), but only a few on other type of 
gluten-free products such as pasta. In the 
production of gluten-free pasta analogues, 
wheat flour was substituted with rice or 
buckwheat flour, precooked rice flour, or 
pregelatinized rice starch  (Ikeda and Asami 
2000; Ikeda et al. 2005; Tan et al. 2009). 
Like starches, gums provide viscosity and 
texture, and could be used separately or in 
combination to create certain effects. Hy-
drocolloids may enhance textural aspects 
of the dough turning them practically in-
dispensable to formulate any kind of glu-
ten-free dough. Xanthan-locust bean gum 
(XG-LGB) mixtures are used industrially as 
thermoreversible gelling agents (Zhan et al. 
1993).

There are several methods used to study 
water interactions in the polymeric ma-
trix of the dough, such as swelling power, 
water-binding capacity, pasting properties 
by Brabender Viscoamylograph (Tan et al. 
2009), crystalline structure by X-ray pat-
tern (Eliasson, 2004), small deformation 
rheology (Chiotelli et al. 2000; Chiotelli 
et al. 2002; Jiménez-Avalos et al. 2005, 
Ortega-Ojeda et al. 2004), and differential 
scanning calorimetry (Biliaderis et al. 1980; 
Califano and Añón 1990; Donovan 1979; 
Ferrero et al. 1996; Fukuoka et al. 2002; 
Karlsson and Eliasson 2003; Kruger et al. 
2003; Lelievre 1976; Pravisani et al. 1985; 
Sopade et al. 2004; Wootton and Bamanu-
arachichi 1979a; Wootton and Bamanuara-
chichi 1979b), which have been widely used 
to study starch gelatinization. DSC has been 
also widely used to evaluate the frozen frac-
tion of water from the endothermic peak 
that corresponds to the melting of free wa-
ter.

Recently, modulated differential scanning 
calorimetry (modulated DSC) has opened 
new ways for the thermal characteriza-
tion of materials. Using this technique, the 

product experiences a sinusoidal tempera-
ture modulation (oscillation) overlaid on 
the conventional linear heating or cooling 
ramp. (Coleman and Craig 1996) This tech-
nique provides the benefits of separating 
reversible and irreversible thermal events, 
improving resolution of closely occurring or 
overlapping transitions, and giving a good 
precision in heat capacity (Gallagher 1997). 
The total, reversing and non-reversing heat 
flows can then be quantified during tran-
sition of the sample. The reversing and 
non-reversing signals reveal the thermo-
dynamic and kinetic characteristics of the 
transitions, respectively.

Gelatinization of starch in pure water is 
generally thought of as a swelling-driven 
process. In this formulation, stress applied 
to the semi-crystalline lamellae due to the 
expansion of the amorphous growth ring, 
results in crystallite disruption (Donovan 
1979). In excess of water, the degree of 
swelling and resulting disruption is suffi-
cient to fully gelatinize the granule. It was 
proposed by Donovan (1979) that on reduc-
ing the amount of water, a point is reached 
at which the limited extent of swelling is in-
sufficient to disrupt the granule completely. 
Further double helical order is disrupted at 
a higher temperature by a more convention-
al melting transition. The relative amounts 
of swelling-driven disruption and higher 
temperature melting are dependent on the 
amount of water present and the extent to 
which the amorphous regions are plasti-
cized (Blanshard 1987; Donovan 1979; Jen-
kins et al. 1994; Liu et al. 1991; Zobel et al. 
1988). Gelatinization is therefore thought 
of as varying from all swelling-driven in ex-
cess water, to all melting at very low levels 
of water and at higher temperatures. It is 
well-known that the addition of sugars and 
other polyols to starch-water systems ele-
vates the starch gelatinization temperature, 
with the elevation being greater the higher 
the concentration of the aqueous solution 
and the larger the molecular weight of the 
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added solute. Thus, Hirashima et al. (2005) 
reported informed that the starch gelatini-
zation temperature was shifted to higher 
temperatures with increasing sucrose con-
centration and gelatinization was not com-
pleted in the presence of excessive sucrose.

Salts have been reported to cause an eleva-
tion or depression of gelatinization temper-
ature and gelatinization enthalpy (Wootton 
and Bamunuarachchi 1980), depending on 
the types of salt and their concentrations 
used (Ahmad and Williams 2002; Chun-
gcharoen and Lund 1987; Jane 1993; Jyothi 
et al 2005; Maaurf et al. 2001; Oosten 1982, 
1983, 1990). It has been reported that NaCl 
and CaCl2, at low concentrations, slightly 
increased the peak temperature of sago 
starch (Ahmad and Williams 2002; Maaurf 
et al. 2001) and onset temperature of corn 
starch (Jane 1993). Generally as the concen-
tration of NaCl increase the gelatinization 
temperature increase to a certain level and 
then decrease as the concentration increase. 
When a swelling-inhibitor (e.g. NaCl) is 
added to a starch suspension some protons 
of the alcohol groups in the starch granule 
become exchanged by Na ions. These alco-
holates are better dissociated, thus causing 
a rise in the Donnan potential. However the 
exchange capacity of starch for the sodium 
ions is limited, so the increase of the gela-
tinization temperature is also restricted. 
When the concentration of NaCl is raised 
beyond a certain level, the influence of the 
anion becomes dominant; this would con-
tribute to a decrease in the gelatinization 
temperature of starch (Oosten 1982, 1983, 
1990; Maaurf et al. 2001).

The presence of gums have been reported 
to modify the gelatinization enthalpy of 
starch-water systems (Chaisawang and Su-
phantharika 2006; Viturawong et al. 2008).

Gluten-free doughs are mixed dispersed 
systems; the dispersion medium contains 
several types of dispersed particles, with 

two main construction materials: polysac-
charides and proteins. Four levels of struc-
tural hierarchy in dispersed food systems 
can be distinguished: submolecular, mo-
lecular, supermolecular and macroscopic. 
Structural functions of a biopolymer de-
pend upon its place in the structural hierar-
chy of the product (Tolstoguzov 2000). 

The aim of the present work was to inves-
tigate the effect of proteins and hydrocol-
loids addition on water-starch interaction 
during gelatinization in gluten free doughs 
using a triangular mixture design, through 
the analysis of thermograms obtained by 
modulated differential scanning calorime-
try (MDSC). The amount of unfrozen water, 
water melting temperature, and glass tran-
sition temperature for each formulation 
were obtained, and their relationship with 
dough composition was also analyzed. 

Materials and Methods
Ingredients

Corn starch (12.5% moisture, 0.3% pro-
tein) was obtained from Droguería Saporiti 
(Argentina). Corn flour and commercial 
100% sunflower oil (Molinos Río de La Pla-
ta SACIFI, Buenos Aires) were purchased 
from a local supermarket and used with-
out further treatment. Dry egg power (6% 
moisture, 38% lipids) and ovoalbumin were 
kindly provided by Tecnovo S.A. (Argen-
tina). Xanthan (XG) and locust bean (LG) 
gums (Sigma Chemical Co., St. Louis, MO), 
and analytical grade NaCl were used.

Dough Preparation

The method for dough preparation was pro-
posed by Lorenzo et al. 2008. Basic dough 
formula consisted in a mixture of corn 
starch and corn flour (4:1 ratio),  NaCl, sun-
flower oil, a mixture of dry egg power and 
ovoalbumin in a 10:1 ratio, and a mixture of 
xanthan (XG) and locust bean (LG) gums in 
a 2:1 ratio (which is considered as a syner-
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gistic ratio, (Web ref. 1). Distilled water was 
used in all formulations. Dry ingredients 
were premixed for 1 minute in a commercial 
food processor (Universo, Rowenta, Ger-
many) at 400 rpm using a kneading attach-
ment. With the processor still running, oil 
was slowly added and mixed for one more 
minute. Finally, water was added and the 
dough was mixed for 5 more min to com-
bine the ingredients. The dough was briefly 
kneaded by hand, wrapped in a film, put in 
a tightly sealed container and kept refriger-
ated (4°C) for 24 hours to let the starches 
hydrate and to let the dough consistency 
stabilize (Manley 2001). After a resting time 
of 24 hours, dough was rolled out using a 
rolling machine (Pastalinda, Argentina) to 
give a sheet of 2 mm thick.

Experimental Design

Mixture designs are a special category of 
response surface designs particularly use-
ful when it is not the literal amounts of a 
component (factor) that matter but the pro-
portion of the whole made up by each com-
ponent and they take into account the inter-
dependence of factors by assuming that the 
factors must sum to equal a constant value 
(Cornell 2002). When a mixture design is 
employed, the purpose of the experiment 
is to model the blending surface either to 
predict the response for any combination 
of the ingredients or to determine the in-
fluence on the response of each component 
individually and in combination with the 
other components. In the present work a 
simplex-centroid augmented design with 
constrains was chosen to study the effect of 
adding gums, protein, and water to a dough 
formulation containing fixed mass fractions 
of corn starch and corn flour (53.5 %), NaCl 
(1.1 %), and sunflower oil (2.7 %). The for-
mulations combined gums (0.51-2.52 %), 
proteins (0.68-6.70 %), and water (35.5-
39.5 %). The initial design consisted of nine 
runs: four points at the extreme vertices of 
the feasible region (1, 2, 3, 4), four points at 

the edge centroids (5, 6, 7, 8), and one point 
at the overall centroid (9) (Cornell 2002). 
Three more points (A, B, C) were added to 
evenly cover the experimental region. Fig-
ure 1 displays the actual design points rep-
resented as filled circles expressed as coded 
variables. 

Figure 1: Simplex-centroid augmented design; 
mass fractions are expressed as coded variables.

Some previous work indicated that it was 
not advisable to allow these factors to take 
values anywhere in the range of possible 
values, e.g. mass fraction of water = 0, and 
constrained mixtures designs are particu-
larly useful if there are restrictions on the 
values that each factor (or linear combina-
tion of factors) can take; in addition to the 
overall constraint that factors must sum to 
1. Besides the fact that the sum of gums (G), 
protein (P), and water (W) must constitute 
42.7% of the formulation, there are further 
constraints on each of the factors that are 
shown in Table 1.  Table 2 shows the actual 
and coded compositions of the 12 formula-
tions studied.

Differential Scanning Calorimetry 
(DSC)

Small parts of dough were sampled from 
the center.  A small circular cutting mold 
was used to cut the dough, and the dough 
samples (20±5 mg) were weighed into alu-
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Table 1: Constraints used on the simplex-centroid augmented design

Table 2: Assayed formulations expressed as mass fraction of the pseudocomponents 
(coded variables) and as percent composition (% = g/100g dough)
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minum DSC pans and hermetically sealed. 
The equipment was calibrated with indium 
(m.p. = 156.61ºC and ΔH = 28.54 J/g) and 
an empty pan was used as a reference. Ther-
mograms were performed from -50ºC to 
140ºC, at a heating rate of 5ºC/min, with a 
modulation of ±1ºC and a 60s period, using 
a modulated DSC (model Q100, TA Instru-
ments). 

At least two replicates were conducted for 
all samples. Thermograms of doughs were 
obtained and data were analyzed with Uni-
versal Analysis 2000 Windows 2000/XP v. 
4.1D (TA Instruments, USA). These curves 
allowed obtaining the water melting and 
starch gelatinization enthalpies for each 
sample.  For each endotherm, onset (To), 
melting (Tm), and conclusion (Tc) tem-
peratures of the gelatinization phenomena, 
as well as the glass transition temperature 
(Tg) of each sample were also determined.

The same procedure was used for a mixture 
of corn starch and water in a (5g: 3.17g) 
ratio. This ratio was calculated consider-
ing that the total water content was equally 
available to interact with all the solids (pro-
teins, starch, salt, and gums) present in the 
system; regarding that total water content 
included water incorporated in the “dry” in-
gredients.

Total Water Content Determination

Total amount of water present in dough was 
determined by piercing the DSC pans, and 
by drying them in an oven at 105ºC until 
constant weight. Samples were weighed on 
an analytical balance (0.01 mg).

Determination of the Unfrozen Wa-
ter Fraction by DSC

The latent heat of melting for each product 
(ΔHm, J/g sample), was determined as in-
dicated by Roos (1986). The ΔHm was ob-
tained by integrating the melting peak of 
the thermograms; this value was later used 
to estimate the unfrozen water fraction in 

the food material. The temperature integra-
tion limits of the peak were chosen when 
a clear separation between curve and base 
line was detected.

The weight fraction of frozen water, nw (g 
water/g dough), was evaluated by method 
proposed by Ross (1978) from the following 
expression:

(1)

Where ΔHm is the melting enthalpy of the 
sample (J/g dough) and ΔHw is the latent 
heat of ice melting (333.9 J/g water). By us-
ing Eq. 1 the unfrozen water content (nuw), 
was determined as the difference between 
the total water content and the frozen water 
content (nw).  

The amount of water bounded to solutes 
and solids, b, was estimated as (Eq. 2):

(2)

Where ns represents the total fraction of 
the solids and solutes in the food (g solid/g 
dough).

Determination of Glass Transition 
Temperature

The first derivative of the thermogram was 
used to determine the temperature at the 
inflection point which was assigned to the 
glass transition temperature (Tg) of the 
sample.

Statistical Analysis

Surface response analysis was used to de-
termine the relationship of the unfrozen 
water of this composite system:

(3)
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Where Y is the corresponding response vari-
able, Xi are the coded process variables (G, 
P, W) and β are the regression coefficients. 
The same methodology was followed with 
the peak temperature of water melting. The 
quality of the mixture models were judged 
by analysis of variance of the regression 
results. The statistical analyze was accom-
plished using the SYSTAT software (SYS-
TAT, Inc, Evanston, IL).

Results and Discussion
Effect of Dough Composition on the 
Freezing of Water

Water is a primary plasticizer used in pro-
cessing and manufacturing starch and its 
products and greatly affects various prop-
erties of starch. In a starch–water system, 
some water interacts directly or indirectly 
with starch and has detectable property dif-
ferences from bulk phase water. Roos (1995) 
called the water that remains unfrozen even 
at subfreezing temperature “unfrozen wa-

Figure 2: Complete DSC thermogram corresponding to sample 9. The insert shows the gelatinization 
transitions (G) and (M1) and the melting of the amylose-lipid complexes (M2).

ter” or “bound water”. 

For all the formulations assayed in this 
work, thermograms show the characteris-
tic water melting peak between -5 and -8ºC 
and above 65ºC starch gelatinization tran-
sition was noticeable (Figure 2).

Response surface methodology was suc-
cessfully applied to a complex system such 
as gluten-free dough to analyze the effect of 
each component on the thermal behavior 
of the dough and to reveal interactions be-
tween them. Usually, the addition of hydro-
colloids in frozen dough tends to lower wa-
ter melting enthalpy, indicating a decrease 
in the frozen water content due to the bind-
ing of free water, and helps to control mois-
ture migration. However, in the present 
work, the unfrozen water of this composite 
system cannot be predicted by a simple ad-
ditive rule approach; instead, an equation 
need to be developed to include complex 
interactions involving proteins, gums and 
water fractions to better predict the nuw val-
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ue of the composite mixture. The response 
surface analysis of led to a “saddle” type 
surface, involving several interactions be-
tween components (Figure 3).

Table 3 shows the regression coefficients 
for the polynomial model that describes the 
relationship between the unfrozen water 
content with gluten-free dough composi-
tion. Within the linear contributions, the 
variable gums content has the largest effect 
on nuw exhibiting a positive correlation. 
However, water-gums negative interaction 
mainly controlled the unfrozen water con-
tent on the dough. The negative value of the 
interaction coefficient suggests the pres-
ence of an antagonistic effect between hy-
drocolloids and water fractions, that is, the 
effect of gum content of the nuw is not the 
same for different levels of water.

The mixture of solutes and water, results in 
altered properties of both constituents. Hy-
drophilic groups cause changes in the struc-
ture and mobility of adjacent water and 
water causes changes in the reactivity, and 
sometimes structure of hydrophilic groups 
(Fennema 1996). Ions and ionic groups of 
organic molecules hinder mobility of wa-

Figure 3: Surface response of the unfrozen water 
content (g/g total water) as a function of mass frac-
tions of total water, proteins and gums expressed 
as coded variables (xwater+ xgums + xproteins = 1).

Table 3: Estimated regression coefficients for the polynomial model used to describe the unfrozen 
water content (g/g dough) and the peak melting temperature (ºC) as a function of dough composition. 

Variables were coded according to Table 2.
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ter molecules to a greater degree than do 
any other types of solutes. From a concep-
tual standpoint it is useful to think about 
unfrozen water as “water that exists in the 
vicinity of solutes and other nonaqueous 
constituents, and exhibits properties that 
are significantly altered from those of bulk 
water in the same system”.

The dependence of peak melting tempera-
ture (Tmw) on water, proteins, and hydro-
colloids content also showed a saddle-like 
effect, as could be observed in Figure 4. The 
same trend as in unfrozen water content 
was found for the regression coefficient in 
Tmw, with the largest contribution of the 
water-gums interaction. However, as ex-
pected, Tmw also showed a tendency to in-
crease when the total amount of frozen wa-
ter in the formulation increased (figure not 
shown).

Molecular mobility is an attribute of foods 
that deserves attention because it is related 
to many important diffusion-limited prop-
erties of foods that contain, besides water, 

Figure 4: Effect of composition on peak melting 
temperature (Tmw) of the doughs.

substantial amounts of amorphous, primar-
ily hydrophilic molecules, ranging insides 
from monomers to polymers. At a suffi-
ciently low temperature or limited content 
of plasticizer, molecular motion becomes 
restricted as a glassy solid is formed. On 
heating or plasticizer addition, the mobility 
of the amorphous polymers increases and 
the material becomes flexible or rubbery. 
Thus, the glass transition denotes a change 
from brittle to rubbery behavior at a tem-
perature Tg. The Tg depends on molecular 
characteristics, composition and compat-
ibility of the components in the amorphous 
matrix (Kalichevsky and Blanshard, 1992; 
Roos and Karel, 1991), and this is obvious 
in complex systems such as foods and bio-
materials.

The temperature location of the Tg, is de-
pendent on the thermal history of the ma-
terial, the molecular weight of the polymer 
chains, the presence of a plasticizer (e.g. 
water), the degree of crystallinity and the 
composition of a sample (e.g. miscible poly-
mer blends) (Liu et al. 1991; Roos and Karel 
1991; Slade and Levine 1995). Glass transi-
tion temperatures found in this work were 
around -26ºC (from -24 to -29ºC) for all the 
tested formulations. As an example, Figure 
5 shows the glass transition of sample 6 
(39.5% water, 1.5% gums, 1.7% proteins).  
These temperatures were influenced by the 
quantities of water added in the different 
dough formulations.

Figure 6 shows a plot of measured Tg vs. 
frozen water content (g /g dough). It can 
be observed that increasing the amount of 
water available to freeze in the dough pro-
duced a decrease in (Tg) (P< 0.05). This oc-
curs because the average molecular weight 
of the mixture decreases.

Effect of Dough Composition on  
Starch Gelatinization 

Gelatinization is a term used to describe the 
molecular events associated with heating 
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a peak (Tp) and concluded at Tc. After Tc, 
all amylopectin double helices have disso-
ciated, although swollen granule structures 
will be retained until more extensive tem-
perature have been applied (Tester and De-
bon 2000). Particularly, in this work, when 
corn starch/water mixtures were studied, 
values of 60.6ºC, 66.9°C, and 74.0ºC were 
obtained for To, Tp, and Tc, respectively. 
The temperature range Tc–To = 13.4ºC 
represents the so called gelatinization pe-
riod. Sandhu et al. (2004) informed  that 
the To, Tp, and Tc of corn starches-water 
mixture ranged from 60 to 69.3ºC, 71.5 to 
73.1 ºC and 76.5 to 78.0ºC, respectively. For 
starches of five open pollinated corn popu-
lations, White et al. (1990) found the gelati-
nization period between 8.7ºC and 16.4ºC. 
For the formulations of gluten-free doughs 
assayed in this work, To ranged from 67.1ºC 

starch in water. Starch is converted from 
a semi-crystalline, relatively indigestible 
form to (eventually) an amorphous (read-
ily digestible) form. The gelatinization pro-
cess (in excess water) is believed to involve 
primary hydration of amorphous regions 
around and above glass transition tempera-
ture (Tg), with an associated glassy-rubbery 
transition. This in turn facilitates molecu-
lar mobility in the amorphous regions (with 
reversible swelling) which then provokes an 
irreversible molecular transition. This irre-
versible step involves dissociation of double 
helices (most of which are in crystalline 
regions) and expansion of granules as the 
polymers (and granule interstices) hydrate.

For starch/water system it was found that 
the onset temperature (To) reflected the 
initiation of this process; it was followed by 

Figure 5: DSC thermogram corresponding to water melting of sample 6 (______ line) and the first 
derivative ( - - - - - ). The insert shows the glass transition region.
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to 69.2ºC, Tp from 75.1ºC to 78.2ºC , and 
Tc from 81.9ºC to 88.1ºC, and the gelati-
nization period varied between 14.0ºC and 
18.9ºC.

In the present study when the dough was 
heated, starch underwent a series of ther-
mal transitions which involved gelatiniza-
tion showing a characteristic biphasic en-
dotherm: peak G which has been assigned 
to the swelling of the starch amorphous re-
gion and a cooperative mediated melting of 
starch crystallites and peak M1 which cor-
responds to the melting of the most stable 
crystallites. Peak M2 is assigned to the 
melting of the amylose–lipid complexes. 
The appearance of peaks G and M1 dem-
onstrates that there was not enough water 
available in the system for the gelatiniza-
tion process.

It is generally accepted that the aqueous 
media of cooked starch can be described 
as biphasic systems, formed by a continu-
ous and a disperse phase. In many practi-
cal situations, swollen starch particles are 
the dominant structural feature (Steeneken 
1989). In mixed systems such as gluten-free 
doughs, the situation remains the same, but 
a further complication arises since the con-
tinuous phase is itself an aqueous mixture 
of amylose and added hydrocolloid; with-
out considering the possible solubilization 
of the amylopectin during pasting (Tecante 
and Doublier 1999). Depending on the 
ratio of the biopolymers and the gelling 
technique, one of the biopolymers forms a 
continuous phase into which the other is 
dispersed, or two continuous networks in a 
bicontinuous system can be formed (Autio 
et al. 2002). The picture is further compli-

Figure 6: Effect of the frozen water content, nw (g water/g dough) on the glass transition temperature, 
Tg (ºC) of the gluten-free doughs.



  

WATER

WATER 4, 1-17, June 24 2012      12 

cated by the presence of the added proteins.

Once all the available water that is exter-
nal to the granule has been exhausted, the 
cooperative plasticization process is ar-
rested, and further gelatinization depends 
upon increased levels of molecular mobil-
ity and granular swelling that are initiated 
and enhanced by heat. These conditions 
demand heating to higher temperatures 
than in excess of water. Gelatinization is 
about breakage (endothermic) and forma-
tion (exothermic) of hydrogen bonds in the 
starch; therefore it is reasonable to accept 
that there would be more breakage of intra-
molecular bonds when more water is pres-
ent, which penetrates and swells the amor-
phous region thereby increasing mobility. 
Figure 7a shows that for a given water con-
tent the addition of hydrocolloids caused a 
significant increase (P<0.05) of peak G, this 
was probably the result of the interaction 
starch-hydrocolloid, that produced a more 
stable structure, needing a higher tempera-
ture for disorganization.

The presence of hydrocolloids in the dough 
causes the union of the protons (H+) of 
water and also the linkage of the amylose 
chains with this hydrocolloid, which in 
consequence, promotes certain inhibition 
in the gelatinization, causing an increase 
of its Tp (Rojas et al., 1999). Ribotta et al. 
(2004) found that non-frozen dough with 
guar gum had a higher To than non-frozen 
dough without additives.

On the other hand, peak G temperature 
decreased when the amount of water in-
creased, maintaining constant gums con-
centration, that is, more water was available 
to penetrate the granule and mediate in the 
gelatinization process (Figure 7b).

When the frozen water content of the dough 
was progressively reduced (0.334 to 0.219g 
water/g dough), endotherms shifted to 
higher temperatures (peak G from 74.98 to 
77.34ºC) as less water was available (Figure 
8); and a linear relationship between maxi-
mum temperature of peak G and frozen wa-
ter content was found. As the amount of un-
frozen water increased, the amount of water 
capable of freezing in the conditions of the 
DSC experiments decreased; water mobility 

Figure 7: Thermograms corresponding to the ge-
latinization transition for (a) Samples 7, 8, 9 (37.5% 
water) and (b) Samples 5, 6, 9 (1.5% gums). Key for 
the formulations is given in Table 2.

Figure 8: Relationship between the temperature 
of peak G and the amount of frozen water in the 
dough determined by DSC.
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diminished and the water-diffusion medi-
ated step of the transition (peak G) needed 
more energy to occur.

With respect to the gelatinization enthal-
pies no significant differences (P>0.05) 
were observed among the samples studied.

These results support the hypothesis that 
the reduced level of solvent plasticization, 
resulting from the addition of non-aqueous 
solutes to the pure water system, produces 
the elevation of the gelatinization tempera-
ture. Reduced level of solvent plasticization 
of the amorphous growth ring regions re-
quires the input of a greater amount of ther-
mal energy before the starch granule swells 
and begins to gelatinize.

Conclusions
The effect of proteins and hydrocolloids 
content on the water availability in a glu-
ten-free pasta formulation was studied us-
ing differential scanning calorimetry. 

The analysis revealed significant interac-
tions between components in the mixture. 
Predictive regression models were used to 
plot mixture response surfaces of unfrozen 
water content and melting temperature of 
water as a function of composition. Wa-
ter-gums negative interaction mainly con-
trolled the unfrozen water content on the 
dough. The response surface methodology 
led to a “saddle” type relationship between 
the unfrozen water and the dough composi-
tion showing the complex interactions be-
tween single components.

Increasing the amount of water in the 
dough available to freeze produced a de-
crease in glass transition temperatures of 
the systems reflecting the higher mobility of 
macromolecules present.

A biphasic endotherm was observed in 
the gelatinization transition for all formu-
lations and a significant displacement to 
higher temperatures of the endotherms was 

observed when the hydrocolloids content 
was increased or water content decreased. 
As the amount of unfrozen water increased, 
freezable water and thus water mobility de-
creased and the water-diffusion mediated 
step of the transition (peak G) needed more 
energy to occur.
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Discussion with Reviewers
Anonymous Reviewer: The main point 
is that starch gelatinization was studied 
using DSC. It seems that the variation in 
water content was minor and probably 
not sufficient to have effects on measured 
properties to beyond natural variation.

V. Larrosa, G. Lorenzo, N. Zaritzky & A. 
Califano: The variation of water content in 
dough formulation was chosen keeping in 
mind that above 39.5% it was very difficult 
to handle or knead the samples and roll 
them into a sheet; below 35.5% the dough 
was extremely brittle, resisting only very 
small deformations under elongation tests 
(Lorenzo, Zaritzky and Califano, 2008). 
However, these small variations were 
enough to show significant differences in 
DSC peak temperatures.

Reviewer: The formulation design 
software is not very appropriate to study 
gelatinisation temperatures.

Larrosa, Lorenzo, Zaritzky & Califano: We 
do not understand what the reviewer means 
by “formulation design software”. There 
are several softwares that can deal with 
mixture designs and Systat 12 is certainly 
one of them. The software simplifies the 
prediction of the compositions that should 
be studied in order to minimize the errors 
in the predictions.
If the reviewer is referring to the mixture 
design chosen; mixture designs are a 

special category of response surface designs 
particularly useful when it is not the literal 
amounts of a component (factor) that 
matter but the proportion of the whole 
made up by each component and they take 
into account the interdependence of factors 
by assuming that the factors must sum to 
equal a constant value (Cornell 2002). The 
fact that the proportions must add up to 
one is the key attribute of mixture designs.
Sometimes a factorial design is employed 
because of its simplicity to establish the 
compositions of the nodes, but if, as in this 
case, two components are varied, the third 
component changes automatically. This 
effect is not considered in the usual factorial 
designs. The main distinction between 
mixture experiments and independent 
variable experiments is that with the 
former, the input variables or components 
are non-negative proportionate amounts of 
the mixture, and if expressed as fractions 
of the mixture, they must sum to one. If for 
some reason, the sum of the component 
proportions is less than one, the variable 
proportions can be rewritten as scaled 
fractions so that the scaled fractions sum to 
one.
We found that the mixture design with 
constrains used in the present work  was 
suitable to predict the surface response 
of the desired variables since using this 
approach the parameters of the polynomial 
regressions were calculated with minimum 
errors. 

Reviewer: The authors should mention that 
the calculation of unfrozen water using 
melting heats is only indicative as it does not 
take into account the melting temperatures 
etc.

Larrosa, Lorenzo, Zaritzky & Califano: 
We agree with the Reviewer that ice 
formation changes solute concentration 
in the formulation and that the latent heat 
of fusion is the average heat of melting 
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over the temperature range. According to 
published results the effective latent heat 
of fusion of ice decreased with increasing 
concentration of the solution (Kumano et 
al. 2007). These authors reported that that 
effective latent heat decreased in aqueous 
solutions, and the amount of the decrease 
in latent heat depended on the solute. It 
was also found that effective latent heat 
of fusion in aqueous solutions could be 
calculated by considering the effects of 
freezing point depression and dilution 
heat in each aqueous solution. Exothermic 
or endothermic reactions occurred when 
the solution was diluted with water due to 
melting of ice, and then effective latent heat 
of fusion varied.

However enthalpy variation is small in 
diluted solutions: for example in the case of 
NaCl solution  as the  concentration of solute 
increases from 0 to 5% w/w the enthalpy 
decreased  only from  333.9 J/kg  to  330 J/
kg (lower than 1 %). Therefore we assumed 
for our calculations of frozen water fraction 
the enthalpy of pure water. 

The fraction of frozen water was obtained 
according to the method of Weast and Astle 
(1981) as the ratio between the latent heat 
of melting determined for the material and 
the heat of melting of pure water, 333.9 J/g.


