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Abstract Dairy custard is a dessert of semisolid consistency,
whose main ingredients are milk, sugar and a gelling compo-
nent. The aim of this work was to study the influence of the
addition of xanthan gum on the rheological behavior and the
structure of low-fat custard, which was prepared with the
addition of inulin as a fat replacer. The results indicated that
the magnitudes of the storage modulus and the loss modulus
increased with the measurement frequency. A skimmed milk
sample without xanthan and inulin exhibited fluid-like behav-
ior characteristics. All other samples exhibited mechanical
spectra that were typical of weak gels, suggesting that both
xanthan and inulin can increase the elastic characteristics of
the samples. The rheological properties of the custards also
changed during storage. An ANOVA study suggested signif-
icant interactions among the variables (inulin, xanthan, type of
milk and time of storage) on the viscoelastic properties. To
substitute for the high fat content typically observed in dairy
custard, a dendrogram of similarity and a microscopic analysis
indicated that a formulation of skimmed milk containing both
inulin and xanthan gum (0.25 %) could prevent increases in
the rates of inulin aggregation.

Headings Rheological properties of the custard samples changed during
the storage time.

There were interactions among inulin, xanthan, type of milk and the time
of storage.

Inulin and xanthan gum may be used as a replacement for the fat in dairy
custards.

Xanthan gum may prevent the growth rates of inulin aggregation.
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Introduction

The presence of fat in dairy products has considerable impact
on both rheological and textural properties and influences
multiple characteristics, such as handling, stability, appear-
ance, flavor and mouthfeel [1]. With consumer preferences
for these types of products containing less fat and cholesterol,
areduction in the fat content can be achieved by a replacement
with water and several ingredients. Dairy-based custards are
very popular in multiple countries around the world,
representing a model food for the study of fat replacement.
Among the fat replacers, carbohydrate-based substances
(starch, cellulose, pectin, inulin, xanthan gum or carrageenan)
have generated increased interest with favorable physico-
chemical properties and health-friendly characteristics [2].
Starch and non-starch hydrocolloids have been used in many
foods to improve both texture and stability, facilitate process-
ing and improve the overall quality [3]. Starch is a polysac-
charide of major importance with many functional properties,
such as gelatinization, which consists of a continuous phase
enriched in amylose and a dispersed phase (more or less
ruptured starch granules containing mainly amylopectin) [3].
At various solids levels, inulin can affect the characteristics
of'aqueous solutions and has therefore been used primarily as
a texturizer. At levels above 25 %, the solutions can form
particle gels with fat-like characteristics. At levels exceeding
50 % concentrations, the gels retain a fat-like texture, with
increased firmness [4]. The presence of other hydrocolloids
and processing of the mixtures using multiple conditions
(various temperature profiles and mixing shear rates) can
affect the formation of the gel characteristics [5]. Inulin gels
are formed by a network of small crystallites, whose proper-
ties closely resemble those observed with a network of fat
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crystals in oil [6]. The formation of small insoluble inulin
particles can induce a gel-like texture [7]. These small parti-
cles can be produced by controlling the heating and the
cooling of the dissolved inulin, inducing nucleation and the
formation of small insoluble crystals [8]. Under these condi-
tions, soluble inulin can become insoluble, forming a network
with an association of polymer molecules in the polymer
solution [9]. With a high degree of polymerization (22-25),
long-chain inulin has improved thermal stability, reduced
solubility and increased viscosity, compared with the other
inulin polymers [10]. Several authors have reported that this
polymer has been used as a fat substitute in multiple dairy
products [11].

Selective non-digestible carbohydrate, such inulin and ol-
igosaccharides, that promote the proliferation of bifidobacteria
and lactobacilli have been defined as prebiotics [12]. Prebi-
otics are selectively fermented ingredients that allow specific
changes, both in the composition and/or activity in the gastro-
intestinal microbiota that confers benefits upon host well-
being and health [13]. Functioning as a prebiotic, inulin has
been associated with enhancing the gastrointestinal system
and immune system [14].

Xanthan gum is a polysaccharide used as a thickener,
increasing the low shear-rate viscosity in fluid foods without
affecting the viscosity of the food at high shear rates [15].
Xanthan gum is a unique hydrocolloid that exhibits significant
yield stress values even at low concentrations, which explains
the ability of xanthan solutions to stabilize emulsions or
suspensions with the formation of microgel particles or aggre-
gates of the xanthan polymer chains [16].

The addition of xanthan gum can increase the viscosity of
starch, influencing the gelatinization and retrogradation char-
acteristics of the starch mixtures. Both the physical properties
and the storage stability of tapioca starch can be modified
using hydrocolloids, such as xanthan gum [17]. According to
Abdulmola et al. [18], increases in the viscosities of starch—
xanthan gum mixtures may result from the interactions be-
tween the gelatinized granules that are enhanced by the
xanthan gum. In addition, xanthan gum molecules have the
ability to engage in non-electrostatic interactions with other
polysaccharides, such as the starch polymers present at the
periphery of the swollen granules [19]. Kruger et al. [20]
suggested that in the presence of gums, granule swelling was
restricted, resulting in more rigid granules which break up less
easily. Some of these mechanisms may be responsible for
increasing the viscosity of starch. Gum can also affect both
gelatinization and retrogradation of starch through strong
associations of amylose with the gum, resulting in a decrease
in the retrogradation of the starch [21].

The effects of inulin additions on the rheological properties
of fat-free dairy desserts containing various starch concentra-
tions were compared with the properties of full fat milk
samples [22]. Using inulin as a fat replacer with fixed amounts

of skimmed milk and starch, Arcia et al. [23] determined the
rheological properties of starch-based low fat dairy dessert
samples, suggesting that an ideal thickness (viscosity) can be
achieved with formulations containing inulin in the range
from 3.5 to 6 %. Gonzalez-Tomas et al. [24] suggested that
the effects of multiple types of inulin on the viscoelastic
properties of the semisolid dairy systems formulated with
either skimmed or whole milk were greatly dependent on the
starch concentration, the type of milk and the amounts of
inulin. Tarrega et al. [11] studied the rheological and sensory
properties of long-chain inulin and short-chain inulin com-
bined in various proportions and subsequently added (7.5 g/
100 g) to low-fat custards. Using a 50:50 blend of the long-
chain and short-chain inulins, this mixture combined with
carrageenan produced thick, creamy custard samples, which
were preferred over the full-fat custard.

The aim of this work was to study the influence of the
addition of xanthan gum on the rheological behavior and the
structure of low-fat custard, which was prepared with the
addition of inulin as a fat replacer.

Materials and Methods
Materials

Samples were prepared with long chain length inulin (>23
monomers) (Frutafit® TEX!), provided by Sensus (Brenntag
Quimica, Barcelona, Spain), commercial whole (25 % w/w
protein, 39 % w/w carbohydrate, 26 % w/w fat and 1.2 % wiw
calcium) and skimmed (34 % w/w protein, 52 % w/w carbo-
hydrate, 1 % w/w fat and 1.2 %w/w calcium) milk powder
(Central Lechera Asturiana, Siero, Spain), hydroxypropylated
tapioca di-starch phosphate (C* Creamtex 75720; Cerestar
Ibérica, Spain), mineral water (Font Vella, Spain), potassium
sorbate and potassium benzoate (Panreac, Quimica SA,
Spain), xanthan gum (Kalys, Bernin, France) and commercial
sucrose.

Sample Preparation

Four skimmed-milk samples (S) and four whole milk samples
(W) varying in inulin and in xanthan gum content were
prepared. Two more samples, one prepared with skimmed
milk and the other with whole milk without added inulin or
xanthan gum were used as control. The amounts of the
rehydrated milk (80 % w/w), sugar (6 % w/w), potassium
sorbate (0.05 % w/w) and potassium benzoate (0.05 % w/w)
and starch (3 % w/w, corrected for moisture content) were
fixed. Starch moisture content was determined with a LJ16
moisture analyzer (Mettler Toledo GmbHB, Greifensee, Swit-
zerland). Mineral water was added up to 100 % w/w. Sample
identification and composition was in Table 1.
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Table 1 Identification and compositions of the custard dessert samples
with two milk types, with and without the additions of inulin and xanthan

gum

Sample code Milk type Inulin Xanthan gum
concentration concentration
(Yow/w) (Yow/w)

Sa Skimmed - -

Sb Skimmed - 0.5

Sc Skimmed 7.5 -

Sd Skimmed 7.5 0.25

Se Skimmed 7.5 0.5

Wa Whole - -

Wb Whole - 0.5

We Whole 7.5 -

Wwd Whole 7.5 0.25

We Whole 7.5 0.5

Starch (3 %), Sugar (6 %), Potassium sorbate (0.05 %) and Potassium
benzoate (0.05 %) remained constant in all samples

Skimmed and whole milk were prepared with the same
protein content (2.7 % w/w) by dissolving skimmed (7.95 %
w/w) and whole milk(10.8 % w/w) powders in mineral water.
Milk powder was dispersed at 250 rpm and 85 °C for 10 min,
with the help of a magnetic stirrer and a hot plate (Ared, Velp
Scientifica, Usmate, Italy) and stored at 4+1 °C overnight to
ensure complete hydration of milk proteins.

Custard samples were prepared as described previ-
ously by Gonzalez-Tomés et al. [25]. Ingredients
(starch, sugar, inulin and/or xanthan gum) were weight-
ed in a flask and rehydrated milk was added at room
temperature and then they were mixed by magnetic
stirring for 10 min. The flask was placed in a water
bath at 97+1 °C and stirred at around 200 rpm con-
stantly with a propeller stirrer (Heidolph RZR 1,
Schwabach, Germany). When the product temperature
reached 85+1 °C, it was held for a further 15 min and
then cooled in a water bath at 10+1 °C. Finally, the
evaporated water was replaced gravimetrically and the
samples were stirred, transferred to closed flasks and
stored under refrigeration (4+1 °C) prior measure-
ments. Rheological, particle size and microscopy analyses
were realized after 1, 3, and 6 days of storage.

Viscoelastic Properties

The rheological measurements were carried out with a
controlled stress rheometer (RheoStress 1, Haake,
Karslruhe, Germany), using a sensor based on parallel-
plates geometry (6 cm diameter and 1 mm gap). A
temperature of 10+1 °C was kept constant during
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measurements by means of a Phoenix P1 Circulator
device (Thermo Haake, Karlsruhe, Germany).

First, to determine the linear viscoelasticity range
(LVR), stress sweeps were run at 1 Hz. After that, the
frequency sweeps were performed within LVR, over the
range from 0.1 at 10 Hz and the values of the storage
modulus (G") and the loss modulus (G") were registered
as a function of frequency using the Rheowin Job
software (v. 2.93, Haake) [26].

To characterise the viscoelastic behaviour of samples
the plot of the G’ and G” values versus angular frequency
(w, in Hz) was fitted to the Power law equation [27]:

G =Ko (1)

G = k//wn” (2)

k'and k” were the intercepts and n’and n” were the slopes.

Particle-size Distribution

Particle size distributions were measured using a laser
diffraction particle size analyzer (Mastersizer 2000,
Malvern Instruments Ltd., England). Measurements were
made in the range from 0.1 to 1,000 um, with the
following conditions: refractive index value of 1.53
[28] particle absorption coefficient of 0.1 and refractive
index value of water of 1.33. Volume mean diameter
values (D[3, 4]) and the diameters D;,, Dsy and Dy,
were calculated using the software Mastersizer 2000, V.
5.40. Three measurements in cycles of 10 s were per-
formed for each sample.

Microstructure

The microstructure of the different samples was examined
using an optical microscope (Nikon Eclipse 90i) coupled to
a digital camera (Nikon DS-5MC). Samples were placed in
glass slides with a cover slip and observed using 20x
magnification.

Statistical Analysis

The effects of inulin and xanthan gum contents and the storage
times on viscoelastic properties for custard samples were
studied through analyses of variance, using two ways
ANOVA. Hierarchical cluster analysis was used to search
the natural groupings among the samples. The sample simi-
larities were calculated on the basis of the squared Euclidean
distance, and the Ward method was used in order to establish
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clusters. Analyses and calculus were realized using statistical
software SAS version 9.3.

Results and Discussion

Influence of Sample Compositions and Storage Times
on the Viscoelastic Properties

Influence of Either Inulin or Xanthan Gum Additions

The storage modulus (G") and the loss modulus (G”) as a
function of the frequency were determined at 10 °C for
custard containing either xanthan gum or an inulin mix-
ture, as well as a control without either polymer (Fig. 1).
The magnitudes of G' and G” increased with increasing
frequencies. According to Mezger [29], the G' value is a
measure of the deformation energy stored in the sample
during the oscillation process, representing the elastic
behavior of a sample. The G” value is a measure of the
deformation energy used up in the sample during the
oscillation and lost to the sample afterwards, representing
the viscous behavior of a sample.

For samples of custard mixtures containing skimmed milk
without either inulin or xanthan gum (Sa), the G” values were
larger than the G’ values over the entire frequency range. The
two values converged at high frequencies, which is a charac-
teristic of non-gelling, liquid-like systems. Zimeri & Kokini
[30] found this non-gelling behavior in samples with total
polymer concentrations of 2 % and 5 % using an inulin to
waxy maize starch (ratio 50:50) mixture over the entire fre-
quency range, with both G’ and G" parameters exhibiting
strong frequency dependence with convergence at high fre-
quencies. An addition of either xanthan (Sb) or inulin (Sc)
resulted in a change in behavior, where G’ exceeded G” and
both were frequency-dependent, the characteristic of weak
gel-like structure. For the samples containing xanthan gum,
the values of G’ were higher than the samples containing
inulin. For rice starch-xanthan gum mixtures (5 %w/A), it
was reported that the magnitudes of G’ and G” increased with
increasing concentrations of xanthan gum, with the mixtures
exhibiting weak gel-like behaviors [31]. Similar trends were
observed by Viturawong et al. [32]. Based on the macroscopic
behavior of gelled systems, true gels are a consequence of the
development of the three dimensional networks, with weak
gels characterized by a tenuous gel-like network that can be
easily broken with enough applied stress [33].

The mechanical spectra for custards containing whole milk
are shown in Fig. 1. For all these samples (Wa, Wb, Wc), the
G’ values were larger than the G” values, with both moduli
dependent upon the frequency, exhibiting behaviors that are

characteristic of weak gels. The values of these parameters for
the samples with either xanthan (Wb) or inulin (Wc) were
much greater (10-fold) than the values for the Wa sample. For
the two samples (Wb, Wc), the values of G' were higher with
the addition of the xanthan gum. That is, for samples contain-
ing xanthan as the gum, larger values of G’ were obtained than
for the samples containing inulin. The different gelling mech-
anism found among xanthan gum (Wb) and inulin (Wc) was
explained by several authors. Abdulmola et al. [18] mention
that in the case of the granules remain intact, the swollen
starch granules are surrounded by the continuous watery
phase containing the dissolved xanthan gum. On the other
hand, whether long-chain inulin is used at high concentrations
can interact with each other forming small aggregates, which
occlude a great amount of water [11] and there are the com-
petition between inulin and starch for water [22]. Different
molecular weight of the employed hydrocolloids could also
have influenced in this behavior. Dan et al. [34] reported that
the weight average molar mass of inulin monomer and its
aggregate was 4,468 and 1.03x10° g/mol, respectively, in
aqueous solution, meanwhile the molecular weight of com-
mercial xanthan gum is usually in the range of 10° g/mol [35].

In the figure is also observed different gelling mechanism
among Wa and Sa, which is influenced by the higher presence
of fat globules that can affect their structure [25], and to the
possible interaction between this component and starch. In
addition, the more fluid-like behaviour in skimmed-milk sam-
ples may be attributed to a possible release of water from
starch granules in the continuous phase during storage, and
this phenomenon did not seem to affect the whole-milk
sample structure [36].

Clark & Ross-Murphy [37] classified two types of gelled
systems based on a determination of the gel with mechanical
spectroscopy, designating strong gels as those networks that
have finite energy and weak gels as those systems that are
transient in time and exhibit several properties usually attrib-
uted to the presence of hyperentanglements. This effect of
time was also observed in these samples, as shown in the
figure. In these formulations of custard, the values of G’ and G
" increased with time, with the strength of the structure in-
creasing during storage. Similar observations were reported
by Torres et al. [36] for dairy desserts containing long chain
inulin, with the seven-day mechanical spectra obtained for the
samples containing long-chain inulin suggesting high visco-
elastic moduli values, indicating more structured systems. On
the other hand, Sb was not influenced by the storage time and
it may be due to presence of xanthan gum in the continuous
phase, which protects the starch granules from breaking and
swelling is also restricted, resulting in more rigid granules
which break up less easily by preserving their structure [19].
In addition, granule integrity is a prerequisite for synergistic
rheological effects between xanthan and starch [38], and this
way, this interaction improves the stability during storage.
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Other reports in the literature also found that the addition of
long-chain inulin at concentrations of 6 and 7.5 g/ 100 g to
custard desserts can significantly change the rheological be-
haviors by increasing the consistency, viscosity and elasticity
of the systems [24]. Torres et al. [36] suggested that long-
chain inulin has the ability to crystallize and form aggregates,
creating a new structure (without the occlusion of water)
within the continuous phase that is responsible for increasing
the elastic response of the system. In addition, Tarrega et al.
[39] indicated that the increase in the starch granule rigidity

@ Springer

combined with several milk components (casein or fat) may
affect the entire system structure, altering the rheological
properties. In a study on the effects of skimmed milk compo-
nents on the rheological properties of highly cross-linked
waxy maize starch suspensions, Matser & Steencken [40]
found that lactose increased the system storage modulus
values, attributing this increase to an increase in the rigidity
of the starch granules. The addition of casein micelles also
increased the G’ values of starch—skimmed milk systems,
possibly resulting from the exclusion of the casein micelles
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from the swollen starch granules and the consequential in-
crease of the milk protein concentrations in the voids between
the starch granules. Kip et al. [41] suggested that there are
interactions between the inulin and the dairy components,
such as whey proteins and caseinate.

To characterize the viscoelastic behavior of both skimmed
and whole milk custard dessert systems, the plots of the G’ and
G" values versus frequency were fitted to the Power law
equation (Egs. 1 and 2). The model parameters and the regres-
sion coefficients are listed in Table 2, indicating that both the
storage modulus and the loss modulus versus frequency data
were fitted adequately (R*>0.90) for all the dairy custard
samples.

According to Bayarri et al. [42], both k' and k" are param-
eters providing information on the structure of sample, with

the n" and n” values providing information on the variation of
the moduli with frequency. The viscoelastic behavior can be
classified as fluid-like (k”">k’), concentrated solution (k'=k")
and gel-like (k'>k") structures. For values of the parameter k'’
exceeding the values of k”, G’ at a particular frequency
predominates.

For the skimmed-milk sample (Sa) that did not contain
either inulin or xanthan, the n’ value was close to 1 with k">
k', confirming the predominantly viscous character of this
sample. The addition of either xanthan gum or inulin caused
dramatic increases in the elastic characteristics, with samples
containing whole milk exceeding the values measured for
skimmed milk. Among the samples, these increases in
the elastic properties were highest in the custard samples
containing xanthan gum. The intercepts (k'and k") were

Table 2 Power relationship between G', G” and the oscillatory frequency of two milk types at various concentrations of inulin and xanthan gum

(identification of samples in Table 1)

Storage time G’ G”
Sample K'(Pa.s™) n' R? k"(Pa.s™) n” R?
Sa 1 2.2+0.9 1.112+0.211 0.90 5.94+0.5 1.075+0.245 091
3 2.6+0.5 1.199+0.091 0.97 52405 0.839+0.049 0.97
6 2.840.1 3.947+0.71 0.92 5.4+04 1.967+0.209 0.95
Sb 1 1,428+7.7 0.123+0.002 0.99 330.3+3.9 0.130+0.006 0.96
3 1,261£1.6 0.131+0.001 0.99 302+6.5 0.143+0.011 0.90
6 1,270+2.1 0.137+0.000 0.99 301.8+3.6 0.129+0.006 0.96
Sc 1 23.2+1.6 0.507+0.039 0.94 16.1+0.7 0.647+0.024 0.99
3 111+2.9 0.183+0.014 0.99 39.3£0.7 0.487+0.011 0.99
6 268.1+5.1 0.125+0.009 091 729423 0.429+0.018 0.93
Wa 1 34.02+1.8 0.336+0.032 0.90 22.9+0.6 0.602+0.015 0.99
3 52.11+1.0 0.216+0.01 0.96 26.3+0.8 0.613+£0.016 0.99
6 90.39+2.2 0.191+0.013 0.92 31.8+0.8 0.537+£0.014 0.99
Wb 1 1,450+7.2 0.118+0.002 0.99 319.9+4.6 0.131+0.007 0.94
3 1,605+12.5 0.132+0.004 0.98 346.9+5.0 0.126+0.007 0.94
6 1,795+8.8 0.126+0.002 0.99 385.8+6.4 0.120+0.008 0.92
We 1 188.8+5.4 0.132+0.014 0.90 43.6+14 0.496+0.019 0.98
3 976.4+8.4 0.080+0.004 0.95 181.3£5.3 0.326+0.017 0.96
6 1,291£12.6 0.093+0.004 0.95 235.8+4.1 0.243+0.010 0.97
Sd 1 848.7+2.8 0.154+0.001 0.99 242+3.5 0.196+0.008 0.97
3 1,255+3.3 0.154+0.001 0.99 3314454 0.151+0.008 0.94
6 1,432+4.9 0.141+0.001 0.99 360.4+5.2 0.159+0.007 0.96
Se 1 1,335+1.8 0.126+0.000 0.99 302.6+5.2 0.148+0.009 0.94
3 2,220+6.4 0.115+0.001 0.99 440.8+6.2 0.130+0.007 0.95
6 2,296+4.0 0.117+0.001 0.99 508.7+1.3 0.152+0.014 0.90
Wwd 1 1,057+3.0 0.134+0.001 0.99 269.1+5.2 0.163+£0.010 0.93
3 1,737+6.7 0.120+0.001 0.99 398.2+8.8 0.155+0.011 091
6 2,069+9.1 0.116+0.002 0.99 457.8+8.2 0.134+0.009 0.92
We 1 2,058+5.5 0.114+0.001 0.99 452.349.1 0.148+0.011 0.92
3 2,346+37.1 0.098+0.007 0.90 489.3+9.5 0.135+£0.010 091
6 2,703+7.1 0.110+0.001 0.99 558.9+8.2 0.138+0.007 0.95
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clearly lower for the skimmed milk samples than for the
whole milk samples. In all samples except Sb, the values
for k' and k" increased with time. In Table 2 also is
showed than skimmed milk has intercept values of k' and
k" lower than whole milk. This behavior indicated that
skimmed-milk has characteristic more viscous than elas-
tic and that the whole-milk showed a more pronounced
gel-like characteristic than skimmed-milk. In the table is
also observed that those values for Sb sample was not
changed with storage time, this way, it was confirmed
that xanthan gum improves the stability of this sample. It
is also showed the influence of the addition of xanthan
on desserts enriched with inulin, which drastically in-
creased those parameters.

The Sa sample had a high value of n’, suggesting that G’
increases dramatically with frequency. Dynamic rheological
data for all samples except for Sa showed that the n’ values
(0.12-0.51 Pa.s™) were lower than the n” values (0.13—
0.64 Pa.s™"), indicating that the storage modulus and the loss
modulus were slightly dependent on frequency and exhibited
weak gel behavior characteristics. For the n” values exceeding
the n' values, G” increased faster than G’ with increasing
frequency values.

Influence of the Addition of Xanthan on Desserts Enriched
with Inulin

The changes in the storage modulus (G’) and the loss modulus
(G") values for skimmed milk (Sd and Se) and whole milk
(Wd and We) as a function of the frequency for custards
containing both xanthan gum and an inulin (7.5 % w/w)
mixture at 10 °C were determined and shown in Fig. 2. The
magnitudes of G’ and G” increased with increasing frequency
values.

For custard samples containing either whole or skimmed
milk, the mixtures of inulin and xanthan resulted, in general,
in an increase of these two properties, with increased values
observed at 0.5 % of xanthan gum. For these samples, the
values of G" were larger than G", characteristic of weak gels
with a slight dependence on the frequency for the dynamic
moduli. These results suggest the existence of relaxation
processes, occurring even at short time scales with decreased
differences between the moduli values, indicating that a low
percentage of the stored energy was recovered [33]. The G
and G” values also increased with time.

In a model of the mechanical spectra using a structural
perspective, true gels are characterized by zero value for the
parameters n’ or n”, with either weak gels or highly concen-
trated dispersions having positive values and G’ exceeding G”
over a wide range of w [37]. As shown in Table 2, the values
of k' were higher than k" over most of the frequency range,
indicating that all samples had behavior that was gel-like
characteristic. For all samples, the results indicated that the
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storage and loss modulus were slightly dependent on frequen-
cy and exhibited weak gel behavior characteristics. These
results suggest that these samples were more predominantly
elastic than viscous, and the samples were more elastic at
increased xanthan gum concentrations. These increases in
the constants were further amplified with the addition of
inulin, indicating that the presence of xanthan may lead to
the promotion of inulin aggregation.

For all samples, the exponent values n” were higher
than n’, indicating that, with increases in the frequency,
G" increased at a higher rate than the increases in G’, as
shown in Table 2. In addition, the values of n’ and n”
decreased with increasing xanthan concentration.
Heyman et al. [35] mention that xanthan generally en-
gages in strong intermolecular associations with starch,
and they demonstrated that the network synergy between
gums and starches is not purely additive and depends
strongly on the concentration of both. These decreases in
the exponent values n” and n’ indicated a reduction in
the increasing rates of both G” and G'.

The k' and k" values increased with increasing xanthan
concentration (at 7.5 % of inulin) and storage times (days). In
general, on the third day of storage, both n" and n” values had
slightly decreased.

These behaviors can be explained by the associations of
ordered chain segments of proteins and globules of fat in the
milk powder, starch, inulin and xanthan gum mixtures, gen-
erating a weak three dimensional network, as suggested by
Choi & Yoo [43] for starch xanthan-gum mixtures. The addi-
tion of xanthan gum and inulin appeared to contribute syner-
gistically to the rheological properties of the custard samples.
The synergistic interactions were related to the formation of
continuous networks. Hébette et al. [8] mention that the prop-
erty of long-chain inulin to act as fat replacer is based on its
capacity to form microcrystals, which interact with each other
thereby forming small aggregates that ultimately may agglom-
erate into a gel network. Meyer [44] suggested that improve-
ments in homogeneity were observed with the addition of both
xanthan gum and inulin in beverage systems. The synergistic
interactions between heat-denatured whey proteins and
xanthan gum at low concentrations were also related to the
formation of two continuous networks that resulted from the
segregated phase separation prior to gelation [45]. Compared
with the interactions of starch and water, the increased affinity
of water towards inulin can influence the viscosity of starch
and inulin aqueous systems [44]. Christianson et al. [21]
reported synergistic interactions between wheat starch and
xanthan gum, as measured by the viscosity. Gelation arises
either from chemical cross-linking with covalent reactions or
from physical cross-linking through polymer-polymer inter-
actions [46].

In conclusion, the increases in G’ were more pronounced
for the whole milk samples than for the skimmed-milk
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samples. With an inulin and xanthan gum (0.5 % content)
mixture, increased values of G’ were obtained, exhibiting an
improved elastic response.

To compare the effects of storage times on the sam-
ples, the values of G’ and G” at 1 Hz were evaluated in
Fig. 3. For the storage modulus and the loss modulus,
an analysis of variance indicated that the effects of
inulin, xanthan gum and storage time had significant
interactions (p<0.05), suggesting that variations in the
viscoelastic properties of the custard samples during
storage were dependent on these two components. The
type of milk also contributed to the viscoelastic proper-
ties of the studied dispersions (p<0.05).

Among the samples studied, the G’ values had in-
creased values for the Wb and Sb samples, with re-
duced values for the Wa and Sa samples. The samples
Sc and Wc had G’ values that increased significantly
(»<0.05) with time (Fig. 3a). As shown in Fig. 3b,
similar behaviors were observed in the G” values of
the samples. As shown in Fig. 3c, the G’ values were
high for We. For all samples, the G’ values increased
significantly with time (p<0.05). Similar behaviors were
observed with the G” values (Fig. 3d).

Particle-size Distributions

As shown in Table 3, the size distributions were monomodal
for samples without either inulin or xanthan gum (Sa and Wa),
with values ranging from 36.5 to 40.1 um (D[3, 4]). These
distributions represent the particles found in a basic custard
system and should correspond to the dispersed swollen starch
granules [28, 36]. The skimmed-milk contains only xanthan
(Sb) had also monomodal distribuition. The other samples had
bimodal distributions, corresponding to a second population
of particles. These second populations may have resulted from
the presence of either fat globules in the whole milk sample
(WD) or particles of inulin (Sc, Sd, Se) that may have crystal-
lized. Changes in the particle-size distributions were observed
during storage for samples Wec, Wd and We, changing to
trimodal distributions with time. According to Torres et al.
[36], these populations of particles could be both fat globules
and inulin aggregates. These aggregates were formed after
3 days of storage. However, a possible explanation to distri-
bution profiles were changed upon storage, as seen from the
development of bimodal or trimodal distributions in several
systems, is as consequence that Sc, We¢, Wd and We samples
were unstable upon storage.

Samples that contained both inulin and xanthan gum mix-
tures had small diameters D[3, 4], ranging from 34.2 to
37.7 um. Furthermore, addition of xanthan on desserts
enriched with inulin contributed to reduce significantly
(»<0.05) volume mean diameter values (D[3, 4]) of the
population of particles.

@ Springer

Table 3 Particle size distributions (um) of the dairy custard samples with
skimmed milk and with whole milk powder at various concentrations of
inulin and xanthan gum (identification of samples in Table 1)

Sample day Span® D[3, 4] D#*
Sa 1 0.939y 38.809f,g m
3 1.011x 39.850c,d,e,f m
6 1.015x 39.808c,d,e,f m
Sb 1 1.109n 42.122b,c,d m
3 1.086p 40.602c,d m
6 1.029v 40.449¢,d m
Sc 1 1.023w 40.362¢,d,e m
3 1.0950 41.888b,a b
6 1.043 t 40.911b,c,d b
Sd 1 1.492j 35.647j,k,1 b
3 1.521i 34203 m b
6 1.660c 35.051 Lm b
Se 1 1.531 h 37.637 g,h b
3 1.550f 37.672 gh b
6 1.541 ¢ 36.964 h,i b
Wa 1 1.053 s 36.501 h,i,j m
3 1.034u,v 39.970c,d,e,f m
6 1.036u 40.103c,d,e m
Wb 1 1.077q,r 42.693a b
3 1.075r 42.496a b
6 1.0940 41.028b,c b
We 1 1.081p,q 38.742f,g b
3 1255 m 39.743d,e,f t
6 1.289 1 39.206e,f t
wd 1 1452 k 35.188 k,Im b
3 1.565¢ 35.372j,k, L m b
6 1.724a 36.3751,5,k t
We 1 1.645d 37.075 h,i b
3 1.644d 37.617 g,h b
6 1.696b 36.372i,5,k t

#Span of particle size distributions

d(0.9)-d(0.1)

Span = d(0.5)

Where d(0.1), d(0.5) and d(0.9) are the particle lengths in pm at 10th,
50th, and 90th percentiles of cumulative mass distribution, respectively
D** Distribution: mono (m), bi (b) and three (t) modal

In order to express the degree of uniformity, the
relative span of a particle size distribution was also
used. The particle span slightly increased from 0.939
to 1.724 and the uniformity of distribution of the sam-
ples differed significantly. When mass relative span is
greater than 1 indicate a wide distribution of particle
sizes. The span increased when was added either inulin
or xanthan gum and both polymers, and in the sixth day
the span also increased significantly.
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Meyer et al. [47] reported that custard desserts made with
either whole-milk or skimmed-milk had inulin particles less
than 10 pm, a size range that is similar to the values observed
with fat globules.

Structure Microscopic Analysis

As shown in Fig. 4, light microscopy images were obtained
for custard samples formulated with either whole-milk or
skimmed-milk. For all samples, particles of gelatinized starch
granules were observed. Aggregated particles (Sc and Wc)
were also observed, indicating that the aggregation of inulin
crystals occurred in the continuous phase. The inulin aggre-
gation also increased the effective fraction volume, providing
an explanation for the important rheological and sensory
changes observed in the low-fat starch-based dairy desserts
formed with long-chain inulin [47]. In inulin-enriched des-
serts, Arcia et al. [48] observed spontaneous nucleation of
inulin with two different steps, with the first step leading to
large particles and the second step generating small ones.
These crystallites can act like seeding crystals [49]. Torres
et al. [36] showed that inulin particles with a sizes ranging
from 0.1 to 10 wm were formed and progressively increased in
number during the first 7 days of storage. As a consequence of

Fig. 4 Light micrograph images
(%20) for the skimmed and whole
milk custard dessert samples:
(Sc), (Sd), (Se), (Wc), (Wd) and
(We), obtained on the third day of
storage. Identification of samples
in Table 1

the inulin aggregation, the rheological properties of the cus-
tard changed, showing important increases in the consistency,
thixotropy and elasticity characteristics. Tarrega et al. [11]
indicated that the consistency, the elasticity and the abundance
of inulin aggregates in the product increased with the
proportion of long chain molecules (DP>20).

Meyer [44] suggested that the submicron-sized crystals can
form aggregates that are interlinked into a network, with the
rate of either precipitation or crystallization (and consequently
the size of the inulin particles) depending on the temperature,
the concentrations of the components and the cooling process
characteristics. Within a few hours, the free water can be
captured in the network of crystallized inulin particles,
resulting in a gel structure.

In formulations containing inulin and xanthan gum at
0.25 % (Sd and Wd) and 0.5 % (Se and We), micrograph
images displayed abundant inulin particles, with decreased
sizes of the inulin aggregates, as compared with the formula-
tions without xanthan gum. Sworn [50] suggested that the
xanthan molecules in solution form intermolecular aggregates
through hydrogen bonding and polymer entanglements. As
previously observed, the diameters D[3, 4] were less with the
addition of a xanthan and inulin mixture. With a high number
of hydroxyl groups, inulin may play a role in the hydrogen

@ Springer
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bonding in food systems by influencing the solubility of other
water-binding ingredients, such as xanthan gum and starch,
and competing for the available water as the solvent [44]. The
presence of xanthan gum may have decreased the growth rates
of the inulin aggregates. Torres et al. [36] mention that the
exclusion effect of the starch, would lead to the formation of
aggregates containing inulin crystals and a progressive aggre-
gation of inulin crystals took place in the continuous phase,
thereby increasing the effective fraction volume. When
xanthan gum is also present in the continuous phase may
affect the formation of aggregates containing of inulin crys-
tals. Upon heating above the transition temperature, xanthan
loses its helical conformation and converts to a random coil
and after that, when the denatured xanthan molecules are
cooled, the helical conformation is restored [35]. Xanthan
gum molecules have the ability to engage in non-
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Fig.5 Dendrogram of similarity among the custards dessert samples. 1d,
3d and 6d indicate the first, the third and the sixth day of storage.
Identification of samples in Table 1
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electrostatic interactions with other polysaccharides during
cooling and it was proven that these interactions are sup-
pressed by the helical conformation [51, 52]. Our results of
particle-size distributions and microscopy indicated that in
formulations containing inulin and xanthan gum at 0.25 %
and 0.5 % displayed abundant inulin particles, with decreased
sizes of the inulin aggregates, as compared with the formula-
tions contain inulin without xanthan gum. This way, xanthan
gum assisted the retardation of inulin aggregate.

Cluster Analysis

A cluster analysis of the custards analyzed at various days of
storage is presented as a dendrogram in Fig. 5. As shown in
the figure, clear clusters were found to be present. The forma-
tion of groups based in the measurement of the Euclidean
distance among the samples and the similarity level of each
sample were determined by the distance of the horizontal line
in the dendrogram, with short distances indicating strong
relationships. Considering a distance of 80, the samples at
various days of storage were segmented into three clusters,
which can be identified as follows: the first cluster (1) was
composed of 14 samples (Sb, Sd, Wb and Wd); the second
cluster (2) contained 10 samples (Sa, Sc and Wa); and the third
cluster (3) included 6 samples (Se and We). With respect to
sample Wa, the first day of analysis was within the second
cluster. With increased storage time, these values accumulated
in the first cluster.

From a rheology perspective, the skimmed milk system
with only 0.5 % xanthan addition yielded elastic (gel-like)
behavior and was very stable upon the storage condition
studied. Inulin was needed to improve taste and texture prop-
erties, and increase health benefits to the prepared low-fat
custard. As a replacement of the fat content in dairy custard
with the formulation Sd may also be advantageous, as Sd
contained less concentrations of xanthan gum using inulin as
a prebiotic, producing a formulation that may prevent the rate
of inulin aggregation.

Conclusions

The results indicated that the magnitudes of the storage mod-
ulus and the loss modulus increased with frequency. Skimmed
milk samples without xanthan and inulin exhibited fluid-like
behaviors, with values of G” exceeding G'. For all the other
samples, the mechanical spectra were generally typical of
weak gels, with values of G’ exceeding G", suggesting that
xanthan and inulin led to increases in the elastic characteristics
of the samples. The rheological properties of the skimmed
milk custard dessert contains only xanthan was not influenced
by the storage time. A dendrogram of similarity and a
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microscopic analysis indicated that the fat content in dairy
custard could be replaced with a formulation of skimmed milk
containing both inulin and xanthan gum (0.25 %), which
would prevent the growth rate of the inulin aggregates.
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