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Abstract

The physical attributes of dairy products are related to the formulation, quality and processability of the product. In this work,
the water state, particle size, viscosity, and viscoelastic properties of three yogurt formulations with different protein contents
(standard, protein-rich and Greek-type) were evaluated. The melting enthalpy of water was evaluated by DSC, revealing that water
molecules are found in different water states. Laser diffraction measured the particle size of the microgels; bimodal distributions
were observed in the yogurts. The protein-rich and Greek-type yogurts had the smaller sizes with average D[4,3] values of 26.4
and 24.8 um, respectively. The viscosity of the yogurts was fitted to the power law and Herschel-Buckley models, in which greater
yield stress was found for the Greek-type yogurt. Small amplitude oscillatory shear experiments revealed the elastic behavior of
the samples, with higher elastic moduli for the Greek-type yogurt. Large amplitude oscillation stress (LAOS) experiments were
used to evaluate the nonlinear rheological response of the yogurts. 3D-Lissajous curves revealed that standard and high-protein
yogurts display similar shear-thinning behavior as the shear stress increases, but this was less remarkable in the Greek-type
yogurt. This study can be used to determine the most relevant parameters for dairy food formulation.
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Resumen

Los atributos fisicos de los productos lacteos estdn relacionados con la formulacién, la calidad y la procesabilidad del producto.
En este trabajo se evaluaron el estado del agua, el tamafio de particula, la viscosidad y las propiedades viscoeldsticas de tres
formulaciones de yogur con diferentes contenidos proteicos (estdndar, rico en proteinas y tipo griego). La entalpfa de fusién del
agua se evalu6 mediante DSC, revelando que las moléculas de agua se encuentran en diferentes estados de agua. La difraccién de
Laser midi6 el tamafio de particula de los microgeles; se observaron distribuciones bimodales en los yogures. Los yogures ricos
en proteinas y de tipo griego tenfan los tamafios mds pequefios, con valores D[4,3] medios de 26,4 y 24,8 um, respectivamente.
La viscosidad de los yogures se ajust6 a los modelos de ley de potencia y de Herschel-Buckley, en los que se encontré un mayor
limite eldstico para el yogur de tipo griego. Los experimentos de cizallamiento oscilatorio de pequefia amplitud revelaron el
comportamiento eldstico de las muestras, con mayores médulos eldsticos para el yogur de tipo griego. Se utilizaron experimentos
de tension oscilatoria de gran amplitud (LAOS) para evaluar la respuesta reoldgica no lineal de los yogures. Las curvas 3D-
Lissajous revelaron que los yogures estdndar y ricos en proteinas muestran un comportamiento similar de adelgazamiento por
cizallamiento a medida que aumenta la tensién de cizallamiento, pero esto fue menos notable en el yogur de tipo griego. Este
estudio puede utilizarse para determinar los pardmetros mds relevantes para la formulacién de alimentos lacteos.

Palabras clave: yogur, agua congelada, tamafio de particula, viscosidad, propiedades viscoeldsticas, curvas de Lissajous.
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1 Introduction

Food processing has evolved over recent decades,
and its main objective has been to preserve and
stabilize food. Technologists are currently looking
for improvements in sanitary and nutritional aspects,
and textural and sensory attributes, and sustainable,
safe and diverse production (Flores-Silva et al.,
2022). Yogurt is a dairy product obtained by the
fermentation of milk by Streptococcus thermophilus
and Lactobacillus delbrueckii ssp. Bulgaricus, which
produces lactic acid, which slowly decreases the pH
of the system, creating a lovely protein gel (Sandoval-
Castilla et al., 2004). The nutritional value of yogurt
is usually greater than that of milk due to the higher
content of protein, calcium, phosphorus, vitamins, and
nutrients produced during fermentation (Vélez-Ruiz
et al., 1997). Diverse types of yogurts are marketed
around the world, e.g., standard yogurt, low-fat yogurt,
Greek yogurt, vegan yogurt, and drinkable yogurt,
among others, and their acceptance is often related
to viscosity, texture, appearance, flavor, nutritional
content, and mouthfeel (Farag et al., 2022). These
characteristics are correlated with the composition of
the sample (protein, fat, water, stabilizer agents, total
solid content, etc), fermentation process conditions
(temperature, starter cultures, fermentation reaction,
etc), final pH, and physical properties of the final
sample such as particle size distribution, viscosity,
density, and water activity, among others (Erturk et
al., 2021; Farag et al., 2022; Gilbert et al., 2021,
Sala et al., 2008; Sandoval-Castilla et al., 2004). Dairy
gels are recognized for their capacity to retain water,
which is associated with proteins/carbohydrates to
enhance the microstructure and quality of yogurts.
DSC is one of the tools used to investigate water-
related thermal processes, including crystallization,
melting, protein denaturation, starch gelatinization and
glass transition events (Espinosa-Andrews et al., 2018;
lijima et al., 2021). Water in foods has different
thermodynamic states, including nonfreezing water
(bounding water) and freezing water (which shows
crystallization or melt transition during cooling or
heating, respectively). In particular, the composition
and fermentation process of yogurts can impact
the water holding-capacity of the protein network
altering the rheological properties and microstructure
(Najgebauer-Lejko et al., 2020).

According to the literature, the microstructure
of fermented dairy products such as fresh cheese
and yogurt is described as a suspension of weakly
interconnected microgels in a continuous phase
(Gilbert and Turgeon 2020; Gilbert et al., 2021;
Heck et al., 2021). Microgels are individual or
aggregated fragments of primary particles of fat
droplets and proteins (mainly whey protein/casein

micelle complexes) that are not destroyed or partially
destroyed during shearing (Moussier et al., 2019).
The size and distribution of microgels depend on
the formulation, yogurt formation process, storage
conditions, and method of shearing. The size and
distribution of microgels seem to partly explain
the smoothness and creaminess of yogurts, but
these properties are also related to the nature and
rigidity of the microgels (Gilbert and Turgeon,
2021). Laser diffraction is a widely used material
particle size measurement technique that offers fast
measurements over a wide range of particles from
0.02 to 2000 pum with high repeatability, in which
the particle size is measured indirectly by detecting
intensity distributions of laser light scattered by
particles at different angles. However, few studies
have employed laser diffraction to measure the
microgel size distribution because microgels present
heterogenous three-dimensional structures, instead
of spherical structures as proposed by the laser
diffraction technique (Gilbert and Turgeon, 2021;
Moussier et al., 2019). However, Gilber et al.
(2020) used laser diffraction and optical microscopy
techniques to compare the size distribution of high-
fat and low-fat stirred yogurt; both techniques showed
that yogurts contain microgels with monomodal
distributions, where laser diffraction showed mean
sizes approximately 10% smaller than those observed
by optical microscopy, indicating that both techniques
are suitable for characterizing yogurts.

Rheological measurements are employed to
determine the viscosity, thixotropy, viscoelasticity,
and structural properties of yogurt, characteristics
related to the quality and type of ingredients,
and manufacturing process (Divyang et al., 2016;
Erturk et al., 2022). Typically, rotational experiments
characterize the apparent viscosity, yield stress
and thixotropy properties, while viscoelastic and
structural properties are estimated by oscillatory or
creep tests (Divyang et al., 2016; Audrey Gilbert
et al., 2021). According to Martinez-Padilla (2024),
structured foods that exhibit yield stress can also
exhibit viscoelastic, shear-thinning and/or thixotropic
behavior. Viscoelastic measurements are a way to
test a material's solid-like (elastic modulus (G’))
and liquid-like (viscous modulus (G”)) responses
simultaneously, typically determined within two
regions known as the small amplitude oscillatory shear
region (SAOS) and the large amplitude oscillatory
shear region (LAOS) (Rogers, 2018). The most
common rheological test is SAOS, in which the
sample structure is measured by applying a low
stress or strain amplitude sweep to avoid damage
to the microstructure of the sample within the linear
viscoelastic region (LVR). Yogurt is a predominantly
elastic gel in the SAOS region that is mainly dependent
on the microstructure of the protein-fat network
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and its affinity for water molecules (Erturk er al.,
2021). The viscoelasticity of dairy foods relies on
SAOS tests, but these tests provide little information
on food mouthfeel, swallowing or processing (e.g.,
pumping and handling), where irreversible structural
deformations occur. Ptaszek (2017) mentioned that
large amplitude oscillatory shear (LAOS) tests
combined with a high frequency are valuable
measurements that can mimic industrial processing
and oral processes during food consumption. For
this instance, the LAOS experiments are obtained
by applying oscillatory strains (y(wf) = 7yp sin
(wt)), which consequently impose a phase-shifted
strain rate (y(wt) = ypw cos (wt)), to analyze the
nonlinear rheological of the oscillatory shear stress
o(t;w,yp) (Le et al., 2023). The rheological response
of a material subjected to a sinusoidal input in the
LAOS region is not always sinusoidal (Rogers, 2018).
Most LAOS analyses in the literature are based on
subjecting the material to a time sinusoidal strain;
however, LAOS experiments can be measured using
a strain-controlled rheometer or a stress-controlled
rheometer with software that can simulate strain
control, in which the sinusoidal shear stress (o
(wt) = 0¢ sin (wt)) is input into a stress-controlled
rheometer to measure the strain response (y) or the
geometric displacement (6, rad) (Bae et al., 2013).
As a consequence, the shear stress is also a time-
varying signal o (t,w,y) of the complex structure.
The raw data can be extracted at each stress or
strain applied, and a characteristic fingerprint of the
microstructural changes can be plotted. Lissajous
curves provide a graphical description of the nonlinear
component, and they have been successfully used for
the characterization of the rheological viscoelastic
properties of doughs and viscous pectin solutions
(Erturk et al., 2022), nixtamalized corn masa (Alvarez-
Ramirez et al., 2019), yogurt oleogels (Aguilar-
Zarate et al., 2019) and yogurts with different fat
contents (Erturk et al., 2021). Thus, the evaluation
of the physical and rheological characteristics of
different yogurts is essential for the design of process
equipment, new product development, quality control,
and the development of sensory characteristics of
the product. The objective of this work was to
evaluate the water state, particle size, viscosity and
viscoelastic properties of three yogurt formulations
with different protein contents (standard, protein-rich
and protein-high Greek type), with particular emphasis
on the small- and large-amplitude oscillatory stress
regions. This study will be helpful for evaluating
yogurt properties because the rheological fingerprint
is impacted by the water state, particle size and
composition of the samples.

2 Materials and methods

2.1 Materials

Three yogurts were purchased from a local store
in Zapopan (Jalisco, Mexico). Yogurt A (YA a
high protein yogurt) contained: 5% protein, 6.9%
carbohydrate, and 0% fat; yogurt B (yB a standard
yogurt) contained: 3.4% protein, 12.5% carbohydrate,
and 1.8% fat; and yogurt C (yC a high protein
Greek-type yogurt) contained: 7.3% protein, 11.5%
carbohydrate, and 2.3% fat.

2.2 Particle size distribution

The particle size distribution of the samples was
measured via laser diffraction in a Mastersizer 3000+
(Malvern Instruments, Malvern, UK) following the
method proposed by Gilbert et al.,(2020) with some
modifications. Approximately, 0.1 g of yogurt was
mixed with 400 ml of water at 1000 rpm for 5
min in a Hydro EV unit (Malvern Instruments). The
particle size distribution was measured by means
of five consecutive measurements after reaching an
obscuration value between 14 and 16%. The particle
size distribution was estimated, and the volume
weighted mean (De Brouckere mean) was estimated
D[4,3] using Mie’s theory with refractive indices of
water of 1.33 and 1.398 for the samples at 25 °C. Span
is the width of the size distribution; the smaller the
span values are, the narrower the distribution is. The
span is calculated as:

_d(0.9)-d(0.1)

Span = ——103) M

The d(0.1), d(0.5) and d(0.9) are the sizes below 10%,
50% and 90% of the sample, respectively.

2.3 DSC measurements

The freezing water (W) state in the yogurts was
estimated using differential scanning calorimetry
(DSC 2000, TA-Instruments, New Castle, DE, USA).
Tzero aluminum hermetic pans were used to load
15 mg of the samples. Each pan was mounted
inside the DSC chamber, cooled to —40 °C and
maintained isothermally for 5 min and then heated at
10 °C/min from —40 to 30 °C. An empty aluminum
hermetic pan was used as a reference. Nitrogen at
50 mL/min was used to purge the instrument. Indium
and deionized water standards were used to calibrate
the DSC temperature. Two measurements were made
per sample. Universal Analysis 2000 software (version
4.7a, TA Instruments) was used to estimate the melting
temperature (Ty,) and melting enthalpy (AHy,) of the
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samples. The percentage of freezing water (Wr) was
calculated by

W(%) = (AHm/AHy) X 100% )

where AHy, is the melting enthalpy of pure water
(334 J/g) (Iijima et al., 2021). The peak deconvolution
procedure was carried out considering that the
experimental melting peak contains two Gaussian
curves estimated by the Peakfind subroutine of
the OriginPro 2024 software (free version, Origin
laboratories).

2.4  Rheological measurements

Rheological measurements were performed using a
stress control rheometer (AR1000, TA Instruments;
Newcastle, DE, USA) equipped with a Peltier system
for temperature control at 5 °C. A crosshatched plate-
plate geometry with a diameter of 40 mm diameter and
a truncation gap of 1000 um was used. The viscosity
of the samples was calculated by a steady-state
procedure. The samples were subjected to a preshear
deformation of 10 s”! for 2 min to establish an equal
loading history. An equilibrium time of 5 min after
pre-shearing was established for all samples to allow
the recovery, which was verified with a time sweep
test (data not shown). The viscosity of the sample was
then measured using the steady-state flow procedure,
in which a shear rate ramp from 0.1 to 100 s was
used. The sample period was every 10 s, considering
a percentage of tolerance between measurements less
than 5% in three consecutive measurements within
tolerance. If this condition was not achieved in 90 s,
then the software reported the data collected in the last
10s.

The power and Herschel-Bulkley models were
used to fit the shear properties of the yogurts. In
the power model, n is the viscosity (Pa-s), n is the
power law constant (dimensionless), and k& is the flow
consistency index (Pa-s).

n= k"l (3)

In the Herschel-Bulkley model, o is the shear
stress (Pa), o is the yield stress (Pa), K is the
consistency index (Pa-s™), and n is the behavior index
(dimensionless).

o=09+Ky" @

The steady shear models of the yogurts were fitted
using the software Rheology Advantage Data Analysis
(TA Instruments).

Rheological oscillatory tests were performed
based on the procedure proposed by Ortiz-Dele6n et
al. (2023) with some modifications. Stress sweeps
were applied from 1 to 1000 Pa at two oscillation
frequencies (6.28 rad s! and 62.8 rad s!). All the

experiments were performed in triplicate. The LVR
or SAOS region was estimated by the rheometer
software. The frequency sweep curves were obtained
from 0.628 rad s™! to 62.8 s™! within the SAOS region,
and the storage modulus (G’), loss modulus (G”) and
tan(6) were recorded and reported.

The structural behavior of yogurts produced in
the SAOS and LAOS regions was analyzed using
Lissajous curves by plotting the stress vs strain and
stress rate vs strain. Additionally, the SAOS and LAOS
responses were visualized in a 3D space with osc.
stress, osc. stress rate and osc. strains as coordinate
axes. The Lissajous-Bowditch loops were used for
detailed information on the structure of yogurt that was
not obtained in the LVR.

2.5 Statistical analysis

One-way analysis of variance (ANOVA) was
performed using Statgraphics Centurion XV 15.2.06
statistical software (StatPoint Technologies, Inc.,
Warrenton, VA, USA). Tukey’s test was performed
to identify significant differences among treatments (p
< 0.05).

3 Results and discussion

3.1 DSC analysis

DSC is an important tool that can be used to evaluate
the water state in food products (Rodriguez-Rodriguez
et al., (2019). Depending on the interaction of water
with the food matrix, water molecules can be found
as freezable or nonfreezable water. Figure 1 shows the
DSC thermograms of yogurts from -40 to 30 °C, in
which the melting enthalpy of freezing water (AHy,)
in yogurts is shown. In general, all yogurt samples
showed one endothermic transition peak associated
with the melting enthalpy of water. The melting
enthalpies and melting temperatures estimated for the
yogurts are shown in Table 1. Water in foods has
different thermodynamic states, including nonfreezing
water and freezing water. The first does not display
any thermal signals because water is strongly bonded
to compounds such as proteins, carbohydrates, fibers,
etc. The other is freezing water, which can freeze,
resulting in crystallization when it cools or melts
when it heats. Freezing water can be found as free
water and freeze-bound water. Free water does not
interact with the macromolecules of the samples,
exhibiting the typical properties of pure water (i.e.,
a melting point close to 0 °C), but may contain
ions that may slightly alter the melting temperature.
Freezing-bound water consists of water molecules
weakly associated with proteins, starches or other
molecules, has a lower melting point than free water
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and is typically associated with the quality of foods.
The percentage of freezing water is related to the
chemical composition of the samples but also to the
affinity of the macromolecules for binding water and
was estimated to be 63.2% 44.3% and 45.1% for
yA, yB and yC, respectively. As expected, the yC
sample displayed a low freezing water percentage,
but surprisingly yB showed a similar value, probably
related with the carbohydrate content that could
have been added as a viscosity enhancer. According
to Rodriguez-Rodriguez et al. (2019), the melting
transition of freezing water is composed by the sum
of the melting enthalpy of free water molecules and
the melting enthalpy of freezing bound water over the
temperature range. To investigate the state of water
in different yogurt samples, the melting enthalpy of
water was deconvoluted into two different Gaussian
peaks (Figure 1). We propose that the peak that
corresponds to a melting temperature closer to 0
°C is associated with the free water, and that the
other peak corresponds to freezing-bound water. By
applying a deconvolution procedure, it was found
that the melting peak of yogurts is well described
by two endothermic peaks with R*-adjusted values
of approximately 0.9977 for yA, 0.9907 for yB and
0.9974 for yC. The first peak was associated with
freezing bound water with peak temperatures of -
3.9, -2.8 °C and 2.4 °C and the estimated areas were
approximately 53.1% for yA, 69.9% for yB and 33.2%
for yC. The presence of freezing bound water is
related to water bound to proteins, starches, and other

a)_

Heat Flow (W/g)

Temperature (°C)

T
~

Heat Flow (W/g)

components of the formula. The second peak was
associated with the free water in the samples with peak
temperatures of -1.9, -1.6 °C, and 0.1 °C. For samples
yA and yB, this temperature was slightly different
from that of pure water because small molecules such
as salts, ions, or sugars in the sample depreciate
the melting point. However, this behavior was not
observed in the yC sample due to the Greek yogurt
draining process, during which minority compounds
such as lactic acid and mono- and disaccharides were
removed.

3.2 Viscosity of yogurts

The rheological characteristics of yogurt are impacted
by the solid content, stabilizer content, milk source,
milk composition, starter probiotic composition,
heat treatment, pumping conditions, manufacturing
conditions and storage conditions (Suwannasang et
al., 2022). Figure 2a shows the viscosity curve of the
samples at 5 °C. It is well known that yogurts exhibit
shear thinning behavior when aggregate particles
become disordered as they progressively move as
a result of a high shear rate range (10 to 1000
s'1) (McClements, 2023). However, the experimental
viscosity of the yogurts did not display a plateau
at low shear rates (< 0.1 s!), probably because the
experimental conditions used were not low enough
to observe this region. Based on these results, the
samples exhibited a non-Newtonian behavior, which
was adjusted to different rheological models (Table 1).

Temperature (°C)

c)

Heat flow (W/g)

T T
0 20

Temperature (°C)

Figure 1. DSC thermograms of the yogurt samples: a) yA, b) yB, and c) yC. The experimental data (black solid
line), cumulative fitted curve (red solid line), freezing bound water (dashed green line) and free water (blue dashed

line) are shown.
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Table 1 Thermal, rheological and size properties of the yogurts.

Sample Units yA yB yC
Melting enthalpy J/g) 211.1 + 82 148.0 + 52 150.4 + 22
Melting temperature (°C) -27+0.12 -1.9+0.1° 2.4 +0.1¢
Freezing water (%) 63.22 443> 45.1°
Power law
n= ky*1 k Pa-s 27.13 22.67 99.43
n  dimensionless 0.0029 0.0354 0.0622
R? 0.9841 0.9956 0.9986
Herschel-Bulkley model
o =09+ Ky" oo Pa 17.65 16.55 55.83
K Pa.s" 17.79 9.374 49.38
n  dimensionless 0.2563 0.3516 0.1925
R? 0.9142 0.9781 0.9863
D [4,3] (um) 264 +13* 339020 248=+1.12
Span - 1.94 +0.10° 2.04 £0.052 3.62+0.27°

a &b Different letters in the same column represent significant differences between treatments.
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Figure 2. a) Viscosity curves of yogurt samples. Viscosity (open symbols) and shear stress (close symbols). b)
Particle size distribution of the yogurt samples. Symbols: yA (squares), yB (circles) and yC (triangles).

The power law was used to describe the viscosity
behavior of the samples and the Herschel-Bulkley
model was used to calculate the yield stress of the
sample, which is the minimum shear stress required to
start to flow (Martinez-Padilla, 2024). The yield stress
of the samples followed the order: yC (55.83 Pa) > yA
(17.65 Pa) > yB (16.55 Pa), a value associated with the
microstructure of the samples.

3.3 Particle size of yogurts

Figure 2b shows the particle size distribution of
the samples. All the size distributions obtained by
laser diffraction were bimodal, with a small peak
at approximately 1.2 ym and a second peak in the
interval from 2.5 to 100 um. Table 1 describes the
mean particle size distribution of the microgels, in
which samples with high protein content (yA and
yC) showed significant differences from sample yB.

6

According to these results, yC displayed a lower
particle size distribution and the highest span number
of the samples, indicating that the presence of particles
is associated with the protein network. Similar results
were presented for sample yA to those presented
by Moussier et al.(2019), who reported the size
distributions of a commercial low-fat yogurt (0.1% fat
and 4.5% protein) using laser diffraction, observing a
monomodal particle distribution with a D[4,3] of 25.4
+ 0.4 um and a span value of 1.6 + 0.04. According
to Gilbert and Turgeon (2021), as the shear stress
increases, the size of the yogurt network decreases,
reducing the viscosity.

3.4 Viscoelastic properties

The stress sweeps curves of yogurt at different
oscillation frequencies are shown in Figs. 3a and 3b.
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Figure 3. Stress curves of yA (squares), yB (circles) and yC (triangles) at 5 °C. a) 6.28 rad s™!, b) 62.8 rad s!, and
¢) frequency sweeps of yogurts at 5 °C and 6.28 rad s™'. G' (close symbols) and G" (open symbols).

The viscoelasticity of the yogurts depends on the
applied oscillation stress and frequency, displaying
two typical rheological regions, the SAOS and LAOS
regions. The SAOS region can be located in the
region where the rheological moduli do not change
significantly (typically less than 5%) and is commonly
reported as the lineal viscoelastic region (LVR). The
yield point of the samples was measured by taking the
onset point of the elastic moduli and finding the LVR
at applied stresses lower than 10 Pa for samples yA
and yB and below than 25 Pa for sample yC (Fig. 3a).
The elastic modulus predominated over the viscous
modulus in the SAOS region. It was observed that
yC had a greater rheological modulus and LVR at a
constant frequency than the other samples due to its
higher protein content (7.3%) and fat content (2.3%),
which produced a more structured viscoelastic matrix.
In the SAOS region, sample yA had an elastic modulus
more than twice that of yB but three times lower than
that of sample yC at a given frequency; i.e., at an
oscillatory stress of 5 Pa and 6.28 rad/s, the G' of
yA (476 Pa) was higher than that of yB (189 Pa) but

almost three times lower than that of yC (1389 Pa).

The damping factor, tan(5)= G”/G’, expresses the
relative contribution of the viscous and elastic parts
to the viscoelastic response (Li et al., 2021). The
tan(d) values in the LVR for samples yA, yB and yC
were estimated in 0.21, 0.29 and 0.27, respectively.
Typically, the tan(¢6) value is lower for more structured
materials, reaching values of 0.01 for true gels.
Chakraborty et al. (2018) reported that tan(5) values
between 0.2 and 0.3 indicate the typical amorphous
polymeric behavior of yogurt samples. However, as
the applied stress increases to the LVR of the samples,
the G' and G" values decrease, revealing the crossover
point of the rheological moduli, known as the sol-
gel point (tan(6)=1). This point increased with the
increasing applied frequency from 6.28 to 62.8 rad s™!,
with values ranging from 43.3 Pa to 223 Pa for sample
yA; from 34 Pa to 395 Pa for sample yB; and from 138
Pa to 220 Pa for sample yC. At low frequency (6.28 rad
s1), the change in G' is more abrupt showing a steeper
slope for samples yA and yB than for yC. At high
frequency (Figure 3b), all samples show overshoot in
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G", a behavior reported for structured foods, such as
mayonnaise by Le and coworkers (2023), who related
this behavior to unrecoverable deformation and creep.
Finally, it is worth noting the presence of a small
valley in the loss modulus values measured at low
frequency in the LAOS region, induced by particle
jamming that opposes alignment along the direction of
the oscillatory flow (Crispin-Isidro et al., 2015; Hyun
etal.,2011).

Figure 3c shows the oscillation frequency sweep
curves of the yogurt samples in the SAOS region
at 5 °C. Typically, this curve shows the viscoelastic
behavior of yogurts without being subjected to
deformations within the nonlinear region. The elastic
modulus predominates over the viscous modulus for
all the samples, with a slight dependence on the
oscillation frequency. The highest elastic moduli were
presented by sample yC, demonstrating a greater
degree of structuring of the sample at low frequencies,
in which the tan(5) values ranged between 0.18 and

0.25 (equivalent to phase angle (0) values between
10.2 and 17.6°). Erturk et al., (2021) reported that
phase angle values increase as the yogurt structure
breaks down and becomes more fluid and reported in
oscillatory frequency experiments within the RLV that
the delta value for yogurts with different fat contents
ranging from 22 to 36° was significantly greater than
that reported in our work.

3.5 Lissajous-Bowditch curves

Elastic Lissajous-Bowditch curves describe the
instantaneous intracycle behavior of a material
subjected to an oscillatory stress at a given oscillatory
frequency and temperature, providing information on
microstructural transitions of the material as it moves
from the SAOS region to the LAOS region (Li et al.,
2021). Fig. 4 shows the normalized Lissajous curves of
yogurts (YA, yB and yC) evaluated at different stresses
1, 2.5, 5, 10, 25, 40, 50, 80, 100, 250, 500, and 1000
Pa) at 6.28 rad s”! and 5 °C.
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Figure 4. Normalized Lissajous plots of yogurts at 6.28 rad s! and 5 °C: a) yA, b) yB and c) yC. All intracycle data
were normalized to the maximum stress or strain in the oscillatory cycle.

Figure 5. 3D Lissajous plots of yogurts with varying oscillatory stress at a constant frequency of 6.28 rad s™! and
5 °C: yA (a) and (d), yB (b) and (e), and yC (c) and (f). The oscillatory stress varies from 1 to 600 Pa in figures
a-c and from 600 to 1000 Pa in figures d-f. Projection curves displaying the elastic component (green), and viscous
component (blue) versus osc. stress and osc. stress rate, respectively.

Similar to what was found in this work, Erturk
et al., (2021) reported that the area of each
normalized loop increased progressively at higher
stresses, indicating that the amount of energy lost in
each cycle was due to changes in the microstructure
of the sample. In the LVR regime, the values of the
rheological moduli are independent of the applied
oscillation stress, and the oscillatory strain response
is sinusoidal and shows a similar response with an
elliptical behavior in the normalized Lissajous curves,

which is typical of a solid-viscoelastic structure.
With increasing stress in the range of 25 to 100
Pa, elliptical shape distortions were observed, and
these distortions were greater in samples yA and
yB. Erturk et al. (2021) observed for yogurt samples
with different fat contents that the elastic elliptical
projections of yogurt in the linear region progressively
transformed into distorted parallelograms, indicating
a shift from linear elastic behavior to predominantly
viscous contributions in the nonlinear region. The
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elliptical shape distortion of Lissajous curves is related
to the different microstructural characteristics and
structural responses of materials subjected to large
deformations (Ptaszek, 2017).

Figure 5 shows the 3D-Lissajous plots
(unnormalized) of yogurt extracted from the
oscillatory stress applied from 1 Pa to 1000 Pa at a
constant frequency of 6.28 rad s! and 5 °C. Below
an oscillation stress of 600 Pa (Figure 5a, 5b, and
5c¢), the distortions of the Lissajous curve are greater
for sample yB than for samples yA and yC due
to greater changes in its microstructure, probably
because sample yB had the lowest protein and fat
content, and the highest mean particle size, which
increases its susceptibility to shear changes. That is,
the applied oscillation stress can weaken, alter or
disrupt intramolecular protein-protein, protein-lipid
and protein-starch interactions, so these interactions
are more likely to break during large deformations,
resulting in a greater change in the nonlinear response.
Instead, sample yC showed slight changes in the
applied oscillation stress due to the high degree of
structuring. These results are related to the greater oral
sensation of the sample compared to that of the other
samples. Finally, figures 5d-f show the 3D Lissajous
curves when high oscillation stress is applied, in
which the loss of microstructures is evident for all
the samples.

Conclusions

The yogurt properties are impacted by their
composition (protein content, fat content and water
content). DSC is a tool that provides information on
the proportions of free water and freezable bound
water in yogurt, which are interrelated with the
microstructure of the samples. The large particle sizes
were linked with a low viscosity. The viscosity of
the yogurt samples fit well to the power law and
Hershel-Buckley models, showing that the viscosity
and yield stress of the samples were dependent on
the protein content, particle size and water state. A
small amplitude oscillation shear experiment showed
that the elastic nature of the yogurts was related
to the protein network, while a large amplitude
oscillation stress experiment allowed the evaluation
of the microstructural changes in the yogurts in
the nonlinear viscoelastic regime. The rheological
characteristics of yogurts are vital tools that can
support the development and quality of dairy products,
as they provide a fingerprint of food behavior.
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