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Saffron petals, as a by-product of saffron processing, are a rich source
of bioactive compounds, particularly anthocyanins; however, the high
sensitivity of these compounds to environmental conditions limits
their direct application in food products. The aim of this study was to
evaluate the rheological and textural properties of functional yogurt
enriched with sodium caseinate—microencapsulated saffron petal
extract. For this purpose, saffron petal extract was microencapsulated
using sodium caseinate at a wall-to-core ratio of 7:1 and incorporated
into yogurt at levels of 0.1, 0.2, and 0.3%. Rheological properties,
including apparent viscosity, shear stress, and flow behavior, were
investigated using the Power Law and Herschel-Bulkley models. In
addition, textural properties (hardness), syneresis, and anthocyanin
content of the samples were evaluated. The results indicated that all
samples exhibited non-Newtonian shear-thinning (pseudoplastic)
behavior. Increasing the concentration of the microencapsulated
powder significantly enhanced apparent viscosity, consistency
coefficient, and yield stress. The addition of the microencapsulated
extract improved yogurt texture by increasing hardness and
significantly reducing syneresis. Moreover, sodium caseinate—based
microencapsulation played an effective role in preserving
anthocyanins within the yogurt matrix. Overall, the use of sodium
caseinate—microencapsulated saffron petal extract can be considered
an efficient approach to improving the rheological, textural, and
functional properties of functional yogurt.
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1- Introduction

Saffron petals are considered one of the
primary by-products of saffron processing,
with an annual production exceeding 10,000
tons. These petals are a rich source of
bioactive compounds, containing various
flavonoids (such as kaempferol, rutin,
quercetin, luteolin, and hesperidin), tannins,
anthocyanins, and their glycosides [1]. Saffron
petals consist of 10.2% protein, 5.3% fat, 7%
ash, 8.8% fiber, and essential minerals
(calcium, potassium, and phosphorus) [2],
offering numerous therapeutic properties.
Researchers have attributed these medicinal
benefits to the high concentration of
flavonoids, which exhibit potent antioxidant
activities.

Microencapsulation is a technique used to
package sensitive components within a
coating or wall material to protect them from
physicochemical  environmental factors,
oxidation, and evaporation [3]. In the food
industry, microencapsulation is employed for
various purposes, including reducing the
reactivity of  core  materials  with
environmental conditions (such as light, heat,
oxygen, and moisture), preventing their
degradation, ensuring controlled release over
time, and masking undesirable odors or
flavors [4].
Sodium caseinate possesses both hydrophobic
and hydrophilic regions. Due to its excellent
emulsifying properties, film-forming ability,
high solubility, and stability, sodium caseinate
is one of the most suitable wall materials for
microencapsulation in the food industry,
particularly for oily or environmentally
sensitive compounds [5].
Among functional foods, dairy-based products
account for approximately 43% of the market
share, consisting almost entirely of fermented
dairy products. Yogurt is the most popular
dairy product and one of the most widely
consumed fermented foods globally; its
sensory characteristics significantly influence
consumer acceptance [6].
Khalili et al. (2021) prepared saffron petal
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extract using an enzymatic method and
subsequently microencapsulated it with whey
protein concentrate and maltodextrin (4:1
ratio) as wall materials. They compared the
effects of free and encapsulated extracts on the
shelf life and the chemical, microbial, and
sensory properties of trout fillets [7]. Popescu
et al. (2023) investigated the effect of
microencapsulated basil extract on the quality
and stability of cream cheese [8]. Cerda-
Bernad et al. (2023) enriched yogurt using
microencapsulated extracts from saffron floral
by-products and saffron stigma,
demonstrating that these extracts can serve as
functional ingredients to improve the
nutritional and functional value of yogurt [9].
Furthermore, Bayram et al. (2025) examined
the functional and phenolic characteristics of
concentrated yogurt enriched with medicinal
herbs such as marjoram, rosemary, basil, and
peppermint [10].
The objective of this study is to promote the
optimal utilization of saffron by-products by
microencapsulating saffron petal extract. This
innovative approach aims to produce a high-
value-added  product  using sodium
caseinate—an accessible and cost-effective
material—to enhance anthocyanin stability
against environmental conditions for use as a
natural coloring and medicinal agent in
yogurt. To date, no independent research has
been conducted on the production of
functional yogurt fortified with
microencapsulated saffron petal extract. This
study focuses on this unique combination to
fill the existing research gap and evaluates the
physicochemical, sensory, and bioactive
properties of the resulting yogurt.

2- Materials and Methods

2-1- Materials

Saffron petals (Crocus sativus L.) were
harvested in November Y*Y¢from designated
farms in Torbat-e Heydarieh, Khorasan
Razavi, Iran. After harvesting and separating
the floral parts, the petals were dried at the
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Arnica factory in Torbat-e Heydarieh. Sodium
caseinate (Sigma-Aldrich, CAS NO.: -4+++0
Y-£7) was purchased for the
microencapsulation process. The dried petals
were ground using a domestic mill, sieved ( 11
mesh), and stored in airtight dark containers
under refrigeration until further use.

2-2- Preparation of Saffron Petal Extract
Ten grams of saffron petals (weighted with
+,+ Vg precision) were placed in a dark bottle.
Then, Yo+ mL of 7°-ethanol (pH adjusted to
Y, +using ),°N HCI) was added. The mixture
was stirred for Ythours in a dark room at
ambient temperature (°Y°C). After Y<thours,
the extract was filtered using Whatman No.
filter paper and a vacuum pump. The residual
petals on the filter paper were re-extracted
with the same volume of solvent ( Y2 +mL). To
minimize thermal degradation, the pH of the
resulting extract was adjustedto ¥, +using *)
N HCI. The solvent was removed and the
extract concentrated using a rotary evaporator
at °¢+C for Teminutes. Finally, the
concentrated extract was dehydrated using a
freeze-dryer at -°A1C and a pressure of ©
mmHg for YYhours.

2-3- Microencapsulation Process
The wall material (sodium caseinate) and the
core material (saffron petal powder) were
mixed at three ratios: Y:), ©:), and V:)(w/w).
The mixtures were stirred on a magnetic stirrer
for Y:minutes. Subsequently, the pH was
reduced to Y,+using Y,°N HCI to ensure
anthocyanin stability. The samples were then
freeze-dried at -°A1C and °mmHg for VY
hours. The resulting solids were immediately
pulverized in a porcelain mortar, passed
through a ¢ +-mesh sieve, and stored in dark,
sealed glass containers in a freezer.

2-4- Yogurt Preparation

To prepare the yogurt, milk was standardized
and heated at 90°C for 15 minutes, followed
by cooling to the inoculation temperature
(45°C). The milk was inoculated with 3%
(w/w) commercial starter culture (comprising
Streptococcus thermophilus and Lactobacillus
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bulgaricus). At this stage, the
microencapsulated saffron petal extract
(produced with the optimal wall-to-core ratio
of 7:1 [11]) was added to the inoculated milk
at levels of 0.1%, 0.2%, and 0.3% (w/w) and
homogenized using a sterile stirrer. The
samples were poured into sterile containers
and incubated at 42°C until reaching a final
pH of 4.6 (the isoelectric point of casein).
After fermentation and curd formation, the
samples were transferred to a refrigerator
(4°C) to stabilize the structure before testing
[12].

2-5- Analytical Methods
2-5-1- Syneresis Measurement
The syneresis of yogurt samples was

determined using Equation (1) [13]:

Syneresis (%) = (M2 / M1) x 100

Where *MI1 is the initial weight of the yogurt
before centrifugation, and M2 is the weight of
the separated whey after centrifugation.

2-5-2- Texture Profile Analysis
A texture analyzer (Stable Micro Systems,
Surrey, England) was used to evaluate the
hardness of the yogurt samples at 5°C. A 100
g sample was placed in the device container
without stirring. A 20 mm diameter cylinder
probe penetrated the sample to a depth of 70
mm at a speed of 1 mm/s with a trigger force
of 0.1 N. Hardness was recorded in Newtons

N) [14].

2-5-3- Total Anthocyanin Content

The total anthocyanin content of the yogurt
samples was measured using the pH
differential method and reported as milligrams
of cyanidin-3-glucoside equivalent per gram
of dry matter [15].

2-5-4- Rheological Properties
The flow properties of the yogurt samples
were measured using a Brookfield rotational
viscometer (Model RVDV-III). All tests were
performed at °Y°C under identical conditions.
The flow curves were recorded over a shear
rate range of *to )+ +s7!. The viscometer was
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interfaced with a computer for precise
operational control. Due to the observed
decrease in viscosity with increasing shear
rate (non-Newtonian behavior), four non-
Newtonian fluid models, including the Power
Law model, Bingham, Herschel-Bulkley, and

Casson models were employed.[)1]
Equation (Y) Power Law  Model:
o=ky"

Where o is the shear stress (Pa) ,y is the shear
rate (s') ,n is the flow behavior index
(dimensionless), and £ is the consistency index
(Pa-sn).

Equation

(Y) Herschel-Bulkley Model:

o=coutku(y)"u
Where o is the shear stress (Pa) ,y is the shear
rate (s™) ,ouo is the yield stress (Pa) ,ng is the
flow behavior index (dimensionless), and &y

is the consistency index  (Pa-s?).
Equation (%) Bingham Model:
6=6 0+ npy

Where o is the shear stress (Pa) ,is the shear
rate (s™') ,00 is the Bingham yield stress (Pa),
and mg is the plastic viscosity (Pa-s).
Equation ®) Casson Model:

GOASZGOCO.SJr kc('Y) 0.5
Where 60.5 is the square root of shear stress
(Pa%d) , y %3is the square root of shear rate , oo
is the Casson yield stress (Pa), and k¢ is the
Casson consistency index (Pa-s")

2-6- Statistical Analysis
All experiments were performed in triplicate,
and the results were expressed as mean values.
The data were analyzed using a Completely
Randomized Design (CRD). One-way
Analysis of Variance (ANOVA) was
employed to determine significant differences
between the samples, and mean comparisons
were conducted using Duncan's Multiple
Range Test at a “°confidence level .+,+©
Statistical analyses were performed using

235

SPSS software (Version Y:, IBM Corp.,
USA), and Microsoft Excel (Version Y+)Y)
was used for generating the charts and figures.

3-Results and Discussion

Based on the parameters measured—
including moisture content, water activity,
anthocyanin content, and powder solubility—
as well as the calculated Carr Index and
Hausner Ratio for the control and various
wall-to-core ratios, the ):Ycore-to-wall ratio
was selected as the optimal sample [ V]. This
selection was based on the requirement that
the final microencapsulated powder must
possess desirable flowability and low
cohesiveness for effective dispersion in the
final product, alongside high anthocyanin
content, low moisture and water activity, and
high solubility. Consequently, this optimal
ratio was utilized in the yogurt formulation.

3-1-Rheological Properties of Yogurt

Viscosity is the most critical rheological
property of liquids. Yogurt is a non-
Newtonian, pseudoplastic fluid, meaning its
viscosity decreases as the shear rate increases.
Therefore, specifying the shear rate is
essential when determining yogurt viscosity.
For a pseudoplastic (shear-thinning) fluid such
as yogurt, the apparent viscosity decreases
with an increase in the shear rate [17].
Viscosity is a property that significantly
influences the development of desirable
texture and consistency; the composition,
concentration, and quality of the raw material
mixture play a decisive role in achieving an
appropriate viscosity [18].
The rheograms obtained for the yogurt
samples are illustrated in Figures 1 and 2.
Preliminary tests indicated that all studied
samples were time-independent and non-
Newtonian. This non-Newtonian behavior of
yogurt has been previously reported by other
researchers [19, 20].
The trends in viscosity and shear stress versus
shear rate confirmed the pseudoplastic (shear-
thinning) behavior of most yogurt samples;
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specifically, the apparent viscosity decreased
as the shear rate increased (Figure 1). Samples
containing higher concentrations of sodium
caseinate exhibited higher initial viscosity,
and the rate of viscosity reduction with
increasing shear rate was more pronounced in
these samples. Given that an increased shear
rate enhances molecular alignment and
internal friction, thereby reducing viscosity, it
can be inferred that utilizing sodium caseinate
as a wall material for microencapsulating
saffron petal extract reinforces these effects.
This behavior occurs because molecules are
arranged irregularly and only partially aligned
at low shear rates, leading to high viscosity. As
the shear rate increases, molecular alignment
improves, resulting in increased internal
friction and a decrease in viscosity. Since the
majority of intermolecular bonds are broken at
the beginning of the shear application, the
reduction in apparent viscosity is more intense
at the start of the test and gradually stabilizes
thereafter.

The results showed that the viscosity of the
control sample was significantly lower than
that of all other samples. This can be attributed
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to the crucial role of sodium caseinate within
the microencapsulated saffron petal extract in
increasing yogurt viscosity, owing to its
superior water-binding capacity and its ability
to form a stable gel network. The primary role
of stabilizers in yogurt is to provide
appropriate consistency and body to the
product. Increasing the percentage of sodium
caseinate in the yogurt samples shifted the
viscosity-shear rate trend further away from
the control sample.

A comparison of the shear stress versus shear
rate curves for the experimental and control
samples indicated that increasing the
concentration of the microencapsulated
powder up to 0.3% increased the slope of the
curve. This implies that at a given shear rate,
the shear stress required for samples with
higher concentrations is greater (Figure 2).
The slope of the curve for the sample
containing 0.1% sodium caseinate (as the wall
material in the microencapsulated saffron
extract) was lower than the other treatments
and showed a high degree of similarity to the
control sample.

—— Control
0.1
0.2
0.3

70 80

Figl. Viscosity versus shear rate of yogurt samples containing different percentages of sodium caseinate as the

wall material of encapsulated saffron petal extract
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Fig2. Shear stress versus shear rate of yogurt samples containing different percentages of sodium caseinate as
the wall material of encapsulated saffron petal extract

3-1-1- Selection of the Appropriate
Rheological Model
Given the non-Newtonian nature of all yogurt
samples, two common time-independent
rheological models—the Power Law and
Herschel-Bulkley models—were employed to
model and characterize the flow behaviour. To
determine the best-fit model, the coefficients
of determination (R?) were calculated for each
model. Since these two models exhibited the
highest R Yvalues and the lowest Mean Square
Error (MSE), they were selected as the most
suitable models for describing the yogurt
samples.

3-1-2- Rheological Parameters
The flow behavior results based on the Power
Law model (Table V) and the Herschel-
Bulkley model (Table Y) indicated that all
prepared  yogurt treatments exhibited
pseudoplastic or shear-thinning behavior,
where viscosity decreased as the shear rate
increased. These findings are consistent with
results reported by other researchers[Y+ ,)4] .

3-1-3- Flow Behavior Index (n)
The flow behavior index for all samples was
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less than unity, confirming the shear-thinning
(pseudoplastic) behavior of the mixtures. In
fact, a decrease in the flow behavior index is
the primary factor reinforcing shear-thinning
behavior. In other words, the addition and
subsequent increase in sodium caseinate
concentration did not alter the fundamental
shear-thinning property of the product.
Previous studies have also highlighted the
pseudoplastic nature of yogurt. The reduction
in the flow behavior index observed with
increasing concentrations of
microencapsulated saffron petal extract (using
sodium caseinate) in yogurt occurs due to the
following reasons:
Increasing the concentration of sodium
caseinate leads to the formation of more
complex protein networks and enhanced
intermolecular interactions, creating dense
three-dimensional structures. These structures
break down easily under shear (stirring or
flow), resulting in a more pronounced drop in
viscosity and thus a lower n value[YV] .
Microencapsulation with sodium caseinate
introduces more suspended particles into the
yogurt system. These particles interact with
the yogurt matrix, creating a thicker, more
heterogeneous, and shear-sensitive structure.
Consequently, as the shear rate increases, the
viscosity drop becomes more severe, leading
to a smaller n value .
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Sodium caseinate acts as a stabilizer and
gelling agent that increases viscosity. Its
presence raises the apparent viscosity while
lowering the flow behavior index, shifting the
system closer to a highly shear-thinning state .
Therefore, increasing the concentration of

sodium caseinate in the microencapsulation
process reinforces pseudoplastic behavior by
enhancing protein structures and inter-particle
interactions, which ultimately leads to a
decrease in the flow behavior index (n).

Table 1- Flow behavior index, consistency coefficient, and correlation coefficient for the Power Law
model of yogurt samples containing different percentages of sodium caseinate as the wall material of

encapsulated saffron petal extract

Sample Flow behavior index Consistency coefficient R?
(Pa.s™)

control 0.39 27.20 0.99

0.1 0.32 33.27 0.99

0.2 0.23 42.77 0.99

0.3 0.21 56.85 0.98

Table 2- Flow behavior index, consistency coefficient, yield stress, and correlation coefficient for the
Herschel-Bulkley model of yogurt samples containing different percentages of sodium caseinate as

the wall material of encapsulated saffron petal extract

Sample Flow behavior index ~ Consistency Yield stress (Pa) R?
coefficient (Pa. s ™)
control 0.51 41.39 22.26 0.99
0.1 0.41 49.64 27.19 0.99
0.2 0.37 66.56 44.01 0.99
0.3 0.29 71.80 56.76 0.99
©1,A0), Consequently, the highest consistency
3-1-4-Consistency Index k) index was recorded for the sample containing

The consistency index (k) is a criterion for
measuring the viscous nature of food materials
and serves as a major indicator of the
magnitude of apparent viscosity. With the
addition of sodium caseinate, the consistency
index increased in a manner similar to
apparent viscosity (Table '), which can be
attributed to the increase in high-molecular-
weight molecules in the liquid phase and the
subsequent rise in flow  resistance.
Furthermore, the addition of sodium caseinate
can modify the rheological properties of
yogurt due to its water-binding capacity and
the formation of a quasi-gel network with
other components.
According to the results, the consistency index
of the control sample was lower than that of
all other samples. While a slight increase in
the percentage of sodium caseinate led to a
marginal rise in the consistency index,
increasing the concentration from 7+,Yto
/.+,Yresulted in a sudden surge (from £Y,YVto
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/.+,Ysodium caseinate as the wall material for

the microencapsulated saffron petal extract.
Thus, increasing the concentration of sodium
caseinate in the microencapsulation process
led to an increase in the yogurt's consistency
index.
When sodium caseinate is utilized as a wall
material, a portion of it may be released into
or interact with the yogurt matrix. These
interactions enhance the protein network,
subsequently increasing the consistency of the
yogurt. Moreover, an increase in the quantity
of microencapsulated particles increases the
solid phase of the system. These particles act
as micro-fillers, increasing the resistance to
flow (i.e., increasing the consistency index).
Due to its water-holding capacity, sodium
caseinate helps reduce water migration in the
yogurt, leading to a more cohesive, uniform,
and thicker texture [YY]

Increasing the concentration of sodium
caseinate in the microencapsulation process
elevates the level of functional proteins in the
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yogurt, which enhances the consistency index
by improving the structural network,
increasing viscosity, and reducing water
migration. A previously published study
investigated the fabrication of microcapsules
using sodium caseinate and pectin as carriers
for saffron extract. The findings indicated that
rheological properties (including moduli)
increased due to the structural entanglement of
the polymers, which led to improved structural
properties and stability of the saffron extract

[YV].
3-1-5- Yield Stress

Yield stress is defined as the minimum stress
required to initiate flow in a material.
Knowledge of yield stress is essential for food
process design, sensory evaluation, and
rheological modelling. As observed in Table Y,
the yield stress significantly increased with the
rising levels of sodium caseinate. Increasing
the concentration of sodium caseinate, used as
the wall material for microencapsulating
saffron petal extract, led to a higher yield
stress in the yogurt samples. With the addition
of sodium caseinate, the internal structure of
the yogurt became denser and more cohesive,
creating a stronger network against flow or
deformation. Consequently, a greater force is
required to initiate the movement of the
yogurt, which explains the increase in yield
stress values.
The microencapsulation of saffron extract
with sodium caseinate increases the dispersed
solid phase within the yogurt. These particles
become entangled with the yogurt's gel-like
matrix and increase internal friction. As a
result, the yogurt exhibits higher resistance to
flow, leading to an increased yield stress.
Furthermore, sodium caseinate possesses
hydrophilic properties that prevent serum
separation, thereby maintaining the uniformity
of the gel structure at a microscopic scale.
Consequently, the resulting structure is more
robust, requiring higher initial stress to begin

flowing [Y']. Therefore, increasing the
concentration of sodium caseinate facilitates
the development of a stronger and more
continuous internal structure in the yogurt.
This structure necessitates higher stress to
initiate flow, which is reflected in the elevated
yield stress values.

3-2-Syneresis of Yogurt

Syneresis, or whey-off, is a phenomenon
commonly observed in dairy products,
particularly yogurt, referring to the separation
of the liquid whey phase from the product's gel
structure. This phenomenon is of significant
importance from both qualitative and
industrial ~ perspectives [Y+]. Excessive
syneresis may indicate a weak gel structure in
the yogurt. While a minor degree of syneresis
is considered natural and indicative of a
"living" structure, high levels can be
problematic, leading to a loose and watery
texture, reduced consumer satisfaction, and a
decline in apparent shelf life [YV]
Proteins, especially caseins, play a crucial role
in the formation of the gel network. By
increasing the protein content and enhancing
water-holding capacity, sodium caseinate
prevents the separation of whey. Sodium
caseinate facilitates the development of a
stronger network within the yogurt matrix,
resulting in a more stable gel [Y£]. This leads
to a more uniform structure containing
microencapsulated particles that hinder the
migration of the liquid phase. Furthermore,
particles microencapsulated with sodium
caseinate as the wall material exhibit lower
sensitivity to agitation and provide additional
structural support to the matrix [£]
The statistical results regarding the effect of
various concentrations of sodium caseinate,
used as the wall material for
microencapsulated saffron petal extract, on the
syneresis rate of yogurt are presented in Table
3.

Table 3-Syneresis of yogurt samples containing different percentages of sodium caseinate as the wall material

of encapsulated saffron petal extract
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Sample Syneresis (%)
Control 25.59 £0.06*
0.1 24.58 £0.0948
0.2 23.30 +£0.748
0.3 21.45 £ 0.80€

Different letters within the same column indicate significant differences at the 95% confidence level. Values

are expressed as mean + standard deviation (n = 3).

As indicated by the data in Table 3, no
significant statistical difference was observed
between the control sample and the sample
containing 0.1% sodium caseinate. However,
the control sample showed significant
differences compared to all other treatments.
The sample containing 0.3% sodium caseinate
exhibited the lowest syneresis rate among all
samples, which was statistically significant
compared to the 0.2% concentration and other

treatments (p < 0.05).
Increasing the concentration of sodium
caseinate in  the  microencapsulation
formulation enhances the water-holding

capacity within the yogurt structure. Particles
microencapsulated with higher concentrations
of wall material provide a larger surface area
for interaction with the gel matrix, thereby
preventing the release of whey. Higher levels
of sodium caseinate strengthen intermolecular
bonds within the yogurt texture. This more
cohesive  network  prevents  structural
breakdown during storage and effectively
reduces syneresis. Furthermore, the use of
higher levels of sodium caseinate increases the
total solids content (particularly protein) in the
yogurt. The resulting higher viscosity leads to
better stability against liquid phase leakage
[25, 26].
Consequently, sodium caseinate, as it
improved the rheological properties (viscosity,
consistency) of the yogurt (Figure 1 and data
in Tables 1 and 2), significantly reduced
syneresis. Therefore, the application of
sodium caseinate as a wall material for the
microencapsulation of saffron petal extract not
only enhances the stability of the extract but
also effectively minimizes syneresis by
improving the gel structure and increasing the
water-holding capacity of the yogurt.
In conclusion, by increasing the concentration
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of sodium caseinate in the microencapsulation
formula from 0.1% to 0.3%, the syneresis rate
decreased significantly, such that at high
concentrations, the syneresis was reduced to
approximately 20% of its initial value.

3-3- Textural Properties of Yogurt
The hardness parameter is one of the most
critical textural and mechanical characteristics
of yogurt, playing a fundamental role in both
quality assessment and consumer acceptance.
In the context of Texture Profile Analysis
(TPA), hardness refers to the amount of force
required to induce the initial deformation in
the yogurt's structure. In texture measurement
tests, hardness is typically defined as the peak
force recorded during the first compression
cycle of the yogurt sample [YV]. Hardness is
influenced by various factors, including the
type and concentration of proteins (e.g., casein
or sodium caseinate), the final pH of the
yogurt, processing conditions (temperature,
incubation time, and homogenization), and
additives (such as polysaccharides, gums, and
microencapsulated materials). Measuring
hardness enables manufacturers to maintain
product consistency over time.[YA]
Yogurt with optimal hardness is generally
more resistant to serum  separation.
Conversely, low hardness may indicate a weak
structure and a reduction in the textural shelf
life of the product. Therefore, hardness serves
as a key indicator for determining textural
quality, consumer satisfaction, and process
control within the dairy industry. Any
inappropriate increase or decrease in hardness
can directly impact the sensory acceptance
and long-term stability of the product.[YA]
The statistical results regarding the effect of
various concentrations of sodium caseinate,
used as the wall material for
microencapsulated saffron petal extract, on the
hardness of yogurt are presented in Table 4.
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Table 4- Hardness of yogurt samples containing different percentages of sodium caseinate as the wall material
of encapsulated saffron petal extract

Sample Hardness (N/m)
Control 1070.17 = 924.59¢
0.1 1151.05 £ 873.21¢
0.2 9725.10 £ 567.12B
0.3 22446.12 £+ 776.89*

Different letters within the same column indicate significant differences at the 95% confidence level. Values

are expressed as mean + standard deviation (n = 3).

As indicated by the data in Table £, the control
sample and the sample containing 7%*,)
sodium caseinate exhibited the lowest
hardness levels, with no significant statistical
difference observed between them. However,
samples containing Z+,Yand 7+,Ysodium
caseinate showed significant statistical
differences compared to both the control and
the 7+ )concentration samples. The 7+,¥
sodium caseinate sample recorded the highest
hardness value.
The role of sodium caseinate as a wall material
in the microencapsulation of saffron petal
extract significantly influences the hardness
parameter in yogurt. Sodium caseinate
possesses a high capacity for creating stable
matrices and emulsions. When utilized as a
wall material, it ensures a more stable and
uniform distribution of microencapsulated
particles throughout the yogurt matrix [Y9,
Y'+]. Furthermore, sodium caseinate prevents
the degradation of bioactive compounds (such
as anthocyanins) in the saffron petal extract,
which can also affect the rheological
properties of the yogurt. Particles
microencapsulated with sodium caseinate may
act as fillers within the yogurt's gel matrix,
leading to increased density and structural
strength [Y4]. Due to its proteinaceous nature,
sodium caseinate interacts with the yogurt's
protein gel (casein and whey), thereby
reinforcing the gel network [YV]. This increase
in hardness is typically associated with a
reduction in syneresis (consistent with the data
in Table Y), as the network structure of the
yogurt becomes more robust. Uniform
microencapsulation of the saffron extract,

facilitated by sodium caseinate, prevents the
formation of weak points within the gel
matrix.

In conclusion, sodium caseinate, acting as a
wall material for microencapsulating saffron
petal extract, increases the hardness of the
yogurt. This enhancement is attributed to the
filler effect of the microencapsulated particles
and the protein-protein interactions between
sodium caseinate and the yogurt's protein
matrix. Additionally, this process leads to
improved textural uniformity, reduced
syneresis, and enhanced rheological properties
in the yogurt.

3-4-Anthocyanin Content of Yogurt

Anthocyanins are compounds that are highly
sensitive to light, pH, temperature, and
oxygen; consequently, they may degrade
rapidly within the yogurt environment
(characterized by an acidic pH and cold
storage conditions). Therefore,
microencapsulation serves as an effective
strategy to preserve these Dbeneficial
compounds within a food matrix such as
yogurt. The role of sodium caseinate as a wall
material for the microencapsulation of saffron
petal extract is crucial and highly effective in
maintaining the anthocyanin content present
in the yogurt.
The statistical results regarding the effect of
various concentrations of sodium caseinate,
used as the wall material for
microencapsulated saffron petal extract, on the
anthocyanin content of the yogurt are
presented in Table .©

Table 5- Anthocyanin content of yogurt samples containing different percentages of sodium caseinate as the

wall material of encapsulated saffron petal extract
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Sample Anthocyanin (mg/100 mL)
Control Not detected

0.1 770.136 + 384

0.2 890.810 + 244

0.3 915.240 + 804

Different letters within the same column indicate significant differences at the 95% confidence level. Values

are expressed as mean + standard deviation (n = 3).

As shown in Table °, no significant statistical
difference was observed between the different
levels of sodium caseinate used as wall
materials.

Due to its proteinaceous structure, sodium
caseinate can encapsulate anthocyanins within
a protective matrix. This matrix acts as a
barrier, preventing direct contact between
anthocyanins and oxygen or light, thereby
inhibiting their degradation. Sodium caseinate
exhibits a high binding affinity for phenolic
compounds and anthocyanins [YY, YV], which
facilitates higher encapsulation efficiency and,
consequently, greater retention of
anthocyanins within the yogurt. In the acidic
environment of yogurt, sodium caseinate
enables the gradual release of anthocyanins
rather than a sudden burst; this enhances the
stability of both the color and the antioxidant
properties of the yogurt during storage. While
free anthocyanins may react with yogurt
proteins or lipids and undergo degradation,
their reactivity is significantly reduced and
their stability is enhanced when introduced in
a microencapsulated form using sodium
caseinate.

The increase in sodium caseinate
concentration as a wall material has a direct
impact on the preservation of anthocyanins in
the yogurt. As indicated in Table °, higher
concentrations of sodium caseinate in the
microencapsulated saffron petal extract
powder led to improved anthocyanin
retention. Increasing the sodium caseinate
concentration enhances the thickness and
mechanical strength of the wall layer
surrounding the extract, resulting in superior
entrapment of anthocyanins within the
microcapsules and minimizing leakage or
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degradation within the yogurt matrix. A
thicker and denser layer formed by higher
sodium caseinate levels prevents the
penetration of oxygen and light, which are the
primary factors responsible for anthocyanin
degradation (Lietal., Y + YA). Furthermore, this
can lead to a more sustained and prolonged
release rate of anthocyanins. High
concentrations of sodium caseinate contribute
to more robust insulation, thereby reducing the
direct exposure of anthocyanins to low pH
levels, particularly in products such as yogurt.

4- Conclusion

Saffron petals, as a byproduct of saffron
processing, represent a rich source of
bioactive and antioxidant compounds. In this
study, increasing the concentration of sodium
caseinate as a wall material in the
microencapsulation process of saffron petal
extract and its subsequent addition to yogurt
significantly improved the physicochemical
characteristics of the final product. Enhancing
the concentration of this compound increased
the structural stability of the microcapsules
and facilitated the controlled release of
anthocyanins,  thereby  elevating  the
concentration of these bioactive compounds
within the yogurt matrix. Furthermore, by
creating a more cohesive network in the
yogurt texture, sodium caseinate effectively
reduced syneresis and improved textural
hardness by increasing structural resistance.
On the other hand, higher concentrations of
this material led to an increase in viscosity and
more pronounced shear-thinning behavior,
indicating more desirable rheological
properties in the final product.



Atie Jalilian Rastgou & Hojjat Karazhiyan Rheological and Textural Properties ...

Data Availability

All data generated or analyzed during this
study are included in this published article
Conflict of Interest

The authors declare that they have no known
competing financial interests or personal
relationships that could have appeared to
influence the work reported in this paper.
Funding Statement

This research did not receive any specific
grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Author Contributions

Atie Jalilian Rastgou :Investigation, Data

curation, Writing —  original draft.
Hojjat ~ Karazhiyan  :Conceptualization,
Methodology, Validation, Data curation,

Supervision, Project administration, Writing —
review & editing.

5-References

[1] Rahaiee, S., Moini, S., Hashemi, M., &
Shojaosadati, S.A. (2015). Evaluation of
antioxidant activities of bioactive compounds and
various extracts obtained from saffron (Crocus
sativus L.): a review. Journal of Food Science and
Technology, 52(4),1881-8. doi: 10.1007/s13197-
013-1238-x. Epub 2014 Mar 11. PMID: 25829569;
PMCID: PMC4375186.

[2] Bakshi, R. A., Sodhi, N. S., Wani, 1. A., Khan,
Z. S., Dhillon, B., & Gani, A. (2022). Bioactive
constituents of saffron plant: extraction,
encapsulation and their food and pharmaceutical
applications. Applied Food Research, 2(1),
100076.

[3] Korhonen, H. (2002). Technology option for
new nutritional concepts. International Journal of
Dairy Technology,55(2),79-88.

[4] Fang, Z., & Bhandari, B. (2010). Encapsulation
of polyphenols—a review. Trends in Food Science
& Technology, 21(10), 510-523.

[5] Goyal, M., & Sharma, V. (2011). Caseinate
based microencapsulation systems for delivery of
food bio actives. Journal of Food Science and
Technology, 48(2), 152—-157.

[6] Kaur, H., Kaur, G., & Ali, S. A. (2022). Dairy-
Based Probiotic-Fermented Functional Foods: An
Update on Their Health-Promoting Properties.
Fermentation, 8(9), 425.
https://doi.org/10.3390/fermentation8090425

243

[7] Khalili, A., Tavakoilpour, H., Roozbeh-
Nasiraie, L., & Kalbasi-Ashtari, A. (2021).
Research Article: Comparison of free and nano-
encapsulated Safran (Crocus sativus L.) petal
extract effects on some quality indexes of rainbow
trout (Oncorhynchus mykiss) fillets. [ranian
Journal of Fisheries Sciences, 20 (4) :961-985

[8] Popescu, L., Cojocari, D., Lung, 1., Kacso, L.,
Ciorita, A., Ghendov-Mosanu, A., Balan, G.,
Pintea, A., & Sturza, R. (2023). Effect of
microencapsulated basil extract on cream cheese
quality and stability. Molecules, 28(8), 3305.

[9] Cerda-Bernad, D., Valero-Cases, E., Pastor,
JJ., & Frutos, M.J. (2023). Microencapsulated
saffron floral waste extracts as functional
ingredients for antioxidant fortification of yogurt:
Stability during the storage. LWT,184,114976.
[10] Bayram, O.Y., Kinik, O., & Biiyiikkileci, C.
(2025). Functional and phenolic characterization
of medicinal plant-enriched strained yogurt:
bioactivity and storage stability. Journal of Food
Measurement and Characterization, 19, 7557 -
7570.

[11] Jalilian Rastgou, A., & Karazhiyan, H. (2025).
Microencapsulation of Saffron Petal Extract Using
Sodium Caseinate: Physiochemical Properties and
Stability. Saffron Agronomy & Technology,
Submitted manuscript.

[12] Akgiin, D., M. Giiltekin-Ozgiiven, A.
Yiicetepe, et al. (2020). Stirred Type Yoghurt
Incorporated with Sour Cherry Extract in Chitosan
Coated  Liposomes. Food  Hydrocolloids,
101,105532. https://doi.org/10. (1016) ./j.foodhyd.
(2019). (1055).32.

[13] de Campo, C., Queiroz Assis, R., Marques da
Silva, M., Haas Costa, T. M., Paese, K.,
Stanisguaski Guterres, S., de Oliveira Rios, A., &
Hickmann Flores, S. (2019). Incorporation of
zeaxanthin nanoparticles in yogurt: Influence on
physicochemical properties, carotenoid stability
and sensory analysis. Food chemistry, 301,
125230.
https://doi.org/10.1016/j.foodchem.2019.125230
[14] Oladzad Abbasabadi, N., Karazhiyan, H., &
Keyhani, V., 2017, Addition of the chubak extract
and egg white on biophysical properties of grape
juice during evaporation process. Journal of Food
Process Engineering, 40(5), 12538.

[15] Lee, J., Rennaker, C. & Wrolstad, R. E.
(2008).  Correlation of two anthocyanin
quantification methods: HPLC and
spectrophotometric methods. Food chemistry, 110,
782-786.


https://doi.org/10.3390/fermentation8090425
https://www.researchgate.net/journal/Iranian-Journal-of-Fisheries-Sciences-1562-2916?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uRG93bmxvYWQiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.researchgate.net/journal/Iranian-Journal-of-Fisheries-Sciences-1562-2916?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uRG93bmxvYWQiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://doi.org/10.1016/j.foodchem.2019.125230

Iranian journal of food science and industry

Number 173, Volume 23, June2026

[16] Alace,M., & Karazhiyan, H. (2022).
Physicochemical, Textural, Sensorial and
Functional Properties of Ice Cream Containing
Glucomannan Konjac as Stabilizer. Journal of food
science and technology (Iran), 19(123), 93-104.
doi: 10.52547/fsct.19.123.93.

[17] Minhas, K.S., Sidhu, J.S., Mudahar, G.S., &
Singh, A K. (2002). Flow behavior characteristics
of ice cream mix made with buffalo milk and
various stabilizers. Plant Foods for Human
Nutrition, 57: 25-40.

[18] Goff, H. D., & Hartel, R. W. (2013). Ice

Cream. Springer Science & Business Media.

[19] Behnia, A., Karazhiyan, H., Niazmand, R., &
Mohammadi Nafchi, A. (2013) Rheological
properties of low-fat yogurt containing cress seed
gum. Agricultural Sciences, 4, 29-32. doi:
10.4236/as.2013.49B005.

[20] Tamime, A.Y., & Robinson, R.K. (2007)
Tamime and Robinson’s yoghurt. 3rd Edition,
Woodhead Publishing Limited and CRC Press,
New York.

[21] Ardestani, F., Haghighi Asl, A. & Rafe, A.
(2024). Characterization of caseinate-pectin
complex coacervates as a carrier for delivery and
controlled-release of saffron extract. Chemical and
Biological Technologies in Agriculture, 11, 118.
https://doi.org/10.1186/s40538-024-00647-0

[22] Roullet, M., Clegg, P. S., & Frith, W.J. (2019).
Viscosity of  protein-stabilized  emulsions:
contributions of components and development of a
semi-predictive model. Journal of Rheology, 63
(1).

[23] Sodini, I., Remeuf, F., Haddad, S., & Corrieu,
G. (2004). The relative effect of milk base, starter,
and process on yogurt texture: A review. Critical
Reviews in Food Science and Nutrition, 44(2),
113-137.

[24] Madene, A., Jacquot, M., Scher, J., &
Desobry, S. (2006). Flavor encapsulation and
controlled release — a review. International
Journal of Food Science & Technology, 41(1), 1—-
21.

[25] Lucey, J. A. (2001) The relationship between
rheological parameters and whey separation in
milk gels. Food Hydrocolloids, 15, 603—608.

[26] Shah N. P. (2000). Effects of milk-derived bio
actives: an overview. The British journal of
nutrition, 84 Suppl 1, S3-S10.
https://doi.org/10.1017/s000711450000218x

[27] Ozmert Ergin, S., Giin, ., Kara, R., Soyugok,
A., & Albayrak Karaoglu, A. (2024). The
Physicochemical, Textural, Microbiological and

244

Sensory Properties of Skimmed Buffalo Milk
Yoghurt with Tragacanth Gum During Storage.
Food Technology Biotechnology,62(2),205-217.
[28] Turgut T., & Diler A. (2025). Investigation of
the physicochemical and textural properties of
yogurt made from milk with different somatic cell
count. NanoEra,5(1), 9-15

[29] Lu, Y., Zhang, B., Shen, H., Ge, X., Sun, X.,
Zhang, Q., Zhang, X., Sun, Z., & Li, W. (2022).
Sodium Caseinate and Acetylated Mung Bean
Starch for the Encapsulation of Lutein: Enhanced
Solubility and Stability of Lutein. Foods, 11(1):65.
[30] Pudziuvelyte, L., Marksa, M., Jakstas, V.,
Ivanauskas, L., Kopustinskiene, D. M., &
Bernatoniene, J. (2019). Microencapsulation of
Elsholtzia ciliata Herb Ethanolic Extract by Spray-
Drying: Impact of Resistant-Maltodextrin
Complemented with Sodium Caseinate, Skim
Milk, and Beta-Cyclodextrin on the Quality of
Spray-Dried  Powders.  Molecules  (Basel,
Switzerland), 24(8), 1461.
https://doi.org/10.3390/molecules24081461

[31] Xie, S., Qu, P, Luo, S., & Wang, C. (2022).
Graduate Student Literature Review: Potential
uses of milk proteins as encapsulation walls for
bioactive compounds. Journal of dairy science,
105(10), 7959-7971.
https://doi.org/10.3168/jds.2021-21127

[32] Gorji, SG., Gorji, EG., & Mohammadi far,
MA. (2014). Characterization of gum tragacanth
(Astragalus gossypinus)/sodium caseinate
complex coacervation as a function of pH in an
aqueous medium. Food Hydrocolloids,34,161-8.


http://dx.doi.org/10.4236/as.2013.49B005
https://doi.org/10.1186/s40538-024-00647-0
https://doi.org/10.1017/s000711450000218x
https://doi.org/10.3390/molecules24081461
https://doi.org/10.3168/jds.2021-21127

RN J.ﬁ_. JY 09 AvY aJ\La..il gf_\\ﬁ\ ;l,\; CL&) (aj.l.o d.l‘>m

www.fsct.modares.ac.ir :dow Colw

Ol ) 2l s 5 psle alous

Lodd Sligi, Ol ae; S8 o jlas ol duos gl b Conle 3L 5 5485, sleS5

”d\{j\)g S A jiz.,.b dL:l:l" 4‘:‘]‘5’

Ol e ¢ ol 13T o2l g dly ¢ lis b s pse s S iyl lisyls )

Qlﬂ] MiJJ? C,.:J: LL;“M-\N‘J‘).TGK:«J\J M.L)J\:> CAJ; J&\) ‘;5'3-\')"; @L’mﬁ_}f}l}e)ﬁc)l:«ub -y

oS>

-

Jlas S|

DS 5 ) rie Olpies 513 oilr SN puamme ) S Olsisas Ol ke s S8
o DS 5l GV Sl Lol 33 0 o gmmn Lailn g5l 03 540 Jlabie
S a3l e S sdomn 1 Glaes sl 3 1y WOT puiies 3 )08 ¢ Jae Lail 15 4
osbas b odd b Mod gl b Conle BL 5 S35, g Shs 2ol ek ol
L Olpies S S o jlae ke oy 2 S5 e b ol Sla 5 525 Ol i3 SIS
CJJM);}.L:: Slisny aes 4oyl el ) VoL s c)l;::jlsri.u)'l oslazal
@38y bla (S5 sl Shs i g8l e 4 doys Y 5 /Y )
or SN L e 5 015 056 gladde 5l eslinad L OL 2 Sl 5 b A5 oo b
s god plion 8T Sldie 5 s jum Olgme o 5em) (Bl Slis g piomen o3 S
g5 3 et S, baised el 8 b Ol ml S 1E Gl 2
s oS Glhs sy sosy SIS IG5 Lsls OIS s ) Sy 50 e
oylas G338l a3l bl ool pae sba r:l“; O s pld e (s ol
S e = ot R e T T
Sl g il 53 Ll 55T i 53 5 50 28 DL ik b Sl et
WSS e b edd Sl gy O iy S8 ojlas 5l eslital g sazms 55 5 S L
Lo gl b sls (65 Shes 5 Bl (S5 S Shs e sl BLE o)

e

sl gla @Ju
VEVE/ A 22l s
VESO/ N/ sig5ls gl

V610NN YA Bl sl

1S wlads
L3 gl 3 Csle
Ol sy SIS
TS
(S3P ool
(Bl sl S5
e

]

245



http://www.fsct.modares.ac.ir/

