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ARTICLE INFO ABSTRACT

Keywords: Protein bars are widely recognized as popular health-oriented products; however, they are highly susceptible to
Kinetic modelling, physicochemical changes during storage, which may compromise consumer acceptance. One promising approach to minimize
microalgae, these undesirable effects is the use of natural compounds with strong antioxidant activity. Among them, the microalga
gﬁe'ffa}:?e”v Spirulina platensis stands out due to its richness in proteins, vitamins, and bioactive compounds, making it an attractive

ingredient in the formulation of functional foods. Similarly, phycocyanin—a water-soluble protein pigment with remarkable
antioxidant potential—has drawn attention for its ability to improve nutritional value and enhance oxidative stability. This
study investigated the stability of protein bars fortified with spirulina and phycocyanin compared to a control formulation
during 28 days of storage at room temperature, with evaluations carried out at 7-day intervals. Key parameters such as
moisture content, water activity, acidity, peroxide value, and color difference (AE) were measured. To model the observed
changes and determine the most suitable kinetic fit, statistical indicators including the coefficient of determination (R?), chi-
square (x?), mean bias error (MBE), and root mean square error (RMSE) were applied. The results demonstrated that
fortification with spirulina and phycocyanin slowed down the rate of undesirable changes and improved the overall stability of
the protein bars throughout storage. These findings highlight the promise of such natural ingredients in enhancing both the
functionality and oxidative stability of protein bars, paving the way for the development of more sustainable and consumer-

friendly health products.

1. Introduction

In recent years, increasingly busy lifestyles and time
constraints have led many individuals to pay less
attention to healthy dietary patterns. Skipping main
meals has become a common behavior, with fast foods
often serving as convenient replacements due to their
ease of consumption and accessibility. However, such
foods are typically high in calories, saturated fats, and
other unhealthy components, and their frequent
consumption is strongly associated with chronic
conditions such as obesity and diabetes. In response to
these concerns, the production and consumption of
ready-to-eat nutritional products, such as food bars,
have gained popularity as healthier alternatives to
skipped meals. When formulated appropriately, these
products can provide a balanced combination of
macronutrients  and  essential ~ micronutrients—
particularly  proteins and carbohydrates—thereby
contributing to improved nutritional status [1,2].

Based on their composition and nutritional profile,
nutritional bars are categorized into various groups,
including energy bars, food bars, protein bars, and
sports bars [3]. Some products, due to their composite
formulation, may fall into more than one category [4].
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Among these, protein bars occupy a prominent share of
the market, largely because of their role in delivering
high-quality protein, supporting muscle growth and
maintenance, aiding post-exercise recovery, providing
energy, and even contributing to weight management
[5,6].

Protein bars are generally classified as intermediate-
moisture foods, with reported water activity values
ranging between 0.5 and 0.9 [7]. Maintaining their
physicochemical and oxidative stability during
storage—particularly at room temperature—remains a
major challenge in the food industry. Factors such as
moisture migration, changes in water activity, lipid
oxidation, and color degradation can all contribute to
product quality loss [5,8]. To address these challenges,
the food industry has increasingly turned to natural
antioxidant compounds to extend shelf life and preserve
product quality [9].

Emerging research highlights the application of
microalgae in improving both the nutritional and
technological properties of food products. Reported
benefits include emulsifying activity, enhanced color
and flavor, improved stability, nutritional value, and
extended shelf life [10]. Among microalgae, Spirulina

(Received: 09 August 2025, Received in revised form: 26 August 2025, Accepted: 06 September 2025)
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:amir.pourfarzad@gmail.com

24 A. Pourfarzad? et al. / Innovative Food Technologies 13(1) (2025) 23-35

platensis—a blue-green alga—is especially notable for
its high content of proteins, essential fatty acids,
vitamins, minerals, and antioxidant compounds, making
it a valuable ingredient in the food and dietary
supplements industries [11]. With rising global demand
for protein sources, the production and utilization of
spirulina have expanded considerably, as food
companies explore diverse protein alternatives from
animal, plant, microbial, and algal origins [12,13].

In addition to its nutritional richness, spirulina
exhibits functional properties such as high water-
binding capacity, gelling, and film-forming ability,
which can enhance the technological performance of
cereal-based products and improve their nutritional
quality [14,15]. One of its key bioactive compounds is
phycocyanin, a natural blue protein pigment with strong
antioxidant, anti-inflammatory, anticancer, and immune-
boosting properties. Recognized as safe, phycocyanin
has been widely adopted as a natural substitute for
synthetic dyes in foods and nutraceuticals [16-18].

Given the nutritional and functional attributes of
spirulina and phycocyanin, their incorporation into
novel  health-oriented  products—particularly  in
combination with carbohydrate- and fiber-rich sources
such as brown rice flour—has attracted increasing
attention. While numerous studies have focused on
protein bar formulation, only a limited number have
investigated the quality changes of these products
during storage and their kinetic modeling. Monitoring
kinetic changes in parameters such as moisture content,
water activity, titratable acidity, peroxide value, and
color difference (AE) can provide deeper insights into
degradation patterns and product stability.

Therefore, the main objective of this study was to
evaluate the physicochemical and oxidative changes of
protein bars fortified with spirulina and phycocyanin
during 28 days of storage at room temperature, and to
model these changes using suitable mathematical
approaches. The application of kinetic models in food
quality analysis provides valuable insights for predicting
shelf life, optimizing formulation design, selecting
stabilizing agents, and determining suitable packaging
and storage conditions. The findings of this research are
expected to provide a scientific foundation for the
development of stable, health-oriented protein bars in
the food industry.

2. Materials and methods
2.1. Materials

The raw materials used in this study included brown
rice flour (Giltaz Company, Iran), whey protein
concentrate and starch powder (Roysa Online Store,
Iran), food-grade glycerol (KLK, Malaysia), spirulina
powder (Royaye Jalbek Pars Company, Iran), and
phycocyanin powder (Zist Fanavaran Yakhteh Giti Sabz
Company, Iran). Sunflower oil and distilled water were
also used. The chemical reagents applied in analyses
were phenolphthalein, sodium hydroxide, chloroform,

sodium thiosulfate pentahydrate, and sodium carbonate
(Merck Company, Germany); glacial acetic acid (Dr.
Mojallali Company, Iran); and potassium iodide (Shimi
Center store, Iran).

2.2. Methods
2.2.1. Preparation of protein bars

Protein bars were prepared using a cold-processing
method at a controlled temperature of 25 °C to preserve
the functional properties of heat-sensitive compounds.
The formulation consisted of brown rice flour, whey
protein concentrate, food-grade glycerol, sunflower oil,
and distilled water (Table 1). Two types of samples
were prepared: a control sample (without spirulina and
phycocyanin) and a fortified sample containing spirulina
and phycocyanin powders. The formulation of the
fortified sample was based on the results of a previous
optimization study [19] focusing on nutritional,
structural, and sensory properties. First, spirulina and
phycocyanin powders were thoroughly blended with the
dry ingredients (brown rice flour and whey protein
concentrate). The liquid components (glycerol, distilled
water, and sunflower oil) were then gradually added and
homogenized for 5 min at 50 rpm. The dough was
molded into uniform silicone molds (2 x 2 x 2 cm) and
stored in sealed polyethylene terephthalate (PET)
containers at 25 °C for 28 days to reach moisture
equilibrium before further analyses [5,20,21].

Table 1. Protein bar formulations.
Control Protein Bar Fortified Protein Bar

Ingredients (/100 g) (9/100 g)
Whey protein 38.66 37.06
concentrate

Brown rice flour 19.33 18.53
Spirulina powder 0 2
Phycocyanin powder 0 0.4
Glycerin 16.01 16.01
Sunflower oil 9.80 9.80
water 16.20 16.20

" Fortified protein bar contains 2% spirulina powder and 0.4% phycocyanin
powder.

2.2.2. Moisture content

Moisture content was determined using the oven-
drying method. Approximately 4-5 g of ground sample
was dried in a hot-air oven at 105 °C for 5 h, cooled in a
desiccator to room temperature, and weighed [22].
Moisture percentage was calculated using Equation (1):

Moisture content (%) = x 100 1)

Ws—-(Wp—Wy)
Ws
where W5 is the sample weight (g), W, is the empty
dish weight (g), and W, is the weight of the dish and
dried sample (g).
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2.2.3. Water activity

Water activity (aw) was measured using a
LabTouch-aw device (Novasina, Switzerland) at 25 °C.

2.2.4. Titratable acidity

For titratable acidity, 1 g of sample was dispersed in
200 mL of distilled water and left at room temperature
for 1 h to achieve equilibrium. Then, 0.5 mL of 1%
phenolphthalein solution indicator was added, and
titration was performed with 0.1 N NaOH until a faint
pink color persisted for at least 30 s. The consumed
NaOH volume was recorded, adjusted to the equivalent
of 5 g sample in 50 mL water, and expressed as lactic
acid percentage using Equation (2) [23]:

V XN X 0.09x100
m
)

where V represents the volume of NaOH consumed
(mL), N is the normality of NaOH, 0.09 is the
equivalent factor of lactic acid, and m denotes the
sample weight (g).

Titratable acidity (% lactic acid ) =

2.2.5. Peroxide value

Peroxide value was determined by extracting 4 g of
homogenized sample with 10 mL chloroform and 15 mL
glacial acetic acid, left for 30 min in the dark at room
temperature. The filtrate was treated with 1 mL
saturated Kl solution and kept in the dark for 5 min,
followed by the addition of 1 mL distilled water and 0.5
mL of 1% starch solution indicator. Titration with 0.01
M sodium thiosulfate was performed until the solution
became colorless. The peroxide value (meq O,/kg) was
calculated using Equation (3) [24]:

_ (V1-Vp)Tx103
- M

PV (3)

In this equation, V; represents the volume of
thiosulfate used for the sample (mL), V, is the blank
value (mL), T denotes the molarity of thiosulfate, and M
is the sample mass (g).

2.2.6. Color measurement

Color attributes were evaluated using digital image
analysis. Three regions per sample were photographed
with a Samsung S8 camera (12 MP) at a fixed distance
of 9.5 cm under constant ceiling light, using a neutral
background and avoiding shadows. Images were saved
in JPEG format and analyzed using ImageJ software
(version 1.52v). Pixel regions of the samples were
extracted, converted from RGB to CIELab space, and
L*, a*, b* values were obtained [25, 26]. Total color
difference (AE) was calculated by Equation (4):

AE = /(Lo — L)? + (ag — @)% + (by — b)? (4)

where L, a, b represent sample color parameters and
Lo, a0, by Were taken as baseline values (zero).

2.2.7. Kinetic analysis during storage

Kinetic modeling, data analysis, and plotting of
physicochemical and color changes in control and
fortified protein bars were performed using MATLAB
software (version 24). Fourteen different mathematical
models were tested to fit the data. Model performance
was evaluated using statistical indices including the
coefficient of determination (R?), chi-square (), mean
bias error (MBE), and root mean square error (RMSE),
calculated by Equations (5) to (8):

Heo—H¢t

HR = ——— 5
— )
Zﬁl(HRexp,i_HRpTL’,i)z

X2 = N (6)

1
MBE = EZﬁ\il(HRpre,i —HReyp i) ()
1 2.1
RMSE = [EZ?[:1(HRpre,i - HREXp,i) ]2 (8)

Where, Hy represents the physicochemical changes of
the protein bar at time =zero, H, indicates the
physicochemical changes occurring over storage time, and
H, denotes the physicochemical changes of the protein bar at
time t. HRe,,; refers to the experimental values obtained
from the analysis of physicochemical properties, while
HRye; corresponds to the predicted values of these
properties. N is the number of observations, and n is the
number of constants [27]. Statistical differences between
kinetic parameters of control and fortified samples were
determined using an independent samples t-test at a
significance level of p < 0.05.

3. Results and discussion
3.1. Kinetic analysis during storage

Protein bars, as protein-rich food products, are
subject to physical and chemical changes during
storage. Monitoring variations in moisture, water
activity, titratable acidity, peroxide value, and color
difference (AE) in both control and fortified samples is
crucial for assessing product quality and shelf life. To
model these changes over storage time, 14 empirical
regression  models—including  linear,  quadratic,
Weibull, Gompertz, Harris, Rational, Newton, Page,
Logarithmic, Exponential, Logistic, Two Term,
Diffusion, and Fourier models—were evaluated. The
statistical performance of these models, including
goodness-of-fit indices and estimated parameters, along
with comparative analyses between the control and
fortified samples, are summarized in Tables (2) to (11).
Graphical representations of the best-fitting models for
each parameter are presented in Fig. 1. to 5. Generally,
models with higher R2 values and lower MBE, RMSE,
and y*> values were considered more accurate for
describing the kinetic behavior of the samples [27].
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Fig 1. Diffusion model fitting graph for moisture changes in control and fortified protein bars during storage time.
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Fig 2. Rational model fitting graph for water activity changes in control and fortified protein bars during storage time.
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Fig 3. Gompertz model fitting graph for acidity changes in control and fortified protein bars during storage time.
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Fig 4. Gompertz model fitting graph for peroxide changes in control and fortified protein bars during storage time.
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Fig 5. Quadratic model fitting graph for AE changes in control and fortified protein bars during storage time.

3.2. Moisture content

Moisture content decreased progressively over the
28-day storage period in both control and fortified
protein bars. The reduction was more pronounced in the
fortified bars, likely due to the influence of spirulina
and phycocyanin on the product structure. These
bioactive components may have altered the
microstructure and increased porosity, thereby
facilitating moisture loss during storage [28].

Kinetic modeling was performed to further analyze
these differences. Model selection was based on fitting

(Table 2). Among the tested models, the Diffusion
model provided the best fit, with high R2 values (0.977
for the control and 0.979 for the fortified sample) and
low RMSE and y? values. Notably, the fortified sample
showed the lowest ¥* (2.07 x 1073), indicating superior
fitting accuracy. The low RMSE values in both cases
also confirmed the model’s predictive reliability. Based
on these criteria, the Diffusion model was selected as
the most appropriate for describing the moisture kinetics
of both protein bar formulations. The general form of
the Diffusion model was expressed as:

accuracy, using R2, RMSE, »2, and MBE as criteria Ci = a exp(-bt) + (1-c) exp(-cdt) )
Table 2. Results of the statistical analysis obtaind from modelling the changes in Moisture in control and fortified protein bar samples.
Constants R? MBE RMSE 1
Model Model
No Name equation e - - - -
' Control Fortified Control Fortified Control Fortified Control Fortified Control Fortified
. _ a=20.66 a= 20.072 -15 -15 -4 -3
1 Linear Ci=a+bt T o008 b= 10,0594 0.978 0.941 2.132x10 1.421x10 0.0377 0.1467 3.52x10 5.51x10
Co=a+bt+ 8=20651 a= 20.1491
2 Quadratic ™'~ &2 b=-0.0227 b=-0.0815 0.978 0.953  7.105x10%® 2132x10%° 00371 013177  3.39x10*  453x10°
¢=-0.0001 ¢=0.0008
C=bie(t- =0 =0
3 Weibull () -((\-agc)b b=0.7740 b=0.7748 -515.8 -782.42 -16.163 -15.177 18.071 16971  1.1633x10° 1.0133x10°
Qe c=6.82 =234
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Constants R? MBE RMSE 1
Model Model
No Name equation s s ifi ifi ifi
: Control Fortified  Control Fortified Control Fortified Control Fortified Control Fortified
Coaexp. 2-2L564  a=257973
4 Gompertz ex‘f—b’(c—Q)S) b=0.0217 b=0,0101 0.975 0932  -323x10*  243x10* 0039 015783  386x10%  6.34x103
p c=82755  ¢=130.2197
) Co=1/a+ 3= 00484 a= 0.0494 , ; ) ,
5 Harris ) b=0 b= 0.0005 0.978 0969  1.851x107 1.2673x10° 00373 010645  344x10”  3.01x10°
¢=1.0827 c=0.6875
Ci=(@+ht)/ a:blO.gBO ba?ssgzoézgo
. =(a+ht = = .804 5 3
6 Rational ‘(1+ct+dt2f = D0138  =3iers 70985 0978 5224  1.9101x10 6.712 0.0902 18.79 2.17x10
d=-0.0002  d=0.8262
7 Newton G, = exp(-at) a=0 a=0 58823  -00495  -19.308 -18.24 19.31 18.25 1864.3 1665.3
Ci=exp a=0 a=0
8 Page ) b=3 5127 b=iBloq 58823 00495  -19.308 -18.24 19.31 18.25 1864.3 1665.3
I a=16.904 a= 2.6486
9 Logarithmi C'Et)afﬁp(' b=00015  b=00356 0977 0957  34016x10° 13685x10° 003806 012641  359x10*  4.20x10°
c=37574  c=17.5284
o Beorena Ciza®- 00 a=20082 1, gom 00017  -2316x10° 026573 014351 00174  5.28x10°
| exp(-ct)) c; 33503 b=-0.0031 ' ' ' ' : ' : '
_ a=20.308 a=19.24 13
1 Logiic  CZalGrP b0 b=0 LIS SOADT 1100x10% 237x10% 025175 060633 0015604 0095541
p ¢=6.0734 c=5.4321
coon ENE EUR
=aexp(- =0.001 = -0. -7 5 4 3
12 Two-term st exp(fdt) 0Z008%  oeoooms 0977 0944  52633x107 -2.317x10 0038 014351  357x10*  5.28x10
d=0.0012 d= 0.0031
Comaexp(- 0510726 2=19.8319
13 Diffuision by +(lc) - 902 =002 gg77 0979  26306x10° 9.4047x10° 0038 008814  357x10¢  207x10°
exp(-cdt) G- po199  d=81757
Comath o= 73450937 &= 164021848
14 Fourier  cosct) +d D= 73461003 b=-164019833 gg78 0953 1831x10%  501x10° 003705 013177  330x10*  453x10°
SN 4=-1470.65  d=2629.62

As shown in Table 3, the parameter a (initial C,
value) was similar in both samples (19.7 and 19.8), with
no significant difference at the 95% confidence level.
However, b (rate of initial decline) was nearly double in
the fortified bar (0.0025) compared to the control
(0.0012), suggesting a faster initial decrease. The
parameter c, associated with long-term changes, was
substantially higher in the fortified sample (0.5919) than
in the control (0.0644), indicating a stronger influence
on long-term moisture decline. Likewise, d was
markedly higher in the fortified bar (8.1757) compared
to the control (0.0199), reflecting more rapid
progression toward equilibrium. Overall, the higher
values of b, ¢, and d in the fortified protein bars indicate
accelerated kinetic behavior and faster attainment of
equilibrium compared to the control. This difference can
be attributed to the presence of spirulina and
phycocyanin, which influenced product structure and
interactions within the protein matrix. Phycocyanin, as a
protein-pigment containing charged functional groups,
may interact with other proteins through hydrogen
bonding and electrostatic forces, affecting structural
stability. Its antioxidant activity may also interfere with
secondary interactions between proteins and lipid
oxidation products, thereby altering reaction pathways.
Such interactions may accelerate certain degradation
processes or trigger new ones, leading to faster kinetics
[29,30]. Additionally, spirulina, rich in proteins,
polysaccharides, and bioactive pigments, can affect the
protein matrix and overall stability of the product. Its
bioactive compounds may increase intermolecular
interactions and alter moisture behavior, thereby

enhancing the rate of change during storage. These
compounds may also influence water permeability and
moisture distribution within the product, leading to
faster kinetics. Chemical interactions induced by
spirulina and phycocyanin thus likely contributed to
reduced stability and increased rates of physicochemical
reactions [10,31]. The observed differences in Kinetic
behavior between the control and fortified protein bars
can therefore be explained by the combined effects of
antioxidant activity, protein interactions, and modified
moisture dynamics associated with spirulina and
phycocyanin, as reflected in the selected Diffusion
model.

Table 3. Statistical comparison of the diffusion model constants for
moisture.

Constant Control Fortified p-value
a 19.7257("a) 19.8319(a) 0.85
b 0.0012(b) 0.0025(a) 0.01
c 0.0644(b) 0.5919(a) 0.001
d 0.0199(b) 8.1757(a) 0.0001

“Values with different letters in each row indicates a significant difference at the
0.05 level, while values with the same letters are not significantly different.

Consistent with our findings, Al-Baarri et al. [32]
also reported a decreasing trend in moisture content in
corn-based snack bars during 0-35 days of storage. This
reduction was attributed to water vapor migration from
the product to the surrounding environment, driven by
the moisture gradient between the product and its
storage atmosphere.
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3.3. Water activity free water in the system, thereby limiting its
availability. A reduction in water activity is generally
considered advantageous for food stability, as it
decreases the risk of microbial spoilage and prolongs
shelf life [3,33]. Similar behavior, where water activity
increased despite decreasing moisture content, was
reported in muffins formulated with water chestnut and

barley flour during 35 days of storage [34].

Water activity (aw) showed an increasing trend
during storage in both control and fortified protein bars,
although the extent of increase was lower in the fortified
samples. This difference may be attributed to the water-
binding and emulsifying properties of spirulina and
phycocyanin. By absorbing and binding water
molecules, these compounds reduce the proportion of

Table 4. Results of the statistical analysis obtaind from modelling the changes in water activity in control and fortified protein bar samples.

Constants R? MBE RMSE e
Model Model
No Name equation ie ie - . .
' Control  Fortified Control Fortified Control  Fortified Control Fortified Control Fortified
1 Linear C=a+bt 200028 a“0O00LL o613 o582 0 0 0017854 001138 0002006  8.45x10*
 Coarbe 800002 a=-00001 - - ) )
2 Quadratic ~ C1= 3% b=00074 b=00048 0884 0915  1.1102x10%° 6.6613x10°7 0000776 0005127 5.91x10¢  1.70x10
c=07613  c=0.7439
, Ce=ble (k) 20 a=0
eipu 1) o-(ta)o) = 0. = 0. - . - . -0.! -0. A E . .
3 Weibull SOES8HT b=09087  b=09091 62515 14964 064312 06099 071847 068131 16874 15056
¢=9.0179 ¢=9.101
Co—aexp. A=08453  a=07953
4 Gompertz (_b-(c_)‘(’)g) b=-0.0775  b=-0.0804 0.822 0.822 -7.895x10°  -8.078x10°  0.01213  0.007427  9.28x10*  3.60x10™
p c=-24.886 c=-27.5931
_ a=1233  a= 12903
5 Harris G=1ll@+ "y b=0 B8103Ix  -LAGT gesox10® D345 028712 0017607 0.0050826  0.002
bt%) =0 =0 10 x10 x10
Ci=@+ht/ ba:10 '7765f7 ba:105;g5
. =(a+bt = 1. = 1. -8 -7 -4 -6 6
6 Rational (rardt) oAd  o=70ie; 0998 0997  89828x10° 15544x107 0001165 9.67x10% 8.1984x10° 5972x)
d=-0.0008  d=-0.0003
7 Newton Co=exp(-at) a=00094 a=00121 -18561 -60.735 0069701 0075302 012699  0.13834 0083087  0.10017
8 Page Co=explat) 30209 8= 0239 5361801 7.77%10° 1.0694x10° 15298107 0028712 0017607 ~0.0050826  0.002
L Cozaexp(bt) & 0.8604 a=0.0003 . " . 5
9 Logarithmic Ct= 28X b=0 b=0  -47414x10°-1.6156x10° 2.0349x107 -7.020x10° 0.028712 0017607 0.0050826  0.002
c=-00494  c=0.7746
o a=00734  a=0.0452
10 Exponential C“acg’)'e"p(' b=11270 b=17.3732  0.995 09999  -1.713x107 5.1606x10® 0002049 2.03x10* 2.5381x10° 2.621x107
¢=0.3193 c=0.3114
— Cima/(+b 308274  a=07852 ] . . . ]
11 Logistic ‘oo(oy © b=00973  b=006L1 0995 09999 -21602x107 -2553x10° 0002061 194x10% 25672x10° 2:391x10°
p c=03323  c=0319
o ( a:t? '4855 a:t? '38 & 45755  -5.8416
=aexp(- = = -4, -9. -10 -8
12 Twoterm 7880 o Sidss  o=gatrs Vet S0 7.9012x10%°  -3049x10° 0028712 0017607 0005083  0.002
=00015  a=0.0019
C; = aexp(-bt) a= )/ g . .
13 Diffusion  + (10 e~ 5005 choag  oiofp B0 81636x107 52601x107 0028712 0017607  0.005083  0.002
cdt d=0 d=0
Cooarp - -05067:349a= -34983 0612
14 Fourier cosct) +d P O9068I1 b= 34983805 o ggs 0915  21775x10M 4.4602x10% 0009776 0005127 591x10% 0001698
SiNCY) 4= .98.9786  d=57.3464

Among the evaluated models, the Rational model
was identified as the best fit for describing the kinetic
changes in water activity (Table 4). The general form of
this model is:

Ce = (a + bt) / (1+ct+dtd) (10)

where C; is the water activity at time t, and a,b,c, and
d are regression coefficients estimated from
experimental data. As summarized in Table 5, parameter
a represents the initial water activity (y-intercept),
which did not differ significantly between control and
fortified samples. Parameter b reflects the initial rate of
increase; its higher value in the control bar indicates
greater early-stage changes. Parameter ¢ moderates the
growth rate; higher values, as seen in the control,

suggest a more controlled progression of aw over time.
Finally, parameter d accounts for nonlinear
contributions, with higher positive values in the control
pointing to a gradual slowdown of aw increase at later
stages.

Previous studies have also modeled aw Kinetics in
various food systems. For example, Srisuk and Jirasatid
[35] applied a zero-order kinetic model to describe
water activity changes in pumpkin—fingerroot drink
powders stored at 4, 32, and 45 °C for 70 days, while
Tireki et al. [36] successfully used a Weibull model to
explain aw changes in candies stored for 12 weeks at
10-30 °C.
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Table 5. Statistical comparison of the rational model constants for water
activity.

Constant Control Fortified p-value
a 0.754 (‘a) 0.74 (a) 0.185
b 1.765 (a) 1.579 (b) 0.002
c 2.147 () 2.015 (b) 0.006
d -0.0008 (b) -0.0003 (a) 0.021

*Values with different letters in each row indicates a significant difference at the
0.05 level, while values with the same letters are not significantly different.
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3.4. Titratable acidity

Titratable acidity increased in both protein bar
formulations during 28 days of storage, with a greater
rise observed in the fortified samples. Spirulina powder,
which contains approximately 14% lactic acid, may
have directly contributed to this higher acidity level.
Among the tested kinetic models, the Gompertz model
provided the best fit for both formulations (Table 6),
expressed as:

C. =a.exp[-exp(-b(c-x))] (11)
Table 6. Results of the statistical analysis obtaind from modelling the changes in acidity in control and fortified protein bar samples.
Constants R? MBE RMSE ?
Model  Name Model x
No. equation oo Fortified  Control Fortified Control  Fortified Control Fortified Control  Fortified
1 Linear Ci=a+bt 30018 00186 0893 0983  8882x10%  6661x107 004899 0024495 0011833  0.0024455
_ Co—atbts 8200006  a=00001 B B .
2 Quadratic =at b=-0002  b=00145 0995 0987  8882¢10Y 1332x10% 001069 0021381  5.75x10%  0.0017268
c=08971  c=09943
_ _\b- a=0 a=0 ~
3 Weibull GOS0 b=0sos2  b=Opuo 3956 3766 084311 10232 095254 11532 324.09 466.18
c=9.364 ¢=9.2175
Coaexp 36208 a=L732t - ]
4 Gompertz < (-b'(c-x)%) b=-00403  b=-00824 0994 0992 99826x107 -7.708x)-" 001205 001656  7.60x10°% 0001107
p c=43.833 ¢=155455
. =1/@+ 0915 a=08065 50y goaa3 & 45311
5 Harris G btc)( b=0 b= Legr 0008 1ssaixao®  A3M 014067 018547 010769 013871
C-@+by/ bo13120  bo1289
. =(a+ bt = . = ' 4 4 4
6 Rational | TR Cifedy 094 0982 123x10°  1S5x10° 0011969 0024713  642x10° 00022615
d=-02162  d=-0.1494
7 Newton Ce=exp(at) a=0 a=0 0071 16744 0.04 024 015492  0.30332 0.12 0.46
8 Page Ceepat) 9 =9 0071 16744 0,04 024 015492 030332 012 046
_ a=00001  a=00094 )
9 Logarithmic ~ Ct=3&P(OY b= 0,001 b=0 108 319310 4003x10°  2037x10° 014967 018547 01077 013871
c=10398  c=12306
. _ a= 21.664 a= 9027
10 Exponential C"""C%’)'e"p(' b= 1.0386 b=1.1079 0.891 0981  882x10"  -0.001475 0049403 0025464 0012135  0.0027069
c=00007  c=00021
- Cima/@+h EMETT  a=631%5
1 Logistic oo(syy © b=17188  b=53769 0925 0986  -323x10°  -4.203x10° 004096 0021648 0008484  0.0018109
p ¢=0.0144 ¢=0.0188
G ( % 0'82 % 0'82 69238  -2.9134
=aexp(- = = -0. =Z. -8 -12
12 Twoterm =2 20PC 0% o OO 2B 55a3<10° 6156x10 01497 018547 010769 03871
d=0 d=0
=00582  a=0.2587
Czaepeh) 00 b=0 52833 -1.1652
13 Diffusion  +(lc)exp(- .= b= 52833 L1632 5541x107  5060x10° 014967 018547 010769 013871
2N c=00182  c=00187 x10 10
a:
Ciasp 831011457  a=12728
14 Fourier cos@)+d gyl P2O2I9 0ge5 0993 -1526x10°  -133x10° 001069 0015747  575x10°  0.0010205
sin(ct) =0 d=0.0576
d= -544.7832

In this equation, a represents the maximum acidity
attainable by the product, b describes the rate of change,
and c indicates the time at which the steepest increase
occurs. As shown in Table 7, the maximum acidity (a)
was higher in the control (3.6298) compared to the
fortified bar (1.7321), suggesting that overall acidity
remained lower in the fortified formulation. Parameter b
showed no significant difference between the two
samples. Interestingly, parameter ¢ was markedly lower
in the fortified bar (15.5455 vs. 43.8325 in the control),
indicating that the most intense changes occurred
earlier. This accelerated acidification may be linked to
the presence of spirulina, which provided both lactic

acid and microbial substrates that facilitated faster

increases in acidity.

Table 7. Statistical comparison of the gompertz model constants for
acidity.

Constant Control Fortified p-value
a 3.6298("a) 1.7321(b) 0.002
b -0.0403(a) -0.0824(a) 0.087
c 43.8325(a) 15.5455(h) 0.001

*Values with different letters in each row indicates a significant difference at the
0.05 level, while values with the same letters are not significantly different.
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Comparable findings were reported by Yang et al.
[37], who applied the Arrhenius model to predict the
shelf life of vacuum-packed noodles at 25 °C, where
acidity was also a critical determinant of product
stability.

3.5. Peroxide value

lower in the fortified samples, suggesting that
antioxidant compounds in spirulina and phycocyanin
slowed the oxidative process.

Kinetic analysis revealed that the Gompertz model
best described the peroxide value changes for both
formulations (Table 8), supported by high R2 values
(0.999 for control and 0.985 for fortified protein bars)

and low RMSE and y? values. The model equation is:
Peroxide value, an indicator of primary lipid

oxidation, increased in both control and fortified protein
bars during storage. However, the extent of increase was

C=a.exp[-exp(-b(c-x))] (12)

Table 8. Results of the statistical analysis obtaind from modelling the changes in peroxide in control and fortified protein bar samples.

2 2
Model Name Model Constants R MBE RMSE X
No. equation oyl Fortified Control Fortified Control Fortified Control Fortified Control Fortified
. _ a= 3.002 a=055 17 15
1 Linear Ci=a+bt | T be 01637 0.774 0.904  8.882x10%  1.044x10 0.50574  0.52887 0.28577 0.90395
Co—ashis 235791  a=11471
2 Quadratic t o b=-0.0703  b=-0.0069 0.980 0.990 4.441x10%°  4.441x10Y 015037  0.17349 0.02853 0.0515
c=0.0059  ¢=0.0061
Ci=bic (-a)® &0 a=0
3 Weibull D gleaon  b=09972  b=0.8809  -14401  -2.6614 -3.632 -2.6005 41759 32621  2276x10 43416
c=0.3068 c=12.18
C = aex a=14280 a=24277.46 o oo0
4 Gompertz _ex‘ ‘_b'C_E b=-0.034  b=-0.0074 : 0.985 -6.896x107  0.04856  0.03164  0.21242  1.40x10° 0.08226
(exp(oEx)) c= 670698  c=317/1005
_ a=0.231 a=0.3516
5 Harris CG=1/" 00002 b=00003 19385 BOTST ;000107 q37ex107 10641 17048 1.3087 5.1132
(@a+bt9 %10 %10
c=0 c=0
a=35074  a=1.0577
. Ci=(a+bty/ b=0 b=0.0363 4 5 3
6 Rational (+ctrd?)  c=00085  c=-00221 0.998 0.994 -4.68x10*  2.7156x10°  0.05204  0.13709  3.80x10 0.05145
d=-0.0008 d=0
7 Newton Ci = exp(-at) a=0 a=0 97701  -1.1674 -3.326 -1.842 34921 25098 60.973 31.497
8 Page C; = exp(-at®) ba:2°5 ﬁzg 97701  -1.1674 -3.326 -1.842 34921 25098 60.973 31.497
_ a=0.1774 a=0
9 Logarithmic C(‘_ gt)af’ép b=0 b=0 _21%23 "i‘fgi’f -2.999x10°  -4.445x10° 10641 17048 13087 5.1133
c=4.1486 c=2.842
Co=abexpl- & 380.2421 a= 1374.4766
10 Exponential o) PC b=10079 b= 1.0004 0.773 0.904 5.38x10°  -1.58x10° 0.507 0.52963 0.289 0.91402
c=0.0003  ¢=0.0001
Cmal+b® 28048.953 a= 15703.6982
1 Logistic ‘ex (ct) b=9356.501 b=16658.8757  0.847 0.990 -9.40x10° 001375 041648  0.17133 0.20601 0.07805
p c=0.024  c=0.0645
a= 2.1624 a=1.421
’ Ci=aexp (- b=0 b=0 11453 96079 3 "
12 Two-term biyrc exp(-dt) o= 2.1624 o= 1421 109 X102 1.14x10 5.088x10 10641  1.7048 1.309 5.1132
d=0 d=0
_ a=3.3498  a=1.8654
13 Diffusion (it(_lac;)éi(bt) b= b=0 L2261 46296 2a0x10° 19326x10° 10641 17048 1.3087 5.1132
PC =038  c=00234 x102 x103 : : : : ’ :
odt) d=0 d=0
Cooatp 2-L09X10°  a=378x107
) t b=-1.09x10° b= -3.78x10" 10 o
14 Fourier cose) +d 00001 o 0.980 0.990 -1.62x10 9.934x10°  0.15037  0.17349 0.02853 0.0515
sin(ct) =0 =

d=675.604  d=384.362

Here, a denotes the maximum peroxide value, b the Table 9. Statistical comparison of the gompertz model constants for

rate of increase, and c the time required to approach the peroxide.

final oxidation phase. As reported in Table 9, the Constant Control Fortified p-value
maximgm peroxid_e value (a) was considerqbly higher in a 142.803('b) 24277.458(a) 0.0001
the fortified protein bars (24277.458) than in the control

(142.803), indicating greater overall lipid oxidation b -0.034(a) -0.0074(b) 0.02
potential. However, the rate parameter (b) was lower in c 67.9698(b) 317.1005(a) 0.0001

the fortified samples, implying a slower accumulation of
peroxides. Additionally, the higher ¢ value in the
fortified bar (317.1005 vs. 67.9698 in control) suggests
that the transition to the final oxidation phase was
delayed.

*Values with different letters in each row indicates a significant difference at the
0.05 level, while values with the same letters are not significantly different.

This dual behavior, characterized by higher ultimate
peroxide values but slower progression, can be
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explained by the presence of phycocyanin and other
bioactive compounds in spirulina. These compounds
may simultaneously provide antioxidant protection and
alter the product matrix in ways that influence oxidation
dynamics. Similar approaches have been used in other
studies: Manzocco et al. [38] applied a zero-order
model to predict cracker shelf life based on peroxide
formation, while another study used a first-order kinetic
model to describe peroxide changes in safflower oil
fortified with phycocyanin and BHT [39].

3.6. Color difference (AE)

The color difference (AE) of control protein bars

increased steadily throughout 28 days of storage. In
contrast, fortified samples showed a decrease in AE
until day 14, followed by an increase until day 28.
However, the total increase in AE remained lower in
fortified samples than in the controls. The initial decline
suggests stabilization of the color profile, while the later
increase may reflect secondary reactions or
environmental effects influencing pigments. By day 28,
AE values appeared to stabilize, indicating the
attainment of final color equilibrium. Among the tested
models, the Quadratic provided the best fit for both
formulations (Table 10), expressed as:

Ci=a+hbt+Ct (13)

Table 10. Results of the statistical analysis obtaind from modelling the changes in AE in control and fortified protein bar samples.

Constants R? MBE RMSE 7
Model Model
No.  NaMe  cquation i i ifi ifi i
' q Control Fortified Control Fortified Control Fortified Control Fortified Control  Fortified
1 Linear C=a+bt G013 2200088 o5g0 0002 sm7x10%  3s53x10" 113 13352 012421 1.2568
] Coashis 20009  a=00163
2 Quadratic ) b=-0.1328 b=-04506  0.791 09998  2842x10%  1.776x10%° 080789 0018578 006464  2.70x10*
c=49.274  c=86137
p Ci=bfc (t-a)®? a=0 a=0 +5 +103
3 Weibull e</"~’ Y77 b=07386  b=09992  -656.66  -19.885 -40.467 5.372 4527 6.1066  7.868x10"°  3.42x10
c=459 ¢=0.1182
Cimaexp( 9=%4064264  a=87701 s
4 Gomperz (-b(c-x)S) b=-00042 b=-20851 0655 0.39% 0014238 1.599x10 1.037 104 0.10449 0.81047
p c=4755054  c=23.0887
_ a=0.0199 a=0
5 Harris R S b=0.1449 0 0206  1aaax10® 538 17653 11214 031008 09377
c=0 ¢=0.0093
ety = l;12.757 = k5)3.6146
. =(a+bt =0 =0
6  Rational (l+ct+dt2} = 00013  c=ooms2 4743 0.994 30532 00011062 42306  0.10415 20453 0.0092414
d=-0.0002  d=-0.0027
7 Newton C=exp(-at) a=0 a=0 7783 -20.786 -49.248 -6.002 49.28 6.2368 12142 194.49
8  Page Ci=exp(-at’) bz%}%y b= 3560238 7783 -20.786 -49.248 -6.092 49.28 6.2368 12142 194.49

a=0.3516
b=0
c=49.896 c=6.715

a=1885  oac

9  Logarithmic C.:a+e>ép(-bt)

b= 3.6022 X104 0.318

9.147x10"°  -2.892x10%°  1.7653 1.1032 0.31008 0.90617

10  Exponential C[:aC%))—exp(— b=2875  b=28008 0159 0001  -13657x10% 0002815 16188 13354  0.25895 12577
c=-83822  c=00012
- Ci=a/(L+b & 50.6 a=7.092 " “ n
11 Logistic oolloy ® b=0036 b=0 0150 -8.9484x10% 08055x10% -10062x10 16188 13362  0.25895 1.2588
P c=-87351  c=2649
24867 a=3506
Co=aexp(- =0 =0 10011 34173 s "
2 Tworerm G expggt) o L0% S 26178x10° 24360x10° 17653 13362 031008 1.2588
_ =49.2498 &= 6.0967
Ci=aexp(-bt) a= . o ~
13 Diffusion  +(1-c) exp(- 0 o0, he® A3l 4gs11x10° -3551x10° 17653 13362 031008 1.2588
cdt) d= d=0
Cozath 2355107 a=232061
14 Fourier cos(ct) +d D=-355X107 b=-146134 4991 (9995  _1397x107 -4.4400x10%° 080789 0016685 0064636  209x10°

( c=0 c=0.0436
SinCY 4= 18023749 d=-10.0634

where a is the baseline level, b the initial rate of
change, and c the nonlinear coefficient indicating
curvature. As summarized in Table 11, the a parameter
was higher in fortified samples, although the observed
AE at day 0 was actually lower, likely reflecting the
model’s sensitivity to overall curve shape rather than the
absolute initial value. The b coefficient was negative
and larger in magnitude in fortified samples, indicating

a more rapid initial decrease in AE. Meanwhile, the ¢
parameter was significantly higher in the control,
suggesting more pronounced nonlinear changes and a
sharper increase in color variation over time.

These findings align with previous research where
zero-order kinetic models were used to describe AE
changes in sliced pumpkin during drying [40] and to
predict storage stability of kiwifruit [41].
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Table 10. Results of the statistical analysis obtaind from modelling the changes in AE in control and fortified protein bar samples.
Constants R? MBE RMSE b
Model Name Model
No. equation . Fortifi e e e
ortifie
Control Fortified Control d Control  Fortified Control Fortified Control Fortified
. a=0.137 a=0.0053 -15 -16
1 Linear — Ci=a+bt P2 531 =7 7ce 0590 0002  8527x10%° 3553x10 113 1.3352 0.12421 1.2568
Cio=a+bte 2=0009%  a=00163
2 Quadratic '~ &g b=-0.1328  b=-0.4506  0.791  0.9998  2.842x10° 1.776x107’® 0.80789 0.018578  0.06464  2.70x10*
c=49.274  ¢=8.6137
— bl (- a=0 a=0
3 Weibull a)%,r) e,(&aﬂh)b b=0.7386  b=09992 -656.66 -19.885  -40.467 -5.372 45.27 6.1066  7.868x10"° 3.42x10"%
c=4.59 c=0.1182
aexp(. 244064264  a=8.7701
4 Gompertz ex‘zb(c Q)) b=-0.0042 b=-2.0851  0.655  0.394 0014238 1599x10%°  1.037 1.04 0.10449  0.81047
P = 4755954  c= 23.0887
_ a=0.0199 a=0
5 Haris  C=RA@*T =0 b=01449 0 0206 1244x10® 338 17653 1124 031008 09377
c=0 c=0.0093
a=42.757  a= 8.6146
6 Rational Ct=(@+b9/ b=0 b=0 4743 0994  -30532 00011062 42306 010415 20453  0.0092414
(1+ct+dt2) c=-0.0013  ¢=0.0752 : : : : : : : :
d=-0.0002  d=-0.0027
7 Newton  C; = exp(-at) a=0 a=0 7783 -20.786  -49.248 -6.092 49.28 6.2368 12142 194.49
_ b a=0 a=0
8 Page  Ci=exp(-at) _T6237  b=berzg 7783 20786  -49.248 -6.092 49.28 6.2368 12142 194.49
— a=0.3516 a=1.885
9 Logarithmic “tpafPC " p=o b=36022 15525 0318 -0.147x10 -2802x10% 17653 11032 031008 090617
c=49.896 ¢=6.715
: a=1.76 a= 3.7172
o Bonential ol b=ag7s  b=28908 0159 0001 P 0002815 16188 13354 025895 12577
p c=-8.3822  ¢=0.0012
= 50.6 a= 7.092
i Cmal(l+ & & -8.9484 14 -1.0962
11 Logistic 1 b=0.036 b=0 0.159 % 9.8055x10 0f 16188  1.3362 0.25895 1.2588
bexp(-c))  ¢=§7351  c=2.649 x10° *10
zaoq TG E3E0 o aair
12 Two-term bt)+c gxp( o= 75 381 c=3546  %10°  xapld -26178x10° 24369x10° 17653  1.3362 0.31008 1.2588
d=0 d=0
Czamp( TR RN g g g
- - - 9. - " "
13 Diffusion bet))( +(-(cldtc)) c=00018  c=00047 T X10§ 48511x10° -3551x10° 1.7653  1.3362 0.31008 1.2588
P d=0 d=0
Co=ath A=355x107  a=23.2261
14 Fourier cos(e+d PT-858x10T b=-188134 g79; 09908 13o7x107  EMOP 080789 0.016685 0064636  2.00x10*
Sin(C) 4= 18023.749 d= -10.0634

4, Conclusions

The results of this study demonstrated that the

quality attributes of protein bars fortified with Spirulina
platensis and phycocyanin—including moisture, water
activity, titratable acidity, peroxide value, and color
difference (AE)—underwent significant changes during
28 days of storage. The direction and magnitude of
these changes were influenced by the composition of the
protein bars, oxidative reactions, moisture changes, and
physicochemical interactions within the product matrix.
Kinetic modeling revealed that the Diffusion model best
described moisture changes, the Rational model was
most suitable for water activity, the Gompertz model
effectively captured acidity and peroxide kinetics, and
the Quadratic model provided the best fit for color
difference (AE). Identifying these models not only
enhances our understanding of quality dynamics during
storage but also enables more accurate prediction of
product behavior under real storage conditions.

The incorporation of spirulina and phycocyanin,
owing to their antioxidant and bioactive properties,
played a meaningful role in stabilizing several quality
attributes. Specifically, they contributed to slowing lipid
oxidation, moderating color changes, and preserving the

overall visual quality of the bars. These findings
highlight the potential of these natural ingredients as
effective and clean-label additives in protein-based
functional foods.

Overall, the study provides a scientific basis for
designing and producing protein bars with improved
stability during storage. Food manufacturers can apply
the proposed kinetic models to better estimate shelf life
and optimize both formulation and storage conditions.
For future research, it is recommended to investigate the
influence of different storage temperatures, relative
humidity  levels, and packaging types on
physicochemical and sensory stability. Extending
kinetic evaluations to longer storage periods or
accelerated storage tests would also deepen the
understanding of product behavior. Furthermore,
economic  feasibility studies and comparative
assessments of spirulina and phycocyanin against other
natural additives could guide the development of more
sustainable and consumer-friendly protein products.
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