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Figure 1. Diffusion model fitting graph for Moisture changes in control and fortified protein bars during storage time
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Table 1. Protein bar formulations

Ingredients Control Protein Bar (g/100 g) Fortified Protein Bar * (g/100 g)
Whey protein concentrate 38.66 37.06

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
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water 16.20 16.20

* Fortified protein bar contains 2% spirulina powder and 0.4% phycocyanin powder.
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Table 2. Results of the statistical analysis obtaind from modelling the changes in Moisture in control and fortified protein bar
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3
8 Page Ci= a=0 a=0 - - -19.308 -18.24  19.31 18.25 1864.3 1665.3
exp(- = b= 5882. 904.95
aty 15122 15124 3
9 Logari Ci=a a= a= 0.977 0.957 3.4016x 1.3685x 0.038 0.126 3.59x10 4.20x10
thmic  exp(-bt) 16.904 2.6486 10°® 10°® 06 41 4 3
+C b= b=

0.0015

0.0356
c=
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Table 3. Statistical comparison of the Diffusion model constants for moisture

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



Journal Pre-proofs

ol if g sals sla,b g diged ;o ol Codled Ol oss g5l Joe 5l Jols gkl 50T mls (F) Jguz
Table 4. Results of the statistical analysis obtaind from modelling the changes in Water activity in control and fortified protein bar

samples
Mod Name Model ) )
el equatio Constants R MBE RMSE X
No. n Contro  Fortified Contr Fortifi Control Fortifie Contr Fortifie Contro Fortifie
| ol ed d ol d | d
1 Linear C,=a+ a= = 0613 0582 0 0 0.017 0.011 0.00200 8.45x1
bt 0.0023  0.0014 854 38 6 0*
= b= 0.756
0.7792
2 Quadr C;=a+ a=- a=- 0.884 00915 1.1102x 6.6613x 0.009 0.005 5.91x10 1.70x1
atic bt+Ct> 0.0002 0.0001 107 10" 776 127 ~ 0*
0.0074  0.0048
c= c=
0.7613  0.7439
3 Weibu Cy,=b/lc a=0 =0 - - - -0.6099 0718 0681 168.74  150.56
I t-2)®Y b= = 625.1 1496.4 0.64312 47 31
@@ 09087 0.9091 5
= c=9.101
9.0179
4 Gomp C;= a= a= 0.822 0822 - - 0.012 0.007 9.28x10 3.60x1
ertz aexp(- 0.8453 0.7953 7.895x1 8.078x1 13 427 4 0*
exp(- =- =- 0° 0°
b(c-x))) 0.0775 0.0804
Cc= - Cc= -
24.886 27.5931
5 Harris C,=1/ a= a= - 4 - -5.7345 0.028 0.017 0.00508 0.002
(a+bt 1.233  1.2903 8103 1.4127 6.850x1 x10” 712 607 26
b=0 b=0 1x100 x10° 0%
c=0 c=0 N
6 Ration C;=(a a= a=0.74 0998 0.997 89828x 1.5544x 0.001 9.67x 8.1984x 5.972x
al +bt)/  0.754 = 107 107 165  10*  10° v
(1+ct+d b= 1.5785
t) 1.7647 c=
c= 2.0151
2.147 =-
= - 0.0003
0.0008
7 Newto C,= S a=0.0121- - 0.06970 0.07530 0.126 0.138 0.08308 0.1001
n exp(-at) ~ 0.0094 1856 60.735 1 2 99 34 7 7
1
8 Page  Ci= a= a=- - - 1.0694x 1.5298x 0.028 0.017 0.00508 0.002
exp(- 0.2095 0.2549  2.361 7.77x1 10° 10”7 712 607 26
at”) b=0 b= 0 8x10 08
9 Logari Ci=a a= a= - - 2.0349x - 0.028 0.017 0.00508 0.002
thmic  exp(-bt) 0.8604 0.0003  4.741 1.6156 10~ 7.029x1 712 607 26
+C b=0 b=0 4x10° x10° 0°
c=- c= o
0.0494 0.7746
10 Expon C;=a a= a= 0.995 0.9999 - 5.1606x 0.002 2.03x 2.5381x 2.621x
ential  (b-exp(- 0.0734 0.0452 1.713x1  10°® 049 10 10° 107
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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 @ 0.185
b 1.765 @) 1.579 (b) 0.002
c 2147 @ 2.015 (b 0.006
d -0.0008 (b) -0.0003 @) 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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Table 6. Results of the statistical analysis obtaind from modelling the changes in Acidity in control and fortified protein bar samples

Mod Name Model

el equatio Constants R’ MBE RMSE e
No. n Contro  Fortified Contr Fortifi Control Fortifie Contr Fortifi Control Fortifie
| ol ed d ol ed d
1 Linear C;=a+ a= = 0.893 0983 8.882x1 6.661x1 0.048 0.024 0.01183 0.0024
bt 0.0143 0.0186 oY’ oY’ 99 495 3 455
= b= 0.98
0.84
2 Quadrat C,=a+ a= a= 0.995 0987 8.882x1 1.332x1 0.010 0.021 5.75x10 0.0017
ic bt+Ct* 0.0006 0.0001 oY’ 0'® 69 381 - 268
0.002  0.0145
c= c=
0.8971 0.9943
3 Weibull Ci=blc a=0 =0 - -37.66 - -1.0232 0952 1.153 324.09 466.18
(t-a)®Y b= = 39.50 0.84311 54 2
g (@b 08982 . )Aaf. 6
= C:
9.364 92175
4  Gomper GC= = = 0.994 0992 9.9826x - 0.012 0.016 7.60x10 0.0011
tz aexp(- 3.6298 1.7321 107 7.708x 05 56 4 07
exp(- =- =- v

b(c-x))) 0.0403  0.0824

43.833  15.5455

5  Harris C=1/ a= a= - g 1.8391x 45311 0.149 0.185 0.10769 0.1387
(a+bt 09615 0.8065 1520 6.0443 10° x10” 67 47 1
b=0 b=0 4x10" =102
=0 =0 10
6  Rational C,=(a a=09 a= 0.994 00982 - 1.55x10 0.011 0.024 6.42x10 0.0022
+bt)/ = 0.9999 1.23x10 * 969 713 4 615
(1+ct+d 13.129 b= “
t) = 12.829
16.224 c=
-8 12.6058
0.2162 d=-
0.1494
7 Newton  C,= a=0 a=0 - - -0.04 -0.24 0.154 0.303 0.12 0.46
exp(-at) 0.071 1.6744 92 32
8  Page C = a=0 =0 - - -0.04 -0.24 0.154 0.303 0.12 0.46
exp(- b=0 =0 0.071 1.6744 92 32
at”)
9 Logarith C;=a a= a= - - - - 0.149 0.185 0.1077 0.1387
mic exp(-bt) 0.0001 0.0094  1.108 3.193x 4.093x1 2.037x1 67 47 1
+c = b=0 9x100 10"  0° 0®
0.0001 c= 6
c= 1.2306
1.0398
10 Expone Ci=a a= a=9.027 0.891 00981 8.82- - 0.049 0.025 0.01213 0.0027
ntial (b-exp(- 21.664 b= x10% 0.00147 403 464 5 069
ct)) = 1.1079 5
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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 @) -0.0824 @) 0.087
c 43.8325 (@) 15.5455 (b) 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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Table 8. Results of the statistical analysis obtaind from modelling the changes in Peroxide in control and fortified protein bar

samples
Mod Name Model ) )
el equatio Constants R MBE RMSE X
No. n Contro  Fortified Contr Fortifi Control Fortifie Contr Fortifi Control Fortifie
| ol ed d ol ed d
1 Linear C;=a+ a= a=055 0.774 0.904 8.882x1 1.044x1 0.505 0.528 0.28577 0.9039
bt 3.002 b= oY (O 74 87 5
= 0.1637
0.0946
2  Quadrat C,=a+ a= a= 0.980 0.990 4.441x1 4.441x1 0.150 0.173 0.02853 0.0515
ic bt+Ct® 35791 1.1471 01 oY 37 49
= - b= -
0.0703  0.0069
c= c=
0.0059  0.0061
3 Weibull C,=blc a=0 a=0 - - -3.632  -2.6005 4.175 3.262 2.276x1 4341.6
(t-a)®? b= b= 14.40 2.6614 9 1 0%
g 09972 0.8809 1
c= c=12.18
0.3068
4  Gomper GC= a= a= 0.999 00985 - 0.04856 0.031 0.212 1.40x10 0.0822
tz aexp(- 142.80 24277.4 6.896x1 64 42 3 6
exp(- =- 6 o’
b(c-x))) 0.034  b=-
c= 0.0074
£Y/agaN C=
AR ZARENA
5  Harris C=1/ a= a= Y - - - 1.064 1.704 1.3087 5.1132
(@a+bt) 0231 03516 1536 6.0757 7.09x10 1.376x1 1 8
— b= 5 >(10-11 -10 0-7
0.0002 0.0003  x10°
c=0 c=0 13
6  Rational C,=(a a= a= 0.998 0994 - 2.7156x 0.052 0.137 3.80x10 0.0514
+bt)/ 35074 1.0577 4.68x10 10° 04 09 3 5
(1+ct+d  b=0 b= 4
t) c= 0.0363
0.0055 c=-
= 0.0221
0.0008 d=0
7 Newton C,= =0 a=0 - - -3.326  -1.842 3492 2509 60.973  31.497
exp(-at) 9.770 1.1674 1 8
1
8  Page C = a=0 a=0 - - -3.326  -1.842 3492 2509 60.973  31.497
exp(- b=25 b=0 9.770 1.1674 1 8
at”) 1
9 Logarith C;=a a= a=0 - - - - 1.064 1704 13087 5.1133
mic exp(-bt) 0.1774 b=0 6.478 6.8002 2.999x1 4.445x1 1 8
+C b=0 c=2.842 3 x10 o 0°
c= x10°
4.1486
10 Expone Ci=a = a= 0.773 0904 - - 0.507 0529 0.289 0.9140
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Table 9. Statistical comparison of the Gompertz model constants for Peroxide

Constant Control Fortified p-value
a 142.803 (*b) 24277.458 @) 0.0001
b -0.034 @ -0.0074 (b) 0.02
c 67.9698 (b) 317.1005 (@) 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.
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in control and fortified protein bar samples E ATable 10. Results of the statistical analysis obtaind from modelling the changes in

Mod Name Model

el equatio Constants R’ MBE RMSE e
No. n Contro  Fortified Contr Fortifi Control Fortifie Contr Fortifi Control Fortifie
| ol ed d ol ed d
1 Linear C,=a+ a= a= 0.590 0.002 8.527x1 3553x1 1.13 1.335 0.12421 1.2568
bt 0.137  0.0053 (0 (O 2
= b= 7.756
48.33
2 Quadrat C,=a+ a= a= 0.791 0.9998 2.842x1 1.776x1 0.807 0.018 0.06464 2.70x1
ic bt+Ct® 0.0096 0.0163 (0 (O 89 578 0*
= - b:-
0.1328 0.4506
c= c=

49.274  8.6137

3 Weibull  C;=b/lc a=0 a=0 -40.467 -5.372 4527 6.106 7.868x1 3.42x1

(t-a)®Y b= b= 656.6 19.885 6 0" 0%
@b 07386 0.9992 6
c=459 c=
0.1182
4  Gomper C= a= a= 0.655 0.394 0.01423 1.599x1 1.037 1.04  0.10449 0.8104
tz aexp(- 44064 8.7701 8 ( 7
exp(- 264 b=-
b(c-x))) b=- 2.0851
0.0042 c=
= 23.0887
475.59
54
5  Harris C=1/ a= =0 0 0.296  1.244x1 -3.38 1.765 1.121  0.31008 0.9377
(a+bt® 00199 b= 0 x10™ 3 4
b=0 0.1449
=0 =
0.0093
6  Rational C,=(a a= = - 0.994 -3.0532 0.00110 4.230 0.104 2.0453  0.0092
+bt)/ 42757 86146  4.743 62 6 15 414
(1+ct+d  b=0 b=0
tz) =- =

7  Newton Ci= a=0 a=0 - - -49.248 -6.092 4928 6.236 12142  194.49
exp(-at) 778.3 20.786 8
8  Page Ci= a=0 a=0 - - -49.248  -6.092 4928 6.236 12142  194.49
exp(- = = 7783 20.786 8
at”) 0.6237 0.6238
9  Logarith C,=a  a= a=1.885 - 0318 - - 1.765 1.103  0.31008 0.9061
mic exp(-bt) 0.3516 = 7.882 9.147x1 2.892x1 3 2 7
+c b=0 3.6022  6x10° 0™ 0™
c= c=6.715
49.896
10 Expone C;=a a=1.76 a= 0.159 0.001 1.618 1335 0.25895 1.2577

ntial (b-exp(- b= 3.7172 1.3657x 0.00281 8 4
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Table 11. Statistical comparison of the Quadratic model constants for AE

Constant Control Fortified p-value
a 0.0096 (*b) 0.0163 @) 0.002
b -0.1328 @) -0.4506 (b) <0.001
c 49.2743 @) 8.6137 (b) <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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Abstract

Introduction: Nutrient bars have emerged as a practical and appealing solution for individuals with
busy lifestyles, offering a convenient alternative to missed meals. With optimal formulation, these
products can deliver a balanced composition of essential macro- and micronutrients—especially
proteins and carbohydrates—necessary for maintaining normal body functions, thereby playing a
significant role in improving the nutritional status of consumers. Among the diverse categories of
nutritional bars, protein bars constitute a significant segment of the market. However, ensuring
their physicochemical and oxidative stability during storage, particularly under ambient
conditions, remains a key challenge for the food industry. Recent research has highlighted the
potential of microalgae, such as Spirulina, to enhance the technological and nutritional properties of
food products. Spirulina is rich in proteins, essential fatty acids, vitamins, minerals, and various
antioxidants, and is widely used as a dietary supplement in diverse nutritional regimens. One of its
most important bioactive compounds is phycocyanin, a natural blue protein pigment with potent
antioxidant properties. Owing to the nutritional and functional advantages of these compounds,
their incorporation into food products has attracted growing interest as a means to enhance both
nutritional value and product quality. The present study aims to investigate and model the Kinetics
of physicochemical and oxidative changes in protein bars enriched with Spirulina and phycocyanin
over a 28-day storage period. The parameters examined include moisture content, water activity,
titratable acidity, peroxide value, and total color difference (AE). Kinetic modeling of
physicochemical changes in food systems is a crucial tool for understanding, predicting, and
controlling quality behavior during storage. It plays a vital role in shelf life determination,
packaging design, optimization of storage conditions, and the overall assessment of product
stability.

Materials and methods: The protein bars in this study were prepared using a cold processing method at
room temperature. The optimized formulation included whey protein, brown rice flour, sunflower oil,
food-grade glycerol, and distilled water. In the initial step, the powdered ingredients were dry-mixed for 3
minutes at 200 rpm to ensure uniform distribution. Subsequently, the liquid components were gradually
added to the dry mixture and homogenized for 5 minutes at 50 rpm to minimize air incorporation. The
final mixture was molded into silicone molds. The prepared protein bars were stored in sealed
polyethylene terephthalate containers at 25°C for 28 days. The levels of spirulina powder and
phycocyanin powder used in the formulation were selected based on the relevant table. Moisture content,
water activity (aw), acidity, peroxide value, and image analysis were performed to calculate AE in both
control and enriched samples. Data analysis, modeling, and graphical representation of changes in
physicochemical and color characteristics of the protein bars were carried out using MATLAB (version
24). For kinetic modeling, fourteen mathematical models were evaluated for their fit to the experimental
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data, including Linear, Quadratic, Weibull, Gompertz, Harris, Rational, Newton, Page, Logarithmic,
Exponential, Logistic, Two-term, Diffusion, and Fourier models. Model selection was based on statistical
criteria such as the coefficient of determination (R?), chi-square (y3?), mean bias error (MBE), and root
mean square error (RMSE). Additionally, independent two-sample t-tests were performed at a
significance level of 0.05 to assess statistical differences between the kinetic model constants of the
control and enriched samples.

Results and discussion: Moisture content in both control and enriched protein bars showed a
decreasing trend during the 0-28 day storage period. The reduction was more pronounced in the
enriched sample, which may be attributed to the influence of spirulina and phycocyanin on the
product’s structure. The optimal model should have the highest R? value and the lowest RMSE,
x2, and MBE values to accurately describe the observed changes. Model analysis indicated that
the Diffusion model provided the best fit for the moisture data. Examination of the model
parameters revealed that in the enriched sample, changes occurred at a faster rate, and the
decrease in C; was more intense. Higher values of b, ¢, and d in this sample indicated that the
kinetics of change were accelerated compared to the control, reaching equilibrium earlier. Water
activity in both control and enriched protein bars increased over the storage period, with the rate
of increase being lower in the enriched sample. This effect can be attributed to the emulsifying
and water-binding properties of spirulina and phycocyanin. Based on the defined criteria, the
Rational model was identified as the most suitable for describing the kinetic changes. According
to this model, the control sample experienced a more pronounced increase in water activity at the
early stages of storage; however, over time, the rate of increase was more gradual compared to
the enriched sample. Titratable acidity increased in both control and enriched protein bars over
the 28-day storage period, with a greater increase observed in the enriched sample. Among the
models tested, the Gompertz model was selected as the best fit. According to the model
constants, major changes in acidity occurred earlier in the enriched sample; however, final
acidity values in this sample were lower than in the control. Peroxide value increased over the
storage period in both control and enriched protein bars. Nevertheless, the extent of increase was
lower in the enriched samples. The Gompertz model provided the best fit for describing peroxide
value changes. Parameter comparisons indicated that although the overall peroxide value in the
enriched sample was higher, the oxidation process occurred at a slower rate. The total color
difference (AE) in the control protein bar showed an increasing trend during storage (028 days),
whereas in the enriched sample, AE decreased until day 14, indicating initial color stability, and
then increased by day 28. This later increase may be associated with secondary reactions
occurring in the product, leading to more pronounced color changes.

Conclusions: The results of this study demonstrated that the quality parameters of protein bars enriched
with spirulina and phycocyanin underwent significant changes during the 28-day storage period. Kinetic
modeling of these changes revealed that the Diffusion model best fit the moisture, the Rational model was
most suitable for water activity, the Gompertz model provided the best fit for acidity and peroxide value,
and the Quadratic model best described the changes in AE. The presence of bioactive compounds such as
spirulina and phycocyanin contributed to enhanced stability in certain attributes and played a significant
role in delaying lipid oxidation and controlling color changes. Overall, these findings may serve as a
foundation for the design and production of protein bars with improved shelf stability. Future studies
could investigate how temperature, packaging, and sensory attributes affect the stability and kinetic
changes of protein bars during storage.
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