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Introduction

Celiac disease is an autoimmune disorder of the small intestine triggered by gluten consumption. The only

effective treatment is to follow a strict, lifelong gluten-free diet. However, commercially available gluten-free
products often face limitations in terms of quality attributes, such as undesirable texture, poor flavor, and low
nutritional value. Consequently, recent research has focused on improving the quality of these products by using
alternative flours rich in protein and fiber and employing novel processing methods. Chickpea and quinoa are
considered ideal sources for this purpose due to their high nutritional value. However, their use presents challenges,
such as off-flavors and poor performance in baking processes. Modification processes like fermentation and
extrusion can address these issues by improving the functional, nutritional, and sensory properties of composite
flours. This study aimed to investigate the effect of a dual fermentation-extrusion process on the properties of
chickpea-quinoa composite flour and the quality of gluten-free muffin cakes produced from it.

Materials and Methods

To prepare the dough, water, sugar, and Saccharomyces cerevisiae were added to the modified flour, and the

mix was fermented for 24 hours at 37°C. The dough was then dried and subjected to an extrusion process using a
twin-screw extruder. Subsequently, two types of flour (modified and raw) along with three different levels of
xanthan gum (0, 0.15, and 0.3%) were used to produce gluten-free muffin cakes based on a standard formulation.
The physicochemical properties of the flours, including moisture, protein, fat, fiber, ash, phenolic compounds, and
antioxidant activity, were measured according to standard methods. Water absorption and solubility indices (WAI
and WSI) were also calculated. To evaluate the produced cakes, parameters such as baking loss, porosity (using

image processing), texture hardness (over 7 days of storage), crust color brightness, and sensory attributes (using

a five-point hedonic test) were determined. Statistical analyses were performed using a factorial design and Tukey's
test at a 95% confidence level.

Results and Discussion

The results of the flour comparison showed that the modified flour, compared to the raw flour, had lower
moisture (5.62% vs. 7.13%), higher protein (22.36% vs. 19.84%), higher antioxidant activity (60.47% vs. 54.86%),
and higher total polyphenol content (28.73 vs. 23.52 mg GAE/100g). Additionally, the water absorption (WAI)
and water solubility (WSI) indices were significantly higher in the processed flour, which contributes to its
improved functional properties. In the evaluation of the muffin cakes, samples containing modified flour and

Authors retain the copyright. This is an open access article distributed under Creative Commons
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0.15% xanthan gum showed the lowest baking loss, highest porosity, and softest texture. The fermentation and
extrusion processes modify the combined flour, by altering the structure of starch and protein, increasing water
retention capacity and helped maintain moisture and improving the internal structure of the cake. The rate of
texture hardening during the storage period was slower for samples containing modified flour and xanthan gum,
indicating a delay in the staling process. Although the crust color of the cakes made from modified flour was
darker, these samples received a higher overall acceptability score in the sensory evaluation. The dual processing
significantly helped reducing the undesirable beany flavor and improving the aroma and flavor of the end product.

Conclusion

The combined fermentation—extrusion processing of chickpea—quinoa composite flour offers an effective green
strategy to improve the nutritional, functional, and sensory quality of gluten-free baked goods. Fermentation
enhances protein digestibility, mineral bioavailability, and flavor through bioactive peptide and organic acid
formation, while extrusion improves starch gelatinization and protein denaturation, enhancing dough
viscoelasticity and reducing off-flavors. The synergistic effect of these processes forms a gluten-like network that
increases cake softness and shelf life. The optimal formulation modified chickpea—quinoa flour with 0.15%
xanthan gum yielded the highest sensory acceptance, superior texture, and moisture retention, demonstrating the
potential of biophysical methods in developing high-quality gluten-free bakery products.

Keywords: Chickpeas, Extrusion, Fermentation, Gluten Free, Quinoa
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Table 2- Physicochemical characteristics of raw materials

SS9 ouwd Mol 3, Cujomls pld 3 5959 o5 3, IgS o8 3,1
Properties Modified composite flour Raw composite flour Raw chikpea flour Raw quinoa flour
(0/1009) 5 o2 4.12+ 0.50° 4.74+0.90° 3,02 +0.81° 5.33 + 0.67°
Total fat
S5 B9
(9/100g) 22.01 £0.57° 19.84 +1.78bc 26.73 £1.202 12.07 £ 1.11°¢
Total protein
(62000) JS 2 3.63+0.572 3.38 + 0.64% 2.64 +0.29° 3.98 £0.19?
Total fiber
) .CA*’]Q’ 5.62 +0.21¢ 7.13 +0.64° 8.28 +£0.302 6.89 +0.14°¢
Moisture
(7) s 3.23+ 0.562 3.08 +0.33P 2.96 +0.90° 3.71 £0.752
Ash
() ©yings S 67.04 £ 2.03% 65.82 + 1175 59.91 % 1.19¢ 71.12 +1.422
Carbohydrate
S ol el
Antioxidant 60.47+0.732 54.86 + 1.02° 52.74+0.90¢ 55.15 +1.08°
activity
J s
mg GT'Z‘E/INO 9 28.73 £1.03 23.52 + 0.49 23.86 +0.36" 24.09 +0.86¢
polyphenol
pH 6.11+0.57P 6.71 £ 0.642 6.64 +0.292 6.91 £0.192
WSI 36.712 35.06° - -
WAI 7.672 5.52b -
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Different English letters indicate statistically significant differences at the 95% confidence level.
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Table 3- The effect of flour type and xanthan level on baking loss changes in gluten-free cake
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Flour type Xanthan level (%) Baking loss (%0)
) 16.33+ 0.05aA

pb Cujgels )]

Raw composite flour

15.76+ 0.11aB
15.78+ 1.07aB

Modified composite
flour

14.89+ 0.66bA
14.12+ 0.31bA
14.20+ 0.29bA
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Table 4- The effect of flour type and xanthan gum level on changes in porosity and
specific volume of gluten-free cake
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Flour type Xanthan level (%0) Porosity Specific vglume

) } 0 29.13+0.47bB 3.18+ 0.94bA

P Cajoels ) 0.15 35.34% 0.30bA 3.84+ 0.66bA

Raw composite flour

0.3 34.78+ 0.64bA 3.81+ 0.13bA
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Modified composite flour

0.3 41.55+ 0.81aA 3.99+ 1.05aA
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Table 5- The impact of flour type, xanthan gum, and storage duration on cake texture Hardness changes
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Table 6- The impact of flour type, xanthan gum concentration on the Lightness of gluten-free cake
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Fig. 1. The impact of flour type, xanthan gum concentration on the Organoleptic properties of gluten-free cake containing
raw composite and modified flour

by i LSL"’QB"’}T o a8 bl g Gials
A28 S (Salgl )l

O Sy g5 &S Lo (50
chol L 95 s = (55 camidS ¢ gy p 9 (34855 13155 S HS
el ¢ o lzele dodly o e ¢ sjlupario w)llas ;;"55
lie (wlid g, 059y Cople (G0 (Jlo ol g o,

lng g sy e

o el @ilio
b gyl FSEYEY cu oojled 4 bl Jobs dlis
AR Jlo e auiS el 5 Mo cud oo AFF/YND

Al e M (92,8

8 5 4

@Yl 3 Shos Sliogas 5 lds (35)) LI iS5 3955
ol el gllae S0y (e @5, 5 gl xS g Aizs
Vgame M3 1> Shgs g oS 3,1 5l eolil .cala ] s
CuisS 5 pSTyte Sl ogllacl ol wile ola e b (igls 451
355 sl e (s)lSaly 0955 9 1S 3] (6913 sl olyen
ool Y cuaS L pal8 181 clacSS

kit (Sa3d g (amj slagdyy wb p Shas 351 (69l
9 losdsSod sla Shy 4l sy e 2 1) lie 5j))
oo )9l 3)8 g oy S oo At i ) 28 Jgatee (o
S99 Sl e 4 e o (ol dlge (yglp o
Glnzex b (IS ek ] olie oY game (glais gla iy
o3lil b g0 4 ab el e g (Sujid sloggel] @l
(oly Ao yd /N0 aw g 355 5 lgiS sz Mol o joualS 5,03
905 g Vb ()5 8ke b g calio (&S g ous (sl Shg b S5
b g g (Slgiome dawlgs 3956 ¢ 19 ez Mol o jamelS 5]
agby bais b ool Gla (YL culiB L (l5 9 5YL e,



VoD =0l 3 Y o)lod YY il oyl ol lié @obiuo g pole slosdungly 4 pis VYA

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Adebo, J.A., Njobeh, P.B., Gbashi, S., Oyedeji, A.B., Ogundele, O.M., Oyeyinka, S.A., & Adebo, O.A. (2022).
Fermentation of cereals and legumes: Impact on nutritional constituents and nutrient bioavailability. Fermentation,
8(2), 63. https://doi.org/10.3390/fermentation8020063

Afsharfar, M., BeigMohammadi, Z., Milani, E., & Jafari, S. (2025). Optimizing nutritional and functional properties
of gluten-free grass pea and quinoa instant flours: Dual modification by sprouting and extrusion. Food Science and
Nutrition. https://doi.org/10.1002/fsn3.70697

AOAC. (2002). Official Methods of Analysis, 17th Ed., Association of Official Analytical Chemists, Washington
DC.

Chinma, C.E., Ezeocha, V.C., Adedeji, O.E., Jolayemi, O.S., Onwuka, Q.I., llowefah, M.A., Adebo, J.A., Rosell,
C.M., Bamidele, O.P., & Adebo, O.A. (2025). Germinated/fermented legume flours as functional ingredients in
wheat-based bread: A review. Journal Food Science, 90(2), 70-79. https://doi.org/10.1111/1750-3841.70022

Das, A.B., & Bhattacharya, S. (2019). Characterization of the batter and gluten-free cake from extruded red rice
flour. Lwt, 102, 197-204. https://doi.org/10.1016/j.lwt.2018.12.026

De Mesa, N.J.E., Alavi, S., Singh, N., Shi, Y.C., Dogan, H., & Sang, Y. (2009). Soy protein-fortified expanded
extrudates: Baseline study wusing normal corn starch. Journal. Food Engineering, 90, 262-270.
https://doi.org/10.1016/j.jfoodeng.2008.06.032

De Pasquale, 1., Verni, M., Verardo, V., Gémez-Caravaca, A.M., & Rizzello, C.G. (2021). Nutritional and
functional advantages of the use of fermented black chickpea flour for semolina-pasta fortification. Foods, 10, 182-
195. https://doi.org/10.3390/f0o0ds10010182

Dehghan, Z., Milani, E., & Hashemi, N. (2024). The effect of extrusion technology on the quality characteristics of
gluten-free cookies based on whole chickpea flourxanthan gum-broken rice. Iranian Food Science and Technology
Research Journal, 20(4), 395-407.

Demarinis, C., Verni, M., Pinto, L., Rizzello, C.G., & Baruzzi, F. (2022). Use of selected lactic acid bacteria for the
fermentation of legume-based water extracts. Foods, 11(21), 3346. https://doi.org/10.3390/foods11213346

Diaz, L., Sundarrajan, L., Lampi, A., Tenitz, S., & Jouppila, K. (2017). Effect of extrusion cooking on physical
properties and chemical composition of corn-based snacks containing Amaranth and Quinoa: Application of partial
least squares regression. Journal of Food Process Engineering, 14(1), 150-160. https://doi.org/10.1111/jfpe.12320
El Khoury, D., Balfour-Ducharme, S., & Joye, 1.J. (2018). A review on the gluten-free diet: Technological and
nutritional challenges. Nutrients, 10, 141-156. https://doi.org/10.3390/nu10101410

Fard, P., Mohammadzadeh Milani, J., & Ksayee, M.R. (2017). Evaluation of qualitative properties of gluten-free
layer cake prepared from rice and chickoea Flour. Food Research Journal, 27(1), 99-110.

Fard, P., Mohammadzadeh Milani, J., & Ksayee, M.R. (2018). Effect of rice flour substitution with chickpea on
staling of gluten-free cake. Food Research Journal, 28(1), 1-112. https://doi.org/10.1016/j.1wt.2020.109150
Ghoreishi Rad, M., Ghanbarzadeh, B., & Ghiasi Tarzi, B. (2009). The effect of using guar and carrageenan
hydrocolloids on the physical and sensory properties of Barbari bread. Food Science and Nutrition, 8(2), 13-26.
https://doi.org/10.1590/1678-457X.6521

Gomes, A., Rade, C.S., Ana, V.C., Rosangela, N.C., lana Gabriela de, O., & Priscila Zaczuk, B. (2015). Application
of extruded broken bean flour for the formulation of gluten-free cake blends. Food Science Technology, 35(2), 98-
105. https://doi.org/10.1590/1678-457x.6521

Hamdani, A.M., Wani, I.A., Bhat, N.A. (2020). Gluten-free cookies from rice-chickpea composite flour using
exudate gums  from  acacia, apricot, and  karaya. Food Bioscience, 35,  100541.
https://doi.org/10.1016/j.fbio.2020.100541

Hashemi, N., & Milani, E. (2024). Functional, antioxidant activity and thermal characteristics of nutritious snacks
containing almond  processing  by-products.  Journal of Food  Quality, 10, 1155-169.
https://doi.org/10.1155/2024/3517439

Hesarinejad, M.A., Siyar, Z., & Rezaiyan Attar, F. (2019). Investigating the effect of wheat flour enrichment with
Phaseolus vulgaris flour on the physical, sensory, and shelf-life characteristics of sponge cake. FSCT; 16(86), 213-
222.

Juodeikiene, G., Joana, S., Dalia, E., Daiva, V., Vilma, N., & Lina, V. (2011). The impact of novel fermented
products containing extruded wheat material on the quality of wheat bread. Food Technology Biotechnology, 49(4),
502-510.

Karimi Abdul Maleki, N., Ziaee Far, A.M., Keshiri, M., Fathi, B., & Aalami, M. (2018). Effect of raw and heat-
treated chickpea flour on quality characteristics of gluten-free cake based on rice flour. Iranian Food Science and
Technology, 15(80), 281-292. https://doi.org/10.1111/jfq.12249


https://doi.org/10.3390/fermentation8020063
https://doi.org/10.1002/fsn3.70697
https://doi.org/10.1111/1750-3841.70022
https://doi.org/10.1016/j.lwt.2018.12.026
https://doi.org/10.1016/j.jfoodeng.2008.06.032
https://doi.org/10.3390/foods10010182
https://doi.org/10.3390/foods11213346
https://onlinelibrary.wiley.com/authored-by/Ramos+Diaz/Jose+Martin
https://onlinelibrary.wiley.com/authored-by/Sundarrajan/Lakshminarasimhan
https://onlinelibrary.wiley.com/authored-by/Lampi/Anna%E2%80%90Maija
https://onlinelibrary.wiley.com/authored-by/Tenitz/Seppo
https://onlinelibrary.wiley.com/authored-by/Jouppila/Kirsi
https://doi.org/10.1111/jfpe.12320
https://doi.org/10.3390/nu10101410
https://doi.org/10.1016/j.lwt.2020.109150
https://doi.org/10.1590/1678-457X.6521
https://doi.org/10.1590/1678-457x.6521
https://doi.org/10.1016/j.fbio.2020.100541
https://doi.org/10.1155/2024/3517439
https://doi.org/10.1111/jfq.12249

\YY

e S 9 5 5es SS9 (159 rST — ek 4ilSg0 Mol pS () Sen 5 1,8 015 5 ye8

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

Ldpez, D.N., Forastieri, P.S., Calvo, N.L., Cossia, M.B., Tedaldi, C., Llopart, E.E., ... & Boeris, V. (2025). Yellow
pea flour fermented with Kefir as a valuable ingredient for the techno-functional and sensory improvement of
gluten-free bread. Fermentation, 11(9), 521-530. https://doi.org/10.3390/fermentation11090521

Marston, K., Khouryieh, H., & Aramouni, F. (2016). Effect of heat treatment of sorghum flour on the functional
properties of gluten-free bread and cake. Journal of Food Science and Technology, 65, 637-644.
https://doi.org/10.1016/j.1wt.2015.08.063

Milani, E., Hashemi, N., Golimovahed, A., & Davari, F. (2021). Properties assessment of muffin cakes enriched
with composite dietary fibers from wheat bran coffee processing byproducts. Iranian Journal Nutrient Science Food
Technology, 16(1), 85-94. https://doi.org/10.52547/nsft.16.1.85

Olmos, C., Sanchez-Garcia, J., Elena Zlfiga, L., Claudia, M.H., Ana, M.A., & Amparo, T. (2024). Flours from
fermented lentil and quinoa grains as ingredients with new techno-functional properties. Food Research
International, 177, 121-132. https://doi.org/10.1016/j.foodres.2023.113915

Rani, P., Kumar, A., Purohit, S.R., & Rao, P.S. (2021). Extrusion of fermented rice-black gram flour for
development of functional snacks: Characterization, optimization, and sensory analysis. Journal Food Science
Technology, 58(2), 494-509. https://doi.org/10.1007/s13197-020-04558-4

Rani, P., Kumar, R., & Ranjan Purohit, S. (2017). Extrusion of fermented rice-black gram flour for development of
functional snhacks: Characterization, optimization and sensory analysis. LWT, 80(3), 23-36.
https://doi.org/10.1007/s13197-020-04558-4

Sabater, C., Séez, G.D., Suarez, N., Garro, M.S., Margolles, A., & Zarate, G. (2024). Fermentation with lactic acid
bacteria for bean flour improvement: Experimental study and molecular modeling as complementary tools. Foods,
13, 330-361. https://doi.org/10.3390/foods13132105

Saberi, M., Nateghi, L., & Eshaghi, M.R. (2018). Production of gluten—free sponge cake by using a mixture of
chickpea flour, rice flour, guar gum, and xanthan gum. Iranian Journal of Food Science and Technology, 14(71),
95-109. https://doi.org/10.1002/fsn3.4523

Sahin, A.W., Gautheron, O., & Galle, S. (2024). Thermal treatment and fermentation of legume flours with
Leuconostoc citreum TR116 for the development of spreadable meat alternatives. Fermentation, 10, 412-430.
https://doi.org/10.3390/fermentation10080412

Salehi, E., Rostamian, M., & Milani, J. (2011). Textural and heat assessment of staling of corn-chickpea bread.
Journal of Food Science and Technology, 4, 35-40. https://doi.org/10.4314/njb.v30i2.8

Sharma, M., Duizer, L., & Joye, 1.J. (2025). Evaluation of the performance of physically processed bean flours in
gluten-free cake production. Food Structure, 100456. https://doi.org/10.1016/j.foostr.2025.100456

Simic, S., Petrovi¢, J., Raki¢, D., Pajin, B., Loncarevi¢, 1., Jozinovié, A., Fiste$, A., Nikoli¢, S., Blazi¢, M., &
Mili¢evi¢, B. (2021). The influence of extruded sugar beet pulp on cookies’ nutritional, physical, and sensory
characteristics. Sustainability, 13(9), 5317. https://doi.org/10.3390/su13095317

Yagcy, S., Altan, A., & Dogan, F. (2020). Effects of extrusion processing and gum content on physicochemical,
microstructural, and nutritional properties of fermented chickpea-based extrudates, LWT, 124, 109-150.
https://doi.org/10.1016/j.1wt.2020.109150


https://doi.org/10.3390/fermentation11090521
https://doi.org/10.1016/j.lwt.2015.08.063
https://doi.org/10.52547/nsft.16.1.85
https://doi.org/10.1016/j.foodres.2023.113915
https://doi.org/10.1007/s13197-020-04558-4
https://doi.org/10.1007/s13197-020-04558-4
https://doi.org/10.3390/foods13132105
https://doi.org/10.1002/fsn3.4523
https://doi.org/10.3390/fermentation10080412
https://doi.org/10.4314/njb.v30i2.8
https://doi.org/10.1016/j.foostr.2025.100456
https://doi.org/10.3390/su13095317
https://doi.org/10.1016/j.lwt.2020.109150




Iranian Food Science and Technology Research Journal
‘ i; Homepage: https://ifstrj.um.ac.ir
q‘)‘r r,."’

Research Article
Vol. 22, No. 2, May-June, 2026, p. 129-155

Optimization of the Properties of pH-Sensitive Biodegradable Intelligent
Films Based on Gelatin/Chitin Nanofibers Containing Malva and Amaranth
Extracts

N. Taraghikhah'®%%" A, Ayaseh'>?, S. Milani‘>', Sh. Vatgar®?
1- Department of Food Science and Technology, Faculty of Agriculture, Tabriz University, Tabriz, Iran
2- Azarnan Nazari Co.
(*- Corresponding Author Email: taraghikhaah@gmail.com)
3- Department of Food Science and Technology, Tehran Azad University, Tehran, Iran

Received: 11.10.2025 How to cite this article:
Revised: 02.02.2026 Taraghikhah, N., Ayaseh, A., Milani S., & Vatgar, Sh. (2026). Optimization of the
Accepted: 07.02.2026 properties of pH-sensitive biodegradable intelligent films based on gelatin/chitin
Available Online: 09.05.2026 nanofibers containing malva and amaranth extracts. Iranian Food Science and
Technology Research Journal, 22(2), 129-155. (In Persian with English abstract).
https://doi.org/10.22067/ifstrj.2026.95850.1484

Introduction

Food packaging is one of the essential components of the food supply chain, playing a vital role in maintaining
product quality, ensuring safety, and extending the shelf life of perishable commodities. Beyond its traditional role
as a passive barrier against physical, chemical, and microbial deterioration, novel packaging is expected to perform
active and intelligent functions that can enhance product stability, indicate spoilage, and reduce food waste. In this
context, the development of intelligent biodegradable films has received growing attention over the past decade
due to their environmental compatibility, sustainability, and ability to provide real-time information on food
freshness through measurable color changes triggered by spoilage-related pH variations. Among various natural
colorants, anthocyanin-rich plant extracts are considered ideal candidates to be aoolied as a pH indicator in smart
packaging. These compounds exhibit distinct color transitions in response to pH changes while also contributing
antioxidant and antimicrobial properties that can further enhance food preservation.

Materials and Methods

In the present study, a pH-sensitive, biodegradable intelligent film was developed using a gelatin-based matrix
reinforced with chitin nanofibers (NCh). The film was incorporated with Malva sylvestris (malva) and Amaranthus
cruentus (amaranth) extracts as natural colorimetric indicators and bioactive components. Both extracts are rich
sources of anthocyanins and phenolic compounds, which can impart multifunctional properties to the packaging
material. The experimental design was optimized using the Response Surface Methodology (RSM) based on a
Central Composite Design (CCD) with two independent factors: the concentration of malva extract (0.05-0.35%
wi/v) and amaranth extract (0.3-0.8% wi/v).

The prepared films were evaluated for mechanical characteristics (tensile strength and elongation at break),
water vapor permeability (WVP), moisture content, solubility, color attributes, thickness, and optical properties.
Antioxidant activity was determined using the DPPH radical scavenging method, while antimicrobial activity of
malva extract was tested against Staphylococcus aureus and Escherichia coli using the disk diffusion and minimum
inhibitory concentration (MIC) assays. Structural and morphological characterizations were carried out using
Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), and X-ray Diffraction (XRD), while
Fourier-transform infrared spectroscopy (FTIR) was used to examine possible molecular interactions between film
components. The color response of the films to pH variation was evaluated over a wide range (pH 1-14), and their
practical application was assessed by monitoring spoilage in packaged common carp (Cyprinus carpio) fillets
stored at refrigerator temperature for 72 hours.
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Results and Discussion

The results indicated that the simultaneous increase in malva and amaranth extract concentrations significantly
enhanced the tensile strength of the films from 1.687 to 4.654 MPa, while elongation at break decreased from
24.405% to 15.102%, reflecting increased structural rigidity and reduced flexibility. Water vapor permeability
increased from 0.00162 to 0.00418 g-m™'-s™'-Pa”', whereas moisture content and solubility decreased from
26.501% to 19.001% and from 23.654% to 17.415%, respectively, suggesting improved hydrophobic interactions
within the polymeric network. The film thickness increased from 0.141 to 0.231 mm, total color difference (AE)
increased from 20.99 to 43.47, and whiteness index (WI) decreased from 82.71 to 51.11, demonstrating that the
incorporation of extracts led to more intense coloration. The antioxidant activity, measured as DPPH radical
inhibition, increased remarkably from 39.889% to 71.021% (p < 0.001), confirming the strong radical scavenging
potential of the incorporated extracts. Malva extract showed notable antimicrobial effects, with inhibition zones
of 8 mm (MIC = 13.86 ppm) against S. aureus and 9 mm (MIC = 24.67 ppm) against E. coli, highlighting its
effectiveness as a natural antimicrobial agent.

SEM and AFM analyses revealed improved surface uniformity and better compatibility between gelatin and
chitin nanofibers in the presence of the extracts, while XRD results indicated that the semi-crystalline nature of
the films remained largely unchanged. FTIR spectra confirmed hydrogen bonding interactions between the
hydroxyl and amide groups of the extracts and the polymeric matrix, validating molecular-level compatibility.
The pH-sensitivity evaluation demonstrated a distinct color shift across the pH range of 1 to 14, from red in
strongly acidic conditions to yellow under alkaline environments. This visible and reversible color transition
indicated the suitability of the films as pH-sensitive indicator. In practical application tests, the films successfully
detected fish spoilage after 72 hours of storage at refrigerator temperature by exhibiting an obvious and easily
perceivable color change corresponding to the increase in pH caused by microbial activity.

Conclusion

Overall, the developed gelatin/chitin nanofiber-based films incorporated with Malva sylvestris and Amaranthus
cruentus extracts exhibited desirable physicochemical, mechanical, antioxidant, and antimicrobial properties,
along with excellent pH sensitivity. These multifunctional attributes make the films a promising candidate for use
as intelligent and active food packaging materials capable of real-time freshness monitoring. Furthermore, the
biodegradable nature of the materials provides an environmentally sustainable alternative to conventional synthetic
packaging. Future studies are recommended to investigate the color stability, performance, and long-term
durability of these films under refrigerated and industrial storage conditions to support their potential
commercialization in smart packaging systems.

Keywords: Chitin nanofiber, Natural color indicator, pH-sensitive biofilm, Smart food packaging
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L5 035 eolyl 4 5UT (glod ;5 el £ Sdody g B0 Hgaboge
Blo 2 gy Jobe 6 g Jolowli dlge Jolis Jolowe JS' g
Coleg 1 50 L Lols Jgloes 51 Jgloesls dols Slgo b 15 a5,
o Suid 5,5 Sl dn 3 Vo0 glod 3 9l 55 Joloeols dals dlge
Gl Sl )3 ohd Mool oy (whd 2les 01jg) B35 s 5
100 )5 duwlre yj alolee
Solubility (%) =/ x 100 (¥)
2l ol Qb 0is Wr Ty ok adl 05y Wi TS
.(Freitas et al., 2020)

Shlse ol 5
lopd Vel Cugby 0 Celu VY Glody old cladiges
Coled A5 (6505l bl SlSe olgd s g o bgyiie
Vo ) Ad g pSojlul wd Jliowd yieg oo 5l edlaiwl b agls
» baises ( SO polgd (6,50l cas (okd Holas dlass
1948 célw) Bongshin DBBP-20 iiS 905l oS (g4,
ool Cep g SE o e Yoo adgl ol L (o8

W 03l 148 4l e die) e
9 950 s 0l 9 28,5 plool GBI slod p3 S 905
P lp GBS TS (ot B 390 Cud plejed Spgonr |y Jsbo
OR5 lde At lgieds (TS)? isS plSomin] 3945 mams 5 4903
A dlbre yj dlaly l ( Sisuud gdlasd )
P
TS (MPa) = xd (a)
G 2 4905 (22 D (g8 cuns S L P &S
A8l o yia e s 05 ol 0 ) s
Ul Cans 1 (EAB)® cansls i )3 Jobo 3bdjl cpizeon
2i daly Gl dsl Jobo 4 (S5l geliod )3 diges Jsbo
(Gasti et al., 2021) 15,5 auol>e
EAB (%) =% %)
Fogshe s g ohd (RIS il an g adgl Jsb < Lo Lo

I RUWPRE vy U [PY-
Ogeil 31 o3zl L (p)5 es 01 bl (SlannS| T e o
e 10 4o jobar il o)l DPPH JIl, e
ol Jplia Jglmo 5l 2l e ¥/0 L plid o (g9l o] Jolone

4- Tensile Strength
5- Elongation at Break

BNV Sl 4 olaylgs &ygods apld bl s gl
Pharmacia ) yegdg Sl Juw J3b 5 odd oy o gbo
Ol JB e us ooy 518 Ultrospec 2000 (Biotech
Foglo 5o ggedlo 3 Gl s g 5 o3lizal sl iges
23,5 dulre pj Jge) B pld Cudlad 5 S gpSojlul
:(Dong et al., 2020)
Transparency (%) = % (v)
FegliF e zge Jobo )3 diges Gl ljne Tooo calasly (nl 53 &5
Gl o Lo ds pld sladiged colus d g

T i gl g

96 gy 4 ol ,Bu plp )3 ol g olid (cpddsis 30
Slr glaied Gbdly 5l S gSejlul ASTM Coas
b Lol o 9 45 4y STl (19,9 9 435 odlizsl (5 5ol
g oxd (S laly 4 ()5 by ohd g A5 0sildg ol
A Goedy b a0l I8 J5e (g9l HelShmd g0
Celo S pp sloygd Gygods 5 18,5 518 5b1 slod jo cel
sl Vool cogby 3,8 il amyd YO (clos > Ol Lns 5
oS ol a3 YO (slod )3 whid Cuous 93 40 Cuygloy AMS) 05 o
s 135 oo 2ol ISy VATV -7 Jobeo (5l Lt (355
AND GR- s sl osbial b oo Jsb 5 o Jbs s
S g 533 Slpels i oy by g 15 (55550128 202
b ool Js) &5 o8 s ol g5 foges e el
@ Cund Gpddeh ol Joho v p e dlols b o
Elhadef et al.,) 15,5 awlxe pj Jge,8 5l edlazul b Ol
(2024a

= 0

S Jsl &5 (g-mm/(m2-day-kPa )) WVTR? ] ,» o«
Al o s s 1 ol s X

s

Sy ©ypoh lapld (Mool el Jlod 5 4 o0 can

31,5 ol dm )3 Ve (glod gl 13 9 B0 oty p @pe sia Sl YXY
Cod Sl slapld sl )5 G B0 S Celw YT Gedy
)145.4 u] )‘“JLS'L‘O Y. P )bg)"’ﬁ")‘) Lth4J9J 2 prld W)

1- Water Vapor Transmission Rate
2- Initial weight
3- Final weight
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¥ L Sy

9y Sewd YLl g, 5l aekd (p9)Seers S bl slp
Lapld 5 0dliol (pgygl (1995 58 gl 5 (S Lty 4900 93
S0 5 oy ek P a8 b placKs & gl ol b
otalejl 3590 Slacs Sl b o o 5 ag BT sin Jge axio
aw 59y pld Ky a5 il VoS-y A cfu/ml clale
YV lod 3 el YF Gdedy aculy ¢ 50 o3y 13,51
Albl Glas dla g Hlho anb 5 ad 4SSl oS ol
Vidal et al.,) s (g,Sojlul Jhuowd o9 Seo b oS
(2021

9 3PS o 9S g ySae
Sir9e S SRy 9 aw JSloj) 9 Sl (ow)p o
SEM-) ‘_5.‘;..)9) u)g/u.ﬁ‘ u#us;.im )] W) AA.Q‘J dhzwla
dadigas (gjlwoslel glys L3 osliza] (TESCAN MIRA3-FEG-
Aol g9y 319 03 i diged (Sle Cuowd | SooS slaass
a5 03ly ey M 5l cla¥ b M cow g w3 S )5 oguasis
G oS )n b ol 5 oad Jaie oKiwd & diged

.(Wu et al., 2020) s545 cul calise

4098 Jpasl 30 80 gule (heudals
9 1] Gle slaysiSan s 0)bys leMbl 53] cavday (¢lp
5 iz L logld FTIR Gib wilieo lole (slaog S
Form oM odgime , (FTIR-8400S) FTIR jiagib Sl
390 odd s (S QUL cov g ud pbl 5Bl gled > ¥ev s
(Yietal, 2023) cb,5 )5 oo g 4355

Sl 93 5 OBl 5
oSy Gl ogoil dapld J S 5 le Jibs cax
03> iy oy yio il VAXY dlal 4 old sladiges b plo]
5 50,3 5l a0 YO (slod > adiges 5l il slagsys g LS
Confocal Raman) 41,5 b asube 4ylj odgixe
3Ll ey g B0 pawy dbgrye slaylages (Microscope
Sani, Tavassoli, Hamishehkar, &) 54 Y °C/min

(McClements, 2021

3- Disc diffusion

6lod 5> (guligSSl 4B Yo I o S S 5 (% +/++¥) DPPH
UV- gty il 3l odliisl b ol VY )5 Joloee ol 301
s Wb <o (Pharmacia Biotech) Ultrospec 2000 vis
A B, )3 JES 09,5 clsieas e g 3liul Jsle
dusloee i Jgeyd 5l edlatwl L DPPH oI5l JGal) e cullad
!(Hashim et al., 2022) x>,

Quenching (%)= Apppu — Asampie/Apppr XV (¥)

Psanpte 5 Jy=5 Jgomo i oljse oport s o) 3 45
el 035 a3 Jolors iz

)

Jbe glsieds pgas G311 () 31 (555 sl el s (6
g (2l [62)3) b g (i [s50,8) @ 29y [ lidg)) L
A b ol I ealimal b (55, cslagioll ol ol ealitl pld
» Jusws ey 9 ColorFlex EZ — HunterLab  uws
CSoilul 5y ol (g5)gliS oaSisly Sosbow oKiinlejl
(AE) &5y IS cuglay oo oolatal go yo ylgicdy st 18 000
B150)5 duwle yj baslgy 3l ooliwl b 55 (W) (sdibus (adli 4
:(He et al., 2022)
AE =/(AL)? + (Aa)? + (Ab)?2 (A)

WI =100 — /(100 — L) + a? + b2 @)

Yadiyoud jlajls Clile fSlaa (uans

| sl Sm 33 laeo (Ul oS e ol 1 ale Johao
MIC 35l canday slp €8y gyw Linlojl 51 sl MIC )l
Sl iy aiS lawmee iy San Vo iy ol 3 o odlizl
Jol osie slosaly I e 4 4B 4 ol glaSaly el
Wil 4y g5 b Sale Gyl sl 5lai 3)90 o s S
bl bSale ol 51 €8 g 5 45 S genlgel 5 0)las
laSaly (ooled 4 (678 (ygmiliwgus g Spo Vev ol ) 0
YV sl o (Memmert) [5LoSSl oS5 jo colys jd g b 0438
piY oloj CusdS 5l am g (£ )l el Y oty 3,5 Sl 4y
odel clale Jsle MIC gly 55 3 osiled MIC cans aoes
oasuis BB eute bbd & 681 asy o] oS cul (Sals
Vidal, Velasquez, Galotto, & L6pez de Dicastillo,) wsls
(2021

1- Whiteness Index
2- Minimum inhibitory concentration
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S5 BSleg)S 5l odlinl b Gy slaswl Cund g Sy
ool Slpsis oy o3e3] 31 B s (g3l e g i
Uy byl 5 vt 5B o Oy ol Jidgpn
Goluch,) s (5, b ale (dais cuas bis ;5 lagls

(Rybarczyk, Polawska, & Haraf, 2023

& bl U1

Response ) gl gdaw by, wlel p bilejl slb
G5y S yo b 5l oslazul b 4 (Surface Methodology, RSM
Jolis )b opl i el (CentralComposite Design, CCD)
390 S 93 (Randomized) s g5l dobas ivlojl Lo VO
oslawl (Quadratic model) psd dsj> Jio 5l aosls o3l (sly o
A3

Malva sylvestris ) S i o)kac clale Jold Jatus yuiio 9
ohas clale 5 oo/ Jjg oy /YO L +/0 oL (A
o)y /AL /Y o3l 5> (Amaranthus cruentus) (B)) wg szl
() Jsi2) w0 a8 jlas 5 ooae belge plgsar ool g
)5y (H) g 0 ) oddg IS g0 b yiie polaw
Design-Expert ,léls s 5l eslatwl b oy (gl Julosigan jo0
ool b Souw )3y culpud g by o (5500 re i plos] VY dseus
(0 > P) 740 olizabl s 15 5 (ANOVA) Ll s 500
copd (R) ad cups olol p b ue colis S b))l
pi 093] (PTEA-RE) s s o (ATIRE) 1 155 s
A5y p Adequate Precision ld. 4 (Lack of fit) i3l
5 yuiw W) Adequate Precision lude a8 olaJae (Y Jsis)
alio (slaJao lsiay g o sine it oyl il pie (g3l o ¥
S bl gl e (6l

Caglae &b 5 odlimal b bael gljee siledi
Sl yxio e Sy g )8 pbul (Desirability function)
A5 e IS Caglhae (gilodtedn polol p S

3 9y g gSun g S

Ioodlial Lbosd ans slapld SSeg sl Shy
Spectrum Jao PerkinElmer (AFM) o3l (6505 55wy, Sae
2 5oy 9 Gdeds Wld cladiges oled .d)S )38 dalllasd g0 TWO
5 eolatel b aosly \6ad bgyie 400 (s Cogby ¢ 36! sl
Sohany, Tawakkal, Ariffin,) 15,5 Ju>s Nano surf ,158ls 5
.(Shah, & Yusof, 2021

PH &y ds Laalsd iisl g
loold PH Slpis 4 oly ) apld ) Slpess () sl
=) 8L (sla Jolono 13 puaww BAS 01y 0 2oye yio Bl VXY dlasl 4
S5 sloasls Jyed gl Juusls, B o sgabsé (PHEYY
Rl ladglone b oled adds Ve 5l am old 5l g8 (65505l
Khezerlou, Tavassoli, Alizadeh Sani,) 15 a5  WSe

.(Ehsani, & McClements, 2023

(o 903
sloald (s gy ol dald S5 i o gl
bl ks 5y dilises Jolge g oo 3l b edliul _alo
9 oMb 45 oS98 5l )5 VO (B (g b (ple slapkd 298
o8l o & apkd B 93 08,5 )13 (gabdien slaplid 09y
L (S sy sled ) el VY sody b giidinng g M
o Tz gmnsd 5l ookl b cele & n lagld 5y @l

(Khezerlou et al., 2023) 15,5

BB SIS 5ile g S b oy slassud Jud g Julas
Gt glapld I edlatl 31 oLl jslates;
Sl Jdgp ple i CudS bais p plice S
F o ple ladiges gglate (pl (lp dd el bbdiged © 2
53 Ll 3 5SS g odans (glapold b (shisdia
O 025 g g bl jiel e 5 BuS e Sl

silo3l b 35 s (Gl puiie 05 (5 1SS Zobn - Joua
Table 1- Coded levels of independent variables in the experimental design

Jowo (oW puiio
Independent values

B d)'.\f.\s 9 ‘:wu“lo)i dl&w‘"
Experimental and coded variables

A
B

0 +1
0,2 0,35
0,55 0,8

o9 gl o)las g Syt ojlas clile ciga By A
A and B represent the concentrations of malva extract and amaranth extract, respectively.
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Table 2- Treatment plan
e » . lCwold & gndydsli Slgion Olis adld
sl Sl e Tr;nspa Ter;ile Jsb o) e N osb) e Sk
Treatment  Thickness  Solubility rency strength Elongation  Antioxidant ~ Water vapor Moisture Color Whiteness
activity permeability content difference index
1 0.231 17.415 0.96 4.654 22.203 70.566 0.00165 19.121 28.29 64.99
2 0.192 21.805 1.326 3.102 19.252 54.691 0.00208 24.012 40.48 53.09
3 0.198 20.525 1.968 3.431 15.102 61.366 0.00202 21.564 21.72 82.71
4 0.154 23.012 1.589 2.145 20.366 45.988 0.00362 25.365 30.61 70.07
5 0.148 23.654 2.899 1.687 16.414 40.201 0.00402 26.501 25.73 76.01
6 0.141 23.054 2.705 1.699 16.023 39.889 0.00418 26.256 24.98 76.15
7 0.176 22.021 1.121 2.789 24.212 47.802 0.00303 25.606 26.81 77.98
8 0.228 17.415 0.905 4.64 22.805 71.021 0.00162 19.001 27.88 65.01
9 0.223 18.252 1.132 4.002 17.561 65.424 0.00181 20.231 34.56 60.02
10 0.193 20.955 1.881 3.403 15.505 61.902 0.00211 21.505 20.99 82.66
11 0.204 19.556 1.028 3.995 23.125 58.056 0.00196 22.595 28.04 65.12
12 0.192 21.805 1.302 3.198 18.989 54.061 0.00396 23.989 41.24 54.09
12 0.196 21.323 1.389 3.005 19.201 55.015 0.00311 23.421 33.93 58.17
14 0.161 22.989 2.321 2.361 16.456 51.203 0.00322 24.705 43.47 51.11
15 0.176 22.301 1.129 2.801 24.405 47.222 0.00303 25.606 26.81 77.98

Ot pdili g (Y5 by g (St SS9 EU 9 Sy Gojlas ST ow) o ANOVA (il lg 56T -F Jga
Table 3- ANOVA analysis of variance to investigate the effect of malva and amaranth extracts on gelatin and chitin
nanofiber-based packaging films

b Al ol an,d Olage uile Fjlaie Pl Coodl  0uwd Joasi CBd e [ ot o pd
Response Effect DF Mean Square F-value p-value Significance  Notes (R?2/ Adeq. Precision)
el A 1 554 17268 <00001 2" R2=0.9665 / AP=36.2
Thickness Significant
Colbus gme _ _
R B 1 5.54 172.68 <0.0001 7 R2=0.9665 / AP=36.2
Thickness Significant
Cowlbus gme _ _
R AB 1 250 78.25  0.002 e R2=0.9665 / AP=36.2
Thickness Significant
Colbus Mo sine _ _
. A2 1 1.80 56.40 0.01 e R2=0.9665 / AP=36.2
Thickness Significant
Colbus Mo sine _ _
; B2 1 1.70 5330 001 "¢ R2=0.9665 / AP=36.2
Thickness Significant
b A 1 11.42 57.73 <0.0001 e R2=0.9698 / AP=22.71
Solubility Significant
Dl B 1 11.42 57.73 <0000 < R2=0.9698 / AP=22.71
Solubility Significant
- AB 1 3.10 1570 003 P R2=0.9698 / AP=22.71
Solubility Significant
- A2 1 150 760 008 P R2=0.9698 / AP=22.71
Solubility NS
- B2 1 1.40 710 009 P R2=0.9698 / AP=22.71
Solubility NS
Al A 1 1.14 327.83 <0.0001 P R2=0.9945 / AP=49.47
Transparency Significant
Al B 1 1.10 31650 <0.0001 P R2=0.9945 / AP=49.47
Transparency Significant
Al AB 1 0.85 24550 <0.0001 P R2=0.9945 / AP=49.47
Transparency Significant
Al A2 1 0.60 17340 <0.0001 P R2=0.9945 / AP=49.47
Transparency Significant
Al B2 1 0.40 11560 0002 e R2=0.9945 / AP=49.47

Transparency
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(seitsS” plSoxtanl A
Tensile strength
(seitsS” plSoxtanl B
Tensile strength
(seitsS” plSoxtanl AB
Tensile strength
(seisS” plSoxtanl A2
Tensile strength
(seitsS” plSoxtnl B2
Tensile strength
Job 2bsjl A
Elongation
Job 2bsjl B
Elongation
Jeb 2bsjl AB
Elongation
Jeb 2bsjl A2
Elongation
Jeb 2bsjl B2
Elongation
‘J S d)i"‘i'ﬁ?’s
Water vapor permeability
‘J S d)i"‘i'ﬁ?’s
Water vapor permeability
o B S pdidshs B
Water vapor permeability

Cagb) lyme
Moisture content

Cagb) lyme
Moisture content

Casb, Slye AB
Moisture content
ST 5l e Jld

Antioxidant activity
ST 5l e Jld
Antioxidant activity
ST 5l e Jld
Antioxidant activity

AB

Sy Olyuss
Color difference
Sy Olyuss
Color difference
Sy Olyuss
Color difference

AB

Sy Olypss
Color difference

A2

Sy Olypss
Color difference

BZ

TR ua}l.u A
Whiteness index

TR ua}l.u B
Whiteness index

s p23L AB
Whiteness index

6.04

5.90

2.50

1.80

1.60

21.78

17.50

10.40

8.90

7.50

22.16

20.25

10.50

41.66

39.41

10.25

22.16

21.66

15.50

0.41

0.39

0.21

0.18

0.16

0.41

0.39

0.21

354.33

345.50

146.30

105.50

94.00

278.97

223.80

133.20

114.00

95.60

201.80

184.50

95.20

241.52

228.10

59.32

201.80

196.50

140.20

1.04

0.95

0.52

0.46

1.01

0.95

<0.0001

<0.0001

0.01

<0.0001

0.002

0.01

<0.0001

<0.0001

0.01

<0.0001

<0.0001

0.02

<0.0001

<0.0001

0.002

0.32

0.35

0.45

0.48

0.45

Mo sine
Significant

Mo sine
Significant

Moisinesé

Mo sine
Significant

Moisinesé

gme
Significant
gme
Significant
Iocine s
NS
gme
Significant
gme
Significant
I gina s
NS
gme
Significant
Sgme
Significant
Sgme
Significant
I gina s
NS
I gina s
NS
I gina s
NS
Joisineré
NS
Joigineré
NS
Joigineré
NS
Joigineré
NS
Joigineré
NS

R2=0.9883 / AP=65.27

R2=0.9883 / AP=65.27

R2=0.9883 / AP=65.27

R?=0.9883 / AP=65.27

R?=0.9883 / AP=65.27

R?=0.9789 / AP=39.83

R2=0.9789 / AP=39.83

R2=0.9789 / AP=39.83

R2=0.9789 / AP=39.83

R2=0.9789 / AP=39.83

R2=0.7928 / AP=12.82

R2=0.7928 / AP=12.82

R2=0.7928 / AP=12.82

R2=0.9926 / AP=42.70

R2=0.9926 / AP=42.70

R2=0.9926 / AP=42.70

R2=0.9937 / AP=78.98

R2=0.9937 / AP=78.98

R2=0.9937 / AP=78.98

R2=0.679 / AP=5.02

R2=0.679 / AP=5.02

R2=0.679 / AP=5.02

R?=0.679 / AP=5.02

R2=0.679 / AP=5.02

R2=0.8409 / AP=7.84

R2=0.8409 / AP=7.84

R2=0.8409 / AP=7.84
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Table 4- Optimization of variables

P9 gl ojlas
Amaranth extract (w/v%6)

slowd S i 0y las
Treatment  Malva extract (w/v%6)
1 0.165
2 0.05
3 0.35
4 0.2

0.558
0.3
0.8

0.55

9 4 j9Sumg il cage w8l b 5l se slao)lac 3458
Dyl o Saligp eld Culius iulj8l aisys

gl sl ins

ssb & oylac g3y a8 o ol Plie 5 Lol all oo
Lmdi Olosed Bl g WS Jughy slgire iall el Jitue
Cugby (B (it Cal 03, Sl |y Cagboy ST (o pi
J55) 392 b a5 (S g 0)las 93,8 (VL aw 4 bgiye
G0 5 Gpeady oS 615 A ) (U Cugly tals (Y
Jio oms ops polie sl T JuSg)ne (slaog S
o CB FYIV- bl Jde o i €8> 5 (R%=+/23YF)
S glis 1y YL

Mousavi, Rezaei, &) 5o 5 (sowse Clilllas
Hosseini, Gomez- ) ,Kea 5 uws 5 (Hashemi, 2021
o958 «8” Wby 4l 35 (Guillén, & Regenstein, 2020
el Jhgs 5 GoV5 slaekd 4 J8 o8 laojlas
Cazon,) Ol)lfw.m 9 09)’15 (e .Jb)fu,o w910) uu.mlf
aS 10,8 b5 (Velazquez, Ramirez, & Vazquez, 2018
w515 ORIl g JHISS Gials cage (alS S chale il
D)8 o ylid e

cwlas

5 S Ll i) Sl oo Sla sl 3] (Ko ol
S8y ol S 5 3 o8 g sl gl DTy 4y (50 pde
aS ol lizs (ANOVA) Luibylg 56Tyl 413 Sbys oles o
P<) dg b e lapld Culis uple lp ped 42)0 Sl
aS (P> 0/05) s yoyl55 )5 gme e o3lop pas o905 4 (0/05
e Gl oz gbodls b Jde cuslio (o3l oxias slis
laplsd cuwlsus 5 (B) Syeyo)las 5 (A) og)> gl o)las clale
bgye (ogdes +/VYY) cuslesd (p py 85 6 p5bos cdidgs I ine
V) Sl (g ieS g 0jlas 93,0 Clal g YL (ool whd &
ol () JS8) v Wojlas Glie cnpoml & baye (e
Cosli 5 ojlas g Bloly 5 (8 ClS 5 Hpas 4 lll
oy 90 031> s (Y ok (6 perky 4SS sla S
G YEIV L ply Jde o yin <8 g (RE=2/3550) Jso s
8 251y Jso sVl oy

9 (Dong et al,, 2020) l,Ken g Kby lawgy olie puls
bl sl 005 3,135 (Elnadef et al., 2024b) ), San 5 sl
@l ol Sl 5 ol ) Sbaekd cels Gl
W1 Copd (6 poals 4 Cuoglie isli8l g (Jid L LS 5yl
as” ol ol (Bilgic et al., 2019) )\ Ken 5 Sy puizcen
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Fig. 1. Three-dimensional plot of film thickness based on two variables
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Fig. 2. Three-dimensional plot of the moisture content of the films based on two variables
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Fig. 4. Three-dimensional plot of the water vapor permeability of the films based on two variables
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Fig. 6. Three-dimensional plot of the tensile strength of the films based on two variables
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Fig. 7. Three-dimensional plot of elongation at break based on two variables
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Fig. 8. Three-dimensional plot of the antioxidant activity of the films based on two variables
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Fig. 9. Three-dimensional plot of the color difference of the films based on two variables
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Fig. 10. Three-dimensional plot of the whiteness index of the films based on two variables
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Fig. 12. Scanning electron microscope (SEM) images of the films
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Fig. 13. Fourier-transform infrared (FTIR) spectra patterns: (A) film containing 0.05% v/v malva extract and 0.3% w/v
amaranth extract; (B) film containing 0.1658% w/v malva extract and 0.558% w/v amaranth extract; (C) film containing

0.2% w/v malva extract and 0.55% w/v amaranth extract; (D) film containing 0.35% w/v malva extract and 0.8% w/v
amaranth extract
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Fig. 14. X-ray diffraction (XRD) patterns of control and treated samples: control film (Treatment 4); film containing 0.05%

w/v malva extract and 0.3% w/v amaranth extract (Treatment 3); film containing 0.1658% w/v malva extract and 0.558%
w/v amaranth extract (Treatment 2); film containing 0.35% w/v malva extract and 0.8% w/v amaranth extract (Treatment 1)
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Fig. 17. Packaging test of the optimized film
The optimal treatment containing 0.558% amaranth extract and 0.165% malva extract.
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Introduction
Addition of dietary fiber sources to high-consumption food products is a smart way to increase the amount of
fiber intake through the daily diet. Biscuits are one of the most popular bakery products. Wheat flour is the most
significant ingredient for biscuit production in terms of quantity, its quality plays a major role in the quality of the
final product, especially in terms of nutritional value and texture. Fiber sources such as cereals, legumes, and other
plant products such as nuts, fruits, and vegetables can be used to enrich the wheat flour with the aim of improving
the nutritional properties of wheat flour-based products.

Lentils are one of the most important legumes with high nutritional value and low anti-nutritional factors,
traditionally consumed as a minimally processed product. The functional properties of lentil proteins are one of
the reasons for their special potential application in the production of various types of food products. Due to the
presence of various essential amino acids such as leucine, isoleucine, lysine, phenylalanine, and valine, as well as
high levels of fiber, B group of vitamins, and minerals, the addition of lentil flour, even flour prepared from low-
grade lentils, aids in improving wheat flour and increasing the quality of bakery products.

In recent years, attention of many manufacturers and researchers has been directed towards the use of various
cereal bran as a source of fiber in the production of bakery products. Rice bran is a by-product of rice processing
and milling and, as a cheap source of fiber, can be included in the human diet. Considering the importance and
benefits of using dietary fibers in bakery products, in the present study, the effects of using roasted lentil flour and
rice bran powder (at 0, 3, 6, 9, 12 and 15% ) as natural sources of dietary fiber, on the physicochemical and
sensory properties of biscuits were studied.

Materials and Methods
To prepare the biscuit dough, 350 gr flour, 105 gr f sugar, 105 gr shortening, one egg, 3.5 gr vanilla, 1.75 gr
salt, and 10.5 gr baking powder were used. After molding, baking was done at 160 °C for 15 minutes.

The moisture of biscuit was measured using AACC 44-19 method and pH was measured using a digital pH
meter (3020, Jenway, UK). Ash was measured according to AACC 08-01 standard method (2000), protein was
measured according to AACC 46-18 standard method (1999), and the raw fiber was measured after acid and
alkaline digestion according to AACC 32-10 standard method (2000). The Folin-Ciocalteu method was used to
measure the total phenolic content, and free radical scavenging capacity was measured using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) method. Dimensions of biscuit (diameter and thickness) were measured using calipers,
biscuit texture firmness was measured using a Brookfield texture analyzer (Brookfield, CT3, USA), and biscuit
color (a* (red-green), b* (yellow-blue), and L* (lightness or whiteness) indices were measured using a colorimeter
(TES-135A, Taiwan). Evaluation of sensory characteristics including color, taste, crispness and firmness of
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texture, and overall acceptance was performed using the five-point hedonic scale method. Data were analyzed by
one-way ANOVA (SPSS 26, Duncan, P<0.05).

Results and Discussion

The results of statistical analysis showed that partial replacement of wheat flour in the biscuit formula with
roasted lentil flour and rice bran powder increased the contents of fiber (to 1.39%), protein (to 8.62%), ash (to
1.97%), total phenols (to 131.27 mg GAE/Kg), diameter (to 4.4 cm), expansion coefficient (to 8.23), yellowness
(to 26.79), redness (to 6.92) and browning index (to 58.07) of the biscuit. Following the increase in the level of
total phenols, the antioxidant activity (to 31.9%) of the biscuit also increased. Although using roasted lentil flour
decreased fat content of the biscuit but rice bran powder retrieve it (to 23.65%). By reducing the amount of wheat
flour and increasing the amount of roasted lentil flour and rice bran powder, the pH (to 6.62), moisture (to 2.95%),
thickness (to 0.54 cm), texture firmness (to 1686 gf), and lightness (to 66.13) of the biscuit reduced. The scores of
sensory attributes decreased with increasing the level of replacement of wheat flour with studied additives.
However, the results indicated the overall acceptability of biscuits containing low levels (3-9%) of roasted lentil
flour and rice bran powder.

Conclusion
Given that roasted lentil flour and rice bran powder are rich in fiber and contain appropriate amounts of
vitamins and minerals, and considering the growing consumer demand for such nutrients, replacing these items
with wheat flour (at 3-9%) in production of high-consumption products such as biscuits will contribute
significantly to health-related issues, especially in terms of obtaining the recommended amounts of fiber.
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Table 2- The chemical composition of wheat flour, roasted lentil flour, and rice bran powder

cstleoad o PN 3] b Al s )] g g 09
Chemical composition Wheat flour  Roasted lentil flour  Rice bran powder
FuSE 0.50+0.03°¢ 2.93+0.11° 10.21+0.548
Ash (%)
oFon 11.41+1.02¢ 24.56+2.012 15.68+1.01°
Protein (%)
L 1.68+0.05¢ 5.39+0.41° 14.00+0.982
Fiber (%)
ol 8.59+0.43° 6.66+0.16° 22.77+1.202
Fat (%)
S 36.29+2.11° 112.2845.13° 146.87+6.052
Phenol (mgGAE.kg™)
st sl b
= 39.10+1.10°¢ 42.20+0.80 49.80+1.402
Antioxidant (%)
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In each row, different letters indicate significant differences (Duncan's test, P<0.05).
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Table 3- Effect of roasted lentil flour and rice bran powder on the chemical properties of biscuits

sled pH cagb, o9 =2 FouS G-

Treatment Moisture (%) Fiber (%) Protein (%) Fat (%) Ash (%)
Control 7.09+0.152 4.65+0.102 0.23+0.02¢  7.12+0.50¢ 20.78+1.12%¢  0.68+0.05f
RLF3 6.85+0.11b 3.94+0.12b 0.28+0.039  7.63x0.37P4  20.30+1.37°  0.77+0.06¢f
RLF6 6.82+0.10% 3.66+0.08¢ 0.57£0.02¢ 8.13+0.21%c  20.14+1.15°  0.88+0.06°
RLF9 6.78+0.05bcd 3.62+0.13°¢ 0.68+0.069 8.24+0.44%¢  20.09+1.11°  0.89+0.09¢
RLF12 6.75+0.07bcd 2.98+0.03¢ 0.78+0.05°  8.34+0.56% 20.05+1.51¢  1.08+0.04¢
RLF15 6.73+0.095 2.97+0.05¢ 0.94+£0.07°  8.62+£0.63%°  19.89+1.72°  1.16+0.08°
RBP3 6.86+0.12b 3.93+0.07° 0.4740.01F  7.5240.25%  22.11+2.03%¢ 1.21+0.104
RBP6 6.74+0.04bcd 3.60+0.10¢ 0.49+0.01¢f  7.55+0.34%¢  23.17+1.40%®  1.43+0.09°
RBP9 6.69+0.065 3.00+0.02¢ 0.79£0.02°  7.66+0.14>¢  23,01+1.21%  1.66+0.12°
RBP12 6.64+0.13% 2.99+0.01¢ 1.36+0.08% 7.70+£0.43%d  23.23+1.17®  1.74+0.10°
RBP15 6.62+0.05¢ 2.95+0.04¢ 1.39+0.10*  7.80+0.36"¢  23.65+1.50*  1.97+0.072

(PS/20 (4S5l y0l) Asb go o sime Cglés oaimd L5 Caliste gy ygias b 4
In each column, different letters indicate significant differences (Duncan's test, P<0.05).
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Fig. 1. The effect of roasted lentil flour and rice bran powder on total phenolic content of biscuits
Different letters indicate significant difference (p<0.05).
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Fig. 2. The effect of roasted lentil flour and rice bran powder on antioxidant capacity of biscuits
Different letters indicate significant difference (p<0.05).
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Table 4- Effect of roasted lentil flour and rice bran on the physical properties of biscuits

Treatment  Thickness (cm) Diameter (cm) Expansion coefficient
Control 0.90+0.052 3.89+0.03f 4.30+0.21f
RLF3 0.80+0.01° 3.9740.03¢ 4.96+0.03°
RLF6 0.80+0.03° 4.11+0.05¢ 5.14+0.13¢
RLF9 0.75+0.01°¢ 4.21+0.05°¢ 5.61+0.01¢
RLF12 0.62+0.03¢ 4.300.07° 6.94+0.23°
RLF15 0.62+0.02¢ 4.44+0.022 7.17+0.20°
RBP3 0.64+0.01¢ 4.07+0.01¢ 6.36+0.08¢
RBP6 0.64+0.03¢ 4.1940.04° 6.55+0.25¢
RBP9 0.60+0.03¢ 4.21+0.02° 7.030.32°
RBP12 0.55+0.02¢ 4.34+0.03° 7.90+0.232
RBP15 0.54+0.02¢ 4.44+0.05% 8.23+0.212

(PS/20 (Sl y90l) b g o sime cglés oaimdLis ciliseo gy giw yb p
In each column, different letters indicate significant differences (Duncan's test, P<0.05).
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Fig. 3. The effect of roasted lentil flour and rice bran powder on hardness of biscuits
Different letters indicate significant difference (p<0.05).
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Table 5- Effect of roasted lentil flour and rice bran powder on biscuit color indices

cusls cdYs e )l

o 9, 3L 833 O sloged s Lo
Treatment Lightness (L") Redness (") Yellowness (b”) Browning index
Control 78.84+1.012 2.89+0.08¢ 19.94+0.22f 31.26+0.63"
RLF3 74.13£0.68°¢ 3.55+0.33f 23.18+0.47 39.62+0.629
RLF6 71.25+0.594 4.31+0.15¢ 23.62+0.26% 43.91+0.42¢f
RLF9 70.71+0.744 4.99+0.27¢ 24.60+0.22°¢ 47.51+0.77¢
RLF12 68.31+0.95¢ 5.65+0.27¢ 26.27+0.340 53.57+0.15°
RLF15 66.21+1.00° 6.61+0.19% 26.7910.222 58.07+1.392
RBP3 75.61+0.25P 3.65+0.31f 22.65+0.42¢ 38.48+0.819
RBP6 73.80£0.35¢ 4.95+0.16¢ 23.69+0.18¢ 42.91+0.75f
RBP9 72.77+1.16° 5.49+0.18°¢ 24.31+0.25°¢ 45.10+0.89¢
RBP12 70.79+0.28¢ 6.28+0.12b 25.95+0.23b 51.27+0.12¢
RBP15 66.13+0.77° 6.92+0.17¢2 26.29+0.37° 57.32+1.83%
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In each column, different letters indicate significant differences (Duncan's test, P<0.05).
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Table 6- The effect of roasted lentil flour and rice bran powder on the sensory properties of biscuits

S Sy (o (2lg5 33 553 wgw ;099 9 B Al 1 (wars D)1 1T Jgu

S ) o g yhs el oK o Py pad s
Treatment Color Flavor and taste  Texture Total acceptability Acceptance index (%)
Control 4.92 4.78 4.8 4.8 96
RLF3 4.8%® 4.6 4.6% 4.7° 94
RLF6 4.6 4.6 4.4b¢ 4,58bc 90
RLF9 4,30 4.6 4,1% 4,58bc 90
RLF12 3.9% 4.4%® 4.0 4.2¢ 84
RLF15 3.79 4.1° 3.7 3.8¢ 76
RBP3 4.8 4.78 4,5 4.7° 94
RBP6 4.7% 4.7° 4.3 4.6% 92
RBP9 4.4 4.6 4,1% 4,52bc 90
RBP12 4.1¢f 4.4% 3.9¢ 4.3 86
RBP15 4.0f 4.1° 3.6f 3.9¢ 78
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In each column, different letters indicate significant differences (Duncan's test, P<0.05).
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Introduction

Whey proteins are among the most valuable functional ingredients derived from dairy industry. Whey
proteins possess high nutritional quality, rapid digestibility, and multifunctional techno-functional properties
such as solubility, emulsifying capacity, foaming ability, and fat-binding potential. The major whey protein
fractions, including B-lactoglobulin, a-lactalbumin, immunoglobulins, lactoferrin, and bovine serum albumin,
play a crucial role in improving texture, stability, and sensory quality of food formulations. Consequently, whey
protein powders are extensively utilized in dairy products, functional foods, beverages, sports nutrition, and
pharmaceutical formulations. Drying is a critical step in whey protein powder production, directly influencing
product quality and functionality. Spray drying is the most widely used industrial method due to its cost-
effectiveness and scalability; however, thermal stress during the process may induce protein denaturation,
aggregation, reduced solubility, and wall deposition, ultimately decreasing powder yield and functional
performance. Freeze drying, although effective in preserving protein structure, is limited by high energy
consumption, long processing time, and low economic feasibility. Therefore, improving spray drying efficiency
while maintaining or enhancing whey protein functionality remains a major industrial challenge. In recent years,
ultrasound has gained attention as a non-thermal and environmentally friendly processing technology capable of
modifying protein structures through cavitation-induced mechanical effects. High-intensity ultrasound can
disrupt protein aggregates, alter secondary and tertiary structures, reduce particle size, and improve dispersion
stability. Despite numerous studies reporting the positive effects of ultrasound on dairy proteins, comprehensive
investigations on the combined effects of ultrasound pretreatment and drying methods on whey protein powder
characteristics are still limited. Accordingly, the present study aimed to evaluate the influence of ultrasound
pretreatment and to compare its effects with conventional spray drying and freeze drying on the
physicochemical, structural, and functional properties of whey protein powder.

Materials and Methods

Pasteurized low-fat milk (1.5% fat) was used for whey protein extraction using an acid precipitation method.
The obtained whey was subjected to ultrasound pretreatment using an ultrasonic bath operating at 20 kHz.
Treatments were applied at power levels of 100, 200, and 300 W for durations of 5, 15, and 25 min. The
treatment temperature was maintained below 30 °C using an ice-water bath to prevent thermal denaturation.
Ultrasound-treated samples were dried using a spray dryer under controlled conditions (inlet temperature 170 °C,
outlet temperature 70 °C, feed solids 20%). Control samples were produced without ultrasound pretreatment and
dried either by spray drying or freeze drying. Freeze drying was performed at —80 °C followed by sublimation
under vacuum (0.01 mbar). Powder yield, protein solubility, fat absorption capacity, emulsifying activity index,
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and foaming capacity were determined using standard methods. Structural and physicochemical properties were
analyzed using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), particle size analysis, and zeta potential measurements. All experiments were conducted in
triplicate. Statistical analysis was performed using ANOVA, and optimization of ultrasound conditions was
carried out using response surface methodology.

Results and Discussion

Ultrasound pretreatment significantly improved spray drying performance and functional properties of whey
protein powder (p < 0.05). Powder yield increased from 46.29% in the control spray-dried sample to a maximum
of 72.27% in ultrasound-treated samples, primarily due to improved atomization, reduced feed viscosity, and
decreased wall deposition. Protein solubility showed a substantial increase, reaching up to 98.11% after
ultrasound pretreatment, which was attributed to protein unfolding, exposure of hydrophilic groups, and reduced
aggregation. Although fat absorption capacity decreased in ultrasound-treated samples compared to freeze-dried
controls, extended ultrasound treatment partially restored this property, indicating a balance between structural
unfolding and reorganization. Emulsifying activity and foaming capacity were markedly enhanced in the
optimized ultrasound-assisted spray-dried sample, correlating with reduced particle size, higher surface charge,
and improved colloidal stability. FTIR analysis revealed changes in amide | and 11 bands, suggesting alterations
in secondary protein structure without affecting the primary structure. XRD patterns indicated an amorphous
structure for all samples, with ultrasound-treated powders exhibiting a more compact amorphous arrangement.
SEM images confirmed that ultrasound-assisted spray drying produced smoother, more uniform particles with
fewer surface irregularities. Optimization results identified ultrasound treatment at approximately 273.5 W for 25
min as the optimal condition for maximizing yield and functional performance.

Conclusion

This study demonstrates that ultrasound pretreatment prior to spray drying is an effective and practical
strategy for enhancing the quality and functionality of whey protein powder. The synergistic combination of
ultrasound and spray drying significantly improved powder yield, solubility, emulsifying activity, and foaming
capacity while promoting favorable structural modifications such as reduced particle size, improved surface
uniformity, and increased colloidal stability. Compared to conventional spray drying and freeze drying,
ultrasound-assisted spray drying offered superior overall performance with higher industrial feasibility. From an
application perspective, this approach provides a cost-effective, non-thermal, and environmentally friendly
solution for producing high-quality whey protein powders suitable for use in functional foods, beverages, and
protein-enriched formulations. The findings support the industrial potential of ultrasound technology as
pretreatment step for optimizing whey protein powder production.

Keywords: Freeze drying, Functional properties, Spray drying, Structural modification, Ultrasound
pretreatment, Whey protein powder
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9 300 25 72.27° 98.11° 129.80°
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Table 3- Optimal process conditions for whey protein powder production using ultrasound pretreatment
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Fig. 1. FTIR Spectra of whey protein powder samples
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Introduction

Considering the adverse effects of saturated fatty acids and particularly trans-fats found in shortenings on
human health, the development and application of oleogels in food production have become essential. Oleogelation
is a valuable method for producing semi-solid and gel-like structures from trans-free unsaturated liquid oils.
Nowadays, multi-component oleogels, formulated by combining high-molecular-weight and low-molecular-
weight gelators, offer new horizons in the design of fat substitutes. In this context, the method of emulsifier
incorporation (whether as powder or molten mixture) may significantly influence both the physicochemical
properties and functional performance of the resulting oleogels. Moreover, utilizing compounds such as
methylcellulose (MC) in oleogel production typically requires complex and costly methods. To overcome this,
MC can be added to the molten mixture of emulsifiers and dissolved directly. The primary focus of this research
is to investigate the synergistic interplay between the specific ratios of Lactic Acid Esters of Mono- and
Diglycerides (LACTEM) and Diacetyl Tartaric Acid Esters of Mono- and Diglycerides (DATEM) and the
structural support provided by MC.

Materials and Methods

This study investigated the synergistic effect of combining LACTEM with DATEM at various ratios (30:10,
10:30, 40:0, 0:40) alongside a constant amount of Distilled Monoglycerides (DMG). Furthermore, the effect of
direct dissolution of MC (0% and 2%) on the textural, physicochemical, fatty acid profile, and Solid Fat Content
(SFC) of the resulting oleogels was evaluated in comparison with commercial shortening. The preparation method
involved melting the emulsifier blend at 70°C, followed by the direct addition and dissolution of MC at 80°C. This
molten matrix was cooled at 25°C for 24 h to initiate full co-crystallization of the surfactants and the polymer. In
the next step, the mixture was pulverized using a laboratory mill (spray chilling would be utilized at an industrial
scale). The resulting powder was then added to liquid canola oil at a concentration of 15% (w/w). The mixture was
heated to 70°C until the oil becomes completely transparent. Finally, the samples were cooled at 25°C for 24 h to
form the oleogel.

Results and Discussion

Regarding Oil Binding Capacity (OBC), some treatments exhibited a slight decline after 30 days; however,
samples containing LACTEM/DATEM and MC maintained their OBC throughout the 30-day period. In terms of
textural hardness, samples containing two different ratios of LACTEM/DATEM emulsifier, with and without MC,

Authors retain the copyright. This is an open access article distributed under Creative Commons
Attribution 4.0 International License (CC BY 4.0).
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exhibited greater similarity to the control sample. Notably, samples with the higher DATEM ratio showed no
statistically significant difference compared to the shortening sample .Also, the peroxide value (PV) of the oleogel

samples was significantly higher than that of the shortening sample (p < 0.001). However, the rate of PV increase
during the second 15-day period was lower in all oleogel samples. Specifically, the LACTEM/DATEM10-30-MC2
sample exhibited the lowest rate of PV increase. In this sample, the peroxide value at day 30 increased by 1.93-
fold compared to day 15, whereas the shortening sample showed a 5.06-fold increase in peroxide value over the
same period. It should be noted that the peroxide value (PV) only reflects primary oxidation products; therefore,
for a more comprehensive assessment of oxidative stability and the formation of secondary oxidation products,
future studies are recommended to incorporate additional indices, such as the p-anisidine value (p-AV) or
thiobarbituric acid reactive substances (TBARS). Furthermore, despite the higher solid fat content (SFC) inherent
in conventional shortening, the optimized oleogels offered a superior nutritional profile, achieved through a 16.77—
17.7% reduction in saturated fatty acids and almost-total elimination of trans isomers.

Conclusion

In conclusion, the synergistic effect of low-molecular-weight emulsifiers and methylcellulose via direct
dissolution offers a viable strategy for promoting public health, as it effectively eliminates trans fats while
preserving the essential functional characteristics of the lipid system.
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2- Slip Melting Point (SMP)

aacus] p1 das (g a80 jlail
b9y 31 isdyl ladises wSly as (pSejlul (ol
Col odd oolitwl jegll e > Cla (6S0jlul 5 clblawgs
diges p,S /Y B /Y jelaie pay [(Odilichukwu et al., 2016)
039 Sy e VO u..;Lo)i syl sl 5 e 4 dia
sl (1 o ) Blio p30,85 Il 2 o VAL 5 355550
e a5 ol ol yo dudy D5d 0 005 pig A T LY Ctody o
g w95 2 P9y nl Sl (oled 23,5 (o Pl (ygausl S
2 dolee 5l STy dae Colps )0 08 o Oy Al Ve Cidody
20 Ao
_ (As—Ab) xm
~ 55/84 X W x 2
Cad M als Gl AD wiges i AS dolee (pl o oS
el S35l digad (59 W g (pgmasl S (sioxie

G99 BUIES3 8 4 (5 8o il

Al 59 013l (g 305 (88 Csig e JB sladlg) L
s 3 0l 8 ol an o Ar sled )3 oud igd J5edl (sladiges
Ul o )3 ogis e (5SSl dmy Kl 55 S0
Cpaw b diged (s w300 (597 Iaore adlg) el YT cedy
435 5auty 5Bl (U1 (glod 50 428 VO oy 4B 4y 90 Voo
P8 I (g9) ABB T Doy g e (sadlg) Gondy il Sl ans
230k e N9 ) (BLSN (29) Gy B A5 08,5
oy SaS 4 (9, (5K Cud )b g g oo (255 gaig e
Aliasl ~ Khiabani, Tabibiazar,) a5 dwbe pj
.(Roufegarinejad, & Hamishehkar, 2020

1- Texture Profile Analysis (TPA)
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3- Solid Fat Content (SFC)
4- Nuclear Magnetic Resonance Spectroscope (NMR)
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1- Gas Chromatograph (GC)
2- Flame-lonization Detector (FID)
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Table 2- Oil Binding Capacity of oleogel samples over 30 days

digos Jsl 595 09y 0SSyl 7 o5 ;\?SJ Pl (95 8ol cud b
sample Oil binding capacity on . _'° . Oil binding capacity on
day one (%) Oil binding capacity on day 30 (%)
day 15 (%)

LACTEM40-MCO 100 + 0.0009¢ 99.750 + 0.0141% 99.684 + 0.000724

LACTEM40-MC2 99.764 + 0.0014¢F 99.685 +.0.0212¢A 100 + 0.000%C

DATEM40-MCO0 99.989 + 0.0007%® 85.713 + 0.00492A 100 + 0.000%C

DATEM40-MC2 100 + 0.0009¢ 99.918 + 0.0028°A 99.932+ 0.0042°8
LACTEM/DATEM30:10-MCO 98.918 + 0.0014A 99.106 + 0.0021°8 99.782 + 0.0028°¢
LACTEM/DATEM30:10-MC2 99.939 + 0.0014¢%A 100 + 0.000® 100 + 0.000%8
LACTEM/DATEM10:30-MCO 99.53 6 + 0.0028°A 100 + 0.00™® 100 + 0.000%8
LACTEM/DATEM10:30-MC2 99.837 +0.00219A 100 + 0.000® 100 + 0.000%8
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Different lowercase letters (a-h) in each column indicate significant statistical differences among samples within a given day
(p < 0.05). Different uppercase letters (A-C) in each row indicate significant statistical differences for a given sample over time
(p < 0.05).
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1- Thiobarbituric-acid Reactive Substances (TBARS)
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Table 3- Peroxide value of oleogel samples, canola oil and shortenings over 30 days

Jol 595 STy s

o110 59, dwSTy dac

AV 59, damSTyp das

oS
Sar?le Peroxide valueonday 1  Peroxide value on day 15  Peroxide value on day 30
P Meq 02 kg-* Meq 02 kg-* Meqg 02 kg-!
LACTEM40-MCO 0.395 +0.0001°A 5.979 +0.0070°%8 17.931 + 0.0042"¢
LACTEM40-MC2 0.986 + 0.000°4 5.938 +0.0021°8 12.282 +0.00284¢
DATEM40-MCO0 0.987 +0.0002°A 4.393 +0.0028° 13.162 + 0.0035%¢
DATEM40-MC2 0.598 + 0.0002°A 3.319 +0.0014%8 9.816 + 0.0007"C
LACTEM/DATEM30:10-MCO 0.395 + 0.0004°4 4,763 + 0.004298 19.909 + 0.004'¢
LACTEM/DATEM30:10-MC2 0.748 + 0.0640% 5.947 + 0.0035¢%8 16.063 + 0.00289¢
LACTEM/DATEM10:30-MCO 0.395 + 0.0004°A 4.795 +0.0014% 13.536 + 0.0056/C
LACTEM/DATEM10:30-MC2 0.198 + 0.0003 5.939 + 0.0014°8 11.499 +0.0015%¢
(\::rj::)l‘:;i)l 1.993 + 0.0003% 5.984 + 0.0017¢°8 21.342 +0.0008i¢
( Ashr:f;)rtjrﬁf 0.3929 + 0.0003°A 1.181 +0.0007°8 5.983 +0.0011%¢
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Different lowercase letters (a-h) in each column indicate significant statistical differences among samples within a given day
(p < 0.05). Different uppercase letters (A-C) in each row indicate significant statistical differences for a given sample over time
(p < 0.05).
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Table 4- Textural properties and slip melting point of oleogel samples and shortenings

Wyl o o Ny o3 Lg ahail
Sample Hardness (g)  Adhesiveness (g.s)  Slip melting point (°C)
LACTEMA40-MCO 1.412 £0.1042 0.799 = 0.063? 41.501 £ 0.7072
LACTEMA40-MC2 3.645 = 0.169°¢ 2.111 £ 0.075°¢ 43.502 + 0.705°
DATEM40-MCO 5.864 + 0.139f 3.489 + 0.146° 48.504 +0.708¢
DATEM40-MC2 2.993 +0.183° 5.333+0.139f 50.503+0.0.706%
LACTEM/DATEM30:10-MC0  4.267 +0.080¢ 1.711+0.075° 48.501+0.705¢
LACTEM/DATEM30:10-MC2  4.570 +0.103¢ 4.971+0.150f 52.507+0.708¢
LACTEM/DATEM10:30-MC0O  5.280 + 0.090¢ 2.959+0.013¢ 55.503+0.705f
LACTEM/DATEM10:30-MC2  5.579 + 0.102¢f 3.622+0.077¢ 53.507+0.709¢f
s 5.024 +0.186°  2.956 % 0.026¢ 46.506 + 0.543°
Shortening
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Different letters indicate significant differences between the data (p<0.05).
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Fig. 1. Solid fat content (SFC) of optimized oleogel samples and shortening at different temperatures (10-35 °C)

Different lowercase letters (a-e) within each temperature cluster indicate significant statistical differences among
samples(p<0.05).
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Table 5- Fatty acids profile of oleogel samples, canola oil and shortening
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Introduction

The widespread use of synthetic plastics in packaging is a major global environmental problem, contributing
to greenhouse gas emissions and pollution. Most plastics are non-biodegradable, accumulated in the environment,
fragmented into ecosystems, and eventually give rise to harmful microplastics. Incineration of plastics also releases
toxic gases, further polluting the air. Developing biodegradable alternatives from natural sources like proteins and
polysaccharides is crucial for sustainable packaging. These biopolymer films, like those made from salep and
enhanced with natural additives such as turmeric and selenium, offer improved functionality including antioxidant
and antibacterial properties.

Materials and Methods

Salep and turmeric powders were obtained from medicinal plant stores in Urmia, West Azerbaijan, Iran, while
glycerol (99% purity) and selenium powder were purchased from Merck, Germany, and used without further
purification. For film preparation, predetermined amounts of turmeric powder were dispersed in 100 mL of
distilled water and stirred at 40-50°C and 500 rpm for 15 min, then filtered through a cloth filter to remove coarse
particles. The required amount of selenium powder was added to the filtrate and stirred for another 15 min under
the same conditions. Next, 2 g of salep powder were gradually added through a fine sieve to obtain a homogeneous
mixture, followed by glycerol addition at 30% wi/w relative to salep. Finally, 25 mL of the prepared solution was
cast into 10-cm Petri dishes and dried at room temperature for 24 h. In total, 13 film formulations were prepared
according to the statistical design.

Results and Discussion

The results demonstrated that increasing the turmeric concentration enhanced the yellowness (b*) and
decreased the lightness (L*) of the films, while the addition of selenium shifted the color toward the green/blue
spectrum (a*). Regarding functional properties, turmeric exhibited antibacterial activity, particularly against
Gram-positive bacteria, whereas selenium alone showed no effect; however, their combination revealed a strong
synergistic antibacterial effect. A similar synergy was observed in antioxidant activity, where selenium stabilized
and enhanced the effect driven by turmeric. Optical analysis indicated that turmeric increased light absorption and
reduced transparency. Interestingly, the combination of turmeric and selenium reduced transparency less than
individual components, suggesting its potential for protective packaging. FESEM imaging revealed that turmeric
created a smooth, homogeneous surface, whereas selenium alone formed rough clusters; notably, their combination

Authors retain the copyright. This is an open access article distributed under Creative Commons
EY Attribution 4.0 International License (CC BY 4.0).
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resulted in a more uniform surface by counteracting selenium aggregation. Finally, the UV—-Vis spectrum of the
turmeric extract confirmed the presence of three main absorption peaks at 342 nm (isomers), 380 nm (curcumin
tautomers), and 457 nm (curcumin), with the latter shift attributed to the polarity and hydrogen bonding effects of
the water solvent.

Conclusion
This study, focusing on the development of biodegradable films based on salep powder reinforced with
turmeric and selenium powders, demonstrated the potential of exploiting the synergy between them. Active
biodegradable films using salep, turmeric, and selenium were developed in this study. Turmeric enhanced
properties, while selenium boosted performance synergistically, improving antibacterial activity and structural
stability. Tailoring film features offers protective packaging, reducing plastic waste and enabling intelligent

packaging.

Keywords: Active film, Biodegradable film, Salep powder, Selenium powder, Turmeric powder
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Fig. 1- Films prepared from the composite of salep powder/turmeric and selenium powder
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Table 1-a— List of films prepared based on the central composite design

Al 50 492355 g a5
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1 0.2 0 Ko.2-0
2 0.2 0.05 Ko.2-0.05
3 0.4 0 Ko.4-0
4 0 0 Koo
5 0 0.025 Ko-0.025
6 0.2 0.025 Ko.2-0.025
7 0.4 0.025 Ko.4-0.025
8 0.2 0.025 Ko.2-0.025
9 0.2 0.025 Ko.2-0.025
10 0 0.05 Ko-0.05
11 0.2 0.025 Ko.2-0.025
12 0.2 0.025 Ko.2-.0025
13 0.4 0.05 Ko.4-0.05
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Table 1-b— List of selected films for evaluation of functional and bioactive properties
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Fig. 2—- Three-dimensional curves, perturbation plots, and the mathematical model illustrating the relationship between the
amounts of turmeric and selenium powder with the color factors (Lab) of the composite films
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Fig. 5- The three-dimensional curves, perturbation curves, and the mathematical model showing the effect of turmeric
powder and selenium powder concentrations on the absorbance (A) and optical transmittance (B)
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Corresponding to minor isomers (DMC and BDMC), tautomeric equilibrium of curcumin in aqueous medium, and the main
curcumin peak, respectively.
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