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.
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(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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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
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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
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el Jhgs 5 GoV5 slaekd 4 J8 o8 laojlas
Cazon,) Ol)lfw.m 9 09)’15 (e .Jb)fu,o w910) uu.mlf
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Design-Expert® Software
Factor Coding: Actual

Thickness (mm)
@ Design points above predicted value

O Design points below predicted value
0141 [ 0.231 024

X1 = A: Amaranth extract
X2 = B: Malva extract 0.2
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Fig. 1. Three-dimensional plot of film thickness based on two variables

Design-Expert® Software
Factor Coding: Actual

Moisture (%)
@ Design points above predicted value

O Design points below predicted value
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§ A: Amaranth extract (%W/V)
B: Malva extract (%W/N)

03 005

e 53 ol 3 U o (Slime (G e fg05 Y S
Fig. 2. Three-dimensional plot of the moisture content of the films based on two variables
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Factor Coding: Actual
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B: Malva extract (%W/V)
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Fig. 3. Three-dimensional plot of film transparency based on two variables
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Factor Coding: Actual
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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. 5. Three-dimensional plot of the solubility of the films based on two variables
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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%
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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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