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Abstract

Gelatine-based smart active packaging has the potential to improve the quality of packaged meat and monitor its freshness without
having to open it. This research aims to develop halochromic films by combining gelatine films with chitosan nanofibers (CHNF) and
zinc oxide nanoparticles (ZnONPs). The addition of nanofillers such as CHNF and ZnONPs has been proven to improve mechanical
properties (The humidity decreased by approximately 15.6%, while Young’s modulus increased tenfold) and provide active packaging
properties, such as antioxidants (IC50 test decreased 13% from 33,12191 to 28,82021) and antimicrobials against S. aureus (increased
from 9,40 to 19.73 for inhibition zone), E. coli (increased from 6.61 to 19.91 of inhibition zone), and P. aeruginosa (increased from
8.63 to 18.65 of inhibition zone). Meanwhile, the smart packaging properties are provided by anthocyanin from telang flowers, which
can change color as the freshness of the meat decreases or the acidity of the meat changes. The quality of smart active packaging is
reflected in the pH sensitivity, ammonia release, and anthocyanin release. The film's mechanical properties also showed
improvement in humidity, Young's modulus, water vapor permeability (WVP), and water solubility. Fourier Transform Infra-Red (FTIR)
characterization analysis showed good compatibility between the gelatine, anthocyanins, CHNF, and ZnONPs matrix. This research
result demonstrates that gelatine-based films with a combination of CHNF and ZnONPs can be used to create eco-friendly and
multifunctional packaging films for meat preservation.
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Introduction

The World Health Organization (WHO) reports that more than 200 diseases, from diarrhea to cancer, arise from spoiled
food, mainly due to the activity of foodborne pathogenic bacteria, namely S. Aureus, E. Coli and P. Aeruginosa (Bari &
Kindzierski, 2018). These bacteria are the most common pathogens in the food industry, especially beef and its
processed products, which are ideal media for pathogens due to high levels of protein, fat and water (Abebe, 2020).
These pathogenic bacteria are generally difficult to penetrate synthetic plastic packaging, but environmental issues limit
their wider use. This is the background for the development of biodegradable packaging.

Gelatine is one of the biodegradable packaging materials because it has good mechanical, thermal, and optical
properties, and can form transparent and flexible thin film (Zulkiflee & Fauzi, 2021). However, gelatine also has
disadvantages, such as being easily soluble in water, susceptible to microbes, and less compatible with other materials
(Lu et al., 2022; Luo et al., 2022). To overcome these shortcomings, previous studies combined gelatine with chitosan
which has unique properties such as non-toxicity, biocompatibility, biodegradability, excellent film-forming properties
(Fernandez-Marin et al.,, 2022). However, chitosan-based film packaging has weak antimicrobial activity and low
mechanical properties (Alizadeh-Sani et al., 2020; Fernandez-Marin et al., 2022). The application of nanofiber
technology in this study is predicted to increase antioxidant, antimicrobial and nutraceutical activities as the surface
area of chitosan increases, but despite being a good oxygen barrier, its moisture properties still need to be improved
(Hajji et al., 2021).
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The use of inorganic materials such as non-toxic zinc oxide nanoparticles (ZnONP) with high photocatalytic and anti-
microbial activity stability is a potential solution to this problem. Although it has good antimicrobial properties, CHNF
which is an organic material is still weak compared to inorganic materials such as ZnONPs which are more stable and
have a high surface/volume ratio as surface reactivity increases, thus improving the mechanical and barrier properties
of the film (Javed et al., 2020; Rahman et al., 2018). Thus, the application of Gelatine-CHNF-ZnONP (G-CZ) biodegradable
packaging can have a synergistic effect on antimicrobial activity as well as mechanical properties.

The current demands of biodegradable packaging technology must have an effective way without having to open the
packaging to determine the quality of the packaged food. Smart packaging technology is a new innovative food
packaging technology that contains external materials or internal indicators to provide information about the status or
quality of food without the need to damage the packaging (Drago et al., 2020). The application of smart packaging is
designed to generate real-time signals in response to changes in food quality or external stimuli, one of which is changes
in pH. Several studies report the use of synthetic coloring materials as colorimetric indicators that react directly to
changes in pH in food, so that consumers can distinguish between fresh and rotten food without opening the package
(Ma et al., 2021; Firouz et al., 2021). However, the development of smart packaging materials with colorimetric sensors
based on toxic and carcinogenic synthetic dyes has triggered concerns about negative health impacts (Saliu & Della
Pergola, 2018; Zhang et al., 2020).

Therefore, this study used dye sources as halochromic sensor materials. One of them is anthocyanin, a bioactive
compound known for its high antioxidant and antimicrobial activities. Furthermore, the sensitivity to pH value makes
this pigment not only a potential component in active packaging but can also be used as a color indicator that is
responsive to pH changes (Moustafa et al., 2019). As a leading provider of anthocyanins, the blue petals of Clitoria
ternatea not only have the ability to provide antioxidant and antimicrobial properties as active packaging, its broader
utilization can be used as a pH-sensitive indicator that can provide changes in food freshness in smart packaging. So far,
there has been no utilization of halochromic indicators from anthocyanins of Clitoria ternatea flowers as smart active
packaging for fresh meat preservation.

Material and Method

Materials

The materials and their specifications used in this study were commercial cowhide B-type gelatine (225 g bloom), NaOH
30%, HCI 0.1 N, Tashiro indicator, HCI 25%, distilled water PE (Petroleum ether), HCl 3%, NaOH 30%, Litmus paper, PP
indicator, Na2COs, Citric acid, CuS04.5H20, H2S04 25%, CH3COOH 3%, Glycerol (299.5%), calcium sulfate dihydrate
(CaS04¢2H20) (99%), calcium nitrate tetrahydrate (Ca(NOs)224H20, 99%), potassium sulfate (K2SOa) (99%), polyvinyl
alcohol (PVA; Sigma-Aldrich) - Singapore, CHNF (BCB-Chitin; 99%) - China, ZnONPs powder average particle diameter:
20-30 nm; 95%). (Reaching Biochemical Co.) — China.

Butterfly pea flower extraction

The percolation or soaking procedure is used to extract butterfly pea flowers. Distilled water was used to extract dried
butterfly pea flowers, which were ground with 1:6 (w/v) ratio for 30 minutes. After the extraction process is complete,
the material is filtered using filter paper (Whatman No. 1). At a temperature of 37°C, anthocyanin extract from butterfly
pea flowers was condensed using a rotary evaporator.

Making CHNF

Electrospinning techniques were used to make chitosan/PVA nanofibers[49]. The magnetic stirrer was used to dispersed
the PVA, which weighed 1.5 g, in 15 mL of pure water at a speed of 700 rpm (80 °C; 90 minutes) to produce a 10% PVA
solution. To proceed further, we need to create a 3% chitosan solution. For this, 0.3 grams of chitosan powder should
be added to 10 ml of acetic acid (CHsCOOH) and stirred using a magnetic stirrer at a speed of 350 rpm (50 °C; 120
minutes). Both solutions were stored for 17 hours and then mixed for 20 minutes with a magnetic stirrer. The solution
was ejected into the collection drum utilizing a Nacriebe 601 electrospinning tool at a range of 10 cm (flow rate 5
mL/hour; voltage 20 kV).
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Preparation of CHNF Solution
To make a CHNF solution, dispersed the CHNF with 0.04 g, in 2.5 g acetic acid 2% solution.

Preparation of ZnONPs

Similarly, for the ZnONPs solution, dispersed ZnONPs weighing 0.3 g, in 2.5g acetic acid 2% solution. It was then stirred
at a speed of 750 rpm (100 °C; 360 minutes) with a magnetic stirrer.

Gelatine nanofiber Fabrication

To make gelatine nanofibers, two main ingredients were used: 10% gelatine with distilled water as a solvent and 12%
PVA using 2% acetic acid as a solvent. The gelatine and PVA with a ratio of 1:2 was mixed for 20 minutes and then
incubated at 20-25 °C for 17 hours. was ejected into the collection drum utilizing electrospinning at a range of 10 cm
(flow rate 5 mL/hour; voltage 20 kV)

Fabrication of composite films based on butterfly pea flower anthocyanin

Several ingredients such as Gelatine nanofiber, CHNF, ZnONP, glycerol, and anthocyanin extract were mixed with
variations in composition depending on Table 1 in composition and factorial degassing for 15, 30, and 45 minutes. The
film solution was homogenized with a magnetic stirrer at 350 rpm and a temperature of 25 °C for 60 minutes. The film
solution was degassed at 30°C in a sonicator with 80 hz ultrasound-assisted homogenized to remove air bubbles
contained in the solution. After sonication, the film solution was printed into acrylic measuring 20 x 20 cm with a
thickness of 1.4 mm using the casting knife method. The film solution incubates at 20-25 °C for 3 days, then conditioned
in a desiccator with 50% RH at 20-25 °C for 3 days. The film can be applied as meat packaging, with the following sample
code in Table 1.

Table1 Sample Code for Variation Halochromic Film Composition

Degassing (minute) Gelatine Gelatine + ZnONPs Gelatine + CHNF Gelatine + CHNF + ZnONPs

15 G_I G-Z_| G-C_I G-CZ_|
30 G_l G-zl G-C_II G-CZ_lI
45 G_lll G-Z_Ill G-C_IIl G-CZ_Ill

DPPH Methods

The DPPH antioxidant activity assay begins with the preparation phase where 0.1 mM DPPH solution is prepared in
methanol, followed by preparing varying concentrations of dispersed of film sample ranging from 20-100 pg/mL, with
all solutions being protected from light exposure. The reaction phase involves taking 1 mL of each concentration of
anthocyanin extract and combining it with 3 mL of the prepared 0.1 mM DPPH solution. This mixture is thoroughly
homogenized using a vortex mixer and then incubated in dark conditions at room temperature for a duration of 30
minutes. Following incubation, the measurement phase is conducted where the absorbance is measured at 517 nm
using a UV-visible spectrophotometer, with methanol serving as the blank. A control sample is prepared by substituting
the extract with 1 mL of methanol. The antioxidant activity is then quantified by calculating the percentage of DPPH
radical scavenging activity using the formula: DPPH scavenging activity (%) = [(Ac - As)/Ac] x 100, where Ac represents
the absorbance of control and As represents the absorbance of sample.

Result and discussion/Result

Moisture on Films

Moisture testing is an important requirement for packaging materials. A complex structure of polymers and/or
nanoparticles interlock to form packaging materials. The structure contains tiny spaces where water molecules and
other substances are confined (Musso et al.,, 2019). Moisture testing has been carried out on 12 samples of
halochromic film packaging with the data in Table 2. Additives are added to the film for decreases the water content,
with an increase in certain additives, especially ZnONPs, causing the water content in the film to become lower as
shown at Table 2, the lowest water content was recorded in film samples with the addition of ZnONPs. The positive
correlation between the water content in the film packaging with the WVP value > water content. Films made from
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biopolymers are often found to have this issue, which is commonly reported, as compared to those made from
synthetic polymers (Dodero et al., 2021).

Table2 Moisture Test of Halocromic Film

Sample Moisture Absorbtion (%) STD Deviation
G_| 8,2167 +0,130
G_ll 8,4424 +0,102
G_llI 8,7133 +0,103
G-Z_| 7,3929 +0.121

G-Z_ll 7,5729 +0.136

G-Z_ll 7,6238 +0.132

G-C_I 7,3519 +0.094
G-C_II 7,3538 +0.118

G-C_llI 7,3849 +0.087

G-CZ_| 7,4129 +0.101

G-CZ_ll 7,5238 +0.087

G-CZ_lll 7,6749 +0.098

The moisture absorption data presented in Table 2 reveals significant variations across different film compositions and
their modifications. Pure gelatine films (G_I, G_II, G_lII) demonstrate the highest moisture absorption values ranging
from 8.2167% to 8.7133%, showing an increasing trend from G_I to G_lII. This high moisture absorption is attributed to
gelatine's inherently hydrophilic nature, which stems from its numerous -OH and -NH2 groups, open protein structure,
and abundant hydrogen bonding sites.

The film samples absorbed less moisture when more ZnONPs additive was added (G-Z_I, G-Z_ll, G-Z_lIl), and this
difference was significant (p<0.05). The moisture percentage value for the G-Z sample is 7.39% (1); 7.57% (I1); 7.62% (lll)
after 96 hours. This reduction occurs because ZnO nanoparticles occupy intermolecular spaces and form coordination
bonds with gelatine's functional groups, thereby reducing the availability of hydrophilic groups for water interaction.

Similarly, the gelatine-chitosan films (G-C_I, G-C_II, G-C_llI) exhibit reduced moisture absorption (7.3519% - 7.3849%)
with remarkably stable values across variations, attributed to chitosan's crystalline structure, the formation of
intermolecular hydrogen bonds between gelatine and chitosan, and the creation of a more compact network structure.

Meanwhile, the moisture percentage for the G-CZ film is 7.41% (1); 7.52% (Il); 7.67% (1), which is significantly less
moisture than other film samples. with a gradual increasing trend, explained by complex interactions between all three
components, ZnONPs can improves the gelatine structure's ability to resist water by creating some discontinuities in
the G-C network, and a balanced effect of hydrophobic and hydrophilic interactions. Overall, the moisture absorption
follows the order: G > G-CZ > G-Z = G-C, indicating that the addition of both chitosan and ZnO helps create more
moisture-resistant films by reducing available sites for water molecule interaction and creating a more stable network.
These findings are particularly significant for packaging applications requiring moisture resistance, storage stability,
potential use in humid environments, and overall film durability and performance. The research conducted by Roy
(2022) supports this discovery, the integration of ZnONPs can reduce the value of moisture absorption in bacterial
cellulose-based films through the formation of new interactions and stronger structures (Roy et al., 2022).

Addition of CHNF also have advantages for active film. CHNF is a nanofiber derived from chitin, a polysaccharide found
in the shells of marine animals (Hai et al., 2020). CHNF has antibacterial, biocompatible, and biodegradable properties,
which can help maintain the quality and freshness of films. Moreover, CHNF can improve the transparency and
mechanical strength of films, which can reduce the moisture absorption (Heidari et al., 2021). The variations 7 to 12 in
the table above demonstrate the relevance of the theory. These films, which contain CHNF, have lower moisture levels
compared to films without CHNF. This indicates that smart active films perform better. The films have less empty space
and stronger bonds between molecules because of this network structure (Roy et al., 2021). CHNF can also act as afiller,
The films can have their porosity and water vapor permeability reduced through the use of a specific method or
substance. This means that CHNF can prevent the water molecules from entering or leaving the films, which lowering
the film moisture (Amjadi et al., 2019).
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FTIR

The halochromic film's chemical composition was determined by performing FTIR analysis has shown at Figure 1.
Glycerol interaction was observed in all of the nanocomposite films, it was observed at 1033.16 cm-1 (G); 1031.59 cm-
1 (G-C); 1034.33 cm-1 (G-Z); and 1034.64 cm-1 (G-CZ). These peaks in the 1030-1035 cm™ region typically correspond
to the C-O stretching vibrations and are characteristically associated with chitosan's structure. The peak shifts observed
in the various combinations (G-C, G-Z, G-CZ) compared to plain gelatine (G) suggest significant interactions with the
chitosan component, particularly in the region associated with the pyranose ring C-O stretching in chitosan's structure.
Among the four materials mentioned (gelatine, chitosan, zinc oxide, and anthocyanin), these peaks around 1031-1035
cm™ primarily indicate the presence and interactions of chitosan in the various combinations. This observation is
supported by several key findings: plain gelatine (G) shows the base peak at 1033.16 cm™, and when chitosan is added
(G-C), a shift to 1031.59 cm™is observed. Furthermore, combinations with zinc oxide (G-Z and G-CZ) demonstrate shifts
to slightly higher wavenumbers (1034.33 and 1034.64 cm™). While these shifts suggest molecular interactions between
the materials, the fundamental peak in this region is primarily associated with chitosan's C-O stretching vibrations,
indicating its significant role in the molecular structure of these combinations.

Absorption peaks at wavelengths of 1033 - 1035 cm-1 were found in the G-Z and G-CZ film variations, this is related to
the connection between OH groups found in glycerol and gelatine, these peaks indicate that ZnONPs successfully mixes
with the film, forming a matrix of gelatine and glycerol (Bahar et al., 2023).

Interactions derived from gelatine are shown at wave numbers in the range 1450-1630 cm-1 that represent to amide,
carbonyl, and methylene bonds. The O-H bending bond derived from glycerine can be look at the range of 920 - 922 cm-
1 (Moustafa et al., 2019). All composite films in Figure 1. show similar specific peaks: 1) amide-A band at 3279.45 -
3286.82 cm-1 which also indicates secondary amine groups; and 2) amide-B band at 2924.13 - 2931.12 cm-1. Amide-(l,
I, and Ill) have distinct peaks at 1630.33 - 1633.78 cm-1; 1538.29 - 1539.09 cm-1; 1236.93 - 1238.77 cm-1, respectively,
these peaks are also present in all films.
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Figure 1  FTIR graphic of all nanocomposite films.

Incorporating CHNF during the electrospinning process leads to modifications in wave numbers for amide-(l, Il, and IIl).
This is attributed to the development of intramolecular hydrogen bonds in chitin. The group of N-H in gelatine and
ZnONPs formed hydrogen bonds that caused a shift, which was also due to the ZnONPs (Bahar et al., 2023). The gelatine
polypeptide chain's structure changed because of CHNF and ZnONPs, which reduced the number of single a-helices,
random coils, and irregular structures. This change was confirmed by a reduction in peaks at 1547.82 and 1538.29 cm-
1. Gelatine contains groups such as -OH, -COOH, and -NH2, which can form hydrogen bonds with group of -OH and -
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NH2 that are in CHNF and ZnONPs (Jiao et al., 2020). The bands related to amino, amide, and hydroxyl group showed a
small change in the G-CZ film spectrum, indicating a connection between gelatine, CHNF, and ZnONPs.

Antioxidant Activity

The antioxidant activity of active-smart packaging will be measured by the DPPH method. This experiment was done to
find out the antioxidant activity in the butterfly pea flower anthocyanin extract. Anthocyanins, which are flavonoids that
trigger red, blue, purple and orange colors, not only have potential as active packaging materials but also as smart
packaging sensors. The butterfly pea flower, also known as Clitoria ternatea, produces blue petals that are rich
anthocyanins and in fact it largest source of them, these anthocyanins are highly regarded for their bioactivity and safety
when consumed (Alizadeh-Sani et al., 2021; Alizadeh-Sani et al., 2021; Arifin et al., 2021). This research will test the use
of anthocyanins as health and environmentally friendly colorimric sensors for active-smart packaging materials that
have potential to preserving fresh beef.

All the samples in the provided Table 3 have an antioxidant activity value (IC50) less than 50, as can be observed from
the table. In accordance with the IC50 value parameters from Table 3., this shows that butterfly pea flower petals
(Clitoria ternatea) are a very strong antioxidant (IC50 value <50). In the gelatine composition with a degassing variation
of 15 minutes, the highest IC50 antioxidant activity value was obtained compared to the 30 minute and 45 minutes
degassing variation. IC50 of the film can be influenced by the duration of degassing. The DPPH antioxidant activity results
presented in Table 3 show that all samples have IC50 values less than 50, which indicates strong antioxidant activity
since a lower IC50 value represents higher antioxidant capacity. The degassing time appears to positively influence the
antioxidant activity, as evidenced by the decreasing IC50 values with longer degassing times. This suggests that the
degassing process may help in better extraction or preservation of antioxidant compounds, thereby enhancing their
ability to scavenge free radicals. This enhancement in antioxidant activity could be attributed to improved accessibility
of the active compounds or potential structural modifications during the degassing process that favor better radical
scavenging capacity (Erdem & Kaya, 2022).

Table 3 Antioxidant activity of halocromic film

Sample Antioxidant Activities (ICso) STD Deviation

G_| 33,12191 +0,11583
G_lI 33,51891 +0,15741
G_IIl 33,51121 +0,07234
G-Z_| 31,21431 +0,12741

G-Z_lI 31,91566 +0,22663

G-Z_Ill 32,82021 +0,17741

G-C_| 29,12110 +0,12223
G-C_lI 29,21160 +0,16183

G-C_IIl 29,73140 +0,24183

G-CZ_| 29,12191 +0,07550

G-CZ_l 29,11916 +0,15741

G-CZ_|ll 28,82021 +0,12183

The enhanced IC50 antioxidant activity values observed in compositions containing Gelatine + ZnONPs, Gelatine + CHNF,
and Gelatine + CHNF + ZnONPs at 45 minutes degassing time compared to 15 and 30 minutes can be explained through
several mechanisms. The primary mechanism involves ZnONPs' electron transfer properties, where these nanoparticles
act as electron donors due to their semiconductor characteristics. Specifically, the conduction band electrons (e-) of
Zn0 can interact with oxygen molecules to form superoxide radicals (02e-), which can further react with H+ to form
hydrogen peroxide (H202), ultimately enhancing the overall redox activity and free radical scavenging capacity. The
surface area effect also plays a crucial role, as longer degassing time (45 minutes) likely improves the dispersion of
ZnONPs, leading to increased effective surface area for antioxidant reactions and providing more active sites for free
radical scavenging. Additionally, synergistic interactions occur during the extended degassing time, allowing for better
molecular interactions between ZnONPs and gelatine's amino groups (-NH2), as well as ZnONPs and CHNF's hydroxyl
groups (-OH), creating a more stable network with improved electron-donating capability.

From the data shown in the Table 3, it is found that the addition of CHNF to the film can increase antioxidant activity.
The results of testing antioxidant activity on a variety of films with the addition of CHNF showed that the antioxidant
value was lower, this shows that the antioxidant activity is stronger. The addition of CHNF can increase antioxidant
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activity because CHNF contains compounds that have hydroxyl and carbonyl groups which can interact with free radicals
(Barman et al., 2020). Apart from that, the addition of ZnONPs to the film can also increase antioxidant activity because
ZnONPs is a zinc oxide nanoparticle which has photocatalytic properties and can ward off free radicals.

Modulus Young

The composition of bioplastics affects their mechanical properties, including Young's modulus. According to
Nandiwilastio (2019), the Young's modulus value is always inversely proportional to the elongation of the material when
tested in tension. In other words, if a bioplastic has a low Young's modulus, then it is likely that the material is flexible.
This can be seen from the significant increase in length when the material is pulled, through the elastic region, and does
not return to its original length (Nandiwilastio et al., 2019).

As shown in Table 4, the G-Z film has a higher Young's modulus value than the G film, which does not have ZnONPs.
Tests on film samples with the highest gelatine composition produced a Young's modulus value of 81.98 MPa, while on
film samples with the highest addition of ZNONPs it reached 3231.29 MPa. This finding can be explained by the reason
for this result is that ZnONPs particles can spread well in the matrix, which helps them to hold more polymer chains, it
was through two main mechanisms: the interfacial bonding mechanism and physical interactions. In the interfacial
bonding mechanism, ZnONPs contain Zn2+ ions on their surface that act as Lewis acids, capable of forming coordination
bonds with -NH2 groups from gelatine, -OH groups from chitosan, and -COOH groups from gelatine. The physical
interactions involve Van der Waals forces between ZnONPs and polymer chains, hydrogen bonding between surface -
OH groups of ZnONPs and polymer functional groups, and electrostatic interactions between charged surfaces. The
mechanism progresses through several key steps, beginning with initial dispersion where ZnONPs disperse throughout
the polymer matrix during mixing, while the degassing process helps remove air bubbles and improve dispersion. This
is followed by surface interaction, where the surface of ZNnONPs presents multiple binding sites and polymer chains
approach and begin interacting with these sites. During bond formation, coordination bonds form between Zn2+ and
electron-rich groups, allowing multiple polymer chains to attach to a single ZnONP due to its high surface area, while
cross-linking occurs between different polymer chains through the ZnONP. Finally, network stabilization occurs as the
formed network is stabilized by multiple attachment points per ZnONP, varied types of bonds, and physical
entanglement of polymer chains. This comprehensive mechanism explains why well-dispersed ZnONPs can hold more
polymer chains through multiple binding sites, high surface area to volume ratio, various types of possible interactions,
three-dimensional network formation capability, and enhanced cross-linking potential. The resulting structure creates
a more stable and robust polymer network with improved mechanical and physical properties (Chen et al., 2022).

Table4 Modulus Young of Halochromic Film

Sample Modulus Young (MPa) STD Deviation

Gl 78,59 +0,46
Gl 81,98 +0,79
G_lI 79,31 +0,61
GZ | 3198,09 +1,52

GZ_Il 3231,29 +2,25
G-Z_Ill 2976,45 +2,27

G-C_I 133,892 +0,855
G-C_I 152,44 +1,3
G-C_Il 119,87 +1,31
G-CZ_| 876,431 +1,589
G-CZ_|l 935,09 +2,21
G-CZ_ll 799,091 +1,989

ZnONPs interact with gelatine and chitosan through two main mechanisms: interfacial bonding and physical
interactions. The Zn2+ ions on the surface of ZnONPs form coordination bonds with the -NH2 groups from gelatine, -OH
groups from chitosan, and -COOH groups from gelatine. Physical interactions such as Van der Waals forces, hydrogen
bonding, and electrostatic interactions also play a significant role. Initially, ZnONPs disperse throughout the polymer
matrix during mixing, and the degassing process helps in removing air bubbles, which enhances dispersion. Then,
polymer chains approach and interact with the multiple binding sites on the ZnONPs' surface. Coordination bonds form
between Zn2+ and electron-rich groups, leading to multiple polymer chains attaching to a single ZnONP due to its high
surface area. Cross-linking occurs between different polymer chains through the ZnONP, creating a stabilized network
due to multiple attachment points, varied types of bonds, and physical entanglement of polymer chains. This mechanism
results in a more stable and robust polymer network with improved mechanical and physical properties.
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The interactions within the matrix also increase, the film's mechanical properties were enhanced due to certain changes
made. The reinforcement effectiveness of ZnONPs also contributes to increasing the Young's modulus value, where the
dispersion and effectiveness of the reinforcement play a key role (Mohammed et al., 2023).

The G-C film with CHNF added demonstrates a higher Young's modulus value than the G-C film that lacks CHNF. This
increase could be caused by an increase in the crystallinity of the film matrix triggered by the formation of an
interconnecting pore network by CHNF (Chen et al., 2023). This creates stronger interfacial interactions, resulting in
increased mechanical stability of the film. The result is supported by Zhang (2020) research, where the increase in
young's modulus of G-C films is due to the formation of hydrogen bonds between chains. This causes stretch at polymer
chains, which makes the edible film more elastic and compact (Bahar et al., 2023).

Antimicrobical Activity

Each ingredient's antibacterial potential tested with disk diffusion assay. The two types of bacteria studied are gram-
negative bacteria like Escherichia coli and Pseudomonas aeruginosa and gram-positive bacteria like Staphylococcus
aureus. The diameter of the inhibition zone for each film sample against the bacteria can be found in Figure 2. And Table
5.

Figure2 The measurement of the inhibition zone of sample against the bacteria for (A) S. aureus [1-12], (B) E. coli [1-12],
and (C) P. aeruginosa [1-12] bacteria
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Table 5 Antimicrobial Activity of Halochromic Film

- Degassing Staphylococcus Escherichia Coli Pseudomonas
Composition f .
(Minute) aureus (mm) (mm) aeruginosa (mm)

G_| 9,40 6,61 8,63
G-C_I 15 9,83 10,26 9,21
G-Z_| 11,05 11,21 10,31
G-CZ_| 12,40 11,95 11,13
G_ll 13,18 13,13 11,83
G-C_ll 30 15,60 15,08 12,58
G-Z_ll 16,63 16,78 13,58
G-CZ_ll 17,31 17,45 14,71
G_ll 17,68 17,75 15,63
G-C_lII 45 18,88 18,65 16,6
G-Z_llI 19,35 19,43 17,71
G-CZ_lll 19,73 19,91 18,65

The data shown in Table 5 above leads to the conclusion that, in comparison to other samples, gelatine (G) films show
less antibacterial activity. The G.C film exhibits zones of inhibition against S. aureus, E. coli, and P. aeruginosa with
measurements of 8.18 mm, 10.68 mm, and 9.19 mm. However, because G.C. film exhibits inhibitory zones against the
bacteria, which measure 8.18 mm, 10.68 mm, and 9.19 mm, respectively, it may be said that the bacteria are vulnerable
to it. G.Z film demonstrates zones of inhibition measuring 11.65 mm, 10.38 mm, and 9.03 mm against the bacteria.
Meanwhile, it's worth noting that the film also displays inhibitory effects.

The results show that the G.Z film is more effective in killing Gram-positive bacteria, especially S. aureus, than Gram-
negative bacteria, such as E. coli and P. aeruginosa. The antimicrobial activity mechanism of ZnONPs involves the release
of Zn2+ ions, which can penetrate bacterial cell walls and cause bacterial death through reactions with the cytoplasm
and oxidative stress that produces Reactive Oxygen Species (ROS) (Dzeikala et al., 2023; Ezati et al., 2019). However,
because G.C. film exhibits inhibitory zones against the bacteria, which measure 8.18 mm, 10.68 mm, and 9.19 mm,
respectively, it may be said that the bacteria are vulnerable to combination of gelatine and chitosan. This is due to the
more complex cell wall structure of gram-negative bacteria, which has an outer membrane that can act as a barrier to
keep ROS out.The incorporation of CHNF in gelatine films results in antimicrobial activity by means of the positively
charged amino groups (NH3+) from glucosamine. These groups interact with the negatively charged outer membrane
of bacteria, creating pores that cause bacterial cell death (Huang et al., 2019). The antibacterial properties of the G-CZ
film are considerably stronger when compared to those of the G-C and G-Z films used individually. The sizes of the
inhibition zones against S. aureus, E. coli, and P. aeruginosa are 14.63 mm, 12.30 mm, and 11.15 mm, respectively.

These results indicate a synergistic effect between CHNF and ZnONPs in enhancing antimicrobial activity. Bacterial DNA
may be harmed and eventually perish because CHNF amino group interactions to negatively charged cell membrane of
bacteria. It can be concluded that gram-negative bacteria are more susceptible to the combined action of these factors.
Thus, it can be concluded that the addition of CHNF does not reduce the antibacterial activity of ZnONPs but rather
provides a synergistic effect that enhances the antimicrobial activity of ZnONPs. These findings support previous
research reporting by Bahar (2023) that found similar effects with other nanoparticles in the presence of packaging
material for cheddar cheese based on gelatine, chitosan nanofiber, and zinc oxide nanoparticles (G/CHNF/ZnONPs)
(Bahar et al., 2023).

Water Vapor Permeability (WVP)

WVP testing are performed to evaluate the degree of water vapor permeability of every packaging sample. If the WVP
value is higher, then it implies that the quality of the packaging is lower because it gets more easily soaked by water
vapor, as elaborated by the source (Jiao et al., 2020). The method used in this analysis is ASTM E 96-95 (Nandiwilastio
et al., 2019). It is important for the packaging to have antimicrobial properties and to be able to regulate the
permeability of gas and water vapor (Othman et al., 2023). Therefore, it is necessary to standardize the composition
and degassing process on film samples to reduce water vapor permeability. The WVP test has been carried out on six of
the total twelve samples available in Table 6.
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Table 6 WVP of halochromic film

Sample WVP (g/m.h.Pa) STD Deviation
G/I 7.24116 x 108 +0.08615
G/l 9.08243 x 108 +0.08725
G/l 11.0661 x 108 +0.11235

G-C_I 7.44126 x 108 +0.08925
G-C_Il 9.34217 x 108 +0.09215
G-C_llI 11.1815x 108 +0.08725
G-Z_| 7.14111x 108 +0.08525
G-Z_ll 7.81259x 108 +0.08925
G-Z_llI 10.9984 x 108 +0.08615

G-CZ_| 6.81788 x 108 +0.08725

G-CZ_lI 7.78373 x 108 +0.09015

G-CZ_lll 9.29984 x 108 +0.08825

Table 6 Test results show that the WVP level in each film sample follows a similar pattern to the percentage of moisture
absorption, with a significant increase (p<0.05) because CHNF addition. The WVP value increased from 7.24 x 10-8 to
7.44 x 10-8 g/m.h.Pa (l); from 9.08 x 10-8 to 9.34 x 10-8 g/m.h.Pa (ll); from 11.06 x 10-8 to 11.18 x 10-8 g/m.h.Pa (lll).
Presence of CHNF in the films enhanced their hydrophilic properties by increasing the number of polar groups and O-H
bands, which resulted in greater water diffusion. The findings are consistent with a study by Sahraee (2017), which
found that adding chitin nanoparticles raised the WVP value of gelatine films. These nanoparticles possess hydrophilic
properties of high intensity (Sahraee et al., 2017).

Hydrogen bonds were formed when ZnONPs were incorporated into gelatine, which reduced the free hydrophilicity of
G-Z films. Consequently, a noteworthy decrease in WVP values (p<0.05) was observed in comparison to films devoid of
ZnONPs. The nanocomposite film G-CZ exhibited a significantly lower (p<0.05) WVP value in comparison to the G and
G-C films. Despite this, the G-Z film did not show a significant difference in its WVP value I(p>0.05), which was measured
to be 6.81 x 10-8 g/m.h.Pa (I); 7.78 x 10-8 g/m.h.Pa (ll); 9.29 x 10-8 g/m.h.Pa (lll). The addition of ZnONPs had a more
significant impact on reducing WVP compared to CHNF. The gelatine structure might have less hydrophilic groups
because of the hydrogen bonds that could form between the gelatine matrix and ZnONPs. This result is consistent with
work by Shahmohammadi and Almasi (2016), who found that adding ZnONPs can increase resistance to water vapor by
slowing down the movement of gelatine chains by filling the empty space between them (Shahmohammadi & Almasi,
2016).

pH Sensitive

pH-sensitive markers that are dependent Food freshness may be promptly monitored using intelligent active packaging.
Meat products can undergo significant pH fluctuations while being stored, which might reduce their freshness (Roy et
al.,, 2022; Roy & Priyadarshi, 2021). pH measurements were performed on halochromic smart films that contained
anthocyanins in this study. The film's color changes depending on the pH: it turns red or pink at pH values below 4,
purple at pH values between 5 and 6, bluish-grey at pH values between 7 and 8, green at pH values between 10 and 12,
and yellow at pH values above 12. Rose anthocyanins also reported have caused pH-induced color changes in PVA/okra
slime composite films (Alizadeh-Sani et al., 2021; Sharaby et al., 2024; Kang et al., 2020).

Table 7 pH sensitive test of halochromic film

Sampel pH Sensitive
G_| 5.30+0.01
G_ll 5.32+0.01
G_ll 5.35+0.01

G-Z_| 5.46 +0.01
G-Z_ll 5.53+0.01
G-Z_llI 5.55+0.01
G-C_I 5.57+0.01
G-C_lI 5.60+0.01

G-C_lIl 5.69 +£0.01

G-CZ_| 5.73+0.01

G-CZ_ll 5.77 £0.01

G-CZ_ll 5.85+0.01
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One of the metrics that is frequently used to track changes in meat quality that are related to color, tenderness, flavor,
water binding ability, and shelf life is acidity level (pH). Fresh meat has a pH value ranging from 5.3-5.9 (Qian et al.,
2021). In pH 2, 7 and 12, the anthocyanin solution displayed colors ranging from blue to pink, green, and yellow
(Sitanggang et al., 2020). Table 7 presents test results of pH sensitive.

Anthocyanin Release

Smart packaging films have extensively utilized anthocyanins in their production. Incorporating anthocyanins into color
indicator smart packaging films based on biodegradable polymer is beneficial for monitoring food freshness.
Anthocyanins show remarkable properties such as being pH-sensitive, antioxidant, and antimicrobial (Soradech et al.,
2017). Films with anthocyanin extract have lower brightness and yellowish color compared to films without anthocyanin
extract as the data seen in Table 8 which also corresponds to the colors generated in Figure 3 (Wang et al., 2019).

Table 8 Anthocyanin Release of Halochromic Film

Sample Anthocyanin release (ug /mm2)
G_| 0.53
Gl 0.50
G_llI 0.45

G-Z_| 0.43
G-Z_ll 0.41
G-Z_ll 0.37
G-C_| 0.35
G-C_II 0.33

G-C_ll 0.27

G-CZ_| 0.21

G-CZ_ll 0.20

G-CZ_lll 0.17

0 ppm 20 ppm 30 ppm

Figure3  Color Changes and Film Sensitivity to Ammonia Vapor of All Nanocomposite

Ammonia Vapor Release

Color indicator films were exposed to ammonia vapor. This was done to evaluate the color changes of volatile nitrogen
compounds. The goal was to make indicators/sensors that could be used to check the quality of foods that are rich in
protein (Kang et al., 2020). The data displaying the effect of ammonia vapor on film sensitivity and color alteration is
presented in Figure 3.

As anticipated, it shown obvious color change from dark blue to light blue during sensitivity testing using ammonia
solution (NH40H), which evaporates into ammonia gas (NH3) (Yong et al., 2019; Zhang et al., 2022). The freshness
sensor membrane detects a gas and signals a change in its color. The image shows the color change on the freshness
sensor at concentrations of 20, 30, 40, and 50 ppm after exposure to ammonia vapor (NH3). Three freshness sensors
provide a clear and easily recognizable color change reaction visually at concentrations of 40 and 50 ppm. However, the
time required for the color change varies at each concentration because the pH value is different at each concentration,
so the response time is longer to respond to changes in pH due to ammonia vapor (NH3) from the ammonia solution
(NH40H).

As storage at room temperature becomes longer, there is an increase in the activity of microorganisms which produce
more basic compounds. This can result in meat spoilage which can be observed through physical changes, such as color,
texture and odor in the meat, which can be assessed through organoleptic tests. Overall, the research results show that
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the developed anthocyanin-containing composite film has the ability to detect ammonia gas, indicating its sensitivity to
changes in meat freshness.

Water Solubility (WS)

The functional performance of packing materials is significantly influenced by their WS (Zhao et al., 2022). It is essential
that packaging films used to protect food items maintain their durability and remain intact despite varying
environmental conditions. However, the water-insoluble nature of CHNF may diminish the water solubility properties
of the packaging film. Adding anthocyanin compounds, which like water, can make the packaging film more soluble in
water. However, even though they like water, the anthocyanins from butterfly pea flower extract didn't change the
water solubility of these composite films much. Also, the composite film's water solubility can be greatly lowered by
adding chitosan nanofiber (Zhu et al., 2023). Nanocomposite films become less soluble when ZNONPs are added. The
polymer matrix can form strong hydrogen bonds with the hydroxyl groups of the nanoparticles and the matrix's hydroxyl
and carboxyl groups when these nanoparticles are added. This, in turn, promotes better intermolecular interaction and
greater cohesion within the polymer matrix. The inclusion of nanoparticles also causes water molecules to be too weak
to break the nanofiller bond matrix (Zhu et al., 2023). The WS test results is in Table 9.

Table9 WS of halochromic film

Sample The water solubility (%) STD Deviation

G_| 47.5 +0,52
G_II 45.4 +0,62
G_IIl 45.3 +0,53
G-Z_| 42.4 +0,62
G-Z_ll 40.5 +0,62
G-Z_Ill 37.9 +0,62
G-C_| 42.7 +0,63
G-C_II 41.4 +0,62
G-C_IIl 40.4 +0,7
G-CZ_| 355 +0,74
G-CZ_l 32.6 +0,7
G-CZ_|ll 30.4 +0,7

Conclusion

According to the research results, the gelatine-chitosan nanofiber film with CHNF, ZnONPs, and anthocyanin nanofillers
exhibited superior functional properties than the pure gelatine film. The research was conducted to analyze the
influence of different additives (CHNF and ZnONPs) on the attributes of gelatine-based films. The hypothesis put forward
was that the additives would enhance the water resistance, antioxidant activity, and antimicrobial activity of the films.
The outcomes validated the hypothesis, revealing that the films with additives displayed reduced moisture absorption
and increased antimicrobial activity compared to the films without additives. Additionally, the results indicated that the
additives exhibited a collective effect, with the films containing both CHNF and ZnONPs (G-CZ) demonstrating the most
optimal performance among all the film samples. The structure and spectrum of the packaging films were also affected
by the additives, which was demonstrated by the variations in the FTIR spectra and the Young’s modulus values. The
experiment concluded that CHNF and ZnONPs enhanced the functionality of gelatine-based films significantly.
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