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Gelatin is promising biomass for developing active biofilm due to its good film-
forming properties and compatibility with active substances such as solid
polyaniline (PANI). In addition, interestingly, the damaged gelatin-based film has
the potential to self-heal the damaged zone by physical interaction in the
presence of moisture. Nevertheless, the potential of this active film properties in
the current research has not been explored in-depth. Hence, the aim of this
research is to develop a self-healable active film from gelatin extracted from red
tilapia’s fish scale incorporated with polyaniline (PANI). 4.34% dry weight basis
of snowy white, crystal and light textured of gelatin was extracted from red
tilapia’s fish scale. The extracted gelatin also has high amounts of glycine
(20.79g/100g) and hydroproline (14.38g/100g), contributing to the filmogenic
properties. Several chemical interactions on the peptide bonds are indicated as
amide A, amide I, amide II, and amide Ill. Then, the good film-forming gelatin
was further developed into gelatin-based film with the incorporation of 25% (w/w
of gelatin) of glycerol using the solution casting method. The mechanically
significant variations altered the G-Gly (with glycerol) film flexibility by more than
90% and decreased the tensile strength (TS) to 14.83 MPa. From the
investigation via color, morphology, addition of functional group in Fourier
transform infrared spectroscopy (FTIR), moisture content, mechanical, thermal,
water vapor permeability (WVP) analysis, it was conclusive that G-Gly film was
effectively developed with the addition of glycerol as plasticizer. The gelatin-
based film was further explored with the incorporation PANI (G-Gly-PANI) in
various sizes (x) (50um =x< 100um, 100um <x< 125um, 125um <x< 250um) and
concentrations (0.5, 1 and 2 g/L) with feature characteristics of the films were
further explored as active film. PANI dispersion inside the film was seen clearly
as the green spots and the moisture content of G-Gly-PANI film decreased due
to the hydrophobic properties of PANI. Based on the different Tq values obtained,
G-Gly-PANI composite film was heterogenous and immiscible. Additionally, G-
Gly-PANI films show differences in thermal degradation temperature and weight
loss. From the mechanical aspects, the TS of the films increased and decreased



in elongation at break (EAB) with the addition of small size of PANI due to the
rigidity properties of PANI. Meanwhile, it contradicted with the larger size of PANI
where the arrangements of PANI were more spacious, reducing the effect on the
flexibility. The G-Gly-PANI film exhibited more than 40% in antioxidant activity.
Out of the analyses subjected, it is noteworthy that the small size (50um <x<
100um, 100um <x< 125um) and high concentration of PANI can transition gelatin
as the active film, which denoted its high capability as antioxidant. Next, G-Gly-
PANI film was further investigated the ability and behaviour of self-healing
properties of the film. The G-Gly-PANI film can repair the scratches that reach
the underlying substrate by utilizing water stimuli. The absorbed water disrupted
the intermolecular hydrogen bonds, allowing the polymer chains to move around
and begin the self-healing process. Nevertheless, the mechanical properties of
the self-healed film showed a significant decrement in flexibility compared to the
non-damage films. From the sorption analysis of the films, based on R? values
(more than 0.95), Peleg and Guggenheim Anderson de Boer (GAB) models were
respectively found to be the best-fitted model for representing the experimental
data within the RH (23%, 33%, 57%, 75%) and temperature (5, 30, 40 °C)
studied. Additionally, high relative humidity (75%) and low temperature (5 °C)
does trigger the healing progress in a more incorporating way. After 7 days
stored the films, the scratched film only nearly self-healed. The moisture was
absorbed on the whole film and not only at the scratched area. Thus, when the
films reach equilibrium, they will stop absorbing moisture and the healing
process. In conclusion, this study revealed the feasibility of developing a self-
healable active gelatin-based film incorporating with PANI as an active
substance. Therefore, the complement of this study shows that the developed
G-Gly-PANI film shows excellent potential as an active and self-healing film with
potential applications in the food packaging industry, especially perishable fruit
and vegetable.
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Gelatin merupakan biojisim yang boleh diolah untuk menjadi bio-filem aktif
kerana sifat pembentukan filemnya yang baik dan keserasian dengan bahan
aktif seperti pepejal polianilina (PANI). Di samping itu, filem berasaskan gelatin
yang rosak berpotensi untuk swasembuh kawasan yang rosak dengan sendiri
melalui interaksi fizikal dengan adanya kelembapan. Walaupun begitu, potensi
filem aktif ini dalam penyelidikan semasa belum diperinci secara mendalam.
Oleh itu, tujuan penyelidikan ini adalah untuk mengembangkan swasembuh
filem aktif daripada gelatin tersari dari sisik ikan tilapia merah yang digabungkan
dengan polianilina ( PANI ). Sebanyak 4.34% berat kering gelatin putih seperti
kapas, kristal dan ringan yang tersari dari sisik ikan tilapia merah. Gelatin yang
tersari juga mempunyai jumlah glisin yang tinggi (20.79g / 100g) dan hidroprolina
(14.389g/100g ) yang menyumbang kepada sifat filemogenik. Terdapat beberapa
interaksi kimia pada ikatan peptida yang ditunjukkan sebagai amida A, amida I,
amida Il, dan amida Ill. Kemudian, pembentuk filem gelatin dihasilkan lebih lanjut
menjadi filem berasaskan gelatin dengan penggabungan 25% (w/w gelatin)
gliserol menggunakan kaedah tuangan larutan. Variasi yang signifikan secara
mekanikal mengubabh fleksibiliti filem G-Gly (dengan gliserol) lebih daripada 90%
dan menurunkan kekuatan tegangan (TS) menjadi 14.83 MPa. Dari penyelidikan
melalui analisis warna, morfologi, tambahan kumpulan fungsional dalam analisis
spektroskopi inframerah transformasi Fourier (FTIR), kandungan kelembapan,
mekanikal, termal, kebolehtelapan wap air (WVP), dapat dirumuskan bahawa
filem G-Gly dikembangkan dengan berkesan dengan penambahan gliserol
sebagai pemplastik. Filem berasaskan gelatin diselidiki lebih lanjut dengan
penggabungan PANI (G-Gly-PANI) pada pelbagai ukuran saiz (x) (50pum sx<
100um, 100um <x< 125um, 125um <x< 250um) dan kepekatan (0.5, 1 dan 2
g/L) dengan ciri-ciri filem ini diselidiki lebih lanjut sebagai filem aktif. Penyebaran
PANI di dalam filem dilihat dengan jelas sebagai bintik-bintik hijau dan
kandungan kelembapan filem G-Gly-PANI menurun kerana sifat hidrofobik
PANI. Berdasarkan nilai T4 yang diperoleh berbeza, filem komposit G-Gly-PANI
adalah heterogen dan tidak dapat dicampur. Selain itu, filem G-Gly-PANI



menunjukkan beberapa perbezaan dari segi suhu degradasi termal dan
penurunan berat jisim. Dari aspek mekanikal, TS filem meningkat dan menurun
dalam pemanjangan pada rehat (EAB) dengan penambahan PANI yang bersaiz
kecil kerana sifat ketegaran PANI. Sementara itu, ia bertentangan dengan PANI
yang bersaiz lebih besar di mana susunan PANI lebih luas yang mengurangkan
kesan pada fleksibiliti. Filem G-Gly-PANI mempamerkan lebih daripada 40%
aktiviti antioksida. Dari analisis yang dilakukan, didapati bahawa PANI bersaiz
kecil (50pm <x< 100pm, 100um <x< 125um) dan kepekatan PANI yang tinggi
dapat mengubah gelatin sebagai filem aktif yang menunjukkan kemampuan
tinggi sebagai antioksida. Seterusnya, filem G-Gly-PANI diselidik lebih lanjut
mengenai kemampuan dan tingkah laku mengenai sifat swasembuh filem ini.
Filem G-Gly-PANI dapat memperbaiki calar yang mencapai substrat yang
mendasari filem menggunakan rangsangan air. Air yang diserap mengganggu
ikatan hidrogen intermolekul, yang membolehkan rantai polimer bergerak dan
memulakan proses swasembuh. Walaupun begitu, sifat mekanikal filem yang
disembuhkan sendiri menunjukkan penurunan fleksibiliti yang ketara berbanding
dengan filem yang tidak rosak. Dari analisis penyerapan filem, berdasarkan nilai
R? (lebih daripada 0.95),Peleg dan Guggenheim Anderson de Boer (GAB) model
masing-masing didapati sebagai model yang paling sesuai untuk mewakili data
eksperimen dalam RH (23%, 33%, 57%, 75%) dan suhu (5, 30, 40 °C) yang
dikaji. Selain itu, kelembapan relatif tinggi (75%) dan suhu rendah (5 °C) dilihat
membantu proses swasembuh. Setelah 7 hari menyimpan filem, filem yang
digores itu hampir swasembuh. Ini kerana kelembapan menyerap pada
keseluruhan filem dan bukan hanya di kawasan yang tergores. Oleh itu, apabila
filem mencapai keadaan keseimbangannya, ia akan menghentikan kelembapan
yang diserap dan proses swasembuh. Sebagai kesimpulan, kajian ini
menunjukkan kemungkinan mengembangkan filem berasaskan gelatin aktif
sebagai filem swasembuh disamping menggabungkan dengan PANI sebagai
bahan aktif. Oleh itu, pelengkap kajian ini menunjukkan filem G-Gly-PANI yang
dikembangkan menunjukkan potensi yang sangat baik sebagai filem aktif dan
swasembuh dengan aplikasi yang berpotensi dalam industri pembungkusan
makanan terutama buah dan sayur yang mudah rosak.
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CHAPTER 1

INTRODUCTION

1.1 Background of study

Packaging is an integral part of the food industry. Global consumption of plastics
as the packaging was approximately 390.7 million tonnes in 2021 (Europe &
EPRO, 2022). Based on the statistics, the major contributors include Asia (52%),
Europe (15%), Middle East and Africa (7%) (Europe & EPRO, 2022; Shaikh et
al., 2021). In Asia, Malaysia is one of the leading nations for the production and
use of plastic. The primary function of packing is to preserve and protect food
from external contamination. Packaging also aids in the protection of food from
external contaminants and effects such as heat, light, moisture, oxygen, germs,
dirt, and dust particles, all of which contribute to food degradation (Baghi et al.,
2022; Marsh & Bugusu, 2007). Furthermore, it helps to globalize the food sector
by stabilizing food items so they may be delivered across vast distances.

Due to evolving customer expectations and market developments, the food
sector has been engaged in various advancements in packaging technologies
and applications during the previous several decades. These demands or
requests can be summarized in the high quality, freshness, and extended shelf
life of the food products, coupled with the use of the handle and resistant
packaging made with lighter, cheaper and recyclable materials. In response to
these continuous changes and requests, active packaging has been introduced.
Active packaging systems are an innovative technology that is attracting
academic as well as industrial interest (Drago et al., 2020). Active packaging
techniques are directly related to substances that absorb oxygen, ethylene,
moisture, carbon dioxide, flavors/odors, and those which release carbon dioxide,
antimicrobial agents, antioxidants and flavors (Vermeiren et al., 2000).

As good resistant packaging, the films should be mechanically reliable,
transparent and exhibit good gas and vapour permeability properties to protect
the quality of the inner products (Hu et al., 2018). Accidental damage with
exposure to the harsh environment that occurred during the handling and
transportation could affect and weaken the protection functions of the package
and resulting in deterioration of the product (Andersson et al., 2009; Hu et al.,
2018). Micro cracking is one of the fatal deteriorations which later will bring to
catastrophic failure of the materials and hence significantly shorten the lifetime
of the polymers. Numerous self-healing materials have been created to date,
and when stimulated by pH, temperature, light, and humidity, these materials
may self-healed themselves (Ding et al., 2015; Hu et al., 2018; Skorb &
Andreeva, 2015; Thakur & Kessler, 2015). Exposure to a harsh environment
would lead to the degradation of polymeric components and later affect the
quality of the product inside the package. Moreover, the external force during
processing and employment will affect the material by fracture or breakage.
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Given that self-healing properties could extend the life of materials, realize
recycling and reusing, and reduce a string security issues and environmental
problems, the use of self-healing materials is great significance. A self-healing
polymer has the ability to transform physical energy into a chemical and/or
physical response able to heal damage - a process which normally does not
present in conventional -non-self-healing” polymers (Fainleib & Purikova, 2019).

1.2 Problem statement

Plastic is extensively used in food packaging because it is affordable, simple to
use, and readily accessible. The majority of plastic is produced from
nonrenewable fossil resources. Because of their good structural characteristics,
performance, gas or water barrier capabilities, aesthetic features, and cheap
cost, petrochemical-based plastics such as polystyrene (PS), polyamide (PA),
polyethylene terephthalate (PET), and polyethylene (PE) are the most often
used. Unfortunately, some materials are not eco-friendly. As a result, it causes
major environmental problems since it creates large amounts of non-
biodegradable trash, which is then disposed of in landfills or incinerated at
recovery sites. It will literally have a bad influence on the environment and public
health. As a result of the growing concern over diminishing petroleum resources,
severe government laws and growing social and environmental consciousness,
the demand for "greener" packaging is more important than ever. As a result,
biomass-based products may aid in reducing the environmental effect of non-
biodegradable trash (Soo & Sarbon, 2018). However, in terms of cost and
performance, new biomass materials fall behind traditional plastics.

Proteins, lipids, polysaccharides, and gelatin are examples of renewable
resources that may be used to produce biomass film. Gelatin can be derived
from the fibrous insoluble protein called collagen obtained from either skin,
bones, or scales (Mariod & Adam, 2013). The gelatin-based film is made up of
bovine and porcine skins to exhibit much stronger mechanical properties than
other raw materials (Said & Sarbon, 2022). Unfortunately, due to the religious
matter in consumption of this mammalian and health concern about the spread
of disease to human, biomass film from fish gelatin have drawn more attention
(Chuaynukul et al., 2017; Said & Sarbon, 2022; Weng et al., 2014). The usage
of gelatin extracted from by-products of fish processing such as scale not only
resolves the religious and health issues but also reduces the abundance of waste
produces. Collagen-rich fish scale gelatin has been extensively used in the
production of edible films and encapsulating materials. It also has been reported
that fish gelatin exhibits excellent film-forming properties compared to other
biopolymers (Mohammad et al., 2014a; Weng & Wu, 2015). With the good film-
forming ability of gelatin, this property will give an advantage in developing a
good film. Despite the many advantages of fish gelatin films, the films usually
exhibit a lack of mechanical behavior due to their brittleness (Gomez-Guillén et
al., 2009; Weng & Wu, 2015). Hence the application of fish gelatin films as a
packaging material is restricted. To overcome the problem, a small percentage
of low molecular-weight hydrophilic plasticizers is frequently added. The addition
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of the plasticizer can help to increase the hydrogen bonding and electrostatic
interactions with the protein chains, hence improving the flexibility of the films.
Among all the potential plasticizers that can be added to the films to improve the
limited properties, glycerol is favored due to its stability and compatibility with
hydrophilic bio-polymeric film apart from having high hygroscopic characteristics
(Limpisophon et al., 2009; Tongnhuanchan et al., 2012).

In recent years, gelatin-based films have piqued the interest not only because of
the product but also because they are compatible with active compounds. Thus,
the gelatin-based film incorporated with active compounds can help extend the
shelf life of the food and safety. An antioxidant is one of the active substances
that can be incorporated with gelatin-based film to protect the food product from
oxidation and increase its shelf-life of the food product. Due to safety concerns,
current research is mainly concerned with using natural antioxidants as
alternatives to synthetic antioxidants like butylated hydroxyl toluene (BHT) and
butylated hydroxyl anisole (BHA) (Flieger et al., 2021). Previously, the most
natural active substance used as antioxidants was mainly essential oils which
extracted from natural resources (tea tree oil, lemon oil, cinnamon oil, and
various other plants) due to their major components of thymol, carvacrol, and
cinnamaldehyde (Bhavaniramya et al., 2019). However, essential oil has a few
drawbacks such as instability and volatility. To overcome the problem,
conducting polymer such as polyaniline (PANI) has attracted attention as an
antioxidant material by having the advantage of its free radical scavenging
properties. Antioxidants such as PANI can interface with the oxidation process
by scavenging active oxygen species, chelating catalytic metals, or by
terminating the free radical chain reactions by incorporating it into the film
material. PANI is a proficient and superior scavenger of 2,2-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 1,1-diphenyl-2picrylhydrazyl
(DPPH) free radicals (Nand et al., 2012). Several conventional food science
radical scavenging assays and accelerated storage procedures have been
altered to use solid conducting polymer to estimate the effectiveness of different
samples and preparations. In the previous study, PANI has been incorporated
into several matrix such as polyvinyl alcohol, polyethylene, polystyrene, low-
density polyethylene, chitosan, and starch to produce conducting polymer
(Annala & Lofgren, 2006; Bhadra et al., 2017; Nand et al., 2011; Saikia et al.,
2010; Yavuz et al., 2009; Zareh et al., 2011). However, it is hard to obtain flexible
composite film with good antioxidant activity without any usage of commercial
petroleum-based material. Hence, this study investigated the physico-chemical
and antioxidant properties of PANI/gelatin-based film with incorporation different
sizes and concentration of PANI. In this present study, the PANI and gelatin was
mixed using solution blending method.

The others aspect that triggers the safety concern is the ability of the packaging
film to withstand external forces. Micro cracking is one of the fatal deteriorations
which later will bring to catastrophic failure of the materials and hence
significantly shorten the lifetime of the polymers (Andersson et al., 2009; Hu et
al., 2018). Self-healing is a key property of the materials that allow them to
sustain repeated damage. Gelatin in particular is an interesting biomaterial that
has been studied extensively not only due to its excellent gas barrier properties,
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exhibit excellent film-forming property among the biopolymer, and consist of
various amino acids but also due to its self-healing properties (Mohammad et al.,
2014b; Sharma et al., 2017; Tongnuanchan et al., 2014; Tyuftin & Kerry, 2021,
Weng & Wu, 2015). Gelatin is an interesting biomass-based material that
consists of amino acids like proline (Pro), hydroproline (Hyp), and Glycine (Gly).
These amino acids are the main components that contribute to the self-healing
properties of the gelatin (Sharma et al., 2017). The mechanism of the intrinsic
self-healing stimulus by water is due to the ability to develop back the inter- and
intramolecular chain-chain hydrogen bonds (Wittmer et al., 2018). The high
sorption capacity of the gelatin film will also help accumulate the water on the
surface and stimulus self-healing. Additionally, the incorporation of PANI into the
film matrix will also contribute to the self-healing process by immediately forming
an overlap junction to create a water depletion region which facilitates the film
healing. This can be related to the hydrophobic characteristics of PANI which will
create stronger hydrophobic forces that lead to faster recovery and restore the
rigidity after healing. The timescale of the self-healing event is dependent on the
water sorption of the film (Li et al., 2013; Wittmer et al., 2018). There were two
elements that influence the amount and rate of moisture that can absorb or
diffuse which were humidity and ambient temperature (Othman et al., 2017).
These elements or factors need to be considered and investigated to guarantee
the self-healing efficiency of the film as well as the integrity of the film developed.

Herein, in the recent study considering the ability of PANI as active substances
for PANI/gelatin-based films, the effects on the overall properties of the film are
anticipated including antioxidant activities and self-healing aspect. Extending the
working life of the film could be depending on the fabrication of novel self-
healable active gelatin-based with the ability to reduce the oxidation and repair
the scratches. Therefore, preparing self-healable PANI/gelatin-based active film
became necessary for further food packaging applications.



1.3 Aim and objectives

This research aims to develop a self-healing active film from gelatin extracted
from red tilapia’s fish scale incorporated with polyaniline (PANI). The fulfilment
of this aim will result in the availability of PANI active materials with antioxidant
capabilities for use in the self-healing gelatin-based film and widen its scope of
application, specifically in perishable fruits and vegetables products.

The objectives of the study are as follows:

1 to assess the red tilapia’s fish scale gelatin-based film with the addition
of glycerol as a plasticizer's physical, chemical, morphological, thermal,
and barrier properties.

2 to evaluate the effect of size and concentration of PANI powder (active
compound) in the develop gelatin-based film on the physical, chemical,
mechanical, morphological, thermal, barrier, and antioxidant properties

3 to evaluate the self-healing ability and self-healing behavior of
PANI/gelatin-based film stored at different control conditions (relative
humidity and temperature)

14 Significance of the study

Biomass material development has been employed exceedingly efficiently as an
alternative to petroleum-based packaging materials, which are non-
biodegradable and have a detrimental influence on the environment. Biomass
products are environmentally friendly, non-toxic, and have several favourable
physicochemical properties over manufactured materials. According to the
findings of this study on the extraction of gelatin from red tilapia's fish scale,
gelatin has good film-forming ability and can be developed further as a gelatin-
based film with the addition of glycerol as a plasticizer, providing improved
properties (physical, chemical, thermal, morphological, mechanical, and barrier).
Gelatin is advantageous when combined with active chemicals such as PANI to
form an active film. Boeva & Sergeyev (2014) define PANI as a conductive
polymer generated from aniline polymerization. PANI was previously loaded in-
situ and polymerized directly into the matrix, according to our knowledge, and
numerous studies have used solid PANI. PANI is a conducting polymer that
derived by aniline polymerization (Boeva & Sergeyev, 2014). PANI was
previously loaded in-situ and polymerized directly into the matrix, according to
our best knowledge numerous studies have used solid PANI (Annala & Lofgren,
2006; Azmi et al., 2019; Bhadra et al., 2017; Nand et al., 2012; Saikia et al.,
2010; Yavuz et al., 2009; Zareh et al., 2011). Therefore, various sizes and
concentrations of solid PANI were incorporated into the gelatin matrix to develop
the active film was study and measure the physical, chemical, morphological,
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thermal, water vapour permeability, and antioxidant activity of the PANI/gelatin-
based film. Interestingly, our research has shown that PANI/gelatin-based films
able to self-heal by physical touch in the presence of moisture. However, the
potential of this characteristic has not been thoroughly investigated in current
study. The ability of PANI/gelatin-based films to self-heal was published in this
study. The discovery of this films self-healing ability may broaden its applicability
in food packaging applications, particularly for perishable goods and vegetables.
Furthermore, the sorption analysis of the film under various environmental
circumstances (RH and temperature) is associated to the understanding of the
self-healing behaviour of the PANI/gelatin-based films described in this work.
The mechanical strength and self-healing capabilities of these films were
moderately balanced. This extended knowledge of self-healing behavior can
contribute to the design of self-healing films in the future. Hence, self-healable
active gelatin-based film for use as a new packaging film was developed, and
verifying the possibility for packaging of perishable products especially fruits and
vegetables was studied by measuring various properties including physical,
chemical, mechanical, WVP, thermal, antioxidant and sorption. As a result, it was
confirmed that the performances of these films especially in term of their
capabilities as antioxidant film can be applied for packaging of perishable fruits
and vegetables. These films have the potential to control oxidation and ability to
self-heal if accidental damage occur during storage and distribution. However,
these modified self-healable active film lack of physical performances regarding
their tensile strength and durability in low humidity and high temperature. In
addition, this PANI/gelatin-based film, has limitation in antioxidant activity where
once the active compound was consumed in the reaction the protection will
ceases.

1.5 Structure of thesis

The descriptions of this work are divided into five chapters, as shown in Figure
1.1. The first chapter serves as an introduction to the study, including the
statement and importance of the issue, the purpose and objectives, and the
relevance of the research.

Chapter 2 reviews the overall background of the active biobased and self-healing
film, including the concepts and system that form a core of the thesis, and give
a brief overview of previous work. This overview provides a general discussion
of related research.

Chapter three presents the materials and methods relevant to the extraction of
the gelatin and developing self-healable PANI/gelatin-based active film. This
includes the experimental details, procedures, and analytical method used in the
thesis.



Chapter four is the working chapters which divided into four subtopics based on
the objectives set in Section 1.3. The first subtopic is initiated with the
characteristics of the red tilapia’s fish scale and further extracts the gelatin from
the scale. The extracted gelatin was then analyzed for physical, chemical, and
morphological characteristics whereby to the suitability to form a good film
forming solution was attained. Then, for the second sub-topic was detailed
discussion on preparation and characterization of red tilapia’s fish scale gelatin-
based film with the addition of glycerol as plasticizer. The develop gelatin-based
film was characterized for physical, chemical, morphological, mechanical,
thermal, and barrier properties. To conclude, the develop gelatin-based film with
glycerol (G-Gly) was further incorporated with polyaniline (PANI) as continued in
the next sub-section. The third subtopic is on the development and
characterization of the gelatin-based active films incorporated with different sizes
and concentrations of PANI. This subtopic is initiated with the synthesis of PANI
from aniline and its physical and chemical characteristics. In addition, the details
explanation of the compatibility and ability of the solid PANI as antioxidants in
the gelatin-based film was further discussed in terms of physical, chemical,
morphological, mechanical, thermal, barrier, and antioxidant properties. Forth
subtopic describe and presented the efficiency and behavior of self-healing
properties of PANI/gelatin-based films. In this subtopic, the model isotherm for
sorption analysis is also presented. The findings and analysis obtained from
sorption analysis is further elaborate and discussed with the observation of self-
healing of the damaged film stored at different temperature and relative humidity.

As for the final chapter, chapter five presented the overall conclusions of the
research based the three objectives achieved by the findings discussed in the
chapter four. The recommendations for future research on the self-healable
active biobased film was also included in this final chapter.
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CHAPTER 2

LITERATURE REVIEW

2.1 Biobased polymer

Biobased polymers are materials derived from renewable sources and have
diverse chemistry and architecture in relation to their side chains (Shalini &
Singh, 2009). Moreover, biobased polymers guarantee eco-friendly, non-toxic,
environmental stabilty and have many desirable physico-chemical
characteristics over synthetic ones. Biobased polymers are made from different
polymer types (Figure 2.1), which include polysaccharides, proteins, and lipids
or combinations of these materials, which can be categorized depending on their
origin and production method (Abdul Khalil et al., 2018; Shaikh et al., 2021;
Tongnuanchan et al., 2012). Based on the market values in 2019, biobased
plastic packaging was at USD 4.65 billion and by the end of 2025, it is expected
to reach the market value of up to 12.06 million (Shaikh et al., 2021). A part from
that, food packaging industry holds the largest portion (Abdullah et al., 2022).

Bio-based polymers can be directly extracted from biomass, commonly from
polysaccharides, protein and lipids derived from marine and agricultural
products. These polymers naturally tend to be hydrophilic and crystalline,
causing issues during the processing and functionality. Advantageously, they
have excellent oxygen, carbon dioxide and volatile compounds barrier properties
under low relative humidity conditions (Limpan et al., 2010; Tongnuanchan et al.,
2012).

Another category of bio-based polymers is classically chemically synthesized
from bio-derived monomers. The use of chemical synthesis to produce these
polymers is to be applied in a wide range of possible bio-polyesters, especially
from agricultural resources such as corn, wheat or agricultural waste (Shalini &
Singh, 2009). The common polymeric material synthesize from bio-derived
monomer is polylactic acid (PLA). It has the highest film utilization potential due
to the good water vapour barrier and low gas transmittance. Other bio-based
polymers can be produced directly by natural or genetically modified organisms.
This type of based polymers is more biodegradable and biocompatible compared
to others. The most common ones are polyhydrooxyalkanoates (PHA) with low
water vapour permeability.



Bio-based
polymer
1

Produced by

Extracted Synthesized

microorganism

from from monomers
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1
: : | Polylactic
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wheat chitin and
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collagen A Polylactide
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= Polyglycolide

Figure 2.1: Classification of biopolymer
(Source: Abdul Khalil et al., 2018 and Shaikh et al., 2021)
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Figure 2.2: An overview diagram elaborating bio-polymer based films
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Numbers of industries have focussed towards the development of commercially
viable and sustainable food related packaging applications using various
biopolymers. Table 2.1 showed companies that involved in production of
bioplastic. One of the biofilm produce by Novara company in Italy is Novamont.
They produce a wide range of biodegradable film including monolayer and
multilayer coextruded film based on a blend of biodegradable polyesters
Previously, Del Nobile et al. (2008) has been used Novamont (Novara, Italy) films
to prolong the shelf life of minimally processed lettuce by 5 days in compared to
traditional film (oriented polypropelyne) which extend the shelf life until 4 days
only at 4 °C. Furthermore, Novamont commercializes MaterBi®, a type of
granular starch that can be processed as a thermoplastic material for
manufacturing of films or bags.

Table 2.1: Bioplastic companies for food-related packaging applications

Company Biopolymer Application

Bioenvelop Starch Moisture  barrier
coating films for
food

EverCorn, Inc. Starch Films for food

. wrapping

(subsidiary of Japan Corn

Starch Co., Ltd.)

FKur Kunststoffe GmbH Cellulose/polylactic acid Composite film for
food packaging
applications

Metabolix Polyhydroxyalkanoates Utilized as cast
film

NatureWorks LLC Polylactic acid Food wrapping

NODAX Polyhydroxyalkanoates Good odor and
oxygen barrier
properties,
customizable
mechanical

properties, thus
highly suitable for
food packaging

Fresh Del Monte Produce Polylactic acid Packaging of
Inc fresh-cut fruits
ILIP Polylactic acid Packaging of

fresh-cut to fresh
whole produce

(Source: Del Nobile et al., 2008)
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For the present research, protein has been selected as the source of bio-based
polymer. Proteins have been extensively studied, as they exhibit valuable
behaviours in biodegradable film production owing to their abundance, good film-
forming ability, transparency, and excellent barrier properties against gas Oz,
COg2, and lipids (Etxabide et al., 2017; Jongjareonrak et al., 2006; Said & Sarbon,
2022). Thus, many researchers have been intensive to further study protein-
based film from various protein sources such as collagen (Hua et al., 2014),
gelatin (Jahit et al., 2016; Soo & Sarbon, 2018), and wheat gluten (Nataraj et al.,
2018).

2.2 Protein

Proteins are polymers containing over 100 amino acid residues and are made of
20 proteinogenic amino acids joined together by amide bonds -called
polypeptides. Proteins form and functions differ depending on their origin,
structures and amino acids compositions (Table 2.2). Each of the amino acids
composition is comprised of a central (a-carbon) bonded to hydrogen, a carboxyl
group (COOH), an amino acid (NHz) and a unique amino acids side chains or R
group. The R-group distinguished one amino acid from another, as shown in
Figure 2.3.

Carboxyl end
COO-

Aminoend H;N — ¢ —H

‘ o carbon
R
Side chain

Figure 2.3: The basic chemical structural formula of protein
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Table 2.2: Amino acids listing and basic properties

Amino acids name Abbreviations Properties

Alanine ala (A) Hydrophobic (non-polar)
Arginine arg | Positively charged
Asparagine asn (N) Hydrophilic (polar)
Aspartic acid asp (D) Negatively charged
Cysteine cys | Hydrophilic
Glutamic acid glu (E) Negatively charged
Glutamine gln (Q) Hydrophilic
Glycine aly (G) Hydrophobic
Histidine his (H) Positively charged
Isoleucine ile (1) Hydrophobic
Leucine leu (L) Hydrophobic
Lysine Lys (K) Positively charged
Methionine met (M) Hydrophobic
Phenyl-alanine phe (F) Hydrophobic
Proline pro (P) Hydrophobic
Serine ser (S) Hydrophilic
Threonine thr (T) Hydrophilic
Tryptophan trp (W) Hydrophobic
Tyrosine tyr (Y) Hydrophilic

Valine val (V) Hydrophobic

(Source: Nur Hanani et al., 2014)

The smallest and simplest amino acid is glycine which the R-group is a hydrogen
(H). The amino acids can be subdivided according to their properties uttered by
the functional groups. They are divided by charge, hydrophobicity and polarity,
as listed in Table 2.2. These properties effects the way of they interact with
surrounding amino acids in polypeptides. Thus, impacts on the 3D structure and
properties.
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The sequence of amino acids is classified as primary, secondary, tertiary and
quaternary forms, as shown in Figure 2.4. A primary protein structure is the
linear sequence of amino acids in its polypeptide chains. The peptide bonds
which connect the amino acids together maintain the primary structure of a
protein. Meanwhile, a secondary protein structure is one local folded structure
that forms within a polypeptide due to interactions between atoms of the
backbone. The shape of the protein molecules exists as either a helix or § sheet
(folding and coiling) and is brought about by hydrogen-bonding between -C=0
and N-H groups in between the chain and the primary amino acids building
blocks. As for the tertiary protein structure, it arises from the further folding of the
secondary structure of the protein. The folding and bending of the secondary
structure of protein occurs due to the interactions with the R groups on the
individual amino acids. These interactions may happen due to the hydrogen
bonding, dipole-dipole interactions on the polarity of the R groups. A quaternary
protein structure results in the spatial arrangements of various tertiary structures.
It is a consequence of non-covalent interactions that bind multiple polypeptides
into a large macromolecular complex (Sun et al., 2004).

The major insoluble fibrous protein is called collagen. Collagen contains large
domains of helical conformation shaped by three a-helix chains, each containing
1050 amino acids. The chains are, in turn, coiled together to form a right-handed
triple helix, as shown in Figure 2.5.

Primary structure
amino acid sequence

Quaternary structure
complex of protein molecules

Secondary structure
regular sub-structures

Figure 2.4: Four basic structures of protein
(Source: Byjus, 2022)
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Figure 2.5: Schematic of the collagen triple helix @ glycinég other amino
acids)
(Source: Korossis, 2018)

2.2.1 Collagen

Collagen is abundant in many animal body parts, including tendons, skin, bone,
the circulatory system, scales, and the connective tissue sheath that surrounds
muscles, which helps to make muscles more durable. Compared to fish, which
typically have far less collagen, on average 10% of mammalian muscle protein
is collagen (Karim & Bhat, 2009). On a molecular level, collagen is a right-
handed helical rod composed of three parallel-intertwined alpha chains (Haug et
al., 2004). The triple helix of collagen assembles from specific polypeptide chain
(a chains), made up of three amino acids residues in the sequence of Gly-X-Y
(X and Y are often proline and hydroxyproline) (Asghar & Henrickson, 1982).
Tropocollagen is formed from each a chains coil is a left-handed helix associated
with three residues per turn, and the three chains are twisted right-handed.

The collagen molecule and collagen with a small concentration of both amino
acids are stabilized hydroproline, denatures at lower temperatures than those
with high concentrations (Jafari et al., 2020). Fish collagen generally has lower
imino acid contents than mammalian collagens, which may be why denaturation
at low temperature (Karim & Bhat, 2009).

2.2.2 Gelatin

Gelatin is a denatured protein synthesized by the partial hydrolysis of collagen
extracted, and the properties of the gelatin produced are greatly affected by the
sources, age of animal, collagen type and the extraction method used (Cho et

16



al., 2005; Said et al., 2021). It has a rheological property of thermos-reversible
transformation between sol and gel. The gels are formed by cross-linking
between amino and carboxyl components of amino acids residue side groups.
As for the gelatin structure, it consists of a mixture of single and double unfolded
hydrophilic chains. Gelatin is hygroscopic, which consequently adsorbs water
depending on the relative humidity at which it is dried and stored. Physically,
gelatin is produced in powdered and granulated form, colorless and tasteless.

Hydrogen and covalent bonds (which stabilize the structure) need to be broken
to generate gelatin from collagen. During the gelatin extraction, covalent and
hydrogen bonds are broken down by heat with the beginning of the conversion
collagen into gelatin via the transition from helical to coil structure (Ahmad et al.,
2019, 2020). It can be done by acid and/or alkali pre-treatments followed by
extraction in hot water. The pre-treatment with acid or alkali functionally in
removing non-collagenous protein material, degrade covalent bonds and
inactive native proteases (Zhou & Regenstein, 2005). Figure 2.6 shows the
representative of gelatin structure of a mixture of single and double unfolded
chains.

..QK

N&H
NH
NH2+ NLG
H2N—< R
NH C
NH

o rob -
M

HO

NH N

Figure 2.6: Representative gelatin structure
(Source: Ramos et al., 2016)

After the gelatin is produced and the temperature is lowered to below the critical
value, there is partial renaturation of the collagen molecule. This phenomenon is
called “collagen fold”. Those parts of collagen rich in proline and hydroproline

17



residues will regain some of their structure by following which they can
apparently interact (Roff & Allen Foegeding, 1996). It has been reported by Ross-
Murphy (1997) that gelatin aqueous solutions will be in the sol state at 40°C and
during the gelation process its chains will undergo a conformational disorder-
order transition. A three-dimensional structure will be produced when many
molecules are involved. The strength of the gel formed is proportional to the
molecular weight (Cho et al., 2004). Circular dichroism analysis reveals that
gelling involves refolding denatured collagen chains into the typical triple helix
conformation and conversely unfolding upon reheating. This folding process is
directly related to the stabilization of the gels without disregarding its role in
triggering the gelation process (Gémez-Guillén et al., 2002).

Gelatin can be extracted from different sources, and the properties of the gelatin
are intrinsic affect by the source, age of the animal and type of the collagen. The
most commonly used commercial gelatins are derived from bones and hide from
cattle and pigs. Rapid progress and development of gelatin sources from skin,
bones, and scale of the fish and poultry is underway and potentially serve as
important commercial gelatin sources in the future. This is because the gelatin
extracted from these sources never had any relationship with bovine spongiform
encephalopahthy, BSE (“made cow disease”), more ethically and religiously
acceptable and may possess novel and unique functional properties (Nur Hanani
et al., 2014). For these reasons, there is high demand for fish gelatin. This has
created a huge shift in the production of gelatin from bovine sources toward
marine sources (Karim & Bhat, 2009).

2.2.3 Extraction of gelatin

The method of gelatin extraction involves three stages which are pre-treatment
of the raw material, extraction of the gelatin and purification with drying (Karim &
Bhat, 2009). Gelatin can be classified into two classes and determined by the
pre-treatment. Type A gelatin with an isoionic point of 6-9 is obtained from acid
treated collagen. Meanwhile, type B with an isoionic point 5 gelatin is derived
from an alkali-treated precursor (Guerrero et al., 2011; Nur Hanani et al., 2014).
Gelatin extracted from pig skin and fish is normally referred to as type A gelatin,
and gelatin derived from beef skin or bovine is called type B gelatin. Acidic pre-
treatment is suitable for the less covalently cross-linked collagen type A gelatin
meanwhile alkaline treatment is favorable for the more complex collagen found
in type B collagen. The extraction process effect on the length of the polypeptide
chains and the functional properties of the gelatin. It commonly depends on the
processing parameters, including temperature, time and pH, the pre-treatment,
and the properties of the raw materials (Karim & Bhat, 2009).

Gelatin can be extracted from various fish species by several steps, which are
non-collagenous protein elimination, demineralization and swelling with acid
solution prior to conversion of collagen to gelatin by immersing in certain water
temperature and finally recovery of gelatin in the final form (Roff & Allen
Foegeding, 1996). As for the raw material with high content of lipids, it is better
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to degrease first before another pre-treatment (Montero & Gomez-Guillén,
2000)(Montero & Gémez-Guillén, 2000) has been extracted gelatin from mergim
skin that pre-treated by acetic- and propionic-acid rendered the gelatins with the
highest elastic modulus, viscous modulus, melting temperature and gel strength.
In other findings by Gémez-Guillén et al. (2002) gelatin from flat-fish species
(sole and megrim) showed the best gelling ability and thermostable than those
from cold-adapted fish (cod and hake). This difference was affected from the
amino acid composition, the ai/az collagen-chain ratio, and the molecular weight
distribution.

Pre-treatment is one of the factors that influences the functional properties if the
gelatin. Pre-treatment with alkaline solutions of calcium hydroxide (Ca(OH)2)
and/or acetic acids (HAC) of sturgeon (Acipenser baeri) skin develop gelatin with
favaroble color. It was proven that alkali pre-treatment removed non-collagenous
proteins effectively, whilst acid induced some loss of collageous proteins.
Resulting from pre-treated gelatin with HAC or alkali will improve the gel strength
and viscosity in the presence of protease inhibitors (Hao et al., 2009). A previous
study has been done by Yang et al. (2008) based on the relationship between
the physical properties and nanostructure of channels catfish (lctalurus
punctatus) skin. The skin was sodium hydroxide, acetic acid or water and then
extracted with hot water before further analyzed. The acid pretreatment group
showed the highest gel strength and protein yield with reasonable viscosity from
the findings. Meanwhile, by using water pre-treatment, the result showed the
lowest values for all the physical properties.

2.2.4  Fish gelatin

Gelatin extracted from marine sources (warm- and cold- water fish skins, bones,
fins and scale) is a possible alternative to bovine gelatin (Nurilmala et al., 2022).
Normally all of these parts are known to cause waste and pollution as they are
by-products from the fish processing industry. Advantageously, it can be a
valuable source of gelatin as it contains collagen. The production of fish gelatin
is known conceptually and has been present since 1960 (Karim & Bhat, 2009).
Fish gelatin commonly has lower bloom values (0-270 g) compared to
mammalian gelatin (Said & Sarbon, 2022b). However, the study by (Cho et al.,
2005) that extracted gelatin from yellowfish tuna skin has obtained high bloom
values, which is 426 g. This might be due to their differences in proline and
hydroproline content in collagen from different species types and habitat
temperatures. Fish gelatin contains a low concentration of amino acids, including
proline and hydroproline compared to the other gelatin sources (mammalian). In
the study of gelatin extraction from warm-water fish like big-eye-tuna tilpaia
species have higher amino acids than cold-water fish such as cod, whiting, and
halibut species (Ninan et al., 2014).
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From the study by Weng & Wu (2015), the amino acids obtained from tilapia’s
scale gelatin was higher in comparison to tilapia skin gelatin with 212 residues
per 1000 amino acids. Fish gelatin exhibits good film properties, with transparent,
almost colorless, water-soluble, and highly extensible films (Alfaro et al., 2014).
Additionally, fish scales are a captivating by-product of fish that are widely
available in Malaysia fresh markets. Statistically, 94% of tilapia contribute to the
red tilapia’s (Oreochromis spp.) (Mohamad et al., 2021) (Figure 2.7). Red
tilapia’s fish are a durable, fast-growing species and highly resistant to disease
(Foh et al., 2011). The wastes from fish filleting industries alone comprise 75%,
and nearly 30% come from skins, scales and bones. Therefore, huge amounts
of fish waste are discarded in the processes every day. Waste from fish scales
can be found abundantly and transformed into a value-added product used in
various applications.

Figure 2.7: Red tilapia fish (Length : £15 cm)
(Source: Reategui-Pinedo et al., 2022)

Fish scales are hierarchically ordered structures of mineralized collagen with stiff
fibers easily swell like the bone (Zhang et al., 2010). The gelatin extracted from
the fish scale was mainly composed of B-chains, a-chains and their degraded
products with amino acids. Reportedly, the gelatin extracted from fish scale has
higher amino acids than the fish skin (Weng & Wu, 2015). The higher content of
imino acid and alanine exhibit better viscoelasticity and ability to develop the
triple-helix structures, which relatively affected the film-forming properties of the
gelatin (Giménez et al., 2009). However, there are limited studies conducted on
the fish scale whereby most of the studies concerning the fish gelatin-based films
were limited to fish skin only (Irwandi et al., 2009; Jongjareonrak et al., 2006;
Muyonga et al., 2004; Sarabia et al., 2000; Tongnuanchan et al., 2016).

20



2.3 Properties of gelatin-based film

Gelatin has been explored extensively on account of its film-forming ability,
especially in film production due to its exceptional filmogenic properties and used
widely in the food packaging area (Aleméan & Martinez-Alvarez, 2013; Hosseini
et al., 2016; Lv et al., 2019). Gelatin might undergo a different conformational
transition of disorder-order rearrangement according to the formation of gelatin
and solutions (Aguirre-Alvarez et al., 2011).

Thickness of the film is one of the important properties that need to be measured
as it is relates with other properties such as mechanical, and WVP. Differences
in film thickness might influenced by the viability in nature, composition and solid
content that present in the film structure (Said & Sarbon, 2022). Thickness of the
film varied when incorporation of additives or plasticizer. Villasante et al. (2020)
have found that by incorporation of pecan walnut and shell into the gelatin
increased the thickness (0.047 — 0.150 mm) significantly in compared to the
control (0.032+0.01 mm). This is due to the all the samples were prepared with
different percents of extracts that contain different solid components (dry mass),
this resulting in ticker film after evaporation of the solvent. In line with this study,
the thickness of the gelatin-film incorporated with root essential also increased
in thickness values that related to the interaction of essential oils with the peptide
chains that reduced the ordered alligment (Tongnuanchan et al., 2013). In
addition, film thickness value may vary according to the gelatin types, inclusion
of other components into the films as well as the methods involved during the
development process.

The other properties of the gelatin-based film that need to be measured is the
color. Generally, gelatin color depends on raw materials used and extraction
conditions (Jongjareonrak et al., 2006). The color of food products was
commonly measured in L*, a*, b* which indicated lightness, redness/greenness
and yellowness/blueness axis, respectively. Color of the film is an indicator for
consumer satisfacness, quality attributes and marketability. Commonly,
transparent film packaging has higher customer demands due to the clear in
viewing the color, textures and quality of the food. Fish gelatin films were
observed to perceived more yellowish color. This might be attributed to hogher
content of cysteine (1 residues per 1000 residues) and methionine amino acids
(10-17 residues per 1000 residues. (Gomez-Guillén et al., 2009).

Meanwhile, the L*, a* and b* values composites fish-gelatin based films with
addition of natural extratcts such bergamot, lemongrass, epigallocatechin
gallate, ginger, turmeric,plai, Ziziphora clinopodioides and grape seed were in
the range of 55.12-91.11, 3.02-16.77 and 1.79-13.43, respectively (Nalinanon
et al., 2008; Said et al., 2021; Tongnuanchan et al., 2013, 2015). The color of
the films can also attribute from the natural coloring components of additives
added such as in the study by Liu et al. (2019) have recorded as darker and
reddish color as compared to single gelatin film. The L*, a*and b* color value for
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intelligent marine’s gelatin film has been observed at 75.55-90.35, 1.32-9.09
and -4.47—(-1.48), respectively.

Thermal properties of the film can be determined by using DCS analysis. The
thermodynamic characteristics are useful in determining the quality of the films
when it is found under different conditions such as temperature, gas pressure or
atmosphere. Commonly from DSC thermograph, Tg can be obtained by
measured the midpoint of the heat flow change at the glass transition in the first
heating scan. Tg may be varied in term type of gelatin and incorporation of
additives (Perazzo et al., 2014; Tongnuanchan et al., 2013; Weng et al., 2014).
Inclusion of plasticizer in the gelatin-based film might reduce the Tg due to the
hydrophilicity of glycerol that increased the water holding capacity in the gelatin
later affected on the TS of the film (Sanyang et al., 2015a; Tongnuanchan et al.,
2014). Hence, the determination of Ty is vital as it related with other
characteristics and factorized by the chemical structure, moisture content and
free volume.

Generally, fish gelatin flms are generally developed from warm-water fish
species because they are good in tensile, elongation at break, and water vapor
permeability (WVP). The cold-water fish species usually have high
hydrophobicity, while warm-water fish species show good hydrophilicity due to
the high content of proline and hydroproline in their structure (Lv et al., 2019).
Gelatin properties are affected by certain physical parameters that are involved
in film processing, such as the inclusion of plasticizers (Nor et al., 2017),
polymers (Soo & Sarbon, 2018) and cross-linker (Ramos et al., 2016b). The
preparation of biobased film can be executed through casting or extrusion
method (Said & Sarbon, 2022). Commonly casting methods have been widely
used in the film formation process. The mechanism of gelatin film formation
involves dispersing and solubilizing the gelatin in the solvents (water), which then
is incorporated with either plasticizer or additives, cast onto the plates followed
by drying (Jomlapeeratikul et al., 2017). The benefit of using the casting method
for film preparation compared to other processes (extrusion) are lower
production cost, greater film thickness uniformity, excellent dimensional stability
and free from pinholes, gels, residual stress and superior optical properties
(Suhag et al., 2020). Moreover, casted films also produced isotropic orientation
in terms of mechanical and optical as the film was not stretched during the
process. The solvent casting method is feasible only for laboratory scale rather
than industrial as it requires longer drying time and shape and amount restriction
(Said & Sarbon, 2022; Suhag et al., 2020).

Gelatin structure contains more glycine, proline and hydroproline residue, which
on dehydration, conformational changes take place and may be utilized in the
formation of the surface film (Bergo et al., 2010). Such films are strongest with
the high availability of triple-helix content. Nevertheless, gelatin films present
have limitations in brittleness and stiffness due to the extensive interactions
between polymer molecules. Hence, to overcome these issues, a small
percentage of the plasticizer can help to increase the hydrogen bonding and
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improve the flexibility of the films. The addition of plasticizers does not only
effects on the elastic modulus and other mechanical properties but also the
resistance to permeation of vapor gas (Gémez-Guillén et al., 2009). Most of
plasticizers are hydrophilic and hygroscopic, which can attract water molecules
and form a large hydrodynamic plasticizer-water complex.

Plasticizers such as glycerol, sorbitol, and glycol are constitutive to make the
films more flexible, softer and avoid pores and cracks in the polymeric matrix
(Nur Hanani et al., 2014). Among all the potential plasticizers, glycerol is favored
due to its stability and compatibility with hydrophilic biofilm apart from having high
hygroscopic characteristics (Limpisophon et al., 2009; Nordin et al., 2020; Nur
Hanani et al., 2014; Tongnuanchan et al., 2012). However, adding plasticizers
can significantly change some properties, including reduced tensile strength
(TS), increased film permeability to water, and increased water sorption capacity
(Nur Hanani et al., 2014; Suderman et al., 2018). The amount of plasticizer
added can cause an adverse effect on the films properties. Hence, the amount
of plasticizer added must be used with caution. Based on some studies, 20-25%
glycerol is required to plasticize gelatin film successfully (Nur Hanani et al., 2014;
Pushpadass et al., 2008). It was previously reported that at 25% addition of
glycerol in the film, maximum TS and optimum modulus of elasticity (Pushpadass
et al., 2008). Moreover, the amount of plasticizer used in film formation should
be small enough in order to avoid probable toxic effects.

Films with gelatin are hydrophilic which tend to retain water in their structure,
which cause swelling and showing insufficient performance. The WVP of the
packaging material can be used as a reference for the application of relatable
food product. WVP also can be varied based on the chemical structure of the
gelatin, plasticizer used and incorporation of other substances such as
antioxidant. Based on the previous study showed that gelatin-films exhibit lower
WVP (6x107% — 2.5x10%) compared to the bovine films (Hosseini et al., 2016;
Hosseinzadeh & Ramin, 2018; Said & Sarbon, 2022; Tongnuanchan et al.,
2014). This can be explained in terms of amino acid composition where by
gelatin comprised higher constituent of hydrophobicity (lower proline and
hydroproline contents). The hydroxyl group of hydroxyproline is normally
available to form hydrogen bonds with water. Meanwhile, other study showed
that incorporation of natural extracts such as ginger, turmeric, and plai into the
film improve the water barrier properties of the film (1.88 — 2.91 x 10* gms
Pal) (Tongnuanchan et al., 2013). These occurrences were due to the
hydrophobic nature that exhibited by the essential oil which consequently
increase the hydrophobicity of films and thus reduced the water vapor migration
through the film.

2.4 Gelatin-based active packaging

The idea of active packaging started with changing the packaging from passive
protection to active protection. In the past, primary packaging materials were
known to be "passive", functioning only as inert shields to protect products from
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moisture and oxygen. Several new packaging materials have recently emerged
to provide 'positive’ safety to products. Active packaging refers to the
incorporation of specific additives into packaging systems that have the ability to
maintain or extend product quality and shelf life. The active ingredient or
ingredients can be incorporated directly into the packaging matrix, attached to
the inside of the packaging material, or placed in a separate container such as a
sachet within the packaging system (Kerry et al., 2006) as demonstrated in
Figure 2.8.

Active packaging enriched with antioxidants
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Figure 2.8: Active packaging models
(Source: Kerry et al., 2006)

Previously in Section 2.3, it has been discussed how gelatin exhibits good film-
forming capacity. These excellent properties can be utilized to improve the shelf-
life of food products by acting as an outer film that inhibits direct exposure of light
and oxygen into the food material (Gémez-Guillén et al., 2009; Said & Sarbon,
2022b). The application of gelatin-based film can be extended by adding
different additives and agents in the film matrix, which help enhance the physical,
mechanical and biological properties of food products. Research on gelatin-
based active film has opened the window on worldwide interest.

All active packaging technologies involve physical, chemical, or biological effects
that alter the interaction between the package, product, and package headspace
to achieve the desired result (Lee et al., 2008). Various active packaging systems
have been established and developed, including oxygen and carbon dioxide
scavenging, antibacterial and antioxidant activity. Active substances released
from biopolymer packaging involve various mechanisms directly related to food
or food analogues, such as melting, diffusion, swelling, and degradation (Said &
Sarbon, 2022). The melting mechanism is based on melting the structural matrix

24



to release bioactive compounds. The diffuse release mechanism involves
diffusion of the active ingredient through the micro- or macroporous structure of
the polymer matrix and transport from the film surface to the food. Swelling
behavior, on the other hand, means that the matrix must be placed in a
compatible liquid or wet food if the diffusion coefficient of the active ingredient is
low, and the matrix will swell when the liquid enters. On the other hand, polymer
degradation, cleavage or deformation is accompanied by the release of
decomposition or particle fracture (Quirds-Sauceda et al., 2014) .

In addition, appropriate packaging is one of the important methods used by
growers to preserve, improve quality and extend the shelf life of their goods by
controlling the oxygen inside the package. This is because fresh produce
continues to be metabolized in large amounts after processing and spoils
quickly. The respiration process still occurred even after harvested by using
oxygen (O2) from the environment to breakdown the carbohydrate which is
glucose (CsH1206) and release carbon dioxide (COz), water vapor (H20) and
energy.

CsH1206 + 6 O2 —» 6 CO2 + 6 H20 + energy Equation 2.1

Fresh produce with very high respiration rates such as mushroom, strawberries,
broccoli and asparagus require high permeable films (Wilson et al., 2018). The
package should be able to control transmission of water vapor or gases to
maintain the freshness and quality of the products. In order to slower the
respiration rate of the fresh vegetables without harming it taste, texture and
appearance, the level of the oxygen in the packaged need to be in lowest level.
Hence, oxidation might trigger the enzymatic oxidation of phenolic compounds,
resulting in brown color substances forming (Jiang et al.,, 2016). This
phenomenon is called enzymatic browning. Enzymatic browning is the second
largest cause of quality of fresh fruits and vegetables. The successive stages of
fresh fruit and vegetables handling, transportation and marketing entail different
needs and therefore place differing demands on the packaging. One of the most
effective means of removing oxygen from the package is the inclusion of
antioxidants in the packaging material. Active packaging refers to incorporating
certain additives into the packaging systems to remain or extend the product
quality and shelf life.

Recent research showed that gelatin-based film used as food packaging has
been making improvements in various types of food products including fruits
(strawberry, fresh apples cut, banana) and fresh vegetables (tomatoes) (Said &
Sarbon, 2022) It has been proven that gelatin as an additional protective layer
for fresh products by increasing the shelf-life.
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2.5 Antioxidants agent in active gelatin-based film

Antioxidants are incorporated in packaging materials that greatly delay or avoid
oxidation of that substrate when present at low concentrations compared to
those of an oxidizable product (Halliwell & Gutteridge, 2015). This antioxidant
activity occurs as antioxidants migrate to the surface through the bulk of the
polymer.

The reaction chain of antioxidants can be seen from equation 2.2 to 2.6, which
is often caused by the presence of oxygen and free radicals. Antioxidants can
impede the oxidation process by scavenging the oxygen species or terminating
the free radical chain reaction. In a chemical system, the strength of an
antioxidant can be evaluated by examination of its ability to scavenge free
radicals and thereby terminate the chain reaction. The termination of a chain
reaction by an antioxidant is shown as follows (Kamal-Eldin & Pokorn, 2005).

Xe+RH — Re+ XH Equation 2.2
Re + 02 - ROO- Equation 2.3
ROO+ + RH —» ROOH + R- Equation 2.4
Re+AH — RH + A Equation 2.5
Re + A > RA Equation 2.6

Where Xe = oxidizing agent; RH = substrate; AH = antioxidant

Hydrogen atoms are moved from a substrate to an oxidizing agent with free
radical (R) development during the oxidation processes, which are usually very
unstable and can easily react with oxygen to form peroxyl radicals (ROO¢). The
resulting peroxyl radicals react with other compounds to obtain the required
hydrogen atoms. The new molecule loses an atom of hydrogen when struck by
free radicals and becomes a free radical in a chain reaction in Equation 2.4.
Antioxidants remove free radical intermediates and terminate these chain
reactions by donating electrons or hydrogen atoms to the free radicals, as in
Equation 2.5, and/or by combining with the free radical in Equation 2.6. The
antioxidant radical (A+) produced as a consequence of hydrogen loss is generally
much more stable, and the chain reaction will not proceed. Antioxidants are also
reduction agents because they are electron or hydrogen donors. Antioxidants
shield other materials from damage by free radicals as a "sacrificial" reactant.

2.5.1 Intrinsically conducting polymer (ICP)

Intrinsically conducting polymers with the combination of electrically conducting
materials are a comparatively current class of novel organic materials with typical
characteristics of conventional polymers (Holze, 2011). Usually, they are
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insulating, have metal electrical and optical properties, thus maintaining the
mechanical properties of conventional polymers. Typically, ICPs have -
conjugation along the backbone of the polymer, which has single and double
bonds that are the basis of their conductivity. Polyaniline, poly(3,4-
ethylenedioxythiophene) and polyacetylene are examples of ICP.

PANI is generally considered to have the optimum combination of stability, high
conductivity and low cost (Cao et al.,, 1992; Min, 1999; Pud, 1994). The
antioxidant capability of ICP polymers was reported by Ismail et al. (1998), they
evaluated the ability and performance of PANI in protecting styrene butadine
rubber vulcanizes against oxidation deterioration.

2.5.2 Polyaniline (PANI)

Polyaniline (PANI) is a representative of the conducting polymers distinguished
by easy synthesis and high environmental stability. PANI consists of monomer
units built from reduced benzenoid amine (y) and oxidized quinoid imine (1-y)
blocks, as shown in Figure 2.9:

Figure 2.9: Chemical structure of PANI

where 0< y < 1 (Boeva & Sergeyev, 2014). Chemically, as shown in the figure,
PANI is a polymer based on phenylene with -NH groups on either side of the
phenylene ring. This -NH group will undergo oxidation, allowing the PANI to exist
in a continuum state (Palaniappan & John, 2008). The redox state of the polymer
can be determined by the value of y: at y=0.5, PANI occurs in the form of
emeraldine; y=0 corresponds to the fully oxidized form, pernigraniline, while y=1
correspond to the fully reduced form, leucoemeraldine (Figure 2.10)
(Beygisangchin et al., 2021; Scherr et al., 1991). Leucomeraldine is a colorless
substance that can slowly oxidize in the air and not electrically conducting
(Boeva & Sergeyev, 2014). Meanwhile, pernigraniline is composed of alternating
aminobenzene and quinod imine fragments. Quinod imine group is unstable in
the presence of nucleophiles, specifically water will affect pernigraniline and its
salt stability to decompose in the air. The emeraldine salt of PANI is formed
during the protonation of the emeraldine base with organic and inorganic acids.
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Figure 2.10: Basic PANI in three dissimilar types (0 < x < 1)
(Source: Beygisangchin et al., 2021; Gospodinova & Terlemezyan, 1998).

2.5.3 Synthesis of PANI

PANI can be prepared via chemical or electrochemical polymerization of aniline.
Several factors need to be considered in the procedure, such as the temperature
and the time regimes, the types of oxidant, dopant, and solvent, the voltage
applied on the electrode etc (Boeva & Sergeyev, 2014). These will affect the
PANI structure, morphology and redox state. However, chemical synthesis is the
preferred technique for obtaining large quantities of PANI. Moreover, the
chemical polymerization technique is the simplest way to prepare PANI with
various physicochemical properties and supermolecular structures.

In the mechanism of oxidative polymerization of aniline, the aniline dimer is
formed through the reaction of an anilium cation with aniline (Altamirano et al.,
1994; Genies & Lapkowski, 1987; Liau et al., 2006). Then, the dimer is oxidized
via a single two-electron step to quinoidal diamine form. It is because its lower
oxidation potential in comparison with aniline leads to the formation of the
polymer (Mohilner et al., 1962; Wei et al., 1989). The polymerization of aniline is
efficient in acidic conditions by which the aniline exists as an anilinium cation.
The use of various oxidants conducts the chemical polymerization of aniline
ammonium persulfate (APS) is the most commonly used (Boeva & Sergeyev,
2014; Stejskal & Gilbert, 2002). The polymerization process is usually carried
out in acidic conditions, and several organic and inorganic as well have been
used for chemical synthesis of PANI. The product is the corresponding acid-
doped emeraldine salt form of PANI.
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The commonly used synthetic antioxidants in food applications are butylated
hydrxoytoluene (BHT) and butylated hydroxyanisole (BHA), which currently
interest in the use of a-tocopherol, L-ascorbic acid, L-tyrosine, carvacrol and
aromatic plant extracts as replacement (Nand et al., 2012; Robertson, 2008).
This is due to the consumer preference for natural food ingredients that have
shifted to natural antioxidants. Even though natural antioxidants have lower
antioxidant activity than synthetic antioxidants, due to availability and
acceptance by health authorities, they positively affect the sensory properties
and act as preservation agents which are easily accessible (Shafiur Rahman,
2007).

2.5.4 PANI based polymer substrate

PANI has been successfully utilized as a solid antioxidant requires blending with
commercially available polymers with suitable mechanical properties and
processability. Several techniques have been used in preparing PANI containing
polymer substrates, such as solution blending, melt processing, surface
deposition and surface grafting. Solution blending is preferable for the lab scale
purpose, incorporating PANI into the biopolymer matrix. In the previous study,
PANI has been incorporated in several matrices such as polyvinyl alcohol,
polyethylene, polystyrene, low-density polyethylene, chitosan and starch to
produce conducting polymer (Annala & Léfgren, 2006; Azmi et al., 2019; Bhadra
et al., 2017; Nand et al., 2012; Saikia et al., 2010; Yavuz et al., 2009; Zareh et
al., 2011). Figure 2.11 shows the applications of PANI in the food industry. PANI
can be incorporated into the polymer substarte and being used widely as electric
nose, biodegradable food packaging, active food packaging and intelligent food
packaging due to the several characteristics of PANI such antioxidant,
antimicrobial, sensor and others (Chia et al., 2022).
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Figure 2.11: Application of PANI in food industry
(Source: Chia et al., 2022)

The compatibilization of polyethylene/polyaniline (PE/PANI) blends, and the
preparation of plasticized PANI/camphorsulfonic acid (CSA) complexes suitable
for melt blending were studied by Annala & Léfgren (2006). Through the study,
significant findings were found where the mechanical properties of the PE/PANI
blends were improved and increased with the addition of functionalized metal-
locane polyethylene. In addition, this study also developed plasticized PANI/CSA
complex and showed good electrical conductivity.

PANI has also shown compatibility with starch and synthesized using oxidative
polymerization of PANI in an aqueous dispersion of starch isolated from
Colocasia esculenta corn (Saikia et al., 2010). This study was found from the
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SEM image the growth of PANI on the surface of the starch granules. The
developed composite also successfully shows antioxidant activity by using
DPPH scavenging analysis. Composite possesses an antioxidant nature which
increases with the concentration of polyaniline. The materials show great
potential for biomedical applications.

Polyethylene terephthalate (PET) was blended with a nanorod form of
polyaniline (NR-PANI), formed by a falling pH synthesis, were prepared by
dispersion in a melt of PET at 265 °C (Nand et al., 2012). Optical microscopy
showed an even distribution of NR-PANI particles within the PET matrix. The
blends were characterized using FTIR, XPS, DSC and DMTA. While the PET
glass transition temperature was not changed, the degree of PET crystallinity
was increased with the addition of NR-PANI. With higher NR-PANI loading in the
matrix, PET's electrical conductivity and capacity to scavenge free radicals both
improved. However, when NR-PANI loading increased, the mechanical
characteristics of PET decreased, indicating insufficient interfacial adhesion
between the NR-PANI particles and the PET matrix.

Other study on the compatibility of PANI was done by substituting PANI with
chitosan. The composites were chemically synthesized by measured
conductivity, FTIR, UV-vis, SEM and TGA techniques. The composites obtained
showed higher conductivity, thermal stability and agglomerated granular
morphology can be seen through SEM.

In the work by Bhadra et al. (2017), it has been presented exclusively on the
effect of feeding ratio of the aniline on the structural, thermal, mechanical and
electrical properties of PANI and polyvinyl alcohol (PVA) blends. The
morphological analysis reveals a heterogenous distribution of conducive PANI
particles in the PVA. The tensile strength (TS) of the blends remained unchanged
as the aniline concentration increased. The conductivity of the blends was also
increased.

Evaluation of the effect of concentrations and size of PANI loading into the starch
film was done by Azmi et al. (2019). The composites showed favorable
mechanical properties and antioxidant activity at different concentrations and
size of PANI. Based on the FTIR spectra, the starch/PANI film spectra were
similar to the starch/glycerol without PANI. However, one notable weak pick near
1455 cm* can be found in sample B and C.

Recently, a study has been conducted in developing chitosan-polyaniline
nanocomposite film that prepared with different concentration of PANI at various
synthesis times (Pirsa & Mohammadi, 2021). The developed chitosan-PANI
nanocomposite film reduced in transparency which became advantageous in
package products that are susceptible to oxidation in the light. The result also
indicated that the by increasing PANI concentration and synthesis time, it cause
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reduction in water solubility and water vapor permeability. These characteristics
is important in expanding the usage in food application. By using chitosan as
matrix, PANI also has proven to improve the mechanical properties, electrical
conductivity, and antimicrobial activity in other study by Mohammadi et al.
(2019). It has been found that PANI-coated PMMA/CNC showed slight
antioxidant strength.

PANI has been exploited for its electrical conductivity; however, its application
as a solid antioxidant is an emerging field of study. Yet, PANI is to be applied in
active food packaging systems. PANI based active packaging system have a
huge potential in food packaging applications as the food packaging industry
continuously need improvement in packaging systems.

2.5.5 Determination of antioxidant capacity

There were several methods used to determine the antioxidant capacity of active
substances. These can be based on the metal-reducing agents (Yadav &
Bhatnagar, 2007), quantification of products formed during lipid peroxidation
(Siriwardhana et al., 2014) and various free radicals scavenging activities
(Aruoma, 2003; Frankel & Meyer, 2000; Sanchez-Moreno, 2002). The most
common methods used are free radical scavenging methods to evaluate the
antioxidant activity of the active compounds due to their simple, faster, sensitive
and reproducible nature. The antioxidant activity of PANI that is characterized
using free radical scavenging activities is attributed to its ability to switch easily
between the reduced and oxidized states. PANI with a lower formal potential,
act as strong reducing agents when it in contact with free radicals to neutral
species (Marija Gizdavic-Nikolaidis et al., 2004; Hsu et al., 2008). Commonly
the most used methods to assess the free radical scavenging capacity of PANI
using DPPH' (1,1-diphenyl-2-picrylhydrazyl) (M. Gizdavic-Nikolaidis et al., 2004;
Marija Gizdavic-Nikolaidis et al., 2004; Saikia et al., 2010) and ABTS™* (2,2-
azino-bis(3-ethylbenzothiazoline--sulfonic acid) assays (Hsu et al., 2011). The
DPPH'and ABTS " radicals are colored but are decolorized upon reduction. The
extent of free radical reduction on the degree of decolorization can be measured
by UV spectrophotometry.

The DPPH assay is based on electron transfer (ET) between two constituents,
the antioxidants and the blue colored DPPH- radical (a weak oxidant). This
method evaluates the reducing ability of antioxidants towards DPPH*. DPPH" will
accept an electron from the antioxidant when the ET reaction takes place, which
causes a color change in the system, and the rate and extend of color loss
provide a measure of the efficiency of the antioxidant. The test procedure
protocol for DPPH analysis is suitable for 24 hours of reaction time before the
final reading is taken. DPPH assay also involves a hydrogen atom transfer
reaction consisting of a fast electron transfer process and a slow hydrogen atom
transfer reaction from antioxidants to DPPH radicals, especially when the
reactions occur in strong hydrogen bond-accepting solvents such as methanol
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and ethanol. One of the advantages of this method is DPPH' is quite stable
organic nitrogen radical and does not have to be generated before use.

The other determination of antioxidant activity method is by using the ABTS
assay. ABTS assay is also an ET-based method. This is simple in terms of its
operation. In this method, the blue/green ABTS radical is formed through the
reaction between ABTS and ferrymyoglobin radical species. During the reaction,
ABTS donates an electron to the ferrymyoglobin radical, changing to ABTS™*
radical and regenerating metymyoglobin. One of the disadvantageous of ABTS
radical is cannot be found in biological systems and only represents a
‘nonphysiological’ radical source.

2.5.6 Biocompatibility of PANI as antioxidant

PANI has always been treated with extra precautions as the aniline monomer,
and subsequent polymerization intermediates, such as aniline dimmers and
oligomers can be potentially active. It is due to the threat of carcinogernic effect
of benzidine, the aniline dimer. Fortunately, after removing low molecular weight
polymerization products, purified PANI has been proven to be biocompatible and
non-cytotoxic (Humpolicek et al., 2012). Other studies have confirmed that PANI
is biocompatible and non-cytoticity.

Previously, Kumar et al. (2010) have demonstrated the biocompatibility of heavy
ion irradiated PANI nanofibers by studying their haemolysis prevention activity.
In the study, the PANI showed reduced potency to damage blood cells and
enhanced hemolysis prevention activity. The other study by Kamalesh et al.
(2000) assessed the biocompatibility of PANI through subcutaneous
implantation into rats and concluded that the films were biocompatible.
Moreover, other studies on polymer composites (Dispenza et al., 2006; Kim et
al., 2009; Prabhakar et al., 2011) and hydrogels (Dispenza et al.,, 2012)
incorporated with PANI has also been found to be biocompatible. As a priority
consumer concern, the biocompatibility and non-cytotoxicity of PANI gives
advantageous for applications such as food packaging where it will be in contact
with food stuff.

2.6 Self-healing materials and behavior

Exposure to harsh environments during storage and transportation processes
due to microcracks can degrade the polymer material and product inside the
package (Fainleib & Purikova, 2019). Damage deep within the film material is
difficult to detect and especially difficult to repair, so the material must be capable
of repair. In recent decades, various types of self-repairing materials have been
developed and inspired by the healing phenomenon of natural organisms. A
polymer with self-healing properties needs to convert physical energy into a
chemical and/or physical response capable of healing a damage-a mechanism
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that is not typically present in "convectional non-self healing polymers" (Binder
et al., 2013). The healing process can be divided into autonomic or non-
autonomic, related to the requirement of external stimulus such as heat or water.
If no external stimulus is required and the healing agent has to be pre-embedded
then the mending is called autonomic, whereas its triggering with additional
treatment when polymers are able to heal cracks by themselves (heat) is called
non-autonomic (Fainleib & Purikova, 2019).

Much literature is related to self-healing material (Aissa et al., 2012; Andersson
et al.,, 2009; Fainleib & Purikova, 2019; Mauldin & Kessler, 2010). The self-
healing materials could generally be divided into two categories: intrinsic self-
healing materials and extrinsic self-healing materials (Fainleib & Purikova,
2019). The intrinsic self-healing materials depend on the non-covalent of the
materials, for example, the type of hydrogen bonding, hydrophobic interactions,
and electrostatic attractions. The mechanism is due to the physical, and/or
chemical interactions. On the other hand, extrinsic self-healing materials depend
on healing agents embedded in the material matrix in advance during the
manufacturing of the material.

The self-healing mechanism can be involved in various interactions on bonding,
including hydrogen bonding, Schiff base linkage, hydrophobic interaction,
electrostatic interactions, reversible covalent bonding and encapsulated healing
agent. Based on the study on polysaccharide film layered with acrylamide-
modified chitosan and alginate aldehyde, the excellent self-healing ability of the
films could be due to the water-induced swelling and high mobility of the polymer
network that facilitate the reconstruction of Schiff base linkage underwater
assistance (Hu et al., 2018). The film can be healed several times due to the
more free amino groups and aldehyde groups in the thicker film, which improved
the repeated damage-healing property of the film. In terms of hydrogen bonding,
it is one of the non-covalent bodings which forms between the hydrogen atom
ad another atom. In 2015, Zhang & He, prepared the hydrogen bonding assisted
self-healing using partly cross-linked poly(vinyl alcohol) (PVA) and poly(acrylic
acid) (PAA). By designing the molar ratio of hydroxyl groups to carboxyl groups,
the cross-linked polymer thin film can maintain abundant hydroxyl groups at the
scratched interfaces to reform H-bonds across the interfaces. Other studies by
Haque et al. (2011) prepared a lamellar structure hydrogel with a soft network of
hydrophobic interactions. Hydrophobic interactions describe the entanglement
of the aliphatic molecular chains, and it was found that a double network polymer
consists of a weak and a strong network.

Previously, Wool & O’Connor (1981) proposed five stages of crack healing that
involve (a) surface re-arrangement; (b) surface approach; (c) wetting; (d)
diffusion and (e) randomization. That approach has been proven successful in
separating the multi-convoluted time dependencies of the different mechanisms
controlling crack healing and their underlying molecular processes and being
strongly related to molecular interdiffusion at or above the glass-transition
temperature, Tg. It was also in agreement with the study by (Kausch & Jud,
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(1982)whereby they observed that the development of the mechanical strength
during the crack healing process of glassy polymer is related to inter diffusion of
the molecular chains and subsequent formation of molecular entanglements.

2.6.1 Hydrogen bonding

A hydrogen bond is one type of reversible non-covalent relationship that can
develop between a hydrogen atom and another atom. Recently, gelatin-based
adhesive hydrogel has been developed with self-healing ability. The gelatin was
functionalized by dopamine to form dopamine grafted gelatin (GelDA). Then, it
was mixed with 1,4-phenyleneisboronic acid and graphene oxide (GO) obtained
by horseradish peroxidase catalytic system. Based on the healing properties, the
behavior was attributed to the coordination bond between the catechol groups
and boronic groups (Narkar et al., 2016), the hydrogen bonds between catechol
groups and the 11-1r stacking between catechol groups and GO (Tu et al., 2019).
The hydrogel developed has great potential applications in both multifunctional
wound dressing and the booming developed wearable devices in the medical
field.

Chen et al. (2019) prepared the hydrogen bonding assisted self-healing polymer
composited reinforced with graphene oxide. The polymer matrix was based on
amino-terminated hyperbranched developed by dimer acid and diethylene
triamine, and graphene oxide is synthesized by the modified Hummers methods.
From the findings, the composite materials suffer damage, the hydrogen bond
tends to break first due to the weak strength, which the non-associated groups
will appear in the fractured area, and the new hydrogen bonds can be produced
again at room temperature. As also proven in the study, the composite polymer
is an intrinsic self-healing polymer with infinite healing cycles.

Another study by Cordier et al. (2008) prepared the hydrogen bonding assisted
self-healing rubber by synthesizing fatty acid and urea. In the fatty acids
components made of vegetable oil composed of carboxylic acids functional
group, and urea consists of the amine group (N-H). The C=0O groups in the
COONH played a role as hydrogen bonding acceptors, and N-H groups were the
hydrogen bond donor. These two groups tend to produce strong hydrogen bonds
in the materials when they combine. The samples were divided in half for the
investigation and then brought together for certain healing intervals. The re-
association of hydrogen bonding at the cutting surfaces was thought to be the
cause of the self-healing behaviour. In fact, it was found that the self-healing
ability was affected by the healing time. When there is a time delay before the
cut touch each other, the self-healing ability will be decreased. This was most
likely due to the creation of pairs between the free hydrogen bonding acceptors
and donor within each part of the cut specimens. The hydrogen bonding can help
generate another covalent bonding which is -1 stacking ( Xu et al., 2010).
Sufficient of free hydroxyl groups that appear at the cut interfaces of the materials
increased the self-healing efficiency. The smart design approaches in the study
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of Zhang et al. (2014) by fabricating partly cross-linked poly(vinly alcohol) (PVA)
and poly(acrylic acid) (PAA) with the designated molar ratio of hydroxyl group to
carboxyl group, kept abundant of free hydroxyl groups to facilitate later in the
healing process (Zhang et al., 2014).

pH value was also found to be influenced by self-healing ability. In the study by
Phadke et al. (2012) prepared a rapid self-healing material using acyrloyl-6-
aminocaproic acid (A6ACA). The hydrogen bonding of this material was formed
by the COOH groups, which acted as both acceptors and donors. This material
lost the self-healing ability when the pH value was higher than the ionization
points of COOH groups. The phenomenon was due to the COOH that
deprotonated to be COO™ and lost the function of hydrogen bonding donors.
However, in an acid environment COO" can be protonated when the pH value is
less than the ionization point of COOH groups. Thus, the self-healing ability of
the materials can be restored.

2.6.2 Hydrophobic interactions

Hydrophobic interactions refer to the entanglement of the aliphatic molecular
chains. Based on the study by Sharma et al. (2017) that has demonstrated at
room conditions the iongels consist of 1-ethyl-3-methylimidazolium chloride (1L)
solutions made through the thermal treatments showed self-healing properties
after they were cut using a surgical blade. The healing process does not need
any stimuli to trigger the process. The healing mechanism was based on the
rejuvenating of their network structure via hydrophobic interactions between the
aliphatic hydrocarbon chains of the two gel pieces. The hanging hydrophobic tail
of 1L will immediately form any overlapping junction in creating the water
depletion regions, facilitating the healing. Thus, the healing is mostly governed
by hydrophobic interactions.

Furthermore, the potential reversibility of hydrophobic interactions would be
utilized in the creation of the self-healing material. A self-healing hydrogel has
been prepared via the polymerization reaction of large hydrophobic stearyl
methacrylate with a hydrophilic in the presence of sodium dodecyl sulfate (SDS)
as surfactant. The samples were observed to be stretched to a strain similar to
the original samples and exhibit self-healing at room temperature. It was
revealed that SDS plays a significant role in the self-healing ability of the
samples. It was due to the SDS increases the solubility of the hydrophobic
interactions, which generates the reversible cross-linked (Akay et al., 2013).

Furthermore, in the surfactant structure, the length of alkyl chains also affected
the mechanical strength and self-healing ability of the polymer. The self-healing
ability was shown with samples with 18 carbon atoms in the alkyl chains
(Tuncaboylu et al., 2012). It was associated with a structure that achieved a
favorable equilibrium between the flexibility of the molecular chains and the
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accessible hydrophobic interactions. The hydrophobic interactions also react
with the hydrogen bonding to enforce each other (Song et al., 2013). The
polymer synthesized with the stearyl methacrylate with the poly(acrylic acid)
demonstrated an elongation of up to 5 mm/mm (Gulyuz & Okay, 2013). This
polymer showed a strong self-healing ability with an efficiency of 80% when the
temperature rose to 80 °C after 30 minutes. This was due to the synergy between
the hydrogen bonding and the hydrophobic interactions (Phadke et al., 2012).

2.6.3 Influential factors of self-healing

Generally, the main functional properties of hydrophilic materials, such as gelatin
are strongly dependent on their water content. The adsorption of water vapor by
the dried film normally involves the binding of the water molecules to specific
hydrophilic sides, such as carboxylic, amino and hydroxyl residues in addition to
the backbone of peptide groups at lower humidities (Cuq et al., 1997) .
Meanwhile at higher relative humidity, multimolecular adsorption is by swelling
and changes in the macromolecular structural. As a good food packaging
material, knowledge of the barrier properties, including water sorption of the film
is much needed and important as it leads to the final applications of the film.
Moisture contents play a vital role in determining the performance of the film as
food packaging. This is because moisture is transferable element that can pass
through the film either by adsorption or desorption and instantly may affect the
properties of the film and packaged product (Bourlieu et al., 2009).

A mathematical modelling was developed previously by Zemskov et al. (2014)
for bacterial self-healing of cracks in concrete by using Galaerkin finite element
method in understanding and monitoring the healing process of the concrete
using bacteria as a catalyst agent. Another study by Li et al. (2013) proposed
using water absorption in monitoring and characterizing the crack network and
void in the healing process as the prime driving force for absorbing the water as
it greatly affects the healing process. A water absorption test can also be vital in
characterizing and evaluating the scratch film's healing process. This is because
the process involves releasing, gradually filling and repairing the film back (Li et
al., 2013).

2.6.4 Sorption analysis and isotherm

Permeability is the process that involves absorption (dissolution) of low-
molecular-weight gas or water vapor onto the side of the polymer film, followed
by diffusion through the film and finally by desorption from the other side. Several
factors influence the amount and rate of moisture that can transfer or diffuse,
such as temperature and relative humidity (Basha et al., 2021; Othman et al.,
2017). These factors need to be controlled to ensure the efficiency of the edible
film as well as the integrity of the products. Hence, in this present study, water
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sorption analysis is considered as one of the vital parameters in developing self-
healable packaging films with excellent properties.

The study on sorption isotherm provides information regarding the moisture-
binding capacity of samples under different relative humidity at different
temperatures. It is also useful in analyzing the moisture plasticizing effect and its
effect on mechanical properties (Al-Muhtaseb et al., 2002). Furthermore, the
sorption isotherm of bio-plastic can also be used to study and predict the stability
and quality changes during the packaging of food products (Srinivasa et al.,
2003).

The moisture sorption isotherm model is useful to forecast the water sorption
characteristics of a material under certain circumstances. Moisture sorption
isotherm represents the sorption behavior of the material in a graphical method.
It is able to describe the relationship between the equilibrium moisture content
of the material and water activity at a constant temperature. Using moisture
sorption isotherm can effectively evaluate the effect of temperature and relative
humidity on sample properties (Cadden, 1988; Lai & Padua, 1998). There were
several isotherm models can be fitted using the experimental data, such as
Peleg, Guggenheim Anderson de Boer (GAB), Smith, Halsey, Osmin and
Henderson model (Andrade P et al., 2011; Basha et al., 2021; Saberi et al.,
2015).

For the moisture sorption kinetic study, Suppakul et al. (2013) proposed a
method in which the samples were conditioned in a desiccator for three days of
silica gel to reduce initial moisture content before placing it over saturated salt
solutions with different relative humidity. The weight of the samples was
determined as a function of time while the moisture content was determined by
drying them in an oven at 105°C for 3 hours. Then, moisture adsorption curves
of samples were obtained from the data and fitted to a mathematical model
named Peleg Model to investigate the sorption kinetic of film.

Peleg Model is mainly used for moisture sorption kinetic study. The water
absorption of bio-based films over a period can be determined by using the
equation proposed by (Peleg, 1988):

t

My = M
K1+K2t

Equation 2.6

Where, Mt is a moisture content at a known time, (% dry basis), Mi is an initial
moisture content, (% dry basis), t is a the water absorption time, (in hour), and,
K1 and Kz are Peleg constants. By rearranging the equation gives:

t
Mt—-Mi

=K, +K, Equation 2.7
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From the plot of t/(Mt-Mi) versus t, a straight line was obtained with K1 as
intercept value while Kz is the gradient of the graph. The characteristic of Peleg’s
constant was determined from the plot.

The most well-fitted isotherm model that is commonly used in many studies for
the moisture sorption analysis of film is the GAB model (Bajpai et al., 2017;
Coupland et al., 2000; Cuq et al., 1997; Othman et al., 2019; Othman et al.,
2017). Fitting the experimental data in the isotherm model will provide
information on the quantities of the water that is strongly adsorbed to the specific
sorption site of the film and the number of the sorption sites. In addition, the
isotherm model also states the monolayer moisture content which corresponds
to the minimum moisture to avoid autooxidation and to improve the stability of
the films (Othman et al., 2019).

2.7 Summary

As a replacement for petroleum-based packaging materials that are not
biodegradable and have a detrimental influence on the environment, the creation
of biomass material has been employed incredibly and efficiently. Biomass
materials, as opposed to synthetic ones, provide environmental safety, non-
toxicity, environmental stability, and a host of attractive physico-chemical
properties. This chapter reviewed some of the biomass materials from different
sources. Previous researchers have come to an interest in extracting gelatin from
different animal sources as an alternative to biomass materials, including fish.
From the fish processing, the by-product generated was abundant and rich in
protein content for gelatin extraction. Fish processing by-products include bones,
skin, and scales. Fish scales have become an attention interest nowadays due
to their high protein content and good film-forming ability. Gelatin has also shown
good compatibility as an active film, incorporating antioxidants as active
substances. Previously, PANI has been utilized as an active substance
(antioxidant) in different fields with high antioxidant efficiency through DPPH
analysis. Most of the studies used in-situ methods to incorporate PANI into the
matrix, and numerous studies have applied solid PANI into the gelatin-based
film. Further study on the effect of size and concentration of PANI loaded into
the gelatin-based film on several characteristics has been suggested in this study
to be further investigated.

Gelatin with high content of hydrophobic amino acids, including glycine and
hydroproline has been proven to be excellent and gives good structural
characteristics to the film. It also has been reviewed that these properties help
in the self-healing behavior of the gelatin-based film. One of the influential
factors affecting the properties of the gelatin-based film is the water sorption
ability of the films. The phenomenon of self-healing is known to be related with
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the stimuli of water. To date, there is still no study on the effect of the self-healing
ability of the PANI/gelatin-based film at different surrounding conditions,
including RH and temperature.

In order to facilitate future food packaging applications, it was therefore required
to develop a self-healing PANI/gelatin-based active film. Thus, improved
knowledge will be provided on the self-healing behavior of PANI/gelatin-based
film with the understanding of the non-covalent bonding process related with the
water sorption activities at different surrounding conditions (relative humidity and
temperature).
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CHAPTER 3

METHODOLOGY

3.1 General experimental plan

The experiments were conducted in four major phases, as shown in Figure 3.1.
The first and second phases are related to the first goal. The first step involves
extracting gelatin from the red tilapia's fish scale and calculating yield as well as
physical, chemical, and morphological properties. The research then moved on
to the second stage, which involved the preparation of a red tilapia fish scale
gelatin-based film with the addition of 25% (w/w of the gelatin) glycerol as a
plasticizer, which was then characterised for physical, chemical, morphological,
mechanical, thermal, and barrier analysis. Following the successful preparation
of the gelatin-based film, the third step of the research focused on developing an
active bio-based film by inserting PANI as an active ingredient in the gelatin
matrix. The PANI/gelatin-based film was developed at these step in terms of the
sizes and concentrations of PANI put into the film. The physicochemical
properties and antioxidant activity of the PANI/gelatin-based film were assessed.
The last part of the research focussed on the efficiency and behaviour of the
PANI/gelatin-based film in terms of self-healing characteristics. This step
comprises an examination of the various variables (temperature and relative
humidity), which were then documented and discussed based on the film's water
sorption analysis.
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3.2 Extraction of gelatin from red tilapia’s fish scale

A red tilapia fish scale was bought at a local wet market in Pahang, Malaysia,
and delivered to the laboratory in a plastic bag. When the fish scale arrived at
the laboratory, it was maintained frozen at -20 °C in the freezer (Elba, Fiamma
Sdn. Bhd., Malaysia) until further processing. The scales were properly cleansed
and rinsed before being utilised for gelatin extraction to eliminate debris and
leftover blood. Proximate analysis was used to determine the chemical
composition of the fish scale.

Figure 3.2 shows the extraction process of the gelatin from the red tilapia’s fish
scale. Gelatin was extracted according to the procedure of Limpisophon et al.
(2009) and Weng & Wu (2015). First, the scales were washed to remove the dirt.
Then, the scales were soaked in a solution containing 0.05M sodium hydroxide
(NaOH) (R & M chemicals, Ever Gainful Enterprise Sdn. Bhd., Malaysia) and
25% of methanol (Systerm, Chemar, Malaysia) with a ratio of scale:solution is
1:4 (w/v) at 10 °C for 24 hours to remove the lipid, pigments and non-collagenous
proteins. Alkaline treated scales were then washed again. The scales were then
soaked to five time volumes of 0.05M hydrochloric acid (HCI) (J. T. Baker,
Avantor Performance Materials, Inc., Pennsylvania) for 2 hours at room
temperature for the demineralization of the scales. After that, the swollen scales
were washed thoroughly with clean water. After the pre-treatment, the swollen
scales were soaked in distilled water at 80 °C for 1 hour to extract the gelatin.
The mixture was centrifuged (Universal 320, Hettich GmbH & Co., Canada) at
15,000xg for 30 min. The supernatant of gelatin extract was freeze-dried, Then,
the yield of the gelatin powder obtained was calculated and stored at -20 °C in
the freezer (Elba, Fiamma Sdn. Bhd., Malaysia) until further use.
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Figure 3.2: The process flow of gelatin extraction from red tilapia’s fish
scale

3.3 Preparation of gelatin-based film

The gelatin films were developed using the same protocol for the solution casting
method as mentioned by Gonzalez et al. (2016) with some modifications on the
heating temperature and stirring time. The film-forming solution for the gelatin-
based film without glycerol (G- film) was prepared by dissolving 2% (w/v) of the
freeze-dried gelatin in 60 °C distilled water for 30 min with continuous stirring. As
for the gelatin-based film with glycerol as plasticizer (G-Gly film) 25% (w/w of the
gelatin) glycerol (Sigma Aldrich, Sigma Aldrich (M) Sdn. Bhd., Malaysia) was
added into the film-forming solution. 25% (w/w of the gelatin) of glycerol was
selected based on the previous studies (Nur Hanani et al., 2014; Pushpadass et
al., 2008) due to the maximum TS and optimum of elasticity with the suitable limit
to avoid probable toxic effects. Then, the solution was sonicated using an
ultrasonic probe (Q500, Qsonica L.L.C., USA) for 10 minutes (Chang et al.,
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2010) to remove the air bubble. The film-forming solution was cast into 14 cm
internal diameter petri dishes resting on a level surface for casting and were dried
at room temperature for 48 hours. After completely drying, the film was carefully
peeled off. The film was conditioned in sealed plastic and placed inside a
desiccator containing saturated magnesium nitrate (R & M chemicals, Ever
Gainful Enterprise Sdn. Bhd., Malaysia) 51% of RH at a temperature of 30 °C
(Y. X. Xu et al., 2005). The developed film was characterized for moisture
content, optical, chemical, mechanical, morphological, thermal, and barrier
properties.

3.4 Preparation of PANI/gelatin-based film

3.4.1 Synthesis of polyaniline (PANI)

PANI powders were synthesized chemically according to the Nand et al., (2011)
procedure. The procedure was carried in the ice bath by adding 50 ml of 0.5M of
ammonium persulfate (APS) (Sigma Aldrich, Sigma Aldrich (M) Sdn. Bhd.,
Malaysia) solution to 50 ml of 1M aniline (Sigma Aldrich, Sigma Aldrich (M) Sdn.
Bhd., Malaysia) and 1M HCI (J. T. Baker, Avantor Performance Materials, Inc.,
Pennsylvania) with vigorous stirred using a magnetic stirrer (Favorit, PLT
Scientific Sdn. Bhd., Malaysia). After reacting for 2 hours, the PANI was kept still
in the chiller at 5° C for 24 hours. Then, the PANI solution was separated using
vacuum filter and washed repeatedly using distilled water and methanol until the
supernatant became colorless. Then, the supernatant which is the PANI was
dried in the oven at 40° C for 24 hours. The dried PANI was then ground using
a dry grinder (EBG-J1536FJ) for 10 minutes and sieve by siever shaker (RS200,
Restch, Germany) using several different size ranges more than 50 um, 100 pm
,125 pum, and less than 250 um. The PANI powder was placed in air-tight plastic
container until further characterized.

3.4.2 Formulation of PANI/gelatin-based film

The PANI/gelatin-based film were developed using the same protocol for
solution casting method as in sub-section 3.3. The film forming solution was
prepared by dissolving 2% (w/v) of the freeze dried gelatin with 25% (w/w of the
gelatin) glycerol and PANI in the 60 °C distilled water for 30 min with continuous
stirring. Table 3.1 shows each of the film composition. The mesh sizes (US
measurement standard) used for the sizes of PANI were 60, 120, 140 and 270.
Three groups of PANI particles size were proposed in this study; A for the group
size of PANI more than 50 um and less than 100 um, B for group size of PANI
more than 100 um and less than 125 pm and C for group size of PANI more than
125 pum and less than 250 um. Size of PANI must be less than the thickness of
the film as to avoid damaged on the surface of film. Each of the group size of
PANI, the concentrations of PANI loaded were varied 0.5, 1 and 2 g/L. The films
were characterized for moisture content, optical, chemical, mechanical,
morphological, thermal, barrier and antioxidant properties.
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Table 3.1: Film composition of different PANI/gelatin-based film

Sample Gelatin Glycerol size of PANI Concentration
(Whv) (%)  (25% wiw powder (x) of PANI (g/L)
of
gelatin)
(9)
G-Gly 2 0.25 - -
G-Gly- 0.5
PANI(A0.5)
SA?\I'?E AL) 2 025  50umsx<100 ym 1.0
G-Gly- 2.0
PANI(A2)
G-Gly- 0.5
PANI(BO0.5)
G-Gly- 100um=<x<125 1.0
PANI(B1) 2 N um
G-Gly- 2.0
PANI(B2)
G-Gly- 0.5
PANI(CO0.5)
G-Gly- 125 pm=<x<250 1.0
PANI(C1) z e pm
G-Gly- 2.0
PANI(C2)

G: Gelatin; Gly: Glycerol

3.5 Self-healing test

The observation technique was used to characterize the self-healing
characteristics of the fish gelatin-based film, in which the film was cut with a 5
mm incision using a razor blade until its underlying substrate was reached. A
light microscope (Nowex B series, Holand) was used to examine and record the
damaged film. Then, using syringe, droplets of water were injected to the
damaged zones of the films to aid in the healing process. The damage-healing
process of the film was viewed and recorded using a light microscope (450X
magnification) to study the evolution of the self-healing from time to time. The
tensile strength of the film was then observed using a mechanical test to
investigate the underlying damage-restoring behaviour of the gelatin film
network. The damage-restoring behaviour was predicated on the film's capacity
to repair itself after damage utilizing water stimuli without the requirement for
detection or repair by manual intervention. The films were then tested for sorption
at various RH (23%, 33%, 43%, 57%, and 75%) and temperatures (5 °C, 30 °C,
and 40 °C).
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A 10 x 10 mm film strip with a 5 mm incision in the centre was put inside the
desiccators to test the impact of varying RH and temperature on self-healing
abilities. For each temperature (5 °C, 30 °C, and 40 °C), three different sets of
desiccators were employed with varied RH values (43%, 57%, and 75%). Using
a light microscope (450X magnification), the damage-repair process was
detected on the gap of the incision section on days 1, 4, and 7.

3.5.1 Sorption isotherm of the films

The film was cut into square shape with dimensions 30 mm x 30 mm and placed
inside the desiccator containing silica gel (R & M chemicals, Ever Gainful
Enterprise Sdn. Bhd., Malaysia) (0% RH) for 3 days at temperature, 30 °C
(Othman et al., 2019) . For a constant surrounding temperature, the desiccator
was put in an incubator (Incucell, MMM, Germany). A relative humidity meter
(NT-312, ProsKit, USA) was used to ensure the relative humidity inside the
desiccator was constant. The weight of the film before it was placed inside the
desiccator was measured and labeled as Wq. Then, weight of the film after it was
pre-dried inside the desiccator for five days was measured and labelled as Wa.
the initial moisture content was determined as follows (Equations 3.1):
_ wi-wd

Mi= Equation 3.1
wd

Where, Mjis an initial moisture content (% dry basis), Wi is an initial weight of
sample, (mg) and W is a dry weight of sample after being pre-dried in desiccator

(mg).

The five-day pre-dried films were then placed inside separate desiccators with
different RH conditions (23%, 33%, 43%, 57% and 75%) in triplicate samples for
each salt solution. In order to set five different RH conditions, various saturated
salt solution has been used as listed in Table 3.2. The water sorption properties
of the films were studied at three different temperatures; 5 °C, 30 °C and 40 °C.
Therefore, the desiccators were placed separately in conditioning equipment
such as chiller (Remi, India) set as 5 °C and incubator 30 °C and 40 °C
respectively. After that, the weight of the film was measured periodically every
24 hour for seven days. Equilibrium moisture content was calculated from the
increase in mass of dried sample after equilibration at given RH. The resulting
data was the equilibrium moisture content of the sample at different RH and
temperature. The weight of the product had reached the steady state with the
testing time, indicated that it reached the equilibrium state. Determination of the
equilibrium moisture content of the sample corresponding to different water
activity was carried out by using the following Equation 3.2:

=% (Mi+1)-1 Equation 3.2

€~ wi
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Where, Me is an equilibrium moisture content of the sample (% dry basis), (mg)
,Wiis an initial weight of the sample, (mg), Mi is an initial moisture content of the
product, (% dry basis) and We is an equilibrium weight of the sample, (mg).

Table 3.2: Relative humidity of saturated salt solutions

Saturated salt solutions RH (%)
Potassium acetate (CH3CO:2K) (Systerm, Chemar, 23
Malaysia)
Magnesium chloride (MgCIl) (Systerm, Chemar, 33
Malaysia)
Potassium carbonate (K2COs) (Systerm, Chemar, 43
Malaysia)
Sodium bromide (NaBr) (Systerm, Chemar, Malaysia) 57
Sodium chloride (NaCl) (Systerm, Chemar, Malaysia) 75

The moisture sorption data of the film was fitted to a mathematical model,
specifically the Peleg model. The Peleg’s model has been used widely to
describe the sorption process in various food applications (Othman et al., 2017;
Turhan et al., 2002).

The water absorption of starch-based plastic over a period of time was
determined using the equation proposed by Peleg, (1988) :

t

My = M
K1+K2t

Equation 3.3

Where, Mt is a moisture content at a known time, (% dry basis), Mi is an initial
moisture content, (% dry basis), t is a the water absorption time, (in hour) and,
K1 and Kz are Peleg constants. By rearranging the equation gives:

t
Mt-Mi

=K, +K, Equation 3.4

From the plot of t/(Mt-Mi) versus t, a straight line was obtained with Ki as
intercept value while Kz is the gradient of the graph. The characteristic of Peleg’s
constant was determined from the plot.

The were four isotherm models applied in this studied which were GAB
(Guggenheim Anderson de Boer), Smith, Halsey and Caurie model. All the
models fitted with the experimental data using MS Excel Software (Saberi et al.,
2015).
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0] GAB model

The used of GAB model is generalized by its theoretical bases, mathematical
simplicity and ease to interpret. The equation of the model is as followed:

Me _ Ckaw Equation 3.5

wm (1—kaw)(1-kaw+Caw)

where, Me is an equilibrium moisture content of the sample (dry basis), (mg),
W is a GAB monolayer moisture content, C is a Guggenheim constant, aw is a
water activity, (%) and k is a factor correcting properties of the multiplayer
molecules corresponding to the bulk liquid. The parameters (k, Wm and C) in
GAB models were obtained from its second-order polynomial form:

aw

—-=a aw’ + B awt y Equation 3.6
. . k - a1
where: a = e—— B= o and vy o
(ii) Smith Model

This model was normally used to describe the final curved portion of sorption
isotherm of bio-plastic with high molecular weight. The equation was expressed
as

M= A-B log (1-aw) Equation 3.7

Where the dimensionless constants A represents the moisture bound to the
surface and B represent the moisture in a unimolecular layer of normally
condensed moisture. The constant A and B were computed from intercept and
slope of the linear regression of M versus log (1-aw).

(iii) Halsey Model

Halsey equation was established at 1948 and its equation was expressed as:

In (M) =a + b (In(-In(aw))) Equation 3.8

Where a and b were the constants for equation. The Halsey constants were
computed from a linear plot of In(M) versus In(-In(aw)).

(iv) Caurie Model

The equation was expressed as
In (M)=1In A —raw Equation 3.9
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Where A and r were the constants for equation. The constants were computed
from a linear plot of In(M) versus aw.

3.6 Analytical methods

3.6.1 Measurement of film thickness

Thickness of the sample film was measured using a digital vernier caliper (Model
MIT-500-196-20, Japan) at ten arbitrary points (n=10). Then, the average
thickness value were determined.

3.6.2 Yield of gelatin

The average yield of three replications of gelatin was calculated based on dry
weight of fish scale using the following equation 3.10 (Das et al., 2017) :

Weight of dried gelatin (g)

Yield of gelatin (%) = x 100 Equation 3.10

Dry weight of fish scale (g)

3.6.3 Proximate analysis of the fish scale and gelatin

The protein, fat, ash and moisture contents of the fish scale and the gelatin
powder were determined according to the Association of Official Analytical
Chemists (AOAC) (AOAC International, 2016) methods with the analytical
number of 981.10, 991.36, 923.03 and 950.46 respectively. Meanwhile, for the
carbohydrate analysis, the test followed Food Analysis: Theory and Practice
method (Pomeranz & Meloan, 2000).

3.6.4 Determination of amino acid composition of extracted gelatin

The analysis of amino acid constituents in extracted gelatin was carried out by Unipeq
Laboratory, Universiti Kebangsaan Malaysia, utilising the Waters AccQ Tag/HPLC
technique and all standard protocols for quantifying amino acids. High-performance liquid
chromatography (HPLC) using a Waters 410 Scanning Fluorescence AccQ Tag Column
(3.9 x 150 mm) was used to run and assess the quantity of amino acid composition. The
amino acid compositions were collected from three replications of extracted gelatin
samples on average.
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3.6.5 Morphological analysis by using scanning electron microscopy
(SEM)

The morphology of the surface of sample films were analyzed using SEM (Model
JSM-6400, Jeol, USA). The images were taken at an acceleration voltage of 15
kV. All specimens were coated with a thin layer of gold to eliminate charging
effects. ImageJ software was used to further analyzed the SEM images obtained.

3.6.6 Chemical functional group analysis by Fourier-transform infrared
spectroscopy (FTIR)

FTIR spectra were recorded using Thermonicolet (Model Nicolet 6700, United
State) spectrometer and transmission spectra were obtained by forming thin
transparent potassium bromide (KBr) pellets. All the spectra were recorded in
absorbance mode with a resolution of 4 cm™ in the range of 600 to 4000 cm™.

3.6.7 Determination on moisture content of films

The moisture content (MC) of the films was determined by measuring the weight
loss of the films upon drying. Before the film dried at 105 °C for 24 hours in a
ventilated oven C (UF110, Memmert, Germany) the initial weight (W1) was taken.
After 24 hours, the dried films were weight as final weight (W2). The data
obtained were calculated averagely on three replications of each films following
Equation 3.11:

MC (%) = 22100 Equation 3.11
1

3.6.8 Physical properties of the films

Color of the film was examined by using a color spectrophotometer (HunterLab,
Ultrascan, Pro, USA) by measuring the CIELAB coordinates (L*, a*, b*). The
color values were averaged based on at least three replications. The total color
difference (AE) was calculated using Equation 3.12:

AE = \/(AL)? + (Aa*)? + (Ab*)? Equation 3.12

where AL", Aa" and Ab" are the difference between standard white tile (L=88.14,
a=80.18 and b=85.08) and film samples respectively.
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For the opacity, the value of the films was calculated based on the Equation 3.13:
Opacity = Aggo/L Equation 3.13

Where Asoo is the value of absorbance at 600 nm (Nordin et al., 2020) and L is
the film thickness (mm).

3.6.9 Mechanical test of the films

The mechanical properties (tensile strength and elongation at break) were
studied using Texture Analyzer (TA.XT2, Stable Micro Systems, UK) with a load
cell of 5kN according to ASTM D882-02 (ASTM, 2002). The film sample strips,
size of 100 x 15 mm, were cut from each sample. Before testing, the thickness
of the film was measured using a Digital Vernier Caliper (MIT-500-196-20,
Japan) at ten arbitrary points of the film. Then, the averages of these values were
used to calculate the cross-sectional area of each film. The film samples were
pre-conditioned for 24 hour at room temperature in a desiccator containing
saturated magnesium nitrate (R & M chemicals, Ever Gainful Enterprise Sdn.
Bhd., Malaysia), 51% of RH before being analyzed. The end of each sample was
mounted using a utility tape to prevent cracking and slippage of film during
testing. Force (N) and deformation (mm) were recorded with a cross-sectional
test speed of 30 mm/min. Property values reported here represents the average
of the results for test run on five specimens for each sample with standard error.

3.6.10 Determination of glass transition temperature (Tg) using
differential scanning calorimetry (DSC)

Differential scanning calorimetry (Universal V3-9A TA Instrument, New Castle,
PA, USA) equipment was used to determine the glass transition temperature of
different types of plasticized films. The calibration of the equipment was
conducted using indium as standard. For differential scanning calorimetry (DSC)
analyses, 5 mg of film samples were weighed and placed in an aluminum sample
pan which was immediately sealed. An empty sample pan was used as a
reference. Film samples were heated from 30 to 195 °C at a rate of 10 °C/min.
Nitrogen gas was used to flush the DSC cell at a flow rate of 50 mL/min to
maintain an inert environment. The apparent glass transition temperature (Tg)
was measured as the midpoint of the heat flow change at the glass transition in
the first heating scan.
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3.6.11 Determination of thermal degradation of the films using Thermo-
gravimetric analysis (TGA)

Thermo-gravimetric tests were performed using Mettler Toledo thermal analyzer
(TA Instruments, New Castle, PA, USA). The tests were carried out at
temperature range from 25 to 800 °C with a heating rate of 10 °C/min under
nitrogen gas. Film sample of 5-15 mg was placed. The onset decomposition
temperature and weight loss profiles were obtained.

3.6.12 Determination on water vapor permeability of the films

The water vapor transmission rate of the film was measured by a modified
technique of a dry cup method, according to (Basha, 2011) followed by the ASTM
E96 standard (ASTM, 2005). The cup used were according to JIS-20208 (Japan
Standard for Water Vapor Transmission Rate of Materials) with 28 cm? of
transmission area. The thickness of the film was measured using Digital Vernier
Caliper (MIT-500-196-20, Japan) at ten arbitrary points of the film. The mean
value of ten measurements was used as the film thickness to calculate the water
vapor permeability. First, the film samples were pre-conditioned for 24 hour at
room temperature in a desiccator containing saturated magnesium nitrate (R &
M chemicals, Ever Gainful Enterprise Sdn. Bhd., Malaysia), 51% of RH before
being analyzed.

10 g of calcium chloride (Chemiz, Malaysia) was placed in the cup. Wax was
used to seal the film to the cup. For around 10 minutes, the wax was allowed to
cure and relax. The ready set of sample cups was then weighed. The cup was
then placed in the desiccator to maintain the humidity and placed at room
temperature (25 °C). The cups were periodically removed and weighed. The
mass of water loss from the cups was monitored as a function of time. The steady
state of the bound water transfer during the experiment was identified when
linear relationship between the mass of water loss and time was obtained. There
replications for each sample were done and the result calculated averagely.

3.6.13 Measurement of particle size

Particle size analysis was analyzed by using a Mastersizer 2000 (Model
APA2000, United Kingdom) laser diffractometer for the analysis of size
distribution in different group sizes of PANI. The measurements were conducted
using Hydro MU dispersion units with distilled water as a dispersant.

53



3.6.14 Determination of antioxidant activity using free radical scavenging
analysis

DPPH (1,1-diphenyl-2-picrylhydrazyl) assay method (Hsu et al., 2008, 2011) was
applied for the assessment of the films. The 20 (1 x 1 cm?) film pieces were
added to 20 mL of a 55 uM methanolic DPPH solution. The samples were left to
react in the incubator for 24 hour and after which the absorbance of the
supernatant at 516 nm was measured using a UV Spectrophotometer machine
(Ultrospec 3100, Amersham Biosciences, Germany). A blank DPPH solution
without a sample was also set up as a control. The percentage (%) of DPPH*
which reacted over 24 hour period was then calculated after subtracting away
the background loss of DPPH* solution without sample. There replications for
each sample were done and the result calculated averagely.

3.7 Statistical analyses

Each experiment and measurement were performed in triplicate. Statistical
analysis was conducted using a statistical program (Minitab 17) with analysis of
variance (ANOVA). The significant differences between means were evaluated
by Tukey’s multiple range test. Differences were considered statistically
significant at p < 0.05.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Extraction and characterization of gelatin from red tilapia’s fish
scale

4.1.1 Yield and approximate composition of extracted red tilapia’s fish
scale gelatin

Approximate compositions, such as protein, fat, ash, and moisture content of the
fish scales and extracted gelatin, were tabulated in Table 4.1. The red tilapia’s
fish scale was primarily composed of 24.60% protein, 59% moisture, 0.60% fat,
and 15.80% ash. The value of protein content is fairly consistent with the findings
by Sockalingam & Abdullah, (2015) but different in moisture and ash content as
this might be due to the different type of tilapia used (black tilapia’s). Besides,
there are many factors that can affect the total protein concentration of the fish
scale, including the species and age of the fish (Karim & Bhat, 2009). With
protein as the major components in the scale, the gelatin has been extracted
from red tilapia’s fish scale using chemical pre-treatment and thermal
denaturation of collagen technique at 80 °C for an hour. In Table 4.1, the
approximate compositions analysis of extracted gelatin for the protein, fat, ash,
and moisture values were at 85.80%, 0.40%, 2.50%, and 11%, respectively. In
compared to the protein content (90.76%) as major contents with low contents
of fat and ash in gelatin extracted from tilapia’s scale obtained by Weng et al.
(2014) it was a bit lowered due to the different method of extraction. The
extraction of gelatin using chemical pre-treatment and thermal denaturation
technique used in this study obtained protein as the major constituent with low
contents of both lipids (fat content) and inorganic matters (inorganic residues in
the form of ash).

Table 4.1: Percentage of approximate composition of red tilapia’s fish
scale and extracted gelatin

Composition Yield (%)
Fish scale Extracted gelatin
Protein 24.60 85.80
Fat 0.60 0.40
Ash 15.80 2.50
Moisture 59.00 11.00

The yield of extracted gelatin after freeze drying the gelatin solution was 4.30%
based on the dry weight basis from fish scales. The result was slightly lower than
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reported by Zin et al. (2019) with the yield of extracted gelatin of red tilapia fish
scale of 5.8%. The differences in the extraction yield were due to the several
factors including the differences in nutrition compositions of the scales, the
collagen content, and the amount of soluble components in the scales beside
the age of fish and extraction method (Songchotikunpan et al., 2008). Thus, red
tilapia’s fish scale has shown promising result and has the potential concerning
the gelatin extraction with good yield and protein content.

4.1.2 Amino acid composition of gelatin extracted from red tilapia’s fish
scale

The data in Table 4.2 showed the amino acid composition of gelatin extracted
from the red tilapia’s fish scale. The result indicated that the glycine content was
the highest with a result of 20.79 g/100g, followed by hydroproline 14.38 g/100g,
and proline 10.47 g/100g. The high amino contents obtained in this study were
similar to the previous studies (Limpisophon et al., 2009; Mohammad et al.,
2014a; Weng & Wu, 2015). Glycine content in the red tilapia’s fish scale gelatin
was abundant, which is relatively similar to gelatin from sardine, red sea bream,
and Japanese sea bass scale (Nagai et al., 2004; Weng & Wu, 2015). Proline
with hydroproline makes up the imino acid complex, which is particularly
important in determining the gel properties of a particular gelatin. Commonly, the
triple helix of gelatin molecules is made up of a repetitious sequence of glycine-
proline-hydroproline. The significant function of imino acids in the triple-helix
structure of gelatin molecules also leads to the gel strength of gelatin and (Tong
& Ying, 2013). The stability of the triple helical structure in renatured gelatin is
relatively proportional to the total content of imino acids. Hydropoline acts in the
stabilization of the triple-stranded collagen helix because of its hydrogen bonding
ability through its hydroxyl group (Hoque et al., 2011). Gelatin of animals from
high-temperature habitats has higher imino acid content compared to those from
low-temperature habitats. Hence, fish gelatin generally has lower imino acids
concentration than mammalian gelatin. However, warm water fish have a higher
concentration of imino acids compared to cold-water fish. It also has been
reported that gelatin with higher content of imino acid and alanine exhibited
better viscoelastic properties and have the ability to develop the triple-helix
structure (GOmez-Guillén et al., 2009). Consequently, this will positively affect
the film-forming properties of gelatin. The lowest amino acids by composition
were valine (1.9 g/100g), histidine (1.22 g/100g), isoleusine (1.14% g/100g),
phenylalanine (1.02 g/100g), and thyrosine (0.50 g/100g). All these amino acids
are inherent properties of gelatin (Mahmoodani & See, 2013). Hence, with high
content of imino acid, the gelatin exhibited an excellent filmogenic (ability to form
film) property, which later resulted in contributing a positive effect on the
development of the gelatin-based film.
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Table 4.2: Amino acid composition of red tilapia’s fish scale gelatin

Amino acid Composition (g/100g)
Hydroxyproline 14.38+0.30
Aspartic acid 4.05+0.06
Serine 3.83+0.07
Glutamic acid 8.19+0.13
Glycine 20.79+0.15
Histidine 1.22+0.06
Arginine 10.33+0.05
Threonine 3.04+0.03
Alanine 7.90+0.09
Proline 10.47+0.02
Thyrosine 0.50+0.01
Valine 1.90+0.02
Isoleusine 1.02+0.00
Lysine 2.70+0.06
Leusine 2.39+0.00
Methionine 1.14+0.01
Phenylalanine 2.05+0.02
Total 95.90+1.06

4.1.3 Morphological analysis of the gelatin

The gelatin extracted from the red tilapia’s fish scale was in a snowy white
crystal-like appearance and had a light texture. The white color appearance of
the gelatin imparts a good influence or quality on the develop film in term of color.
Moreover, the gelatin extracted has barely detected a fishy odor. Digital
photographs of freeze-dried gelatin are shown in Figure 4.1 (a) with the porous
structure, as apparent. The flank of the freeze-dried gelatin looks bright, white,
and shiny. The surface morphology of the freeze-dried gelatin was observed by
SEM and is shown in Figure 4.1 (b). The sample presented a rough surface and
porous on the side of the wall. During the freeze-drying process, the materials
were dried by sublimation of ice crystals under vacuum at a temperature below
the ice freezing point (Federal & Catarina, 2017; Kang et al., 1999). The free
water in the polymeric solution was frozen, causing the polymer chains to gather
and condense, leading to a honeycomb structure after ice sublimation.
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Figure 4.1: (a) Digital photograph and ; (b) SEM micrograph of freeze dried
red tilapia’s fish scale gelatin

4.1.4 Chemical functional groups analysis in extracted red tilapia’s fish
scale gelatin structure

FTIR spectra of extracted gelatin is shown in Figure 4.2. The peptide group of
polypeptides and proteins gives movement to many representative vibrational
bands (amide A, B and amide I-VIl). As shown in Figure 4.2, several
characteristics can be observed and depicted by four individual peaks marked
by Amide I, Amide I, Amide Ill, and Amide A from the freeze-dried gelatin. The
main vibrational modes of the peptide bond were also shown in Figure 4.2
(Foggia et al., 2012).

The amide | peak occurred at 1731 cmis due to the C=0 stretch and attributed
to the unordered and a-helix structures. Besides that, the amide Il band existed
due to N-H bending and C-N stretching vibration, being detected at 1538 cm™.
This type of amide existed due to the N-H bending and C-N stretching vibration.
As for the amide Il1, the band observed at 1228 cm™. For the amide A, the broad
peak can be observed at 3284 cm™. This peak was related to NH stretching
coupled with hydrogen bonding and free water (Bergo et al., 2010).

In short, the FTIR spectra indicated four individual's peaks, which were amide A,
amide |, amide Il, and amide Il that were relatively concerned with the vibrational
of -C-N and N-H functional groups. Thus, the gelatin extracted from red tilapia’s
fish scale exhibit excellent characteristics on film forming solution. Next part of
this chapter will be focusing on the preparation and characterization of the
gelatin-based film with and without the addition the plasticizer that includes
moisture content, optical, chemical, mechanical, morphological, thermal, and
barrier properties. In the present study, 25% of glycerol (w/w of the gelatin) has
been applied to prepare the gelatin-based film.
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Figure 4.2: FTIR spectra of gelatin

4.2 Preparation and characterization gelatin-based film with the
addition of glycerol as plasticizer

4.2.1 Physical and optical properties of the gelatin-based film

Figure 4.3 (a) and (b) are the digital photographs of gelatin-based film with and
without the addition of glycerol. Both gelatin-based films with and without glycerol
were transparent, as the letter ‘S’ on the paper can be seen clearly. The
thickness measurements were 0.05+0.01 mm and 0.06+0.01 mm for both
gelatin-based film without the addition of glycerol (G) and with the addition of
glycerol (G-Gly), respectively. The G-Gly film was more transparent compared
to the G film due to the decreased protein-protein interactions, associated with
the increasing in the free volume in the film matrix, which then easily allowed
light to pass through the network (Chuaynukul et al., 2017). Further explanation
on the optical properties for the color and opacity of the film were analyzed and
explained in the following paragraph.
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(b)

Figure 4.3: Digital photographs of (a) G: gelatin-based film without addition
of glycerol and (b) G-Gly: Gelatin based film with addition of glycerol

The color of the material and degree of transparency are crucial aspects of food
packaging that may affect the contained food products, which in turn, determines
the consumer’s opinion of their acceptability. Table 4.3 displayed the color
values (L, a*, b* and AE) and opacity of the gelatin-based films. As apparent in
Table 4.3, both G and G-Gly generally had similar L, a*, b*, and AE values,
except for the opacity aspect. This is evident from the visuals shown in Figure
4.4, whereby the color of both films was similar. It was reported by Gennaddios
et al. (1996) and Vanin et al. (2005) that plasticizer does not influence color
differences, neither caused by type nor concentration of plasticizer. The a*
values obtained for both films were low than 0, which indicates that the films
were more neutral in terms of red or green chromaticity. The gelatin-based film
produces transparent films with a sightly yellowish tint with the b* values of 3.40
and 3.97 for G and G-Gly films, respectively. It is generally known that AE values
obtained gives better differentiation of color for comparison purpose (Francis,
1983) The AE obtained for both films falling in a narrow range with no
significance difference between both films. It indicates that both film look similar
or alike in term of color as observed from Figure 4.3. However, based on the
opacity obtained, G-Gly film had lower opacity values compared to G film,
indicating the presence of glycerol resulted in an increase in the film
transparency. Such an occurrence is related to the decreased protein-protein
interactions and increasing in free volume in the film matrix. Hence, light could
pass through such a network more easily (Chuaynukul et al., 2017).
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Table 4.3: Optical properties of the gelatin-based films

Sample L a* b* AE Opacity

films*

G a a a a
90.63+2.51 1.02+0.16° 3.40+0.54* 4.71+1.062 13.92+0.89

G-Gly

90.12+0.212 3.97+0.192 5.07+0.07% 11.68+0.09°

1.23+0.062
*G=Gelatin based-film without glycerol, G-Gly=Gelatin based film with glycerol
a, b Different superscripts indicate a statistically difference (p<0.05) within the
same column

4.2.2 Moisture content of gelatin-based film

Table 4.4 showed the moisture content of the gelatin-based films without and
with the addition of plasticizers. From the result obtained, the moisture content
of the gelatin-based film with the addition of glycerol was significantly higher
compared to the one without the addition of glycerol. This observation is
attributed to the character of glycerol, which is hygroscopic and easy to retain
water in the matrix of the film. This finding was also correlated with other studies
that reported the addition of plasticizers caused an increment in the moisture
content of hydrocolloid films like gelatin (Sanyang et al., 2016; Tarique et al.,
2021). The addition of glycerol will generate more hydrophilic hydroxyl groups
as active sites could be replaced by water molecules with the hydrogen bonds
formed (Sanyang et al., 2016; Sanyang et al., 2015). Thus, glycerol acts as a
water-holding agent that has an effect on the moisture content of the film.

Table 4.4: Moisture content of gelatin based-films

Sample films* Moisture content (%)
g 19.84+0.87"
G-Gly 27.11+£2.072

*G=Gelatin based-film without glycerol, G-Gly=Gelatin based film with glycerol
a, b Different superscripts indicate a statistically difference (p<0.05)

4.2.3 Mechanical properties of the gelatin-based film

The interaction of protein, hydrocolloids, and other additives, including
plasticizers and water, plays an important role in the mechanical properties of
the film. The protein chain and plasticizers are partly attributed to the mechanical
properties in these interactions (Li et al., 2014; Park et al., 2001). The
mechanical properties of the material are related to their chemical structure
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(Mchught & Krochta, 1994). From the result obtained, a stress-strain curve was
developed (Figure 4.4) to determine the tensile strength (TS) and elongation at
break (EAB). From the tabulated data, the values of TS and EAB for the films
were calculated, as shown in Table 4.5.

70 G film G-Gly film

Stress (MPa)
N
o

0 0.2 0.4 0.6 0.8 1
Strain (-)

Figure 4.4; Stress-strain curves represent tensile properties of the gelatin-
based film

Table 4.5: Mechanical analysis of the gelatin-based films

Sample films* TS (MPa) EAB (%)

G b b
72.23+3.27 3.25+0.22

G-Gly 14.83+1.112 06.44+5.322

*G=Gelatin based-film without glycerol, G-Gly=Gelatin based film with glycerol
a, b Different superscripts indicate a statistically difference (p<0.05) within the
same column

The result of tensile tests showed that gelatin-based film without the addition of
glycerol broke rapidly, as shown in Figure 4.5, after yielding with the TS of 72.23
MPa and EAB of 3.25%. Meanwhile, gelatin-based film with the addition of
glycerol broke after necking and stress increased with strain above the yield
stress at 14.83 MPa and 96.44% of TS and EAB, respectively. The mechanical
behavior of the gelatin-based film without glycerol was typically brittle and rigid.
In this study, the stiffness (Young Modulus) of the G film was not determined
although the G film showed high TS that reflected to the blitheness of the film.
TS of the film showed the maximum force that the film can stand before break
when the film being pulled. To overcome this problem, plasticizer was
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introduced. Hence, the efficacy of the glycerol as plasticizer can be compare by
analyzed the TS and EAB of the film only. The presence of these characteristics
is due to the higher interactions and proximity between protein chains in the
absence of the glycerol that was in line with the studies of Yang & Paulson (2000)
and Nor et al. (2017b). Polar group (-OH) along a plasticizer's chain are
functioning in developing the polymer-polymer interactions in bioplolymer films.
A small quantity of plasticizers added in between the polymer chains produced
a ‘cross-linker’ effect that would decreased the free volume and the segmental
mobility of the polymer and subsequently decrease the mechanical strength of
the films (Ghasemlou et al., 2011).

In additions, based on the moisture content of G-Gly film was higher compared
to the G film. Film that contains glycerol reflected with higher moisture content
and consequently lower the TS. This is because addition of glycerol offer the
chancers of plasticizer-gelatin, plasticizer-water and plasticizer-plasticizer
interactions (Sanyang et al., 2015a). G-Gly films generates more hydroxyl
groups as actives sites which could occupied by water molecules. Thus,
increasing the moisture content and lowering the TS.

On the other hand, the EAB of the gelatin-based film with the addition of glycerol
is superior to the gelatin-based film without the addition of glycerol, having a
result of an EAB value of 3.25%. Hence, the EAB exhibited an inverse trend
toward the TS result. In compared to other fish gelatin-based film, such as from
blue shark skin (6.24%) (Limpisophon et al., 2009) and commercial fish skin
(24.10%) (Chuaynukul et al., 2017), red tilapia fish scale gelatin showed the
highest EAB, whereby the EAB data correspond to the film’s breaking point. This
indicates that, with the presence of glycerol, it causes the reduction in
interactions between the biopolymer chains (Nor et al., 2017) which then results
in attaining a higher EAB value. (Bergo & Sobral, 2007) also found that the
addition of glycerol reduced the formations of junctions between the adjacent of
the biopolymer. The existence of glycerol is also responsible for reducing gelatin
crystallinity that increases the film’s mobility and flexibility. Therefore, the
interactions between proteins chains are reduced, which permits in increasing
macromolecular movements and decrease the free volume and segmental
mobility of the polymer, enhancing the film extensibility (Ghasemlou et al., 2011;
Jongjareonrak et al., 2006; Nor et al., 2017).

Overall, the incorporation of glycerol molecules in gelatin-based film replaced
gellan-gellan hydrogen bond by establishing glycerol-hydrogen bonds. This can
be related to the result from the FTIR analysis, where the peaks of amide A
bands become more intensely widen and sharpen with the addition of glycerol.
This explains the hydrogen bonding between the -OH group of amino acids in
gelatin with the glycerol (Gueguen et al., 1998; Muyonga et al., 2004). Hence,
the chain segmental increase with the extensibility improved and interactions
between the molecular chain reduced, thus decreasing in tensile strength. Thus,
the addition of glycerol acted as a satisfactory plasticizer and was compatible
with gelatin-based film. Moreover, glycerol is favored due to its stability and
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compatibility with hydrophilic film, such as gelatin with the 25% addition improved
the brittleness properties of gelatin based film (Pushpadass et al., 2008;
Limpisophon, at al., 2009; Tongnuachan et al., 2012, Nur Hanani et al., 2014;
Nordin et al., 2020).

4.2.4 Chemical functional groups analysis in gelatin-based film using
Fourier-transform infrared spectroscopy (FTIR) analysis

Figure 4.5 shown the FTIR spectra obtained in the gelatin-based film with and
without the addition of glycerol as plasticizers. Several characteristics of FTIR
absorption bands of amide A, I, Il, and IIl can be observed from the spectrum
which have similar findings in the sub-section 4.1.4 (chemical interaction
analysis for gelatin).
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Figure 4.5: FTIR spectra of gelatin obtained from gelatin based-film without
(G) and with the addition of glycerol (G-Gly)

The amide | band is very sensitive and is frequently used to study secondary
protein makeup. The amide | peak occurred at 1643 cm™ for both extracted
gelatin. This peak is corresponded to a combination of a C=0 stretching vibration
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of the amide group and N-H bending, which usually occurs in the range of 1600
cm?*t01700 cm? (Ahmad & Benjakul, 2011; Nikoo et al., 2011).

On the other hand, amide Il exists due to N-H bending and C-N stretching
vibration and reveals less protein conformation than amide I, which was detected
at 1549 cm. There were various other group characteristics marked by different
other bands but rarely used in protein conformational studies (Nikoo et al., 2011).

The amide A in this study is the wide peak occurring in the range between 3317-
3322 cm? for all the samples. This peak corresponds to NH stretching coupled
with hydrogen bonding. Hydrogen bonding between OH groups of the amino
acids in gelatin is responsible for the width (Muyonga et al., 2004). These peaks
changed more intensely, widening and sharpening with the additional of glycerol
in the film. Such a reaction is possibly due to the -OH group contribution made
by the plasticizers.

Referring to Figure 4.5, it is evident that Amide Ill bands occurred at the range
1233-1241 cm!, which is consistent with the observations of Ahmad & Benjakul,
(2011). With the addition of glycerol, the changes occurred with the increased in
intensity and sharper peaks. This was due to the occurrence of additional
interactions between the glycerol and film structure. These bands also reflect the
presence of the free water (Nor et al.,, 2017b). The aliphatic alcohol group
presented at a much higher band of 1046 cm™ with the present of glycerol,
indicating the concentration of glycerol was high enough to exhibit the signal in
the infrared spectrum.

Overall, the shape and positions of the spectra of film were found to be practically
unchanged with the addition of glycerol except for the peak intensity. Hence,
glycerol permeates the film matrix, occupying positions between the
macromolecules, without inducing any new interactions between the
macromolecules.

4.2.5 Morphological properties of the gelatin-based film using scanning
electron microscopy (SEM)

SEM micrograph of the surface of the gelatin-based film without (G) and with (G-
Gly) addition of glycerol are shown in Figure 4.6 (a) and (b) at 100x
magnification. Both of the gelatin-based films show homogenous, smooth,
uniform, and continuous surfaces. This was in line with the other studies by (Li
et al. (2014) and Tongnuanchan et al. (2012). This was due to the presence of
ordered phase and homogeneous network structure. It can be anticipated that
better mechanical characteristics in term of elasticity can be obtained given the
homogeneity of these films’ structural integrity and homogeneity (Tarique et al.,
2021). It has been proven in Section 4.2.3, whereby the EAB of G-Gly films was
increased significantly (p<0.05).
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Figure 4.6: SEM micrograph of gelatin-based film (b) without the addition
of glycerol (d) with the addition of glycerol

4.2.6 Glass transition temperature (Tg) analysis of gelatin-based film by
differential scanning calorimetry (DSC)

For applications purpposes, the glass transition temperature (Tg) of polymers is
an important parameter that affects the thermo-rheological behavior of
applications (Backfolk et al., 2007). In this study, only Tg is measured not
including melting temperature (Tm) and crystallinity temperature (Tc) due to the
fact gelatin is likely amorphous. Ty in the molecular segmental concept of
disordered (amorphous) structure which is stabilised by various protein
interactions during film forming (Jongjareonrak et al., 2006; Tongnuanchan et
al., 2014). T4 dependent on molecular structure and interaction as well as chain
stiffness which serves to explain the physical and chemical behaviour of material
system. Ty results obtained for DSC thermograph (Figure 4.7 and 4.8) as the
midpoint of the heat flow change at the glass transition in the first heating scan
of each gelatin-based film with and without the addition of glycerol is shown in
Table 4.6.
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Figure 4.7: DSC thermograph of gelatin-based film without glycerol (G)
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Figure 4.8: DSC thermograph of gelatin-based film with glycerol (G-Gly)
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Table 4.6: T4 of the gelatin based-films with and without the addition of
glycerol

*Sample Tg(°C)
Glycerol -78.6
G film 62.58
G-Gly film 59.91

*G=Gelatin based-film without glycerol, G-Gly=Gelatin based-film with glycerol

From the result in Table 4.6, Tq (59.91 °C) for the G-Gly film reduced after
accounting for the addition of plasticizer compared to the G film (62.58 °C). This
was due to the glycerol-rich phase in the gelatin matrix film. Based on the
literature that used the similar brand of glycerol, Tq of glycerol is obtained at -
78.6°C (Arik Kibar & Us, 2013). The addition of glycerol in the gelatin-based film
created the hydrophilic hydroxyl groups as active site which attracted the water
molecules (Sanyang et al., 2015). This is due to the hygroscopic characteristics
of glycerol. As explained in Section 4.2.2, with the high moisture content of
plasticized film, the film tends to easily retain the water into the gelatin matrix
film. Hence, with high attraction of water molecules retain in the film matrix and
it being considered as a polymer inter-chain mobility enhancer, this will lower the
Tg value. The incorporation of glycerol increases the free volume and provide
several interactions between gelatin-glycerol, glycerol-water and glycerol-
glycerol interactions. Moreover, this can be related with the mechanical
properties of glycerol plasticized gelatin-based film whereby the TS reduced but
EAB increased with the lower Tg. This also probably due to the ability of glycerol
to penetrate between the polymer chains and therefore weaken the interaction.

4.2.7 Thermal analysis of gelatin-based film by Thermo-gravimetric
analysis (TGA)

TGA is used to analyze the thermal stability and decomposition behavior of the
polymer sample, where the sample is heated to a high temperature in a
controlled environment. Table 4.7 shows the weight losses during the heating
process, described at three thermal degradation stages.
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Table 4.7: Thermal degradation temperatures (T4, °C) and weight loss (Aw,
%) of tilapia fish scale gelatin-based film

Sample films A1 Az As
le,onset Awl Td2,0nset AWZ Td3,onset AW3
°C) (%) (°C) (%) C) (%)
G 131.67 6.21 455.24 51.08 654.33 6.99
G-Gly 130.67 3.86 277.31 10.72  486.29 46.01

*G=Gelatin based-film without glycerol, G-Gly=Gelatin based-film with glycerol

The initial stage of thermal degradation was due to the loss of moisture due to
dehydration on the loosely bound water and/ or the evaporation of volatile
components in the films that occurred at a temperature less than 150 °C
(Tongnuanchan et al., 2014). It can be observed from Table 4.7 that G film had
high weight loss compared to plasticized gelatin-based (G-Gly) film in the range
of temperature 130.67-131.67 °C. This was associated with the high amount of
water in film ascribed to a higher amount of hydrophilic gelatin components in
the films (Tongnuanchan et al., 2013).

The second stage of weight loss (Awz = 10.72 — 51.08) occurred at the thermal
degradation temperature between 277.31 — 455.24 °C, and it was related to the
degradation of plasticizers compound as well as lower molecular weight of
protein fractions or the structure of the bound water in the film network (Hoque
et al.,, 2011). The thermal decomposition for the gelatin-based film without
glycerol is high, approximately to 450 °C. It is ascribed to the removal of
hydrogen functional groups, degradation, and polymerization of the gelatin
carbon chains polymer (Nascimento et al., 2012; Tarique et al., 2021).

Next, the third stage of thermal degradation behavior is associated with the
degradation of the larger size or highly associated protein fraction
(Tongnuanchan et al., 2014). For the third stage of weight loss, Aw,3 of 6.99% of
654.33 °C were observed for G film, which was the highest in thermal
degradation temperature and lower weight loss when compared to others. The
higher thermal stability and lower weight loss was plausibly associated with
strong hydrogen bond formation with the inter/intra-molecular protein interaction
in the film network. Generally, films incorporated with plasticizers had lower
thermal stability in comparison to the unplasticized film. Such a finding was in
agreement with the weaker film networks, as indicated by the lowered tensile
strength (Tongnuanchan et al.,, 2012, 2014). Thus, it can be stated that
plasticizers had a remarkable impact on thermal stability in gelatin.
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4.2.8 Water vapor permeability properties of gelatin-based films

The water vapor permeability of packaging materials is a crucial property that
can be related to understand the shelf-life stability of food products as water
vapor penetration across packaging boundaries affects the microbial growth,
products texture and functionality, overall chemical stability, and pack fogging
(Siracusa, 2012). As an evaluation, a better barrier was considered to have a
smaller transmission rate or permeability value. Meanwhile, a weaker barrier was
considered to have a bigger transmission rate or permeability value.

Gelatin-based film naturally possess high water vapor permeability because of
hydrophilic properties tend to retain the water in their structure, thus exhibiting
insufficient performance. Furthermore, when plasticizing agents are
incorporated, this causes the film to become more permeable to water vapor
(Villasante et al., 2020). Table 4.8 showed the WVP for both gelatin-based film
with and without glycerol. When comparison is made for these films, there is
significance difference for WVP (p<0.05) between G and G-Gly film. WVP for G-
Gly film was higher than G film. The higher value of G-Gly film was also in-line
with other studies using fish skin gelatin films (Jongjareonrak et al., 2006), pig
skin gelatin film (Vanin et al., 2005), and fish muscle protein film (Paschoalick et
al., 2003), all of which also found that with the addition of glycerol, it will increase
the WVP. Glycerol has hydrophilic properties, which add the polar properties in
the film. Hence, the intermolecular distance will increase, and cause a decrease
in the internal hydrogen bonds and intermolecular stresses on the film as well
(Yulistiani et al., 2020). Moreover, the hydroxyl group (-OH) of hygroscopic
glycerol, which was able to interact with water, increased the WVP of the film
(Hoque et al., 2011). Increasing the free volume in the film that enhances the
mobility of the polymeric chains, which is caused by the insertion of glycerol
between the protein molecules also resulted in the increase of WVP. The
network structure of the films become less dense and more permeable and
promotes the water vapor to easily diffuse through the formation of free space in
the film matrix. In addition, the increase in chain movement was also reflected in
the results of the mechanical properties (sub-section 4.2.3), whereby the EAB of
the G-Gly film was lower than G film. This increase in chain movement was also
reflected in the results of the mechanical properties (Figure 5).

Table 4.8: Water vapor permeability (WVP) measured at 25°C and 50% RH.

Sample films* WVP (x 10 g.mm/m?2.day.Pa)
G 1.69+0.14°
G-Gly 3.00+0.33°

*G=Gelatin based-film without glycerol, G-Gly=Gelatin based film with glycerol
a, b Different superscripts indicate a statistically difference (p<0.05) within the
same column
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In summary, the addition of glycerol as a plasticizer to gelatin-based films
resulted in significant differences on theproperties of gelatin-based films. Based
on earlier research by Nur Hanani et al. (2014) and Pushpadass et al. (2008),
25% (w/w of the gelatin) of glycerol was chosen, owing to the highest TS and
optimal use of elasticity with the necessary limit to prevent possibly harmful
effects. In mechanical properties, there were changes in the flexibility of the film
by more than 90% and also a reduction in the tensile strength from 72.23 MPa
to 14.83 MPa. The plasticized film also showed a significant change in thermal
properties, which could be due to its co-relation with the mechanical result.
Chemical structure of plasticized gelatin-based film was also observed through
a FTIR analysis. In terms of water vapor permeability properties, the addition of
glycerol as a plasticizer gives significant impact on the WVP value due to the
hydrophilic properties of the plasticizer. Hence, the addition of glycerol as an
additive in the gelatin matrix provides positive significant effects on the properties
of film by increasing the flexibility and WVP, making changes in thermal
properties. Thus, the G-Gly film was further explored on the feature
characteristics as an active film with the incorporation of PANI.

4.3 Effects of sizes and concentrations of polyaniline (PANI) on the
properties of PANI/gelatin-based film developed from red tilipia’s
fish scale gelatin

4.3.1 Physico-chemical, FTIR and micrograph analysis of the synthesize
polyaniline (PANI) from aniline

PANI can be derived by polymerization from aniline monomer. Figure 4.9
showed the PANI powder synthesized from aniline. During the polymerization of
PANI, the color changes at the initial and slow stage of polymerization (induction
period). At the first stage of instantaneous mixing of the monomer and initiator
solutions, the colorless solution turned pink. Then, the intensity of the color
gradually decreased and turned into a light purple color. After several minutes,
the color then changed to blue, and eventually permanently stayed blue after the
induction period. At this induction stage, the homogenous polymerization system
was turned into heterogenous (Abu-Thabit, 2016). Abu-Thabit (2016) mentioned
in his study that the polymerization state commences when the reaction
temperature suddenly increased rapidly due to the exothermic nature of the
redox polymerization. After 24 hours of being left undisturbed, the green
precipitate was collected by vacuum filteration with the solution. The filtrate
solution (permeate) that was separated was purple colored, indicating the
presence of unwanted water-soluble oligomers. This precipitate was washed
repeatedly using distilled water and methanol to remove unreacted initiator,
monomer, and low-molecular-weight water-soluble oligomers.
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Figure 4.9: Granule PANI

The SEM micrographs at a different magnification of the PANI samples were
depicted in Figure 4.8. From the figure, it is apparent that the PANI exhibits a
granular morphology that is commonly resulted in precipitation polymerization
using ammonium persulfate, the strong oxidant in sulphuric acid (Tian et al.,
2014a). During the growth of PANI chain to burst, nucleate start to aggregate. In
water conditions, the nucleates have limited solubility, and therefore, tend to
randomly agglomerates in the continuous phase to form a bigger granule, as
shown in Figure 4.8 (a) and (b), by stacking together.

In this study, mechanical stirring was used as the procedure to synthesize PANI,
which affects the nucleation of PANI. The heterogenous nucleation occurs on
the surface of the preformed particles when the shear force is applied (Tian et
al., 2014b). Then, the hydrophobic nucleates are adsorbed on the formed PANI
granules as glues to link the particles together and initiates the growth of new
granules on the surface of the former. In line with this, the mesoporous structure
obtained can be seen from the SEM image (Figure 4.8 (c)) of PANI. As tabulated
in Figure 4.9, the size distribution of PANI can be categorized by certain ranges
of size. The smaller the mean size of particles and the narrower the size of
distributions will subsequently affect the toughness of the matrix (Basha, 2011).
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Figure 4.10: SEM image of granular morphology of PANI at magnification
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Figure 4.11: Particle size distribution of PANI
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As depicted in Figure 4.12, the characteristic peaks of pure PANI were compared
with the characteristics from previous literature (Bhadra et al., 2017; Saikia et al.,
2010; Zareh et al., 2011). Peaks at 1624 cm™ and 1495 cm™ can be assigned to
vibration of quinoid ring (N=Q=N) and benzenenoid ring (N-B-N), respectively.
The bands at 1319 cm™ and 1188 cm™ correspond to C-H stretching vibration
with aromatic conjugation. The vibrational bands at about 1000 and 825 cm™ are
assigned to the aromatic ring in-plane and out of plane (Nand et al., 2012; Parsa
& Ghani, 2009). At signal around 825 cm™, it can also be proved as the structure
of PANI is assigned to aromatic C-H vibrational band due to the 1,4- disubstituted
benzene ring (Lukasiewicz et al., 2014; Tang et al., 1988). From the result
obtained, it confirms that the samples were in partially-oxidized state, referred to
as emeraldine PANI state.
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Figure 4.12: FTIR spectra of polyanilne (PANI) powder

4.3.2 Physical and optical properties of PANI/gelatin-based film

Figure 4.13 shows the digital photograph of G-Gly and G-Gly-PANI films. It can
be seen clearly by naked eyes the dispersion of PANI in the gelatin matrix. The
film was still transparent despite the addition of PANI, as the letter ‘'S’ at the
bottom of the film could still be seen. An even distribution of PANI particles in the
gelatin matrix can be observed, as indicated by the ‘dark spots’ in the
photograph.
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Figure 4.13: Digital photograph of developed active gelatin-based film;
Left: G-Gly and Right: G-Gly-PANI

Table 4.9 show the thickness of the G-Gly-PANI film with different sizes and
concentrations of PANI. Film thickness could be related with the WVP and
mechanical properties of the film (Villasante et al., 2020). The films obtained
showed a thickness range 0.0623 to 0.092 mm. The thickness of the G-Gly-PANI
with concentration more than 1 g/L film were found higher in compared to the the
G-Gly film irrespective to the size of PANI whereas at concentration 0.5g/L do
not show any significant different. The different of solid component (dry masss)
incorporated into the gelatin-based film resulting in ticker film after evaporation
of the solvent. In fact, the film forming solution contains higher dry matter lead to
less water evaporated hence increased the thickness.

This finding was line with Villasante et al. (2020), that obtained significant
different in the thickness of gelatin-based film incorporated with different size of
pecan walnut. Meanwhile, different sizes of PANI incorporated into the gelatin-
based films does not effect on the thickness of the film.
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Table 4.9: Thickness of PANI/gelatin-based films incorporated with
different sizes and concentrations of PANI.

Sample*! Thickness (mm)
G-Gly 0.0060%0.01
G-Gly-PANI(A0.5) 0.0623+0.05
G-Gly-PANI(A1) 0.0795%0.05
G-Gly-PANI(A2) 0.0859+0.00
G-Gly-PANI(BO0.5) 0.0675%0.08
G-Gly-PANI(B1) 0.0803+0.00
G-Gly-PANI(B2) 0.0850£0.01
G-Gly-PANI(CO0.5) 0.0634+0.03
G-Gly-PANI(C1) 0.082+0.00
G-Gly-PANI(C2) 0.092+0.06

"1G-Gly:=Gelatin ~ based-film  with  glycerol  (control),  G-Gly(A0.5-
C1)=PANI/Gelatin-based film

A=50pm=x<100pum; B=100um=<x<125um;C=125um=x<250um (x: range size of
PANI)

a,b,c Different superscripts indicate a statistically difference (p<0.05) within the
same column

Color of films is an important attribute, which consequently affects its
appearance, marketability, and their suitability for various applications. Based on
the observations on the digital photograph above, it is evident that the
incorporation of PANI in gelatin-based film did impact the appearance of the film.
This was further proven by the optical analysis, as tabulated in Table 4.10. The
lightness of the films was significantly reduced (p<0.05) with the increase in PANI
concentrations. This can be explained through the green color (Beygisangchin
et al., 2021) and opaque nature of PANI, which later affected the luminosity of
the PANI/gelatin-based films. As for the a* values, there was a significant change
towards the green chromaticity with the increase of the PANI size irrespective of
the concentrations of PANI incorporated in the film. This is due to the attribution
of the PANI color. The bigger granule size contributed to the greener color of
PANI, thus increasing the a* values. On the other hands, the b* values of G-Gly-
PANI films decreased as the sizes of PANI increased irrespective of the
concentrations of PANI. This described how the PANI became more prominent
when the yellowish tint of gelatin-based film faded. The AE shows a significantly
increased (p<0.05) by comparing the G-Gly with the G-Gly-PANI film. The
increasing trend of AE was seen with the increase of particle size of PANI.
Meanwhile, AE of the G-Gly-PANI film at different concentration experienced
increased by increasing the concentration PANI loaded from 0.5 g/L to 1 g/L. On
the other hand, when the concentration of PANI increased to 2g/L, there were
no significant changes on the AE. The opacity values of the gelatin-based film
decreased substantially after the incorporation of PANI. These results show that
the transparency of the film was improved by adding PANI to the gelatin matrix.
G-Gly-PANI with low concentration and size of PANI obtained low opacity values
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(high transparency). This was due to the existence of a transparent ‘window’ in
the visible region of the spectrum (Cao et al., 1993). This can be inferred that the
incorporation of PANI into the gelatin-based film have significant effect on the
color attributes of films.

In summary, the dispersion of PANI can be seen with the naked eyes inside the
film. From the optical analysis, the PANI color gives major attributes in the
PANI/gelatin-based film with the increasing in a* values. Moreover, the opacity
of the film was decreased compared to the control film without PANI, which
indicates the transparency of the film. For the viewing purpose, high
transparency of G-Gly-PANI film gives an advantages to be applied in the food
application that are not light sensitives especially perishable fruit and vegetable
whereby customer can ensure the freshness of the product.
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Table 4.10.: Optical properties of different size and concentration of PANI
incorporated into the PANI/gelatin-based films.

Sample*  L* a* b* Opacity AE
- a

G-Gly 90.124021% | ho.0 gea 3.9720.19 é}GSJ—“O'O 4.71£1.06'
g/-\(lg\llly- 82.15+1.55° - 3.42+0.05¢ 8.20+0.42° 1148+14

c 1.6740.137 2
(A0.5) 070,
G-Gly- . .
PANI 66.98:3.40° 2.75:0000 20025 4egs0p00 2073
(A1) ¢
G-Gly- b
PANI 66.71+1.349 | 30720027 o afio7e 26-39+1.2
(A2) 1.22+0.30 7
G-Gly- ;
PANI B 0T | 1510400 4-96%0.48° 1 AT04 g 6210 40
(B0.5) 1R
G-Gly- ;
PANI 80.00+1.82° 2.14+1.928 3.500.35° 7.01£0.40° éf"Sgﬂ'G
(B1) 4
G-Gly- b b
oA 80.36+1.52 g | 3572010 7.61+0.38 t%)24,.1511.4
(B2) 8 3
G-Gly-
PANI 59.1742.51° L0 0104 1.46%0.57% 4.33+0.44° gf'OSﬂA
(C0.5) TR
G-Gly- |
PANI 36.37+41.389 3.58+0.41° 1.28+0.04° 1.10+0.09° 25'6%1'3
(C1) ¢
G-Gly- .
PANI 43143103 oo ooy 210088 g 4140 06e D005
c2) 4.39+0.70 1
‘G-Gly:=Gelatin based-film with glycerol (control), G-Gly(A0.5-

C1)=PANI/Gelatin-based film
"TA=50um=sx<100um; B=100umsx<125um;C=125um=<x<250um (x: range size of

PANI)

a,b,c,d,e,f,g Different superscripts indicate a statistically difference (p<0.05)
within the same column
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4.3.3 Moisture content analysis of PANI/gelatin-based film

Table 4.11 shows the moisture content of PANI/gelatin-based film at different
concentration and size of PANI loaded. From the result obtained, the moisture
content of the gelatin-based film decreased significantly (p<0.05) with the
addition of PANI. This can be ascribed the less amount of hydrophilic gelatin
components in the films caused by the presence of hydrophobic PANI. The
findings was in line with the studies by Tongnuanchan et al. (2013) and
Tongnuanchan et al. (2014), that incorporate hydrophobic antioxidant into the
hydrophilic gelatin matrix and find the reduction in the moisture content. In
contrast, there was no significant difference (p>0.05) of moisture content when
different concentration of PANI incorporated into the film irrespective to the size
of PANI.

Table 4.11: Moisture contents properties of different sizes and
concentrations of PANI incorporated into the PANI/gelatin-based films.

Sample*! Moisture content (%)
G-Gly 27.11+2.072
G-Gly-PANI(A0.5) 12.53+3.01%°
G-Gly-PANI(AL) 13.87+1.25
G-Gly-PANI(A2) 12.20+1.52b¢
G-Gly-PANI(B0.5)  15.58+1.52°¢
G-Gly-PANI(B1) 14.71+£3.71%°
G-Gly-PANI(B2) 8.67+1.99¢
G-Gly-PANI(CO0.5) 18.05+3.523°
G-Gly-PANI(C1) 20.19+1.35%
G-Gly-PANI(C2) 11.5945.17%¢

"IG-Gly:=Gelatin  based-film  with  glycerol  (control),  G-Gly(A0.5-
C1)=PANI/Gelatin-based film

A=50um=x<100um; B=100pm=<x<125um;C=125um=x<250um (x: range size of
PANI)

a,b,c Different superscripts indicate a statistically difference (p<0.05) within the
same column

4.3.4 Mechanical properties of PANI/gelatin-based film

Tensile strength (TS) and percent of elongation at break (EAB) are important
parameters that relate to the mechanical properties of film to their chemical
structure (Mchught & Krochta, 1994). Mechanical properties describe how the
materials react to force and cause a material to deform. Table 4.12 displays the
mechanical properties of PANI/gelatin-based films.
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Based on Table 4.12, the tensile properties of the G-Gly-PANI shifted differently,
either increase or decrease (p<0.05) with the incorporation of PANI. From the
results, it can be seen that the films containing PANI with the range size of PANI
(x) 50um=x<100pm and 100pm=x<125um had higher tensile strength and low
EAB compared to the G-Gly film irrespective of the concentration of PANI. The
smaller the mean size of the particles and the narrower the size distribution, the
more effectively the particles will enhance the TS of the matrix. Therefore,
possessing a small size of the PANI powder is necessary to increase the tensile
properties. Based on the PANI concentration loading into the film, as the
concentration of PANI increased, the TS is increased with decreasing in EAB.
This is due to the fact that pristine PANI is a very rigid material that affects the
tensile strength. As observed in Figure 4.15, for the PANI/gelatin-based film, the
PANI tend to be in proximity and the rigidity of PANI become dominant (stiffness
of the filler), which has an effect on the TS of the film (Girja et al., 2005). In other
perspectives related to the moisture content, G-Gly-PANI have less moisture
content compared to the G-Gly film as discussed in the previous sub-section.
The reduction in moisture content was mainly due to the hydrophobicity of PANI.
Hence, it lower the gelatin-water and glycerol-water interaction. On the basis,
when the water interaction reduced, the film tends to have higher TS (Sanyang
et al., 2015a).

On the other hand, the TS of the PANI/gelatin-based film loaded with larger
range size of PANI (x), 125um=<x<250 um, was lower compared to other
samples. Concerning PANI/gelatin-based film loaded with PANI in the range size
of 125um=x<250 um, the TS was lower than other samples. The reduction in
tensile was expected due to the poor interfacial adhesion between PANI and
gelatin matrix, which leads to the poor stress transformation across the interface.
This happens due to the increased molecular mobility between the chains, thus
enhancing the initial plastic effect (Nand et al., 2012). Moreover, this might also
due to the larger particles sizes might damage the film during evaporation of film-
forming solution. Meanwhile, G-Gly-PANI (C), exhibit highest EAB value. This
was due to the movement and rearrangements of the macromolecules’ chains
of the matrix, which caused an increase in flexibility (Marana et al., 2013).
Furthermore, particle distribution based on the Figure 4.16 (c) were more
spacious in between each particle which does not impact on the flexibility of the
film. Thus, the flexibility of the film was more likely based on the gelatin itself with
minimal effect due to the PANI. In related to the moisture content of G-Gly-PANI
(C) was higher in compared to G-Gly-PANI (A) and (B). In can be related to the
less particle distribution due to the larger size of PANI and less effect of
hydrophobicity of PANI resulting high moisture content and increase elastic
deformation.
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Table 4.12: Mechanical properties of PANI/gelatin-based films incorporated
with different sizes and concentrations of PANI.

Sample*! TS (MPa) EAB (%)
G-Gly 14.83+1.11b¢ 96.44+5.322
G-Gly-PANI(A0.5) 9.41+3.04% 52.35+15,53
G-Gly-PANI(AL) 19.48+2.67%  46.75+0.35%
G-Gly-PANI(A2) 19.59+1.54% 31.62+6.27¢
G-Gly-PANI(BO.5) 14.97+0.13%°  70.21+2.48
G-Gly-PANI(B1) 21.92+0.752 50.84+4.31¢%
G-Gly-PANI(B2) 19.89+2.542  31.41+0.94¢
G-Gly-PANI(CO0.5) 10.02+0.40¢ 95.88+1.71%
G-Gly-PANI(C1) 8.51+1.86% 105.52+8.512
G-Gly-PANI(C2) 4.62+0.49¢ 93.23+1.59%

"IG-Gly:=Gelatin  based-film  with  glycerol  (control),  G-Gly(A0.5-
C1)=PANI/Gelatin-based film

A=50pm=x<100um; B=100um=<x<125um;C=125um=<x<250um (x: range size of
PANI)

a,b,c Different superscripts indicate a statistically difference (p<0.05) within the
same column

4.3.5 Chemical functional groups analysis in different size and
concentration of polyanaline (PANI) incorporated into PANI/gelatin-
based films

The FTIR spectra for the G-Gly and G-Gly-PANI are presented in Figure 4.14.
The spectra of PANI/gelatin-based film (G-Gly-PANI) were very similar to the
spectra of gelatin-based film (G-Gly). Based on the observation and finding,
there were no new chemical interactions rise between the PANI and gelatin-
based film. Thus, PANI only acts as a filler without change and interaction with
the gelatin structure. Although the presence of PANI in the gelatin-based film can
be seen as in the Figure 4.14 (Sub-section 4.2.2), peaks that correspond to the
PANI were not seen in the FTIR spectra of the composite, as the PANI was still
present at a low concentration. The gelatin peaks did not shift or broaden
significantly upon loading of PANI. These findings were also similar to the study
conducted by Nand et al. (2012), which indicated that, when the NR-PANI
powder was deposited on the PET, no chemical interactions were evidenced in
the FTIR analysis. The lack of the large shift of peak suggests that specific
interactions between the molecules of the two polymers were limited (Woo &
Jang, 1999) .
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Figure 4.14: FTIR spectra of gelatin-based film without PANI (G-Gly) and
with PANI (G-Gly-PANI)

4.3.6 Morphological analysis of PANI/gelatin-based film

The SEM images of PANI/gelatin-based film containing different sizes and
concentrations of PANI are presented in Figure 4.15 and 4.16. The patrticle size
of PANI incorporated into the film was measured with the ImageJ software. The
size of PANI incorporated into the PANI matrix were the same and did not
agglomerate upon dispersing. It can also be noticed that the PANI particles were
dispersed uniformly in the micrograph image. Increasing PANI concentration,
the matrix, and PANI resulted in it being more heterogeneous. This was due to
the phase separation between nature of hydrophilic gelatin and hydrophobic
PANI. Similar findings were also reported by Villasante et al. (2020), in which
they incorporated the pecan walnut into the gelatin matrix exhibit phase
separation in the heterogeneous composite. Acosta et al. (2015) also performed
the study involving the addition of ester or fatty acids into the gelatin and yucca
starch films resulted in phase separation. The immiscible and heterogenous
composite of PANI and gelatin can be proven by from the DSC analysis, whereby
the Ty of the control film without PANI will be differed compared to the film with
the addition of PANI.
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Figure 4.15: SEM micrograph of the PANI/gelatin-based films with different
concentration of PANI with the same size of PANI
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Figure 4.16: SEM micrograph of the PANI/gelatin-based films with different
size of PANI with the same concentration of PANI

Based on the Figure 4.15 and 4.16 at higher concentration of PANI, the PANI
particles tends to agglomerate near each others respective to the G-Gly-PANI
(A) and (B). The TS of the G-Gly-PANi (A) and (B) were more higher compared
to the G-Gly-PANI (C) at concentration 1 and 2 g/L. The increasing in TS can be
associated with the reduction in size particles and increase in the surface areas.
It was in agreement with Ghadermazi et al. (2019) that found by reducing the
mycrocrytal size, the TS of the HPMC film increased and resistance to break.
For the G-Gly-PANI (C), the particle distribution was more spacious due to the
bigger size of PANI less patrticle size distribution. Hence, the EAB values for this
films were more higher compared to the other size of PANI. The flexibility of the
PANI was less effect by the rigidity of PANI.

4.3.7 Glass transition temperature (Tg) analysis of PANI/gelatin-based
film

The thermodynamic characteristics are helpful and beneficial in determining the
quality of films when they are in different conditions, such as temperature, gas
pressure, or atmosphere (reducing or oxidant) (Villasante et al., 2020). The effect
of PANI on the Tgq of the gelatin films was examined and summarized in Table
4.13.
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Table 4.13: DSC results for PANI/gelatin-based film incorporated with
different sizes and concentrations of PANI.

Samples*! Ty (°C)
G-Gly 59.91
G-Gly-PANI(A0.5) 64.83
G-Gly-PANI(A1) 67.00
G-Gly-PANI(A2) 61.72
G-Gly-PANI(B1) 68.89
G-Gly-PANI(C1) 67.84

*G-Gly:=Gelatin based-film with glycerol (control), G-Gly-PANI (AO0.5-
C1)=PANI/Gelatin-based film

*1A=50um=<x<100um; B=100um=<x<125um;C=125umsx<250um (x: range size of
PANI)

The gelatin matrix and PANI were known to be immiscible. It has been noticed
that the Ty of G-Gly-PANI moves towards lower values than G-Gly. The
increasing in Ty value was related with the higher TS and lower moisture content
obtained as discussed previously. This indicates lack of miscibility between the
components and heterogenous. As increasing the concentration of PANI from
0.5 g g/L to 1 g/L, the Tq of the films showed an increment in value. Meanwhile,
the Tq of the film marginally decreased back when the PANI concentration
loading into the film increased to 2 g/L. Generally, the shift trend of Ty can be
considered as the index of miscibility of polymer blends (Bhandra et al., 2017).

On the other hand, based on the observation on the changes in Tqat different
sizes of PANI, the shifted temperature was only at 1 °C irrespective of the
concentration of PANI loading into the film. This suggests that the absence of
interaction between the two polymers. These findings were in agreement with
the study of Nand et al. (2012), in which the T4 of the NR-PANI with PET
composite incorporate with different NR-PANI does not differ significantly due to
the absence in interactions between those two polymers.

4.3.8 Thermal degradation analysis of PANI/gelatin-based film

TGA parameter presenting thermal degradation behavior of gelatin films
incorporated with PANI is tabulated in Table 4.14 with the degradation
temperature (Tq) and weight loss (Aw). The thermal behavior of both gelatin-
based film with and without the addition of PANI proceeds in three stages
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irrespective to the size and concentration of PANI. For all the films, the first stage
weight loss at 4.72-7.97% was obtained at Tq of 101.48-158.4 °C. The first step
of weight loss was caused by the moisture, free acids, and unreacted monomer
that were used as solvents and dopants in preparation of the PANI (Bhadra et
al., 2017). The major components in the first weight loss are due to the moisture
vaporization (loss of free and adsorbed water) (Lewandowska, 2009). The lower
weight loss of the G-Gly-PANI(A) with a small size of PANI was observed might
be associated with lower water content (sub-section 4.2.3) irrespective of the
concentration of PANI. Similar observation was observed by Tongnuanchan et
al. (2011), in protein-based film from various sources including tilapia.

Table 4.14: Thermal degradation temperatures (T4, °C) and weight loss (Aw,
%) of tilapia’s fish scale gelatin based film incorporated with glycerol.

Sample films A1 Az As
le,onset Aw1 Td2, onset Awz Td3, onset AW3
0 (%) (°C) (%) *C) (%)
G-Gly 130.67 3.86 277.31 10.72  486.29 46.01
G-Gly- 101.48 4.72 252.39 16.45 527.67 46.93
PANI(A0.5)

G-Gly-PANI(A1) 114.82 3.55 276.90 12.01  537.68 43.53

G-Gly-PANI(A2) 158.49 6.93 282.83 15.27 537.67 40.68

G-Gly-PANI(B1) 126.44 7.29 282.52 18.41 517.96 39.89

G-Gly-PANI(C1) 158.4 7.97 281.45 18.01 549.72 46.55
A=50pm=x<100um; B=100um=<x<125um;C=125um=<x<250um (Xx: range size of
PANI)

The second stage of thermal degradation for G-Gly-PANI films ranges from
252.39 - 282.83 °C (Awz= 12.01-18.41%) that differ when compared to the G-Gly
film, 277.31 °C (Aw2=10.72%). This second degradation step was related to the
degradation of glycerol, a small size of protein in the film network together with
chemisorb water molecules (Sanyang et al., 2015; Tongnuanchan et al., 2013).
G-Gly-PANI films exhibit low thermal stability in terms of temperature and weight
loss in the second stage. This is presumed due to the less amount of chemisorb
water molecules in the film network.

In general, the Tas of the gelatin-based film loaded with PANI in the range of
517.96-549.72°C was higher than the control film, 486.29 °C (G-Gly film)
irrespective of the concentration and size of PANI. This can be correlated with
the interruption in protein-protein interaction of gelatin molecules in film network
by PANI (Tongnuanchan et al., 2013). Hence, the incorporation of PANI might
contribute to the higher stability of the film network.
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4.3.9 Water vapor permeabilty properties of PANI/gelatin-based films

One of the principal permeants researched in food packaging applications is
water vapor, since it may pass through the polymer package wall from the interior
or external environment, changing the quality and shelf life of the product (Kanatt
et al., 2012). The water vapor permeability (WVP) of the films stored at 25 °C
and 50% RH is shown in Table 4.15. Generally, the incorporation of the PANI in
the gelatin-based film at small size of PANI (x) group A (50um=<x<100um) and B
(100pm=x<125um) at different concentrations of PANI had less or no notable
effect on the WVP of the films. Thus, the incorporation of the small size of PANI
filler hardly affected the permeability of the gelatin-based film. This was possibly
due to the complexity of the water molecule's sorption and diffusion pathways,
as well as the involvement of the microstructure of the polymer matrix. Rather
than following the solution-diffusion model, the water molecules could have
followed the water-cluster model (Siparsky et al., 1997; Yoon et al., 2000). Water
molecules have a significant propensity to create hydrogen bonds with other
polar groups and among themselves. It was then suggested that the water
molecules would ideally form clusters by forming hydrogen bonds with one
another, resulting in poor solubility and low diffusivity of water vapor through the
polymer matrix. In the end, it limits the transfer rate of water molecules, and so,
the WVP was not affected by the addition of PANI.

Meanwhile, the inclusion of large size of PANI, which was in the range of more
than 125 pm but less than 250um, resulted in a reduction of WVP at low
concentration but increment at high concentration of PANI. The reduction in WVP
at low concentration of PANI was related to the hydrophobic compound (PANI)
that exerts a greater barrier to water vapor. At a high concentration of PANI, the
particles tend to be in proximity and behave as large particles, which then provide
an additional free surface for the water vapor particles to permeate through the
film. Sudar et al. (2007) reported that particle aggregates can act as large
particles and de-bonding under the effect of external stress. This phenomenon
hinders interactions between the gelatin chains and water molecules; hence, the
water molecules can freely pass through the films and consequently caused the
increment in WVP (Kavoosi et al., 2013).
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Table 4.15: Water vapor permeability (WVP) measured at 25 °C and 50% RH

Samples*! WVP(x 10°°gm/m?.day.Pa)
G-Gly 3.09+0.3320
G-Gly(A0.5) 3.14+0.99°
G-Gly(Al) 2.64+0.022
G-Gly(A2) 2.43+0.15°
G-Gly(B0.5) 2.53+0.572
G-Gly(B1) 2.83+0.17%
G-Gly(B2) 2.91+0.50%
G-Gly(C0.5) 2.09+0.01°
G-Gly(C1) 2.38+0.13°
G-Gly(C2) 3.90+1.44°

“TA=50umsx<100um; B=100umsx<125um;C=125ums<x<250um (x: range size of
PANI)

a,b, Different superscripts indicate a statistically difference (p<0.05) within the
same column

4.3.10 Antioxidant activity PANI/gelatin-based film

The free radical scavenging capacity used to measure the antioxidant activity of
the gelatin and PANI/gelatin-based film is presented in Figure 4.18. Many
researchers have explored the mechanism of the reaction between PANI and
DPPH (Nand et al., 2011, 2012; Saikia et al., 2010; Wang et al., 2007). After 24
hours of reacting PANI with DPPH, the emeraldine salt form was converted into
fully oxidised pernigraniline, which did not possess any hydrogen atom for
reducing DPPH. A material’s antioxidant activity is depended significantly on the
material’s ability to donate hydrogen to minimize DPPH, and thus, the structural
conformation of the material plays a crucial role in its antioxidant activity (Saikia
et al., 2010).

From Figure 4.17, it can be said that the free radical capacity of the PANI/gelatin-
based film significantly increased (P<0.05) with the increase in the PANI
concentration for 1 g/L and 2 g/L of PANI irrespective of PANI sizes. This
observation was in agreement with other studies, where higher free radical
scavenging was achieved with increased PANI loading using the same DPPH
assay method (Azmi et al., 2019; Nand et al., 2012; Saikia et al., 2010). The
increment in free radical scavenging activity capacity with the increase in PANI
concentration was expected, since the amount of PANI concentration that
exhibits antioxidant property is increased. PANI reduces the DPPH radicals by
donating hydrogen atoms, while the PANI segments are, in turn, oxidized to the
pernigraniline form when in contact with DPPH radicals (Nand et al., 2011).
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Therefore, a higher free radical scavenging capacity was achieved by having a
higher concentration of PANI particles being exposed to the DPPH test solution.
The low loading of the PANI may be sufficient for the radical scavenging
performances of the film, as PANI has a reversible redox property and can be
readily oxidized and reduced by species in contact with the film. This can be
attributed to the fact that PANI owing to its redox-active nature, is efficient in
scavenging the free radical DPPH and such with the increase in the antioxidant
activity of the material. This was due to having more hydrogen atom available for
donating to eliminate DPPH. The C-N and C-N + groups in the PANI structures
are important units when it acts as DPPH free radical scavenger. The C-N and
C-N + groups are oxidized through C=N species, and this is a possible
mechanism in this reaction (Hsu et al., 2009).

The relationship of size of PANI loading in PANI/gelatin-based film with free
radical scavenging activity was plotted and presented in Figure 4.17. It can be
observed that the percentage of DPPH were not significantly different among all
three different range sizes of the PANI (P>0.05). These granulometric classes
showed the highest DPPH scavenging with maximum DPPH percentage of
48.02% (Sample B2) for the 100pm=<x<125 pum. Zaiter et al., (2016) have made
similar observations with green tea powders, where the radical scavenging
activity were not significantly difference among three different fractions size of
green tea powder.

The results indicated that active conducting polymer (PANI) was available to the
test solution (DPPH assay) and was not completely blocked by the presence of
gelatin. The prospects for active packaging involving conducting polymer remain
exceptionally promising as the effects of solid antioxidant material can be used
to extend product shelf-life. Hence, PANI/gelatin-based film has the potential to
be used for active film applications.
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Figure 4.17: Free radical scavenging activity of gelatin-based film
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4.4 Efficiency and behavior of self-healing properties on PANI/gelatin-
based film

4.4.1 Behavior of self-healing by water stimulation

Figures 4.18-4.21 illustrates the self-healing behavior of the gelatin-based film.
The film was damaged by a razor blade, and the cracks between the edge were
photographed by light microscope. Drops of water were added to the damaged
zones of films to enable the occurrence of healing process. As shown in Figures
4.18-4.21, the fresh crack faded and could not be seen after five minutes of
healing. The recovery or healing process of the sample was due to the self-
complementary and mobile hydrogen bonding network sites (Luan et al., 2018).
When the samples were incised, the weaker hydrogen bonds on the open cut
sides were broken and linked with other non-associated groups. Once the open
cut sections comes in contact with water, the broken hydrogen bonds are then
associated once more — which drive the molecular chains to move, touch. and
get tangled back, reverting to its original state.

G-Gly

Figure 4.18: Microscope images (x 10 magnification) of fresh-cut (left) and
self-healed (right) film for gelatin-based film. Arrows indicate the incision
line.
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Figure 4.19: Light microscope images (x 10 magnification) of fresh-cut and
self-healed film for PANI/gelatin-based film (A=50um=x<100um (x: range
size of PANI))
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Figure 4.20: Light microscope images (x 10 magnification) of fresh-cut and
self-healed film for PANI/gelatin-based film (B=100pm<x<125um (x: range
size of PANI))
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Figure 4.21:Light microscope images (x10 magnification) of fresh-cut and
self-healed film for PANl/gelatin-based film (C=100pmsx<125um (x: range
size of PANI))

After healing for five minutes, new hydrogen bonding emerged in the gap due to
the swelling of the damaged films and mobility of the polymer chains under the
stimulus of the water (Song et al., 2017). The self-healing ability of the films could
be ascribed to the water induced swelling and high mobility of the polymer
network that facilitates the reconstruction of hydrogen bonding under the water
assistance (Wittmer et al., 2018). Absorbed water interrupted the intermolecular
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hydrogen bonds in the polymer and mobilized the polymer chains for the self-
healing process. Originally, the stability of the secondary or triple helix structure
was due to the formation of hydrogen bonds through glycine residues, which are
present in a-chains (Ramachandran & Kartha, 1954). The hydrogen bonds were
formed between hydrogen atoms of glycine and oxygen atom from -COOH
groups (Figure 4.22 (a)) (Oakenfull & Scott, 2003). Thus, in the healing process
with the existence of water, the hydrogen bonding at the cut interfaces can be
developed in either way: (1) with -OH of two hydroproline or (2) with -C=0 of
gelatin network and -OH of hydroproline (Figure 4.20 (b)). The efficient intrinsic
self-healing of the gelatin-based film is contributed to sufficient free hydroxyl
groups at the open cut interfaces to reform hydrogen bond across the interfaces
(Zzhang and He 2015). Hence, the healing process of the gelatin-based films in
this study was factorized by the hydrogen bonding that induced by the high
amounts of glycine and hydroproline in the gelatin. During the healing process,
the water in contact with the cutting part was also adsorbed into the films, with
no other forces acting on it. The osmotic pressure of the water will cause the
gelatin to swell and the network to mix and expand. Simultaneously, the elastic
restoring force of the gelatin network will try to resist the expansion. When the
opposing forces were balanced, at a given time, the gelatin network would stop
absorbing water when the equilibrium was reached (Doi, 2013). Physical
diffusion is one of the keys elements for the self-healing process. The additional
water is referred as free water. Furthermore, glycerol in the film will also create
the hydrophilic hydroxyl groups as active sites that gave attractions to the water
molecules and facilitate the healing process (Nor et al., 2017; Sanyang et al.,
2015). The swelling of the gelatin gave an impact on the tensile properties after
self-healing and will be further discussed in the next section.
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Figure 4.22: Hydrogen bond (represented by dotted lines) (a) between
gelatin strands and (b) among gelatin strands and water molecules
(Source: Duconseille et al. (2015)).

Figure 4.23 shows the graphical overview of the self-healing processed after
incision by using stimuli of water for PANI/gelatin-based film. When the
PANI/gelatin-based film was exposed to mechanical incision, the hydrophobic
interlinked (bridges) between the gelatin chains ruptured in abundance, thereby
exposing the hydrophobic PANI molecules to interstitial water contact and
immediately formed an overlap junction to create water depletion region which
facilitated the film healing. The adsorbed water molecules tend to form clusters
rather than distribute homogoneusly into the polymer matrix (water-water
interactions) (Canales et al., 2011). Thus, hydrophobic PANI aid in creating the
water depletion on the cutting area and hydrogen bonding between the -NH
group or -COOH group with water and later facilitated the healing process. This
is manifested in the experimental observation (Figure 4.17-4.19). In the study by
Sharma et al. (2017), the self-healing of the iongels was due to the hydrophobic
interactions in the tail side of the 1-ethyl-3-methylimidazolim chloride ionic liquid
in the gelatin that formed overlap junction and created water depletion and
initiated the self-healing. Figure 4.24 shows the simplified illustration of film
matrix interactions with glycerol and PANI.

95



Before mechanical After mechanical During. self- After self-healing
incision incision healing
O Gelatin film
® Water droplets
° PANI
. Glycerol

Figure 4.23: Graphical overview of the self-healing process
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Figure 4.24: Scheme of gelatin matrix interactions with glycerol and PANI

4.4.2 Effect of mechanical strength of gelatin-based film after self-
healing

Since the flexibility of molecular chains is also critical to the self-healing ability,
the mechanical properties of the self-healed gelatin-based films were
determined. It was found that the healed samples were stretched to different
strains, depending on the samples as displayed in Table 4.16.

96



Based on the data tabulated in Table 4.16, TS and EAB of the self-healed films
were reduced in compared to the before incision film. However, the strength of
the films still can be considered to restore although the TS was not similar as
before the incision. Previously, it has been explained that the intrinsic of the self-
healing utilized the interactions between the chemical bonds, which include the
reversibility of non-covalent bonds (hydrogen bond), to rearrange the polymer
chains, and restore the destroyed interactions at damaged interfaces in the
healing process. The tensile properties of the healed films still show decrement
compared to the original film, which caused by the swelling effect during the
healing process. When the water induced in between the cut open spaced, the
water diffused into the network film due to the free volume for interdiffusion and
formed hydrogen bonding with the free hyroxyl group in the protein network
(hydrogen bonding). From the result obtained in Table 4.15, the TS values for
high concentration of PANI incorporation in the gelatin-based film was increased
after the healing process. This was due to the high concentration of hydrophobic
PANI in the film that reduced the amount of water absorded by the film, resulting
in less water being bound to act as other plasticizer on the film, reducing the
weakening of the film structure and increased the TS (Suppakul et al., 2013).
Moreover, after the healing process, the film absorb water using water stimuli
and impact on the hardness of the film. Thus increasing the TS of the film after
self-healed.

The swelling of the film also affected the EAB of the film. The EAB was
significantly decreased for the self-healed film in comparison to the film before
incision. The high reduction in EAB after self-healing processed was due to the
numerous hydrogen bonding bonding between the gelatin that led to the
reduction in the molecular mobility (Othman et al., 2019). In addition, the swelling
process will undoubtedly impact the tensile properties of the films.
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Table 4.16: The mechanical properties of the original and self-healing

gelatin-based film.

Before incision

After self-healed

*Sample

TS(MPa)  EAB(%) TS(MPa)  EAB(%)
G-Gly 14.83+1.11 96.44+5.32 14.15+0.50 19.5%2.12
G-Gly-PANI(A0.5) 9.41+3.04 52.35+15.35 13.35+3.74 12.00+0
G-Gly-PANI(AL) 19.48+2.67 46.75%£0.35 16.50+2.12 8.5%3.54
G-Gly-PANI(A2) 19.59+1.54 31.6246.27 15.50+£2.12 4.00+0
G-Gly-PANI(B0.5) 14.97+0.13 70.21+2.48 14.30+£8.06 24.50+24.5
G-Gly-PANI(B1) 21.92+0.75 50.84+4.31 8.46+0.63 12+2.83
G-Gly-PANI(B2) 19.89+2.54 31.41+0.94 14.99+0.16 10.6+1.10
G-Gly-PANI(C0.5)  10.02+0.40 95.88+1.71  16.35+0.10 11.27+1.26
G-Gly-PANI(C1) 8.51+1.86 105.5248.51 13.34+0.68 8.33+0.79
G-Gly-PANI(C2) 4.62+0.49 93.23+1.59 13.56+£0.79 14.05+0.76
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4.4.3 Sorption isotherm and sorption model analysis of PANI/gelatin-
based film

Moisture sorption isotherm for the film describes the relationship between the
moisture content and water activity of the surrounding. Figures 4.25 shows the
moisture content of the gelatin-based film, respectively, at different temperature
(5, 30, and 40 °C) and RH (23,33,43,57,75%) for seven days. It can be seen that
the moisture content of the films increased within 24 hours, which indicates the
early stage of moisture sorption of the film. This phenomenon was due to the
high partial pressure of saturated vapor at the initial stage (Chinma et al., 2015;
Othman et al., 2019). After 24 hours, the moisture content of the film attained
plateu, which indicates that the moisture content equilibrated with the RH (Mali
et al., 2005). As apparent, the rate of water sorption declined with time as the
moisture content inside the film was increased.

From the findings, moisture content of the films was seen to be influenced by the
RH. Moisture content of the films stored at high RH conditioned contained a high
amount of moisture content compared to film stored at low RH conditioned. For
an example, the equilibrium moisture content (EMC) of G-Gly film at a
temperature of 5 °C is 22.42% in 57% RH condition, while EMC of G-Gly film at
the same temperature but different RH condition of 75% is 37.35%. In high RH
condition, it contained a high amount of water molecules that can be adsorbed
by the film. By increasing of moisture content at high RH, such a move caused
the film to swell and open the new binding sites for water and increase the EMC
(Chowdhury & Das, 2012). The addition of glycerol also contributes to the higher
EMC. This can be related to the increased in the free volume in the films, which
enhances the mobility of the polymeric chains that lead by the incorporation of
glycerol between the protein chains, and also increased the active site to interact
with the water (Hoque et al., 2011). Moreover, strong hygroscopic nature of
gelatin and glycerol give impact on the G-Gly film to absorb moisture from the
surrounding.
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Figure 4.25: Water sorption data of G-Gly film at different RH (23,33,43, 57
and 75%) and temperature (a) 5 °C; (b) 30 °C and (c) 40 °C.

Moreover, more time was required for the moisture content of the films to achieve
equilibrium at high RH. From the findings, for example, at 5 °C for 57% and 75%
RH, the EMC was archived 96 and 144 hours, respectively. Previously, it was
reported by Mostafa & Sourell, (2009) that the increase of equilibrium moisture
content also features to a decrement in the vapor pressure insufficiency at high
RH. This situation leads to the production of an atmosphere near the saturation
that increasing the capability of the film will absorb extra moisture from the
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atmosphere (Othman et al., 2019). The gap of water activity between the film
and the surrounding also affected the time for the sorption activity to achieve
equilibrium. Hence, the saturated water molecules in the surrounding also lead
to spending extensive period than usual for the water sorption activity to reach
equilibrium.

Besides, the effect of temperature on the water sorption of the films has also
been studied and observed from the EMC of the film (Othman et al., 2017).
Based on the Figure 4.23, the EMC of the films decreased as the temperature
increased irrespective of the RH. This phenomenon occurred due to the binding
characteristics of the water molecules in the film matrix. At high temperature,
some of the water molecules are activated to the energy levels that allowed them
to break away from the sorption sites in the film, thus decreased the amount of
water absorded. This was related to the fact that, at high temperature, some
water molecules are activated to energy levels that allowed them to break away
from the sorption sites in the film (Bajpai et al., 2017). On the other hand, at low
temperature, the intermolecular attractive forces between the active polar sites
within the film matrix and the water vapor molecules are strong based on the less
kinetic energy of vapor molecules.

Next, the water sorption data of the film analyzed at different temperature and
RH was then fitted using rearranged Peleg’s model. The data was plotted using
t/(Me-Mj) versus time, t graph, to obtain the Peleg constants. Table A1-A3 listed
out the ki, water sorption rate and kz, water sorption capacity, as well as R?
values that were obtained from fitted curved. It can be observed that kiand ko
decreased with the increase of RH. The low ki value indicates that the film
exhibits high initial water sorption rate (Peleg, 1988) and kz indicates the film
exhibit high water adsorption capacity (Mali et al., 2005). This finding is
consistent with the previous discussion, whereby the increase in RH resulted in
an increased in EMC. Many polar groups like -COOH and-NH: along the gelatin
molecules increase the EMC while increasing the RH. These groups act as
strong binding sites for the water molecules to be adsorbed.

From another perspective, the k2 values for PANI/gelatin-based film were higher
than gelatin-based film. This indicates that the water sorption capacity of
PANI/gelatin-based film was lower than gelatin-based film. This may be
attributed to the fact that gelatin is a hydrophilic polymer with a number of polar
groups along the macromolecular chains, which interact with the incoming vapor
molecules that cause the water uptake (Bajpai et al., 2017). Meanwhile, the
PANI/gelatin-based film has PANI as one of the constituents that does not
interact with water due to the hydrophobicity properties of PANI. Hence, the
water becomes less contact with the polar active sites of gelatin due the
existence of PANI. In addition, the sorption rate for the PANI/gelatin-based film
was faster compared to the gelatin-based film. Thus, PANI/gelatin-based film
reached the equilibrium state early than gelatin-based film. This would mean
there will be fewer chances for the film to hold more water and reduced the water
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sorption capacity of the film. PANI is creating the water depletion in the near
areas and thus increased the sorption rate.

Overall, based on the Peleg’'s model analysis, the findings are noteworthy to be
determined since the sorption behavior of the film needs to be studied thoroughly
before it can be used for the designated application, particularly in understanding
the behavior of self-healing properties.

In line to investigate the water sorption isotherms of the film, the water sorption
data of the films at different level of RH and temperature was then fitted using
the GAB model (Equation 3.6, aw/Me versus aw). The fitted curves resulted in a
second order polynomial equation and the constant values calculated from the
equation were used to determine the GAB constant parameter (k, Wm, and C)
using equations 3.7-3.9. The GAB constant parameters as well as R? were
tabulated in Table A4. The GAB constant parameters obtained were affiliated for
factor correcting properties of a multilayer molecules (k), GAB monolayer
moisture content (Wm), and Guggenheim constant (C). Among all the GAB
constant parameters, Wn is the most crucial parameter to be studied (Akoy et
al.,, 2013). The monolayer moisture content corresponds to the minimum
moisture to avoid from auto-oxidation and improving the stability of the product
throughout the storage period (Ogbonnaya Chukwu, 2010). Wm also indicates
the number of water molecules that are strongly bound to the active sites grants
on the surface of the substrate, considered as an optimum value in assuring
stability of the substrate (Bajpai et al., 2017).

From the tabulated data in Table A4, W for all the sample films, decreased as
the temperature increased from 5 °C to 30 °C but increased at 40 °C. At
temperature of 30 °C, the total number of the active site for the water bindings
was decreased owing to the physical and chemical changes in the film that were
mainly caused by the temperature. In contrast, Wm was increased at 40 °C, which
was caused by the ability to decrease the moisture content in the surrounding.

The values of Wn for gelatin-based film were higher in compared to the
PANI/gelatin-based film, which was attributable to the presence of various polar
groups along the gelatin chains, resulting in having more sites for attachments
of water vapor molecules compared to the PANI/gelatin-basd film. Furthermore,
the hydrophobic properties of the PANI block or disturbed the sorption of water
molecules on the active site of gelatin. Moreover, the tortuous water pathway
created by the PANI in the films lower the water permeability of the films,
resulting in having lesser water adsorbtion to the sorption films (Othman et al.,
2017).

As for the Guggenheim constant, C describes the adsorbent-adsorbate
interactions. From the Table 4.19, the C values for all the films was less than 2.
For the value of C, in that, between 0 < C < 2, the isotherm adheres to type Il
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GAB isotherm (Bajpai et al., 2017). These findings were consistent with the
studies by Al-Muhtaseb et al. (2002) and Saberi et al. (2015), which obtained
sigmoidal shape curve data without a point of inflection (type IIl). Finally, for the
value of K that provides a measure of interactions between the energy values of
the molecules in the monolayer and that of water yield a value of less than 1 and
more than 0. Additionally, the hydroxyl groups of glycerol on the sorption site of
the matrix could increase the interactions energies between the water molecules
on the second and higher water layers and polymer.

Among other models tested, only the GAB model can be used accurately to
describe the gelatin-based film. Table A5-A7 show the isotherm models used in
this study and the calculated constant values summarized in the table. The Smith
constant, A (intercept) and B (slope) were computed from the linear regression
of M versus -In(1-aw) line. The Halsey model constant were calculated from a
linear plot of In M vesus In(-In(aw)) by taking the intercept (a) and slope (b). As
for the Caurie model, the sorption data were fitted in a linear plot of In (M) versus
aw. Smith Halsey and Caurie models, which show fewer acceptable performance
in the experimental data fitting, where the R? for all temperatures were less than
0.95.

Further study on the effect of surrounding conditions (RH and temperature) on
the self-healing behavior of PANI/gelatin-based film was investigated. For the
range of RH, only 43%, 57%, and 75% were studied. These specific points were
chosen based on the findings in the sorption analysis of the films, where the high
RH has more significant effect in relation to EMC, sorption rate, sorption
capacity, and Wm.

4.4.4 Effect of difference environmental conditions (temperature and RH)
on the film self-healing ability

Previously, the self-healing behavior was observed by stimuli of water directly to
the damaged part. In the following sub-section, the self-healing experiments
were performed as a function time to evaluate the speed and progress of
moisture-triggered process at different RH and temperature. The efficiency of the
self-healing was different between the water-stimuli and moisture-stimuli. The
self-healing was triggered by the moisture, depending on the relative humidity of
the surrounding that provide the amount of water in the vapor state The self-
healing processed of the gelatin-based films were stored at different RH (43%,
57% and 75%) and temperature (5 °C, 30 °C and 40 °C), and subsequently
observed by image analysis.

The experiments revealed that the speed and degree of the self-healing process
depends on the moisture content and temperature. Figure A1-A6 showed the
self-healing processed at lower RH (43% and 57%) at different temperature.
Under low RH conditions, the healing process tend to be slower and the
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damaged does not fully heal. The film tend to resist the sorption due to the dense
hydrogen-boding network, which resist the swelling at low RH (Lee & Lee, 2013).
In fact, at low RH, the air surroundings contain less amount of water molecules
compared to the high RH conditions, thus having less amount of moisture in
contact with the films. Based on previously analyzed Peleg model, aspects of
low sorption rate and capacity were observed at low RH, which attributed to the
findings that the healing process was distorted and improperly heal.

Nevertheless, under high RH conditions (75%), the sample can be seen to self-
heal almost to its full extent, irrespective of the different temperatures as
illustrated in Figure 4.26-4.28. At high RH, the adsorbed moisture interrupts the
intermolecular hydrogen bonds in the polymer mobilizing the former rigid
fraction. Thus, the mobilized polymer has higher free of motion to trigger self-
healing. In conjunction with the findings on the moisture sorption behavior at high
RH, the film tends to swell and open up new bonding sites for the water to be
adsorbed at the damage area. Hydrogen-boding of water to the accessible -
COOH and -NHzin the active side of gelatin is responsible for gelatin sorption
isotherm, which then supports the act of self-healing the damaged part. Figure
4.26 showed the healing process, in which the process is present as early in Day
4 at lower temperature compared to the high temperature 30 and 40 °C. In
addition, the hygroscopic nature of gelatin and glycerol also affect the healing
process through different temperature and RH. Based on the moisture sorption
study in the previous section, the EMC of the plasticized film was higher
compared to the unplasticized film, which helped heal the damaged film at low
temperature and high RH condition.

As previously discussed in the GAB model sorption analysis, the W, of the films
indicates the maximum volume of water, which can be adsorbed by a single layer
per gram of dry films (Strauss et al., 1991). The adsorption of water molecules
must give changes corresponding to the mass change (water sorption analysis).
Generally, all the films, including gelatin-based film and PANI/gelatin-based
films, have Wm 0.1208-1.252 per gram of dry solids. According to the GAB model
parameter, which is W, if assuming one hydrogen bonds with another water
molecule, the maximum amount of hydrogen bonding in 1 g of composite film is
at 0.1208 mol. However, if the amount exceeds that, the films will not adsorb any
water as it has achieved the equilibrium state and maximum water adsorption
capabilities. Thus, from the sorption model, the application of the water sorption
analysis can be utilized in monitoring and characterizing the healing process.
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Figure 4.26: Light microscope (x10 magnification) image of self-healing
progress at day 0, 4 and 7 at RH 75% and temperature 5 °C.
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Figure 4.28: Light microscope (x10 magnification) image of self-heing
progress at day 0, 4 and 7 at RH 75% and temperature 40 °C.
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The experiments revealed that water is crucial for the self-healing process and
certain water contents are needed to achieve complete self-healing. From the
observations made, the self-healing process does not simply present itself at any
given films that are in any temperature and RH except for the films stored at low
temperature and high RH, which is inclusive of the nearly self-healing the incision
part. Each of the films has its own equilibrium moisture content, as it has reached
the maximum moisture to be adsorbed at a certain time.

In summary, this study has found that the damage PANI/gelatin-based film has
the potential to be fully healed by physical interaction in the presence of moisture.
Thus, the PANI/gelatin-based film can be categorized as a smart material with
extended lifetimes with the capability to repair itself upon damage without the
requirement for detection or repair by manual intervention. In addition, the self-
healing of the film does affect the RH and temperature of the control surrounding.
The healing process might not be fully healed if the film in question has reached
saturated conditions at a certain time and is not able to adsorb more moisture to
facilitate the healing process. Thus, as for the study for self-healing behavior, it
is vital to consider the aspects of proper RH and temperature as it not only
determined the stability and shelf life of the film but also the capabilities of the
film’s self-healing properties.

In application to be used for perishable fruit and vegetable packaging application
such as strawberries, broccoli, asparagus or mushroom, the developed active
gelatin-based film not only protect the products from deteriorate quickly by
reducing the oxidation but can self-heal if the damaged occurs during handling
and transportation. As explained before in the literature, perishable fruit and
vegetables will continue respirates even after harvesting and give out gases and
moisture. The moisture from the respiration process will help in the self-healing
process when accidental damage occurred. Hence, the self-healable active
gelatin-based film has advantage in keeping the longer shelf life of the product
and the film itself.

108



CHAPTER 5
CONCLUSION AND RECOMMENDATION

This chapter reports the major conclusion derived from this study, summarizes
the research problems and the objectives of the thesis, presents the key findings
and contribution of the thesis, and proposes recommendations for future work.

5.1 Conclusions

In order to achieve the purpose of developing a novelty self-healing active film
using gelatin extracted from red tilapia fish scale integrated with PANI as an
active material for active film applications, four major sub-sections were
reviewed and concluded. The fish scale of red tilapia is a good source of gelatin
(4.34% dry weight basis), which contains 85.80% protein and abundance of
glycine (20.79 g/100 g) and hydropoline (14.38 g/100 g). A high concentration of
imino acids (glycine and hydroproline) contributes to superior filmogenic
characteristics. Furthermore, the FTIR spectra revealed four distinct peaks:
amide A, amide I, amide Il, and amide lll. Finally, the red tilapia gelatin extracted
from the fish scales demonstrated strong film-forming characteristics for future
development as a film. The gelatin film-forming solution was then modified by
adding glycerol as a plasticizer to make gelatin-based films using the solution
casting technique. The major variations in mechanical characteristics improved
the film's flexibility by more than 90% while decreasing its tensile strength from
72.23 MPa to 14.83 MPa. The FTIR measurement revealed certain changes in
the chemical structure of the plasticized gelatin-based film. In terms of WVP
properties, the addition of glycerol as a plasticizer enhanced the WVP value
owing to the plasticizer's hydrophilic capabilities. Based on the results, the
feature properties of the films were investigated further as active films by
incorporating PANI into the gelatin-based film using the solution blending
process. PANI was created through oxidative polymerization of aniline. A digital
shot showed a green dark patch, indicating that the PANI was spread throughout
the gelatin matrix. According to the colour analysis, a* values rose as PANI sizes
and concentrations increased, suggesting that the colour of PANI became
dominant. There are no novel chemical interactions between PANI and gelatin,
according to the FTIR chemical interaction study. Because of the different Tg
values found, PANI and gelatin composites were termed heterogeneous and
immiscible. Based on thermal analysis, due to the integration of PANI the low
thermal stability and substantial weight loss compared to the G-Gly film was
obtained. The mechanical characteristics of gelatin-based films were also
changed owing to poor interfacial adhesion between PANI and gelatin at modest
PANI loading sizes (A and B) into the film, regardless of PANI concentrations.
As a result, the interaction mechanism was validated using morphological
analysis and reinforcements in water resistance, mechanical characteristics, and
thermal properties that were achievable between the matrix and filler. The
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antioxidant activity of the PANI/gelatin-based film increased with increasing
PANI loading, regardless of PANI size. Meanwhile, incorporation of the film with
varied sizes of PANI had little influence on its antioxidant characteristics. As a
result, the PANI/gelatin-based film may be employed for active film application.
Next, for the development of damage repair, the design of active self-healing
polymer materials requires tuning of the interactions between chemical
processes, physical network remodelling, and interdiffusion of polymer chain
segments. It is necessary to examine the roles of active compounds in the
polymer. The reversible hydrogen bonding between the water molecules and the
COOH of amino acids in the gelatin structure was responsible for the self-healing
behaviour of the PANI/gelatin-based film. This research gave significant
information on the healing process of self-healable active gelatin-based film. The
influence of the surrounding environment, such as RH and temperature, was
also regarded to initiate healing processes. According to the results, high RH
and low temperature stimulate healing process, even when the film is not
completely cured. Increasing the RH reduces the Peleg's constant values, which
correspond to the sorption rate and capacity, based on the Peleg's constant ki
and k2 values. The GAB monolayer moisture content (Wm) gave important
information on the maximum water absorbed by the film based on the GAB
model isotherm, which may be related to the observation of the films healing
process. Yet, the moisture adsorb was distribute on the whole film not only at the
incision part until equilibrium was attained, rendering the healing process
incomplete. Nonetheless, the procedure applied in this study was practical for
the lab-scale purpose in developing these PANI/gelatin-based active self-healing
films and show excellent benefits in scratch repair and have potential use in
active film applications. The procedure applied was cheaper and ease to handle
for the non-continuous process. The parameters and analysis studied can be
used as reference to transfer to a continuous pilot-scale production. The most
important aspects to be consider is especially the viscosity of the casting solution
and the drying temperatures which cannot be simulated during a lab-scale
production on a bench. These parameters have to be selected individually for
each product when transferring the process to a pilot-scale or production-scale
continuous process.

5.2 Recommendations and future works

The investigation presented in this thesis has improved our knowledge of the
creation and performance of a self-healing red tilapia fish scale gelatin-based
active film combined with PANI. Many concerns remain unresolved, and there
are various areas where more study might be conducted-healable red tilapia's
fish scale gelatin-based active film mixed with PANI. Many issues remain
unsolved, and there are various areas where more study might be conducted.
Further research in the following important areas will add functionality and
improve the field of gelatin-based study:
e Modify the gelatin extraction method in a ‘greener’ ways without using
chemical as pre-treatment - Chemical pre-treatment was used in this
investigation since it is the most feasible and effective technique to
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eliminate non-collegous proteins and diminerilization. This procedure
may be substituted with a less harmful one, such as high-pressure
processing.

The practical application of gelatin-based film in extending food shelf-life
should be studied further, particularly through the hurdle concept;
previously, this study demonstrated the good antioxidant activity of the
film with the incorporation of an active substance (PANI); thus, practical
application should be used to validate the potential for extending food
shelf-life. Furthermore, leaching investigations of the film with PANI
inclusion in various media, as well as leachability tests, may be
performed.

Improved the interactions between the PANI and gelatin matrix by
chemically graft PANI on the surface of the matrix. PANI available on the
surface of the substrate is utilized in the first instance, for the free radical
scaveging activity. This potentially will elevate their free radical
scaveging capacity.

The PANI/gelatin-based film may be used to pack chosen perishable
vegetables under real-world storage settings to assess its effectiveness
as active and self-healing packaging as well as its impact on the packed
product
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APPENDICES
*Sample Day 0 Day 4 Day 7
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Figure Al: Light microscope image (10x magnification) of self-healing
progress at day 0, 4 and 7 at RH 43% and temperature 5 °C
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Figure A2: Light microscope image (x10 magnification) of self-healing
progress at day 0, 4 and 7 at RH 43% and temperature 30 °C
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Figure A3: Light microscope (x10 magnification) image of self-healing
progress at day 0, 4 and 7 at RH 43% and temperature 40 °C
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Figure A4: Light microscope (x10 magnification) image of sIf—heaIing
progress at day 0, 4 and 7 at RH 57% and temperature 5 °C
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Figure A5: Light microscope image (x10 magnifiation) of self-healing
progress at day 0, 4 and 7 at RH 57% and temperature 30 °C
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Figure A6: Light microscope (1
progress at day 0, 4 and 7 at RH 57% and temperature 40 °C
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