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Abstract

Despite extensive research on medicinal plants, many remain underexplored.
Therefore, the aim of this study was to investigate the potential of underutilised
Malaysian medicinal plants of Colubrina asiatica, Garcinia atroviridis, and
Gnetum gnemon as antimicrobial agents in biobased and biodegradable zein
film. The research focused on their application as wrapping film, utilising raw beef
as a food sample to represent typical microbial risks in foods, such as food
contamination by Escherichia coli, Listeria monocytogenes, and Salmonella.
Electrospinning was used to produce zein-based films. A comparative
assessment of biological activities of the plant extracts was first performed. The
extraction of C. asiatica, G. atroviridis, and G. gnemon using ethanol-to-water
ratios of 0:100, 25:75, 50:50, 75:25 and 100:0 and two extraction methods of
solvent extraction (S) and microwave-assisted extraction (MAE) yielded C.
asiatica extract (CAE), G. atroviridis extract (GATE), and G. gnemon extract
(GGE). The findings highlighted that the ethanol ratio influenced extraction yield
and bioactivities more significantly than the extraction method. GATE exhibited
the highest yield but showed the lowest total phenolic content, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and ferric reducing antioxidant power (FRAP) activities.
Antimicrobial testing at 50 mg/mL showed that GATE50-S/M had stronger
antibacterial activity, while CAES50-M exhibited higher antifungal activity. A
significant correlation was found between the total phenolic content of CAE and
antioxidant activities (p < 0.05). Novel zein-based films, Ze-CAE, Ze-GATE, and
Ze-GGE were successfully produced using electrospinning, utilising zein as the
primary polymer and incorporating 5% (w/w) of the selected extracts. An
evaluation of their properties showed that Ze-GGE films had significantly greater
fibre diameter and thickness compared to the other films (p < 0.05). All films
displayed a water contact angle between 20° and 35° (hydrophilic surface), with
encapsulation efficiency exceeding 90%. The attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR) spectra confirmed successful
encapsulation of CAE, GATE, and GGE into zein films without structural
modification and highlighted hydrogen bonding between zein and the plant
extracts. Ze-GATE was the most thermally stable among all films. In a soil burial
test, all films exhibited the indicator of a rapid biodegradation process. All the
beef samples wrapped with the zein-based films, particularly Ze-GATE and Ze-
GGE, exhibited reduced bacterial growth over a five-day storage period,
indicating a higher antibacterial activity compared to the tested commercial film.
However, the hydrophilic characteristics of films present a limitation for beef
wrapping, highlighting the need for further research. The outcomes of this
research contribute to the knowledge for the development of active antimicrobial



films developed from biobased and biodegradable materials, aiming to reduce
the reliance on plastic packaging and offering a sustainable alternative.
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Absorption bands related to Ze-GGE showed similar major bands to
Neat zein with several band shifting, including (N-H & O-H:
32913285 cm™), (C-H: 295552957 cm™™), (C=0: 16531650 cm"
"), (N-H & C-N: 15401533 cm™"), (C-N: 14501447 cm™). The
disappearance of bands of 1039, 811, and 772 cm™' from GGE
extract in the Ze-GGE spectrum might be attributed to the lower
concentration of GGE incorporated into the Ze-GGE film, resulting in
reduced signal iNtensity. ... 148
Figure 4.25 Comparison of (a) TGA and (b) DTG curves for zein-based films.

Figure 4.26 TGA/DTG curve of Neat zein showing four-stage decomposition
process with maximum decomposition rate temperature at 318.33
et e e e e e e e e e e e e e e e e e e aaa————————————ttretaaaaaaaaaaaaaaeeaaaaaaaannn 152

Figure 4.27 TGA/DTG curves of (a) Ze-CAE showing five-stage decomposition
process with maximum decomposition rate temperature at 308.17
°C, (b) Ze-GATE showing five-stage decomposition process with
maximum decomposition rate temperature at 319 °C, and (c) Ze-
GGE showing four-stage decomposition process with maximum

decomposition rate temperature at 305.17 °C.........ccccoeeeeeriiinnnnnnnn. 154
Figure 5.1 Representative photo of beef (left) wrapped with commercial film and
(right) zein-based films on day 0 of storage. ..........ccccccceeiviinenn. 164

Figure 5.2 (a) Different beef samples utilised; British beef rump steak and
British beef fillet steak, (b) the beef was cut to 5.0+1.0 g,
approximately 2.3 x 2.3 cm in surface dimensions......................... 168

Figure 5.3 Bacterial growth observed on beef wrapped with different packaging
films of Neat zein, Ze-CAE, Ze-GATE, Ze-GGE and commercial films
during five days of storage at 4 °C. The red dotted line represents the
microbial safety threshold for chilled beef, set at log 6.0 CFU/g. ...170

Figure 5.4 Water activity of beef wrapped with different packaging films of Neat
zein, Ze-CAE, Ze-GATE, Ze-GGE and commercial films during five

days Of StOrage. .....ooviiiiiiiiiii e 175
Figure 5.5 Lightness (L*) of beef wrapped with different packaging films of Neat
zein, Ze-CAE, Ze-GATE, Ze-GGE and commercial films............... 181

Figure 5.6 Red/green opponent colours (a*) of beef wrapped with different
packaging films of Neat zein, Ze-CAE, Ze-GATE, Ze-GGE and
commercial filmS. ... 184

Figure 5.7 The comparison of beef colours over a five-day storage period using
different films of Neat zein, Ze-CAE, Ze-GATE, Ze-GGE, and
commercial films. The beef colour gradually progressed from a bright

XVi



red colour, with a moist and tender appearance (Day 0), to the darker
colour, stale, and dry appearance (Day 5). ......ccccocceeiiiiiiiniiiiinnnns 185
Figure 5.8 Yellow/blue opponent colours (b*) of beef wrapped with different
packaging films of Neat zein, Ze-CAE, Ze-GATE, Ze-GGE and
commercial filmS. ... 188

XVii



ABTS
AEE
AFM
AR
ASE
ASTM
ATCC
ATR
BHI
BHT
CAE
CDC
CFU
CHX
CLSI
CPE
CSA
DDA
DEHP
DMSO
DNA
DPPH
DSC
DTG
DW
EAB
FAO
FCC
FDA
FFS
FRAP
FRIM
FSA
FT
FTC
FTIR
GAE
GAL

List of Abbreviations

2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid
Aqueous enzymatic extraction

Atomic force microscopy

Analytical reagent

Accelerated solvent extraction

American Society for Testing and Materials
American Type Culture Collection
Attenuated total reflectance

Brain heart infusion

Butylated hydroxytoluene

Colubrina asiatica extract

Centers for Disease Control and Prevention
Colony forming unit

Chlorhexidine

Clinical & Laboratory Standards Institute
Cold-pressing oil extraction
Cajaninstilbene acid

Disc diffusion assay
Di-(2-ethylhexyl)phthalate

Dimethyl sulfoxide

Deoxyribonucleic acid
2,2-diphenyl-1-picrylhydrazyl

Differential scanning calorimetry
Derivative thermogravimetry

Dry weight

Elongation at break

Hydroxyl

Food contact chemicals

Food and Drug Administration
Film-forming solution

Ferric reducing antioxidant power

Forest Research Institute Malaysia

Food Safety Authority

Fourier transform

Ferric thiocyanate

Fourier transform infrared spectroscsopy
Gallic acid equivalent

Garcinia atroviridis leaf extract

XViii



ORAC
PBAT
PBS
PCA
PDA
PDB

G. atroviridis extract

Gas Chromatography Mass Spectrometry

G. gnemon extract

Generally recognized as safe

Hydroxycitric acid

Hydrochloric acid

High-density polyethylene

Hydroxyl radical

High performance liquid chromatography
Half-maximal inhibitory concentration
International Commission on Irrigation and Drainage
Inner diameter

Interferon

Interleukin

Infrared

International Organization for Standardization
International Union for Conservation of Nature
Lethal dose

Low-density polyethylene

Laurus nobilis essential oil
Microwave-assisted extraction

Modified atmosphere packaging

Minimum bactericidal concentration

Minimum fungicidal concentration

Mueller Hinton agar

Mueller Hinton broth

Minimum inhibitory concentration

Ministry of Health

Magnetic resonance imaging

National Committee for Clinical Laboratory Standards
Nuclear magnetic resonance

Natural Resources Conservation Service
Outer diameter

Hydroxyl

Oxygen radical absorption capacity
Poly(butylene adipate-terephthalate)
Phosphate buffered saline

Plate count agar

Potato dextrose agar

Potato dextrose broth

XiX



PE Polyethylene

PEG Polyethylene glycol

PET Polyethylene terephthalate

Pl Pinostrobin

PP Polypropylene

PS Polystyrene

PSE Pressurised solvent extraction
PUFA Polyunsaturated fatty acid
PVC Polyvinyl chloride

RE Reflux extraction

REO Rosmarinus officinalis essential oll
RH Relative humidity

RO Research objective

ROO- Peroxyl radical

ROS Reactive oxygen species

RQ Research question

SAXS Small-angle X-ray scattering
SC-Co2  Supercritical carbon dioxide extraction

SDA Sabouraud dextrose agar
SDB Sabouraud dextrose broth
SEM Scanning electron microscope
SFE Supercritical fluid extraction
TBA Thiobarbituric acid

TE Trolox equivalent

TGA Thermogravimetric analysis
TPTZ 2,4,6-Tripyridyl-s-triazine

TS Tensile strength

UAE Ultrasound-assisted extraction

USDA United States Department of Agriculture
UV-Vis Ultraviolet-visible

WHO World Health Organization

WVP Water vapour permeability

WVTR Water vapour transmission rate

XRD X-ray diffraction

YM Young’s modulus

XX



Chapter 1
Introduction

1.1 Background of study

Food safety and food quality are widely discussed issues, and for many years,
numerous food-related incidents have been addressed in mainstream media,
with the extensively publicised topics are food contamination and food spoilage.
Food contamination occurs when harmful substances, such as foreign particles
or hazardous materials, infiltrate food products. These contaminants may be
introduced at various stages of the food production process, from initial handling
and processing to later stages, including distribution and consumption by the end
user. Contaminants can lead to food spoilage, transforming edible food into waste
and, in more severe cases, posing significant health risks to consumers (Liu, A.
et al., 2018). Food contaminants that are present in food come from different
sources, including heavy metals, halogenated organic compounds, antibiotic
resistance genes carried by foodborne pathogens and livestock bacteria as well
as contaminants derived from the pathogens themselves (Thakali and MacRae,
2021). Of the many different types of food contaminants present, contamination
caused by foodborne pathogens such as Salmonella spp., Staphylococcus
aureus and Escherichia coli are the most widespread, being found in various
types of food, such as meat, dairy products, eggs, and vegetables (Linscott, 2011;
Bintsis, 2017).

On a global scale, the World Health Organization (WHO) estimates that
governments in low- and middle-income countries lose approximately USD 110
billion annually in terms of productivity and medical expenses due to unsafe food
consumption (WHO, 2024b). Furthermore, approximately £9 billion was lost in
2018 in the United Kingdom due to the foodborne illness resulting from
contaminated foods with foodborne pathogens (Daniel et al., 2020). In addition,
it is estimated that Salmonella accounts for about 1.35 million infections, 26,500
hospitalisations, and 420 deaths in the US every year. Likewise, multistate
outbreaks of E. coli infections in the US have been reported, involving fresh
produce, meat products, frozen and ready-to-eat food products (CDC, 2021a;
CDC, 2021b). Malaysia is no exception when it comes to the challenges posed
by public health concerns. A recent study highlights that acute diarrhoea has
emerged as a significant public health issue in the country, with over 13.5 million
cases reported annually. Foodborne bacterial pathogens are identified as the



leading cause of diarrhoea, contributing to prolonged illness, increased patient
mortality rates, and a substantial economic burden on Malaysia (Cheesman et
al., 2023). Another set of data provided by the Ministry of Health (MOH) of
Malaysia showed the incidence rate of food and waterborne illness over the
course of ten years, from 2004 to 2013, with food poisoning having the highest
incident rate compared to other illnesses such as cholera, dysentery, typhoid,
and hepatitis A (Ministry of Health, 2014, cited in Abdul-Mutalib et al., 2015, p.
898). In addition, a recent report by the Ministry of Health Malaysia revealed an
increase in the number of food poisoning episodes from 496 episodes in 2023 to
707 episodes in 2024 (Ministry of Health, 2024). A current report from Food and
Agriculture Organization (FAO) estimates that $400 billion per year is wasted due
to food loss between harvesting and up to retail stage, which accounts for 14%
of the world’s food supply (FAO, 2019). These findings are alarming since the
issues of foodborne pathogens, food spoilage, and food loss are often intertwined
and have an impact on individuals as well as the economy, environment, and
society.

To address the challenges posed by foodborne pathogens and food spoilage,
various food preservation and packaging techniques have been developed to
preserve the organoleptic properties of food, increase their shelf life, and maintain
their quality. In food preservation, preservatives are typically added in small
quantities, measured in parts per million (ppm) or by weight, usually ranging from
1 to 3%. Common preservatives include sodium benzoate, potassium sorbate,
and sulphur dioxide (Garcia-Garcia and Searle, 2016). Traditionally, food
packaging has been used to protect food from contamination and spoilage,
facilitate transportation and storage processes, and provide uniform
measurement of contents and commonly referred to as passive packaging (Hine,
1995, cited in Robertson, G., 2013a, p. 2). Common food packaging materials
include polyethylene terephthalate (PET), polyvinyl chloride (PVC),
polypropylene (PP), low-density polyethylene (LDPE), high-density polyethylene
(HDPE), and polystyrene (PS) (Marsh and Bugusu, 2007). Among these, LDPE
is commonly used for film packaging or cling wrap, particularly for perishable
foods, such as fresh produce, meat, and poultry. These foods, with a shelf life of
several days to three weeks, are highly prone to contamination (Robertson, G.,
2013a; Marsh and Bugusu, 2007). However, concerns are emerging regarding
the prolonged use of polyethylene (PE)-based packaging, particularly due to the
migration of food contact chemicals (FCCs) from PE materials into food. Among
the most detected FCCs are non-authorised substances, such as phthalates and
metal antioxidants. Phthalates, often used as plasticisers, are known as
endocrine-disrupting chemicals, raising significant safety concerns due to their
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potential health impacts, such as endocrine and reproductive dysregulation, as
well as respiratory problems like allergies and asthma (Jaakkola and Knight,
2008; Liu, J. et al., 2018; Zhang, Y.-J. et al., 2021; Gerassimidou et al., 2023).
Furthermore, the widespread use of plastic packaging has long been linked to the
generation of significant plastic waste, which contributes to the accumulation of
debris in landfills and ocean pollution. This pollution poses serious threats to
marine life, disrupting ecosystems and endangering numerous species
(Thompson et al., 2009). A study by Jambeck et al. (2015) revealed that out of
192 countries, China ranked first in mismanaged plastic waste, contributing
27.7% of the global total. Malaysia, with 2.9%, also ranked among the highest in
Southeast Asia. According to a 2018 report, plastic waste made up 13.2% of
Malaysia's total waste, making it the second-largest waste category after food
waste, which accounted for 44.5% (Poverty-Pollution-Persecution, 2019).

Over the years, with technological advancements, more sophisticated packaging
materials have been developed, including a shift from the traditional functions of
packaging materials to more diverse functions. Packaging now carries more
broad classification such as the introduction of intelligent and active packaging,
with the latter has been extensively researched (Robertson, G., 2013a).
Intelligent packaging incorporates external or internal indicators into the
packaging materials to provide information about the package history and/or food
quality. In contrast, active packaging involves the intentional incorporation of
active substances into or onto packaging materials to improve product quality and
safety (Robertson, G., 2013b). According to the definition provided by the
European FAIR-project CT 98-4170, active packaging is a type of packaging that
changes the condition of the packaging to extend shelf-life or improve safety or
sensory properties while maintaining the quality of the food (Vermeiren et al.,
1999). Further details regarding the various classifications of packaging will be
discussed in Section 1.2.6. Active packaging especially those developed from
biobased and biodegradable materials promises great potential and offer hope
for a more sustainable future where the dependency on the plastic as a sole
packaging material could be reduced. Thus, ongoing research into sustainable
bioplastic packaging with minimal chemical use is crucial for reducing plastic
waste, preventing contamination, and extending shelf life.

Recent research has focused on the utilisation of biobased and biodegradable
materials, including polysaccharides and proteins, as primary packaging options,
providing sustainable alternatives. Natural active substances are frequently
integrated into packaging material formulations to improve particular properties.
For instance, Kavoosi et al. (2014) utilised solvent casting to produce gelatine
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films, incorporating essential oils derived from Zataria multiflora (Shirazi thyme).
The films demonstrated significant antioxidant properties and were effective
against both Gram-positive and Gram-negative bacteria, indicating their potential
as active antioxidant and antimicrobial packaging materials. More recent
research on the development of antimicrobial packaging from sustainable
materials includes the fabrication of zein film incorporated with thyme essential
oil for strawberry quality preservation. The findings revealed that the addition of
thyme essential oil successfully reduced bacterial, fungal, and yeast growth on
strawberries stored at 4+0.5 °C and 85+5% relative humidity (RH) for 15 day,
compared with the control (strawberries packed in PET containers without film)
and with zein film without thyme essential oil (Ansarifar and Moradinezhad, 2021).
In line with these developments, this present study focuses on exploring the
potential of three underutilised Malaysian medicinal plants extracts of Garcinia
atroviridis (fasam gelugor’), Colubrina asiatica (‘peria pantai’), and Gnetum
gnemon (‘belinjau’) as antimicrobial agents in zein film, specifically for use as
wrapping film, with raw beef used as a representative food sample.



1.2 Literature review

1.2.1 Medicinal plants

Natural products are biologically derived molecules obtained from naturally
occurring organisms, without human synthetic modification (Croteau et al., 2000).
Plants are a major source of these products, consisting of both primary and
secondary metabolites. Primary metabolites, such as carbohydrates, amino
acids, proteins, and lipids, are essential for fundamental cellular functions like
growth and development (Salam et al., 2023). In contrast, secondary metabolites,
including alkaloids, terpenoids, and phenolic compounds, are not directly
involved in growth and development but play a key role in helping plants respond
to various environmental conditions, and contribute to their colours, fragrances,
and flavours (Croteau et al., 2000; Reshi et al., 2023). Plants rich in secondary
metabolites with therapeutic potential are often referred to as medicinal plants
(Anand et al., 2019).

The utilisation of medicinal plants is dated from centuries ago since folklore
traditionally used them to treat diseases. Globally, it is estimated that
approximately 80% of the population depend on the plants as traditional
medicines with developed countries such as USA continuously developing plant-
derived drugs (Farnsworth et al., 1985). According to a report by Allkin (2017), at
least 28,187 plant species have been documented for medicinal use. With the
increasing global use of medicinal plants and the rising demand for plant-based
ingredients, potentials and concerns regarding the traditional use of these plants
continue to emerge. These concerns primarily involve the risk of toxicity, as their
safety and efficacy are often not verified, well documented or regulated (Zhang,
J. etal, 2015). As a result, modern-day researchers aim to study the potential of
secondary metabolites from medicinal plants, not only to establish scientific
knowledge but also to determine safe dosages for human consumption, whether
for drug development or other applications.

1.2.2 Secondary metabolites

Plant secondary metabolites are broadly classified into three major groups based
on their chemical structures: alkaloids, phenolic compounds, and terpenoids
(Croteau et al., 2000). Alkaloids are organic compounds that contain at least one
nitrogen atom within a heterocyclic ring and are recognised for their
pharmacological activity. These compounds are characterised by a distinct bitter
taste, which serves to protect plants from herbivores and microbes, as well as
playing a role in germination (Croteau et al., 2000; Teoh, 2015). Alkaloids are



further classified as true alkaloids (pyrrole, pyrrolidine, pyridine, piperidine,
quinoline, isoquinoline, indolizidine, tropane, indole, imidazole), protoalkaloids,
and pseudoalkaloids (Gutierrez-Grijalva et al., 2020). The first synthesised
alkaloid, coniine, derived from Conium maculatum, is highly toxic and can cause
paralysis of the nervous system (Figure 1.1). Due to their bioactive nature,
alkaloids have been extensively studied for their therapeutic properties, leading
to the development of various pharmaceutical agents. For instance, morphine,
extracted from the opium poppy (Papaver somniferum), is widely used as a
narcotic analgesic (Figure 1.1). Similarly, cocaine, obtained from Erythroxylon
coca, functions as a topical anaesthetic, a potent central nervous system
stimulant, and an adrenergic blocking agent (beta-blocker) which is responsible
for blood vessel dilation, reduced blood pressure, and slows heart rate (Figure
1.1). However, the misuse and abuse of these compounds pose significant
dangers when used without proper medical supervision or prescribed dosages
(Croteau et al., 2000; Vardanyan and Hruby, 2016).

Cocaine

. Erythroxylon coca
Coniine

Figure 1.1 The examples of therapeutic compounds from alkaloids group;
morphine, coniine, and cocaine.

Adapted from (Croteau et al., 2000; Ingram, 2011; Oommen, 2018; Universiteit-
Leiden, 2024)

In addition to alkaloids, phenolic compounds are also one of the important
secondary metabolites, consisting of an aromatic ring with one or more hydroxyl
(-OH) group (Figure 1.2). Phenolics are ubiquitous in the plant kingdom and are



further subdivided into coumarins, flavonoids, lignans, simple phenolics,
stilbenes, and tannins (Croteau et al., 2000). These compounds serve a broad
range of functions in plants. For instance, the flavonoid subclass anthocyanins
are responsible for various colour pigmentations in fruits and flowers, and these
pigments can also mimic insects (Croteau et al., 2000; Teoh, 2015). Additionally,
lignans contribute to defence against external pathogens or act as antioxidants.
Other groups of phenolics such as coumarins, stilbenes, and tannins protect
plants by deterring pathogens, serving as feeding deterrents due to its distinct
astringency taste of the seed, acting as heartwood protectants, and inhibiting
seed germination. Examples of commonly found phenolics are depicted in Figure
1.2. For instance, vanillin, a primary extract from vanilla beans, is well-known for
contributing to the vanilla flavour. Another example, resveratrol, is a widely
studied compound renowned for its antioxidant properties. From a
pharmacological perspective, phenolics are highly valued for their antioxidant,
antimicrobial, anti-inflammatory, anticancer, and cardiovascular protective
activities (Croteau et al., 2000; Teoh, 2015).

OH
Basic phenol skeleton

CHO

Vanillin
OH O
Kaempferol OCH,
OH OH
¢ A
Saae
HO o 0

Resveratrol Coumarin

Figure 1.2 Basic skeleton of phenol with aromatic ring and hydroxyl (-OH) group
and the examples of phenolic compounds of kaempferol, vanillin, resveratrol, and
coumarin.

Adapted from (Croteau et al., 2000)



Terpenoids are another group of plant secondary metabolites and are the most
abundant, which constitute both volatile and non-volatile compounds that are
responsible for the aromatic scent in plants (Teoh, 2015). These compounds are
characterised by a structural foundation of five-carbon units called isoprene units
(Figure 1.3). Based on the number of isoprene units, terpenoids are further
categorised into hemiterpenes (Cs), monoterpenes (C1o), sesquiterpenes (Cis),
diterpenes (C2o), sesterterpenes (C2s), triterpenes (Cso), and polyterpenes (>Cazo)
(Croteau et al., 2000; Teoh, 2015). An example of a well-known monoterpene is
linalool, which contributes to the fragrance of orchids (Croteau et al., 2000;
Kaiser, 1993, cited in Teoh, 2015, p. 61). Another example is limonene, a
compound produced by citrus fruits that imparts their characteristic zesty aroma
and flavour (Figure 1.3). Other notable terpenoids include camphor, costunolide,
myrcene, artemisinin, and taxol. These compounds serve various ecological
functions, such as acting as insect repellents, mammalian antifeedants, and
pollinator attractants (Croteau et al., 2000). The primary applications of
terpenoids are in the cosmetics (e.g., essential oil components of peppermint and
spearmint are produced by secondary enzymatic transformations of limonene)
and pharmaceutical industries (e.g., glycyrrhizin, a triterpenoid saponin to treat
respiratory symptoms), where they are valued for their aromatic and functional
properties (Croteau et al., 2000; Bailly and Vergoten, 2020; Frank et al., 2021).

/

Basic isoprene unit (Cs)

OH

Orchids | Lemon

. Limonene
Linalool

Figure 1.3 The five-carbon (isoprene) units based on isopentane skeleton of
terpenoids and the examples of terpenoids; linalool and limonene.
Adapted from (Croteau et al., 2000; The-Habitat, 2023; Villareal, 2024)



1.2.2.1 Secondary metabolites: mechanism of action

Plant secondary metabolites exert their effects through specific mechanisms of
action targeting cells. Although the precise mechanisms of action for these
compounds are not yet fully elucidated, a general conceptual framework has
been established. It is recognised that different classes of secondary metabolites
often exhibit synergistic effects, while also potentially acting cooperatively within
the same class (Bakkali et al., 2006). Broadly, three primary mechanisms of
action have been proposed: activation of apoptosis and/or necrosis leading to cell
death, induction of cell cycle arrest, and disruption of essential organelle functions
(Sharifi-Rad et al., 2017). For instance, Jeon et al. (2015) demonstrated that
esculetin, a coumarin-derived compound, suppressed cancer cell proliferation by
inducing apoptosis in the HMM G361 cell line.

Furthermore, mechanisms of action specific to different classes of secondary
metabolites have also been proposed. For example, alkaloids are believed to
exert their effects by inhibiting cell proliferation through the action of
topoisomerase enzymes, which delay DNA replication and ultimately lead to cell
death (Anwar et al., 2020). For phenolics, the mechanisms of action are typically
compound-specific. Curcumin, for instance, demonstrates its activity through
reactive oxygen species (ROS) scavenging, modulation of signalling pathways,
induction of apoptosis, and regulation of the tumour microenvironment. Similarly,
resveratrol modulates various signalling pathways associated with the initiation,
progression, and metastasis of cancer. Terpenoids, primarily act by altering and
suppressing signalling pathways involved in cancer cell progression. They also
induce apoptosis and cause cell cycle arrest, further contributing to their
anticancer effects (Majrashi et al., 2023). As for volatile compounds from
terpenoids, the lipophilic nature and low molecular weight enhance their ability to
penetrate the bacterial cell wall and cytoplasmic membrane, ultimately leading to
cellular damage (Sharifi-Rad et al., 2017).

The previous sections focused on how secondary metabolites interact with
human cells, highlighting their potential in advancing cancer therapies through
the application of plant-derived compounds. Shifting the focus to their role as
antimicrobial agents, it is equally important to investigate how these metabolites
combat bacterial cells and the mechanisms underlying their effects. Two principal
mechanisms underpin the antimicrobial activity of secondary metabolites:
interference with bacterial synthesis and function, and the ability to overcome
conventional mechanisms of antibacterial resistance. These mechanisms target
various structural and functional components of bacterial cells, including the
ribosome, cell membrane, DNA, and cell wall. The first mechanism involves
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disruption of bacterial protein biosynthesis by targeting ribosomal subunits,
interference with the peptidoglycan layer in the cell wall, inhibition of nucleic acid
synthesis by suppressing enzymes responsible for DNA replication, and damage
to the bacterial cell membrane (Maxwell, 1997; Walsh, 2003; Schneider and Sahl,
2010; Khameneh et al., 2019). The second mechanism focuses on strategies
such as efflux pump inhibition, structural modifications of porins, degradation of
antibacterial agents, antibiotic modification, and alterations of the bacterial target
site (Khameneh et al., 2019).

1.2.3 Malaysian medicinal plants

Malaysia, located in Southeast Asia, is characterised by a tropical climate with
high humidity and temperature ranging from 21 to 32 °C year-round (ICID, 2024).
The country covers a land area of 329,758 km?, accounting for only about 0.2%
of the global land mass (Shahrul, 2023; ICID, 2024). Despite its relatively small
size, Malaysia’s climate offers ideal conditions for nurturing a rich diversity of
natural flora, including having various types of forests such as dipterocarp, peat
swamp and mangroves forests (Shahrul, 2023). Although Malaysia boasts a
wealth of plant diversity, scientific research on its plant species, particularly
medicinal plants, remains limited. Of the approximately 12,500 plant species
found in the country, only 1,200 have been documented for their medicinal
properties, accounting for just 9.6% of the total (Ramlan, 2003, cited in Tan,
T.Y.C. et al,, 2020, p. 1). Data also shows that of these 15,000 vascular plant
species, 2,700 are endemic to Malaysia, while 12,300 are shared with other
countries (Shahrul, 2023). This highlights Malaysia’s rich and unique plant
diversity, much of which remains underexplored for its potential.

Commonly used medicinal plants in Malaysia include Curcuma domestica
(turmeric), Centella asiatica (‘pegaga’), Eurycoma longifolia (‘Tongkat ali’),
Kaempferia galanga (‘cekur’), and Orthosiphon grandiflorus (‘misai kucing’)
(Shahrul, 2023). While these plants have been extensively researched for their
various biological activities, three underutilised species of G. atroviridis (‘asam
gelugor’), C. asiatica (‘peria pantai’),and G. gnemon (‘belinjau’) are less
frequently mentioned in the literature of Malaysian medicinal plants, particularly
the latter two. In this context, research on the active extracts from these plants is
in its infancy, and more research should be conducted to increase the visibility of
these plants’ potential. Therefore, one of the objectives of the present study was
to investigate the extraction efficiency, analysis of phenolic content, and
biological activities of C. asiatica, G. atroviridis, and G. gnemon.
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The classification for these three plants species is shown in Table 1.1, with further
information elaborated in Sections 1.2.3.1 to 1.2.3.3.

Table 1.1 Classification of three Malaysian medicinal plants species.

Hierarchy Colubrina asiatica Garcinia atroviridis Gnetum gnemon
Kingdom Plantae Plantae Plantae
Subkingdom Tracheobionta - Tracheobionta
Superdivision  Spermatophyta - Spermatophyta
Division Magnoliophyta Streptophyta Gnetophyta
Class Magnoliopsida Equisetopsida Gnetopsida
Order Rhamnales Malpighiales Gnetales
Family Rhamnaceae Clusiaceae Gnetaceae
Genus Colubrina Garcinia Gnetum
Scientific Colubrina asiatica Garcinia atroviridis Griff. ~ Gnetum gnemon
name (L.) Brongn ex T. Anderson var. gnemon L.
Common local ‘peria pantai’ ‘asam gelugor’ ‘belinjau’,

name ‘congkak’

Adapted from: (Royal-Botanic-Gardens-Kew, 2023; USDA-NRCS, 2024a; USDA-NRCS,

2024b)
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1.2.3.1 Colubrina asiatica

Colubrina asiatica also known as latherleaf, Asian snakewood, or ‘peria pantai’,
is a sprawling shrub plant commonly found near the coastal area in Africa (e.g.
Mozambique, Kenya, Madagascar), Asia (e.g. China, India, Malaysia, Indonesia,
Singapore, Thailand) and Tropical Australia as well as Pacific Islands (USDA-
NRCS, 2024a). The plant can grow up to 5 metres tall, featuring drooping
branches and wavy-edged leaves that range from 3.7 to 8.0 cm in length. Its
yellow flowers bloom year-round, typically emerging in the leaf axils. These small
flowers measure about 3.8 mm in width and 5 mm in length (Flora-Fauna-Web,
2023).

The plant is predominantly used for soap substitutes, dental care, bleaching and
cleaning mats, fish poison, and alleviating inflammation (Richardson et al., 2000,
Uphoff et al., 2001, cited in Desai and Gaikwad, 2014, p. 282). Research on C.
asiatica has revealed that it contains essential oils and phenolic compounds,
which are responsible for various biological activities, including antioxidant,
antimicrobial, antimycobacterial (mycobacterial species includes Mycobacterium
tuberculosis which responsible for tuberculosis and Mycobacterium leprae that
causes leprosy), antimalarial, and cytotoxic properties (Ma et al., 2007; Desai and
Gaikwad, 2014; Desai et al., 2015; Sangsopha et al., 2018). Figure 1.4
showcases an image of C. asiatica, accompanied by detailed information on its
phytochemical constituents and biological activities, which are outlined in Table
1.2.

Figure 1.4 Colubrina a
individual size (right).

siatica plant (left), freshly collected leaves (middle), leaf
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Table 1.2 Phytochemical constituents and biological activity of C. asiatica.

Plant Class Phytochemical Biological Reference
part activity
Leaf Essential oils dodecamethylcyclohexasilo  antioxidant, (Desai and
xane (1), tetradecamethyl-  antimicrobial Gaikwad,
cycloheptasiloxane (2), a- 2014)
cubebene (3), 2,4-
dimethylhexane (4), 6,6-
methylenebicyclo
[3.1.1]heptane (5), cadina-
1(10),4-diene (6),
hexadecamethyl-
cyclooctasiloxane (7),
octamethylcyclo-
tetrasiloxane (8),
isocaryophillene (9),
dehydro-N-[4,5-
methylenedioxy-2-
nitrobenzylidenel-tyramine
(10)

Glycosides 3”-0O-acetylcolubrin (11), (-) (Lee, S.-S.
3”,2”-O-diacetylcolubrin et al., 2000)
(12), 3"- O-acetyl-6"-O-
trans-crotonylcolubrin (13),
colubrin (14), rutin (15),
kaempferol 3-O-rutinoside
(16)

Phenolic quercetin-3-O-rhamnoside  (-) (Mat-Ali,
(17), kaempferol-3-O- 2008)
glucoside (18), kaempferol-
3-O-rutinoside (16)

Stem Triterpene ceanothic acid (19), (21*) cytotoxicity (Sangsopha

acids granulosic acid (20), againstKB and etal., 2018)
zizyberenalic acid (21), NCI-H187 cells,
colubrinic acid (22), antimalarial,
alphitolic acid (23), betulinic  (23*) cytotoxicity
acid (24) against KB,

NCI-H187, and
MCF-7 cells,
antimycobacter-
ial, (24*)
cytotoxicity
against KB, and
NCI-H187 cells

Steroids stigmast-5-en-7-one (25), (28*) cytotoxicity (Sangsopha
ang6B-hydroxystigmast-4- against KB and etal., 2018)
en-3-one (26), stigmast-4- NCI-H187 cells,
ene-3,6-dione (27), antimalarial

ergosterol peroxide (28), §-
sitosterol (29)

Phytochemical numbered in bold: phytochemicals extracted/ identified/ isolated from the respective

study

Phytochemical marked with asterisk: biological activity tested with the phytochemical, (-) no data
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Table 1.2 continued

Plant Class Phytochemical Biological Reference
part activity
Stem Benzoic acid 2-hydroxy-5- inactive & (-) (Sangsopha
derivative methoxybenzoic acid (30) etal., 2018)
Phenylalanine (-)-auranamide (31), D- (31%) (Sangsopha
derivative phenylalanine, N-benzoyl- cytotoxicity etal., 2018)
(2R)-2-(acetylamino)-3- against KB,
phenylpropyl ester (32) and NCI-H187
cells
Sesquiterpenoid isointermedeol (33) inactive & (-) (Sangsopha
etal., 2018)
Glycoside 3”-0O-acetylcolubrin (11) inactive & (-) (Sangsopha
etal.,, 2018)
Root Triterpenoids 3,7-0,0-dibenzoyl (34%) (Sangsopha
ceanothic acid cytotoxicity et al., 2020)
methylester (34), 3-O- against KB,
acetyl-7-O-benzoyl and NCI-H187
ceanothic acid cells,
methylester (35), antimalarial,
squalene (36) (35%)
cytotoxicity
against KB,
and NCI-H187
cells,
antimalarial,
antimycobac-
terial
Glycosides 3"-O-acetylcolubrin (11), (11* and 12%) (Sangsopha
3",2"-O-diacetylcolubrin cytotoxicity et al., 2020)
(12) against KB,
and MCF-7
cells
Triterpene acids  ceanothic acid (19), (-) (Sangsopha
zizyberenalic acid (21), et al., 2020)
alphitolic acid (23),
betulinic acid (24), 24-
hydroxyceanothic acid
(37)
Phytosterols B-sitosterol-3-O-glucoside  inactive & (-) (Sangsopha
(38) et al., 2020)

Phytochemical numbered in bold: phytochemicals extracted/ identified/ isolated from the respective

study

Phytochemical marked with asterisk: biological activity tested with the phytochemical, (-) no data
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1.2.3.2 Garcinia atroviridis

Garcinia atroviridis, commonly known as ‘asam gelugor’ in Malaysia and
Indonesia and ‘Som Khaek'’ in Thailand, is a perennial tree endemic to Southeast
Asia, particularly found in countries such as Malaysia, Myanmar, Thailand, and
parts of India (Kosin et al., 1998; Shahid et al., 2023). The tree grows up to 25—
27 metres tall and has oblong leaves. lIts fruit is characterised by deep ridges,
large petals, and sepals (Figure 1.5). Initially green when unripe, the fruit
transitions to a bright yellow hue upon ripening and can reach up to 10 cm in
diameter (Chew and Lim, 2018; Shahid et al., 2022).

Sun-dried fruits are commonly used in culinary applications, appreciated for their
sour flavour, which enhances the taste of various dishes. Young leaves are also
sometimes consumed raw as a salad. The fruit and leaves of G. atroviridis are
widely valued in traditional medicine, reputed to help lower blood cholesterol
levels, treat infections, coughs, and digestive issues (Al-Mansoub et al., 2014;
Tan, W.-N. et al., 2019). The plant’s distinct sour taste is attributed to its high
content of organic acids, with hydroxycitric acid (HCA) being one of the primary
phytoconstituents in G. atroviridis (Jena et al., 2002). Phytochemical studies have
shown that G. atroviridis and its bioactive compounds exhibit a wide range of
biological activities, including antioxidant, antimicrobial, antibacterial, anti-
inflammatory, antihyperlipidemic, antiobesity, antihypercholesterolemic, anti-
tumor-promoting, and cytotoxic effects (Mackeen et al., 2000; Al-Mansoub et al.,
2014; Hamidon et al., 2017; Milanda et al., 2019). Figure 1.5 features an image
of the G. atroviridis tree and fruits, while Table 1.3 provides comprehensive
details on its phytochemical constituents and associated biological activities.

o Al P \ |
ia atroviridis tree (left), fresh unripe fruits (middle), cut and
sun-dried slice (right).

15



Table 1.3 Phytochemical constituents and biological activity of G. atroviridis.

Plant Class Phytochemical Biological Reference
part activity
Fruit  Organic acid hydroxycitric acid (HCA) (1), antioxidant, (Lim et al.,
tartaric acid (2), ascorbic acid  antiobesity, not  2020)
(3), malic acid (4) toxic: LDso:
2000 mg/kg
Acid derivatives  2-(butoxycarbonylmethyl)-3- antioxidant, (Lim et al.,
butoxycarbonyl-2-hydroxy-3- antiobesity, not  2020)
propanolide (5) toxic: LDso:
2000 mg/kg
Sesquiterpenoids  -caryophyllene alcohol (6), (6*, 7%, and 8%) (Tan, W.-N.
ginsenol (7), (1S,2S,5S,8S)- antibacterial, etal., 2013)

Acid derivatives

Coumarin
derivative

Quinone

Benzofuran

Organic acid

Prenylated acyl
phloroglucinol

Fatty acid amide

Aromatic ether

Fatty acid

4,4,8-

trimethyltricyclo[6.3.1.0]dodec

an-2-ol (8)
2-(butoxycarbonylmethyl)-3-
butoxycarbonyl-2-hydroxy-3-

propanolide (5), 1’,1”-dibutyl
methyl hydroxycitrate (9)

7-hydroxy-4-methyl-8-nitro-
2H-chromen-2-one (10)

6-Nitro-1,4-naphthoquinone
(1)

4-Nitrofuro[2,3-b][1]
benzofuran (12)

HCA (1), citric acid (13),
oxalosuccinic acid (14)

colupone (15)

palmitic amide (16),
linoleamide (17)

2,4-dinitro-1-(3-
nitrophenoxy)benzene (18)

2,3-

dihydroxycyclopentaneundeca

noic acid (19)

anti-
inflammatory

(5* and 9%)
antifungal

antifungal

()

()

antioxidant,
antidiabetic,
cytotoxicity
against L6 cells

()

(Mackeen et
al., 2002)

(Mokhtar et
al., 2018)

(Mokhtar et
al., 2018)

(Mokhtar et
al., 2018)

(Shahid et
al., 2023)

(Shahid et
al., 2023)

(Shahid et
al., 2023)

(Shahid et
al., 2023)

(Shahid et
al., 2023)

Phytochemical numbered in bold: phytochemicals extracted/ identified/ isolated from the respective

study

Phytochemical marked with asterisk: biological activity tested with the phytochemical, (-) no data
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Table 1.3 continued

Plant Class Phytochemical Biological Reference
part activity
Fruit  Piperidine ammodendrine (20) -) (Shahid et
alkaloid al., 2023)
Tricarboxylic oxaloglutarate (21), (-) (Shahid et
acids monoglyceride citrate (22), al., 2023)
homoisocitrate (23)
Terpenoid cassaidine (24), -) (Shahid et
persicaxanthin (25) al., 2023)
Phenolic lactone  3-butylidene-7- (-) (Shahid et
hydroxyphthalide (26) al., 2023)
Thymidine thymidine 3,5-cyclic (-) (Shahid et
monophosphate  monophosphate (27) al., 2023)
Tetralins emmotin A (28) -) (Shahid et
al., 2023)
Glycerophospho- PE(17:0/0:0) (29) (-) (Shahid et
ethanolamines al., 2023)
Leaf Essential oils (E)-B-farnesene (30), 3- cytotoxicity (Tan, W.-N.
caryophyllene (31) against MCF-7 et al., 2018)
cells
Xanthone garcinexanthone F (32), antioxidant, (Chuaijit et
morellin dimethyl acetal (33), anti-heat stress  al., 2024)
maclurin (34),
nigrolineaxanthone A (35),
bannaxanthone A (36),
garcimangosone B (37),
nigrolineaxanthone P (38),
scortechinones Q (39),
scortechinone V (40),
scortechinones C (41),
moreollic acid (42), gambogin
(43)
Flavones dulcinoside (44) -) (Chuaijit et
al., 2024)
Phloroglucinols vismiaphenone C (45), -) (Chuaijit et
garcinielliptone R (46) al., 2024)
Polyprenylated guttiferone K (47), oxy- -) (Chuaijit et
cyclic polyketides guttiferone K2 (48) al., 2024)

Phytochemical numbered in bold: phytochemicals extracted/ identified/ isolated from the respective

study

Phytochemical marked with asterisk: biological activity tested with the phytochemical, (-) no data
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Table 1.3 continued

Plant Class Phytochemical Biological Reference
part activity
Root  Prenylated atrovirinone (49), atrovirisidone (497%) (Permana et
compounds (50) antimicrobial, al., 2001)
cytotoxicity
against HelLa
cells, (50)
antimicrobial
Prenylated 4-methylhydroatrovirinone (51), (-) (Permana et

Stem
bark

hydroquinone

Prenylated
depsidone

Triflavanone

Biflavonol

Xanthone

Essential oils

Xanthone

Flavonol

morelloflavone (52), fukugiside
(53), 14-cis-docosenoic acid (54)

atrovirisidone (50), atrovirisidone
B (55), naringenin (56), 3,8"-
binaringenin (57)

garcineflavanone A (58)
garcineflavonol A (59)
atroviridin (60)

palmitoleic acid (61), palmitic acid
(62)

garcinexanthone G (63),
stigmasta-5,22-dien-38-ol (64),
stigmasta-5,22-dien-3-O--
glucopyranoside (65), 33-acetoxy-
11a,12a-epoxyoleanan-28,130-
olide (66), 2,6-dimethoxy-p-
benzoquinone (67), 1,3,5-
trihydroxy-2-methoxyxanthone-9-
one (68), 1,3,7-
trihydroxyxanthone (69)

kaempferol (70), quercetin (71)

(50*, 55, 56,
and 57)
cytotoxicity
against MCF-7
cells, (50%, 55,
and 56%)
cytotoxicity
against DU-145
cells, (50%, 55,
and 57)
cytotoxicity
against H-460
cells

anti-
cholinesterase

anti-
cholinesterase

Q)
cytotoxicity

against MCF-7
cells

antioxidant

antioxidant

al., 2003)

(Permana et
al., 2005)

(Tan, W.-N.
etal., 2014)

(Tan, W.-N.
etal., 2014)

(Kosin et al.,
1998)

(Tan, W.-N.
etal.,, 2018)

(Tan, W.-N.
et al.,, 2016)

(Tan, W.-N.
et al.,, 2016)

Phytochemical numbered in bold: phytochemicals extracted/ identified/ isolated from the respective

study

Phytochemical marked with asterisk: biological activity tested with the phytochemical, (-) no data
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1.2.3.3 Gnetum gnemon

Gnetum gnemon, commonly known as ‘belinjau’ or ‘congkak’ in Malaysia and
Indonesia, belongs to the Gnetaceae family and is widespread in Southeast Asia,
including Indonesia, Malaysia, Thailand, the Philippines, and the western Pacific
islands (Barua et al., 2015). Four varieties have been identified: G. gnemon var.
brunonianum (Griff.) Markgr., G. gnemon var. griffithii (Parl.) Markgr., G. gnemon
var. gnemon, and G. gnemon var. tenerum. Of these, only G. gnemon var.
gnemon grows as a tree, while the others are woody shrubs (Barua et al., 2015;
Anisong et al., 2022). The G. gnemon tree can reach heights of 10 to 15 metres,
featuring dark green, ovate-oblong, or elliptic leaves measuring 4 to 7 cm in width
and 10 to 20 cm in length. Its fruit, ellipsoid to globose depending on variety,
measures 1 to 3 cm (Figure 1.6). During ripening, the fruit transitions from green
to yellow, orange, and finally red at full maturity (Kato, E. et al., 2009; Barua et
al., 2015).

Traditionally, G. gnemon has been used as a food source, with its young leaves
incorporated into cooking and its ripened fruits processed into crackers.
Numerous studies have explored the plant's potential biological activities,
including antioxidant properties, DNA damage prevention, pancreatic lipase
inhibition, pancreatic a-amylase inhibition, antimicrobial effects, and
antiplasmodial activity (Kato, E. et al., 2009; Santoso et al., 2010; Wazir et al.,
2011; Barua et al., 2015; Dutta et al., 2018). Table 1.4 provides an overview of
its phytochemical constituents along with the biological activities.

| 3

oA
s

Figure 1.6 Gnetum gnemon tree (left), mature leaves with unripe fruit (middle),
individual size (right).
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Table 1.4 Phytochemical constituents and biological activity of G. gnemon.

Plant Class Phytochemical Biological activity Reference
part
Fruit/ Stilbenoids  gnetin L (1), gnetin C (2), (1*,2*,3*,4*, 5*, and (Kato, E.
Seeds gnemonoside A (3), 6*) antioxidant, etal.,
gnemonoside C (4), (1*,2*,3*,4*, and 5*)  2009)
gnemonoside D (5), pancreatic lipase
resveratrol (6) inhibition,

(2*,3*,4*, and 5%)
pancreatic o-
amylase inhibition,
(1*,2*,4*, 5*, and 6%)
antimicrobial

Stilbenoids  gnetin C (2), gnemonoside  (2* and 10*) enhance (Kato, H.

D (5), resveratrol (6), Th1 cytokines; IL-2 & et al.,
isorhapontigenin (7), gnetin  IFN-y production in 2011)
E (8), Peyer’s Patch cells

gnemonoside L (9),
gnemonoside M (10)

Stilbenoids  gnetin L (1), gnetin C (2), (1%, 2*, 3*, 4*, 5* and  (Kunimasa

gnemonoside A (3), 6*) suppress multiple etal.,
gnemonoside C (4), angiogenesis-related 2011)
gnemonoside D (5), endothelial cells
resveratrol (6) functions and/or

tumor angiogenesis

Stilbenoids  gnetin C (2), gnemonoside  (6*) inhibited (Ota et al.,
A (3), gnemonoside D (5), endothelial 2013)
trans-resveratrol (6) senescence
Leaf Monoacyl- 2,3-dihydroxypropyl (11*) antiplasmodial,  (Dutta et
glycerols icosanoate (11) cytotoxicity against al., 2018)

L6 and Hela cells

Monounsa- oleic acid (12) (12*) antiplasmodial,  (Dutta et
turated fatty cytotoxicity against al., 2018)
acid L6 and Hela cells

Triterpene ursolic acid (13) (13*) antiplasmodial, (Dutta et

cytotoxicity against al., 2018)
L6 and Hela cells

Phenylhep- gnetumal (14) (14*) tyrosinase (Le, T.H.
tanoid inhibitory activity etal.,
2021)
Diterpene callyspinol (15), cassipourol inactive (Le, T.H.
(16) etal.,
2021)
Phytochemical numbered in bold: phytochemicals extracted/ identified/ isolated from the respective

study
Phytochemical marked with asterisk: biological activity tested with the phytochemical, (-) no data
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Table 1.4 continued

Plant Class Phytochemical Biological activity Reference
part
Leaf Sesquiter- (+)-dehydrovomifoliol (17) inactive (Le, T.H.
penoids etal.,
2021)
Phenolic p-coumaric acid (18), (18*) tyrosinase (Le, T.H.
acid ferulic acid (19) inhibitory activity etal.,
2021)
Diterpene phytol (20) antibacterial activity (Trisha et
alcohol al., 2024)
Fatty acid cis,cis,cis-7-10-13- (-) (Trisha et
hexadecatrienal (21) al., 2024)
Tocopherol  vitamin E (22) (-) (Trisha et
al., 2024)
Stem Phenolics 3,4-dimethoxy-chlorogenic  antioxidant, UV-B (Atun et
bark acid (23), resveratrol (6), 3- protection test al., 2007)
methoxyresveratrol (24)
Root Stilbene gnemonol K (25), gnemonol (25* and 26*) (lliya et al.,
derivatives L (26), gnemonol M (27), antioxidant 2003)
gnemonoside K (28)
Stilbenoids  resveratrol (6), (6%, 7%, 29%, 30%, and  (lliya et al.,
isorhapontigenin (7), (=) -e-  34*) antioxidant 2003)
viniferin (29), gnetol (30),
gnetifolin E (31), gnetifolin
K (32), isorhapontigenin-3-
O-B-D-glucopyranoside
(33), latifolol (34),
gnemonoside A (3),
gnemonoside B (35),
gnemonoside F (36)
Lignan (+)-lirioresinol B (37) inactive (lliya et al.,
2003)

Phytochemical numbered in bold: phytochemicals extracted/ identified/ isolated from the respective

study

Phytochemical marked with asterisk: biological activity tested with the phytochemical, (-) no data
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1.2.4 Extraction of medicinal plants

Extraction is a crucial step in recovering and isolating phytoconstituents from
plants, where soluble components are separated from insoluble counterpart
(Handa, 2008; Azwanida, 2015). Various plant parts, including fruits, seeds,
stems, bark, leaves, roots, and flowers, can be used for extraction. Prior to
extraction, plant samples are typically dried using methods such as sun-drying,
air-drying, oven-drying, or microwave-drying to preserve and prepare the material
(Azwanida, 2015). Generally, the extraction process begins with pulverizing the
dried plant material into a fine powder to break down cell structures, making the
phytochemicals more accessible to the extraction solvent. After pulverization, the
preferred extraction method is applied, followed by filtration to separate the
extracted substances from the plant material. A vacuum evaporator is then used
to concentrate the extracts, which are subsequently dried at room temperature to
remove residual solvents. The resulting crude extract, which may appear as an
impure liquid, semisolid, or powder, typically contains a complex mixture of plant
metabolites such as phenolics, alkaloids, and terpenoids (Handa, 2008;
Azwanida, 2015).

Several factors must be considered when conducting plant extraction, including
the method, solvent type, extraction time, solvent-to-sample ratio, and
temperature. Among these, optimising the extraction method and selecting an
appropriate solvent are particularly critical for isolating specific bioactive
compounds (Sarker and Nahar, 2012). A variety of extraction methods are now
available, ranging from traditional techniques like solvent and Soxhlet extraction
to more advanced and innovative methods such as microwave-assisted
extraction (MAE), ultrasound-assisted extraction (UAE), accelerated solvent
extraction (ASE), and supercritical fluid extraction (SFE). Detailed descriptions of
each of these methods are provided in Sections 1.2.4.1 t0 1.2.4.6.

The choice of extraction solvent is essential to the efficiency of the extraction
process. Solvents are generally categorised based on polarity: polar solvents
(such as water, ethanol, methanol, and ethyl acetate), and nonpolar solvents
(such as hexane, pentane, and heptane) (Sarker and Nahar, 2012). In many
cases, combinations of solvents or solvent-water mixtures in various ratios are
also employed to improve extraction outcomes. Typically, polar solvents are used
to extract polar metabolites, while nonpolar solvents target nonpolar compounds.
Moreover, solvent toxicity must be carefully evaluated when selecting solvents
for extraction, especially for applications where extracts are intended for
therapeutic, food, or cosmetic use, to ensure compliance with health and
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environmental safety standards (Seidel, 2012). Table 1.5 details the commonly
used extraction solvents with their polarity index and other physicochemical
properties such as boiling point, viscosity, and dielectric constant. The
information regarding these properties is crucial, as it directly influences the
extraction efficiency and allows the recovery of targeted phytoconstituents. For
example, higher polarity index solvents such as methanol, ethanol, and water are
more efficient in the extraction of polyphenols and flavonoids, whereas lower
polarity index solvents are better suited for the extraction of nonpolar compounds
such as terpenoids and essential oils (Cacace and Mazza, 2003; Dai and
Mumper, 2010).

Table 1.5 Common extraction solvent and its physicochemical properties.

Solvent Molecular Polarity Boiling Viscosity Dielectric
formula index point (°C) 20 °C (cP) constant
Hexane CeH14 0.0 69 0.33 1.88
Dichloromethane CH2Cl. 3.1 41 0.44 8.93
Chloroform CHCIs 41 61 0.57 4.81
Ethyl acetate C4HsO- 4.4 77 0.45 6.02
Acetone C3HeO 5.1 56 0.32 20.7
Methanol CH.O 5.1 65 0.60 32.7
Ethanol C2HsO 5.2 78 1.20 24.5
Water H-O 9.0 100 1.00 80.1

Adapted from: (Seidel, 2012; Louisiana-State-University, 2024)

23



1.2.4.1 Solvent extraction

Solvent extraction is one of the conventional techniques to extract bioactive
constituents from plant materials and it is performed by placing powdered plant
materials in a clean container and mixed with the solvent of choice. The mixture
is allowed to sit at room temperature for two to seven days, with frequent agitation
(Figure 1.7). As the extraction process works by molecular diffusion in a static
system, occasional shaking facilitates diffusion and provides an even distribution
of the concentrated mixtures. A closed container is used to avoid evaporation of
the extraction solvent during the extraction course, which avoids batch to batch
variation. Solvent extraction is commonly preferred method for extraction
because of the feasibility of the process, and it is less costly (Handa, 2008). In
addition, this method is suitable for the extraction of thermolabile compounds.
However, several limitations of solvent extraction include long extraction times,
using high volume of extraction solvent and low recovery of yield (Bitwell et al.,
2023).

Many studies have compared conventional extraction methods such as solvent
extraction with more advanced techniques. For instance, Kong, Y. et al. (2010)
examined the yield of cajaninstilbene acid (CSA) and pinostrobin (PI) from
pigeonpea leaves using solvent extraction, MAE, UAE, and reflux extraction (RE)
with ethanol concentrations of 70%, 80%, and 90%. Their findings showed that
solvent extraction produced significantly lower yields of both compounds than the
other methods for all ethanol concentrations (n = 3, p < 0.05). Notably, solvent
extraction required the longest extraction time and lower extraction temperature
(12 hours, 25 °C) compared to MAE (0.5-30 minutes, 65 °C), UAE (60 minutes,
65 °C), and RE (60 minutes, 65 °C).

Residue:
« Insoluble

e
P : compounds
i) Add solvent &, P
and mix Filtration
_— _—
Ground Left at room temperature \ Extract:
sample for a period of time with :

Soluble

occasional shaking compounds

Figure 1.7 Solvent extraction process for grounded plant materials using a
suitable solvent to produce crude plant extracts, created with (Biorender.com).
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1.2.4.2 Soxhlet extraction

In addition to solvent extraction, Soxhlet extraction is another widely used
conventional technique, originally developed for extracting fats and oils from plant
materials (Peanparkdee and lwamoto, 2019). Over time, its application has
expanded significantly and now includes the extraction of various bioactive
compounds such as sterols, lignin, and carotenoids (Saini and Keum, 2018; Qin
et al., 2023).

The Soxhlet apparatus consists of three main components: a solvent flask, an
extraction thimble, and a condenser (Figure 1.8). The Soxhlet extraction process
begins when a solvent in the bottom flask is heated by a heating mantle. As the
solvent heats, it vaporises and rises through the apparatus to the condenser,
where it cools and condenses back into liquid form. This condensed solvent then
drips onto the sample in the extraction chamber, dissolving target compounds.
Once the solvent level in the extraction chamber reaches the siphon arm, the
solution, now containing extracted compounds, flows back into the flask
(Azwanida, 2015; Ghenabzia et al., 2023).

This process repeats in a continuous cycle, maintaining regular contact between
the solvent and the sample, and thus optimising the extraction of compounds
from the sample material. This method is straightforward, using relatively
inexpensive equipment and does not require any filtration. However, Soxhlet
extraction requires long extraction time and large volumes of solvent, which can
increase costs and environmental impact. Additionally, the heat involved in the
process makes it unsuitable for heat-sensitive compounds, as they may degrade
under prolonged exposure. Furthermore, no agitation could be introduced during
the extraction process (Luque de Castro and Garcia-Ayuso, 1998). In summary,
Soxhlet extraction remains a reliable and efficient method for solid-liquid
extractions, particularly for compounds stable under heat. However, limitations
such as high solvent usage and thermal stress on delicate compounds have
spurred research into alternative extraction methods aimed at improving
sustainability and efficiency.

A previous study by Raghu and Velayudhannair (2023) investigated two
extraction methods (Soxhlet extraction and solvent extraction) and two extraction
solvents (methanol and ethanol) on the yield of Stevia rebaudiana leaves. The
findings reported that the extraction of 20 g of powdered leaf in 200 mL of ethanol
using Soxhlet extraction at 60 °C vyielded higher percentage of extract
(23.87+0.72%) compared to solvent extraction (7.13+0.09%) (20 g powdered leaf
in 100 mL ethanol). Further analysis of total phenolic content, total flavonoid
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content, tannin content, carbohydrate, and protein showed that solvent extraction
extract exhibited significantly higher activity than Soxhlet extract (n = 3, p < 0.05).
For instance, the total phenolic content in solvent extraction extract was
61.69+1.53 mg/g, compared to 45.25+1.49 mg/g in Soxhlet extract, possibly due
to the heat applied during Soxhlet extraction, which may degrade thermolabile
bioactive compounds (Raghu and Velayudhannair, 2023). Similarly, Shi et al.
(2025) examined methods for extracting camellia oil using cold-pressing oil
extraction (CPE), Soxhlet extraction, aqueous enzymatic extraction (AEE), and
supercritical carbon dioxide extraction (SC-CO,). Based on the data, Soxhlet
extraction using 18 g of dried powder camellia seeds and petroleum ether as a
solvent produced the highest lipid yield (41.02+2.34%), while AEE had the lowest
(19.27£0.57%) (n = 3, p < 0.05). However, Soxhlet extraction resulted in the
lowest a-tocopherol content (242.95+42.48 mg/kg) while, SC-CO, resulted in the
highest (375.24+48.27 mg/kg) (n = 3, p < 0.05). In this study, Soxhlet extraction
was conducted at 30 to 60 °C, while CPE involved no heat, and AEE and SC-
CO, operated at temperatures up to 50 °C. This suggests that high temperatures
in Soxhlet extraction may reduce certain bioactive compounds, such as o-
tocopherol.

Condenser

Extraction chamber

Vapor T
Siphon arm

> Extraction solvent

Figure 1.8 Schematic diagram of Soxhlet extraction apparatus consists of a
solvent flask, an extraction thimble, and a condenser.
Adapted from (Ghenabzia et al., 2023, p. 475)

Boiling flask
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1.2.4.3 Microwave-assisted extraction (MAE)

Microwave-assisted extraction (MAE) has emerged as a modern extraction
technique that combines microwave heating with conventional solvent extraction.
Microwaves, which are electromagnetic waves with frequencies between 0.3 and
300 GHz, interact with polar materials and solvents to induce ion migration. This
interaction generates localised heating of surface materials, followed by heat
transfer through conduction. Additionally, the rotation of molecular dipoles
disrupts hydrogen bonds, enhances ion migration, and improves solvent
penetration into plant materials (Camel, 2001; Kaufmann and Christen, 2002;
Azwanida, 2015). Compared to conventional extraction methods, MAE requires
a shorter extraction time and less solvent while offering a higher extraction yield
(Delazar et al., 2012).

MAE systems are broadly classified into closed/pressurised and open/focused
systems. A closed system typically consists of five main components: extraction
vessels, a turntable, a closed chamber, reflectors, and a microwave source
(Figure 1.9a). In this system, samples and solvents are enclosed in extraction
vessels, where the mixture is heated to a controlled temperature using microwave
energy. The closed design enables precise control of extraction parameters,
allows simultaneous processing of multiple samples, and is more suitable for
volatile compounds (Camel, 2001; Delazar et al., 2012). In an open system, the
primary components include a focused microwave source, an extraction vessel,
and a water condenser (Figure 1.9b). Only the solvent and sample parts are
exposed directly to microwave irradiation within the extraction vessel. Open
systems are advantageous for their ability to accommodate larger sample sizes
and safer operation at atmospheric pressure. However, extraction temperature is
dependent on the solvent’s boiling point at an atmospheric pressure (Delazar et
al., 2012).

Numerous studies have been conducted to optimise MAE operating conditions
such as solvent-to-sample ratio, microwave power, irradiation time, vessel type,
and extraction temperature. For instance, Rezaei, S. et al. (2013) applied MAE
for extracting polyphenolic compounds from apple pomace, comparing two
ethanol-water ratios (65:35, 35:65), three solvent-to-sample ratios (10:1, 20:1,
and 30:1), and three different power levels of microwave (90, 180, and 360 W).
The results indicated that the optimal conditions for extracting polyphenolic
compounds were a 65:35 ethanol-water ratio, a solvent-to-sample ratio of 20:1,
and a microwave power of 90 W. More recently, Shang et al. (2020) investigated
the effect of various microwave extraction conditions on the antioxidant activity of
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sweet tea (Lithocarpus polystachyus Rehd.). The study found that the optimal
conditions were at an ethanol concentration of 58.43%, a solvent-to-sample ratio
of 35.39:1 mL/g, an irradiation time of 25.26 minutes, a microwave power of 600
W, and an extraction temperature of 50 °C. Given the diversity of extraction
parameters reported in the literature, the choice of MAE conditions should be
tailored to the specific target compounds and plant materials under study.
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Figure 1.9 Main components for microwave-assisted extraction: (a) a closed
system consists of an extraction vessels, a turntable, a closed chamber,
reflectors, and a microwave source, (b) an open system with primary components
of a focused microwave source, an extraction vessel, and a water condenser.
Adapted from (Delazar et al., 2012, p. 93)

- ===« Solvent

- - Sample

28



1.2.4.4 Ultrasound-assisted extraction (UAE)

Ultrasound-Assisted Extraction (UAE) is a modern extraction technique that
utilises ultrasound energy at frequencies exceeding 20 kHz. Figure 1.10 (a-b)
illustrates typical setups of ultrasonic equipment. The UAE method operates
through three primary mechanisms: thermal, mechanical, and cavitation effects,
with cavitation being the most dominant (Tiwari, 2015; Shen et al., 2023). The
thermal effect occurs as the medium absorbs ultrasonic energy and releases it
as heat (Qiu et al., 2020). The mechanical effect arises from particle vibrations
caused by ultrasound, which enhance particle motion and accelerate mass
transfer (Wen et al., 2018). Cavitation occurs when ultrasound waves create
pressure changes in a liquid, by forming tiny bubbles that grow and collapse. This
bubble implosion generates energy critical for the extraction process. UAE offers
several advantages, including higher extraction efficiency, shorter extraction
times, lower extraction temperatures, reduced solvent usage, and the flexibility to
work with solvents and target compounds regardless of polarity. UAE has some
drawbacks, including noise from the ultrasonic equipment and the formation of
free radicals when extraction occurs above 20 kHz (Handa, 2008; Shen et al.,
2023). Chahyadi and Elfahmi (2020) investigated the influence of extraction
methods of solvent extraction, boiling, reflux, UAE, and MAE on rutin yield of
cassava leaves. The study demonstrated that 2.5 g of cassava leaves extracted
using UAE at 50 °C with frequency of 40 kHz achieved the highest extraction
efficiency for rutin, reaching 99%, compared to other methods such as
microwave-assisted extraction (MAE: 94%), reflux (90%), boiling (83%), and
solvent extraction (65%). Similarly, a study by Li et al. (2004), using scanning
electron microscopy (SEM), observed that applying UAE for 30 minutes to 3
hours led to the rupture of cell walls in ground soybean flakes, facilitating the
release of intracellular components. This process is attributed to the cavitation
effect induced by UAE.

(@) (b)

Ultrasonic
Ultrasonic generator

generator

Figure 1.10 Different UAE setups (a) ultrasonic bath, (b) ultrasonic horn.
Adapted from (Tiwari, 2015, p.104)
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1.2.4.5 Accelerated solvent extraction (ASE)

Accelerated solvent extraction (ASE), also known as pressurised solvent
extraction (PSE), is a technique that employs solvent at elevated temperatures
and pressures to enhance extraction kinetics (Kaufmann and Christen, 2002). In
this method, the sample is commonly placed in a stainless-steel cell, filled with
solvent, and heated to 50 to 200 °C under pressures of 500 to 3000 psi. Excess
pressure is controlled by a static valve, with vented solvent collected separately.
The sample undergoes a static extraction phase (5 to 10 minutes), followed by
rinsing with fresh solvent to clean the sample and tubing. Finally, residual solvent
is purged using compressed gas (e.g., nitrogen), and the combined extract and
rinse solvent is collected in a vial (Richter et al., 1996; Kaufmann and Christen,
2002). A schematic diagram of ASE is shown in Figure 1.11. ASE is favoured for
its short extraction time, reduced solvent usage, and improved analyte solubility
and mass transfer. However, its limitations include unsuitability for extracting
thermolabile compounds, as high temperatures may compromise their structure
and functionality (Richter et al., 1996; Ajila et al., 2011).

A recent study by Fortier et al. (2019) extracted cotton fibre wax using two
extraction methods of ASE (4 g cotton in 100 mL ethanol under nitrogen at 150
psi for 1 hour at 140 °C) and Soxhlet extraction (10 g cotton in 250 mL ethanol
for 6 hours at 65 °C). Compared to Soxhlet extraction, ASE achieved a lower wax
yield (0.626+£0.130% vs. 0.708+0.102%, n = 36, p < 0.05) but causes less fibre
surface damage, with smaller SEM-observed defects (1-5 pm vs. 15-25 ym). In
another study, solvent extraction, MAE, UAE, and ASE were performed, and the
recovery of polyphenols from citrus peels was compared. The results showed
that ASE performed at 120 °C and 1500 psi for 5 minutes with 3 static cycles
produced lower total phenolic content values and oxygen radical absorption
capacity (ORAC) values compared to MAE, UAE, and solvent extraction methods
(n =3, p <0.05). This reduction is likely due to the combined effects of oxidation
during the extraction process and interactions between phenolic and non-
phenolic compounds (e.g., sugar, fatty acids), which can degrade or alter the
phenolic compounds and hinder accurate detection during analysis (Nayak et al.,
2015a). Based on the findings, ASE produced lower yield, TPC, and ORAC
values, however it caused less damage to cotton fibre, probably due to the shorter
extraction time compared to Soxhlet. These findings underscore a key limitation
of the ASE method, as a higher extraction temperature likely reduces the
extraction yield and the biological activities.
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Figure 1.11 Schematic diagram of ASE system utilising high temperatures and
pressures.
Adapted from (Richter et al., 1996, p. 1034)

1.2.4.6 Supercritical fluid extraction (SFE)

A supercritical fluid is a homogeneous fluid formed at temperatures and
pressures exceeding its critical point (Nahar and Sarker, 2012). In supercritical
fluid extraction (SFE), supercritical fluids, most commonly carbon dioxide (CO2)
are used as the extraction medium instead of traditional organic solvents. A
standard SFE system comprises a high-pressure pump and an extraction cell
(Figure 1.12). The fluid, often combined with an organic solvent or modifier, is
delivered into the extraction cell to enhance the efficiency of the process. At the
restrictor's outlet, depressurised fluid allows analytes to be trapped in an organic
solvent or on a solid-phase cartridge, from which they are eluted with a small
solvent volume (2 to 5 mL). The choice of trapping conditions such as solvent,
solid phase, and temperature is crucial for efficient recovery of extract (Camel,
2001). SFE using CO:: offers notable advantages, including its nontoxic nature,
high selectivity, absence of harmful residues, and simplified solvent recovery.
However, it also has limitations. As CO2 is nonpolar, the extraction process is
more effective for nonpolar compounds. When modifiers are added to enable the
extraction of polar compounds, challenges arise, including alterations to the
critical pressure and temperature values. Additionally, optimisation becomes
complex and labour-intensive, and the equipment incurs higher operational costs
(Camel, 2001; Nahar and Sarker, 2012).

SFE has been extensively used for the extraction of essential oils, valorisation of
by-products as well as for the extraction of many other natural products. For
example, carotenoids have been successfully extracted from mango peel using
SFE under optimal parameters: 25 MPa pressure, 15% w/w ethanol as a modifier,
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and a temperature of 60 °C. This process yielded 1.9 mg of all-trans-3-carotene
equivalents per gram of dried mango peel. Notably, the extract demonstrated
strong antioxidant properties by inhibiting lipid oxidation in sunflower oil,
suggesting its potential application as a natural antioxidant additive (Sanchez-
Camargo et al.,, 2019). In another study, Conde-Hernandez et al. (2017)
compared SFE with hydro distillation and steam distillation for extracting
rosemary essential oils. Analysis using Gas Chromatography-Mass Spectrometry
(GC-MS) revealed that SFE produced a greater yield of essential oils, with
camphor, B-caryophyllene, and eucalyptol as the predominant components.
Furthermore, oils extracted via SFE exhibited superior antioxidant activity
compared to those obtained through traditional methods. These findings highlight
the advantages of SFE for extracting essential oils and other nonpolar
compounds, offering both higher efficiency and enhanced extract quality.
Nevertheless, this method is only effective for extracting nonpolar compounds,
which underscores its limitation in extracting polar compounds.
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Figure 1.12 A schematic diagram of SFE comprises a high-pressure pump and
an extraction cell.
Adapted from (Camel, 2001, p. 1183)
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1.2.5 Microorganisms in nature

Microorganisms, often referred to as microbes, are organisms that are too small
to be observed with the naked eye, making them microscopic in nature. They are
ubiquitous in the environment and exist in diverse forms, including unicellular
(single-celled), multicellular, or complex organisms. Microbes inhabit a wide
range of environments, including soil, water, air, and even extreme conditions.
The classification of microbes encompasses algae, archaea, bacteria, fungi,
protozoa, multicellular animal parasites, and viruses (LibreTexts, 2024). While all
these groups have garnered significant interest from researchers worldwide, this
study focuses specifically on bacterial and fungal species.

Bacteria exhibit various shapes, including spherical, rod-shaped, curved rods,
and spiral forms, with sizes typically ranging from 0.5 to 5 ym in diameter. They
are commonly differentiated using the Gram staining method, which classifies
them as either Gram-positive or Gram-negative. Gram-positive bacteria possess
a thick (~40 nm) peptidoglycan cell wall that stains purple under a microscope,
whereas Gram-negative bacteria have a thinner (~2 nm) peptidoglycan layer
surrounded by an outer membrane, appearing pink under the microscope
(Wessner et al., 2020). Both Gram-positive and Gram-negative bacteria include
beneficial and pathogenic species. For instance, beneficial lactic acid bacteria,
such as Lactobacillus bulgaricus and Streptococcus thermophilus, play an
essential role in the food industry as starter cultures in yogurt production (Ayivi
and Ibrahim, 2022). Conversely, pathogenic bacteria have caused millions of
infections globally, resulting in numerous hospitalisations over the vyears
(Wessner et al., 2020).

Fungi are heterotrophic organisms that derive energy by utilising organic
compounds. Unlike bacteria, fungi possess a cell wall composed of chitin, which
provides structural support and integrity. Like bacteria, fungi are widely
distributed in nature and include both beneficial and pathogenic species.
Beneficial fungi, such as Penicillium species and Saccharomyces cerevisiae, play
significant roles in various industries. Penicillium is instrumental in the production
of the antibiotic penicillin, while S. cerevisiae is widely used in baking and
fermentation processes (Wessner et al., 2020). Further details regarding
pathogenic bacteria and fungi are discussed in Section 1.2.5.1.
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1.2.5.1 Pathogenic bacteria and fungi in food

Foodborne pathogens encompass bacteria, viruses, parasites, or toxic chemicals
present in food, which, when ingested, can lead to foodborne illnesses (WHO,
2024c). These illnesses are broadly categorised into foodborne intoxications and
foodborne infections. Foodborne infections occur when individuals consume the
live organisms, whereas foodborne intoxications result from ingesting toxins
produced by microorganisms, even in the absence of the organisms themselves
(Wessner et al., 2020). Symptoms of foodborne ilinesses range from mild, such
as diarrhoea, nausea, and vomiting, to severe, including life-threatening
complications. Severe cases occur when foodborne pathogens multiply in the
intestines and release harmful toxins or chemicals into the human body. Globally,
over 200 foodborne diseases have been documented to date (Linscott, 2011;
Wessner et al., 2020). Bacteria are responsible for approximately two-thirds of
foodborne disease outbreaks globally, with Salmonella spp., Staphylococcus
aureus and Escherichia coli being the most common pathogens. Other significant
bacterial pathogens include Bacillus cereus, Campylobacter jejuni, Clostridium
botulinum, Clostridium perfringens, Listeria monocytogenes, and Shigella spp.
(Bintsis, 2017). Besides bacteria, viruses (e.g., norovirus, astrovirus, rotavirus)
and protozoans (e.g., Giardia duodenalis, Cryptosporidium spp.) are also the
major causes of foodborne illnesses. Table 1.6 presents the common examples
of bacteria foodborne pathogens.
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Table 1.6 Common foodborne pathogens found in food commodities that were responsible for the outbreak.

Bacteria

Description

Common sources of
contamination

Example of outbreak Source

Bacillus cereus

Campylobacter spp.

Clostridium botulinum

Clostridium perfringens

Escherichia coli

Gram-positive, rod-shaped,
motile, spore forming,
facultative aerobic

Gram-negative, spiral
shaped, maotile,
microaerophilic

Gram-positive, rod-shaped,
motile, spore-forming,
anaerobic

Gram-positive, rod-shaped,
nonmotile, spore-forming,
anaerobic

Gram-negative, rod-shaped,
motile, non-spore forming,
facultative anaerobic

Meat and poultry,
vegetables, milk and milk
products, fried and
cooked rice, pasta salad,
noodles

Raw or undercooked
poultry, meat,
unpasteurised milk, or
cross contamination from
other foods

Honey, fish, meat,
vegetables, infant and
canned foods

Beef, poultry, pork

Fresh produce,
undercooked ground
meat

In August 1990, 485 individuals in
Thailand were ill with symptoms of
nausea, vomiting, and abdominal
pain caused by B. cereus toxin in
cream-filled eclairs.

In May 2012, 44 people fell ill from (Bintsis, 2017; Lahti
undercooked chicken liver pate in etal., 2017; Abebe
Sweden, positive for Campylobacter et al., 2020)

Spp.

(Thaikruea et al.,
1995; Bintsis, 2017)

In March 2006, 209 botulism cases
were reported in Thailand linked to
contaminated home-canned bamboo
shoots.

In June 2012, C. perfringens (Acheson et al.,
outbreak was reported in England for 2016; Bintsis, 2017)
15 care home residents due to
consumption of mince and vegetable
pie and/or gravy.

In May 2011, 4075 cases of Shiga-
toxin producing E. coli (O104:H4)
were reported in Germany and 15
other countries.

(Ungchusak et al.,
2007; Bintsis, 2017)

(Abebe et al., 2020;
WHO, 2024a)
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Table 1.6 Continued

Common sources of Source

Bacteria Description . Example of outbreak

contamination

Listeria monocytogenes Gram-positive, rod-shaped, = Uncooked meats and In 2011 (August - October), 147 (McCollum et al.,
motile, non-spore forming, vegetables, deli meat, people were ill after consumed 2013; Abebe et al.,
facultative anaerobic ready-to-eat meat contaminated cantaloupe with 33 of 2020; WHO, 2024d)

products, soft cheeses, deaths reported.
cold smoked fishery
products

Salmonella spp. Gram-negative, rod-shaped, Eggs, meat, poultry In 2012 (January - July), 425 (CDC, 2012; Abebe
non-spore forming, relatively Salmonella spp. cases linked to et al., 2020)
anaerobic frozen raw yellowfin tuna were

reported in Washington, D.C., USA,
resulting in 55 hospitalizations.

Shigella spp. Gram-negative, rod-shaped, Milk, salads, chicken, In August 1998, 21 of 65 Minnesota  (Hedberg et al.,
non-motile, non-spore shellfish, fresh produce  football players developed 1992; Bintsis, 2017)
forming, facultative anaerobic shigellosis after consuming cold

sandwiches prepared during a flight.

Staphylococcus aureus  Gram-positive, sphere- Ground beef, pork In October 2018, food poisoning (Bintsis, 2017;
shaped (cocci), non-motile, sausage, ground turkey, involving 352 primary school children Abebe et al., 2020;
facultative anaerobic oysters, shrimp, cream in Ninh Binh Province, Vietnam after Le, H.H.T. et al.,

pies, milk, delicatessen  having lunch (chicken floss) at the 2021)
salads school canteen.

Vibrio spp. Gram-negative, straight or Raw or undercooked From 2010 — 2014, 71 outbreaks (Bintsis, 2017;
curved rods, non-spore oysters, crabs, prawns, were reported in China, resulting 933 Chen, J. et al., 2017)
forming, motile, facultative scallops, seaweed, clams illnesses and 117 hospitalisations
anaerobic due to Vibrio parahaemolyticus
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In addition to food contamination caused by foodborne pathogens, foods can also
undergo spoilage that leads to quality deterioration. Food spoilage refers to the
decline in food quality and safety, resulting in changes in texture, taste, or
appearance, rendering it unsuitable or unsafe for consumption. Spoilage can
result from various factors, including physical, chemical, and microbial influences
such as exposure to air, temperature fluctuations, and the growth of bacteria,
fungi (moulds and yeast). While not all spoilage poses a direct health risk, it still
leads to the loss of valuable food resources (Amit et al., 2017). Perishable and
semi-perishable foods like fresh vegetables, fruits, and meats are particularly
prone to spoilage due to their high water activity (aw). The aw of foods generally
ranges from 0.20 to 0.99, with lower values found in very dry foods and higher
values observed in moist, fresh foods (FSA-Ireland, 2022). Water activity above
0.91 provides an ideal condition for microbial growth, and most fresh foods have
an aw between 0.96 and 0.99. Moulds are more prevalent in fruits due to their
lower pH, which moulds tolerate better than bacteria. Conversely, vegetables,
with a nearly neutral pH, typically experience bacterial spoilage, as bacteria
outcompete fungi in such conditions (Wessner et al., 2020). Fungal and moulds
spoilage in food is often identified by visual growth on the surface, the formation
of metabolites causing off-odours and flavours, and changes in colour or texture.
Common spoilage microorganisms include Candida spp., Penicillium spp.,
Aspergillus spp., Cladosporium, Pseudomonas, E. coli, and Campylobacter
(Ledenbach and Marshall, 2009; Garnier et al., 2017). Table 1.7 further details
the common occurrence of food spoilage with associated microorganisms.
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Table 1.7 Food spoilage microorganisms in food commodities, adapted from (Wessner et al., 2020, p. 590).

Food s“::i;ﬁ 2:2'5 Spoilage reactions Effects of spoilage Common spoilage organisms
Fruits, vegetables  Pectin Hydrolysis Soft rot, loss of fruit structure  Bacteria: Erwinia, Pseudomonas,
Corynebacterium
Sugars Fermentations Souring, acidification Fungi: Aspergillus, Botrytis,

Fresh meat, poultry, Proteins

seafood

Carbohydrates

Milk Lactose

Proteins (casein)

Proteolysis, deamination

Hydrolysis, fermentations

Hydrolysis, fermentations

Proteolysis, deamination

Bitterness, souring,
bad odour, sliminess

Souring, acidification

Souring, clumping

Rhizopus, Penicillium,
Alternaria, various yeasts

Bacteria: Acinetobacter,
Aeromonas, Campylobacter,
Escherichia, Listeria, Micrococcus,
Pseudomonas, Salmonella

Fungi: Candida, Cladosporium,
Mucor, Penicillium, Rhizopus,
Rhodotorula, Sporotrichium

Bacteria: lactic acid bacteria

(including Streptococcus, Leuconostoc,
Lactococcus, Lactobacillus), Pseudomo
nas, Proteus

Bitterness, souring, foul odour, Fungi: Candida, Geotrichum

sliminess
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The impact of foodborne pathogens and food spoilage microorganisms poses a
significant challenge to the food industry, with the potential to strain healthcare
systems and disrupt the normal function in the society, such as increase in the
hospital cost due to inpatients and outpatients visit, loss of earnings, and work
reorganisation cost to the employer due to employee sick absence (Daniel et al.,
2020). Furthermore, food contamination caused by these microorganisms
contributes to substantial food loss throughout the supply chain, ultimately
leading to food waste (FAO, 2019). This exacerbates issues related to food
security, creating additional challenges. To address these issues, various
preventive and control measures have been implemented. These include good
manufacturing and hygiene practices, reducing the water activity (aw) of foods
through freeze-drying, controlling temperature by refrigeration or pasteurisation,
adding preservatives, irradiating food by exposing the food to electron beams, X-
rays or gamma rays, and employing advanced packaging methods (Garnier et
al., 2017; Wessner et al., 2020; Food Standard Agency, 2022). With regard to
advanced packaging methods, numerous reports demonstrated the critical role
of active antimicrobial packaging, especially through the incorporation of
substances derived from plants in inhibiting foodborne pathogens (Sung et al.,
2013; Nur Amila Najwa et al., 2020; Valizadeh et al., 2024). Investigation into
antimicrobial activities and potential uses of the plant extracts in packaging
materials has regained momentum over the past few years. Therefore, one of the
significances of this research is that it can advance the understanding on the
antimicrobial properties of active plant extracts from C. asiatica, G. atroviridis,
and G. gnemon against foodborne pathogens and spoilage microorganisms prior
to their use as packaging materials. Further details on the packaging are
discussed in the next section, Section 1.2.6.
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1.2.6 Food Packaging

According to the Department of Environment, Food and Rural Affairs (DEFRA),
(2010), packaging is defined as any materials of products in different forms used
to serve the purposes such as containment, protection, handling, delivery and
preservation of goods from the producer to the end user (Department of
Environment, Food and Rural Affairs, 2010, cited in Dobson and Yadav, 2012,
p.3). Food packaging can be broadly classified into three types: passive,
intelligent, and active packaging. Passive packaging is the conventional food
packaging application with the aim of protecting the food from air and moisture
without interaction with the food materials. Passive packaging materials could be
either plastic, boxes, or cans (Nicoletti and Serrone, 2017). Food manufacturers
predominantly use plastic packaging to display their products at retail stores,
especially for fresh produce and meat products since the usage of those types of
packaging is accustomed to a low cost, being thin, lightweight, and durable, whilst
the transparent characteristics of the plastic allow the consumer to visually
inspect the quality of products (Eldesouky et al., 2015).

However, prolonged use of traditional/passive plastic packaging has become
unfavourable to the environment since plastic is a non-biodegradable resource
and has remained in the environment for many years. In addition, plastic poses
a threat to human health due to the risk of hazardous chemical substances
leaking from the packaging material such as bisphenol A and di-(2-
ethylhexyl)phthalate (DEHP) (North and Halden, 2013). In addition, the ocean
has become the illegal dumping ground of plastic waste that extremely endangers
marine life with the likelihood of ingestion, suffocation, and entanglement of the
plastic by marine species (IUCN, 2024). With recent technological
advancements, more research has been conducted to address the challenges
arising from the use of plastic by developing sustainable alternatives to replace
conventional plastic packaging. As a result, materials derived from natural (e.g.,
plants and animals) and food-grade sources are becoming viable options.

The development variety of packaging materials including the intelligent and
active packaging has been of great interest to researchers and manufacturers.
Intelligent packaging is defined as “packaging that contains an external or internal
indicator to provide information about aspects of the history of the package and/or
the quality of the food” (Robertson, G., 2013b, p. 402). Active packaging is a food
packaging technology where active substances are intentionally incorporated into
or onto the packaging materials to improve product quality and safety. Currently,
several types of widely accepted active packaging which includes antimicrobial,
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oxygen absorbers, carbon dioxide emitters and absorbers, moisture regulators,
and flavour releasers and absorbers (Robertson, G., 2013b). The specific role of
active packaging varies depending on its type and function. For instance, oxygen
absorbers, as the name suggests, remove residual oxygen from food packages.
These are typically used in the form of porous sachets containing iron powder,
which reacts with oxygen to form iron oxide (Ozdemir and Floros, 2004). On the
other hand, antimicrobial packaging employs the incorporation of active
antimicrobial substances (e.g. organic acids and their salts, fungicides, enzymes,
plant extracts) into the food packaging materials, and it can be directly
incorporated into the packaging materials or introduced by means of surface
attachment or coating (Robertson, G., 2013b). The use of antimicrobial
packaging enables the controlled release of active antimicrobial constituents from
the packaging material to the food surface over time. One of the mechanisms of
release in active antimicrobial packaging films is polymer swelling caused by the
diffusion of water molecules into the polymer matrix. For instance, a slower
release rate of antimicrobials achieved when hydrophobic compounds are
incorporated, resulting in a slower hydration process as well as reduced diffusion
of active agents from the film matrix (Ouattara et al., 2000; Ozdemir and Floros,
2003; Mastromatteo et al., 2010; Arcan and Yemenicioglu, 2013). In addition,
active packaging can also be produced through the attachment of amine-
terminated bioactive molecules to the polymer matrix via covalent linkages
(Barish and Goddard, 2011). This approach has proven to be more effective than
direct spraying or dripping, where the active agents rapidly diffuse onto the food
surface and are often denatured by interactions with food components
(Quintavalla and Vicini, 2002).

1.2.6.1 Biodegradable and active antimicrobial film

Over the past few years, the demand for biobased and biodegradable materials
has surged across various sectors of the food packaging industry, particularly in
the development of single-use plastics for meat, poultry, and fresh produce’s
application. According to European Bioplastics (2024), global bioplastic
production is projected to grow from 2.47 million tonnes in 2024 to 5.73 million
tonnes by 2029. According to American Society for Testing and Materials
(ASTM), biobased plastic contains organic carbon from renewable resources,
while biodegradable plastics are the plastic that is degradable into smaller
fragments through the action of bacteria, fungi, and algae under suitable
conditions (Robertson, G., 2013c; Pires et al., 2022). In brief, biodegradation
occurs through two main stages. The first stage, depolymerisation/ chain
cleavage, involves breaking down long polymer chains into smaller oligomeric
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fragments. The second stage, mineralisation, occurs within cells, where these
fragments are further transformed into biomass, minerals, salts, water, and
gases. Several factors affect the biodegradation process, including
environmental conditions, the material's chemical structure, crystallinity, and
molecular weight. While not all biobased packaging materials are biodegradabile,
most materials derived from plants and animals are considered both biobased
and biodegradable (Robertson, G., 2013c).

In the context of producing active antimicrobial film packaging from
biodegradable resources, primary materials such as polysaccharides and
proteins have garnered significant interest. Polysaccharides are complex
carbohydrates composed of monosaccharide units linked by glycosidic bonds.
They exist in various forms, including starch, cellulose, hemicellulose, chitosan,
and gums. The use of polysaccharides as biobased and biodegradable films has
attracted considerable attention due to their numerous advantageous properties.
These include their abundance in nature, non-toxic, low cost, excellent film-
forming capabilities, and strong mechanical and gas barrier properties.
Additionally, polysaccharide-based films serve as effective barriers against oil
and lipids, making them highly suitable for sustainable packaging applications
(Robertson, G., 2013c). However, polysaccharide-based films also have
drawbacks, such as lower water resistance and weaker water vapor barrier
properties compared to conventional plastic films (Yang, L. and Paulson, 2000).

Films developed from animal- and plant-based proteins, such as collagen,
gelatine, wheat gluten, zein (derived from corn), soy protein, whey protein, and
casein, also offer valuable properties. Protein-based films are known for their
good mechanical and optical characteristics, as well as their strong barrier
properties against oxygen, carbon dioxide, aromas, and lipids. However, they
tend to exhibit high water vapour permeability. To enhance the performance of
biodegradable films, additives such as plasticisers, emulsifiers, antimicrobials,
and antioxidants are often incorporated (Robertson, G., 2013c). Since this
present study focuses on developing biobased and biodegradable films from zein
with the addition of antimicrobial agents, the following section, Section 1.2.6.2 will
provide a detailed discussion of zein as a film packaging material and explore the
incorporation of antimicrobial agents on its properties.

1.2.6.2 Zein as film packaging

The corn wet milling industry operates by separating corn kernels into their
primary components, starch, and various by-products. One significant by-product

42



of this process is corn gluten meal, which is primarily used as feed for animals
and poultry. Corn gluten meal can be further processed to extract zein (Figure
1.13), a class of prolamins that constitutes 65-68% of the total protein content in
corn gluten meal (Neumann et al., 1984, Hardwick and Glatz, 1989, cited in
Zheng et al., 2014, p. 496). Zein is categorised into four distinct classes according
to their solubility and sequence homology: a-zein, -zein, y-zein, and &-zein. The
first three classes account for 75-80%, 10-15%, and 10-15% of the total zein,
respectively. The majority of the commercially available zein is composed of a-
zein and a minor proportion of 3-zein and y-zein (Wilson, 1991; Woo et al., 2001).
d-zein constitutes of only a small fraction of the overall zein content (Esen, 1987).
Zein consists of non-polar amino acids such as leucine, proline, and alanine,
which contribute to its natural insolubility in water. However, it is deficient in
essential amino acids like lysine and tryptophan, which are crucial for human
nutrition (Shukla and Cheryan, 2001; Sharif et al., 2019). It is hydrophobic in
nature but soluble in alcohol, with a molecular weight ranging from 10 to 27 kDa
(Wilson, 1991, cited in Anderson and Lamsa, 2011, p. 160). The U.S. Food and
Drug Administration (FDA) has classified zein as a generally recognized as safe
(GRAS) product (FDA, 2024). The utilisation of zein spans various industries,
including food, packaging, pharmaceuticals, cosmetics, coating agents, and
adhesives. In the context of food packaging, zein's properties such as being non-
toxic, hydrophobic, good biocompatibility, and having excellent film-forming
capabilities make it particularly valuable as primary packaging material (Shukla
and Cheryan, 2001; Corradini et al., 2014).

O
e HN R
- m
Zein pwder Chemical structure

Figure 1.13 Visual appearance of zein powder obtained from the commercial
supplier and the polypeptide backbone of zein consists of amide group (-NH-),
carbonyl group (C=0), amino acid side chain (R) with m representing the number
of repeating amino acid units in the zein polypeptide chain (Magoshi et al., 1992;
Forato et al., 1998; Mohammed-Ziegler and Billes, 2002; Sun et al., 2023, p.2).
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Currently, several methods are employed to produce zein films and other
biobased, biodegradable polymers, including solvent casting, extrusion, and
electrospinning. Solvent casting, regarded as a conventional method for
preparing zein films, is commonly performed at the laboratory scale. This method
typically involves preparing a biopolymer solution, spreading the solution onto a
mould, and then allowing it to dry (Figure 1.14a) (Rhim et al., 2006; Ribeiro et al.,
2021). The advantages of solvent casting include its simplicity, low cost, and the
absence of heating, which makes it suitable for thermolabile components.
However, it has notable drawbacks, such as its unsuitability for mass production
and the risk of wrinkling or tearing during the peeling process of the film (Dhumal
and Sarkar, 2018; Suhag et al., 2020; Wang, Q. et al., 2022). On the other hand,
extrusion is a widely used method for producing film packaging, including zein
films, at an industrial scale. In general, solid biopolymer materials and additives
are heated above their glass transition temperature, converted into a melt, mixed,
extruded through a nozzle, and then cooled into a film (Figure 1.14b) (Wang, Q.
et al.,, 2022). Extrusion offers several advantages, including short processing
times, no solvent use, and ease of handling high-viscosity polymers. It also allows
for better control of feed residence time (an extrusion parameter that determines
the amount of time polymer melt spends inside the extruder from feeding to exit)
and mixing efficiency. However, the method has some disadvantages, such as
higher initial and maintenance costs, and is limited to biopolymers that can
withstand high temperatures ranging from 70 to 500 °C depending on the
processing conditions (Altomare and Ghossi, 1986; van Duin et al., 2001; Liu, H.
et al., 2009; Suhag et al., 2020; Wang, Q. et al., 2022).
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Figure 1.14 Biodegradable and active film preparation via (a) solvent casting by
spreading the solution onto a mould, (b) extrusion where the solid biopolymer
materials are heated, converted into a melt, extruded through a nozzle, and
cooled into a film.

Adapted from (Wang, Q. et al., 2022, p. 6)

Electrospinning is a film production technology capable of creating films with fibre
diameters ranging from nanoscale to microscale. Its growing application in film
packaging is driven by its flexibility, cost-effectiveness, non-thermal process, high
encapsulation, and its ability to produce materials with a high surface-to-volume
ratio and customisable morphology (Anu Bhushani and Anandharamakrishnan,
2014). A basic electrospinning setup comprises three main components: a
solution reservoir with a spinneret, a grounded metallic collector, and a high-
voltage power supply ranging from 1 to 30 kV (Figure 1.15) (Kriegel et al., 2008;
Kong, L. and Ziegler, 2014). To produce nanofibers, a polymer solution is pumped
through a needle under suitable voltage, forming a charged droplet that elongates
into a Taylor cone at the needle tip. Electrostatic forces then overcome surface
tension, ejecting the solution as a jet that stretches and deposits nanofibers onto
the collector (Doshi and Reneker, 1995; Andrady, 2008). Initially, the jet formation
from the Taylor cone follows a straight path; however, due to
electrohydrodynamic instability, the jet begins to whip rapidly before being
deposited onto the collector (Reneker and Chun, 1996, cited in Rezaei, A. et al.,
2015, p. 270). The formation of fibres during electrospinning is influenced by
various factors, including process parameters (e.g., applied voltage, solution flow
rate, and spinning distance), solution properties (e.g., polymer concentration,
viscosity, molecular weight, surface tension, and conductivity), and
environmental conditions such as ambient temperature. Typically, the applied
voltage ranges from 10 to 21 kV, with a solution flow rate of 0.6 to 3 mL/h and a
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spinning distance of 10 to 15 cm from the collector (Andrady, 2008; Rezaei, A. et

al., 2015).

Ok

Figure 1.15 Basic electrospinning set-up comprises of a solution reservoir with a
spinneret, a grounded metallic collector, and a high-voltage power supply ranging
from 1 to 30 kV, created with (Biorender.com).

Biodegradable and active packaging films must meet specific standards and
requirements due to their direct use in contact with food. These requirements
include acceptable sensory attributes, stability in biochemical, physicochemical,
and microbial properties, the absence of toxic components, simple production
methods, and cost-effectiveness of both raw materials and manufacturing
processes (Debeaufort et al., 1998; Murrieta-Martinez et al., 2018). Additionally,
the selection and formulation of packaging film materials must consider their
physical, mechanical, and barrier properties (Murrieta-Martinez et al., 2018;
Ribeiro et al., 2021). Physical properties are commonly evaluated through
measurements like thickness, scanning electron microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC).
These methods provide valuable information on the film's thickness, surface
characteristics, morphology, and thermal behaviour. According to ASTM
standards, plastic films should not exceed a thickness of 0.25 mm, while
biodegradable and edible films are typically less than 0.3 mm (ASTM, 2010;
Senturk Parreidt et al., 2018). Information on mechanical properties, such as the
maximum force the film can withstand when it is pulled, the change in length of a
film when subjected to tensile force, and an index of the stiffness of thin plastic
sheeting are represented by tensile strength, elongation at break (EAB), and
Young’'s modulus (YM) values, respectively. Information on these values are
critical in order to maintain food quality during handling and storage within the
supply chain (ASTM, 2010; Murrieta-Martinez et al., 2018). These properties are
often tested using ASTM Standard D882 (ASTM, 2010). Barrier properties, such
as water vapour permeability, gas permeability, and light transmittance, play a
critical role in determining the shelf life of food products. These properties assess
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the interaction of water, gases, and light with packaging materials, which are
primary contributors to the physical and chemical degradation of food (Miller and
Krochta, 1997; Germain, 1997, cited in Siracusa et al., 2008, p. 636). In summary,
an ideal film packaging film must effectively protect the product, enhance shelf
life, ensure safety, and align with sustainability goals while maintaining economic
feasibility.

Extensive literature is available demonstrating the potential of zein as an active
packaging. For instance, zein films incorporating spent coffee grounds extracts
were prepared using a solvent casting technique with glycerol as a plasticiser.
The study revealed that incorporating up to 45% spent coffee grounds extract
yielded films with acceptable mechanical properties suitable for packaging. The
films demonstrated a tensile strength of 14.21+3.99 MPa, EAB of 0.58+0.15%,
and YM of 2128.25+661.24 MPa, showcasing their potential as sustainable active
packaging materials (Drago et al., 2022). While there is no universal standard for
tensile strength, EAB, and YM values for biodegradable films, a compilation of
data for other types of polymers from agar-based films showed a tensile strength
range between 0.11 and 100 MPa, EAB between 0.8 and 200%, and YM between
0.03 and 4150 MPa. In addition, these values could be improved by modifying
parameters such as the use of plasticiser, adjusting film thickness, addition of
crosslinking agents, and the incorporation of ingredients such as plant extracts
(Mostafavi and Zaeim, 2020; Hernandez et al., 2022). A previous study also
showed that zein fibres loaded with carvacrol essential oil, produced through
electrospinning, exhibited antifungal efficacy by inhibiting 99.6% of mould and
fungal growth on wheat bread stored at 25 °C for seven days (Altan et al., 2018).
Furthermore, zein films enriched with thyme essential oil, also produced via
electrospinning, demonstrated effectiveness in cold storage applications for
strawberries. These films reduced weight loss and preserved the anthocyanin
content, firmness, and colour of strawberries over a 15-day storage period
(Ansarifar and Moradinezhad, 2022). Considering the potential of zein as primary
polymer for developing active, biobased and biodegradable packaging materials,
it is essential to emphasise further research to enhance its visibility to a broader
audience. To date, there has been little to no study conducted on the use of zein
and C. asiaticalG. atroviridis/G. gnemon extracts as packaging film employing the
electrospinning method. A few studies reported the addition of G. atroviridis
extract for a film production via solvent casting, and to the best of the author’s
knowledge, no such studies have been conducted on the other two plants.
Therefore, the significance of this research is that it can provide a reference point
for the use of these extracts in the development of film packaging and enhance
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the knowledge of other researchers of the potential of the plant extracts in food
packaging applications.

1.2.6.3 Deterioration of food

Foods can generally be classified into three categories based on their shelf life:
perishable, semi-perishable, and non-perishable foods. Perishable foods, such
as fresh produce, meat, and poultry, typically have a aw above 0.99. Since most
bacteria require a minimum aw of 0.91 for growth, these foods provide an ideal
environment for microbial activity, leading to deterioration and spoilage. Semi-
perishable foods, including nuts and potatoes, spoil more slowly than perishable
foods but still require proper storage to prolong their shelf life. In contrast, non-
perishable foods, such as flour, sugar, and dried beans, remain stable over long
storage periods due to their low aw, generally around 0.2, which makes them less
susceptible to microbial growth and spoilage (Wessner et al., 2020). In all food
categories, packaging plays a pivotal role in extending shelf life by minimising
exposure to factors that contribute to deterioration. Effective food packaging
helps preserve product safety, quality, and nutritional integrity throughout storage
and distribution.

Food packaging serves as a protective barrier between food products and their
internal and external environments during processing and storage. Without this
barrier, food is susceptible to various changes that result in deterioration. The
deterioration process is influenced by enzymatic, microbiological, and chemical
reactions. In terms of enzymatic reactions, temperature plays a critical role. Lower
temperatures in packaged food help slow down enzyme activity, thereby
extending shelf life. Additionally, aw is closely linked to the rate of enzyme activity,
as enzyme activity depends on the amount of water available, and low levels of
water can severely restrict enzymatic reactions, therefore controlling aw can
further inhibit these reactions. Moreover, modifying the packaging environment,
particularly the level of oxygen (O2) within the package is also important because
many enzyme-catalysed reactions are oxygen-dependent. Microbiological
changes are closely related to the presence of microorganisms, with aw playing a
pivotal role in their growth and activity. For chemical reactions, several processes
contribute to food deterioration, including non-enzymatic browning, lipid
oxidation, protein denaturation, and protein hydrolysis. The use of specific type
of packaging materials with the ability the reduce the food deterioration process
due to enzymatic, microbiological and chemical factors can help mitigate these
reactions and reduce the rate of deterioration in foods. Food deterioration
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negatively affects key attributes such as texture, flavour, colour, appearance, and
nutritional value (Robertson, G., 2013d).

Hu et al. (2023) developed allicin-zein (Al-Ze) composite nanoparticle gelatine
films and examined the changes in the colour of fresh beef stored at 4 °C during
12 days of storage. The study found that the colour was influenced by the type of
films applied, and the addition of allicin in the films effectively delayed the decline
of red/green (a*), and yellow/blue (b*) colour of beef. The brightness of beef
samples was maintained, indicating the films’ potential in reducing deterioration
during storage (n = 3, p < 0.05). Research on the quality of meat, especially beef,
continues to attract attention because beef is a highly perishable food with high
nutritional value. It is recognised as a rich source of essential nutrients, including
protein and micronutrients such as vitamins B6 and B12, zinc, magnesium,
selenium, and iron (Williams, 2007). Additionally, beef is a highly perishable food
that deteriorates rapidly due to microbial growth. The high susceptibility to
spoilage renders it as an ideal example for evaluating the effectiveness of the
developed films. Consequently, demonstrating the effectiveness of film in
preserving beef may suggest its potential use for other foods, including poultry,
fish, fruits, and bakery products. Moreover, deterioration in the quality of beef due
to microbial growth is regarded as a food safety issue, as the outbreak often leads
to foodborne illness and even death. For instance, the analysed data from USDA
showed 129 outbreaks originated from meat and poultry from 2007 to 2012, with
approximately 80% of the outbreaks linked to beef (Robertson, K. et al., 2016).
Therefore, maintaining the quality of perishable foods, particularly beef, is
important in preventing the deterioration process. Recognising the crucial role of
packaging materials in preserving foods as well as the high value of beef, this
study aimed to evaluate the efficacy of newly developed antimicrobial zein-based
films in preserving the quality of raw beef, including the potential to inhibit the
growth of foodborne pathogens on raw beef wrapped and stored under chilled
conditions.
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1.3 Aim and objectives

1.3.1 Aim of research

The aim of this study is to evaluate the biological potential of extracts from C.
asiatica, G. atroviridis, and G. gnemon as active antimicrobial agents for
incorporation into biodegradable and biobased zein film, intended for use as
antimicrobial wrapping film, with raw beef selected as a food sample representing
typical microbial risks in foods.

1.3.2 Research questions and research objectives

The research questions (RQ) and research objectives (RO) of this study are:

RQ1: How do different extraction methods, specifically solvent extraction
and microwave-assisted extraction (MAE), along with varying
ethanol-to-water ratios (0, 25, 50, 75 and 100), impact the
extraction yield and biological activities of plant extracts from C.
asiatica, G. atroviridis, and G. gnemon?

RO1: This study aims to investigate and compare the effects of two
extraction methods: solvent extraction and microwave-assisted
extraction (MAE) on the yield and biological activities of C. asiatica,
G. atroviridis, and G. gnemon extracts. Specifically, it will assess
the total phenolic content, antioxidant, and antimicrobial properties
of the extracts. The research will also examine how different
ethanol ratios of 0, 25, 50, 75 and 100 impact the extraction
efficiency and bioactivity. The goal is to identify the optimal
extraction conditions that maximise both yield and bioactivity, and
ultimately understanding the effective extraction methods for these
medicinal plants.

RQ2: What is the potential for incorporating extracts from C. asiatica, G.
atroviridis, and G. gnemon into biodegradable zein-based
packaging films, and how do their bioactive properties contribute
to the functional characteristics of these films?

RO2: The objective of this study is to explore the potential of C. asiatica,
G. atroviridis, and G. gnemon extracts in the development of
biodegradable zein-based films. The properties of the produced
films will be evaluated such as thickness, surface morphology,
encapsulation efficiency, thermal properties, and biodegradability
of the films. This approach aims to create sustainable, functional
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RQ3:

RO3:

packaging that meets the demands for food preservation while
reducing environmental impact.

How effective are biodegradable and antimicrobial zein-based
films in inhibiting the growth of foodborne pathogens and spoilage
microorganisms and maintaining the safety and quality of raw
beef?

The objective of this research is to evaluate the efficacy of
biodegradable and antimicrobial zein-based films in inhibiting the
growth of foodborne pathogens and spoilage microorganisms on
raw beef wrapped with the films and stored under chilled
conditions, by assessing the microbiological activity, water activity
(aw), and colour, and impact on the quality and safety of the raw
beef.
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1.4 Outline of thesis

This study examined the biological properties of three Malaysian medicinal plants
extracts and evaluated their potential for the development of active antimicrobial
packaging materials, with a focus on their effectiveness in wrapping raw beef.
This thesis presents an analysis and summary of the data, organised into six
main chapters as outlined below:

This thesis starts with Chapter 1, which has been outlined in the previous
sections, providing the general background of the study, followed by a literature
review covering an extensive review of medicinal plants and secondary
metabolites, various extraction methods, the presence of microorganisms in food,
food packaging, and an overview of the deterioration process in food.

Chapter 2 details the materials and methodologies used in this research. The
first part of the study detailed the protocols for extraction of Malaysian medicinal
plants and evaluation of biological activities. The second part elaborates on the
development of active antimicrobial zein-based films using electrospinning and
the characterisation of these films, including the measurement of films’ thickness,
surface morphology, encapsulation efficiency, thermal properties, as well as the
investigation into the biodegradability of the films. The third part examines how
these films perform during storage of raw beef, determined through the
assessment of microbial activity via total plate count method, water activity (aw),
and colour analysis.

Chapter 3 presents the results and discussion of the different extraction methods
and the evaluation of those extracts for total phenolic content, antioxidant, and
antimicrobial potential, along with the impact of different extraction methods and
ethanol ratios on yield and bioactivities. This chapter also assesses the
correlation between the total phenolic content and antioxidant activity.

Chapter 4 discusses the development of zein-based films, using zein as the
primary material and incorporating selected plant extracts. It also reviews the
properties of these films through various testing methods. Additionally, this
chapter also explores the biodegradability potential of developed films.

Chapter 5 covers the effects of zein-based films on the quality and safety of raw

beef stored in a chiller for five days, based on microbiological, water activity (aw)
and colour analysis.
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Chapter 6 highlights the general discussion in relation with the findings obtained
in Chapters 3 to 5, summarises the main results, outlines the research limitations
and the directions for future research, before the overall conclusion of study.
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Chapter 2
Materials and Methodology

2.1 Materials and reagents

The use of materials and reagents is divided into three sections based on the
work done: extraction and evaluation of biological activity, development of active
antimicrobial zein-based films, and storage study. The details of materials and
reagents are outlined in Table 2.1, while the use of specific instruments and
apparatus is detailed in each experimental procedure.

Table 2.1 List of materials and reagents.

Section Material/reagent — Manufacturer/supplier

Acetic acid - Sigma-Aldrich, USA

Amphotericin B - Cayman Chemical Company, USA

Brain heart infusion (BHI) agar - Remel, USA

Brain heart infusion (BHI) broth - VWR International, Belgium

Chlorhexidine 99.5% - Sigma-Aldrich, USA

DMSO 99+% - Thermo Fisher Scientific, UK

DPPH - Santa Cruz Biotechnology Inc., USA

Ethanol AR 99.8% - VWR Chemicals, France

Ferric chloride anhydrous - Sigma-Aldrich, USA

Folin-Ciocalteu’s reagent - VWR Chemicals, France

Gallic acid - Cayman Chemical Company, USA

Glycerol - Thermo Fisher Scientific, UK

Hydrochloric acid AR 1.18, ~37%, 12.1M - Fisher Scientific, UK

Mueller-Hinton agar (MHA) - BD Difco, USA

Mueller-Hinton broth (MHB) - Oxoid, UK

Paper disc 6mm — VWR International, UK

Phosphate buffer saline - Sigma-Aldrich, USA

Sabouraud dextrose agar (SDA) - Oxoid, UK

Sabouraud dextrose broth (SDB) - BD Difco, USA

Sodium acetate anhydrous - Fluorochem Limited, UK

Sodium carbonate - Fisher Scientific, UK

Sodium chloride - Oxoid, UK

Sodium hydroxide - Sigma-Aldrich, USA

Trolox - ACROS Organics, USA

Whatman filter paper No. 2 - Whatman International Ltd,

England

o 2.4 ,6-Tripyridyl-s-triazine (TPTZ) - Santa Cruz Biotechnology
Inc., USA

e 9 .cm diameter petri plate - Fisher Scientific, UK

o 96-well flat-bottom microtiter plate - Fisher Scientific, UK

o 96-well U-bottom microtiter plate - Fisher Scientific, UK

1. Extraction
and evaluation
of biological
activity
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Table 2.1 Continued
Part Material/reagent — Manufacturer/supplier

Ethanol AR 99.8% - VWR Chemicals, France
BD Emerald 10 mL syringe - BD, Spain
Glycerol - Thermo Fisher Scientific, UK
Hamilton needle 17 G - Fisher Scientific, UK
Zein - Sigma-Aldrich, USA

2. Development
of zein-based
films

3. Storage study

0.85% sodium chloride - Oxoid, UK
e Plate count agar (PCA) - VWR International, Belgium

2.2 Sample collection

Three Malaysian medicinal plants were selected: C. asiatica (‘peria pantai’), G.
atroviridis (‘asam gelugor’), and G. gnemon (‘belinjau’). Fresh leaves of C.
asiatica and G. gnemon were collected from Kampung Bukit Berangan,
Terengganu, Malaysia, in December 2020, while dried fruits of G. atroviridis were
purchased from a local market in Terengganu, Malaysia. Terengganu is a tropical
region with an annual precipitation of 2911 mm and an average temperature of
26.1 °C (Abdullahi et al., 2014). The selection of C. asiatica leaves and G.
atroviridis fruits was based on their primary use in culinary and medicinal
applications, while G. gnemon leaves were chosen due to their availability.
Among the three plant materials, only the fruits of G. atroviridis are seasonal. The
plant samples were collected in December 2020 mainly based on logistical
convenience. As a result, the growth stage of the plants at the time of collection
was not determined, and it could not be confirmed whether all three plants were
at the same stage of growth. After collection and purchase, the samples were
oven dried for three days at 60 °C at the Technology Herbal Centre, Forest
Research Institute Malaysia (FRIM), Kuala Lumpur, Malaysia. Samples were
identified by a research officer, Dr. Fadzureena Jamaludin from the Natural
Products Division, FRIM, and subsequently stored at -20 °C in the Food
Technology Laboratory at the School of Food Science and Nutrition, University
of Leeds until further use.

2.3 Extraction of medicinal plants

Two different extraction methods, solvent extraction, and microwave-assisted
extraction (MAE) were conducted for the plant extracts. For solvent extraction,
dried plant materials (5 g) were ground and extracted using different ethanol-to-
water ratios (0:100, 25:75, 50:50, 75:25, and 100:0) in a total volume of 40 mL
for 48 hours at room temperature with occasional shaking (Rukayadi et al., 2013).
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Microwave-assisted extraction was conducted using a closed MAE system. To
perform MAE, dried ground plant material (5 g) was placed in an Xpress vessel
within a microwave digestion system MARS 6, using an output power of 3150 W
and frequency 2455 MHz (CEM, USA). Extraction was conducted for 30 min at
50 °C with medium stirrer speed, using the same ethanol-to-water ratios as in
solvent extraction (0:100, 25:75, 50:50, 75:25, and 100:0) and a sample-to-
solvent ratio of 16:1. The extracts were filtered with Whatman filter paper No. 2
with a vacuum pump, concentrated using a rotary evaporator (Heidolph VV2011,
Germany) and centrifugal evaporator (GeneVac EZ-2Pls, USA) at 40 °C, and
freeze-dried to remove any remaining water (freeze-drying is a process in which
water is removed by sublimation, transitioning from the solid state to the vapour
state, eliminating the liquid state, thereby preserving the biological, nutritional,
and organoleptic properties of food/ plant material) (Rezaei, S. et al., 2013;
Nowak and Jakubczyk, 2020). The extraction procedure from grounding the dried
plants to freeze-drying process was repeated three times. The extracts were
stored in sealed bottles at 4 °C. The yield percentage was calculated using
Equation 2.1.

Yield of extract (%) = [Miina ()/ Minitial ()] X 100% (Eq. 2.1)

where, minal is the mass of plant extract after freeze-dried, miniial is the mass of
dried plants.

2.3.1 Preparation of plant extract

Plant extracts with a concentration of 10 mg/mL or 1% (w/v) equivalence were
used, unless stated otherwise. To make a 10 mg/mL concentration of extract, 10
mg of each extract are dissolved in 1 mL of the respective solvent and vortexed
to obtain a homogenous solution. All plant extracts were freshly prepared prior to
starting an experiment (Zainin et al., 2013).

2.4 Biological activity of extracts

2.4.1 Total phenolic content

The antioxidant ability of plants is often associated with phenolic compounds;
hence, a preliminary assay of total phenolic content is an important step in
assessing the biological activity of the plants (Al-Mansoub et al., 2014; Tan, W.-
N. et al., 2019). In this study, C. asiatica extract (CAE), G. atroviridis extract
(GATE) and G. gnemon extract (GGE) were subjected to a total phenolic content
assay to determine the effect of different ethanol ratios and extraction methods
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on the total phenolic content. The reagents essential to the experiment such as
gallic acid, Folin-Ciocalteu’s reagent and sodium carbonate were prepared prior
to the experiment.

The total phenolic content of various extracts was determined using the Folin-
Ciocalteu method (Singleton et al., 1999). Extracts (10 mg/mL) and gallic acid
standard (0.04 to 0.31 mg/mL) were prepared. In a 96-well flat-bottom plate, 10
buL of each extract or standard was mixed with 40 pyL of 10% (v/v) Folin-
Ciocalteu’s reagent, shaken thoroughly and left at room temperature for 5
minutes. Then, 150 yL of 4% (w/v) sodium carbonate was added, mixed, and
allowed to stand for 30 minutes in the dark. Absorbance was measured at 765
nm using a microplate reader (TECAN Spark 10M, Austria). A standard curve for
gallic acid was constructed and total phenolic content was expressed as
milligrams of gallic acid equivalent per gram of extract (mg GAE/g extract). The
experiment was performed in triplicate.

2.4.2 Antioxidant assay

Various scientific methods have been developed to measure antioxidant activity
in plants. In this study, the antioxidant capacity of CAE, GATE, and GGE of
different extraction methods and ethanol ratios was evaluated using 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and ferric reducing antioxidant power (FRAP) methods.
The reagents required such as gallic acid, Trolox, DPPH and FRAP solution were
prepared prior to the experiment.

2.4.21 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay

The DPPH assay was performed to evaluate antioxidant activity in accordance
with the methods by Thaipong et al. (2006) with slight modifications. Extracts (5
mg/mL) and gallic acid (1000 pg/mL) were prepared. The 96-well flat-bottom plate
was filled with 18 uL of the plant extracts/ gallic acid, followed by the addition of
180 pL of DPPH solution (0.1 mM). The mixture was mixed and allowed to stand
in the dark for 30 minutes at room temperature. The absorbance at 517 nm was
measured with a microplate reader (TECAN Spark 10M, Austria) with triplicate
measurements. The scavenging ability of the samples was evaluated using the
percentage of DPPH inhibition (%), calculated using Equation 2.2.

DPPH Inhibition (%) = [(Ac-As) / Ac] x 100% (Eq. 2.2)

where, Ag is the absorbance of the negative control, As is the absorbance of
samples and DPPH.
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2.4.2.2 Ferric reducing antioxidant power (FRAP) assay

The FRAP assay was performed according to a previously described protocol
with slight modifications (Benzie and Strain, 1999). Extracts (10 mg/mL) and
Trolox as a standard (0.016 to 0.50 uM) were prepared. Acetate buffer solution
(300 mM, pH 3.6) was prepared by weighing 160 mg of sodium acetate and
further dissolved in 100 mL of 0.28M acetic acid, and the pH was adjusted by
using sodium hydroxide (NaOH) or hydrochloric acid (HCI). 2,4,6-Tripyridyl-s-
triazine (TPTZ) solution (5 mM) was prepared by dissolving 156 mg of TPTZ in
100 mL of 40 mM HCI. Ferric chloride (FeClsz) solution (20 mM) was prepared by
dissolving 135 mg of ferric chloride anhydrous in 25 mL of distilled water. Briefly,
the FRAP reagent was freshly prepared by mixing acetate buffer, TPTZ solution,
and ferric chloride solution at a ratio of 10:1:1 (v/v/v). In a 96-well flat-bottom
microtiter plate, 180 uL of FRAP reagent and 6 pL of plant extract/ Trolox were
mixed and incubated for 15 minutes at 37 °C (Thermo Scientific Heratherm
Incubator, UK). The absorbance at 593 nm was determined with a microplate
reader (TECAN Spark 10M, Austria), and the standard calibration curve was
constructed using Trolox. The data were presented as FRAP values (UM TE/g
dry weight). All measurements were made in triplicate.

2.4.3 Antimicrobial activity assay

The antimicrobial properties of CAE, GATE, and GGE were assessed using
antimicrobial susceptibility testing, which included disc diffusion assay (DDA),
minimum inhibitory concentration (MIC), and minimum bactericidal/fungicidal
concentration (MBC/MFC) assays. The DDA served as an initial screening
method to evaluate the antimicrobial activity of plant extracts against selected
bacterial and yeast species. Based on the DDA results, MIC and MBC/MFC
assays were conducted to determine the minimum concentration of an
antimicrobial agent required to inhibit microbial growth (MIC) and to kill at least
99% of microorganisms (MBC/MFC), as described by Rukayadi et al. (2013).
Plant extracts from CAE, GATE, and GGE were tested at concentrations of 10
mg/mL and 50 mg/mL, alongside positive controls (0.1% (v/v) chlorhexidine
(CHX) for bacteria, and 0.1% (v/v) and 5% (v/v) amphotericin B for yeast) and
negative controls (10% (v/v) DMSO). Freshly prepared growth media, bacterial
and fungal suspensions, and plant extract solutions were used. All media
preparation and microbial handling were conducted under aseptic conditions
within a Class |l Biosafety Cabinet.
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2.4.3.1 Plant extracts’ preparation

CAE, GATE, and GGE were utilised in this study at concentrations of 10 mg/mL
and 50 mg/mL. The preparation of the 10 mg/mL extract followed the same
procedure described in Section 2.3.1, with 10% DMSO serving as the solvent.
For the 50 mg/mL concentration, 50 mg of each extract was dissolved in 10%
DMSO (Zainin et al., 2013).

2.4.3.2 Preparation of positive and negative test control

In this study, CHX was used as a positive control for the susceptibility test against
foodborne bacteria. A stock solution of CHX was prepared by dissolving 10 mg
of CHX powder in 1 mL of distilled water to make up a concentration of 1% (w/v).
A volume of 100 pL is taken from the stock solution and further diluted with 900
uL of distilled water to make a final concentration of 0.1% (v/v) of CHX. The final
concentration of 0.1% (v/v) CHX was used in the antibacterial susceptibility test.
Amphotericin B was used as a positive control for the antifungal susceptibility
test, and similar preparation protocols as for CHX were carried out to obtain 0.1%
(v/v) of amphotericin B. For the preparation of 5% (v/v) amphotericin B, 50 mg of
amphotericin B was dissolved in 1 mL of distilled water (Rukayadi and Hwang,
2007; Zainin et al., 2013).

For a negative control, a 10% (v/v) DMSO solution was prepared by dissolving
10 mL of DMSO (99.9%) in 90 mL of distilled water. The 10% (v/v) DMSO
concentration demonstrated that it did not kill the microorganisms tested in the
study carried out by Zainin et al. (2013).

2.4.3.3 Preparation of growth media

The preparation of agar and broth was carried out in accordance with the
manufacturer’s instructions. Briefly, a predetermined amount of media powder
was weighed and dissolved in distiled water and autoclaved at a specific
temperature and time. The preparation details are summarised in Table 2.2.
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Table 2.2 Medium preparation for antimicrobial testing.

Preparation procedure

Type of media Media Deionised Autoclave Time
powder (g) water (L) temperature (°C) (min)

Brain Heart Infusion (BHI) 52 1.0 121 15

agar

Brain Heart Infusion (BHI) 37 1.0 121 15

broth

Mueller Hinton agar 38 1.0 121 15

(MHA)

Mueller Hinton broth 21 1.0 121 15

(MHB)

Sabouraud dextrose agar 65 1.0 121 15

(SDA)

Sabouraud dextrose broth 30 1.0 121 15

(SDB)

2.4.3.4 Microbial strains

Six strains of microorganisms were purchased from LGC Standards Limited, UK.
The bacterial and fungal strains were selected as representative foodborne
pathogens and food spoilage microorganisms commonly found in food
commodities and responsible for foodborne outbreaks and spoilage, as
discussed in Section 1.2.5.1. Further information on the strains is tabulated in
Table 2.3.

Table 2.3 Microbial strains and growth medium.

Microbial strains Source Growth medium

Bacillus cereus ATCC 14579 Mueller Hinton (MH)
Escherichia coli ATCC 25922 Mueller Hinton (MH)
Listeria monocytogenes ATCC 19111 Brain Heart Infusion (BHI)
Salmonella spp. ATCC 14028 Mueller Hinton (MH)
Staphylococcus aureus ATCC 25923 Mueller Hinton (MH)
Candida albicans ATCC 14053 Sabouraud dextrose (SD)

ATCC: American Type Collection Culture (Rockville, MD, USA)

Bacteria and yeast strains were provided in freeze-dried form within stoppered
serum vials (Preceptrol cultures). The propagation of these microorganisms was
carried out following the protocols outlined in the Reviving Freeze-Dried
Microorganisms Instructional Guide (ATCC, 2021). In brief for bacteria, the
Preceptrol culture vial was opened in accordance with the provided instructions.
A total of 5 mL of MH/BHI broth was added to a test tube, and 500 pL of this broth
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was withdrawn to rehydrate the bacterial pellet. The resulting suspension was
then transferred back to the test tube and mixed thoroughly. A few drops of the
bacterial suspension were streaked onto MH/BHI agar plates and incubated for
24 hours at 3712 °C. To ensure viability, the bacteria were subcultured twice
before preparing the inoculum for antimicrobial susceptibility testing. For the
yeast strain, 500 uL of sterile water was used to rehydrate the pellet, and the
suspension was transferred into a test tube containing 5 mL of sterile water. The
suspension was allowed to stand at room temperature for a few hours before
being transferred to SDA/SDB medium. The yeast cultures were incubated at
3712 °C for 48 hours. Similar to the bacteria, the yeast strain was subcultured
twice before inoculum preparation for antimicrobial susceptibility testing (ATCC,
2021).

Bacteria/yeast cultures maintained on agar plate can be stored at 4 °C for a few
weeks before use. Prior to initiating a new subculture, all stored plates were
visually inspected to ensure there was no sign of contamination. Only plates that
showed no contamination were streaked onto fresh agar plates for subculture.
The newly subcultured plates were then incubated for 24/48 hours
(bacteria/fungi), and the resulting growth was examined again to confirm the
absence of contamination before proceeding with subsequent experimental
procedures. For long-term storage of bacteria and yeast, glycerol stock was
prepared by mixing 0.5 mL of overnight culture with 0.5 mL of 50% (v/v) sterile
glycerol, vortexed, and stored at -80 °C (Addgene, 2021). All glycerol stock and
agar plate cultures were stored accordingly in the Microbiology Laboratory at the
School of Food Science and Nutrition, University of Leeds.

2.4.3.5 Inoculum preparation

The inoculation of bacteria was performed in accordance with the CLSI reference
standard M02-A11 using growth method. In brief, bacteria were grown on MH/BHI
agar for 24 hours at 372 °C. The cultured plate was then taken out, and using
inoculation loop, three to five well-isolated colonies of bacteria were propagated
in 5 mL MH/BHI broth. The broth culture was further incubated at 37+2 °C for two
to six hours. The turbidity of the bacterial suspension was measured using a
spectrophotometer at 625 nm and adjusted with broth/saline medium until it
achieved the turbidity equivalent to 0.5 McFarland standard (absorbance 0.08 to
0.13), which resulted in a suspension containing approximately 106 - 108 CFU/mL
bacteria (CLSI, 2012a). In addition, the inoculation of yeast was performed in
accordance with the NCCLS reference standard M44-A. In brief, yeast was grown
on SDA for 48 hours at 3712 °C. The cultured plate was then taken out, and three
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to five well-isolated colonies of yeast were propagated in 5 mL SDB. The SDB
culture was further vortexed for 15 seconds. The turbidity of the yeast suspension
was measured using a spectrophotometer at 625 nm and adjusted with
broth/saline medium until it achieved the turbidity equivalent to 0.5 McFarland
standard (absorbance between 0.08 to 0.13), which resulted in a suspension
containing approximately 108 - 108 CFU/mL yeast (NCCLS, 2004).

2.4.3.6 Disc diffusion assay

The disc diffusion assay (DDA) was conducted in accordance with the methods
recommended by the CLSI/NCCLS against bacteria and yeast. Briefly, a sterile
cotton swab was dipped and rotated several times in the freshly prepared
inoculum broth, MHB/BHI/SDB, with a standardised inoculum of 108 - 108
CFU/mL. Then, the cotton swab was firmly pressed against the wall of the tube
to remove excess liquid. Subsequently, the cotton swab was streaked onto an
entire MHA/BHI/SDA plate, and the process was repeated twice, with each time
the plate being rotated approximately 60° to ensure even inoculum distribution. 6
mm-diameter sterile paper discs were placed on inoculated agar plates. Each of
the paper discs was infused with 25 pL of extract (10 mg/mL/ 50 mg/mL). For the
positive control, 0.1% (v/v) CHX (bacteria) and 5% (v/v) amphotericin B (yeast)
were used, while DMSO at a 10% (v/v) concentration was used for the negative
control. The plates were labelled accordingly and incubated at 37+2 °C for 24
hours (bacteria) and 48 hours (yeast). The results were collected based on a
triplicate measurement of the diameter of the zone of inhibition and recorded in
millimetres (mm) (NCCLS, 2004; CLSI, 2012a).

2.4.3.7 Determination of minimum inhibitory concentration (MIC) and
minimum bactericidal/fungicidal concentration (MBC/ MFC)

The MIC and MBC/MFC of the extracts were determined using the broth
microdilution method following CLSI protocols M07-A9. A 96-well U-bottom
microtiter plate was utilised, with an inoculum suspension adjusted to 10°
CFU/mL. The first column contained 100 pL of MHB/BHI/SDB as a negative
control, and the second column contained 100 yL of bacterial/yeast suspension
as a positive control. Columns three to twelve were pre-filled with 100 pL of
bacterial/yeast suspension. A two-fold microdilution of the plant extracts (100 uL)
was performed from column twelve to column three. Similarly, CHX and
amphotericin B were diluted from 0.50 mg/mL to 0.001 mg/mL. Plates were
incubated at 37+2 °C for 24 hours (bacteria) and 48 hours (yeast). MBC/MFC
was determined by subculturing 10 pL from each MIC well onto MHA/BHI/SDA
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plates, followed by incubation at 3712 °C for 24 hours (bacteria) and 48 hours
(yeast) (CLSI, 2012b).

2.5 Development of zein-based films

Active antimicrobial zein-based films incorporating CAE, GATE, and GGE were
developed to evaluate the antimicrobial potential of these plant extracts. Zein
powder, obtained from Sigma-Aldrich, served as the primary biopolymer, with the
selected antimicrobial extracts added to the zein polymer solution. The process
of developing these active films involved three key steps. First, zein and zein-
loaded antimicrobial solutions were prepared. Next, the viscosity of the polymer
solution was tested to assess its suitability for electrospinning. Finally, the
electrospinning process was carried out to produce the films. The detailed
procedures are described in the following sections.

2.5.1 Preparation of electrospinning solution

Preliminary tests were conducted using zein solutions at concentrations of 16%,
20%, 25%, and 30%, prepared using 75% ethanol as a solvent to identify the
optimal concentration for electrospinning. Based on viscosity measurements,
visual inspection of film morphology, and SEM analysis, a 30% (w/v) zein solution
was selected for further experimentation. Due to a malfunction in the
electrospinning machine at the University of Leeds, two different electrospinning
solution preparations were employed. The solutions intended for production of
films for characterisation tests were prepared by the author. Briefly, to prepare
the 30% (w/v) zein solution, 6 g of zein powder was dissolved in 20 mL of a 75%
(v/v) aqueous ethanol solution and stirred for 2 hours at 21 °C. Plant extracts
(CAE, GATE, and GGE) were then incorporated at a concentration of 5% (w/w)
relative to the zein content and stirred untii a homogeneous solution was
achieved. The control solution, which did not contain plant extracts, was
designated as Neat zein, while solutions containing 5% (w/w) of CAE, GATE and
GGE were labelled as Ze-CAE, Ze-GATE and Ze-GGE, respectively (Salevic et
al., 2022).

The solutions intended for production of films for storage study were prepared by
SKE Research Equipment (ltaly), and slight variations occurred. The preparation
of Ze-CAE solution involved heating a 5% (w/w) CAE extract to 80 °C in a water
bath, then adding it to a 30% (w/v) zein solution and stirring for 1 hour at 21 °C.
The Ze-GGE solution was stirred in an ultrasonic bath for 24 hours at 21 °C to
ensure homogeneity. The Ze-GATE solution preparation followed the original
protocol.
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2.5.2 Viscosity measurement

The determination of a suitable viscosity for a polymer solution is essential, as it
determines the suitability for electrospinning and would affect the fibre diameter
and morphology (Demir et al., 2002; Zong et al., 2002). The viscosity of zein and
zein-loaded plant extract solutions was analysed to investigate their flow
behaviour using a rheometer (Netzsch Kinexus Lab+, Malaysia). Approximately
2 mL of each electrospinning solution was carefully placed into a cone and plate
geometry setup (PL65 C0052 SS and CP2/60 SC006 SS). The experiment was
conducted at a controlled temperature of 25 °C, with shear rates ranging from 0.1
s™' to 100 s7', and 10 measurements were recorded per decade. The obtained
shear rate and viscosity data were used to construct flow curves for the zein and
zein-loaded plant extract solutions (Sokhal et al., 2019).

2.5.3 Electrospinning

Due to a malfunction in the electrospinning machine at the University of Leeds,
slightly different electrospinning parameters were employed for the production of
the films. The slight variations in the parameters could be due to the nature of
electrospinning machine, where the voltage and flow rate need to be regularly
adjusted to ensure the production of smooth film, without any droplet on the
collector. The films used for characterisation studies were electrospun by the
author, while those intended for storage study was sourced from a company (SKE
Research Equipment, Italy). In brief, zein-based fibres were produced using an
electrospinning system (SKE-Research-Equipment, ltaly). A 10 mL plastic
syringe, equipped with a metallic needle (17 G, ID: 1.0 mm, OD: 1.47 mm), was
utilised for electrospinning Neat zein/Ze-CAE/Ze-GATE/Ze-GGE solutions. The
syringe was mounted on a single-channel syringe pump, and the electrospinning
process was conducted in a horizontal setup. Detailed parameters for the
procedure are provided in Table 2.4. The process was carried out within a fume
hood, and the electrospun fibres were collected and stored at room temperature
for further analysis (Salevic et al., 2022).
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Table 2.4 Electrospinning parameters for zein-based films.

Parameters Films: Films: Films: Films:
physical storage storage storage
properties study Ze- study Ze- study Ze-

CAE GATE GGE

Total amount of 6 6 6 6

solution (mL)

Solution flow rate 1.0 0.9 0.9 0.6

(mL/h)

Voltage (kV) 15t0 17 +12, -4 +12, -4 +16, -16

Distance (cm) 15 15 15 15

Relative humidity (%) 4045 405 405 405

Temperature (°C) 2142 2142 2142 2112

Collector size (cm) 12 x12 12 x12 12x12 12x12

2.6 Assessing zein-based films properties

The electrospun films were examined under a scanning electron microscope
(SEM) to observe the films’ morphology. To study the physical properties, the
films were subjected to several tests, such as measurements of thickness,
encapsulation efficiency, water contact angle, ATR-FTIR, thermal analysis and a
biodegradation study.

2.6.1 Scanning electron microscope (SEM)

The surface morphology of electrospun fibres was analysed using a SEM (Carl
Zeiss EVO MA15, UK). Prior to imaging, samples were mounted onto SEM stubs
and sputter-coated with a thin layer of conductive gold-palladium (Figure 2.1).
Imaging was performed at an operating voltage of 20 kV under vacuum
conditions. Observations were conducted at magnifications of 500X, 1000X,
2000X, and 5000X. The average fibre diameter was determined by measuring
100 randomly selected fibres from each sample using ImagedJ (National Institute
of Health, USA) and OriginPro softwares (OriginLab, USA) (Salevic et al., 2022).
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Figure 2.1 SEM sample preparation where the flms were mounted on the stub.

2.6.2 Film thickness

Films thickness was measured to ensure the robustness of the packaging, and
the functionality of the films incorporated with CAE, GATE, and GGE. The
conditioned films thickness was measured using a digital micrometre (Mitutoyo,
Japan) with accuracy of 0.001 mm. Five random measurements of each film were
taken, and the thickness was measured by calculating the average values of the
films (Nazari et al., 2019).

2.6.3 Encapsulation efficiency

The incorporation of CAE, GATE, and GGE into zein film via electrospinning is a
novel approach, thus, the determination of the maximum wavelength of these
three extracts is crucial. Firstly, the experimental procedure was designed by
measuring the maximum wavelength of the plant extracts by spectrophotometer
between 200 and 800 nm wavelength, which covers both UV and Vis regions.
The selection of these regions is based on their capacity to absorb light from
biologically relevant molecules (Cockell and Knowland, 1999; Saxena and
Saxena, 2012; Dankowska and Kowalewski, 2019; Saha et al., 2020). The UV-
Vis absorbance quantification is the preferred approach compared to other
methods such as mass spectrometry, 'H nuclear magnetic resonance (NMR),
and time-resolved small-angle X-ray scattering (SAXS) due to the feasibility of
the procedure, high repeatability, and low variability in measurements (Minelli et
al., 2022; Marques and Segundo, 2024). Secondly, a calibration curve for the
extracts was established. Finally, the encapsulation efficiency test was conducted
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to determine the percentage of extracts successfully incorporated into the zein
fibres.

To determine the maximum wavelength of plant extracts, a 10 mg/mL solution of
CAES50-S was prepared by dissolving 10 mg of extract in 50% aqueous ethanol,
followed by vortex. Same procedure was repeated for GATE100-M, GGES50-M,
and zein using 100%, 50%, and 75% aqueous ethanol, respectively. Ten-fold
dilution of the extracts was performed thrice for all extracts. The peaks were
measured using a UV-Vis spectrophotometer (SPECORD 250 Analytik Jena AG,
Germany) with the measurement mode set to spectra for the wavelength
recorded between 200 to 800 nm. Maximum wavelength for CAE, GATE, GGE,
and zein were observed at 267, 322, 666, and 444 nm respectively. The
calibration curves of plant extracts were constructed from the absorbance values
obtained (Yao et al., 2016).

The encapsulation efficiency of films was determined using absorbance method
described in previous literature with slight modifications (Rind et al., 2010; Drago
et al., 2022). Five milligrams of films (Ze-CAE, Ze-GATE, Ze-GGE) was added to
5 mL solvent (75% ethanol) and dissolved by continuous shaking until the films
were completely solubilised and no Vvisible fragments remained. The
spectrophotometric analysis was conducted at pre-determined wavelength, and
the actual extract concentration was determined from a calibration curve. For the
preparation of blank test, 5 mg of Neat zein was dissolved in 75% ethanol and
the absorbance of the blank test has been subtracted to the samples’
absorbance. The test was conducted in ftriplicate, and the encapsulation
efficiency is calculated using the formula bellow:

Encapsulation efficiency (%)
(Eq. 2.3)
_ Total extract concentration - Free extract concentration

()
Total extract concentration x 100%

2.6.4 Water contact angle

The determination of surface wettability of zein-based films was analysed by
measuring the water contact angle at a temperature of 20+2 °C using a drop
shape tensiometer (OCA 25, Germany) and the sessile drop method. A 3 uL
droplet of Milli-Q water was deposited on the surface of the films (20 x 40 mm),
and the droplet's image was captured using a digital camera. Three film samples
were utilised for each sample type, and the contact angle was determined using
Imaged software (Yang, Y. et al., 2020).

67



2.6.5 Attenuated total reflectance - Fourier transform infrared
spectroscopy (ATR - FTIR)

The chemical interactions of functional groups in zein-based films were assessed
through ATR-FTIR spectroscopy (Bruker, Germany) within a wavenumber range
of 4000 to 400 cm™. Measurements were performed at a spectral resolution of 4
cm™', averaging 16 scans per sample. The data were processed and analysed
using OriginPro software (OriginLab, USA) (Ansarifar and Moradinezhad, 2021).

2.6.6 Thermal properties

Thermogravimetric analysis (TGA) was performed to evaluate the thermal
stability of zein-based films utilising TGA/DSC1 STAR System (Mettler Toledo,
USA). A sample weighing approximately 10 mg was prepared, and the
experimental parameters were established with a temperature range of 30 to 600
°C, utilising a heating rate of 10 °C/min in a nitrogen atmosphere at a flow rate of
50 mL/min. Data analysis was conducted using OriginPro software (OriginLab,
USA) (Yang, Y. et al., 2020).

2.6.7 Biodegradation study

Biodegradation test of zein-based films was performed using soil burial test to
measure biodegradability of the films. The films were cut into 20 x 50 mm and
were buried in a topsoil (Westland, UK) at a depth of 10 cm at 20£2 °C. The films
samples were retrieved at five-day intervals and subjected to drying in an oven
at 50 °C for 24 hours. The percentage of weight loss was determined (Equation
2.4), and biodegradation graph was constructed. Triplicate measurement was
performed for each film sample (di Franco et al., 2004).

Initial film weight - Final film weight (Eq.2.4)

i 0/ \= 0
Weight loss (%) Initial film weight x 100%

2.7 Storage study

Zein-based films were developed and subjected to various physical tests to
evaluate their properties. To explore their potential application as packaging
materials, these films, incorporated with CAE, GATE, and GGE, were utilised for
beef packaging and stored under refrigeration. Their effectiveness in inhibiting
microbial growth was assessed, alongside an evaluation of beef quality through
water activity (aw), and colour analysis. A comparison of these parameters with a
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commercial wrapping film purchased from a supermarket (Buffalo cling film,
China) was also performed (Figure 2.2). To ensure the sterility and stability of the
films, preliminary studies were conducted in which the films were stored at room
temperature, 4 °C, and -20 °C for one month. During this period, the films were
visually inspected for any signs of contamination or degradation (data not shown).
After confirming that no contamination or degradation occurred during storage,
the subsequent experiments of storage study were carried out. A comprehensive
description of the methodology is provided in Sections 2.71 to 2.73.

Figure 2.2 A commercial film purchased from a supermarket was used as a
comparison to the zein-based films in evaluating their effectiveness at reducing
the growth of foodborne pathogens and spoilage microorganisms in beef.

2.7.1 Microbiological analysis

Raw beef (British beef rump steak/ British beef fillet steak) was purchased from
a supermarket in Leeds, UK. Each sample (25.0 g) was pre-cut to 5.0£1.0 g
(approximately 2.3 x 2.3 cm in surface dimensions) on day 0 and wrapped with
commercial and zein-based films in a food-grade plastic tray. The wrapped
samples were stored in a refrigerator at 4 °C for a duration of five days.
Microbiological analysis was conducted daily, starting from day 0. A piece of the
beef sample (5.0+1.0 g) was collected under aseptic conditions (all handling was
performed inside a biological safety cabinet using sterilised instruments to avoid
contamination), homogenised with 45 mL of sterilised saline solution (0.85%
NaCl) using a stomacher machine (Seward 400 Circulator, UK) for 9 minutes,
and prepared for microbial analysis.

For analysis, 1 mL from the homogenised solution was pipetted and ten-fold serial
dilutions were prepared using the saline solution to achieve dilution levels of 10
1,1072, 1073, and 107“. The diluted samples (0.1 mL) were plated on plate count
agar. The plates were then incubated at 37+2 °C for 12 to 24 hours for bacterial
growth. The bacterial load was quantified by counting the total colonies on each
plate and expressed as log CFU/g of beef. All experiments were performed in
duplicate. Plate count agar is a general purpose culture media used for the
determination of the total count of aerobic bacteria and agar media was prepared
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by dissolving 23.5 g of media powder in 1 L of deionised water and autoclaved
for 15 minutes at 121 °C (Rollini et al., 2016; Merck, 2019).

2.7.2 Water activity (aw)

The water activity of stored beef wrapped with different packaging materials was
monitored daily, including day 0 using a water activity device (Rotronic Hygrolab,
Switzerland). For each measurement, 5.0 £ 1.0 g of the beef sample was placed
in the device. Each test was carried out in duplicate (Rotronic, 2011).

2.7.3 Colour analysis

A colorimeter (PCE Instruments PCE-CSM 4, UK) was used to measure the
colour of beef surface wrapped in different packaging materials, with
measurements taken daily over a period of 5 days. The lightness (L*), red/green
opponent colours (a*), and yellow/blue opponent colours (b*) were recorded for
two replicates of each packaging type, using beef samples of 5.0 £ 1.0 g (Arezoo
et al., 2020).

2.8 Statistical analysis

Data analysis was performed using Minitab (Version 22.1.0.0), and R software
(Version 2022.07.1). Results are expressed as the mean + standard deviation
(SD) of three replicates, unless otherwise stated. Statistical differences between
samples were assessed using analysis of variance (ANOVA), post-hoc t-test and
using general linear models utilising relevant factors and variables available.
Model assumptions were tested to ensure that the models could be appropriately
applied e.g. normally distributed and homoscedasticity assumptions in the case
of the linear models. Post-hoc Tukey’s pairwise comparisons were performed to
identify differences between treatment means. In Chapter 3, Tukey’s test was
used to compare different extraction methods and ethanol ratios in terms of
extraction yield, total phenolic content, antioxidant and antimicrobial activities. In
Chapter 4, comparisons were conducted among film types to assess the average
fibre diameter, film thickness, percentage of encapsulation efficiency, and water
contact angle values. In Chapter 5, both type of flms and days of storage were
compared with respect to microbiological activity, water activity (aw), and beef
colour parameters. In addition, Pearson correlation coefficients were also
calculated in Chapter 3 to evaluate the relationship between total phenolic
content and antioxidant activity. A p-value of less than 0.05 (p < 0.05) was
reported as statistically significant and adopted for all tests.
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2.9 Overview of the workflow

The overview of the workflow, encompassing the extraction of medicinal plants,
investigation of their biological activities, development of active antimicrobial and

biodegradable packaging materials, and

schematically presented in Figure 2.3.
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Figure 2.3 Flowchart of research methodology.
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Chapter 3
Extraction and Biological Activity

3.1 Introduction

According to a report from the Royal Botanic Gardens, Kew, UK, in 2017 only
approximately 7.5% of medicinal plants had been identified from a total number
of 400,000 plant species globally (Allkin, 2017). Medicinal plants are composed
of phytoconstituents of various biochemical groups, the most important of which
are alkaloids, phenolics, and terpenoids (Croteau et al., 2000). Phenolic content
is often associated with antioxidant activities and measured with assays such as
2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power (FRAP),
and hydrogen peroxide scavenging activity (Wong et al., 2006). Thus, measuring
phenolic content is crucial for obtaining an initial assessment of plant biological
activities.

In context of medicinal plants from Malaysia, considerable research on the
extraction and biological activities of C. asiatica, G. atroviridis, and G. gnemon
has been conducted, however, to the best of author’'s knowledge, no study has
evaluated the biological activities of these three plant extracts (C. asiatica, G.
atroviridis, and G. gnemon) using different extraction methods and ethanol ratios.
This study is primarily focussed on two extraction methods and five ethanol-to-
water ratios, followed by the evaluation of their biological activities in terms of
total phenolic content, antioxidant activity of DPPH and FRAP, and antimicrobial
activity against foodborne pathogens and spoilage microorganisms.

3.2 Aim of the chapter

The aim of this chapter was to investigate and compare the effects of different
extraction methods, namely solvent extraction and microwave-assisted extraction
(MAE), on the extraction yields and biological activities of C. asiatica extract
(CAE), G. atroviridis extract (GATE), and G. gnemon extract (GGE). The analysis
focused on assessing total phenolic content, antioxidant activities, and
antimicrobial potential. Additionally, the chapter examined the impact of varying
ethanol-to-water ratios (0, 25, 50, 75, and 100) on extraction efficiency and
bioactivity. By identifying optimal extraction conditions that maximise yield and
biological activity, this chapter contributes to the development of effective
extraction protocols for these medicinal plants.
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3.3 Results and Discussion

3.3.1 Extraction yields

The leaves of C. asiatica, G. gnemon, and the fruits of G. atroviridis were
extracted by means of solvent extraction and MAE by using five ethanol-to-water
ratios (v/v) (0:100, 25:75, 50:50, 75:25, and 100:0), abbreviated as 0, 25, 50, 75,
and 100, respectively, with (S) for solvent extraction and (M) for MAE. In terms
of rationale for selection of plant parts, C. asiatica leaves and G. atroviridis fruits
were chosen because they are the primary plant parts traditionally used for
culinary or medicinal purposes, while G. gnemon leaves were selected due to
their availability. Although the fruits of G. gnemon are also commonly investigated
for their biological activities, they are seasonal. As a result, harvesting the fruits
in December 2020 was impractical, which justified the preference for using the
leaves. The utilisation of five ethanol ratios can be rationalised by considering the
inherent diversity of phytoconstituents, which encompass compounds of different
polarity. Each ethanol ratio selectively attracts compounds based on their
polarity, therefore, the use of varying ethanol ratios will optimise the extraction of
diverse phytoconstituents (Do et al., 2014). Meanwhile, ethanol was selected
since it is primarily safe for food and human consumption. In the context of
extraction methods selection, solvent extraction is a conventional technique
characterised by its simplicity and its cost-effectiveness. Conversely, MAE, a
more recent technological advancement, was chosen for its ability to reduce
extraction time and enhance yield efficiency, attributed to the application of heat
during the extraction process (Rezaei, S. et al., 2013). The selection of optimal
parameters for MAE, including extraction times, solvent-to-sample ratio, and
microwave temperature, were determined based on previous literature (Chan et
al., 2011; Rezaei, S. et al., 2013; Mahardika and Roanisca, 2020; Shang et al.,
2020).

The percentage of extraction yields of CAE, GATE, and GGE from 5.0 g of raw
material varied significantly, with a decreasing trend observed as the ethanol ratio
increased (Table 3.1 and Figure 3.1). The morphological characteristics,
including colour and form, of CAE, GATE, and GGE are presented in Appendix
A Supplementary Material 1(a-c). Statistical analysis of general linear model
revealed that there was a statistically significant difference in extraction yield
when different ethanol ratios were used in the respective plant extracts (p < 0.05).
Conversely, there was no significant difference in the extraction yields when
different methods were used for extraction (p > 0.05). For C. asiatica, the highest
yield was observed with CAES50-S (29.20+7.27%), and the yield was not
significantly different from other CAE, except for those obtained from CAE75-S
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(11.601£4.34%), CAE100-S (2.87+0.64%), and CAE100-M (5.00+0.35%) (p <
0.05). Similarly, GATES0-S (45.70+8.24%) exhibited a significantly higher yield
in G. atroviridis compared to GATE75-M (29.90+3.81%), GATE100-S
(22.70£2.16%), and GATE100-M (18.70+8.33%) (p < 0.05), but it was not
significantly different from GATEO-S, GATEO-M, GATE25-S, GATE25-M,
GATES0-M, and GATE75-S (p > 0.05). For G. gnemon, GGE75-M achieved the
highest yield (15.40+2.46%), which was not significantly different from other GGE
apart from GGE100-S (3.20+0.72%) and GGE100-M (5.9310.99%) (p < 0.05).
Based on the data, GATES0-S showed approximately 1.6x and 3.0x higher
extraction yields compared to CAES50-S and GGE75-M, respectively. A possible
explanation for this is that GATE, derived from fruit, is naturally rich in organic
acid, particularly hydroxycitric acid (HCA) and simple sugars. These compounds
contain hydroxyl groups, which exhibit high polarity and can be effectively
extracted using polar solvents such as water, ethanol, and their combinations
(Lewis, 1969; Jena et al., 2002; Klinchongkon et al., 2022; Shahid et al., 2022).
In contrast, CAE and GGE, which were derived from the leaves have been
reported to contain higher level of essential oils and fibres, which may be
insoluble in polar solvents and possibly hinder the higher recovery of yield (Desai
and Gaikwad, 2014; Siripongvutikorn et al., 2023). The data also indicate that
using ethanol ratio 100 consistently results in the lowest extraction yields across
all plant extracts, suggesting that pure ethanol is not an ideal solvent for
optimising extraction efficiency.
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Table 3.1 Yields of CAE, GATE, and GGE using different extraction methods
and ethanol ratios.

Percentage of yield (%)

Ethanol
ratio CAE GATE GGE
Solven.t MAE Solven.t MAE Solven.t MAE
extraction extraction extraction
0 24.00+ 23.70+ 44 .30+ 44 .50+ 7.93+ 10.00+
1.06%° 2.89% 5.442 3.30° 2.00% 1.91%
25 26.10+ 18.50+ 45.30+ 4210+ 9.87+ 9.33+%
6.542 4 47%°¢ 5.16°2 3.42% 4.99% 2.40%
50 29.20+ 23.40+ 45.70+ 38.70+ 10.00+ 12.20+%
7.27°2 7.03% 8.242 1.33% 4.42% 5.50%
75 11.60+ 18.00+ 31.90+ 29.90+ 11.40+ 15.40+
4.34°c 5.023¢ 2.043¢ 3.81%° 2.62% 2.46°2
100 2.87+ 5.00+ 22.70+ 18.70+% 3.20+ 5.93+
0.64¢ 0.35% 2.16° 8.33°¢ 0.72° 0.99°

Yield (%) (mean + SD, n = 3). Means with different superscript letters (a-d) of the
same plant extract i.e., same column, are significantly different (Tukey’s pairwise
comparisons, p < 0.05). CAE: C. asiatica extract; GATE: G. atroviridis extract; GGE:
G. gnemon extract; MAE: Microwave-assisted extraction.
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Figure 3.1 Percentage of extraction yield (%) of (a) CAE, (b) GATE, (c) GGE
using different extraction methods; solvent and microwave assisted extraction
(MAE) and varying ethanol ratios (0, 25, 50, 75, and 100 ethanol).

Bar graphs represent the means of extraction yield. Error bars represent the sample standard
deviation (mean = SD, n = 3). Means sharing the same letter indicate that the percentage of
extraction yield are not significantly different, while means with different letters indicate a
statistically significant difference in extraction yield (Tukey’s pairwise comparisons, p < 0.05).
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In general, the use of varying ethanol ratios in the extraction of CAE, GATE, and
GGE from 0 to 100 affected the extraction yield. In terms of optimising the yield
for CAE, GATE, and GGE, water or any lower aqueous ethanol ratio between 0
and 75 is considered a better extraction solvent compared to 100 ethanol. These
findings are consistent with prior research, indicating that incorporating water
alongside ethanol in the extraction process enhances the extraction yield (Do et
al., 2014; Kim and Chin, 2017; Hikmawanti et al., 2021). The literature to date
includes studies on the extraction yields of rice paddy herb (Limnophila
aromatica) using water and different aqueous concentrations of methanol,
ethanol, and acetone, and the results demonstrated that the use of aqueous
solvents correlated with a higher yield compared to using organic solvent alone
(Do et al., 2014). Recent research by Hikmawanti et al. (2021) on sweet leaf
(Sauropus androgynus (L.) Merr.) has reported that the use of aqueous ethanol
(50%) as a solvent result in a higher yield compared to using absolute ethanol.
These findings may be justified by the fact that the mixture of water and organic
solvent may facilitate the recovery of phytoconstituents that are soluble in water
and/or organic solvents (Do et al., 2014; Hikmawanti et al., 2021). In other words,
the variation in ethanol-to-water ratios affects ethanol concentration,
subsequently altering the physical properties of the solvent, including density,
dynamic viscosity, and dielectric constant. The change would lead to
modifications in the solubilities of compounds, subsequently affecting yield and
biological activity (Frank et al., 1999, cited in Cacace and Mazza, 2003, p. 243).
In terms of extraction method, the use of neither solvent nor MAE resulted in a
difference of yield in all extracts. A possible explanation for the findings might be
due to the nature of phytoconstituents in these plant extracts, which consist of
polar and moderately polar compounds. These compounds are soluble in ethanol
and aqueous ethanol solvents and can be effectively extracted in normal
extraction conditions, and even the heat was involved during the MAE extraction
process, the effect on the yield recovery would be very minimal, hence it showed
no significant difference in the yield (Lee, S.-S. et al., 2000; Mat-Ali, 2008; Dutta
et al., 2018; Mokhtar et al., 2018; Lim et al., 2020).

Based on Table 3.1 and Figure 3.1, some data exhibits considerable variation in
yield percentages between replicates, showing high standard deviation values.
This variability is likely attributable to instrumental inconsistencies. Specifically,
during solvent evaporation using the rotary evaporator, bumping occurred in
several extracts, resulting in partial sample loss and contributing to the observed
fluctuations in yield. Bumping is characterised by sudden, uncontrolled boiling,
which causes portions of the sample to escape from the evaporation flask,
leading to sample loss. To minimise this issue in the future, the use of anti-
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bumping granules is recommended to ensure more stable and controlled
evaporation (Tennenhouse, 2017).

In comparison of the percentage of yield with other studies with similar plant
species, Irma et al. (2021) reported the yield of C. asiatica leaf fraction as 3.16%,
3.77%, and 10.41% when fractionated with n-hexane, ethyl acetate, and
methanol, respectively. A separate study documented a yield of 18.37+0.19% for
C. asiatica leaf extracted using an aqueous extract (Nik Hairiah et al., 2013). For
G. atroviridis, the yield percentage of different plant parts of G. atroviridis
extracted using methanol and aqueous extracts ranged from 2.6% to 35.2%%
(Al-Mansoub et al., 2014). Additionally, a recent study recorded the yield of G.
atroviridis leaf extracted sequentially using Soxhlet extraction with petroleum
ether, dichloromethane, and absolute ethanol at 18.14% (w/w) (Chuaijit et al.,
2024). In the case of GGE, the yield for dried endosperms soaked in 50% ethanol
was 9.33% (Kato, E. et al., 2009). In another study by Trisha et al. (2024), an
extraction yield of G. gnemon leaf powder extracted with 95% ethanol was
reported at 11.581£0.38%. Overall, the percentage of yields is influenced by
various factors, including differences in plant species and parts, methods of
extraction, solvent types, as well as different sampling locations and harvesting
seasons (Jamiuddin et al., 2019). Based on the findings, some of the yields
obtained from this current study were slightly higher when compared to previous
studies, likely due to the use of high polarity solvents of ethanol and water as well
as the use of different ratios of ethanol to water, which probably increase the
recovery of yields for CAE, GATE, and GGE.

In summary, this study found that ethanol ratio played a more significant role in
the extraction yield of CAE, GATE, and GGE compared to the extraction method.
The extraction yields for most extracts were optimised when using an ethanol
ratio between 0 and 75, regardless of whether solvent extraction or MAE was
applied. In contrast, the ethanol ratio of 100 consistently resulted in the lower
yield, being the least preferred ratio. Based on these findings, the average
percentage of extraction yield followed the ranking order: GATE > CAE > GGE.
It is important to note that the results of this section only correspond to the yields
of extracts, and they do not represent correlations to the biological activities. To
evaluate biological activities, all plant extracts were further subjected to total
phenolic content and antioxidant tests of DPPH, FRAP assays and finally
antimicrobial tests of disc diffusion, MIC, and MBC/MFC. The details on the
biological activities are further discussed in Sections 3.3.2 to 3.3.5.
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3.3.2 Total Phenolic Content

Phenolic compounds are among ubiquitously available phytoconstituents in
plants that are classified as secondary metabolites and acting as defence
mechanisms against harmful extrinsic factors (Croteau et al., 2000). Besides,
secondary metabolites possess therapeutic properties that are beneficial to
humans. For instance, phenolic compounds, which are comprised of aromatic
rings with at least one hydroxyl group attached to the structure, have been proven
to possess substantial antioxidant properties (Rice-Evans et al., 1996). The total
phenolic content assay is a preliminary assay widely used to quantify the phenolic
content in plants. The key principle of the total phenolic content assay is the
reduction of Folin-Ciocalteu’s reagent to molybdenum-tungsten complex in the
presence of phenolics, which results in the formation of blue complexes
detectable by a spectrophotometer at 765 nm. The intensity of blue formation
complexes is proportional to the phenolic concentration in the plants (Singleton
et al., 1999). The total phenolic content of CAE, GATE and GGE was determined
according to the Folin-Ciocalteu method using gallic acid as a standard (0.04 to
0.31 mg/mL) with a linear equation of y=2.7082x+0.1364, R? = 0.9906 (Figure
3.2).
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Figure 3.2 Gallic acid standard curve for total phenolic content determination
using gallic acid concentration between 0.04 and 0.31 mg/mL.

The total phenolic content of 10 mg/mL plant extracts; CAE, GATE and GGE is
presented in Table 3.2 and Figure 3.3. Statistical analysis of general linear model
indicated that both ethanol ratio and extraction method significantly influenced
total phenolic content across all extracts (p < 0.05). For C. asiatica, the highest
total phenolic content was observed in CAEO-M (28.48+0.11 mg GAE/g), which
was significantly higher than that of CAE75-S (20.41+0.69 mg GAE/g), CAE100-
S (11.23+0.71 mg GAE/g), and CAE100-M (20.71+0.66 mg GAE/g) (p < 0.05),
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but was comparable to CAEOQ-S, CAE25-S, CAE25-M, CAE50-S, CAE50-M, and
CAE75-M (p > 0.05). For G. atroviridis, GATE50-M exhibited the highest total
phenolic content (6.09+0.92 mg GAE/g), comparable to GATE75-M and
GATE100-M (p > 0.05), and significantly surpassing GATEO-S (0.92+0.30 mg
GAE/g), GATEO-M (1.98+1.46 mg GAE/g), GATE25-S (2.2910.21 mg GAE/qg),
GATE25-M (3.68+0.54 mg GAE/g), GATES0-S (3.01+£0.78 mg GAE/g), GATE75-
S (2.64+0.64 mg GAE/g), and GATE100-S (1.10+0.29 mg GAE/g) (p < 0.05). For
G. gnemon, the highest total phenolic content was recorded in GGE100-M
(31.25+£3.30 mg GAE/g). This value was not significantly different from other
GGE, except for GGE100-S (18.15+1.05 mg GAE/g) (p < 0.05).

Table 3.2 Total phenolic content of CAE, GATE, and GGE using different
extraction methods and ethanol ratios.

Total phenolic content (mg GAE/g)

Ethanol
ratio CAE GATE GGE
Solven.t MAE Solven.t MAE Solven.t MAE
extraction extraction extraction
0 28.30+ 28.48+ 0.92+ 1.98+ 29.57+ 26.09+
3.23° 0.11° 0.30¢ 1.46% 1.89°2 2.23°
25 2541+ 27.32+ 2.29+ 3.68+% 27.64+ 28.00+
3.00% 0.822 0.21% 0.54b< 2.72°2 0.86°
50 27.53+ 27.20+ 3.01% 6.09+ 28.27+ 26.84+
0.38? 1.06° 0.78¢de 0.92° 1.91° 0.97°
75 20.41+ 23.93+ 2.64+ 541+ 27.13+ 26.66+
0.69° 3.03% 0.64% 0.95% 1.16°2 0.132
100 11.23+% 20.71+ 1.10+ 5.15+ 18.15+¢ 31.25+
0.71¢ 0.66° 0.29° 0.433¢ 1.05° 3.302

Total phenolic content (mg GAE/g) (mean £ SD, n = 3). Means with different
superscript letters (a-e) of the same plant extract i.e., same column, are significantly
different (Tukey’s pairwise comparisons, p < 0.05). CAE: C. asiatica extract; GATE:
G. atroviridis extract; GGE: G. gnemon extract; MAE: Microwave-assisted extraction.
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Figure 3.3 Total phenolic content (mg GAE/g) of (a) CAE, (b) GATE, and (c) GGE
using different extraction methods; solvent and microwave assisted extraction
(MAE) and varying ethanol ratios (0, 25, 50, 75, and 100 ethanol).

Bar graphs represent the means of total phenolic content. Error bars represent the sample
standard deviation (mean + SD, n = 3). Means sharing the same letter indicate that the total
phenolic content is not significantly different, while means with different letters indicate a
statistically significant difference in total phenolic content (Tukey’s pairwise comparisons, p <
0.05).
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These results demonstrate that total phenolic content varies significantly
depending on plant species, ethanol ratio, and extraction method. In this study,
CAE exhibited higher phenolic content with ethanol ratios ranging from 0 to 50
using the solvent extraction method, whereas MAE showed higher phenolic
content with ethanol ratios between 0 and 75. In contrast, GATE showed
significantly higher total phenolic content when using ethanol ratios between 50
and 100, particularly with MAE. This suggests that the phenolic compounds in
GATE are influenced by the application of heat during MAE, which facilitates the
breakdown of cellular structures, leading to the release of bound phenolics from
the cell wall and enhancing polyphenol extraction (Toor and Savage, 2006). For
GGE, determining the optimal ethanol ratio for maximising phenolic content was
challenging due to the lack of a clear trend in the data. The extracts from all
ethanol ratios and extraction methods yielded comparable phenolic content,
except for GGE100-S, which deviated from this pattern. Based on these findings,
ethanol ratios between 0 and 100 appear suitable when using MAE, whereas for
solvent extraction, ethanol ratios between 0 and 75 are more appropriate.

A comparative analysis was conducted to evaluate the total phenolic content
across the three plant species. Notably, GATE exhibited significantly lower total
phenolic content compared to CAE and GGE, likely due to being derived from the
fruit of G. atroviridis, a plant part that typically contains lower flavonoid levels than
others. Since flavonoids are a key subgroup of phenolic compounds, their lower
concentration may contribute to the reduced total phenolic content observed in
GATE (Al-Mansoub et al., 2014). This finding aligns with a study by Al-Mansoub
et al. (2014), who reported lower phenolic content in the aqueous extract of ripe
fruit rind (1.92 yg GAE/mg) compared to leaves (10.86 pg GAE/mg) and stems
(8.57 pyg GAE/mg). However, other studies have reported higher total phenolic
content values for G. atroviridis fruit extracts. For instance, Shahid et al. (2023)
documented total phenolic contents of 25.1+0.85 mg GAE/g in aqueous extracts.
For CAE, Raunsai et al. (2021) reported a high total phenolic content of
128.03£2.41 mg GAE/g dry extract from 1 mg/mL of C. asiatica leaves using 96%
ethanol as the extraction solvent, while Nik Hairiah et al. (2013) found a
comparable total phenolic content of 20.97+0.53 mg GAE/g in an aqueous extract
(0.01 g/mL) of C. asiatica leaves. A prior work by Shukri et al. (2011) reported a
total phenolic content of 105+5.6 mg GAE/kg and 62+2.5 mg GAE/kg for Batch 1
and 2 of C. asiatica leaves extracts, respectively. In the case of GGE, Suksanga
et al. (2023) reported a total phenolic content of 3548+346.25 ug GAE/g dry
weight (DW) for G. gnemon leaves extracted with boiled water at 80 °C for 30
minutes. Another investigation recorded total phenolic content of 12.6+5.06 mg
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GAE/g and 15.1+2.19 mg GAE/g for G. gnemon seed flour extracted with
aqueous and ethanol extracts, respectively (Bhat and Yahya, 2014).

These findings indicate considerable variation in total phenolic content across
different studies, which may be attributed to differences in processing conditions
(temperature during drying, storage duration), concentration of plant extracts, and
extraction parameters. For example, the dried G. atroviridis sample of this study
was obtained from a local market, lacking freshness and specific processing
information, compared to the fresh fruit sample obtained from the studies of
Shahid et al. (2023), which might explain the higher phenolic content recorded in
that study. Additionally, when compared to this current study, Suksanga et al.
(2023) reported a lower phenolic content of GGE, probably due to the use of
boiled water at 80 °C for extraction, which might degrade the phenolic compounds
present in GGE. The effect of heat treatment on the phenolics varied between
fruits and vegetables, depending on the stability of phenolic compounds (Nayak
et al., 2015b). From the findings, it can be hypothesised that the heat applied
during the extraction results in the degradation of phenolics in GGE. Furthermore,
differences in phytochemical constituents due to geographical variations may
contribute to discrepancies in total phenolic content across plant extracts. The
growth of plants at different climate conditions (e.g., temperature, rainfall, drought
stress) and soil physicochemical properties (e.g., pH, minerals) will affect the
phytochemical content in plants (Kumar et al., 2017; Martins-Noguerol et al.,
2023; Prabhudev et al., 2023; Qaderi et al., 2023). In this study, all the plants
were obtained from the state of Terengganu, Malaysia, dried in an oven and then
transported to the UK for the analysis. Compared to previous studies, the
samples were freshly collected and analysed afterwards without an extended
storage period. The difference in plants’ collection location was also noted,
including the collection in different states in Malaysia with different average
temperatures and in the different countries of Indonesia and Thailand.

The current findings suggest an inverse relationship between extract yield and
total phenolic content, where plant extracts with the highest yield tend to have the
lowest total phenolic content, and vice versa. This may be attributed to the
presence of other chemical compounds in the extracts that contribute to yield but
not to phenolic content. For instance, in the case of GATE, previous
investigations on the phytochemical composition of G. atroviridis have reported
the presence of organic acids (e.g., HCA, tartaric acid, and citric acid), essential
oils, terpenoids, and benzofuran, which may contribute to the overall extract yield
but not to the phenolic content of GATE (Jena et al., 2002; Tan et al., 2013;
Shahid et al., 2023). In summary, different ethanol ratios and extraction methods
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influenced total phenolic content. For CAE, a higher phenolic content was
achieved with ethanol ratio between 0 and 50 using solvent extraction and 0 to
75 using MAE. GATE showed higher phenolic content with ethanol ratio between
50 and 100, particularly with MAE. For GGE, ethanol ratios of 0 to 100 were
suitable when using MAE, whereas the ratios of 0 to 75 were better for solvent
extraction. Based on the data, the average level of total phenolic content of all
three plant extracts can be ranked in the following order: GGE > CAE > GATE.

3.3.3 Antioxidant Activity

Reactive oxygen species (ROS) are free radicals that contain unstable oxygen
molecules and can easily react with other molecules in a cell. Examples of ROS
are the hydroxyl radical (HO¢), the superoxide radical (O2¢) and the peroxyl radical
(ROO¢). The accumulation of ROS in cells can induce oxidative damage to lipids,
sugars, proteins, and DNA. A myriad of studies has shown that antioxidants can
help maintain human health and prevent disease by inhibiting the chain reaction
of oxidation and acting as hydrogen donors or acceptors for free radicals, creating
more stable radicals (Prenzler et al., 2021). In other words, antioxidants can slow
down or prevent oxidation and reduce the harmful effects of reactive species
(Halliwell and Gutteridge, 1985). Currently, various techniques for measuring
antioxidant activity have been developed since a single antioxidant assay
measurement is often insufficient to establish the full antioxidant capacity of
extracts. They may differ in terms of measurement, such as spectrometry,
chromatography, and electrochemical techniques. Spectrometry techniques such
as 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), DPPH, FRAP,
and oxygen radical absorption capacity (ORAC) are widely used due to the
process's feasibility and cost-effectiveness (Munteanu and Apetrei, 2021).
Typically, two or more different antioxidant assays are conducted to determine
the antioxidant activity of samples (Jamiuddin et al., 2019). In this study, the
antioxidant activity determination was performed using DPPH and FRAP assays.

3.3.3.1 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay

DPPH is a stable free radical, and the assay measures the percentage of DPPH
inhibition by the ability of antioxidants to neutralise the radical. This process is
indicated by the discoloration of DPPH from deep purple to pale yellow, which is
measured spectrophotometrically at 517 nm (Molyneux, 2004). The antioxidant
activity of CAE, GATE, and GGE varied across different ethanol ratios and
extraction methods, as shown in Table 3.3, and Figures 3.4 to 3.6.
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At a concentration of 5 mg/mL, all extracts demonstrated varying degrees of
DPPH inhibition. Statistical analyses using general linear model indicated that
different ethanol ratios significantly influenced the percentage of DPPH inhibition
for CAE, GATE, and GGE, whereas extraction methods had a significant effect
only on the DPPH values of GATE (p < 0.05). For C. asiatica, CAE50-M exhibited
the highest inhibition percentage (59.20+£0.59%), but this was not significantly
different from other CAE, except for CAEO-S (37.80%£15.40%), CAE100-S
(29.904£4.60%), and CAE100-M (33.40£2.06%) (p < 0.05). For G. atroviridis,
GATE75-S demonstrated the highest inhibition at 14.60+1.64%). This value was
not significantly different from GATEO-S, GATE75-M, GATE100-S, and
GATE100-M (p > 0.05). However, GATEO-M (7.55+0.57%), GATEZ25-S
(9.3240.87%), GATE25-M (7.57+0.76%), GATES50-S (10.40+0.81%), and
GATES0-M (8.15+£0.78%) had significantly lower percentages of DPPH inhibition
than GATE75-S (p < 0.05). For G. gnemon, GGE75-S showed the highest
inhibition (61.00+£1.17%), which was significantly higher than GGEO-S
(7.831£3.30%), GGEO-M (15.50+2.41%), GGE25-S (43.60+3.34%), GGE25-M
(48.10£2.49%), GGES50-M (45.70+2.45%), GGE100-S (36.00+4.89%), and
GGE100-M (39.80+£3.69%) (p < 0.05), while being comparable to GGE50-S and
GGE75-M (p > 0.05). A standard gallic acid solution at 1000 pg/mL exhibited
91.84+0.56% of DPPH inhibition. The findings suggest that ethanol ratio plays a
crucial role in optimising DPPH inhibition activity for different plant extracts.
Specifically, for CAE, an ethanol ratio of 25 to 75 was preferred when using
solvent extraction, while a ratio of 0 to 75 was optimal for MAE. For GATE, ethanol
ratios between 75 to 100 using both extraction methods resulted in the higher
DPPH inhibition, with ethanol ratio 0 using solvent extraction also being a viable
option. For GGE, an ethanol ratio of 50 using solvent extraction and 75 using both
solvent extraction and MAE was recommended for achieving higher DPPH
inhibition.
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Table 3.3 Antioxidant activity of CAE, GATE, and GGE using different
extraction methods and ethanol ratios: DPPH.

Percentage of DPPH Inhibition (%)

Ethanol -, GATE GGE
ratio

Solven.t MAE Solven.t MAE Solven.t MAE
extraction extraction extraction

0 37.80+ 45.80+ 11.30+% 7.55+ 7.83% 15.50+
15.40Q° 5.643¢ 1,373bcde 0.57¢ 3.30f 2.41f

25 53.80+ 59.10+ 9.32+ 7.57+ 43.60+ 48.10+
5.22% 1.08°2 0.87°% 0.76° 3.340d 2.49bcd

50 56.20+ 59.20+ 10.40+ 8.15+ 53.40+ 45.70+
0.302 0.592 0.81Pcde 0.78% 2.67%c¢ 2.45%

75 53.50+ 55.20+ 14.60+ 13.20+ 61.00+ 56.60+
3.13%® 1.722 1.64° 2.08%° 1.172 5.19%

100 29.90+ 33.4% 14.10+ 11.60+ 36.00+ 39.80+
4.60° 2.06° 2.47% 0.6420< 4.89° 3.69%

Percentage of DPPH inhibition (%) (mean £ SD, n = 3). Means with different superscript
letters (a-f) of the same plant extract i.e., same column, are significantly different
(Tukey’s pairwise comparisons, p < 0.05). CAE: C. asiatica extract; GATE: G. atroviridis
extract; GGE: G. gnemon extract; MAE: Microwave-assisted extraction.
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Figure 3.4 Percentage of DPPH inhibition of CAE using different extraction
methods; solvent and microwave assisted extraction (MAE) and varying ethanol
ratios (0, 25, 50, 75, and 100 ethanol).

Bar graphs represent the means of percentage of DPPH inhibition. Error bars represent the
sample standard deviation (mean + SD, n = 3). Means sharing the same letter indicate that the
percentage of DPPH inhibition is not significantly different, while means with different letters
indicate a statistically significant difference in percentage of DPPH inhibition (Tukey’s pairwise
comparisons, p < 0.05).
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Figure 3.5 Percentage of DPPH inhibition of GATE using different extraction
methods; solvent and microwave assisted extraction (MAE) and varying ethanol
ratios (0, 25, 50, 75, and 100 ethanol).

Bar graphs represent the means of percentage of DPPH inhibition. Error bars represent the
sample standard deviation (mean + SD, n = 3). Means sharing the same letter indicate that the
percentage of DPPH inhibition is not significantly different, while means with different letters
indicate a statistically significant difference in percentage of DPPH inhibition (Tukey’s pairwise
comparisons, p < 0.05).
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Figure 3.6 Percentage of DPPH inhibition of GGE using different extraction
methods; solvent and microwave assisted extraction (MAE) and varying ethanol
ratios (0, 25, 50, 75, and 100 ethanol).

Bar graphs represent the means of percentage of DPPH inhibition. Error bars represent the
sample standard deviation (mean + SD, n = 3). Means sharing the same letter indicate that the
percentage of DPPH inhibition is not significantly different, while means with different letters
indicate a statistically significant difference in percentage of DPPH inhibition (Tukey’s pairwise
comparisons, p < 0.05).

87



The published literature on CAE is limited, making a comprehensive comparison
of its biological activity between this study and previous research somewhat
challenging. A search for ‘Colubrina asiatica’ in the Web of Science and Scopus
databases yielded only 14 and 25 results, respectively. The limited reports on the
CAE highlight the importance of the current study for the contribution of
knowledge on its biological activities. The available data on DPPH scavenging
activity was reported by Desai and Gaikwad (2014), which revealed that the
aqueous extract of C. asiatica leaves exhibited 54.58% and 64.39% DPPH
inhibition at extract concentrations of 0.2 mg/mL and 0.4 mg/mL, respectively.
Another study by Desai et al. (2015) recorded 36% DPPH inhibition using a 60
ug/mL concentration of C. asiatica leaves extracted with boiling water. In
comparison, the DPPH inhibition values varied between studies as different
extract concentrations and extraction procedures were utilised. The percentage
of DDPH inhibition of CAE obtained in this study, particularly with an ethanol ratio
of 0 (aqueous extract), were lower than those previously reported. The
discrepancies may be due to variations in extraction procedures, as Desai and
Gaikwad (2014) performed the extraction process thrice, which might increase
the extraction yield of bioactive constituents. Furthermore, Desai et al. (2015)
used boiling water for the extraction, likely enhancing the release of bound
phenolics and ultimately recovering a higher number of active phytoconstituents
(Toor and Savage, 2006).

As for GATE, the DPPH inhibition in this present study was relatively lower than
those reported by Nursakinah et al. (2012), where an aqueous extract of G.
atroviridis fruit exhibited 52+0.11% inhibition at concentration of 5 mL/mL. It was
noted that their extraction was performed at a higher temperature (60 °C), which
may have contributed to the enhanced antioxidant activity. Similarly, Thongkham
et al. (2021) reported a much higher DPPH inhibition of 81.30+4.40% using half-
ripe G. atroviridis fruit (2.5 mg/mL). In addition to fruit, other parts of G. atroviridis
have also been studied for their antioxidant properties. Al-Mansoub et al. (2014)
analysed various plant parts, including leaves, stems, ripe and unripe fruit rinds,
and whole fruits (both ripe and unripe, with seeds). Their findings revealed that
the ripe fruit rind exhibited the lowest antioxidant activity, as indicated by the
highest ICso values of 684.17+136.32 pg/mL and 943.08+11.46 pg/mL for
methanol and aqueous extract, respectively. Since the present study also utilised
ripe fruit, this may explain the lower DPPH inhibition observed. Additionally,
Jamila et al. (2020) found that GATE extracted with polar organic solvents, such
as ethanol (ICsp: 5.02 ug/mL) and ethyl acetate (ICs0: 5.17 pg/mL), demonstrated
stronger antioxidant activity. This aligns with the present study’s findings, where
a 100% ethanol extract of GATE resulted in one of the highest DPPH inhibition
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levels. Other than DPPH, other antioxidant assays have been performed on G.
atroviridis. Mackeen et al. (2000) assessed various plant parts including fruit,
stem bark, trunk bark, roots, and leaves using ferric thiocyanate (FTC) and
thiobarbituric acid (TBA) assays. Their results demonstrated strong antioxidant
activity in all extracts except fruit, with inhibition ranging from 64 to 90% in the
FTC assay and 87 to 93% in the TBA assay, values that exceeded those of the
commercial antioxidant a-tocopherol.

In the case of GGE, the DPPH scavenging activity of GGE25 to GGE100 was
found to be higher compared to the findings of Wazir et al. (2011). Their study
reported inhibition values ranging from 20.68+0.24% to 26.38+0.13% using five
different extraction solvents: methanol, ethanol, hexane, chloroform, and boiling
water. However, their study utilised a relatively low concentration (300 pg/mL) of
G. gnemon leaf extracts, which may explain the observed findings. In a separate
study, Santoso et al. (2010) investigated the DPPH scavenging activity utilising
different G. gnemon plant parts. They found that both young and mature leaves
exhibited greater DPPH scavenging activity than the seed skin and endosperm
in methanolic extracts of G. gnemon. A previous study by Kato, E. et al. (2009)
identified six stilbenoid compounds extracted from dried G. gnemon endosperms
using 50% ethanol. Stilbenoids, a class of phenolic compounds known for their
strong antioxidant properties, exhibited notable DPPH scavenging activity, as
indicated by their ICso values. These values were recorded as follows: gnetin L
(11.1£1.6 pM), gnetin C (10.7£0.2 pM), gnemonoside A (8.3x0.7 pM),
gnemonoside C (11.3£0.1 yM), gnemonoside D (9.4+0.8 uM), and resveratrol
(13.2£0.8 pM). All six compounds demonstrated greater scavenging activity
compared to the positive controls, ascorbic acid (14.1+0.3 yM) and a-tocopherol
(17.1£1.7 pM), after a five-hour incubation period (Kato, E. et al., 2009). These
data indicate that different solvents polarity, extract concentrations, and different
plant parts affect the percentage of DPPH inhibition activity, likely due to different
phytoconstituents obtained. The findings from this section highlight the potential
of antioxidants derived from CAE, GATE, and GGE to inhibit the DPPH radicals.
It is, however, important to point out that this antioxidant potential is based on a
single measurement of DPPH inhibition, therefore, the other antioxidant
measurement method, the FRAP assay was performed to provide a more
comprehensive antioxidant profile of the plant extracts, as discussed in the
following section.
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3.3.3.2 Ferric reducing antioxidant power (FRAP) assay

The FRAP assay is based on the reaction where ferric ions (Fe3*)-ligand is
reduced to ferrous complex (Fe?*) by the action of antioxidants in acidic
environments, resulting in an intense navy-blue colour quantified using a
spectrophotometer at 593 nm. The absorbance value is directly proportional to
the total ferric reducing power of the samples, which reflects the antioxidant
potential of the extracts (Benzie and Strain, 1999). A reference standard of Trolox
solution with concentrations ranging from 0.016 to 0.50 uM was prepared, and a
graph with a linear equation of y=1.1817x+ 0.369, R? = 0.9965 was constructed,
where y is the absorbance and x is the Trolox equivalent (TE) concentration (uM)
(Figure 3.7). The results are expressed as yM TE/g of dry weight (DW).
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Figure 3.7 Trolox standard curve for FRAP determination using Trolox at
concentration between 0.016 to 0.50 pM.

All extracts show some degree of reducing power using the concentration of 10
mg/mL extracts (Table 3.4 and Figures 3.8 to 3.10). The statistical analyses of
general linear model suggested that FRAP values were influenced by different
ethanol ratios in CAE and GGE (p < 0.05) but not in GATE. Additionally, extraction
methods significantly impacted FRAP values only in GGE (p < 0.05). In terms of
specific plant extracts, C. asiatica exhibited its highest antioxidant potential in
CAEO-S, with a FRAP value of 92.40+9.74 uM TE/g DW, which was significantly
higher than other CAE (p < 0.05). For G. atroviridis, the highest FRAP value was
observed in GATES0-S (18.50£2.19 yM TE/g DW), with similar values recorded
in GATE75-S, GATEO-M, and GATE100-M (p > 0.05), whereas significantly lower
values were recorded in GATEO-S (8.23+0.80 uM TE/g DW), GATE25-S
(10.60£1.79 pM TE/g DW), GATE25-M (11.20£1.10 uM TE/g DW), GATE50-M
(10.10£1.30 pM TE/g DW), GATE75-M (11.10£1.75 yM TE/g DW), and
GATE100-S (9.64+1.75 yM TE/g DW) (p < 0.05). In addition, G. gnemon
exhibited its highest antioxidant activity in GGEO-S, with a FRAP value of
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108.00+7.88 uM TE/g DW. This value was statistically comparable to the FRAP
values of GGES50-S, GGE100-S, and GGE100-M (p > 0.05), and it was
significantly higher than GGEO-M (77.40+6.55 uM TE/g DW), GGE25-S
(80.10£7.79 yM TE/g DW), GGE25-M (69.40+7.27 yM TE/g DW), GGE50-M
(64.90+£3.67 uM TE/g DW), GGE75-S (81.80+9.10 uM TE/g DW), and GGE75-M
(69.20+6.21 uM TE/g DW) (p < 0.05). For C. asiatica, solvent extraction with an
ethanol ratio of 0 was the most effective in achieving the highest FRAP value. In
G. atroviridis, extracts obtained through solvent extraction at ethanol ratios of 50
and 75 showed higher FRAP values, while MAE extracts at ethanol ratios of 0
and 100 also yielded comparably higher values. Regarding G. gnemon, higher
FRAP values were observed in extracts from solvent extraction at ethanol ratios
of 0, 50, and 100, as well as from MAE at an ethanol ratio of 100.

Table 3.4 Antioxidant activity of CAE, GATE, and GGE using different
extraction methods and ethanol ratios: FRAP.

FRAP (uM TE/g DW)

Ethanol -\ GATE GGE
ratio
Solven.t MAE Solven.t MAE Solven.t MAE
extraction extraction extraction
0 92.40+ 69.80+ 8.23+ 12.20+ 108.00+ 77.40+
9.74° 5.13° 0.80° 5.78% 7.882 6.55°
25 62.60+ 50.70+ 10.60+ 11.20+% 80.10+ 69.40+
6.82 8.39% 1.79° 1.10° 7.790< 7.27%
50 59.40+ 54,70+ 18.50+ 10.10+% 87.10+ 64.90+
5.40%° 7.62° 2.19°2 1.30° 8.53a¢ 3.67¢
75 35.30+ 48.00+ 12.20+ 11.10+% 81.80+ 69.20+
3.13¢ 6.34° 2.68% 1.75° 9.10b< 6.21°%
100 46.10+ 59.20+ 9.64+ 11.50+ 94 .90+ 104.00+
5.77% 2.39b¢ 1.75° 0.58% 7.26% 8.90?

FRAP (uM TE/g DW) (mean + SD, n = 3). Means with different superscript letters (a-
d) of the same plant extract i.e., same column, are significantly different (Tukey’s
pairwise comparisons, p < 0.05). CAE: C. asiatica extract; GATE: G. atroviridis extract;
GGE: G. gnemon extract; MAE: Microwave-assisted extraction.
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Figure 3.8 FRAP value (uM TE/g DW) of CAE using different extraction methods;
solvent and microwave assisted extraction (MAE) and varying ethanol ratios (0,
25, 50, 75, and 100 ethanol).

Bar graphs represent the means of FRAP value. Error bars represent the sample standard
deviation (mean £ SD, n = 3). Means sharing the same letter indicate that the FRAP value is not
significantly different, while means with different letters indicate a statistically significant difference

in FRAP value (Tukey’s pairwise comparisons, p < 0.05).
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Figure 3.9 FRAP value (UM TE/g DW) of GATE using different extraction
methods; solvent and microwave assisted extraction (MAE) and varying ethanol

ratios (0, 25, 50, 75, and 100 ethanol).

Bar graphs represent the means of FRAP value. Error bars represent the sample standard
deviation (mean £ SD, n = 3). Means sharing the same letter indicate that the FRAP value is not
significantly different, while means with different letters indicate a statistically significant difference

in FRAP value (Tukey’s pairwise comparisons, p < 0.05).
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Figure 3.10 FRAP value (UM TE/g DW) of GGE using different extraction
methods; solvent and microwave assisted extraction (MAE) and varying ethanol
ratios (0, 25, 50, 75, and 100 ethanol).

Bar graphs represent the means of FRAP value. Error bars represent the sample standard
deviation (mean £ SD, n = 3). Means sharing the same letter indicate that the FRAP value is not
significantly different, while means with different letters indicate a statistically significant difference
in FRAP value (Tukey’s pairwise comparisons, p < 0.05).

Based on the data, the antioxidant activity of the analysed plant extracts varied
between DPPH and FRAP assays. In DPPH inhibition, CAE exhibited the highest
antioxidant activity, while in FRAP, GGE ranked first. In contrast, GATE
consistently showed the lowest antioxidant activity in both assays. The
discrepancy between the results can be attributed to the different
phytoconstituents in plant extracts that affect the antioxidant mechanism of
action. As discussed earlier in Section 3.3.2, CAE has certain degrees of phenolic
content. Phenolics are the group of secondary metabolites that possessed the
ideal chemical structures for scavenging activities, as the hydroxyl groups (OH)
are prone to donate a hydrogen atom or an electron to a free radical. The
extended conjugated aromatic system facilitates the delocalisation of an unpaired
electron. Briefly, the phenolic compounds exert their antioxidant activity by acting
as free radical acceptors and chain breakers. They interfere with the lipid
oxidation as well as the oxidation for other molecules by rapid donation of a
hydrogen atom to radicals, which eventually produce relatively stable phenoxy
radical intermediates (Dai and Mumper, 2010). In addition, phytoconstituents in
GGE, such as terpenoids, might have played a significant role in the higher FRAP
values. Terpenoids contain conjugated double bonds which are speculated to be
responsible for the antioxidant activity (Wojtunik-Kulesza et al., 2018). Other
triterpenoids present in GGE, such as ursolic acid, contain hydroxyl groups that
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can donate electrons from antioxidants through a single electron transfer
mechanism (Samsonowicz et al., 2021). Other factors such as the DPPH and
FRAP solubility, activation energy, redox potential, and stability under varying pH
conditions and processing methods might also influence the extent of antioxidant
activity (Gil et al., 2002; Sharma and Singh, 2013; Fidrianny et al., 2015).

The available literature on C. asiatica highlights its significant reducing power
activity, particularly in the aqueous extract of its leaves and stem, which occurs
in a dose-dependent manner. A previous study identified ten essential oils,
including dodecamethylcyclohexasiloxane, tetradecamethyl-cycloheptasiloxane,
a-cubebene, and 2,4-dimethylhexane, which are the potential contributors to its
antioxidant properties (Desai and Gaikwad, 2014). Another study reported that
C. asiatica extracted with boiling water exhibited higher reducing power activity
compared to ascorbic acid, the control (Desai et al., 2015). An earlier study by
(Mat-Ali, 2008) measured reducing power based on Fe?* concentration (mM) and
reported FRAP values of 0.1£0.1 mM and 0.2+0.0 mM for two different C. asiatica
batches, Batch 1 and 2, respectively.

Previous investigations on the leaves and fruits of G. atroviridis using 10% (w/v)
aqueous extracts showed that the leaf extract (2.24+0.02 mmol/L) exhibited
significantly higher reducing power activity than the fruit extract (data not
included), and comparable to that of the standard antioxidant butylated
hydroxytoluene (BHT) (2.29£0.04 mmol/L) (Nursakinah et al., 2012). Similarly, a
study using methanol and aqueous extracts at a concentration of 10 mg/mL found
that leaf and stem extracts demonstrated better antioxidant activity than the fruit
extract. Additionally, methanol extracts exhibited higher antioxidant activity than
aqueous extracts (Al-Mansoub et al., 2014). However, these findings contrast
with those of Chew and Lim (2018), who reported comparable antioxidant activity
for G. atroviridis leaves (2.93+1.33 mg GAE/g), pericarps (0.139+0.049 mg
GAE/qg), and pulps (0.589+0.096 mg GAE/g) when extracted using 50% ethanol.

The reducing power of G. gnemon leaf powder extracted with boiling water at 80
°C was measured at 1248.14+115.12 pg/g DW Trolox equivalent. The study also
revealed that antioxidant activity was highest when measured using the ABTS
assay, followed by FRAP, with the lowest activity recorded using DPPH, relative
to standard antioxidant compounds gallic acid and Trolox (Suksanga et al., 2023).
An earlier study by Santoso et al. (2010) suggested that antioxidants in the edible
parts of G. gnemon (young leaves, mature leaves, seed skin, and endosperm)
were predominantly water-soluble, as indicated by higher hydrophilic ORAC
activity compared to lipophilic ORAC. Additionally, research by Siswoyo et al.
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(2011) isolated two protein fractions from G. gnemon seeds which are Gg-AOPI
(0.213+0.021 mg vitamin C) and Gg-AOPII (0.150£0.039 mg vitamin C) with
antioxidant activity determined by reducing power relative to vitamin C content.
Furthermore, (Wazir et al., 2011) reported the reducing power activity of a 300
pug/mL leaf extract in solvents of varying polarity, ranging from 77.70+7.54 to
62.03+1.04%. Based on previous and current findings, G. gnemon exhibits
antioxidant activity through its ability to donate electrons, as demonstrated by its
capacity to reduce ferric ion (Fe®**)-ligand to the ferrous (Fe**) complexes.

Overall, the findings from this current study and the previous studies showed
diverse ferric reducing power activity, mainly due to differences in extraction
parameters, solvents, and concentrations. The variations in reported results in
both the present study and previous research were observed. The difference in
reporting the antioxidant unit and the use of different standards made it difficult
to compare the antioxidant data from the current study and the prior reports. For
instance, Mat-Ali, (2008) and Nursakinah et al. (2012) reported the FRAP data in
terms of mM Fe?* and mmol/L, respectively, whereas the current study used uM
TE/g of dry weight as the unit of measurement. Additionally, the existing literature
on the biological activities of C. asiatica, G. atroviridis, and G. gnemon primarily
focuses on solvent extraction methods for evaluating total phenolic content and
antioxidant activites (DPPH and FRAP), with limited emphasis on MAE.
Consequently, this study primarily discusses solvent extraction rather than MAE.
Expanding data on MAE would enable a more comprehensive comparison of the
biological activities of these extracts.

In summary, the antioxidant assays of percentage of DPPH inhibition and FRAP
indicated that all three plant extracts of CAE, GATE, and GGE exhibited
antioxidant potential, though GATE demonstrated lower activity. The antioxidant
activity of DPPH and FRAP was more significantly influenced by the utilisation of
extracts with varying ethanol ratios than by different extraction methods. The data
on the highest antioxidant activity was diverse in terms of the specific plant extract
and type of antioxidant assay. The antioxidant activities of the three plant extracts
ranked in the following order based on the overall rankings for DPPH inhibition:
CAE > GGE > GATE, and the antioxidant activity based on FRAP followed the
order of GGE > CAE > GATE. Further studies, such as antimicrobial activity
assessments, would be valuable in exploring their other bioactive potential.
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3.3.4 Correlation of total phenolic content and antioxidant activity

In this study, Pearson’s correlation analysis was conducted to examine the
relationship between the total phenolic content of CAE, GATE, and GGE, and
their antioxidant activities, as assessed by DPPH and FRAP assays (Table 3.5).
A correlation is considered highly positive when 0.61 < r < 0.97 and highly
negative when -0.61 < r < -0.97 (Thaipong et al., 2006; Fidrianny et al., 2015).
The findings revealed a significant correlation in CAE between total phenolic
content and both DPPH and FRAP (Figures 3.11a and 3.11b, respectively).
Specifically, CAE exhibited a moderate positive correlation with DPPH (r = 0.498,
p < 0.05) and FRAP (r = 0.526, p < 0.05). In contrast, no significant correlations
were observed in GATE and GGE. GATE displayed a low negative correlation
with DPPH (r = -0.156, p > 0.05) and a low positive correlation with FRAP (r =
0.210, p > 0.05). Similarly, GGE showed low positive correlations with both DPPH
(r=0.022, p > 0.05) and FRAP (r = 0.209, p > 0.05).

The correlation analysis for CAE revealed that antioxidant activity, as measured
by DPPH and FRAP, increased with higher phenolic content, suggesting that
phenolic compounds contribute to its antioxidant properties. A previous study
identified phenolic compounds in C. asiatica leaf including quercetin-3-O-
rhamnoside, kaempferol-3-O-glucoside, and kaempferol-3-O-rutinoside, which
might contribute to the antioxidant activity in CAE (Mat-Ali, 2008). A similar
investigation indicated a notable correlation between total phenolic content and
FRAP in two distinct batches of C. asiatica, yielding correlation coefficients of -
0.950 for Batch 1 (harvested in the rainy season) and 0.945 for Batch 2
(harvested in the dry season) (p < 0.001). In contrast to the current study, the
previous study reported a stronger positive correlation for Batch 2 (r = 0.945)
compared to the finding of this study (r = 0.526). However, it exhibited a greater
negative correlation with Batch 1 (r = -0.950). The discrepancy could be due to
the variation in factors including sampling location, extraction methods,
harvesting season, and post-harvest storage conditions. Various studies have
reported that these factors significantly influence the biological activities of plant
extracts (Rodriguez-Rojo et al., 2012; Fracassetti et al., 2013; Lu and Luthria,
2014; Kabubii et al., 2023).

Regarding GATE, no significant correlation was found between total phenolic
content and antioxidant activities of both DPPH and FRAP. As detailed in
Sections 3.3.2 and 3.3.3, this study reported a low total phenolic content, DPPH
inhibition, and FRAP activities for GATE. A similar correlation trend was observed
in the study by Al-Mansoub et al. (2014), which reported positive correlations
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between TPC and FRAP (r = 0.729, p < 0.01 for aqueous extract; r = 0.840, p <
0.01 for methanol extract), and negative correlations between TPC and DPPH (r
=-0.807, p < 0.01 for aqueous extract; r = -0.593, p < 0.01 for methanol extract).
It can be postulated that the strength of correlation may differ among various
antioxidant assays, as demonstrated in this study between the DPPH and FRAP
assays. The variation can be attributed to differences in the mechanisms of action
of antioxidants, indicating that certain phenolic compounds in GATE are more
effective in electron transfer reactions in FRAP than in hydrogen atom donation
in the DPPH assay (Sharma and Singh, 2013; Foti, 2015; Kiss et al., 2025). The
negative correlation is likely attributable to the antioxidant activity resulting from
other chemical compounds present in GATE. Previous phytochemical
investigation on G. atroviridis have reported the presence of other compounds
that contributed to the antioxidant activity, including organic acid such as HCA,
tartaric acid, and citric acid, with HCA being the predominant acid in the fruit of
G. atroviridis (Jena et al., 2002). Other compounds, including essential oils,
terpenoids, and benzofuran, may also be responsible for the antioxidant activity
of GATE (Tan et al., 2013; Shahid et al., 2023). Similar to GATE, GGE exhibited
no significant correlation between phenolic content and antioxidant activity. This
suggests that phenolic compounds are not the primary contributors to the
antioxidant properties of GGE. These findings align with the study by Wazir et al.
(2011), which reported very weak correlations between phenolic content and
antioxidant activity of DPPH (r = 0.0043) and FRAP (r = 0.0328). It is likely that
the antioxidant activity observed in GGE was due to other classes of bioactive
compounds present in the leaf extract, such as diterpene alcohol,
monoacylglycerols and triterpenoids (Dutta et al., 2018; Trisha et al., 2024).

In summary, this section revealed the correlation analysis between total phenolic
content and antioxidant activity. A significant correlation was identified in CAE,
while GATE and GGE demonstrated no significant correlation between total
phenolic content and DPPH and FRAP. The strength of these correlations is
influenced by various factors, such as the environmental conditions of the plants,
variation in extraction methodologies, and the mechanisms of action of bioactive
compounds in antioxidant assays.
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Table 3.5 Correlation between total phenolic content and DPPH and FRAP.

Total phenolic content

Antioxidant assay

CAE GATE GGE
DPPH 0.498* -0.156" 0.022
FRAP 0.526* 0.210" 0.209"

Pearson’s correlation analysis was conducted using averaged values of each
variable (n = 30). *, and " indicate; significant at p < 0.05, and non-significant,
respectively. CAE: C. asiatica extract; GATE: G. atroviridis extract; GGE: G.
gnemon extract
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Figure 3.11 Significant Pearson’s correlation of CAE between total phenolic

content and (a) percentage of DPPH inhibition (r = 0.498), and (b) FRAP value (r
= 0.526).

98



3.3.5 Antimicrobial activity

The efficacies of CAE, GATE, and GGE (10 mg/mL) against six strains of
microorganisms were evaluated using DDA, MIC, and MBC/MFC through a broth
microdilution assay. The susceptibility of microorganisms to the extracts in DDA
was determined by measuring the clear area on the agar plate, indicating
inhibited growth, known as the inhibition zone (Matuschek et al., 2014). According
to Table 3.6 and the representative photos in Figures 3.12(a-b), of the six
microorganisms tested by DDA, only B. cereus was susceptible to the plant
extracts, particularly between an ethanol ratio of 50 and 100. Bacillus cereus’s
growth was not inhibited when ethanol ratios between 0 and 25 were used for
both solvent and MAE extracts. The inhibition zone diameters for the extracts
ranged from 7.00£0.00 to 10.30+0.76 mm, and the data were compared with the
positive control of 0.1% CHX. Statistical analysis found that the diameter of the
inhibition zone of B. cereus for all active extracts did not significantly differ from
the positive control of their respective extract, with the only exception for the
extract of CAE75-M (7.83+0.76 mm) (p < 0.05). The data suggests that all tested
plant extracts, except for CAE75-M, can inhibit the growth of B. cereus similarly
to the positive control. All other microorganisms (E. coli, Salmonella, S. aureus,
L. monocytogenes, and C. albicans) were not susceptible to CAE, GATE, and
GGE at all ethanol ratios and extraction methods, hence the results were not
shown.

Figure 3.12 Representative photos of (a) diameter of inhibition zone (red arrow)
of 10 mg/mL CAE50-S and CAE75-S extracts tested against B. cereus using
Mueller Hinton agar plate following 24 hours incubation at 37+2 °C, (b) no
diameter of inhibition zone of 10 mg/mL CAES50-S and CAE75-S extracts tested
against S. aureus using Mueller-Hinton agar plate following 24 hours incubation
at 3712 °C. The yellow zone around the disc is the colour of the plant extract
infused into the disc.
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Table 3.6 DDA and MIC/MBC of 10 mg/mL extracts against B. cereus.

Extraction Solvent extraction MAE (+) control -)
method control
Ethanol o 10%
ratio 0 25 50 75 100 0 25 50 75 100 0.1% CHX DMSO
Diameter of inhibition zone (mm)
CAE - - 9.33+0.29%* 9.00+0.00® 9.00+1.00%* - 8.17+0.29%* 7.83+0.76° 8.50+0.00®* 9.67+0.76° -
GATE - - 7.00£0.00* 7.83+0.76* 7.67+0.58° - - 7.3340.29* 7.00+0.87%  8.17+0.76* 8.67+0.58% -
GGE - - 8.17+0.29° 9.17+0.29® 9.33+0.29% - 9.67+0.58® 9.17+0.76® 10.30+0.76° 8.83+0.76%° -
MIC/ MBC (mg/mL)
CAE nd nd 250/2.50 5.00/5.00 2.50/2.50 nd nd 5.00/5.00 5.00/5.00 5.00/5.00 0.008/0.008 -
GATE nd nd 250/2.50 2.50/2.50 2.50/2.50 nd nd 2.50/2.50 2.50/2.50 1.25/1.25 0.031/0.031 -
GGE nd nd 5.00/5.00 5.00/5.00 0.625/0.625 nd nd 2.50/2.50 2.50/2.50 2.50/2.50 0.004/0.004 -

Values are the mean = SD of replications (n=3). Means with different superscript letters (a-b) of the same plant extract are significantly different
(Tukey’s pairwise comparisons, p < 0.05). (-): no activity, nd: no data. CAE: C. asiatica extract; GATE: G. atroviridis extract; GGE: G. gnemon extract;
MAE: Microwave-assisted extraction.
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Subsequently, a similar concentration of CAE, GATE, and GGE (10 mg/mL) was
utilised to perform MIC and MBC tests to further investigate the antimicrobial
potential of the extracts. In this step, MIC and MBC were only performed on B.
cereus using the extracts with the ethanol ratios that showed an activity in the
previous DDA assay (ethanol ratios 50, 75, and 100) (Table 3.6). No MIC and
MBC/MFC data obtained for the ethanol ratios of 0 and 25 for B. cereus as well
as for other microorganisms: E. coli, Salmonella, S. aureus, L. monocytogenes,
and C. albicans. MIC is a minimum plant extract’s concentration required to inhibit
at least 99% of microorganisms’ growth, while MBC/MFC is the minimum
concentration required to kill at least 99% of bacteria/fungi (Rukayadi et al.,
2013). In other words, a lower MIC, MBC and MFC value indicates better
antimicrobial activity. The MIC and MBC values for the tested extracts against B.
cereus ranged from 0.625 to 5.00 mg/mL (Table 3.6). In the case of C. asiatica,
both CAES50-S and CAE100-S exhibited the lowest MBC at 2.50 mg/mL.
GATE100-M had the lowest MBC for G. atroviridis at 1.25 mg/mL, while GGE100-
S demonstrated the highest antibacterial activity among all extracts, with an MBC
of 0.625 mg/mL. Of the three plant extracts examined, GGE100-S demonstrated
the highest potency, requiring only 0.625 mg/mL to achieve a 99% reduction in
B. cereus growth following 24 hours incubation. It is important to note that positive
control for GGE had an MIC/MBC value of 0.004 mg/mL, indicating more potent
antibacterial activity compared to GGE100-S. The representative MBC plate
photos of GATE100-M and its positive control are shown in Figure 3.13, showing
bactericidal activity at 1.25 mg/mL against B. cereus. The ranking of antibacterial
activity for the plant extracts is as follows: GGE > GATE > CAE.

101



(-) control

Highest CHX s (-) control
concentration: W% +)
0.50 mg/mL 6122 . “,*.‘“ Bl conti

=
Highest GATE // B~
concentration: 74 \

5.00 mg/mL v/ y .

Lowest GATE

concentration:

0.01 mg/mL
—

N\

MBC: MBC:
1.25 mg/mL 0.031 mg/mL

Figure 3.13 Representative MBC plates of GATE100-M (left) and CHX (right)
against B. cereus using Mueller Hinton agar media following 24 hours incubation
at 37+2 °C with MBC values of 1.25 mg/mL and 0.031 mg/mL, respectively.

Desai et al. (2015) evaluated the essential oils of C. asiatica against E. coli, S.
aureus, and Streptococcus pneumoniae, reporting inhibition zone diameters of 8,
9, and 10 mm, respectively, while no inhibition was observed for Pseudomonas
aeruginosa. In comparison to present study, the essential oils obtained by Desai
et al. (2015) demonstrated higher efficacy against E. coli and S. aureus, as no
inhibition was observed for either bacterium in this current study. It is possible
that using essential oils rather than crude plant extracts (as in this study)
improves antimicrobial activity, as the hydrophobic nature of essential oils
promotes their integration into lipid cell membranes and mitochondria, resulting
in cell wall disruption and increasing permeability (Knobloch et al., 1986, cited in
Burt, 2004, p. 239). The leakage of ions and other cellular contents ultimately
results in cells’ death (Sikkema et al., 1994; Oosterhaven et al., 1995; Gustafson
et al., 1998; Helander et al., 1998). Furthermore, components of essential oils,
including lipophilic hydrocarbon molecules, can interact with cell proteins in the
cytoplasmic membrane by accumulating in the lipid bilayer, thereby disrupting the
lipid-protein interactions of bacterial cells (Knobloch et al., 1989; Juven et al.,
1994; Sikkema et al., 1995). For G. atroviridis, a higher inhibition zone diameter
was observed in G. atroviridis ethanol extract (10 mg/mL) when tested against
seven bacteria (S. aureus, Staphylococcus epidermidis, Bacillus subtilis, E. coli,
Salmonella typhimurium, Salmonella enteritidis, and P. aeruginosa) and two
yeast (Candida glabrata and Candida parapsilosis) strains. The inhibition zone
measured between 13.00+£1.00 and 17.40+0.56 mm (bacteria) and 7.80+0.20
and 15.73+1.15 mm (yeast) (Basri et al., 2005). These reported values were
generally higher than those observed in the present study, probably due to
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differences in the source and origin of the microbial strains used, as the previous
study utilised a mixed source of strains obtained from ATCC, local clinical
isolates, the Department of Biomedical Science laboratory stock (Universiti
Kebangsaan Malaysia), and the National Collection of Type Cultures, each of
which may differ in susceptibility. Additionally, Basri et al. (2005) did not specify
the volume of plant extracts infused to the paper discs, whereas the present study
standardised the volume at 25 pL. This difference in extract volume may also
have contributed to the variation in inhibition zone diameters. A previous
investigation on the antimicrobial potential of G. gnemon endosperms extracted
in 50% ethanol had reported varied MIC values between 250 and 3000 ug/mL for
the test against B. subtilis, Luconostoc mesenteroides, Lactobacillus plantarum,
E. coli, S. cerevisiae, Penicillium expansum, C. perfringens, and Bifidobacterium
bifidum (Kato, E. et al., 2009). A later study found the MIC values between 0.15
and 1.40 yg/mL and MBC values between 0.58 and 5.58 pg/mL for the seed and
peel extracts of G. gnemon extracted using ethanol and tested against four
bacteria: B. cereus, S. aureus, Enterobacter aerogenes, and P. aeruginosa
(Parhusip and Sitanggang, 2011). Based on the current and previous findings,
diverse diameters of inhibition zones, MIC and MBC were observed among
studies, likely due to variations in the plant parts and extracts utilised and the
microorganisms tested in each investigation.

Due to the lack of observed activity against other microorganisms (E. coli,
Salmonella, S. aureus, L. monocytogenes, and C. albicans) at a concentration of
10 mg/mL, new extracts were prepared at a higher concentration of 50 mg/mL,
and the assays for DDA, MIC, and MBC/MFC were repeated. In the determination
of antimicrobial activity, considering the economic factors related to consumables
consumption, experimental materials, as well as the availability of extracts, a
single ethanol ratio of 50 was chosen for further testing at a concentration of 50
mg/mL. Furthermore, the analysis of the data indicated comparable inhibition
zone diameters for extracts with a 50% ethanol ratio relative to their positive
control (Table 3.6). Despite slightly higher MBC values noted for GATE and GGE,
the aforementioned factors led to the selection of extracts with a 50% ethanol
ratio. The results for DDA with a 50 mg/mL extract are summarised in Table 3.7
and illustrated in Figures 3.14(a-b). Increasing the extract concentration from 10
mg/mL to 50 mg/mL enhanced antimicrobial susceptibility. At the higher
concentration, two of the six tested microorganisms, B. cereus and C. albicans
exhibited inhibition zones. However, the inhibitory activity was specific to different
extracts: B. cereus was only susceptible to GATES50 and C. albicans to CAES0.
The inhibition zones for B. cereus using GATES50-S (7.17£0.29 mm) and
GATES0-M (7.33+0.76 mm) were significantly lower than 0.1% CHX (11.05+0.50
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mm) (p < 0.05). This finding contradicts earlier results at 10 mg/mL, where no
significant differences were observed for GATE in comparison to 0.1% CHX. The
observed discrepancy may result from DDA limitations, wherein increased extract
concentrations slower the diffusion of extract through the disc pores as well as
due to the hydrophobic nature of phytoconstituents (Othman et al., 2011). An
alternative explanation for this result is that it is due to differences in absorbance
values of bacteria during inoculum preparation. An absorbance value between
0.08 and 0.13 is regarded as an equivalent to 0.5 McFarland standard, it can be
postulated that a slight variation between the value obtained during the inoculum
preparation might result in thicker growth (as seen in the B. cereus plate in Figure
3.14a compared to Figure 3.12a), hench reducing the activity of extracts.
Nevertheless, the absorbance values obtained for each of the tests were still in
the range of 0.08 to 0.13, therefore, it can be suggested that the influence of this
factor on the diameter of inhibition zone is rather minimal. The absence of an
inhibition zone in 50 mg/mL of CAE and GGE when tested against B. cereus may
be attributed to similar reasons stated above. Similarly, in the case of C. albicans,
CAES50-S (7.831£0.29 mm) and CAES50-M (8.00+£0.50 mm) had significantly lower
value compared to 5.0% amphotericin B (13.70+£0.29 mm) (p < 0.05).
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Table 3.7 DDA of 50 mg/mL extracts against foodborne pathogens and
spoilage microorganisms.

Diameter of inhibition zone (mm)

(+)

()

Micro-. Solvent extraction MAE control control
organisms
CAE GATE GGE CAE GATE GGE 0.1% 10%
50 50 50 50 50 50 CHX DMSO
717+ 7.33+ 11.50+
B.cereus - 0.29° - 0.76° 0.50° -
. 8.83+
E. coli - - - - - - 0.29 -
12.83%
S. aureus - - - - - - 115 -
9.50+
Salmonella - - - - - - 173 -
L.
monocyte- - - - - - - 835'23i -
genes '
. 7.83t ) 8.00+ ) ) (*)13.70+
C. albicans ') qp 0.50° 0.29°

Values are the mean * SD of replications (n=3). Means with different superscript letters
(a-b) of the same microorganisms are significantly different (Tukey’'s pairwise
comparisons, p < 0.05) (-): no activity. (*) Positive control for C. albicans: 5.0 % (v/v)
Amp. B. CAE: C. asiatica extract; GATE: G. atroviridis extract; GGE: G. gnemon extract;
MAE: Microwave-assisted extraction.

Figure 3.14 Diameter of inhibition zone (red arrow) of (a) 50 mg/mL GATES50
extracts tested against B. cereus using Mueller Hinton agar plate following 24
hours incubation at 3712 °C, (b) CAE50 extracts tested against C. albicans using
Sabouraud dextrose agar plate following 48 hours incubation at 37+2 °C. The
yellow zone around the disc is the colour of the plant extract infused into the disc.
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No inhibition zone activity was observed against other microorganisms, even
when CAE, GATE, and GGE were tested at higher concentrations. This can be
attributed to the limitations inherent in the DDA method itself. The limitations
included factors such as varying diffusion rates, solubility, and evaporation rates
of the tested phytoconstituents, which influenced the results of the DDA (King et
al., 2008; Bubonja-Sonje et al., 2011). To date, no literature has documented the
DDA of CAE at a concentration of 50 mg/mL. However, the leaf fraction of C.
asiatica at a 40% concentration has been reported to exhibit a higher inhibition
zone diameter of 11.40+1.20 mm against C. albicans (Irma et al., 2021). Another
study reported the inhibition zones for S. aureus, E. coli, and C. albicans at 12
mm, 6.67 mm, and <6 mm, respectively, when utilising GATE extract at a
concentration of 50 mg/mL (5%), which contrasts with the findings of this study
(Thongkham et al., 2021). In a recent study, a 10% (w/v) concentration of G.
gnemon leaf extracts demonstrated inhibition zone values of 12.00+£0.50 mm for
E. coli and 12.50£0.29 mm for S. aureus (Trisha et al., 2024). The data indicate
that variations in inhibition zone values are influenced by myriads of factors such
as different source of microbial strains, extraction solvents and concentrations,
as well as the use of fractions instead of crude plant extracts.

In addition, the antimicrobial efficacy of the 50 mg/mL extracts was also evaluated
using MIC and MBC/MFC assays against similar bacteria and yeast. In contrast
to the DDA findings, the data showed that all extracts showed antimicrobial
activity via MIC and MBC/MFC for the tested microorganisms, with the exception
only for CAE50 when tested against Salmonella and GGES50 against C. albicans
(Table 3.8). Among the extracts, GATES50-S/M consistently showed the highest
antibacterial activity, with an MBC of 3.13 mg/mL against B. cereus and an MBC
of 12.50 mg/mL against the other tested bacterial strains. Meanwhile, CAES0
extracts showed higher antifungal activity compared to other extracts, consistent
with the previous DDA data, with CAE50-M demonstrating the strongest
antifungal activity, with an MFC of 0.78 mg/mL against C. albicans. In
comparison, the positive controls exhibited significantly lower MBC/MFC values
(0.001 to 0.031 mg/mL for bacteria, 0.002 mg/mL for yeast), indicating superior
activity. The MFC and MBC plate photos of CAE50-M and GATES50-M are shown
in Figure 3.15, showing fungicidal and bactericidal activities against C. albicans
and B. cereus, respectively. The findings from this current study are consistent
with those reported by Thongkham et al. (2021), who observed a similar range of
MBC values for the fruit part of GATE, ranging from 3.13 to >50.00 mg/mL, when
tested against various bacterial strains (Streptococcus agalactiae, S. aureus,
Staphylococcus epidermidis, Streptococcus intermedius, B. subtilis, E. coli).
Notably, that study used 95% ethanol as the extraction solvent, whereas the
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present study used 50% ethanol. These findings suggest that GATE retains
comparable antimicrobial activity even when extracted with a lower ethanol
concentration. However, this comparison should be interpreted with caution, as
differences in extraction conditions, methodologies, and test organisms could
influence the outcomes. In addition, a previous study on C. asiatica leaf extract
reported antibacterial activity, with MIC values of more than 512 pg/mL against
E. coli and S. aureus (Raunsai et al., 2021). However, comparison with the
present study is limited due to the lack of detailed MIC data in that report.

Highest GATE
concentration:
Highest CAE > — il 25.00 mg/mL P
concentration: =7 R 0\ N
25.00 mg/mL / AN N > % Lowest GATE
754 \ Lowest CAE . \| concentration:
: .\ concentration: 74 ‘ | 0.05 mg/mL
1/, .| 0.05 mg/mL /
/
/!

o\ /- A\
i I : . :“f\‘

MFC: MBC:
0.78 mg/mL 3.13 mg/mL

Figure 3.15 Representative MFC plate of CAE50-M (MFC: 0.78 mg/mL) against
C. albicans using Sabouraud dextrose agar media (left) and MBC plate of
GATES50-M (MBC: 3.13 mg/mL) against B. cereus using Mueller Hinton agar
media (right) after 48 and 24 hours of incubation periods, respectively.
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Table 3.8 MIC and MBC/MFC of 50 mg/mL plant extracts against foodborne pathogens and spoilage microorganisms.

MIC/ MBC/ MFC (mg/mL)

Mi . Solvent extraction MAE (+) control (-)
icroorganisms control
0,

CAE50 GATES50 GGE50 CAE50 GATES50 GGE50 0.1% CHX I1I)?\/I/OSO

B. cereus 12.50/12.50 3.13/3.13 3.13/3.13 12.50/12.50 3.13/3.13 3.13/3.13 0.03/0.03 -

E. coli 25.00/25.00 6.25/12.50 25.00/25.00  25.00/25.00 6.25/12.50 25.00/25.00  0.001/0.001 -

S. aureus 25.00/25.00 6.25/12.50 25.00/25.00  25.00/25.00 6.25/12.50 25.00/25.00  0.002/0.002 -

Salmonella - 6.25/12.50 25.00/>25.00 - 6.25/12.50 25.00/>25.00 0.031/0.031 -

L. 25.00/25.00 6.25/12.50 6.25/25.00 25.00/25.00 12.50/12.50  25.00/25.00  0.004/0.004 -

monocytogenes

C. albicans 0.78/3.13 25.00/>25.00 - 0.78/0.78 25.00/>25.00 - *0.001/0.002 -

(-): no activity. (*) Positive control for C. albicans: 0.1 % (v/v) Amp. B. CAE: C. asiatica extract; GATE: G. atroviridis extract; GGE: G. gnemon
extract; MAE: Microwave-assisted extraction.
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In brief, GGE100-S at a concentration 10 mg/mL exhibited the highest
antibacterial activity against B. cereus as shown by the lowest MIC and MBC
value. For a test at starting concentration of 50 mg/mL, GATES0-S/M
demonstrated the highest efficacy against bacteria, while CAE50-M was most
effective against fungi. Notably, GATE demonstrated strong antibacterial
potential, despite its comparatively low phenolic content and antioxidant
activity. This suggests that other bioactive compounds in GATE, such as organic
acids (e.g., hydroxycitric acid) likely contribute to its antimicrobial efficacy
(Mackeen et al., 2002; Lim et al., 2020). Hydroxycitric acid (HCA), the principal
acid present in G. atroviridis fruit, may contribute to antimicrobial activity by
modulating bacterial metabolic pathways through binding to free iron ions in the
medium, thereby limiting bacterial interaction with iron. This interaction may
ultimately lead to the disruption in the bacteria cellular pathways (Sumang et al.,
2024). In the case of CAE, the antifungal activity is likely due to phenolic
compounds from flavonoids such as quercetin-3-O-rhamnoside, kaempferol-3-O-
glucoside, and kaempferol-3-O-rutinoside (Mat-Ali, 2008). The mechanism of
action of antifungal agents such as flavonoid involves the disruption of the plasma
membrane, inhibition of the synthesis of B-glucans and chitin that constitute the
fungal cell wall, induction of mitochondrial dysfunction, and the formation of a
complex with sterols in the fungal membrane, leading to a loss of membrane
integrity (Keukens et al., 1995; Ghannoum and Rice, 1999; Walker and White,
2005; Lagrouh et al., 2017). Additionally, prior research has indicated that
saponin obtained from CAE also demonstrate antioxidant and antimicrobial
activities, further supporting their role in enhancing antifungal efficacy (Desai and
Gaikwad, 2014; Irma et al., 2021). Saponin, which commonly present in CAE
exerts antifungal activity by the ability to complex with sterols in fungal
membranes which eventually leads to loss of membrane integrity (Keukens et al.,
1995). In the case of GGE, previous studies identified diterpene alcohol,
monoacylglycerols and triterpenoids from leaf extracts, which may contribute to
antibacterial activity (Dutta et al., 2018; Trisha et al., 2024). Phytol, a compound
classified as diterpene alcohol, exhibits antibacterial activity by inducing oxidative
stress within bacteria cells, which subsequently leads to DNA damage (Lee, W.
et al., 2016).

Among the six microorganisms tested, B. cereus was the most susceptible (lower
MIC/MBC), likely due to its Gram-positive nature that is more permeable to plant
extracts. In contrast, Gram-negative bacteria like Salmonella and E. coli
demonstrated higher MIC/MBC values, due to their complex cell wall structure,
comprising an outer membrane and peptidoglycan layer, which confers greater
intrinsic resistance to plant extracts (Vaara, 1992; Nikaido, 1994; Helander et al.,
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1998). To the best of author’s knowledge, this is the first report to evaluate the
antimicrobial activity of two extract concentrations (10 mg/mL and 50 mg/mL) of
CAE, GATE, and GGE against six different microorganisms using both DDA and
MIC/MBC/MFC assays. This study, however, possesses certain limitations, such
as antifungal activity was assessed against only one fungal strain. Expanding the
study to include additional strains would enhance the reliability of the findings.
Furthermore, MIC and MBC/MFC assays were not performed for the 10 mg/mL
extracts on microorganisms that did not exhibit inhibition zones in the DDA. In
summary, for the test at the starting extract concentration of 50 mg/mL, GATES0-
S/M demonstrated the strongest antibacterial activity, while CAE50-M showed
the highest antifungal activity.
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3.4 Conclusion

This chapter presents the findings of the effect of utilisation of different ethanol
ratios and extraction methods on the yields of CAE, GATE, and GGE. This study
also examined the total phenolic content and antioxidant activities, assessed
through DPPH and FRAP methods, as well as the impact of varying ethanol ratios
and extraction methods on these activities. Additionally, the chapter explored the
correlation between total phenolic content and the antioxidant activities, and
evaluated the antimicrobial efficacy of CAE, GATE, and GGE against foodborne
pathogens and spoilage microorganisms.

Briefly, the findings highlighted that varying ethanol ratios play a greater impact
to the extraction yield and biological activities of total phenolic content, DPPH,
and FRAP activity for CAE, GATE, and GGE, compared to extraction methods.
In the initial part of the study, it was observed that an ethanol ratio between 0 and
50 using both solvent extraction and MAE is preferred to produce higher yields
for CAE and GATE. As for GGE, an ethanol ratio between 0 and 75, using both
extraction methods, yielded a higher yield. Subsequent analysis of total phenolic
content revealed diverse results among plant species and extraction conditions.
For CAE, the highest phenolic content was found in extract using ethanol ratio 0
to 50 for solvent extraction and 0 to 75 for MAE. For G. atroviridis, MAE extracts
with ethanol ratio 50 to 100 had the highest phenolic content. In contrast, G.
gnemon extracts showed generally comparable phenolic levels, except for
GGE100-S. Since phenolic compounds frequently associate with the antioxidant
potential of plant extracts, therefore following investigation on the antioxidant
potential is performed.

The antioxidant assessment of CAE, GATE, and GGE by DPPH and FRAP
assays revealed notable variations in activity, reflecting both the diversity in
phytochemical constituents and the different mode of action of antioxidant in
specific assay. In the case of CAE, the highest DPPH inhibition achieved with
CAE25-S/M to CAE75-S/M as well as CAEO-M. However, as for FRAP assay, the
highest FRAP value recorded in CAEO-S. The results emphasise that no single
assay can fully characterise the antioxidant capacity of complex plant matrices,
as different extracts performed optimally in different assays. The correlation
analysis found a significant correlation in CAE between total phenolic content and
both DPPH and FRAP, but not for GATE and GGE. In the final section of this
chapter, the assessment of antimicrobial potential revealed that at the maximum
extract concentration tested (50 mg/mL), GATES50-S/M exhibited the most potent
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antibacterial activity, whereas CAE50-M displayed the best antifungal activity. A
comprehensive analysis of the plant extracts revealed that GATE achieved the
highest extraction yield but had the lowest total phenolic content and antioxidant
activity. Thus, it can be inferred that the antimicrobial activity observed in GATE
is attributable to a different group of phytochemical constituents in G. atroviridis,
rather than phenolic compounds. Conversely, it is postulated that the activity of
CAE derived from phenolic compounds such as flavonoid and other active
phytoconstituents.

These findings from the investigation of biological activities of CAE, GATE, and
GGE are critical, as they provide a strong foundation for further research on the
application of these extracts. The data were analysed to determine the most
suitable active extract for each plant species through a comparative evaluation of
their bioactivities and extract availability. For C. asiatica, CAE50-S was selected
based on higher recovery of yield and total phenolic content with stronger DPPH
inhibition. Regarding antimicrobial activity, it demonstrated lower MBC value
against B. cereus for the test at starting concentration of 10 mg/mL and exhibited
antimicrobial activity against five of six tested microorganisms for the test at
starting concentration of 50 mg/mL in term of both MIC and MBC/MFC assays.
Although CAE50-M recorded a lower MFC for the test at starting concentration of
50 mg/mL, CAE50-S was preferred because it displayed stronger antibacterial
activity, including a lower MBC against B. cereus for the test at starting
concentration of 10 mg/mL. For G. atroviridis, GATES0-S, GATES50-M, and
GATE100-M consistently displayed higher activities among all G. atroviridis
extracts. While GATE100-M was not tested at concentration of 50 mg/mL, its
inhibition zone diameter at 10 mg/mL was comparable to that of GATES0-S and
GATES50-M, and it showed a better MBC value than both. Based on this,
GATE100-M was selected for further investigation. In the case of G. gnemon,
GGE100-S, GGE50-M, GGE75-M, and GGE100-M demonstrated higher activity
against B. cereus at 10 mg/mL (low MBC values). However, due to extract
availability, GGE50-M was chosen for subsequent phase of study.

In conclusion, this chapter provides critical insights into the extraction efficiency,
antioxidant potential, and antimicrobial activity of CAE, GATE, and GGE. The
findings discovered that CAE, GATE, and GGE possessed some extent of
biological activities, and the active extracts of CAE50-S, GATE100-M, and
GGES50-M were selected for the development of biodegradable packaging films,
utilising zein as the primary packaging material.
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Chapter 4
Development of Zein-Based Films

4.1 Introduction

The utilisation of plastic in food packaging, despite their advantages, has
presented many challenges, including land and ocean pollution, as well as the
potential leaching of chemicals from plastic into food products (Thompson, R.C.
et al., 2009; Gerassimidou et al., 2023). In response, researchers have worked
towards creating sustainable alternatives aimed at reducing plastic waste. One
type of research involves the development of biodegradable and biobased
packaging materials, with an emphasis on the incorporation of active substances
to improve the biological activity of packaging. The incorporation of active
substances, including bioactive plant extracts, transforms traditional packaging
into active packaging. According to the definition by the European FAIR-project
CT 98-4170, active packaging is a type of packaging that changes the condition
of the packaging to extend shelf-life or improve safety or sensory properties while
maintaining the quality of the food (Vermeiren et al., 1999; Robertson, G., 2013b).
Recent studies report a growing interest in materials such as starch, cellulose,
hemicellulose, chitosan, gums, collagen, gelatine, wheat gluten, zein, soy protein,
and whey protein for biodegradable packaging applications (Robertson, G.,
2013c).

In this chapter, the active antimicrobial packaging films from biobased and
biodegradable sources were developed with zein as the primary packaging
material employing electrospinning technology. Zein is a protein by-product
derived from the corn wet-milling industry (Neumann et al., 1984; Hardwick and
Glatz, 1989, cited in Zheng et al., 2014, p. 496). As previously discussed in
Section 1.2.6.2, zein, which is approved by the FDA as generally regarded as
safe (GRAS), exhibits favourable film-forming properties, hydrophobicity, and
good biocompatibility, rendering it a suitable candidate for primary packaging
materials (Shukla and Cheryan, 2001; Corradini et al., 2014; FDA, 2024).
Electrospinning is an innovative approach for film production and is gaining more
research interest due to its ability to produce thin films with fibre diameters
ranging from nanoscale to microscale. Additionally, the method is non-thermal,
making it ideal for maintaining the stability of bioactive compounds. Furthermore,
the film produced is reported to have high encapsulation efficiency, a high
surface-to-volume ratio, and customisable morphology, which are advantageous
for integrating bioactive compounds and tailoring their physical, mechanical and
barrier properties. The electrospinning approach also does not need the use of
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plasticisers, and so is considered a more environmentally friendly formulation of
biopolymers (Gonnet et al., 2010; Huang et al., 2010; Luo, Y. et al., 2012; Anu
Bhushani and Anandharamakrishnan, 2014; Luis et al., 2019; Qazanfarzadeh et
al., 2021).

The plant extracts selected from Chapter 3; CAE50-S, GATE100-M, and GGE50-
M were incorporated into zein solution to produce antimicrobial zein-based films.
A concentration of 5% (w/w) extract, relative to the zein content, was chosen, as
this concentration exhibited higher antimicrobial activity as indicated in the
preceding chapter (equivalent to 50 mg/mL of extract in Chapter 3). The
incorporation of 5% (w/w) CAE50-S, GATE100-M, and GGES50-M to produce zein
biopolymer using electrospinning is considered a novel approach. To date, the
production of zein film on a laboratory scale mainly uses a film casting procedure,
and there is no prior report on the use of CAE, GATE, and GGE using the
electrospinning technique. Thus, this present study highlighted the use of
electrospinning in the production of zein-based films from CAE, GATE, and GGE
and evaluated their potential functionality in food packaging application.

4.2 Aim of the chapter

The objective of this chapter was to develop novel biodegradable and biobased
packaging films from zein by incorporating active plant extracts at 5% (w/w) of
CAES50-S, GATE100-M, and GGE50-M. The procedure involved the preparation
of zein solutions, followed by the measurement of viscosity, and ultimately the
production of zein-based films using the electrospinning technique. Then,
scanning electron microscopy (SEM) was employed to determine the average
fibre diameter and surface morphology. The thickness of zein-based films was
determined, and subsequent characterisation was conducted, including
evaluation of thermal properties, attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR), encapsulation efficiency, and water contact
angle. Ultimately, the biodegradability of zein-based films in soil was assessed.
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4.3 Results and Discussion

In this and subsequent sections, the films are abbreviated as shown in Table 4.1.

Table 4.1 The abbreviation for zein-based films.

Film Description

Neat zein zein film without the addition of plant extract
Ze-CAE zein film incorporated with CAE50-S
Ze-GATE zein film incorporated with GATE100-M
Ze-GGE zein film incorporated with GGE50-M

4.3.1 Preparation of electrospinning solution and viscosity
measurement

The viscosity of a polymer solution is significantly influenced by factors such as
the nature of the polymer, molecular weight, concentration of solution and
temperature (Andrady, 2008). In the present study, zein polymer solutions were
prepared by dissolving zein powder in 75% ethanol. The determination of the
optimal electrospinning solution concentration was conducted by a preliminary
investigation using different zein concentrations from 16% to 30%. The selection
was based on viscosity measurement, visual inspection of film morphology and
SEM analysis (Appendix A Supplementary Materials 2). From the preliminary
data, a zein concentration of 30% was selected for further experiments. This
concentration yielded a viscosity in the range of 0.1605 to 0.2586 Pa.s, which is
within the ideal range for electrospinning (0.1 to 2.0 Pa.s) and produced bead-
free fibres observed under SEM (Fong et al., 1999). The selection of a suitable
polymer concentration is essential before the electrospinning process, as this
factor influences the fibre diameter and morphology as well as the ability of the
solution to be used for electrospinning (Demir et al., 2002; Zong et al., 2002).
Electrospinning requires a moderately concentrated polymer solution to facilitate
sufficient polymer chain entanglement, which is essential for continuous jet
formation (McKee, M. et al., 2004; McKee, M.G. et al., 2005; Shenoy et al., 2005).
In a polymer solution with low concentration, the entanglement of polymer chains
does not occur, as the chains exist as separate entities, usually resulting in the
defect, such as the formation of bead or droplets instead of fibres (McKee, M. et
al., 2004; McKee, M.G. et al., 2005; Shenoy et al., 2005; Andrady, 2008). On the
other hand, too high polymer concentration is impractical, as it would lead to
problems such as needle tip blockage, formation of thick fibres, deposition of
fibres on a relatively small area and uneven appearance on the collector plate
(Zong et al., 2002; Kameoka et al., 2003; Subbiah et al., 2005).
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After the optimal zein polymer concentration was determined, the polymer
solutions of Neat zein and zein loaded with 5% (w/w) of Ze-CAE, Ze-GATE and
Ze-GGE solutions were prepared. The visual observation on the resulting
solutions showed viscous solutions where Neat zein produced a yellowish,
orange-coloured solution, while Ze-CAE produced a brownish solution, Ze-GATE
produced a yellowish, orange-coloured solution similar to Neat zein and Ze-GGE
produced a dark green solution (Figure 4.1). Then, the viscosity was measured
at a shear rate between 0.1 and 100.0 s™, and the viscosity data and log viscosity
graph are presented in Table 4.2 and Figure 4.2. The figure illustrates that all zein
solutions exhibit shear thinning behaviour, a type of non-Newtonian flow
behaviour where viscosity decreases as the shear rate increases, with the
exception of the Neat zein solution (Prentice, 1968; Andrady, 2008). The Neat
zein solution was observed to exhibit a Newtonian flow behaviour, where viscosity
is linearly related to shear rate. At the start of the test at a shear rate of 0.1 s™,
the viscosities of the Ze-CAE, Ze-GATE, and Ze-GGE solutions were higher than
that of the Neat zein solution, with Ze-GGE solution showing the highest viscosity
at 2.753 Pa-s. As the shear rate increased, the viscosity of all zein solutions
decreased, becoming almost constant at around 1.0 s™'. Beyond this point, the
viscosity did not significantly change, except for Ze-GATE at 10 s™, which
showed a minor fluctuation, demonstrated by a slight increase in the viscosity. At
a shear rate of 100 s™, the viscosities of the zein solutions ranged from 0.1640
Pa-s for Neat zein to 0.1377, 0.1790, and 0.1625 Pa-s for Ze-CAE, Ze-GATE,
and Ze-GGE, respectively. Literature has reported that an increase in shear rate
leads to a decrease in viscosity due to the disentanglement of polymer chains
under shear field (D'Almeida and Dias, 1997). Another study has also reported
that at low shear rates, polymer tends to exhibit a sharp decline in viscosity
compared to higher shear rates, where the viscosity decreases more gradually
due to reduced flow resistance caused by the breaking of aggregates (Karatas
and Arslan, 2016).
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Figure 4.1 Zein solutions of Neat zein (yellowish, orange-coloured solution), Ze-
CAE (brownish solution), Ze-GATE (yellowish, orange-coloured solution), and
Ze-GGE (dark green solution).

Table 4.2 Solution viscosity and characterisation of zein-based films.

Film Shear Average Film Encapsulation Water contact
viscosity fibre thickness® efficiency® angle® -2 s (°)
-100 s™  diameter® (um) (%)
(Pa.s) (um)
Neat zein 0.1640 1.02+0.22° 40.60+2.51° - 33.26+10.37°
Ze-CAE 0.1377 1.07+0.29° 46.20+6.69° 99.25+0.02° 28.04+6.112
Ze-GATE 0.1790 1.02+0.21° 39.20+4.38° 94.35+0.00° 22.74+6.55%
Ze-GGE 0.1625 1.21£0.25% 73.60+4.93% 99.97+0.01° 23.18+6.792

Values are the mean + SD of replications (n = 100%, n = 5%, n = 3°P). Means with
different superscript letters (a-c) of the same test are significantly different (Tukey’s

pairwise comparisons, p < 0.05).
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Figure 4.2 Log viscosity (Pa.s) of Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE
with respect to shear rate from 0.1 to 100 s™! at 25 °C, with data points represent
a single measurement.

In brief, at shear rate 100 s™, the viscosity of Ze-CAE was slightly lower than the
viscosity of Neat zein, with Ze-GATE had a slightly higher viscosity at the same
shear rate, and Ze-GGE had almost similar viscosity value with Neat zein.
However, no distinct differences in viscosity were observed between Neat zein
and zein solutions incorporated with CAE, GATE, and GGE. Itis important to note
there was no statistical analysis performed on the viscosity data of this study.
Overall, the viscosities of all zein solutions were all found to be within the
acceptable limits for fibre production by electrospinning, which is between 0.1
and 2.0 Pa.s. The zein polymer solutions exhibited better shear thinning
properties at shear rates between 0.1 and 1.0 s™ after the addition of CAE,
GATE, and GGE. From the data, it can be suggested that the addition of the plant
extracts of CAE, GATE, and GGE did not affect the viscosity of the zein polymer
solution at a shear rate of 100 s™' but improved the shear thinning properties
compared to Neat zein solution at a shear rate between 0.1 and 1.0 s™.

Opposed to the findings obtained in this study, the results obtained by Federici et
al. (2020) on a 25% (w/w) zein solution with the addition of 2% (w/w) casein, whey
protein or rice protein showed a significant increase in viscosity. In the study, the
authors stated that the addition of these three co-proteins had a significant effect
on the viscosity of the zein polymer solution, with the viscosity of blank zein in
70:30 ethanol/0.1 M NaOH aqueous solution recorded at 0.156+0.004 Pa.s, and
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the viscosity after the addition of co-proteins was at 0.196+0.005 Pa.s (casein),
0.179+£0.006 Pa.s (whey protein), and 0.208+0.005 Pa.s (rice protein). Another
study reported that the addition of two types of essential oils of Laurus nobilis
essential oil (LEO) and Rosmarinus officinalis essential oil (REO) at
concentrations of 1%, 5%, and 10% significantly reduced the viscosity of zein
solution, except for REO at 1%, which showed no such effect (Goksen et al.,
2020). In comparison to the current study, the addition of CAE, GATE, and GGE
did not influence the viscosity of the zein polymer solution, indicating that the film-
forming solution maintained its rheological properties. This suggests that the
incorporation of these plant extracts did not interfere with the film-forming ability
of zein. In brief, the findings from the current and the previous studies imply that
both the incorporation of various active substances or components and varying
concentrations used influence the viscosity of the polymer solution. In general,
the order of viscosity of the films at shear rate 100 s™ tested in this study was Ze-
GATE > Neat zein > Ze-GGE > Ze-CAE. The findings from this section highlight
the suitability of all zein solutions (Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE)
for electrospinning.
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4.3.2 Electrospinning of zein-based films

Electrospinning is a process of fibres production using moderately viscous
polymer solution and high voltage via interaction of polymer surface tension and
applied electric field, with the resultant fibres having average diameter ranging
from nanoscale to microscale (Doshi and Reneker, 1995; Andrady, 2008). In this
study, Neat zein along with novel biodegradable films of Ze-CAE, Ze-GATE, and
Ze-GGE were successfully prepared via electrospinning and prepared from two
different sources: the author at the University of Leeds and SKE Research
Equipment, Italy. All results in Chapter 4 using the films that were prepared by
the author, while the films prepared by SKE Research equipment were used for
the storage study in Chapter 5. The typical electrospinning set-up is shown in
Figure 4.3(a) and the example of electrospun film deposited onto the collector is
shown in Figure 4.3(b).

120



Danger ..
High voltage

Figure 4.3 (a) Electrospinning set-up for zein-based films production comprises
of a solution reservoir with a spinneret, a grounded metallic collector, and a high-
voltage power supply, (b) The example of electrospun zein-based film deposited
onto the collector using the solution flow rate of 1.0 mL/h, voltage at 15-17 kV,
with distance to collector set at 15 cm and performed at 21+2 °C with relative
humidity of 40+5% and the collector size of 12 x 12 cm.

The electrospun films of Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE that were
prepared by the author are illustrated in Figures 4.4(a-d). From the figure, all zein-
based films appeared visually smooth and thin, opaque, light cream in colour.
However, Ze-GATE and Ze-GGE films exhibited an additional granular-like
appearance on their surfaces as shown by the arrows in Figures 4.4(c-d). This
may be attributed to the droplet formation during interruptions in the
electrospinning process. Zein-based electrospinning solutions exhibit high
viscosity, and when the machine is paused or temporarily stopped, the solution
tend to accumulate at the tip of needle. Upon restarting, the electrostatic field
reactivates prior to the formation of a stable Taylor cone, causing droplets to be
ejected instead of continuous fibres, as can be observed on Ze-GATE and Ze-
GGE films (Doshi and Reneker, 1995; Andrady, 2008). The films were collected
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in sizes smaller than 12x12 cm due to their soft edges. The films that were
obtained from SKE Research Equipment, Italy, had similar appearances, thus the
photos were not shown.

Figure 4.4 Visual appearance of zein-based films (a) Neat zein, (b) Ze-CAE, (c)
Ze-GATE, (d) Ze-GGE, with an additional granular-like appearance on the
surfaces of Ze-GATE and Ze-GGE.

In comparison with the current film wrap that is commercially available, it can be
observed that the films produced in this present study lack transparency. The
opaque films were observed for Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE,
which is a normal appearance for electrospun film using zein as a primary
polymer material. The opaque appearance results from interconnected pores
within the electrospinning membranes, which create numerous air-fibre interfaces
where significant reflection and refraction losses occur, ultimately leading to the
formation of opaque films (Tang, C. and Liu, 2008). In addition, the light cream
colour of films is dominated from the yellow colour of zein, which was used at a
concentration of 30% without any plasticiser. Similar results have been reported
by a recent study on the multilayer film, which used sage seed gum-gelatin film
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as the outer layer and electrospun zein-pomegranate flower extract as the middle
layer. They found out that the opacity of the films increased after the addition of
electrospun zein-pomegranate flower extract, with the film without the
electrospun layer film being almost transparent (5.11+0.82), and upon the
addition of 20, 40, 60, and 80 g.m™ of electrospun zein-pomegranate flower
extract, the opacity increased and ranged from 6.95+0.80 to 10.43+1.12
(Valizadeh et al., 2024). In this study, a plate collector measuring 12x12 cm in
size was used, resulting in smaller electrospun films, and several rounds of
electrospinning runs were required to produce adequate film samples. The use
of a rotating drum collector would produce larger electrospun films (SKE-
Research-Equipment, 2020). However, due to the lack of availability of
instrumental equipment, the drum collector could not be used, and plate collector
was used throughout the experiment. The following investigation on the surface
morphology of the films analysed via SEM is detailed in the next section, Section
4.33.
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4.3.3 Scanning electron microscopy (SEM)

The surface morphology of zein-based films containing plant extracts of CAE,
GATE, and GGE was analysed using SEM. SEM is a widely utilised two-
dimensional imaging technique for examining the surface morphology of
materials, with a resolution between 1 and 20 nm and image magnification from
500 to 10,000X. Furthermore, SEM analysis is important for assessing the fibre
diameter distributions in electrospun fibre (Andrady, 2008). In this experiment,
the surface morphologies of Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE were
observed at 500X, 1000X, 2000X, and 5000X magnifications, however the results
in this thesis were mostly presented at 5000X magnification, as the observation
of fibre morphologies was more evident at this magnification. The comparison
between surface morphologies of films is illustrated in Figure 4.5. Figures 4.6,
4.9,4.12, and 4.14 display the SEM micrographs at 5000X magnification for Neat
zein, Ze-CAE, Ze-GATE, and Ze-GGE, respectively.

(a) Neatzein/ \ ' | W;‘

Mag= 600KX WD=80mm  2000KkV

(c)Ze;GATE

AN

Mag= S00KX WD=85mm 2000 kV SE1

Mag= 600KX WD=80mm  2000kV SE1
R wan-saozum

Figure 4.5 Comparison of SEM micrographs of films at 5000X magnification.
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For Neat zein, it can be seen from Figure 4.6 that the micrograph shows a bead-
free morphology, and the formation of fibres characterised by flat ribbon-like
structures. A thin polymer skin typically forms on the liquid jet during the
electrospinning process. The rapid vaporisation of the solvent at the jet’s surface,
influenced by atmospheric pressure, led to the collapse of the tube formed by the
skin, ultimately resulting in the formation of ribbon-like structures. The flat ribbon-
like morphology observed can be attributed to the stiffness of the polymer skin
and the electrostatic self-repulsion of charges on the individual tubes
(Koombhongse et al., 2001). Table 4.2 and Figure 4.7 show the average fibre
diameter for Neat zein, which was measured at 1.02+0.22 uym and the
comparison of fibre diameter data with other zein-based films is illustrated in
Figure 4.8.

§ RS
Mag= 500KX WD=80mm  2000kV SE1
Width = 60.02 ym H

Figure 4.6 SEM micrograph of Neat zein at 5000X magnification showing fibres
with flat ribbon-like morphology and bend formation.
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Figure 4.7 Histogram showing the average fibre diameter distribution based on
100 randomly selected fibres from the SEM micrograph of Neat zein.
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Figure 4.8 The average fibre diameter (um) between Neat zein, Ze-CAE, Ze-
GATE and Ze-GGE films.

Bar graph represents the means of average fibre diameter. Error bars represent the sample
standard deviation (mean £ SD, n = 100). Means sharing the same letter indicate that the average
fibre diameter is not significantly different, while means with different letters indicate a statistically
significant difference in average fibre diameter (Tukey’s pairwise comparisons, p < 0.05).
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In comparison to Neat zein, Ze-CAE revealed a similar appearance on a
macroscopic level but differs on a microscopic level. SEM micrograph in Figure
4.9 demonstrates that Ze-CAE exhibits flat ribbon-like morphologies. However,
additional branches were observed developing from the main jet, primarily
resulting from the ejection of smaller jets on the surface of the primary jet
(Koombhongse et al., 2001). The formation of strings between the jets was also
observed. The strings are likely derived from the compounds in CAE, which was
added into the polymer solution, indicating successful integration of plant extract
during the electrospinning process (Salevic et al., 2022). It is also important to
note the presence of toroid in Figure 4.10. A toroid is formed when beads develop
on a jet skin, and during solvent vaporisation and the collapsing of the jet, the
skin of the bead also collapses, resulting in a toroid (Koombhongse et al., 2001).
Toroids or beads are common type of defect occurred to the electrospun film and
could reduce the fibre’s functional surface area, and affect the film’s overall
performance (Matabola and Moutloali, 2013). The average fibre diameter of Ze-
CAE was comparable to that of Neat zein, measuring 1.07+0.29 ym (p > 0.05)
(Table 4.2, Figures 4.8 and 4.11).
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Figure 4.9 SEM micrograph of Ze-CAE at 5000X magnification showing fibres
with flat ribbon-like morphology along with strings and branches formation.
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Width = 150.0 ym

Figure 4.10 Toroid observed in Ze-CAE fibres at 2000X magnification.
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Figure 4.11 Histogram showing the average fibre diameter distribution based on
100 randomly selected fibres from the SEM micrograph of Ze-CAE.
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For Ze-GATE, the micrograph in Figure 4.12 exhibits a similar appearance as of
Neat zein, with flat ribbon-like structures and the absence of beads in the fibres.
Additionally, Ze-GATE fibres also displayed an apparent ribbon bend, which was
caused by bending instability in the electric field and forces that occurred when
the ribbon was stopped on the collector (Koombhongse et al., 2001). A similar
bend was also observed in Neat zein fibres (Figure 4.6). The average fibre
diameter for Ze-GATE was determined as 1.02+0.21 ym, showing no significant
difference from Neat zein (p > 0.05) (Table 4.2, Figures 4.8 and 4.13).
Interestingly, Ze-GATE fibres did not exhibit string-like structures, unlike Ze-CAE
and Ze-GGE. The discrepancy is most likely due to variations in the
phytochemical compositions of the extracts used in this study. CAE and GGE
were obtained from leaf extracts, whereas GATE was prepared from the fruit part
of the plant. Fruit extracts have previously been reported to have high levels of
organic acids but as mentioned in Section 3.3.2, contain the lowest quantity of
phenolic compounds (Hamidon et al., 2017; Lim et al., 2020). These phenolic
compounds are known to function as cross-linking agents and encourage
molecular entanglement during fibre formation, which may explain the presence
of strings in Ze-CAE and Ze-GGE and the absence of string-like morphologies in
Ze-GATE fibres (Gaikwad et al., 2020; Zhang, Xueqian et al., 2021; Munir et al.,
2023).

Mag= 500KX WD=85mm 2000 kv SE1 2 @
Width = 60.02 ym H

Figure 4.12 SEM micrograph of Ze-GATE at 5000X magnification showing fibres
with flat ribbon-like morphology and bend formation.
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Figure 4.13 Histogram showing the average fibre diameter distribution based on
100 randomly selected fibres from the SEM micrograph of Ze-GATE.

In the case of Ze-GGE, flat ribbon-like morphologies were observed, consistent
with other zein films, during the examination of SEM micrographs presented in
Figure 4.14. The formation of strings between the Ze-GGE fibres was also
observed. No visible bend, branch or toroid structures were detected on Ze-GGE
fibres. The average fibre diameter for Ze-GGE was significantly higher than that
of Neat zein, Ze-CAE, and Ze-GATE, measured at 1.21£0.25 ym (p < 0.05)
(Table 4.2, Figures 4.8 and 4.15). Additionally, Ze-GGE exhibited the highest
viscosity at the start of the viscosity experiment in comparison to other polymer
solutions (Figure 4.2). This observation aligns with prior studies indicating that an
increase in the viscosity of the polymer solution leads to an increase in the fibre
diameter (Yao et al., 2016; Altan et al., 2018; Wu, X. et al., 2023). A higher
viscosity polymer solution is reported to reduce jet stretching, thereby decreasing
jet path and resulting in the production of larger fibres (Phiriyawirut and
Phaechamud, 2012). The shear thinning behaviour of high viscosity polymer
solutions can increase polymer chain entanglement, leading to greater resistance
against jet stretching due to electrostatic repulsive force during electrospinning,
which results in larger fibre diameters (Reneker and Yarin, 2008; Kriegel et al.,
2009; Bai et al., 2014).
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Figure 4.14 SEM micrograph of Ze-GGE at 5000X magnification showing flat
ribbon-like morphology and strings formation.
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Figure 4.15 Histogram showing the average fibre diameter distribution based on
100 randomly selected fibres from the SEM micrograph of Ze-GGE.
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Vogt et al. (2018) reported two distinct morphologies of electrospun zein fibres
incorporating poly(glycerol sebacate), specifically a ribbon-like structure and a
circular cross-section, as observed through SEM analysis. The experiments were
conducted at two relative humidities (RH) of 25% and 50%. The use of acetic acid
as the electrospinning solvent resulted in a circular cross-section, while ethanol
produced a ribbon-like morphology. This report agrees with the current study,
which also observed ribbon-like morphology and utilised 75% ethanol as a
solvent. The findings indicate that solvent choice influences the morphology of
the electrospun fibre. In a similar study, Vogt et al. (2018) also reported no
significant difference in fibre diameter across various electrospinning solvents.
The average fibre diameter was measured at 1.1£0.3 pm at 25% RH and 0.7+0.2
pum at 50% RH for Neat zeinZ30AA (using acetic acid as solvent), while for Z26E
(using ethanol as solvent), the measurements were 0.8£0.2 ym at 25% RH and
0.6+0.3 um at 50% RH.

Overall, a variety of morphologies were observed, primarily flat ribbon-like, along
with branch, bend, and toroid structures across all films, with significant strings
formation observed in Ze-CAE and Ze-GGE films. The incorporation of GGE
resulted in an increased of average fibre diameter in Ze-GGE film compared to
Neat zein film, whereas Ze-CAE and Ze-GATE films exhibited similar average
fibre diameters to Neat zein film. The heterogeneity in fibre diameter was
observed in Ze-CAE film, as shown in the SEM micrograph (Figure 4.9), where
fibres displayed variation in sizes. However, based on measurements of the
average diameter from 100 fibre samples, a significantly larger fibre diameter was
observed only in the Ze-GGE film, indicating that the size variation observed in
Ze-CAE film was not statistically significant. It can be concluded that solution
parameters, such as solvent type and viscosity, as well as ambient conditions
and electrospinning process parameters, can influence the morphology and size
of electrospun nanofibres. Nevertheless, even under controlled conditions, some
degree of fibre diameter distribution is expected (Hohman et al., 2001).

4.3.4 Film thickness

In this experiment, the thickness of Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE
films was determined using a digital micrometre with five measurements taken
for each film sample, and the results are presented in Table 4.2 and Figure 4.16.
The American Society for Testing and Materials (ASTM) standard states that the
plastic film’s thickness should be less than or equal to 0.25 mm (ASTM, 2004).
All developed zein-based films met the thickness criteria established by ASTM,
exhibiting thickness below 0.25 mm, specifically ranging from 39.20+4.38 to
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73.60+£4.93 um. The thickness of Neat zein was measured at 40.60£2.51 um,
comparable to Ze-CAE and Ze-GATE films (p > 0.05). The Ze-GGE film exhibited
a significantly greater thickness than the other three films, measuring 73.60+4.93
pum (p < 0.05) (Table 4.2 and Figure 4.16).

90 -

Neat zein Ze-CAE Ze-GATE Ze-GGE

Figure 4.16 The film thickness (um) of Neat zein, Ze-CAE, Ze-GATE and Ze-
GGE films.

Bar graph represents the means of film thickness. Error bars represent the sample standard
deviation (mean + SD, n = 5). Means sharing the same letter indicate that the film thickness is not
significantly different, while means with different letters indicate a statistically significant difference
in film thickness (Tukey’s pairwise comparisons, p < 0.05).

The film thickness is influenced by various factors. In this study, the observed
differences in thickness are likely attributed to the type of plant extracts and the
viscosity of the polymer solution. The data suggest that the incorporation of plant
extract from CAE and GATE did not alter the zein matrix, as evidenced by the
comparable thickness of Ze-CAE and Ze-GATE films relative to the Neat zein
film. The incorporation of GGE significantly altered the Ze-GGE film matrix, as
evidenced by the increased fibre thickness of the Ze-GGE film. The possible
explanation is that GGE contains a greater number of bioactive compounds, such
as phenolics, which may interact with zein chains and potentially alter the film
structure (Santoso et al., 2010; Suksanga et al., 2023; Intawongse and
Pranprawit, 2024). This aligns with the findings presented in Section 3.3.2, which
indicated that GGE exhibited the highest phenolic content relative to CAE and
GATE. As highlighted in Section 4.33, Ze-GGE exhibited the highest average
fibre diameter. The increase in viscosity has been associated with an increase in
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fibre diameter, ultimately leading to thicker fibres (Kameoka et al., 2003). The
thickness data correspond with the viscosity data presented in Section 4.3.1,
indicating that Ze-GGE exhibited higher viscosity than Ze-CAE and Ze-GATE at
the beginning of viscosity measurement. Increased solution viscosity correlates
with higher solid content, leading to the deposition of thicker fibres on the plate
collector (Kameoka et al., 2003).

In a previous study, various concentrations of G. atroviridis leaf extract (GAL)
between 1% and 5% were incorporated into gelatine and starch films prepared
using film casting, and the thickness of the films was measured. The thickness of
the films with 1%, 3%, and 5% extract incorporation was measured at
0.098+0.007, 0.100£0.006, and 0.101£0.002 mm, respectively and these values
were not significantly different from the control film, measured at 0.094+0.001 mm
(p > 0.05) (Nur Amila Najwa et al., 2020). In comparison to the present study, the
films produced by film casting possessed thicker film compared to the
electrospinning method, as shown in the thickness data of this present study. To
date, no data have been reported on the thickness of films incorporated with C.
asiatica and G. gnemon, either from film casting or electrospinning. The thickness
measurements for the electrospun zein films in this study are consistent with
those reported in previous research, which documented thicknesses between
21.7£2.1 ym and 0.23 mm (Radusin et al., 2019; Valizadeh et al., 2024).

The data regarding film thickness is crucial for subsequent film characterisation,
including aspects like water vapour permeability and mechanical properties.
While this current study did not measure these two properties, the current findings
may offer valuable insights into the film thickness produced by electrospinning
with Ze-CAE, Ze-GATE, and Ze-GGE for future research.

4.3.5 Encapsulation efficiency

Encapsulation efficiency refers to the amount of material incorporated within
nanoparticles or nanofibers, or adhered to their surface, relative to the amount
introduced during the preparation of these materials (FDA, 2018; Marques and
Segundo, 2024). In this present work context, the material is the active plant
extract, and a similar encapsulation efficiency strategy was applied. The findings
indicated that CAE exhibited a maximum wavelength of 267 nm, GATE 322 nm,
GGE 666 nm, and zein 444 nm. Therefore, the encapsulation test for Ze-CAE,
Ze-GATE, and Ze-GGE was performed at a wavelength of 267, 322, and 666 nm,
respectively. Subsequently, the calibration curves for each plant extract were
established, resulting in the following equations: for CAE (y = 3.731x + 0.0388,
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R? = 0.9995), for GATE (y = 0.2405x + 0.0213, R? = 0.9977), and for GGE (y =
0.2081x + 0.0034, R? = 0.9985) (Appendix A Supplementary Materials 3). The
encapsulation efficiency test was conducted following the experimental
procedures outlined in Section 2.6.3. The percentage of encapsulation efficiency
was determined using the free extract concentration value derived from the
calibration curve equation.

The encapsulation efficiency percentage of zein-based films is presented in Table
4.2 and Figure 4.17. The data indicated that Ze-GGE films achieved the highest
encapsulation efficiency at 99.97+0.01%, which was significantly different from
Ze-CAE at 99.25+£0.02%, and Ze-GATE at 94.35+0.00% (p < 0.05). In general,
all zein-based films demonstrated encapsulation efficiency exceeding 90%. The
findings align with the earlier studies which reported high encapsulation
efficiencies in electrospun zein materials, approaching 100% (Wang, H. et al.,
2017; Khalafi et al., 2023). This could correspond to the molecular structure of
zein. The structure of a-zein, the predominant class of zein, features glutamine-
rich bridges that connect the linear stacks of rod-shaped helical repeat units of
zein (Figure 4.18). These bridges exhibit hydrophilic properties, which facilitate
the interaction with bioactive molecules through hydrogen bonding (Lai et al.,
1999; Zhang, Xinrui et al., 2021). These findings also align with the results from
Section 4.3.3, where SEM micrographs of zein-based films, particularly Ze-CAE
and Ze-GGE films revealed the formation of string-like structures between the
ribbon-shaped fibres. This morphological feature indicates intermolecular
interactions, likely hydrogen bonding between zein and the plant extracts,
suggesting successful encapsulation within the zein matrix and supporting the
films’ high encapsulation efficiency. The encapsulation of bioactive compounds,
including phenolic compounds, vitamins, and essential oils within zein offers
several advantages. It stabilises sensitive ingredients, enhances bioavailability,
preserves the bioactivity of the compounds, provides stability and structural
integrity to zein-based materials, and improves their functional properties
(Gonnet et al., 2010; Huang et al., 2010; Luo, Y. et al., 2012). The findings from
this study indicate that the electrospun films of Ze-CAE, Ze-GATE, and Ze-GGE
exhibit high encapsulation efficiency, thus rendering them suitable for use as
active packaging films. Further research on the characterisation is required to
evaluate the other film’s properties.
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Figure 4.17 Encapsulation efficiency (%) of Ze-CAE, Ze-GATE, and Ze-GGE
films.

Bar graph represents the means of encapsulation efficiency. Error bars represent the sample
standard deviation (mean + SD, n = 3). Means sharing the same letter indicate that the
encapsulation efficiency is not significantly different, while means with different letters indicate a
statistically significant difference in encapsulation efficiency (Tukey’s pairwise comparisons, p <
0.05).

Corn seed

Figure 4.18 The a-zein structure that comprises of glutamine-rich bridges that
connect the linear stacks of rod-shaped helical repeat units of zein.
Adapted from (Sun et al., 2023, p.2)
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4.3.6 Water contact angle (6)

Wetting refers to the spontaneous dispersion of a liquid across solid surfaces or
other liquids, the saturation of porous materials and powders, and the stretching
of the liquid interface upon interaction with a solid. Wettability refers to the
susceptibility to wetting, and the wettability of solids by liquids is often measured
by a contact angle (0) (Young, 1805, Padday and Uffindell, 1968, Zimon, 1974,
cited in Beketov and Shynkarenko, 2022, p. 4-5). The contact angle is the angle
formed at the three-phase boundary, where a liquid, gas (or vapour), and solid
meet. It is measured between the tangent of the liquid-vapour interface and the
solid surface (Huhtamaki et al., 2018; Beketov and Shynkarenko, 2022). Water
contact angle is used to determine the hydrophobicity or hydrophilicity of the
surface material (Dong et al., 2013). According to the literature, a contact angle
between 0 and 90° is considered hydrophilic and wetting, while a contact angle
above 90° is regarded as hydrophobic and non-wetting (Blossey, 2003). In this
current study, the measurement of contact angle was performed by using a drop
shape tensiometer and the sessile drop method. This strategy is the most widely
approached method to measure the surface wettability, performed by recording
a video of a water drop on a solid surface and analysing the shape of the drop by
the measurement of the angle between the surfaces of the liquid drop and the
solid phase at the point where they meet (Law and Zhao, 2015; Huhtamaki et al.,
2018). The selection of the sessile drop method is due to the simplicity and
robustness of the process, as well as the smaller sample size and volume of
water required (Huhtamaki et al., 2018). The representative photos of contact
angle measurement by the sessile drop method are presented in Figure 4.19.
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Figure 4.19 Measurement of water contact angle by sessile drop method at 20+2
°C using drop shape tensiometer with 3 pyL of water droplet deposited on the
surface of the film (20 x 40 mm).

The experiment aimed to measure the contact angle at 2 seconds, identified as
the optimal time for analysing the contact angle of the films in this study. Extended
exposure resulted in the films exhibiting complete wetting (data not shown), which
impeded the measurement of contact angle. The selected drop volume of 3 uL
aligns with guidelines from the literature review, indicating that volumes lower
than 3 uL may disrupt the needle and lead to errors (Huhtamaki et al., 2018).
Table 4.2 and Figure 4.20 present the water contact angle measurements taken
2 seconds after a water droplet was placed on the surfaces of Neat zein, Ze-CAE,
Ze-GATE, and Ze-GGE films. The data indicated that the films displayed a
contact angle of less than 90° (between 20° to 35°), demonstrating hydrophilic
and wetting characteristics. The incorporation of CAE, GATE, and GGE into Ze-
CAE, Ze-GATE, and Ze-GGE films, respectively led to a minor reduction in water
contact angle, however, this change was not statistically significant when
compared to the control film, Neat zein (p > 0.05).
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Figure 4.20 The water contact angle (°) of Neat zein, Ze-CAE, Ze-GATE, and
Ze-GGE films. The figures above the bar graph shows the different shapes of
water droplet observed after 2 seconds of exposure to films; contact angle of
33.26+£10.37° for Neat zein, 28.04+6.11° for Ze-CAE, 22.74+6.55° for Ze-GATE,
and 23.18+6.79° for Ze-GGE.

Bar graph represents the means of water contact angle. Error bars represent the sample standard
deviation (mean £ SD, n = 3). Means sharing the same letter indicate that the water contact angle
is not significantly different, while means with different letters indicate a statistically significant
difference in water contact angle (Tukey’s pairwise comparisons, p < 0.05).
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The hydrophilic characteristics of Ze-CAE, Ze-GATE, Ze-GGE, and Neat zein
films may be attributed to the morphology of the films, which are produced
through electrospinning. The electrospun fibres exhibit a high surface-to-volume
ratio and porosity, which enhance water penetration and dissolution (Fang et al.,
2008; De Schoenmaker et al., 2011). Ali et al. (2014) reported comparable
findings of low contact angle values for electrospun zein, observing contact
angles between 4° and 6° after 1.0 second of contact between a water drop and
zein/cellulose acetate nanofibres. The research indicated that both pH and zein
concentration also influenced the water contact angle, with increases in pH and
zein concentration leading to a reduction in the contact angle (Luo, S. et al., 2021;
Wu, Y. et al., 2023). Although zein films produced via film casting are frequently
reported to have higher contact angles than those produced by electrospinning,
the electrospinning technique demonstrates superior performance in terms of
encapsulation efficiency, biopolymer compatibility, and bioactive stability (Gonnet
et al., 2010; Huang et al.,, 2010; Luo, Y. et al., 2012; Luis et al., 2019;
Qazanfarzadeh et al., 2021). It is also important to note that the film prepared by
film casting often depends on the plasticiser to achieve flexibility and functional
integrity, which is not required for the films prepared by electrospinning (Luis et
al., 2019; Qazanfarzadeh et al., 2021). In summary, the zein-based films derived
from CAE, GATE, and GGE exhibited relatively low contact angles, indicating
hydrophilic surface properties likely due to the morphological characteristics of
the films. In terms of the application of these films as active food packaging, this
characteristic would become a limitation to certain range of foods, where the
hydrophobicity property is essential.
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4.3.7 Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

Infrared (IR) spectroscopy is a method that employs infrared radiation to measure
the fraction of incident radiation that is absorbed at designated wavelengths
(Griffiths, 1983; Carden and Morris, 2000; Thompson, T.J.U. et al., 2009).
Infrared light interaction with a sample lead to molecular energy absorption,
causing transitions to higher vibrational states. Some wavelengths are absorbed,
whereas others transmit through the sample without alteration. The wavelengths
absorbed are influenced by the molecular structure of the sample, with these
absorbed energies corresponding to the vibrations of atomic bonds, detectable
and reflected in a spectral output. The Fourier transform (FT) is the tool used to
generate this spectrum. This algorithm transforms the raw data obtained from the
detector into a readable IR spectrum, with each peak representing a distinct bond
vibration within a molecular group (Krishnan and Ferraro, 1990; Beasley et al.,
2014). In contrast to the earlier FTIR method, ATR-FTIR represents an
improvement in the FTIR technique, as it assesses the changes that take place
in an internally reflected infrared beam when it interacts with the sample via a
crystal, usually made of zinc selenide or diamond. When a sample is in contact
with the ATR crystal, it interacts with an evanescent wave produced by the
internal reflection before it is attenuated in the IR spectrum regions, where the
sample absorbs energy (Bruno, 1999). The sample is placed on the sampling
plate and secured by a micrometre-controlled clamp to ensure good contact
between the sample and the crystal (Beasley et al., 2014). ATR-FTIR has
become a preferred technique because it is fast, requires little or no sample
preparation, and eliminates variations caused by traditional methods such as
potassium bromide (KBr) grinding and differences in particle size (Thompson,
T.J.U. et al., 2009).

In this present work, ATR-FTIR analysis was performed at the range of 4000 to
400 cm' to examine the potential interactions between functional groups of CAE,
GATE, and GGE with zein. The absorption band for zein-based films as well as
for Neat zein and crude plant extracts of CAE, GATE, and GGE was analysed
using OriginPro software by manually selecting the major bands, and the results
were compared. Figure 4.21 shows that Neat zein displays a broad absorption
band at 3291 cm, corresponding to the N-H stretching vibration of Amide A
(Magoshi et al., 1992; Forato et al., 1998; Mohammed-Ziegler and Billes, 2002).
Another observed peak occurred at 2955 cm’, signifying the presence of the C-
H stretching bands from the methyl (CH3) and methylene (CH2) aliphatic groups
of zein (Nagarajan et al., 2013; Khalafi et al., 2023). A band at 1653 cm™" was
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identified as amide |, corresponding to the stretching vibration of the carbonyl
double bond (C=0) (Magoshi et al., 1992; Forato et al., 1998; Mohammed-Ziegler
and Billes, 2002). The Amide | region, spanning 1600 to 1700 cm™ provides
valuable information on the secondary structure of proteins such as a-helix, -
sheet, B-turn, and random coil. The strong signal of 1653 cm™' observed in the
Amide | associated with the presence of a predominant a-helix structure in the
Neat zein film (Forato et al., 1998; Forato et al., 2003). No other significant
secondary protein signals (B-sheet: 1620-1640 cm™, 1675-1700 cm™', B-turn:
1660-1675 cm', random coil: 1640-1648 cm™') were observed aside from a-helix,
suggesting that the conformation of the Neat zein film consisted of a-helical
structure (Krimm and Bandekar, 1986; Bandekar, 1992; Meng and Ma, 2002;
Zhao et al., 2008). A distinct band was observed at 1540 cm™', corresponding to
amide Il, which arises from the stretching vibrations of C-N and N-H bending
(Forato et al., 2003). Additional bands identified at 1450, and 1240 cm™" were
characterised by C-N axial deformation vibrations of amide Ill (Magoshi et al.,
1992; Forato et al., 1998; Barth, 2007; Khalafi et al., 2023).
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Figure 4.21 FTIR spectrum for Neat zein at the range of 4000 to 400 cm™.
Diverse absorption bands related to zein are evidenced such as Amide A (N-H:
3291 cm™), methyl (CHs) and methylene (CH>) aliphatic groups (C-H: 2955 cm-
1), Amide | (C=0: 1653 cm™"), Amide Il (C-N & N-H: 1540 cm™"), Amide Il (C-N:
1450 & 1240 cm™).
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The addition of 5% (w/w) plant extracts of CAE, GATE, and GGE with respect to
zein content resulted in FTIR spectra as presented in Figures 4.22 to 4.24. Figure
4 .22 illustrates the spectrum of crude plant extract from C. asiatica, which exhibits
a broad absorption band at 3244 cm™'. This band corresponds to the absorption
signal of the hydroxyl (O-H) group, a characteristic feature of phenolic
compounds (Coates, 2006; Tang, Y. et al., 2021). The band at 2926 cm™ is
attributed to C-H stretching vibrations of aliphatic groups. The band at 1583 cm™"
is likely linked to carbon double bonds (C=C) and carbonyl groups (C=0)
conjugated to aromatic systems, a characteristic feature of flavonoids (Krysa et
al., 2022). The band at 1389 cm™ is indicates C-H bending associated with the
CHj; group. The band at 1249 cm corresponds to C-O stretching in alcohols or
ethers and may suggest the presence of tannins or phenolic structures. Two
bands at 1039 cm™' and 772 cm™ are assigned to aromatic in-plane C-H bending
and out-of-plane C-H bending, respectively (Coates, 2006; Fernandez and
Agosin, 2007). The data indicate the presence of functional groups, including
phenolics, flavonoids, glycosides, and triterpene acids in the CAE (Lee, S.-S. et
al., 2000; Nik Hairiah et al., 2013; Sangsopha et al., 2018). After electrospinning,
the spectrum for Ze-CAE film showed similar major bands to Neat zein film but
demonstrated some band shifting. The characteristic band of the N-H stretching
vibration of Ze-CAE at 3291 cm™" was shifted to a lower frequency of 3282 cm-,
overlapping with the O-H band. The characteristic band of C-H stretching of Neat
zein at 2955 cm™ was observed to shift progressively to 2932 cm for Ze-CAE
(Figure 4.22). The observed shifts to lower frequencies may result from the
interaction between the functional groups of CAE and zein, suggesting the
formation of intermolecular hydrogen bonds following electrospinning (Ratajczak,
1972; Coleman et al., 1988; Mattia and Painter, 2007; McDowell, 2025). This
finding is further supported by previous SEM micrographs presented in Section
4.3.3, which show strings formation in Ze-CAE, demonstrating successful cross-
linking of compounds from CAE into zein fibres. No shifts in the bands were
observed for C=0, N-H, and C-N bonds at 1653 cm™' and 1540 cm™, indicating
that the incorporation of CAE into zein fibres did not significantly alter the
molecular structure of the functional groups. On the other hand, minimal band
shifting was observed for the C-N vibrations (14501447 cm™' and 12401237
cm) (Figure 4.22). No new band was observed in the Ze-CAE spectrum, further
confirming the incorporation of CAE into the zein fibres and assuming that the
CAE signals overlapped with zein signals. The data is also supported by the
higher encapsulation efficiency results presented whin Section 4.3.5. The
disappearance of bands at 1389, 1039, and 772 cm™' in the CAE spectrum of the
Ze-CAE film might be attributed to the lower concentration of CAE incorporated
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(5% wiw) into the Ze-CAE film when compared to zein concentration (30% w/v),
thus resulting in reduced signal intensity.
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Figure 4.22 Comparison of FTIR spectra between Neat zein film, Ze-CAE film
and CAE extract at the range of 4000 to 400 cm-'. Absorption bands related to
CAE extract are phenolics (O-H: 3244 cm™), aliphatic groups (C-H: 2926 cm™™),
flavonoids (C=C & C=0: 1583 cm™'), methyl group (C-H: 1389 cm™), tannins or
phenolic structures (C-O: 1249 cm), aromatic groups (C-H: 1039 & 772 cm™).
Absorption bands related to Ze-CAE showed similar major bands to Neat zein
with several band shifting, including (N-H overlapping with O-H: 329153282 cm"
), (C-H: 29552932 cm™), (C-N: 14501447 cm™', 1240—1237 cm™). The
disappearance of bands of 1389, 1039, and 772 cm™ from CAE extract in the Ze-
CAE spectrum might be attributed to the lower concentration of CAE incorporated
into the Ze-CAE film, resulting in reduced signal intensity.

The examination of the spectrum for GATE in Figure 4.23 shows similar broad
absorption band at 3226 cm™ (O-H stretching), followed by 2928 cm (C-H
stretching), 1585 cm™ (C=0 and C=C stretching), 1384 cm' (C-H bending), and
1253 cm™ (C-O stretching). Three additional signals observed at 1036, 813, and
775 cm™ are associated with the aromatic in-plane and out-of-plane C-H bending
vibrations (Figure 4.23) (Coates, 2006; Tan, W.-N. et al., 2016; Zulkifli et al.,
2020). These bands propose the presence of organic acids, flavonoids, and
phenolics in GATE (Kosin et al., 1998; Permana et al., 2001; Jena et al., 2002;
Mackeen et al., 2002; Permana et al., 2003; Permana et al., 2005). Following
electrospinning, Ze-GATE film, compared against Neat zein showed the shifting
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of the bands to higher frequencies at the higher IR region; 329153296 cm™' (N-
H and O-H stretching) and 295552957 cm™ (C-H stretching) and lower
frequencies at the lower region; 15401538 cm™" (N-H and C-N stretching) and
14501443 cm™ (C-N stretching). It can be speculated that free (non-bonded)
O-H and N-H groups were present in Ze-GATE, which allowed them to vibrate at
higher wavenumbers (Figure 4.23) (Coleman et al., 1988; Mattia and Painter,
2007). The shift in C-H stretching vibrations to higher frequencies can be linked
to the occurrence of ‘improper’ hydrogen bonding, where hydrogen bonds lead to
the strengthening and shortening of C-H bonds, instead of the weakening effect.
This indicates that the interaction between zein and GATE involved fewer
hydrogen bonds, leading to weakened intermolecular interactions and the
formation of stronger C-H bonds (Hobza and Havlas, 2002; Joseph and Jemmis,
2007). This finding is supported by the SEM results presented in Section 4.3.3,
which show no string formation in GATE film micrographs after electrospinning.
Even further formation of hydrogen bonds occurred at the lower region; no
prominent effect was observed, as shown in the SEM micrographs (no string
formation). The C=0 band for amide | and the C-N band for amide Ill remain
unchanged. Three signals at the lower frequency region (1036, 813, and 775 cm"
') disappeared, likely attributed to the similar reason discussed for the Ze-CAE
above (lower concentration of extract). Overall, no new bands were observed with
the incorporation of GATE into zein fibres. It is assumed that the majority of the
significant GATE signals overlapped with zein signals, resulting in similar spectra
for Neat zein and Ze-GATE.
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Figure 4.23 Comparison of FTIR spectra between Neat zein film, Ze-GATE film,
and GATE extract at the range of 4000 to 400 cm™'. Absorption bands related to
GATE extract are (O-H: 3226 cm™), (C-H: 2928 cm™), (C=0 & C=C: 1585 cm™),
(C-H: 1384 cm™), (C-O: 1253 cm™), (C-H: 1036, 813, & 775 cm"). Absorption
bands related to Ze-GATE showed similar major bands to Neat zein with several
band shifting, including (N-H & O-H: 329153296 cm™'), (C-H: 295552957 cm™),
(N-H & C-N: 1540—1538 cm™), (C-N: 1450—1443 cm™). The disappearance of
bands of 1036, 813, and 775 cm™" from GATE extract in the Ze-GATE spectrum
might be attributed to the lower concentration of GATE incorporated into the Ze-
GATE film, resulting in reduced signal intensity.

As for Ze-GGE, the spectrum in Figure 4.24 exhibits a broad absorption band at
3233 cm, indicative of O-H stretching, characteristic of phenolics. The band at
2926 cm' associates with C-H stretching bands from the CH3z and CH> aliphatic
groups. The characteristic band at 1587 cm is attributed to the C=0 or C=C
stretching vibrations, which are typically associated with carboxylic acid or alkene
groups. The band at 1389 cm™' corresponds to C-H bending related to the CH;
group, whereas C-O stretching indicative of phenolic structures, is observed at
1246 cm™'. Three bands at 1039 cm™, 811 cm™', and 772 cm™' correspond to the
aromatic in-plane C-H bending and out-of-plane C-H bending (Figure 4.24)
(Coates, 2006; Dutta et al., 2018; Le, T.H. et al., 2021). The data suggest the
presence of fatty acids, phenolics, and terpenoids (Dutta et al., 2018; Le, T.H. et
al., 2021; Trisha et al., 2024). The FTIR spectrum analysis following the addition
of GGE into zein, resulting in the Ze-GGE film after electrospinning, indicated that
most bands shifted to lower frequencies (3291—3285 cm™'; 1653—1650 cm™;
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1540—1533 cm'; and 1450—1447 cm") except for the signal at 1240, which did
not change and at 2955 cm™ which shifted to a higher frequency, 2957 cm"
(compared to Neat zein) (Figure 4.24). It can be suggested that the functional
groups from GGE interact with zein through the formation of hydrogen bonds, as
indicated by the observed shifts to lower frequencies in most bands (Ratajczak,
1972; Coleman et al., 1988; Mattia and Painter, 2007; McDowell, 2025). The SEM
micrographs from Section 4.3.3 show the interaction between GGE and zein,
highlighting the formation of strings between zein fibres. The observed shift to
higher frequency may be attributed to weakened hydrogen bonds due to fewer
intermolecular interactions between zein and C-H bonds from aliphatic groups,
which make the C-H bonds stronger and shorter (Hobza and Havlas, 2002;
Joseph and Jemmis, 2007). Most GGE bands are presumed to be integrated into
zein fibres, with their signals overlapping those of the major zein bands, therefore,
no distinct spectral were observed between Neat zein and Ze-GGE. The low
concentration of GGE added (5% w/w) to the Ze-GGE film likely resulted in a
reduction of signal intensity within the region between 1039 and 772 cm-*, leading
to the absence of these bands in the Ze-GGE spectrum.
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Figure 4.24 Comparison of FTIR spectra between Neat zein film, Ze-GGE film,
and GGE extract at the range of 4000 to 400 cm'. Absorption bands related to
GGE extract are phenolics (O-H: 3233 cm'), methyl & methylene aliphatic groups
(C-H: 2926 cm™), carboxylic acid/ alkene (C=0/C=C: 1587 cm™'), methyl group
(C-H: 1389 cm™), phenolics (C-O: 1246 cm™), aromatic groups (C-H: 1039, 811,
& 772 cm™). Absorption bands related to Ze-GGE showed similar major bands to
Neat zein with several band shifting, including (N-H & O-H: 329153285 cm™),
(C-H: 29552957 cm™), (C=0: 1653—1650 cm™), (N-H & C-N: 1540—1533 cm
1), (C-N: 14501447 cm™). The disappearance of bands of 1039, 811, and 772
cm™' from GGE extract in the Ze-GGE spectrum might be attributed to the lower
concentration of GGE incorporated into the Ze-GGE film, resulting in reduced
signal intensity.

Overall, the analysis of the spectra of Ze-CAE, Ze-GATE, and Ze-GGE films
showed similar spectra with the control film of Neat zein with some band shifts
observed. The bands shifted to lower frequencies are indicative of hydrogen bond
formation and were more pronounced in Ze-CAE and Ze-GGE, and less evident
in Ze-GATE. The FTIR spectra of Ze-CAE, Ze-GATE, and Ze-GGE indicated that
the addition of these plant extracts (5% w/w) to zein fibres did not result in the
emergence of new peaks, suggesting successful encapsulation of the extracts
within the zein fibres without significantly altering their structural integrity. It is
important to mention that the FTIR interpretation was performed using manual
peak selection in OriginPro, which may introduce minor variations in the band
assignment. As such, the spectral analysis should be interpreted with caution.
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4.3.8 Thermal properties

Thermogravimetric analysis (TGA) is a technique to measure the weight of a
substance relative to temperature or time, performed in a controlled temperature
and atmosphere with a thermogravimetric analyser, while the weight change data
is captured by computer software (Earnest, 1988; Losic et al., 2024). In this
present work, the sample was fixed to a pan that is held up by a precision balance
within a furnace and heated from 30 to 600 °C under a nitrogen atmosphere at a
heating rate of 10 °C/min. TGA data was analysed using OriginPro software, and
the results were presented as TGA and Derivative thermogravimetry (DTG)
curves. The DTG curve is the first derivative of the TGA curve with regard to
temperature or time (Bottom, 2008). While the TGA curve provides information
such as the rate of weight loss, number of decomposition steps, and remaining
residue, DTG presents the maximum rate of weight loss shown by peak
temperature. Each peak in DTG also represents a separate thermal event (Prime
et al., 2014). In brief, TGA was performed to assess the thermal stability,
decomposition stages, and residue as well as the impact of the incorporation of
plant extract on the thermal behaviour of zein-based films. Neat zein served as
the reference material for comparison. The data on the decomposition of
packaging materials is critical, as it provides insights on their resistance to
environmental stresses as well as their disposal potential through incineration
(Alizadeh-Sani et al., 2021).

Thermal stability data for the developed zein-based films (Ze-CAE, Ze-GATE,
and Ze-GGE) are detailed in Table 4.3 and presented in Figures 4.25 to 4.27.
Figure 4.25(a) illustrates the comparison for TGA curves for all zein-based films
produced, which shows the film’s sample weight as a function of temperature,
while Figure 4.25(b) shows the derivative weight as a function of temperature.
Based on the inspection of the TGA and DTG curves, all zein-based films
followed a fairly similar decomposition trend, involving multi-stages of weight loss
during heating from 30 to 600 °C. Further analysis of TGA/DTG curves will be
explained in greater detail for each of the zein samples in the following
paragraphs.
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Table 4.3 TGA profile of zein-based films at the temperature between 30 and 600 °C.

Film Neat zein Ze-CAE Ze-GATE Ze-GGE
Temp. Weight loss Temp. Weight loss Temp. Weight loss Temp. Weight loss
(°C) (mg/ %) (°C) (mg/ %) (°C) (mg/ %) (°C) (mg/ %)

Stage 1 36.12- -0.45/ -4.54 36.12- -0.63/ -6.31 37.97- -0.44/ -4.37 30.01- -0.43/-4.38
99.89 97.67 100.19 97.99

Stage 2 144.78- -0.13/-1.27 129.99- -0.25/-2.55 137.44-  -0.18/-1.83 133.74- -0.19/-1.93
195.14 170.06 186.14 202.90

Stage 3 259.40- -1.38/-13.91 258.92- -1.22/-12.34 243.62- -1.35/-13.36 277.55- -3.58/ -36.31
293.11 287.30 287.32 309.17

Stage 4 302.13- -5.88/-59.19 301.84- -5.10/-51.43 300.26- -5.49/-54.29 365.59- -3.58/ -36.11
376.39 395.45 378.23 434.08

Stage 5 - - 452.71-  -0.49/-4.96 458.93-  -0.40/-3.91 - -

482.27 499.74
Residue 1.93 mg/ 19.43% 2.22 mg/ 22.35% 2.13 mg/ 21.64% 1.95 mg/ 19.83%
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Figure 4.25 Comparison of (a) TGA and (b) DTG curves for zein-based films.
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The TGA/DTG data for Neat zein film displayed a four-stage decomposition
process (Table 4.3 and Figure 4.26). The first stage occurred from 36.12 to 99.89
°C, with a weight loss of 0.45 mg (4.54%), primarily due to the evaporation of
water and residual ethanol solvent (Torres-Giner and Lagaron, 2010; Neo et al.,
2013). The second stage occurred around 144.78 to 195.14 °C, involved a 0.13
mg (1.27%) weight loss, likely due to the decomposition of low molecular weight
components of zein (Shukla and Cheryan, 2001; Prime et al., 2014). The third
stage of decomposition process occurred at 259.40 to 293.11 °C, which resulted
in 1.38 mg (13.91%) of weight loss, likely attributed to the initial degradation of
amino acids, such as proline (Schaberg et al., 2018). The same author indicated
that most amino acids required two to four decomposition steps, with proline loss
it's 99.5% mass between 220 and 290 °C (Schaberg et al., 2018). A subsequent
weight loss of 5.88 mg (59.19%) occurred between 302.13 and 376.39 °C, mainly
attributed to thermal degradation of the major protein backbone (Magoshi et al.,
1992; Torres-Giner and Lagaron, 2010). A 1.93 mg (19.43%) residue remained
at 600 °C. The DTG profile indicated a maximum decomposition rate at 318.33
°C, consistent with the finding of Magoshi et al. (1992), which was reported at
320 °C. The number of decomposition stages of Neat zein in this study differ
slightly from previous research, likely due to different sources (e.g., different a-,
B-, y-, and d-zein content) and experimental protocols for electrospinning and
thermal analysis (Torres-Giner and Lagaron, 2010; Neo et al., 2013).
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Figure 4.26 TGA/DTG curve of Neat zein showing four-stage decomposition
process with maximum decomposition rate temperature at 318.33 °C.
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The TGA/DTG data for Ze-CAE and Ze-GATE films revealed five decomposition
stages of weight loss during heating. In contrast, Ze-GGE involved only four
stages of weight loss, similar to that of Neat zein (Table 4.3 and Figure 4.27(a-
c)). The initial stage of weight loss of 4.37 to 6.31% occurred around 30 to 100
°C, which is correlated to the moisture evaporation and volatilisation of residual
solvent (Torres-Giner and Lagaron, 2010; Neo et al., 2013). This initial
decomposition stage was consistent across all film samples. The first
decomposition stage is also probably due to chlorophyll, as it was previously
reported that chlorophyll decomposition begins at 70 °C, and it especially
influenced the decomposition stages for Ze-CAE and Ze-GGE films, as these two
extracts were derived from the leaf part (Martinez-Mendoza et al., 2016). The
second stage occurred around 130 to 200 °C, which involved 1.83 to 2.55% of
weight loss corresponding to the decomposition of low molecular weight
components of zein (Shukla and Cheryan, 2001; Prime et al., 2014). The
decomposition of fatty acids from GGE, such as oleic acid, also occurred in this
stage (Peters et al., 2022). The third stage started around 240 to 300 °C and
exhibited 12.34% to 36.31% of weight loss, mainly representing the initial
decomposition of amino acids (Schaberg et al., 2018). Weight loss due to
carbohydrates, organic acids, and other organic compounds in plant extracts also
occurred in the second and third stages (Araujo et al., 2006; Martinez-Mendoza
et al., 2016; Varol and Mutlu, 2023). In the fourth stage, major weight loss of
36.11 to 54.29% occurred around 300 to 430 °C, primarily due to the
decomposition of the protein backbone as well as the phenolic compounds from
the extracts (Magoshi et al., 1992; Torres-Giner and Lagaron, 2010; Cheng et al.,
2014). It can be observed that Ze-GGE had a slightly higher decomposition
temperature compared to Ze-CAE and Ze-GATE during the third and fourth
stages, probably due to the combined thermal events of decomposition,
carbonisation of polymeric materials, and ash formation occurred during the
fourth stage, resulting in a higher decomposition temperature. The fifth stage,
which only occurred for Ze-CAE and Ze-GATE, occurred around 450 to 500 °C
due to carbonisation of polymeric materials and ash formation with 3.91 to 4.96%
of weight loss (Torres-Giner and Lagaron, 2010; Varol and Mutlu, 2023).
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Figure 4.27 TGA/DTG curves of (a) Ze-CAE showing five-stage decomposition
process with maximum decomposition rate temperature at 308.17 °C, (b) Ze-
GATE showing five-stage decomposition process with maximum decomposition
rate temperature at 319 °C, and (c) Ze-GGE showing four-stage decomposition
process with maximum decomposition rate temperature at 305.17 °C.
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A residue of 22.35%, 21.64%, and 19.83% was observed at 600 °C for Ze-CAE,
Ze-GATE, and Ze-GGE, respectively. Compared to Neat zein, Ze-CAE and Ze-
GATE had a higher amount of residue, while Ze-GGE had a comparable amount
of residue. In addition, the DTG data demonstrate that the incorporation of CAE
led to a decrease in the thermal decomposition rate of Ze-CAE compared to Neat
zein, from 318.33 to 308.17 °C (310.16 °C). The peak decomposition rate
temperature for Ze-GATE was recorded at 319 °C, which is an almost similar
temperature to Neat zein. The maximum decomposition rate temperature for Ze-
GGE was recorded at 305.17 °C, which was lower than Neat zein (¥13.16 °C).
The DTG curve in Figure 4.27(c) also shows that Ze-GGE exhibits the sharpest
DTG curve, indicating that Ze-GGE had the highest thermal decomposition rate
compared to other films. Based on the findings, it can be suggested that the
addition of CAE and GGE decreased the thermal stability of Ze-CAE and Ze-GGE
film, respectively. This effect is likely due to the addition of these extracts, which
reduced the protein-protein bonds in the film matrix. In other words, the presence
of bioactive compounds such as phenolics in CAE and GGE lowers the thermal
stability of the overall film by interacting with zein, thereby reducing protein-
protein interactions (Altan et al., 2018). In contrast, the addition of GATE did not
influence the maximum decomposition rate temperature of Ze-GATE film. Other
studies reported the decomposition rate temperature of zein-based films with the
addition of other bioactive compounds or polymer blends. The peak
decomposition rate temperatures were reported to be 329 °C, 330 °C, and 326
°C for carvacrol-loaded zein fibres at 5%, 10%, and 20% carvacrol concentration
(Altan et al., 2018). Other research also reported higher thermal stability for zein-
cellulose acetate blend nanofibres compared to the pure zein nanofibres (Ali et
al., 2014). These findings imply that the maximum rate of decomposition
temperature and residue depend on the organic and inorganic compounds
present in samples, resulting in distinctive thermal decomposition curves.

In brief, the thermal analysis of zein-based films revealed that incorporating
various plant extracts significantly influenced their thermal behaviour. The zein-
based films displayed either four or five decomposition stages, indicating similar
or more complex degradation pathways influenced by the presence of bioactive
compounds such as phenolics, organic acids, fatty acids, and terpenoids. Ze-
CAE showed reduced thermal stability and more decomposition stages,
suggesting a more complex degradation profile. Ze-GATE exhibited a maximum
decomposition rate temperature comparable to that of Neat zein, but with a higher
number of decomposition stages, indicating better thermal resistance. Ze-GGE
demonstrated a similar number of decomposition stages to Neat zein, but it
displayed the lowest thermal stability, indicating a significant interaction between
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GGE and the zein matrix. From this study, all zein-based films exhibited lower or
similar thermal stability compared to Neat zein, and Ze-GATE appeared to be the
most thermally stable among the zein-based films, while Ze-CAE and Ze-GGE
demonstrated higher interaction between plant extract and the zein matrix,
altering their thermal behaviour.
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4.3.9 Biodegradation study

Biodegradation refers to the breakdown of macromolecular components into
smaller fragments through the activity of microorganisms. In general, the initial
step of polymer biodegradation includes the depolymerisation or chain cleavage
of polymer materials, which converts polymer chains into lower molecular weight
oligomeric fragments through the activity of bacteria, fungi, and algae. These
fragments are subsequently converted into biomass, minerals, water, and gases
such as CO2 and methane (CH4) (Robertson, G., 2013c). This process causes
weight loss in the polymer matrix, which is evaluated by measuring the sample’s
weight throughout degradation study (Azevedo and Reis, 2005).

In the present study, a soil burial test was performed, in which film samples were
buried in soil for a total of 12 days, with the initial films’ weight varying from 10 to
63 mg (20 x 50 mm). The films were recovered at 6-day intervals, dried, and
weighed, and the rate of weight loss was measured. A control film was kept inside
a box without the soil. It is important to acknowledge that the weight loss data
obtained from the soil burial test serve only as an indicator of biodegradability
and do not constitute the sole evidence of the material’s biodegradability. The
weight loss indicates the initial phase of microbial activity, as it converting the
polymer to smaller molecular weight fragments (Mohee et al., 2008). The soil
burial approach was chosen, due to its simplicity and cost-effectiveness as well
as its ability to simulate natural environmental conditions (Zafar et al., 2013;
Oprea, 2015; Badia et al., 2017; Tai et al., 2019). Furthermore, time constraints
for this project favours the selection of soil burial test method, as standard ASTM
D5988 and International Organization for Standardization (ISO) 17556
methodologies require a longer study duration. According to standard protocols,
biodegradation test is performed by measuring the rate of CO2 evolution or
oxygen consumption, generally conducted between 6 to 12 months (ASTM, 2012;
ISO, 2019).

Although the initial aim was to quantify the weight loss after the film was buried
in soil, this method somehow was impractical for zein-based films produced in
this present work, due to the difficulty of separating the soil residues that attached
to the degraded films without damaging the samples. Therefore, the assessment
of the biodegradation behaviour of zein-based films was performed through a
visual inspection of their physical appearance using photographs taken every 6
days, for a total of 12 days. The results are demonstrated in Table 4.4, where the
film’s appearance before and after soil burial was compared.
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Table 4.4 Physical appearance of Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE
films before and after soil burial test conducted for 12 days.

Film Before After 6 Days After 12 Days
soil burial

Neat
zein

CAE

Ze-
GATE

GGE
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From Table 4.4, it can be observed that at the beginning of the experiment, all
films had an intact and uniform rectangular shape which was cut to a size of
approximately 20 x 50 mm. After 6 days, all the films showed some degree of
degradation, in which they were disintegrated into smaller fragments and lost their
original shape, except for Ze-CAE, in which the rectangular shape could still be
observed. After 12 days, similar fragments were observed for Neat zein,
suggesting no changes in the biodegradation process. In contrast, Ze-CAE
showed more progression in the degradation process, where the film degraded
into smaller fragments, similar to that of Neat zein. More distinct fragmentation
also occurred to Ze-GATE and Ze-GGE, with the smaller films’ fragments being
difficult to distinguish from soil. Based on the findings, it is imperative to mention
that all zein-based films exhibited indicators of rapid biodegradation process, with
most of the films substantially degraded after 12 days of burial in soil. In addition,
the incorporation of CAE, GATE, and GGE did not significantly affect the
biodegradability of zein-based films. As for the control film, there were no
changes in the films’ weight except for Ze-CAE control, where 3.17% of weight
loss was recorded after 12 days (data not shown).

A report on other zein-based film biodegradation studies revealed weight loss of
zein films with/without the addition of liquorice (Glycyrrhiza glabra L.) essential
oils at almost half of the original weight, reported around 45 to 60% only after 10
days of burial in soil. The film produced in this study was prepared via film casting
with the addition of glycerol as a plasticiser (Luis et al., 2019). In addition, Wei et
al. (2019) found increasing the zein concentration from 10 to 25% resulted in the
enhanced biodegradability (over 26 and 53% of weight loss) of poly(butylene
adipate-terephthalate) (PBAT)/ zein blend materials, compared to pure PBAT
film. They followed a comparable soil burial test method with a longer study
duration of 30 days, and the film was produced via compression moulding (Wei
et al., 2019). The most recent study from Pleva et al. (2025), who assessed the
biodegradability of zein/polyethylene glycol (PEG) nanofibres via an aerobic
composting test, discovered that all zein-based nanofibres were fully mineralised
after 29 days. These results suggest that zein films have a higher biodegradation
rate, which is supported by current and past research using different
biodegradation test procedures, such as soil burial and aerobic composting
biodegradation methods. The extent of biodegradation may be related to the
composition of material used. The usage of zein, which is high in protein, offers
an excellent carbon source for microbial growth and serves as a substrate for
enzymatic hydrolysis throughout the biodegradation process (Mikkelsen, 1994;
Imam and Gordon, 2002).
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In summary, Ze-CAE, Ze-GATE, and Ze-GGE films demonstrated indicators of a
rapid biodegradation process, with significant degradation observed after 12 days
of soil burial. Furthermore, the addition of CAE, GATE, and GGE into zein films
did not influence the biodegradability of zein-based films. Thus, this study
highlights the potential of zein-based films, specifically Ze-CAE, Ze-GATE, and
Ze-GGE, as biodegradable packaging films. Further research, however, is
recommended to further assess the biodegradation of zein-based films,
particularly the biodegradation of zein-based films under composting
environments.
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4.4 Conclusion

Novel biodegradable films with 30% zein incorporated with 5% (w/w) active
extracts of CAE, GATE, and GGE were prepared by electrospinning. A Neat zein
film was produced via similar protocols. The films appeared as light cream-
coloured, opaque, smooth and thin films, with the Ze-GATE and Ze-GGE films
had an additional granular-like appearance on the surfaces. The electrospun
films of Ze-CAE and Ze-GGE demonstrated cross-linking of active compounds
with zein fibres, evident from the examination of surface morphologies of SEM
micrographs. However, no cross-linking was observed in the Ze-GATE film. The
addition of the plant extracts did not significantly influence the fibre diameter and
film thickness, except for Ze-GGE film. All zein-based films demonstrated high
encapsulation efficiency, exceeding 90%, with Ze-GGE exhibiting the significantly
higher encapsulation efficiency, rendering the suitability of all films in the
application as active packaging film. The structural analysis of the FTIR spectra
of Ze-CAE, Ze-GATE, and Ze-GGE films indicated that the addition of plant
extracts into zein fibres did not result in the emergence of new peaks, suggesting
successful encapsulation of the extracts within the zein fibres without significantly
altering their structural integrity. The data from FTIR spectra also highlighted the
formation of hydrogen bonds between zein and the plant extracts, with most
bands shifting to lower frequencies in the Ze-CAE and Ze-GGE films, and some
bands showing similar shifts to lower frequencies in the Ze-GATE film. The zein-
based films showed a hydrophilic surface characteristic via water contact angle
investigation. Addition of CAE, GATE, and GGE to the zein-based films showed
similar or reduced thermal properties, with the control film of Neat zein having the
maximum decomposition rate at 318.33 °C, with 4 stages of decomposition
process. Ze-GATE appeared to be the most thermally stable among the zein-
based films, while Ze-CAE and Ze-GGE demonstrated higher interaction
between plant extract and the zein matrix, altering their thermal behaviour. All
zein-based films exhibited a high degree of biodegradability indicator, as shown
by the visual inspection of films. It can be concluded that the developed zein-
based films encapsulated with active extract from CAE, GATE, and GGE could
be used as sustainable and biodegradable packaging to enhance the shelf life of
food, albeit some aspect of improvement on its properties such as films
morphology and hydrophobicity would be required depending on the type of
foods.
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Chapter 5
Storage Study of Zein-Based Films on Beef

5.1 Introduction

As zein-based films of Ze-CAE, Ze-GATE, and Ze-GGE, along with Neat zein
were successfully produced, characterised, and assessed for their properties as
previously detailed in Chapter 4, further evaluation of their functionality as active
packaging materials is crucial to determine their effectiveness to reduce the
growth of foodborne pathogens and spoilage microorganisms on foods. In this
study, beef was selected as the sample to determine the effectiveness of the
packaging films, particularly due to its perishable nature and high nutritional
value. Beef is recognised as a rich source of essential nutrients, including
proteins and micronutrients such as vitamins B6 and B12, zinc, magnesium,
selenium, and iron (Williams, 2007). Although the results in Section 4.3.6 showed
that these films possess hydrophilic surface properties, which are undesirable for
wrapping highly perishable foods, particularly beef, they were still selected for this
study. This is because beef serves as an ideal food sample to assess the
effectiveness of these films due to its short shelf-life, likely due to microbial
growth. Therefore, the effectiveness of these films on beef would imply greater
effectiveness against other food products.

In general, consumers’ preferences and purchasing decisions for food products
are heavily influenced by the visual appearance of both the food itself and its
packaging (Gidlof et al., 2017). In terms of packaging aesthetics, transparency
plays a significant role in the decision-making process. Transparent packaging
elements are associated with greater consumer trust and stronger purchase
intentions (Billeter et al., 2012). This is because consumers can use intrinsic
visual cues such as for meat, the colour, fat content, marbling, and drip loss to
assess the freshness and quality of the product, aligning these observations with
their quality expectations (Bredahl et al., 1998; Verbeke et al., 2005; Banovic et
al., 2009). With regards to food products, certain items are only perceived as
acceptable if they fall within a specific colour range (Schwartz et al., 2007, cited
in Robertson, G., 2013d, p.296). For instance, in the case of red meat, a red-
purple colour is typically associated with freshness and high quality, whereas a
brownish colour is commonly perceived as a sign of lower quality (Faustman and
Cassens, 1990; Issanchou, 1996; Carpenter et al., 2001).
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When discussing meat, it is generally categorised into two types: red meat and
white meat. In brief, the red colour observed on the surface of meat is primarily
due to a pigment called myoglobin, which accounts for more than 90% of the total
pigment content in the muscle tissue of red meat animals (Warriss and Rhodes,
1977). In the absence of oxygen (O.), myoglobin exists in the form of
deoxymyoglobin (Mb), which imparts a dull, purplish hue to the meat. When
exposed to O,, myoglobin is converted into oxymyoglobin (O2Mb), resulting in a
bright red colour that typically appears when the muscle is freshly cut and
exposed to air, an appearance generally preferred by consumers (Giddings,
1977, cited in Gill and Gill, 2009, p. 260). However, when meat is exposed to air
for an extended period or when the oxygen concentration drops to between 0.5%
and 1.0%, myoglobin is oxidised to metmyoglobin (MetMb), which gives the meat
a brownish colour (Robertson, G., 2013e). The various forms of myoglobin and
their associated colours are interconvertible and reversible, depending on the
partial pressure of oxygen and the oxidation state of the iron atom within the
myoglobin molecule (Giddings, 1977, Wallace et al., 1982, cited in Gill and Gill,
2009, p. 260). In addition to the chemical and physical state of myoglobin, the
colour of meat is also affected by microbial activity (Robertson, G., 2013e).
Aerobic bacteria in the logarithmic growth phase have a high O> demand, which
reduces the O tension on the meat surface. This also leads to the formation of
metmyoglobin (MetMb) (Robertson, G., 2013e). Typically, the surface of meat
hosts facultative anaerobes, obligate anaerobes, and microaerophilic bacteria,
including Aeromonas hydrophila, Campylobacter spp., C. botulinum,
verotoxigenic E. coli, Salmonella, and L. monocytogenes (Gill and Gill, 2009).
Among these, Pseudomonas and Lactobacillus are predominant in meat stored
at chilled temperatures. These bacteria are classified as psychrotrophs, meaning
they thrive at low temperatures, with optimal growth below 15 °C (Robertson, G.,
2013d; Robertson, G., 2013e). Although fungi (e.g., Candida spp., Cryptococcus
spp., and Rhodotorula spp.) can also be found in meat, bacteria generally grow
faster. As a result, when conditions are favourable for both groups, bacteria
usually outcompete fungi (Dillon and Board, 1991; Robertson, G., 2013d).

Food packaging is therefore essential to maintain the safety and quality of meat.
At present, the commonly used films for meat wrapping are PVC and modified
atmosphere packaging (MAP). PVC is a transparent and inert plastic that is highly
permeable to oxygen and moisture and functions to maintain the red colour of
meat (Lavieri and Williams, 2014). In contrast, MAP provides modifications of
atmospheric gas concentrations using different proportions of O,, CO2, and
nitrogen. This method effectively preserves the bright red colour of fresh meat
and minimises microbial spoilage (Slavica et al., 2010). In summary, food
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packaging plays a crucial role in maintaining meat quality, as it influences
attributes such as colour, flavour, texture, appearance, and safety. While the use
of both PVC and MAP as film wrapping for meat are effective, however, it also
raises concerns regarding the reliance to the plastic materials, suggesting the
need of sustainable alternatives. As discussed in Section 4.3.2, the newly
developed films of Neat Zein, Ze-CAE, Ze-GATE, and Ze-GGE have limitations
in packaging aesthetics. These films lack transparency, and their appearance is
dominated by the natural yellow colour of zein. Figure 5.1 shows a representative
photo of beef wrapped with commercial film (transparent) compared to Ze-CAE
film (opaque) at the beginning of the storage period (day 0). Even though it is
generally mentioned in the earlier part of the introduction, where the transparent
element plays an important role in the decision-making process, several studies
reported mixed responses to the acceptance of the non-transparent packaging
materials. Both the study by Sabo et al. (2017) and Simmonds et al. (2018)
reported on the people’s preference for transparent packaging, while Taylor et al.
(2024) reported contradictory findings where the participants were willing to
spend more to purchase sustainable alternatives regardless of their appearance.
Based on these findings, people’s acceptance of the transparency of packaging
materials varied and has been changing over the years. Therefore, even though
the transparency element could not be achieved in this current research, it is still
important to determine the safety and quality parameters, such as microbiological
activity, water activity (aw), and colour, and compare the findings with those of a
commercially available film.

Figure 5.1 Representative photo of beef (left) wrapped with commercial film and
(right) zein-based films on day 0 of storage.
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Films produced from biobased and biodegradable polymer films, with the
incorporation of active plant extracts might preserve the quality and safety for
beef, as well as offering greener alternative compared to plastic film (Ahmed et
al., 2017). Therefore, this chapter focuses on evaluating the quality and safety of
beef stored at 4 °C over a five-day period using newly developed biobased and
biodegradable zein-based films. For this study, beef samples were prepared by
cutting them into portions weighing 5.0£1.0 g, with approximate surface
dimensions of 2.3 x 2.3 cm. Three key parameters for beef were evaluated:
microbiological activity, aw, and colour. The study duration was set at 5 days,
aligning with the USDA-FSIS recommendation for storing chilled (4 °C) steak
meat, which is typically between 3 to 5 days. Hence, the maximum storage
duration of 5 days was selected for this experiment (USDA-FSIS, 2024). To the
best of the author's knowledge, this is the first study to assess beef quality using
electrospun zein-based films added with plant extracts from Colubrina asiatica,
Garcinia atroviridis, and Gnetum gnemon.

5.2 Aim of the chapter

The aim of the work presented in this chapter was to evaluate the quality and
safety attributes of beef wrapped with zein-based films incorporated with active
antimicrobial plant extracts (Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE) stored
under chilled conditions at 4 °C. This evaluation involved the assessment of
microbiological activity in term of total plate count, water activity (aw), and colour
of beef after stored with Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE films. For
comparison purposes, the same tests were also conducted on beef samples
wrapped using commercial packaging film (Buffalo cling film, China), in order to
benchmark the performance of the newly developed zein-based films against an
existing commercial alternative, with the aim of providing a more environmentally
friendly option for beef wrapping.
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5.3 Results and Discussion

The investigation of quality and safety attributes of beef in terms of
microbiological activity, aw, and colour analysis was conducted in accordance
with the literature by Rotronic (2011), Rollini et al. (2016) and Arezoo et al. (2020).
Shortly after purchasing, all beef samples were cut to a weight of 5.0+1.0 g and
a size of approximately 2.3 x 2.3 cm in surface dimensions. For microbiological
activity analysis, 6 pieces of cut beef samples were placed on a food tray and
wrapped with all test films before storage at 4 °C in the Microbiology Laboratory
(x2 trays were prepared for duplicate measurement). For microbiological activity,
at 24-hour interval, a piece of stored beef was taken out from 4 °C storage,
homogenised, and serial dilution was performed. The diluted solution was plated
on plate count agar, and the bacteria colonies were counted after a 24-hour of
incubation period. The results were expressed as log CFU/g of beef. A similar
preparation step was performed for beef samples for measurement of aw and
colour analyses, with the samples stored at 4 °C in the Food Technology
Laboratory. However, the beef samples from the same tray were used to conduct
the aw and colour tests, with aw measured first, followed by colour analysis. A
whole piece of beef was placed in the aw device, and the result was recorded at
the end of measurement. Subsequently, a colorimeter was used to measure beef
colour once per sample at each time point, with the measurement location
selected randomly.

Overall, the results presented in this chapter exhibited some fluctuations, with
large error bars observed in several tests, especially for the colour analysis.
Several factors may explain these observations. Firstly, the same beef sample
was used for both aw and colour tests due to the scarcity of zein-based film
samples. The films were available in limited quantities due to the malfunctioning
of the electrospinning at the University of Leeds therefore, the film production was
constrained. Furthermore, the availability of plant extracts was also limited.
Consequently, the same beef samples had to be used for multiple tests.
Considering the above factors also resulted in the use of only two replications of
samples for each test in Chapter 5. The low number of sample replications
therefore would likely affect the standard deviation values and power of overall
statistical analysis.

Another important factor that might influence the findings was the beef sample
itself. As the beef was purchased from a local supermarket, the batch of beef also
differs every time of purchase. As the test was performed for a duration of
approximately one month with the beef purchased on every Monday, the
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availability of beef was inconsistent. Some of the tests were using samples from
beef rump steak, while the other part of the tests was using samples of beef fillet
steak (Figure 5.2a). The different batches of beef samples that varied in extrinsic
and intrinsic factors and the heterogeneity of beef parts are therefore expected
to affect the findings, especially for the aw and colour analyses data. The inherent
diversity of the purchased beef samples resulted in the variability of data even on
day 0. The statistical analyses were performed on day 0 for all test data (data not
shown). Even at the beginning of the storage study (day 0), significant variation
was observed for aw and yellow/blue (b*) colour values, proving that different beef
batches/parts played a role for the diversity of data. Nevertheless, in the context
of using different beef batches, which could be one of the determining factors for
the observed fluctuations and large error bars, the results still provide a valuable
general indication of the films’ effectiveness on beef overall. Regardless of the
specific beef cuts used, the findings from the use of films on different beef parts
can be considered beneficial, as they provide relevant and applicable data on the
films’ performance across different range of beef samples.

On the other hand, based on Figure 5.2(b), each beef sample was prepared to a
weight of 5.0+1.0 g and size of approximately 2.3 x 2.3 cm in surface dimensions,
although the thickness varied between samples. Therefore, even though the best
effort was made to ensure uniformity of size, it was quite challenging to obtain
precise similarity in the sample sizes of beef. In addition, the experimental design,
which involved storing the beef in the same tray throughout the study period (five
days) and repeatedly opening and closing the packaging film, is also believed to
have influenced the results. Given these constraints, the findings presented in
this chapter should be interpreted with caution, considering the aforementioned
factors that likely affect the results.
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Figure 5.2 (a) Different beef samples utilised; British beef rump steak and British
beef fillet steak, (b) the beef was cut to 5.0£1.0 g, approximately 2.3 x 2.3 cm in
surface dimensions.

5.3.1 Microbiological activity analysis

Red meat is highly susceptible to spoilage due to its rich protein content, optimum
pH, and high water activity (aw), which create an ideal environment for microbial
growth. This microbial proliferation leads to deteriorative reactions that
compromise meat quality and safety (Dillon and Board, 1991; Robertson, G.,
2013d). Therefore, preventing microbial growth is essential to minimise spoilage
and extend shelf life. In this study, the effect of an extrinsic factor was investigated
by employing various newly developed zein-based films to wrap beef samples. A
similar test was performed on the commercial wrapping film purchased from a
supermarket and the results were compared. The total bacterial counts on raw
beef wrapped with zein-based films and commercial film were monitored over five
days of storage at 4 °C, with results presented in Table 5.1 and Figure 5.3.
Statistical analysis of an applied general linear model and multiple pairwise
comparisons indicated that both the different types of films and storage days
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significantly influenced the total bacterial counts on beef samples (p < 0.05). The
red dotted line in Figure 5.3 represents the microbial safety threshold for chilled
beef, set at log 6.0 CFU/g. A bacterial count reaching log 7.0 CFU/g is considered
indicative of spoilage and renders the product unsafe for consumption (Foods,
1986).

Table 5.1 Bacterial growth observed on beef wrapped with different packaging
films of Neat zein, Ze-CAE, Ze-GATE, Ze-GGE and commercial films.

Total plate count (log CFU/g)
Storage at Neat zein Ze-CAE Ze-GATE  Ze-GGE Commercial

4 °C (Day)

0 0.0+ 0.0+ 0.0+ 0.0+ 0.0+
0.0’ 0.0 0.0 0.0’ 0.0

1 0.0+ 0.0+ 0.0+ 5.4+ 6.2+
0.0’ 0.0 0.0 0.69" 0.30def

2 5.0+ 5.2+ 0.0+ 5.2+ 7.0+
0.0' 0.2M 0.0 0.3" 0.3%°

3 5.2+ 5.4+ 0.0+ 5.8+ 7.4+
0.3" 0.19N 0.0 0.2¢fahi 0.1%®

4 5.8+ 6.0+ 5.5+ 5.7+ 8.0+
0. 2¢fgn 0.3defgn 0.3 0.1foni 0.12

5 6.7+ 6.2+ 6.5+ 5.8+ 8.2+
0.2bcd 0.0°de’s 0.3¢% 0.2¢fgn 0.0°

Bacterial growth (mean + SD, n = 2). Different superscript letters (a-j) indicate
significant differences among means across both rows and columns (Tukey’s pairwise
comparisons, p < 0.05).
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Figure 5.3 Bacterial growth observed on beef wrapped with different packaging
films of Neat zein, Ze-CAE, Ze-GATE, Ze-GGE and commercial films during five
days of storage at 4 °C. The red dotted line represents the microbial safety
threshold for chilled beef, set at log 6.0 CFU/g.

Based on Table 5.1 and Figure 5.3, on day 0, no bacterial colonies were detected
on any beef samples, regardless of film types. However, from day 1 onwards,
bacterial growth was observed in samples wrapped with the commercial film, with
the total colony count increasing progressively over the storage period. On day
1, bacterial growth was absent in beef samples wrapped with Neat zein, Ze-CAE,
and Ze-GATE films, while minimal growth was detected on Ze-GGE-wrapped
beef (log 5.4+0.6 CFU/g). From days 2 to 3, there were no statistically significant
differences in bacterial counts among Neat zein, Ze-CAE, and Ze-GGE films (p
> 0.05). Notably, the Ze-GATE film effectively inhibited bacterial growth until day
3. By day 4, bacterial loads among all zein-based films showed no significant
differences (p > 0.05). On the final storage day, the commercial film exhibited the
highest bacterial load, reaching log 8.2+0.0 CFU/q, significantly higher than the
counts observed for all zein-based films (p < 0.05). The total counts for Neat zein,
Ze-CAE, Ze-GATE, and Ze-GGE on day 5 were log 6.7+0.2 CFU/g, log 6.2+0.0
CFU/g, log 6.5+0.3 CFU/g, and log 5.8+0.2 CFU/qg, respectively.

The findings of this study demonstrated that zein-based films were more effective
at inhibiting bacterial growth on chilled beef compared to existing commercial film
options. Bacterial counts on beef wrapped in commercial film increased
progressively during storage, exceeding the microbial safety limit of log 6.0 CFU/g
only after one day of storage and reaching log 8.2 CFU/g by day 5. These results
indicated that commercial packaging was insufficient for maintaining microbial
safety during extended chilled storage. In contrast, all zein-based films
maintained bacterial levels below the safety limit up to four days storage period.
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Among the zein-based films, Ze-GATE showed the strongest antibacterial
performance during the early storage period, completely inhibiting bacterial
growth until day 3. This suggests the presence of potent antimicrobial compounds
in the plant extract used for Ze-GATE, such as organic acids (Mackeen et al.,
2000; Tan et al., 2013; Lim et al., 2020). The findings from the investigation of
antimicrobial activity in Chapter 3 also highlighted that GATE exhibited the
highest antibacterial activity when subjected to the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) tests, which
supports the performance observed for the Ze-GATE film in this section.
However, its bacterial count increased by day 5, indicating that its effectiveness
may decrease over time, and it is recommended to use this film only up to three
storage days.

Ze-GGE was the only zein-based film to show bacterial growth on day 1 (log
5.4+0.6 CFU/g), but by day 5, it had a significantly lower bacterial count (log
5.8+0.2 CFU/g) compared to Neat zein (log 6.7+0.2 CFU/g) and commercial film
(log 8.2+0.0 CFU/qg) (p < 0.05). This observation suggests that the Ze-GGE film
may exhibit a delayed or sustained antimicrobial effect. Previous studies have
demonstrated that zein-based films are capable of controlled release of active
compounds, with the release kinetics influenced by the presence of specific
functional groups such as phenolics, flavonoids, and the overall hydrophobicity
of the incorporated compounds (Ouattara et al., 2000; Ozdemir and Floros, 2003;
Arcan and Yemenicioglu, 2011; Arcan and Yemenicioglu, 2013). Notably, G.
gnemon leaves are known to be rich in hydrophobic bioactive constituents,
including phytol, oleic acid, 2,3-dihydroxypropyl icosanoate, and cis,cis,cis-
7,10,13-hexadecatrienal. It is therefore plausible that the hydrophobic nature of
these compounds contributes to a slower release profile, thereby accounting for
the delayed or sustained antimicrobial activity observed in the Ze-GGE film (Dutta
et al., 2018, Trisha et al., 2024). It could be proposed that the observed lower
antimicrobial activity shown in Chapter 3 for GGE is due to this delayed or
sustained antimicrobial activity, as the antimicrobial tests in Chapter 3 were
limited to a 24-hour (bacteria)/ 48-hour (fungi) period, whereas the current
storage study assessed the bacterial growth over a five-day duration.

Neat zein, which did not contain any added plant extract, still demonstrated
antimicrobial activity. This suggests that zein may possess inherent antibacterial
properties. However, as Neat zein was not tested in earlier antimicrobial
screenings (Chapter 3), direct comparisons are not possible, and further research
is needed to evaluate its standalone antibacterial efficacy and potential functional
groups responsible for microbial inhibition. Overall, zein-based films containing
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plant extracts (Ze-CAE, Ze-GATE, and Ze-GGE) were more effective than
commercial film in controlling bacterial growth. These results support the potential
of zein-based films as active packaging materials to improve the microbiological
safety and extend the shelf life of chilled beef. The effectiveness of each film
appears to depend on the specific extract used and its antimicrobial properties,
which was consistent with the findings of antimicrobial activities demonstrated for
CAE, GATE, and GGE against five foodborne pathogens, as discussed in
Chapter 3.

The findings of the antimicrobial effects of plant extract-based films from this
study, particularly those incorporating G. atroviridis are in agreement with the
previous studies, where the films successfully reduced microbial loads in
perishable food products. For example, Sivanasvaran et al. (2021) investigated
the microbiological quality of chicken meat wrapped in a chitosan film containing
5% (v/v) G. atroviridis extract and stored at 4 °C for 15 days. The results showed
a significant reduction in total colony counts, with the treated sample exhibiting
log 6.10 CFU/g compared to log 8.17 CFU/g in the control. Similarly, Zaman et
al. (2018), reported that wrapping Indian mackerel in a chitosan-G. atroviridis film
extended its shelf life by approximately 3.5 days compared to unwrapped
samples under refrigerated storage (4 °C) over a 6-day period. Although storage
studies using film applications for C. asiatica and G. gnemon are limited, several
investigations have confirmed their antimicrobial properties. Raunsai et al. (2021)
reported that the minimum inhibitory concentration (MIC) of C. asiatica leaf
extract exceeded 512 yg/mL against both S. aureus and E. coli. Additionally,
Desai et al. (2015) observed antimicrobial activity of C. asiatica extract against E.
coli, S. aureus, and Streptococcus pneumoniae, with inhibition zones of 8 mm,
9 mm, and 10 mm, respectively. The preservative potential of G. gnemon was
demonstrated in a study by Kato, E. et al. (2009), in which powdered G. gnemon
extract was incorporated into potato salad stored at 20 °C for three days. The
bacterial cells were significantly reduced, with bacterial counts decreasing from
2.0 x 10° in the control to 7.9 x 10% in the sample treated with 0.2% extract.

In summary, both types of films and storage days influenced the growth of
bacteria on beef samples. Zein-based films were more effective at controlling the
bacterial growth on the stored beef samples compared to commercial film. Among
the zein-based films, Ze-GATE showed the strongest inhibition of bacterial
growth up to the first three days of storage. In addition, Ze-GGE consistently
exhibited lower bacterial growth over a five-day period (below log 6.0 CFU/g),
with significantly reduced bacteria growth than Neat zein and commercial film on
day 5, suggesting its potential for extending beef storage life. It is important to
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mention that this study solely focused on bacterial growth, further investigation
into fungal growth could provide valuable insights into other spoilage
microorganisms in beef.
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5.3.2 Water activity (aw)

Water activity (aw) is a key intrinsic property of food that influences its stability,
safety, and quality. It plays a critical role in the occurrence of deteriorative
reactions in foods, such as microbial growth, alteration in enzymatic activity, and
chemical changes including lipid oxidation and Maillard browning (Labuza et al.,
1977; Robertson, G., 2013d). By definition, aw is the ratio of the water vapour
pressure of a substance to the vapour pressure of pure water at the same
temperature (Labuza et al., 1977). Certain microorganisms, such as bacteria,
yeasts, and moulds, have minimum aw levels below which they are unable to
grow. Most bacteria need a higher aw than moulds or yeasts (Robertson, G.,
2013d). On the other hand, preserving the a of food relates to the quality attribute
of foods, therefore, it is essential to study the aw to further understand its role in
food preservation, packaging, and formulation. In this study, the aw of beef
samples wrapped with commercial and zein-based films during five days of
storage at 4 °C was measured, and the data is presented in Table 5.2 and Figure
5.4. Statistical analysis of the applied general linear model showed that only
storage duration influences the aw of the beef samples (p < 0.05). However,
subsequent investigation of multiple pairwise comparisons found there was a
significant influence of different packaging films versus storage time on the aw
values observed on certain storage day and packaging film (p < 0.05).

Table 5.2 Water activity of beef wrapped with different packaging films of Neat
zein, Ze-CAE, Ze-GATE, Ze-GGE and commercial films.

Water activity (aw)
Storage at  Neat zein Ze-CAE Ze-GATE Ze-GGE Commercial
4 °C (Day)
0 0.916+ 0.907+ 0.901+ 0.908+ 0.913+
0.005% 0.000%® 0.000%° 0.004% 0.0042
1 0.894+ 0.879+ 0.896+ 0.901+ 0.902+
0.002%° 0.000%  0.001%° 0.007%° 0.009%°
2 0.881+ 0.884+ 0.896+ 0.877+ 0.882+
0.007230< 0.001%<  0.007%° 0.019%< 0.0043<
3 0.906+ 0.901+ 0.908+ 0.869+ 0.909+
0.013% 0.002%° 0.018% 0.000° 0.0032
4 0.914+ 0.888+ 0.864+ 0.878+ 0.851+
0.0162 0.007%<  0.001% 0.0242b<d 0.007¢
5 0.852+ 0.864+ 0.866+ 0.883+ 0.907+
0.001¢ 0.014% 0.001°% 0.0223< 0.005%

Water activity (aw) (mean £ SD, n = 2). Different superscript letters (a-d) indicate
significant differences among means across both rows and columns (Tukey’s
pairwise comparisons, p < 0.05).
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Figure 5.4 Water activity of beef wrapped with different packaging films of Neat zein, Ze-CAE, Ze-GATE, Ze-GGE and

commercial films during five days of storage.
Data represent means of n = 2, (mean + SD, n = 2). Different superscript letters indicate significant differences among means across both days and type
of films (Tukey’s pairwise comparisons, p < 0.05). The different bar colours represent the different storage day; light grey- Day 0, olive green- Day 1, blue-

Day 2, green- Day 3, dark grey- Day 4, dark blue- Day 5.
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Based on Table 5.2 and Figure 5.4, the aw of beef using Neat zein, Ze-CAE, Ze-
GATE, Ze-GGE, and commercial film showed high values and remained relatively
stable during the first two days, with no significant differences observed among
samples (p > 0.05). On day 3, a noticeable decrease in aw was observed for beef
wrapped with Ze-GGE (0.869+0.000) compared to the commercial film
(0.909+0.003) (p < 0.05), however, this difference was not significant when
compared to Ze-GGE on day 0 (p > 0.05). On the next storage day (day 4), more
pronounced differences were observed where the aw of beef wrapped with two
other films, Ze-GATE (0.864+0.001) and commercial film (0.851+0.007) had
significantly decreased in aw compared to their respective values on day 0 (p <
0.05). On the final day of storage, only the beef wrapped with Ze-GATE
(0.866+£0.001), Ze-GGE (0.883+0.022), and commercial film (0.907+0.005)
maintained aw values similar to those recorded on day 0 (p > 0.05). The findings
from this study showed the aw values of beef samples measured at above 0.850
throughout the study duration with slight decreases observed over time. The Neat
zein and zein-based films, particularly Ze-CAE showed significantly reduced aw.
This observation is considered a normal occurrence when utilising packaging
materials that are derived from biodegradable packaging materials such as zein,
as the produced film has high water vapour permeability owing to the hydrophilic
nature of film, and the prolonged exposure to moisture will further increase the
water vapour permeability of the film (Parris et al., 1997; Chen, C. et al., 2020).

In brief, the aw for all beef samples suggests that during the first two days, all the
packaging films were effective in retaining the aw of all beef samples. This
indicates that the beef maintained its quality from the day of purchase. The
significant decline in aw observed in Neat zein and Ze-CAE on the last storage
day, indicated lower aw of beef on day 5 compared to day 0. The decline in the
aw of beef wrapped with Neat zein is expected, as previous study have reported
higher water vapour permeability of Neat zein film, without the addition of
bioactive compounds, thereby allowing greater moisture transfer from food
products to the surrounding atmosphere (Escamilla-Garcia et al., 2017).
However, the use of Ze-CAE also resulted in a reduction in aw on day 5, indicating
higher water vapour permeability, which contradicts to the findings obtained by
Escamilla-Garcia et al. (2017), who observed that the addition of active
constituents such as essential oils significantly decreased the water vapour
permeability of the film compared to the control zein film. This discrepancy could
be attributed to the different substances incorporated into the film materials and
the use of different primary polymers, including a blend of zein and chitosan in
their study. The different substances may have different chemical structures and
polar groups, as water vapour permeability is dependent on the number of polar
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groups the polymer contains (Higushi and Aguiar, 1959, cited in Gontard et al.,
1992, p. 194). The author also observed that the previous report employed the
film casting method for film preparation, which differs from the method used in
this study, which may affect the overall water vapour permeability property. From
this study, Ze-GATE and Ze-GGE showed a slight reduction in aw of the beef
compared to day 0, however they did not significantly influence the aw over five
days of storage. This indicates the better potential of these two films in preserving
the aw in wrapped beef samples, as well as maintaining their juiciness, rendering
them acceptable to customers. In contrast, commercial film exhibited consistently
higher aw (except for day 4), demonstrating better retention of juiciness, but
speeds up spoilage due to microbial growth. The findings from Section 5.3.1 on
the microbiological analysis support the fact that aw is responsible for the
microbial growth, as the microbial growth data for beef wrapped in commercial
film show the highest bacterial growth after five days of storage, compared to
beef wrapped in zein-based films of Ze-GATE and Ze-GGE, which show a
reduction in microbial growth. These results suggest that the commercial film
(absence of active antimicrobial compounds), compared to Ze-GATE and Ze-
GGE films, promotes microbial growth by allowing microorganisms to utilise
unbound, free water present in the beef to carry out enzymatic reactions,
synthesise cellular materials, and participate in other biochemical processes
(lulietto et al., 2015). This observation also aligns with the concept of hurdle
technology, where the combination of two or more preservation parameters acts
synergistically to control microbial growth (Singh and Shalini, 2016). In the
present study, the incorporation of plant extracts into zein-based films,
particularly in Ze-GATE and Ze-GGE may provide an additional antimicrobial
hurdle that limits microbial proliferation, even when water activity remains
relatively favourable for microbial growth. Further investigation into hurdle
technology for the preservation of beef would be valuable for future research, and
future work are therefore recommended.

While direct comparative data on the aw of zein-based films produced in this study
with the previous literature is limited, indirect comparison, such as the rate of
water loss in food products can be performed. A recent study by Wang, X. et al.
(2024) reported that strawberries coated with zein and gum Arabic with the
addition of trans-cinnamaldehyde did not result in significant weight loss of
strawberries over 7 days of storage at 4 °C. A separate study also reported a
significantly lower weight loss percentage of strawberries wrapped with multilayer
zein film (between 6.30+£0.54% and 7.02+0.22%) compared to the control film
(8.34+£0.74%) (Moradinezhad et al., 2024). These data are consistent with the
present study, which indicates that zein-based films, particularly with the addition
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of active extracts such as Ze-GATE and Ze-GGE, have the potential to effectively
preserve perishable food products. In summary, different storage days had a
greater influence on the aw of beef samples compared to the different packaging
films. Overall, the trend showed a decrease in aw over time when using Neat zein
and Ze-CAE and the preservative ability of aw when Ze-GATE, Ze-GGE, and
commercial films were used. However, several fluctuations in the aw values were
observed across samples, for instance in commercial film, as the aw decreased
on day 4 and increased back again on day 5. The possible explanation could be
due to the factors discussed earlier in the results and discussion part, such as
the effects of low sample size (n = 2), different batches of beef with different beef
parts, the beef cut into 2.3 x 2.3 cm in surface dimensions, and the opening and
closing of the beef packaging every day, which likely influence the results.
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5.3.3 Colour analysis

Colour is one of the primary factors that influence an individual’s decision for the
selection of food products. In this study, colour measurements were carried out
to determine the variation in the colour of the beef surface wrapped with different
zein-based films during a five-day storage period at 4 °C, as per CIELAB colour
space. The beef samples were assessed for three colour indexes, which are
lightness (L*), red/green (a*), and yellow/blue (b*). The L* scale ranges from 0 to
100, with the lowest value corresponding to the white colour and the highest value
equivalent to black. Meanwhile, positive a*indicates the red colour spectrum, and
negative a* denotes the green colour. For b*, positive b* represents yellow colour,
and negative b* indicates blue colour (Viscarra Rossel et al., 2006). The colour
data of beef samples is presented in Tables 5.3 to 5.5 and Figures 5.5 to 5.8.

The L* values of beef wrapped with zein-based films are shown in Table 5.3 and
Figure 5.5. Statistical analysis of the applied general linear model showed that
storage duration had a greater influence on the L* values of the beef samples
compared to the type of films (p <0.05). In general, a decreasing trend was
observed for all beef samples wrapped with most of the films over the five-day
storage period. However, further statistical analysis of multiple pairwise
comparisons found no significant decline in L* values of beef samples during a
5-day storage duration using different packaging films (p > 0.05). The
discrepancy between the general observation and statistical data could be due to
high variability among the samples, as observed in relatively large error bars for
most of the samples. Since the statistical analysis was intended to observe the
interaction of means of L* a* and b* across both days and type of films, the
analysis of a large set of data resulted in large error bars in some of the samples.
In addition, the difference could be due to the heterogeneity of the beef samples,
which resulted in variable L* values (as discussed in the earlier part of the
discussion). According to literature, the L* value of meat is associated with the
light scattering, a process in which the light is diffused or deflected by collisions
with particles of the medium that it traverses. In the case of meat, the light can be
scattered by a medium such as connective tissue, muscle fibre structures and
any intracellular and extracellular fluids. Therefore, the extent of light scattering
is influenced by the structural attributes of meat, which consequently affect the L*
value. A high L* value indicates high light scattering, which can be observed in
low pH or light-coloured meat, while a low L* value demonstrates less scattering
at the meat surface and greater light absorption by the medium, commonly
observed in high pH or dark-coloured meat (Hughes et al., 2014). A recent study
by Hu et al. (2023) reported an increase in L* values up to 4 days of storage and
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a declining trend thereafter up to 12 days of storage at 4 °C for beef wrapped with
allicin-zein gelatin films with varying allicin concentrations. In contrast, the
present study observed consistent L* over five days. The discrepancy may be
due to the difference in storage duration of beef (5 days versus 12 days), as a
longer storage period generally leads to greater surface water loss in beef,
resulting in a darker surface appearance. Reduced surface water results in the
reduction of surface reflectivity, thereby reducing the L* value (Hughes et al.,
2014; Hu et al., 2023). In brief, the data obtained from this study suggest that the
lightness of beef samples remained consistent over the course of five days of
storage, although slight declines in L* values were observed, they were not
statistically meaningful, suggesting that zein-based films preserved the lightness
and structural integrity of beef during 5 days of storage.

Table 5.3 Colour of beef wrapped with different packaging films of Neat zein, Ze-
CAE, Ze-GATE, Ze-GGE and commercial films: (L)

Lightness (L%

Storage at Neat zein Ze-CAE Ze-GATE Ze-GGE Commercial
4 °C (Day)
0 32.11+ 33.26+ 33.21+ 35.17+ 33.55+
3.81° 4.74° 2,73 0.42% 0.34%
1 29.21+ 34.54+ 34.27+ 32.39+ 35.24+
2.55° 2.55° 1.582 3.712 0.072
2 30.36+ 33.18+ 33.79+ 34.13+ 30.69+
6.38° 0.96° 1.642 2.23° 4.58°%
3 24 .14+ 28.78+ 30.75+ 30.22+ 31.96+
4.77° 4.02% 4.98% 4.67° 0.142
4 26.18+ 22.03+ 24.16+ 34.86+ 34.18+
6.20° 1.062 6.36° 4.01° 3.59°
5 2411+ 22.20+ 25.78+ 23.03+ 24. 71+
2.67° 5.28? 3.56° 1.36° 2.98°

Colorimeter values (mean + SD, n = 2). Different superscript letters indicate significant
differences among means across both rows and columns (Tukey's pairwise
comparisons, p < 0.05).
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Figure 5.5 Lightness (L*) of beef wrapped with different packaging films of Neat zein, Ze-CAE, Ze-GATE, Ze-GGE and
commercial films.

Data represent means of n = 2, (mean = SD, n = 2). Different superscript letters indicate significant differences among means across both days and type
of films (Tukey’s pairwise comparisons, p < 0.05). The different bar colours represent the different storage day; light grey- Day 0, olive green- Day 1, blue-
Day 2, green- Day 3, dark grey- Day 4, dark blue- Day 5.
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The a*values of beef samples are elaborated in Table 5.4 and illustrated in Figure
5.6. Statistical analysis of the general linear model showed that both the different
types of films and storage days significantly influenced the a* values of the beef
samples (p <0.05). A general observation of the data showed the decreasing
trend in a* values, indicating the shift of red beef colour towards green colour.
Further statistical analysis of multiple pairwise comparisons revealed that
significant decline occurred only on certain a* values of storage day and
packaging film (p < 0.05). For example, the a* value of beef wrapped with Ze-
GGE on day 5 (9.77+2.33) was significantly lower than that of beef wrapped with
Ze-GGE on day 0 (26.29+1.07) (p < 0.05). There was no significant difference in
a* values of beef samples between day 0 and day 5 observed for Neat zein, Ze-
CAE, and Ze-GATE, as well as for commercial film (p > 0.05). The data suggests
that Neat zein, Ze-CAE, Ze-GATE, and commercial films retained the red colour
of the beef samples after five days of storage. The significant decline in the a*
values for Ze-GGE could be justified as the faster formation of metmyoglobin
(MetMb) on the surface of beef wrapped with Ze-GGE. As the beef was freshly
cut to 5.0£1.0 g on day 0, the new surface exposed to O, resulted in the bright
red colour observed, indicating the formation of oxymyoglobin (O-Mb) (Giddings,
1977, cited in Gill and Gill, 2009, p. 260). As the storage day increased, and the
beef surface was exposed to the air for a prolonged period of time, the O2Mb will
be oxidised to MetMb, which gives the beef a darker red colour, as seen in Figure
5.7 on day 5 (Robertson, G., 2013e). It can be speculated that MetMb formation
occurred at a faster rate in beef wrapped with Ze-GGE compared to other zein
films. This a* value indicated the beef on day 5 has undergone discolouration,
where its original red colour was shifted due to the exposure to oxygen for an
extended period of time and the formation of MetMb.

It is important to acknowledge that there was a fluctuation in data for Ze-CAE,
where on day 3 (14.18+0.16), beef wrapped with Ze-CAE had a significantly lower
a* value compared to day 0 (27.69+1.82), and the value increased again on days
4 (18.46+1.96) and 5 (17.67+0.80). A similar trend was observed in the beef that
was wrapped with Ze-GATE. The a* values were substantially reduced on day 1
(17.23£1.12) and day 2 (16.93+0.37), but then regained the similar a* as on day
0 (29.33+2.09) from day 3 onwards. These fluctuations may be attributed to the
influencing factors of this present work, which are previously addressed in the
earlier part of discussion, such as different beef parts with varying structural
characteristics, e.g., the presence of fat strands, which likely influence the colour
analysis data. Previous studies by Hu et al. (2023) and Unalan et al. (2011)
showed a reduction in a* values during the storage study when zein-based films
were employed on beef and ground beef patties, respectively. The a* value for
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beef on day 12 (~6.11) was significantly lower than that of day 0 (>10) (Hu et al.,
2023). The a*/b* index of beef patties also significantly reduced after 7 days of
storage, recorded below 1.0 (Unalan et al., 2011). In general, these findings imply
that the reduction of a* values in beef is expected after some period of storage
as the biochemical process of MetMb formation. Preserving the red colour of beef
is important, as it is closely associated to freshness and acceptability of
consumer. Based on these findings, Neat zein, Ze-CAE, Ze-GATE, and
commercial films were effective in maintaining the redness of the beef samples
after five days of storage.

Table 5.4 Colour of beef wrapped with different packaging films of Neat zein, Ze-
CAE, Ze-GATE, Ze-GGE and commercial films: (a*).

red/green (a*)

Storage at Neat zein Ze-CAE Ze-GATE Ze-GGE Commercial
4 °C (Day)
0 24.64+ 27.69+ 29.33+ 26.29+ 27.15+
1.223° 1.82% 2.09% 1.07% 4.72%
1 26.37+ 21.24+ 17.23% 18.09+ 24.21+
1.60% 1.263bce 1.12bcde 3.128abcde 0.373¢
2 17.52% 17.92+ 16.93% 16.96% 21.06+
6.87b0de 4.62abcde 0.37bcde 201 bcde 1 .388bcde
3 18.17+ 14.18% 19.36% 13.83% 18.86%
0.04abcde 0 1 60de 0.28abcde 5.390de 21 Sabcde
4 20.28+ 18.46% 18.31% 9.92+ 16.87%
2.4oabcde 1 .968bcde 1 .84abcde 1 .O5de 51 3bcde
5 16.89% 17.67% 18.24+ 9.77+ 21.39+
5.38bcde 0.8QPcde 1.343bcde 2.33° 1.0430d

Colorimeter values (mean + SD, n = 2). Different superscript letters (a-e) indicate
significant differences among means across both rows and columns (Tukey’s pairwise
comparisons, p < 0.05).
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Figure 5.6 Red/green opponent colours (a*) of beef wrapped with different packaging films of Neat zein, Ze-CAE, Ze-GATE,

Ze-GGE and commercial films.
Data represent means of n = 2, (mean = SD, n = 2). Different superscript letters indicate significant differences among means across both days and type
of films (Tukey’s pairwise comparisons, p < 0.05). The different bar colours represent the different storage day; dark blue- Day 0, orange- Day 1, dark

green- Day 2, blue- Day 3, purple- Day 4, green- Day 5.
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Figure 5.7 The comparison of beef colours over a five-day storage period using different films of Neat zein, Ze-CAE, Ze-GATE,

Ze-GGE, and commercial films. The beef colour gradually progressed from a bright red colour, with a moist and tender
appearance (Day 0), to the darker colour, stale, and dry appearance (Day 5).
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Additionally, the values for b* were measured, and the data are presented in
Table 5.5 and Figure 5.8. A general linear model analysis showed that storage
days significantly influenced the b* values of the beef samples (p <0.05).
Subsequent analysis of multiple pairwise comparisons revealed significant
influence of different packaging films versus storage time only occurred on certain
b* values of storage day and packaging film (p < 0.05). Similar to the a* value,
the b* value of beef wrapped with Ze-GGE on day 5 (6.38+0.57) was significantly
lower than that of beef wrapped with Ze-GGE on day 0 (13.46+0.93) (p < 0.05).
There was no significant difference in b* values observed between day 0 and day
5 for Neat zein, Ze-CAE, Ze-GATE, and commercial film (p > 0.05). The data
suggest that all zein-based films possessed a similar ability to preserve the b*
values (yellowness) of beef on day 5, with no significant alterations from day O,
with the exception of samples wrapped with Ze-GGE. Generally, the reduction of
b* values indicates that the colour shifted away from yellow to blue. This shift is
associated with the decrease of O2Mb content due to oxygen consumption by
microorganisms in beef, suggesting loss of freshness (Bozkurt, 2007). Therefore,
according to these findings, the beef wrapped with Ze-GGE on day 5 showed a
significant reduction in freshness compared to the beef on day 0. It can be
observed that some fluctuations in b* values occurred in the beef wrapped with
zein-based films, compared to commercial film, even though the effect was not
significant. For instance, the fluctuation in the b* values between day 0 and 3.
This fluctuation is likely due to the interference of the zein film itself, which is
dominated by the yellow zein colour, which has been previously highlighted in
Chapter 4. Sometimes, a small piece of film attached to the beef samples, and
despite efforts to remove it, some film debris remained on the surface of the beef,
likely contributing to variability in the b* values. The findings of water contact
angle presented in Chapter 4 also indicate that all zein-based films exhibit
hydrophilic and wetting properties, which may explain the ease of attachment of
the film debris to the beef. A previous study reported an overall significant decline
in b* values of beef samples, however the zein film with the addition of the active
antimicrobial substance of allicin showed better preservation of beef colour for 12
days of storage duration (Hu et al., 2023). When comparing the previous data
with the current findings, the colour preservation of zein films is dependent on the
types of active substances added. As for this study, the zein-based films of Ze-
CAE and Ze-GATE showed better colour preservative ability compared to Ze-
GGE during five storage days.
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Table 5.5 Colour of beef wrapped with different packaging films of Neat zein, Ze-
CAE, Ze-GATE, Ze-GGE and commercial films: (b™).

yellow/blue (b*)

Storage at Neat zein Ze-CAE Ze-GATE Ze-GGE Commercial
4 °C (Day)
0 11.24+ 13.40% 14.49+ 13.46% 13.29%
0.19% 1.05° 2.83° 0.93% 3.172
1 14.43+ 13.58% 11.10% 11.85% 13.44+
0.83° 0.08? 1.15% 2.28%° 1.27°2
2 12.45% 13.21% 11.43% 11.15% 12.46%
1.75% 3.16° 0.41% 0.04% 0.37%
3 11.54+ 12.11% 10.73% 9.89+ 11.87+
0.37% 2.38% 0.38% 0.21% 1.072°
4 10.82+ 6.59+ 11.20% 10.02+ 10.88%
0.07% 0.60° 1.55% 0.69% 2.89%
5 9.02+ 8.60+ 9.67+ 6.38+ 10.39+
0.69% 0.60% 0.57% 0.57° 2.22@°

Colorimeter values (mean + SD, n = 2). Different superscript letters (a-b) indicate
significant differences among means across both rows and columns (Tukey’s pairwise
comparisons, p < 0.05).
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Figure 5.8 Yellow/blue opponent colours (b*) of beef wrapped with different packaging films of Neat zein, Ze-CAE, Ze-GATE,
Ze-GGE and commercial films.

Data represent means of n = 2, (mean = SD, n = 2). Different superscript letters indicate significant differences among means across both days and type
of films (Tukey’s pairwise comparisons, p < 0.05). The different bar colours represent the different storage day; dark blue- Day 0, green- Day 1, brown-
Day 2, light yellow- Day 3, light grey- Day 4, pink- Day 5.
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In brief, the author found that the results for colour analysis were quite
ambiguous. Based on the results of the overall colour analysis, the data
demonstrated similar or little variation in colour. However, visual observations (as
shown in the photos in Figure 5.7) appeared to contradict the colour
measurements obtained from the colorimeter, suggesting a discrepancy between
perceived and instrumentally measured colour attributes. The visual inspection
showed the beef colour gradually progressed from a bright red colour, with a
moist and tender appearance, to the darker colour, stale, and dry appearance
over the five storage days. As such, the results were expected to have some
significant influence on the L* a* and b* values. However, the data indicated
results that were contrary to expectations. The possible explanation for the
discrepancy may be due to large error bar values that made the overall colour
analysis not significantly differ. In addition, it could be speculated that the
experiment using a colorimeter measured at only certain random spots, in which
the samples might appear differently when observed visually as a whole beef
sample. Thus, this might explain the difference between the data obtained by the
colorimeter and the perceived beef colour by the naked eye. As the visual
inspection of beef is the critical factor in decision-making for beef purchases,
therefore, these results highlighted further work needed, such as sensory
analysis performed by trained sensory panellists. In addition, the author cannot
rule out the possible influence of the factors mentioned at the start of the
discussion part, such as the effects of low sample size (n = 2), different batches
of beef with different beef parts, the beef cut into 2.3 x 2.3 cm in surface
dimensions, and the opening and closing of the beef packaging every day, which
likely influence the colour analysis results.

To summarise, storage duration had more effect on the colour of beef than the
type of packaging film. In general, the L* values of beef wrapped with zein-based
films were consistent throughout the study period, showing values that were
comparable to those of commercial film. On day 5, the a* value of beef wrapped
with Ze-GGE was significantly lower compared to day 0, meanwhile the a* values
in beef wrapped with Neat zein, Ze-CAE, and Ze-GATE between day 0 and day
5 retained, which were similar to those observed with commercial film. As for the
b*values, the beef wrapped with Ze-GGE on day 5 had a significantly lower value
when compared to day 0. However, no significant difference in b* values was
observed across various packaging films, including for commercial film on day 5.
Visual observation, however, found contradictory findings, as the author’s
observed some significant colour changes to the beef samples over the storage
period. Therefore, future study of sensory analysis performed by trained sensory
panellists is recommended.
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5.4 Conclusion

This chapter presents the findings of the storage study of beef wrapped with zein-
based films (Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE) and their comparison
with commercially available film. This study examined quality and safety attributes
through the assessment of three parameters, which are microbiological activity,
aw, and colour analysis. In addition, this chapter also presents a statistical
analysis for a comparison of different types of packaging films and storage
durations on the quality and safety aspects of beef.

The microbiological analysis demonstrated that the newly developed zein-based
films were more effective at controlling the bacterial growth on the stored beef
samples compared to commercial film. Among the zein-based films, Ze-GATE
showed better bacterial-controlling ability for the first three days of storage,
however by the fifth day, it showed similar activity with Ze-CAE and Ze-GGE. In
addition, Ze-GGE consistently exhibited lower bacterial growth over a five-day
period (below log 6.0 CFU/g) and recorded significantly lower bacterial growth
compared to Neat zein and commercial film on day 5, suggesting its potential for
extending beef storage life. The growth of bacteria on beef samples was
influenced by both film types and storage duration. In the case of aw, the beef
wrapped with Neat zein, and Ze-CAE showed a reduction in aw after 5 days of
storage, meanwhile the one wrapped with Ze-GATE and Ze-GGE maintained
similar aw as of day 0. Ze-GGE had a comparable awon day 5, similar to those of
commercial film. Different storage days had a greater influence on the aw of beef
samples compared to the different packaging films. In the colour analysis, the L*
values of beef remained stable across all films. Only beef wrapped with Ze-GGE
showed a significant decrease in a* and b* values by day 5, while other films
maintained consistent a* and b* values, similar to those observed in commercial
film. The analysis showed that storage duration had a greater impact on the
beef’s colour than the type of packaging film. The colour analysis, however,
exhibited quite ambiguous results because the visual observation contradicted
the experimental data. Therefore, future study of sensory analysis performed by
trained panellists is recommended.

In brief, all zein-based films demonstrated superior performance compared to the
commercial film regarding the inhibition of microbial growth on beef. Ze-GATE
film was useful for beef storage up to 3 days, while Ze-GGE film exhibited
potential for a longer storage period of up to five days. The aw of beef samples
reduced over the storage period when using Neat zein and Ze-CAE films,
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however, the use of Ze-GATE, Ze-GGE, and commercial films showed the
preservative ability of aw. The colour analysis of the beef samples resulted in
ambiguous results, and sensory analysis is recommended for future work. The
factors such as low sample size (n = 2), different batches of beef with different
beef parts, the beef cut into 2.3 x 2.3 cm in surface dimensions, and the opening
and closing of the beef packaging every day should be considered during the
analysis of the findings from this chapter.

Overall, the newly developed zein-based films, especially Ze-GATE and Ze-GGE
exhibited antibacterial properties, indicating their potential as active antimicrobial
food packaging. The ability of these films to inhibit bacterial growth is particularly
valuable in food safety and preservation. However, their hydrophilic nature
presents a significant drawback, especially for wrapping perishable foods such
as beef, as it results in moisture absorption, alters the structural integrity of the
packaging, and affects the properties of beef, including colour. Due to this
limitation, zein-based films may not be suitable for direct application with beef
unless further modifications are made to improve their hydrophilic properties.
They could be effectively utilised for packaging of semi-perishable foods such as
dried fruits, nuts, and bakery items. The hydrophilic characteristics of the films
would not adversely affect these applications, and they would benefit from their
antimicrobial functionality. Therefore, while existing formulations may not be
suitable for beef packaging, the films may exhibit promising potential for use in
alternative food packaging applications.
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Chapter 6
General Discussion

6.1 Summary of the research

The demand for biodegradable materials has been growing over the past few
years, particularly in the packaging industry. Single-use plastics contribute to the
generation of plastic waste, which later accumulates in landfills and pollutes both
terrestrial and marine environments (Thompson et al., 2009; IUCN, 2024). Zein
is a corn by-product, high in protein, that attracts ongoing interest among
researchers owing to its properties. In particular, zein recognised as GRAS, has
good film-forming properties and high biocompatibility and is a biobased and
biodegradable product (Shukla and Cheryan, 2001; Corradini et al., 2014; FDA,
2024). In addition, Malaysia hosts many varieties of flora, most of which are still
underutilised, including C. asiatica, G. atroviridis, and G. gnemon. These three
plants have been consistently researched for their biological potential, such as
antioxidant, antimicrobial, antiobesity, and anti-inflammatory potential (Ramlan,
2003, cited in Tan, T.Y.C. et al., 2020, p. 1; Shahrul, 2023). However, there is a
lack of knowledge about the application of these plants after evaluating their
activities. Therefore, this PhD study seeks to contribute to the knowledge on the
application of the active extracts from these plants for the development of active
antimicrobial packaging films, utilising zein as primary packaging material.

This thesis addressed three key areas. Firstly, the extraction and evaluation of
the biological potential of C. asiatica extract (CAE), G. atroviridis extract (GATE),
and G. gnemon extract (GGE) using varying ethanol ratios and two different
extraction methods. Secondly, the development of active antimicrobial packaging
film utilising zein and active extracts, followed by an investigation into the quality
and safety of beef stored with the developed films for a duration of five days.
Primarily, this study proposed a suitable solvent ratio and extraction method with
respect to the biological activities tested, along with comparative data on the total
phenolic content, antioxidant capacity, and antimicrobial activity of various
processed extracts. Secondly, a novel workflow for developing active
antimicrobial zein-based films incorporating CAE, GATE, and GGE was
suggested. Finally, the assessment of beef safety and quality following storage
with newly developed films under chiller conditions was conducted and compared
across different films.
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6.2 Discussion points and contribution of the thesis

6.2.1 Effect of different ethanol ratios and extraction methods on
yield and biological activities

Traditionally, medicinal plants are extracted through the solvent extraction
method. Recent research has led to the development of many new techniques,
such as Soxhlet extraction, microwave-assisted extraction (MAE), ultrasound-
assisted extraction (UAE), accelerated solvent extraction (ASE), and supercritical
fluid extraction (SFE), as discussed in Chapter 1. The extraction of CAE, GATE,
and GGE is commonly performed by solvent extraction, as reported in the
previous studies (Kato, E. et al., 2009; Desai and Gaikwad, 2014; Desai et al.,
2015; Lim et al., 2020; Irma et al., 2021). Limited data is available for the
extraction of these extracts using other extraction methods. In addition, there are
no universal reports on the evaluation of the biological activities of these three
plant extracts using different extraction methods and ethanol ratios. Therefore,
the present study aimed to address the gap in the extraction efficiency by using
different solvent ratios of ethanol-to-water and two different extraction methods
and how they influence the recovery of yield, total phenolic content, antioxidant
activities, and antimicrobial properties. The detailed parameters used for solvent
extraction and MAE, and the different ethanol ratios were elaborated in Chapter
2.

The effects of different ethanol ratios and extraction methods on yield and
biological activities were detailed in Chapter 3 and summarised in Table 6.1. The
findings highlighted that the different ethanol ratios had a more significant impact
on the extraction yield and bioactivities than the extraction methods, albeit the
effect of the extraction method was apparent in certain tests as well. Based on
Table 6.1, the influence of ethanol ratio and extraction method varied between
tests, making it challenging to establish only one best/optimal ethanol ratio and
extraction method. The use of the aqueous ethanol ratio consistently showed a
higher activity for most of the tests, as the combination of water and organic
solvent may facilitate the recovery of bioactive phytoconstituents that are soluble
in water and/or organic solvents (Do et al., 2014; Hikmawanti et al., 2021). The
reason for the varying ethanol-to-water ratios used is that different ratios result in
changes in the ethanol concentration, which lead to the alteration of the physical
properties of the solvent, such as density, dynamic viscosity, and dielectric
constant. The change would result in the modification of the solubilities of
compounds that further influence the yield and the biological activity (Frank et al.,
1999, cited in Cacace and Mazza, 2003, p. 243). This section provides a valuable
insight into the suitable ethanol ratio and extraction method for maximising yield
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and biological activities of CAE, GATE, and GGE. The findings can guide the
choice of extraction method, whether conventional solvent extraction or MAE,
based on the available resources, and the option for a sustainable extraction
procedure by selecting a lower ethanol ratio without compromising the biological
activity.

Table 6.1 The influence of ethanol ratio and extraction method.

Test General linear model Tukey’s pairwise comparisons

Influence of  Influence of Results with higher yield/ activity
ethanol ratio  extraction
method

Extraction yield  YES NO

CAE: 0-50 ethanol, solvent
CAE: 0-75 ethanol, MAE
GATE: 0-75 ethanol, solvent
GATE: 0-50 ethanol, MAE
GGE: 0-75 ethanol, solvent &
MAE

CAE: 0-50 ethanol, solvent
CAE: 0-75 ethanol, MAE
GATE: 50-100 ethanol, MAE
GGE: 0-75 ethanol, solvent
GGE: 0-100 ethanol, MAE
CAE: 25-75 ethanol, solvent
CAE: 0-75 ethanol, MAE
GATE: 0, 75-100 ethanol,
solvent

GATE: 75-100 ethanol, MAE
GGE: 50-75 ethanol, solvent
GGE: 75 ethanol, MAE

CAE: 0 ethanol, solvent
GATE: 50-75 ethanol, solvent
GATE: 0 & 100 ethanol, MAE
GGE: 0, 50, 100 ethanol,
solvent

e GGE: 100 ethanol, MAE

Total phenolic YES YES

content

Antioxidant: YES YES to
DPPH GATE

Antioxidant: YESto CAE YES to
FRAP & GGE GGE

Test Highest activity

e GGE100-S lowest MBC against
B. cereus

Antimicrobial 10  No analysis for MBC
mg/mL

Antimicrobial 50  No analysis for MBC * GATES0-S/M lowest MBC
against all bacteria tested
mg/mL e CAE50-M lowest MFC against

C. albicans
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6.2.2 Comparison of the biological activities of CAE, GATE, and
GGE and their potential as active antimicrobial agents

The consumption of CAE, GATE, and GGE is associated with various biological
activities, such as antioxidant, antimicrobial, antiobesity, and anti-inflammatory
effects. Previous studies on the biological activities of these plants are elaborated
in Chapter 1. While previous studies have documented the individual biological
properties of these plants, no prior research has focused on a comparative
analysis using various ethanol ratios and the MAE procedure. Since these plants
are widely used in traditional medicine and as a food source, it is important to
scientifically assess their potential. Therefore, this study evaluated and compared
the biological potential of CAE, GATE, and GGE based on total phenolic content,
antioxidant capacity, and antimicrobial activity, as discussed in Chapter 3. The
experimental protocols used for these assessments are outlined in Chapter 2.

The results of the present study indicated that all plant extracts exhibited varying
degrees of extraction yield and biological activities. GATE had the highest
extraction yield; however, it exhibited the lowest biological activities of total
phenolic content and antioxidant activity. The higher yield observed in GATE
could be due to the extract which was derived from fruit that contained a higher
level of soluble phytoconstituents compared to CAE and GGE, which were
obtained from leaves (Jena et al., 2002; Desai and Gaikwad, 2014; Shahid et al.,
2022; Siripongvutikorn et al., 2023). Although GATE demonstrated the lowest
phenolic content and antioxidant capacity, antimicrobial tests against five
foodborne pathogens at starting concentration of 50 mg/mL of GATE exhibited
that GATE had the lowest MBC values, indicating higher antibacterial activity than
CAE and GGE. Meanwhile, for a test at a similar starting concentration, CAE
exhibited higher antifungal activity against C. albicans. The finding of the
antibacterial activity of GATE is in agreement with the results reported by
Mackeen et al. (2000), who found that GATE possessed antibacterial activity but
not antifungal activity. The antifungal activity of the methanol fraction of CAE was
also previously reported by (Irma et al., 2021). In addition, Pearson correlation
analysis demonstrated that a significant correlation between total phenolic
content and DPPH and FRAP was observed only in CAE, but not in GATE and
GGE. Therefore, it is suggested that the biological activity of CAE is
predominantly due to phenolic compounds such as flavonoids and saponins
(Mat-Ali, 2008; Desai and Gaikwad, 2014; Irma et al., 2021). Meanwhile, a higher
antibacterial activity exhibited by GATE might be due to compounds other than
phenolics. Hydroxycitric acid (HCA) was reported to be the main organic acid
found in GATE, which may contribute to the observed activity (Jena et al., 2002).
In the case of GGE, the activity is possibly derived from diterpene alcohol,
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monoacylglycerols and triterpenoids (Dutta et al., 2018; Trisha et al., 2024). The
general rank order of the biological activity of the plant extracts of CAE, GATE,
and GGE is summarised in Table 6.2.

Table 6.2 The rank of biological activity of the plant extract.

Test Rank order/ highest activity
Extraction yield GATE > CAE > GGE
Total phenolic content GGE > CAE > GATE
Antioxidant: DPPH CAE > GGE > GATE
Antioxidant: FRAP GGE > CAE > GATE

Antimicrobial 10 mg/mL GGE > GATE > CAE

Antimicrobial 50 mg/mL antibacterial: GATE
antifungal: CAE

A diverse range of data on the biological activities of CAE, GATE, and GGE was
obtained from this current and previous studies. The discrepancies might be due
to different geographical locations, processing, transportation, and storage
conditions of the samples prior to analysis, and those conditions can affect the
availability and stability of bioactive compounds present in the sample. In
addition, the extraction parameters, solvents, and concentrations might have
influenced the data. Additionally, differences in data analysis methods across
studies, such as differences in the reporting units, make it challenging to compare
results, as they are only comparable when presented in a consistent format.

Overall, the findings presented in Chapter 3 demonstrated the suitability of these
extracts for the formulation of active antimicrobial films. Among all C. asiatica
extracts, the extract of CAES0-S was selected for future research because it
produced a higher yield and phenolic content, along with stronger antioxidant and
antimicrobial activities, especially against B. cereus at lower concentrations. As
for G. atroviridis, GATE100-M was selected due to its stronger antimicrobial
performance, showing a larger inhibition zone and a lower minimum bactericidal
concentration (MBC), compared to other GATE samples. For G. gnemon,
GGES0-M was chosen for its higher bioactivity, and it was available in sufficient
quantity for further testing. Based on their biological activities and extract
availability, three extracts of CAES0-S, GATE100-M, and GGES50-M were
selected for the development of biodegradable packaging films, utilising zein as
the primary packaging material.
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6.2.3 Electrospinning as a novel approach to develop zein-based
films incorporated with CAE, GATE, and GGE

The approach of using electrospinning for the development of packaging film is
due to the inherent advantages, such as its non-thermal process and its ability to
produce materials with a high surface-to-volume ratio, tailored morphology, and
high encapsulation efficiency (Anu Bhushani and Anandharamakrishnan, 2014).
The details on the electrospinning concept are elaborated in Chapter 1, and the
electrospinning parameters used are detailed in Chapter 2. The results and
discussion on the development of active antimicrobial zein-based films and their
characterisation are presented in Chapter 4. Prior to the production of the Neat
zein film, a preliminary study was conducted to determine the optimal zein
concentration for electrospinning, as outlined in Supplementary Materials 2.
The preliminary experimental data indicated that a 30% zein concentration was
the most suitable for producing fibres with a smooth film following electrospinning.
Therefore, 30% zein was selected for the development of active antimicrobial
zein-based film. To the best of author’s knowledge, this is the first study to report
the production and characterisation of Ze-CAE, Ze-GATE, and Ze-GGE films
employing the electrospinning method.

The main findings in this section were related to the development of active
antimicrobial films from zein and CAE, GATE, and GGE and the characterisations
of the films. Neat zein, Ze-CAE, Ze-GATE, and Ze-GGE films were successfully
prepared using 30% (w/v) zein as a primary polymer material and incorporated
with 5% (w/w) of active plant extracts via electrospinning. All zein-based film
solutions exhibited viscosities ranging from 0.1377 to 0.1790 Pa.s, aligning with
the optimal range for electrospinning (0.1 to 2.0 Pa.s) (Fong et al., 1999).
Viscosity is the crucial factor that determines the suitability of polymer solution for
electrospinning, as it affects both the fibre diameter and morphology (Demir et
al., 2002; Zong et al., 2002). In short, the solutions of Ze-CAE, Ze-GATE, and Ze-
GGE demonstrated superior shear thinning properties compared to Neat zein at
shear rates ranging from 0.1 to 1.0 s, indicating better pseudoplastic behaviour.
The addition of CAE, GATE, and GGE did not influence the viscosity of the zein
polymer solution at a shear rate of 100 s™.

The resulting films were light cream-coloured, opaque, smooth, and thin films,
with the Ze-GATE and Ze-GGE films exhibited an additional granular-like
appearance on their surfaces. An examination using SEM at magnifications of
5000X revealed the formation of fibres, predominantly appearing as flat ribbon-
like structures, with apparent string formation on Ze-CAE and Ze-GGE. The
strings’ formation suggests the successful incorporation of CAE and GGE into the
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zein polymer matrix during the electrospinning process (Salevic et al., 2022). As
the string formation is associated with the cross-linking of phenolics, the absence
of string in the Ze-GATE film could be explained by its lower amount of phenolic
content, as mentioned in Chapter 3, and thereby supports the results of this
section (Gaikwad et al., 2020; Zhang, Xuegian et al., 2021; Munir et al., 2023).
The analysis of fibre diameter and film thickness found that Ze-GGE exhibited
significantly higher fibre diameter and thickness compared to other films, likely
due to the higher viscosity of Ze-GGE relative to other zein solutions. A high
viscosity solution is linked with reduced jet stretching, which leads to a shorter jet
path and the formation of larger fibres during electrospinning. It is also correlated
to a higher solid content, as shown by the highest phenolic amount in GGE,
leading to the deposition of thicker fibres on the plate collector (Kameoka et al.,
2003; Phiriyawirut and Phaechamud, 2012).

The encapsulation efficiency data showed the rate of encapsulation of CAE,
GATE, and GGE exceeded 90%, demonstrating a high level of encapsulation of
these extracts within the zein polymer matrix. This corresponds to the structure
of a-zein, the primary class of zein, characterised by glutamine-rich bridges that
enhance interactions with bioactive molecules through hydrogen bonding (Lai et
al., 1999; Zhang, Xinrui et al., 2021). The water contact angle of films measured
between 20° and 35° after 2 seconds, demonstrating hydrophilic and wetting
characteristics. In comparison to the control film of Neat zein, the incorporation
of CAE, GATE, and GGE into Ze-CAE, Ze-GATE, and Ze-GGE films,
respectively, did not significantly affect the water contact angle. The FTIR spectra
of Ze-CAE, Ze-GATE, and Ze-GGE indicated that the addition of the plant
extracts to zein fibres did not produce new peaks, suggesting successful
encapsulation of the extracts within the zein fibres without significantly altering
their structural integrity. The spectra also highlighted the formation of hydrogen
bonds between zein and the plant extracts, evidenced by a majority of bands
shifting to lower frequencies in the Ze-CAE and Ze-GGE films, while some bands
exhibit similar shifts in the Ze-GATE film (Ratajczak, 1972; Coleman et al., 1988;
Mattia and Painter, 2007; McDowell, 2025).

The incorporation of zein-based fiims with CAE, GATE, and GGE showed
comparable or reduced thermal properties. Neat zein demonstrated the
maximum decomposition rate at 318.33 °C, with four stages of decomposition
and a residue of 19.43%. Ze-GATE appeared to be the most thermally stable
among the zein-based films, exhibiting a temperature of maximum decomposition
rate of 319 °C, with five decomposition stages and a residue of 21.64%. Ze-CAE
and Ze-GGE demonstrated higher interaction between plant extract and the zein
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matrix, observed from the reduced maximum decomposition rate temperature to
308.17 °C and 305.17 °C, respectively. This suggests the interaction of these two
extracts with the zein matrix, results in reduced protein-protein interactions of
zein. All zein-based films exhibited a high degree of biodegradability indicator, as
shown by the breakdown of films into smaller fragments under visual inspection
after 12 days of burial in soil. Overall, it could be concluded that Ze-CAE, Ze-
GATE, and Ze-GGE films can be used as sustainable and biodegradable
packaging film, with necessary improvement on the hydrophobicity property
required depending on the type of foods.

6.2.4 The quality of beef stored with newly developed zein-based
films

Foods, especially fresh produce, poultry, and raw meat are frequently subjected
to foodborne pathogens and food spoilage microorganisms. These contaminants
can be introduced in any stages of food supply chain including production,
processing, storage and transportation (Thakali and MacRae, 2021). Foodborne
pathogens are responsible for foodborne iliness, which can, in severe instances,
result in fatality. In contrast, spoilage microorganisms lead to food contamination
and quality deterioration (Linscott, 2011; Amit et al., 2017; Wessner et al., 2020).
The details of the common foodborne pathogens and food spoilage
microorganisms are outlined in Chapter 1. This present study focuses on the role
of active antimicrobial packaging films to minimise the growth of foodborne
pathogens and food spoilage microorganisms. The use of biobased and
biodegradable packaging film offers a greener alternative compared to plastic
film. In addition, the antimicrobial potential of extracts would enhance the function
of films to preserve the quality and safety of raw beef. Chapter 2 elaborated on
the experimental procedures used to analyse the beef quality and safety for 5
days of storage at 4 °C.

Based on the results in Chapter 5, statistical analysis revealed that both types of
film and storage days significantly influenced the growth of bacteria on beef
samples. The total plate count results showed that Neat zein and zein-based films
of Ze-CAE, Ze-GATE, and Ze-GGE were more effective in inhibiting bacterial
growth on chilled beef compared to commercial film after 5 days of storage at 4
°C. The total plate count values ranged from 5.8+0.2 to 6.7+0.2 log CFU/g, which
were lower than commercial film’s value of 8.2+0.0 log CFU/g. Overall, the data
suggest that Ze-GATE is more suitable for the shorter duration of beef storage
up to 3 days, while Ze-GGE is more effective for longer storage duration of up to
five days, as indicated by the consistently low log CFU/g value of beef wrapped

199



with Ze-GGE (below log 6.0 CFU/g) compared to other films throughout the study
duration. The findings for the Ze-GATE are in agreement with the antimicrobial
results in Chapter 3, which reported that it had the highest antimicrobial activity
as compared to CAE and GGE. For GGE, it is assumed that the hydrophobic
compounds in GGE exert a delayed or sustained antimicrobial effect, as shown
by the maintained log CFU/g value of bacteria for the beef wrapped with Ze-GGE
over five days of storage (Dutta et al., 2018; Trisha et al., 2024).

As for water activity (aw), storage days had a pronounced effect on the aw
compared to the different film types. The data revealed a downward trend in aw
over time when using Neat zein and Ze-CAE. Ze-GATE and Ze-GGE were
considered better films to wrap beef, as they showed moderately lower a\ but did
not significantly affect the overall aw during the five-day storage period. This
finding suggests the capability of these two films to preserve the aw in wrapped
beef samples and maintain their juiciness, thereby ensuring consumer
acceptability. Commercial film exhibited higher aw, demonstrating better retention
of juiciness, however, this also increases the risk of faster spoilage due to
microbial growth. Colour analysis showed no significant variation in lightness (L*)
values of beef across different films and storage duration. This evidence suggests
that all zein-based films helped maintain the L* values of beef, thereby preserving
the muscle structure integrity of the beef (Hughes et al., 2014). A significant
variation in red/green (a*) and yellow/blue (b*) was only observed on day 5 for
Ze-GGE, which was statistically significant different compared to the same film
on day 0. This variation in a* and b* for the beef wrapped with Ze-GGE indicates
a faster rate of MetMb formation occurred in Ze-GGE film compared to other zein
films (Robertson, G., 2013e). The colour analysis, however, exhibited quite
ambiguous results, as visual observations contradicted the instrumental data.
Therefore, future studies involving sensory analysis by trained panellists are
recommended. The findings from this section should be interpreted with a caution
due to several influencing factors, such as low sample size (n = 2), different
batches of beef with different beef parts, the beef cut into 2.3 x 2.3 cm in surface
dimensions, and the opening and closing of the beef packaging every day, as
discussed in the earlier results and discussion part of Chapter 5.

Overall, the newly developed zein-based films, particularly Ze-GATE and Ze-
GGE demonstrated antibacterial properties, suggesting their potential application
as active antimicrobial food packaging especially for the food items that are highly
susceptible to bacterial spoilage. These films effectively reduced bacterial
growth, which is crucial for food safety and preservation. Nonetheless, the
hydrophilic characteristics present a considerable limitation, particularly in the
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context of wrapping perishable items like beef, as they lead to moisture
absorption, compromise the structural integrity of the packaging, and influence
the properties of beef, including its colour. Zein-based films may be unsuitable
for direct application with beef due to this limitation, unless modifications are
implemented to improve their hydrophilic properties. However, they may be
effectively utilised for packaging of semi-perishable foods, where the hydrophilic
nature of the films is less likely to cause adverse effects, and their antimicrobial
functionality will provide advantages. Thus, although the current formulations are
not ideal for beef packaging, the films demonstrate significant potential for other
food packaging applications.

6.3 Research limitations

The author acknowledges the following limitations of the current research, as
detailed below:

Covid-19 impact: Due to the Covid-19 pandemic, the access to the laboratories
was restricted. It was not possible to commence the lab work until 9 months after
enrolment in the PhD study. Thus, this impacted the overall progress of the
project, which limited the scope and duration of the study.

Data collection and research: The electrospinning machine, essential for
producing film samples, was out of operation from July 2024. As a result, the
author could not produce more films for subsequent biodegradation and storage
studies, thus hindering the overall timeline of the research. In November 2024,
the author received an update that the electrospinning machine could not be
repaired, leading to the decision to outsource the subsequent film production to
an electrospinning company in ltaly. Given the constraints related to cost and
availability of plant extracts, only sufficient Ze-CAE, Ze-GATE, and Ze-GGE films
were produced for application in the storage studies. Therefore, in Chapter 5, the
experiment was performed with only two replicates of samples.

Another limitation of this study is the lack of information regarding the
phytochemical composition of the plant materials used. For C. asiatica and G.
gnemon leaves, although the plant materials were freshly collected, the stage of
growth of the leaves at the time of collection was unknown. As for G. atroviridis
fruits, the samples were purchased from a local market in Terengganu, Malaysia
where information regarding factors such as the stage of fruit maturity during
harvest, processing conditions, and the location of collection was not available.
Since these factors can significantly influence the phytochemical profile, and
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consequently, the bioactivity of plant extracts, these gaps in information are
acknowledged as study limitations.

In addition, for the evaluation of antimicrobial activity in Chapter 3 and the
microbiological assay conducted during the storage study in Chapter 5, the plant
extracts and zein-based films were assessed for their ability to reduce microbial
growth. However, there remains a risk of beef contamination that may lead to
foodborne diseases caused by bacterial toxins, (e.g., Shiga toxin-producing E.
coli O157:H7 or botulinum toxin from Clostridium botulinum) where even at very
low doses can cause the disease. These toxin-related risks were not evaluated
in the present study. Furthermore, this study focused only on contamination
occurring on the surface of packaged foods, using beef cuts as the model food
samples. In a broader context, contamination can also occur inside of beef, such
as in minced or ground beef, which was beyond the scope of this present work.

In term of experimental approaches, the limitations of the selected assays in
Chapter 3 were also acknowledged. For example, in the total phenolic content
assay, non-phenolic reducing agents (e.g., reducing sugar and certain amino
acids) present in the system may also reduce the Folin-Ciocalteu reagent. This
could consequently lead to an overestimation of the total phenolic content (Blasco
et al., 2005; Munteanu and Apetrei, 2021). In the evaluation of the antioxidant
activity of the plant extracts using the DPPH inhibition assay, the method
measured absorbance values, where antioxidant activity is indicated by a
decrease in absorbance over time. However, the plant extracts themselves
exhibited inherent colours (e.g., dark green, dark brown, and yellow), which may
potentially interfere with DPPH absorbance readings. These methodological
limitations, which were not included in the earlier discussion sections, are
therefore acknowledged in this section.

Timeframe of study: This study was funded by Majlis Amanah Rakyat, Malaysia,

for only four years. Therefore, all the experimental design, data analysis, and
thesis writing were structured to be completed within this four-year timeframe.
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6.4 Future directions

This research has established a detailed workflow for investigating the biological
activities of CAE, GATE, and GGE, followed by the development of active
packaging films from zein and incorporated with the active plant extracts using
electrospinning. The three selected active extracts of CAE, GATE, and GGE were
incorporated into zein film to assess their efficacy as wrapping film for beef.
Further studies should be initiated to explore the other potential of these
packaging films. Some of the suggestions for future work directly related to
research are addressed as follows:

The incidence of food contamination and spoilage results from the
proliferation of microbial flora, encompassing a range of bacterial and
fungal strains. In this present study, the initial antimicrobial screening of
the plant extracts involved five strains of foodborne pathogens and only
one fungal strain. The subsequent investigation into microbiological
analysis of total plate count using zein-based films focused mainly on
bacterial growth. In order to fully explore the antimicrobial potential of
these plants (CAE, GATE, and GGE), whether in the form of crude extract
or as a film, it is recommended that the antimicrobial testing include a
broader range of fungal species and the evaluation of the total plate count
for fungi also be performed.

The film casting is a traditional method to produce biodegradable films. As
this current study employed an advanced electrospinning method, there is
a gap in knowledge regarding the Ze-CAE, Ze-GATE, and Ze-GGE films
produced using the traditional method, as no prior research has been
conducted on film casting with these plant extracts and zein as packaging
materials. Future research on this aspect could bridge the findings from
the current study and provide a comparison of the films’ properties and
applications produced by two different procedures.

The film produced is commonly evaluated for its physical, mechanical and
barrier properties to ensure it can be successfully used as packaging
material. While physical properties such as thickness, SEM, wetting and
thermal properties were successfully evaluated in this present study, other
mechanical and barrier properties were not assessed. The mechanical
properties of packaging materials are essential for preserving food quality
throughout handling and storage in the supply chain, as the quality of
packaging materials directly impacts these processes (Murrieta-Martinez
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et al., 2018). Barrier properties are critical in assessing the shelf life of food
products. These properties assess the interaction of water, gases, and
light with packaging materials, which are key factors in the physical and
chemical degradation of food products (Miller and Krochta, 1997; Germain,
1997, cited in Siracusa et al., 2008, p. 636). In this context, there is a need
for future studies to assess films’ mechanical and barrier properties, such
as tensile strength, gas permeability, and water vapour permeability.

Among the very essential aspects of this present work is the
biodegradability of the films. Although the soil burial test was performed to
study the biodegradability of the films, this test was acted only as an
indicator of biodegradability, as the results only involved the visual
observation of the breakdown of films upon burial in soil after 12 days of
burial, indicating the initial microbial activity of converting polymer to
smaller molecular weight fragments (Mohee et al., 2008). The ultimate
biodegradation of film is when the microorganism converts these
fragments into biomass, minerals, water, and gases, which can be
measured by carbon dioxide evolved or biochemical oxygen demand
(BOD). Therefore, it is imperative to perform a biodegradation test study
according to ASTM or ISO standard procedures, as these two standard
protocols measure the conversion of the small fragments into biomass,
minerals, and gases, and finally are able to explore the full biodegradability
potential of films (ASTM, 2012; ISO, 2019).

The testing of the quality of stored food using various packaging materials
often involves the measurement of their ability to inhibit microbial growth,
aw, colour and texture analysis of food products. While the first three
aspects were determined in this study, the texture analysis could not be
completed due to the scarcity of film samples. Although a preliminary study
on the texture profile analysis was conducted, comprehensive data were
not available. In this study context, the texture determination of beef via
texture profile analysis is important, as it correlates to perceived sensory
attributes, and the data will provide information such as the beefs
tenderness, springiness, and chewiness, which are all related to overall
beef quality. Therefore, it is suggested that future studies include the
texture profile analysis of beef wrapped with the film samples to examine
its textural attributes over the storage period.

In addition to the instrumental analysis on beef, utilising tools such as
colorimeter and Texture analyser, it is advisable to conduct sensory
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analysis. As previously mentioned in the discussion of colour analysis in
Chapter 5, the colour analysis results from the colorimeter were
inconsistent with the visual observations. Therefore, it is recommended to
perform sensory evaluation by trained sensory panellists to assess the
quality attributes of beef samples, as visual inspection plays a crucial role
in the decision-making process for beef purchases.

In this study, the active extracts were selected for the development of
active antimicrobial films of Ze-CAE, Ze-GATE, and Ze-GGE. The
knowledge of the specific compound responsible for the biological
activities would be advantageous in terms of future work. Therefore, it
would be interesting to identify the active compounds from these extracts
via GCMS, HPLC or NMR equipment, as these instruments could identify
volatile and non-volatile bioactive compounds and give detailed structural
information of the identified compounds.
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6.5 Conclusion

This study aimed to examine and compare the biological potential of extracts from
underutilised medicinal plants of C. asiatica, G. atroviridis, and G. gnemon as
active antimicrobial agents. The focus was on their application as biobased and
biodegradable film packaging, particularly for use as wrapping film, with raw beef
was selected as a food sample representing typical microbial risks in foods.
Current reports on these plants are limited due to the native nature of the plants
(Southeast Asia), where most of the research has been conducted by local
researchers. There is a gap in the knowledge on the development of active
packaging film incorporated with these plant extracts, employing biobased and
biodegradable materials. Many studies have focused on the evaluation of the
biological activities alone, and no further research was conducted following the
investigation. Reports on the development and characterisation of film packaging
using these plant extracts, especially employing the electrospinning method, are
still scarce, highlighting the importance of this study.

In this study, a new scope of knowledge was successfully established, providing
a comparison of the biological activities between CAE, GATE, and GGE using
different extraction methods and ethanol ratios. The findings indicated that the
ethanol ratio had a more significant effect on the extraction yield and biological
activities than the extraction method. Following the evaluation of biological
activities, the active extracts of CAES0-S, GATE100-M, and GGES0-M were
selected for the development of biodegradable packaging films. Novel zein-based
films of Ze-CAE, Ze-GATE, and Ze-GGE were successfully produced using
electrospinning, with zein as the primary polymer at 30% concentration and 5%
(w/w) of the selected active extracts. All the beef samples wrapped with the zein-
based films, particularly Ze-GATE and Ze-GGE, exhibited reduced bacterial
growth over a five-day storage period, indicating a higher antibacterial activity
than the commercial film tested in this study. However, the hydrophilic nature of
films posed a limitation for beef packaging, indicating the need for further work to
improve their properties as well as their application across a broader range of
food products. The outcomes of this research contribute to the knowledge for the
development of active antimicrobial films developed from biobased and
biodegradable materials, aiming to reduce the reliance on plastic packaging in
the food industry and giving major players from the industry an option for the
sustainable alternative. Importantly, this research also provides valuable data on
three underutilised medicinal plants from Malaysia, making it accessible to the
global scientific community and encouraging further research.
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Appendix A
Supplementary Materials

Supplementary Materials 1(a) Morphology of plant extract: CAE.

Plant extract  Ethanol ratio Morphological of solvent extraction Morphological of MAE extracts
extracts
CAE 0% Dark brown, coarse powder Dark brown, coarse powder
25% Dark brown, coarse powder Dark brown, coarse powder with coagulates

(R1, R2), Dark brown, mixed coarse and fine
powder with small coagulates (R3)

50% Dark brown, coarse powder with small  Dark brown, sticky coagulate (R1), Dark
coagulates brown, coarse powder (R2, R3)
75% Dark green, coarse powder with small Dark green, small coagulates (R1), Dark
coagulates green, coarse powder with small coagulates
(R2, R3)
100% Dark green, sticky coagulate Dark green, sticky coagulate

*R1: replicate 1, R2: replicate 2, R3: replicate 3
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Supplementary Materials 1(b) Morphology of plant extract: GATE.

Plant extract Ethanol ratio Morphological of solvent extraction Morphological of MAE extracts
extracts
GATE 0% Light brown, sticky coagulate Light brown, sticky coagulate (R1), Dark

brown, small sticky coagulates (R2, R3)

25% Dark brown, sticky coagulate (R1, R2), Dark brown, sticky coagulate
Dark brown, sticky coarse powder with
small coagulates (R3)

50% Dark brown, sticky coagulate Dark brown, sticky coagulate

75% Mixed dark and light brown, sticky Mixed dark and light brown, sticky coarse
coarse powders powders

100% Dark brown, sticky coagulate Dark brown, sticky coagulate

*R1: replicate 1, R2: replicate 2, R3: replicate 3
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Supplementary Materials 1(c) Morphology of plant extract: GGE.

Plant extract Ethanol ratio Morphological of solvent extraction Morphological of MAE extracts
extracts
GGE 0% Dark brown, sticky coagulate Light brown, fine powder
25% Dark brown, coarse powder (R1, R2), Dark brown, coarse powder

Dark brown, big coagulate (R3)

50% Dark brown, sticky coagulate (R1), Dark brown with sticky big coagulate (R1),
Dark brown, coarse powder (R2), Dark Dark brown, coarse powder (R2, R3)
brown, coarse powder with small
coagulates (R3)

75% Dark green, coarse powder Dark green, fine powder

100% Dark green, sticky coagulate Dark green, sticky coagulates

*R1: replicate 1, R2: replicate 2, R3: replicate 3
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Supplementary Materials 2 Morphology of zein-based films from 16% to 30% zein concentration.
Zein solution Viscosity  Film morphology (visual and SEM)
concentration (Pa.s)

(%)

16 0.01924-
0.04675

20 0.03539-
0.2919

‘Width = 60.02 ym

251



Supplementary Materials 2 continued

25 0.0420-
0.1598

30 0.1605-
0.2586
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Supplementary Materials 3 Calibration curves of the plant extracts, used for the determination of encapsulation
efficiency in Section 4.3.5.
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