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Abstract

Food waste is a critical global issue contributing significantly to methane emissions, which
is a potent greenhouse gas. Addressing this issue requires innovative solutions, such as
adopting a circular economy approach to valorise food waste. This thesis evaluates the use
of Black Soldier Fly larvae (BSFL) for the bioconversion and valorisation of organic waste.
BSFL can efficiently convert low-value organic waste into high-quality lipids, proteins, and
chitin. It focuses on the use of supercritical carbon dioxide (SC-CO?2) for extracting valuable
products like BSFL oil and chitin and investigates potential biomedical applications for these
products. An in vitro test is conducted to assess the cytotoxicity of BSFL lipid for biomedical
applications. Chitin and chitosan are obtained from the defatted BSFL using SC-CO2,
followed by hydrolysis to remove minerals and proteins. Additionally, a chitosan-based

hydrogel has been synthesized to demonstrate its potential application in biomedicine.

SC-CO2 is used to extract high-value oils from BSFL, and this method is compared against
traditional solvent extraction. A response surface modelling (RSM) approach is used to
optimise the SC-CO2 extraction conditions by examining the effect of temperature (30 — 50
°C), pressure (150 — 400 bar), and extraction time (1 — 3 hours) on larval oil recovery (lipid
yield %), fatty acid composition (mainly lauric acid), and the ratio of saturated fatty acids
(SFA). The SC-CO2 extraction is found to outperform conventional solvent extraction

across all measured responses, significantly improving the SFA concentration ratio.

When maximising larval oil recovery, the SC-CO2 extraction method achieves a recovery
of 35.6%, which is 5.6% higher than solvent extraction, when extracting for 2.2 hours at
366 bar and 43 °C. Moreover, a multi-objective optimisation leads to a combined maximum

larval oil recovery of 30.1%, maximum lauric acid content of 52.0 g/100g, and a minimum

vi



SFA ratio concentration of 5.0, achieved under SC-CO2 conditions of 400 bar, 46.8 °C, and
1.4 hours of extraction time. This optimisation method can also target extraction of fatty

acids from BSFL, achieving a better SFA ratio by manipulating SC-CO2 process conditions.

Lipids extracted from BSFL using SC-CO2 are rich in lauric acid, beneficial for cell
migration, wound healing, and antibacterial applications. These lipids are safe, non-
cytotoxic, and valuable within the circular economy. BSFL is also a source of biopolymers,
chitin and chitosan, with alpha chitin forming about 5% of the dry matter of the BSFL and
being biodegradable. This study highlights the use of BSFL-derived chitosan for hydrogels,
exhibiting unique properties. Hydrogels with higher gelatin content have a 288% swelling
ratio and degrade significantly, while those with more chitosan degrade slower and have a
137% swelling ratio. These chitosan-based hydrogels are promising for wound dressings,

tissue scaffolds, and drug delivery.

This thesis shows that SC-CO2 extraction is a promising method for enhancing the
conversion of low-value waste to high-value biomedical resources. This SC-CO2 method
can also be scaled up for industrial use, enhancing the circular economy performance of
organic waste resources and creating new businesses and markets for BSFL products and
by-products. By utilising innovative SC-CO2 extraction techniques, this study offers an
environmentally friendly solution for mitigating food waste and producing valuable
resources. Integrating BSFL into waste management fills an important gap in resource
recovery systems and contributes to a more sustainable and circular future. This offers a

model for circular economies globally that could revolutionise food waste management.
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CHAPTER 1: INTRODUCTION

Food production, or more specifically, food waste generated from daily human requirements,
has had a negative effect on the environment. According to the United Nations, food, energy,
and water are the building elements of sustainability. The need for all three has risen rapidly
as the world's population has grown, which is directly proportional to the quantity of food,
clean water, and energy used. Traditional methods of energy production also require
significant amounts of fresh water. Nonetheless, the agricultural sector has been identified

as a potential interconnected energy source [1].

All countries can take more positive environmental measures to address the problem of food
waste by reducing, reusing, and recycling using a circular economy model. These approaches
can enable new business models to generate financial advantages while contributing to a
better world. Agriculture is responsible for almost a quarter (26%) of worldwide greenhouse
gas emissions, approximately half of the world's liveable land, 70% of the world's freshwater
use and, ultimately, much of the worldwide ocean and freshwater eutrophication pollution
[2, 3]. In light of this, food and agriculture significantly contribute to environmental impacts
and require special attention. The circular economy has become a trend today to replace the
conventional linear economy that has created enormous amounts of waste and is harmful to
the environment. Recently, the circular economy has been suggested as a solution to adverse

environmental impacts by utilising the biological cycle of food waste.

It 1s believed that food system activities, such as producing food, transporting food, and
storing or dumping wasted food in landfills, produce greenhouse gases that cause climate
change [4]. The cost of managing waste has become an enigma for some municipalities

worldwide. While food waste is one of the most significant challenges, the exact amount of
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food wasted by retailers and individual consumers is yet to be quantified. There are many
aspects of relevance within the circular economy's biological and technical cycles. One of

the biological cycles of a circular economy is organic waste valorisation by Black Soldier

Fly Larvae (BSFL), as shown in Fig. 1.1.
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Fig. 1.1: Business as usual vs. circular economy for organic waste by BSFL utilisation.

Many technological solutions have been developed to address this issue, with insect
bioconversion of side streams as one of the most inventive technologies for waste
management, particularly for food waste [5]. Among the proven ways is to use insects to
process food waste into something useful, one of the popular candidate species is Hermetia
illucens, more commonly known as the Black Soldier Fly (BSF) [6]. This insect has spread
all over the world from its native habitat in the Neotropical realm. BSF is found across
Europe, the United States, and the Krasnodar Territory on Russia's Black Sea coast [7-9]. It
can also be found in the Afrotropical, Australasian, East Palaearctic, Nearctic, North African,

Southern African, and Indomalayan realms [10-14]. BSF is a mimetic fly, in size, colour,
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and appearance, very similar to the wasp dauber and its family. The BSF Larvae (BSFL)
may be distinguished from the larvae of speckled flies by a fine grey-black band on their
posterior extremities. Based on the food given to the larvae, the larvae stage may last
somewhere from 18 to 36 days [15], and the post-feeding (pre-pupal) stage lasts about 7 days
[16]. The pupal phase lasts between one and two weeks [17]. If given water and sustenance,
such as nectar in the wild or sugar in captivity, adults may survive for 47 to 73 days on
average [15, 18], or 8 to 10 days on accumulated fat stores during the larvae stage if water
is available [17]. One of the most significant benefits of utilising BSFL as a waste bio
converter is that, they do not feed as adult flies, which means there's no danger of disease
transmission [19]. Therefore, there are many patented innovations reported in the use of
BSFL in food or agricultural waste, and the value-added products from this process,
specifically in the World Intellectual Property Organization (WIPO) database. These

innovations guide the objectives of this thesis.

1.1.Background

Scientists have worked on identifying edible insect species with (i) straightforward rearing
processes, (ii) availability in regular supplies and no/minimal risk of overexploitation with
farming, (iii) high sustainability, (iv) economically friendly costs so consumers would be
encouraged to purchase in place of other meats, and (v) desirable taste and texture. One
insect of high interest is the BSF, Hermetia illucens, a true fly (Diptera) of the Stratiomyidae
family [20]. Based on the new market research by Meticulous Research, the global BSFL
market will develop at a 33.3% compound annual growth rate from 2019 to 2030, reaching

US$2.57 billion in a decade.
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This is why BSFLs are ideal for use in the organic circular economy, and this research aims
to learn more about patent innovation and technological advancements related to the end
product of this fascinating species. The chemical and enzymatic extraction and their various
products of BSFL are tabulated in Table 1.1. The example of the implementation of the
circular economy for organic waste via BSFL utilisation is presented in Fig. 1.2 (modified
from [21]). The economic assessment of BSFL conversion to valuable resources is given in

Table 1.2. [22]

Table 1.1: Type of extractions and various products of BSFL.

Feeding Substrate Extraction | Protein” | Lipid* Chitin” Refs.
Unknown Chemical 32% 37% 9% [6]

Bread, fish & mussels Chemical 34% 37% - [23]
Unknown Enzymatic - 7%. - [24]
Unknown Enzymatic 42% 21% 7% [25]
Fruit & vegetable Chemical 37% 33% - [26]
Waste coconut Chemical 53% 19% - [27]
Fermented waste Coconut Chemical 58% 15% - [28]
Soybean curd residue Chemical 53% 26% - [29]
Unknown Enzymatic - 10% 3% [6]

Unknown Enzymatic 67% 10% - [30]

*Average
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Fig. 1.2: Material balance of utilisation of BSFL to convert waste to valuable resources.



Table 1.2: The economic assessment of BSFL conversion to valuable resources [22].

Descriptions Amount Price per Unit | Total Cost/Revenue
(kg) (AUS/kg) (AUD)
Inputs
Waste Fruit and Vegetables 100 0.15 15
Outputs
Fresh BSFL (converted to dry BSFL) 40 37.50 1500
Frass (insect manure) 250 0.075 18.75
Chitin 1 75 75
Protein 13 7.50 97.50
Lipids 15 45 675
Total Revenue 2,366.25
Costs
Waste Fruit and Vegetables 100 0.1 15
Processing and Labor - - 300
Total Costs 315
Net Profit 2,051.25

*The prices are converted from GB£ to AUS$

Due to the commercial feasibility of SC-CO2 extraction, this technique is extensively

utilised by various industries, such as food and beverage industries, to decaffeinate coffee

and extract essential oils from spices, due to the high quality and efficiency of the result it

produces [31]. Other commercial uses are to extract bio-reactive compounds from herbal

and other natural sources in pharmaceutical industries, as well as high-purity fragrances and

flavours [32]. In the cosmetics industry, this method is utilised to produce a fine purity of

ingredients of cosmetics substances like antioxidants, oil and waxes from plants and other

natural resources. These are some benefits compared to conventional methods; it’s non-

toxicity and the ability to preserve the initial profile of the substances being extracted. This

continuing technological development, combined with the high market demand for pure and

high-quality substances, can create economic feasibility for SC-CO2 extraction.




Several research projects have extensively examined the use of supercritical carbon dioxide
(SC-CO2) to extract useful components from insects. The thoroughly analysed parameters,
including pressures, temperatures, extraction periods, flow rates, and the major discoveries

linked with SC-CO2 extraction for a selected insect species, are tabulated in Table 1.3.

1.2.Research gap

Municipalities in various countries worldwide are concerned about increasing waste
generation due to population growth and unsustainable consumption patterns. Waste
production has risen tenfold in the past century and is projected to double by 2025 [33]. To
reduce the problem, the bioconversion of side streams by insects is one of the most creative
waste management technologies, particularly for food waste [5]. BSFL, also known as
Hermetia illucens larvae, can convert trash into biomass while maintaining a healthy
environment. One of the most significant benefits of employing BSFL as waste bio-
converters is that adult flies do not feed, thus there's no danger of disease transmission [19].
BSFL has been proven to be a good resource of nutrients, such as protein, lipids, and
minerals. The BSFL comprise 32% protein, 37% lipids, 19% minerals, and 9% chitin, as
measured by dry weight [6]. BSFL have been utilised as a feed component for various
animals, including chicken, fish, and pet food, due to their high protein content. Furthermore,
some scientists recently experimented with larvae fat to replace butter in waffles, cakes and
cookies, claiming the fat from insects is more sustainable and environmentally friendly than
the dairy version, and taste testers cannot tell the differences [34].

Large amounts of fat in the larvae have also been exploited to produce biodiesel from the
BSFL biomass [35-37]. The other compound constituting BSFL’s dry weight is chitin,

which, after cellulose, is the second most prevalent biopolymer on the planet. Because of its



intriguing characteristics and prospective uses, chitin and its primary derivative, chitosan,
have considerable commercial worth. Numerous utilisation of chitosan have been identified,
for example, in biomedical areas used for wound healing and tissue regeneration, agriculture,
food safety, cosmetics, papermaking, textiles, and wastewater treatment are just a few of the
industries that use chitin and chitosan [38].

The method for extracting lipids has been established in the past, and it typically involves
large amounts of organic solvents and lengthy extraction processes, which often result in the
thermal destruction of discarded molecules and poor product quality [39]. Moreover, using
organic solvents will raise concerns about environmental pollution, health safety, and
product contamination with solvent residue [39, 40]. Thus, using environmentally benign
methods to extract lipids from BSFL is critical for promoting long-term customer desire for
healthy and sustainable living.

Supercritical carbon dioxide extraction (SC-CO2), deemed a ‘green’ process, is a favourable
technique to the environment and can be an alternative for effective extraction of the natural
bioactive compound from natural matter such as lipids or oil. Carbon dioxide is cheap and
non-toxic, non-explosive, easily obtain at high purity, easily removed from the extracted
product, and offers various solvent properties at different pressures and temperatures [41].
The SC-CO2 critical temperature and pressure are relatively low, at 31.1°C and 7.2 bar. It is
an excellent solvent for extracting thermally sensitive compounds since extraction is feasible
at ambient temperature [41].

Response surface modelling (RSM) has been used to optimise experimental conditions and
study crucial process factors with fewer experimental trials because it offers an efficient
statistical approach [42]. Optimisation of extracted yields from insects using RSM was

reported recently but only for sorghum bug and silkworm species and at ideal circumstances
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[43]. For the BSFL oil product, there is still no information regarding the SC-CO2 extraction
parameters, composition, or physicochemical characteristics, nor is there an analysis of fatty

acids compared to the oil yield and composition of insects and vice versa.



Table 1.3: Lipid extraction of some insects using the SC-CO2.

10

Insects SC-CO2 Condition Method/Solvent | Fat/Lipid Content Lipid Characteristic Refs.
Temp Pressure Time CO2 Flowrate
Black Soldier Fly | 35°C 350 bar 6 hours 26 1CO2/h. Hot water Defatting almost 95% | 7 fatty acids composition which is [44]
larvae treatment of total fat from the palmitic acid, stearic acid, oleic
BSF Larvae acid, linoleic acid, linolenic acid,
arachidic acid and docosanoic acid
Mealworm Beetle | 45°C 400/250 bar | 105 mins | 20 kg/h Hexane Defatting almost 95% | Unsaturated fatty acid (72%) and [43]
Larvae of total fat from the Oleic acid (42%) of total FAME in
TML the fat contents
Oak Silkworm 35°C 280 bar 1.83 20 L/h N/A Total fat is 26.18% 8 fatty acids, [45]
pupae hours unsaturated fatty acids (77.29% )
alpha-linolenic (ALA) (34.27%)
Crickets 50 °C 250 bar 45 mins 1.0 kg/h Methanol The dry weight fatis | Unsaturated fatty acids: 60-80% [46]
12% (e.g., oleic acid 20-30%, linoleic
acid 15-25%, alpha-linolenic acid
1-5%)
Saturated fatty acids: 10-20% (e.g.,
palmitic acid)
Termites 47 290 bar 75 mins 1.7 kg/h Ethanol The dry weight fat is | Unsaturated fatty acids: 40-60% [47]
17% (e.g., linoleic, oleic, and alpha-
linolenic acids)
Saturated fatty acids: 30-40% (e.g.,
palmitic and stearic acids)
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Therefore, this study attempts to fill in the knowledge gaps in investigating the optimisation

of BSFL oil extraction using the response surface modelling (RSM) method for SC-CO2

extraction. The objectives include enhancing the yield of larvae oil, optimising the fatty acid

composition, and controlling the concentration of saturated fats. Overall, these objectives

highlight the study's contributions to closing current research gaps in the areas of developing

new materials for diverse industrial and biological applications, extracting and exploiting

valuable by-products, and using BSFL for the sustainable management of organic waste as

follows:

Evaluating BSFL in Organic Circular Economy: This study explores BSFL use in
reducing the environmental impact of food waste, contributing to the organic circular
economy. It addresses the lack of thorough research on BSFL in waste management
and their role in a closed-loop biological cycle.

Comparative Study of Extraction Techniques: This study examines the efficiency
and environmental impacts of chemical versus enzymatic extraction methods for
BSFL-derived products, providing clarity on the best approach regarding
environmental friendliness, cost, and efficacy.

Patent Trends and Innovation in BSFL Technology: A comprehensive analysis of
patents related to BSFL in waste management is conducted. This thesis assesses these
patents' geographic distribution and subject matter, and notes trends in patent
publications.

Optimising SC-CO2 Extraction for BSFL Products: The thesis contributes to
optimising SC-CO?2 extraction parameters for BSFL oil recovery and compares its

effectiveness with conventional solvent extraction.
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Analysing BSFLO's Cytotoxicity: Research into the cytotoxic effects and potential
applications of BSFL Oil (BSFLO), especially in regenerative medicine, was
conducted. The study tested BSFLO on 3T3 cells for its wound healing potential.
Chitin and Chitosan Characterisation and Comparison: This research fills the gap in
the comprehensive characterisation and comparison of chitin and chitosan from
BSFL with traditional sources, like prawn chitosan.

Creation of Chitosan-based Hydrogels: This study explores the development of
chitosan-based hydrogels using chitosan derived from BSFL, examining their

properties and potential biomedical applications.

1.3.0bjectives of the study

The main objective of this study is to develop the circular organic economy through insect

biorefinery - Utilisation of organic compounds from Hermetia Illucens larvae, focusing on

the circular technical basis of transforming waste into a valuable and high-quality product,

which leads to economic analysis. Meanwhile, the comprehensive objectives of the study

are summarised as follows:

To analyse patented innovations related to utilising BSFL in food or agricultural
waste and examine the resulting value-added products using the World Intellectual
Property Organization (WIPO) database.

To extract and optimise the yield, fatty acid composition, and concentration of
saturated fats in BSFL oil through SC-CO2 extraction using response surface
modelling (RSM).

To assess the cytotoxicity of BSFL oil through in-vitro testing, specifically focusing
on its high lauric acid content and potential applications in wound healing and

cosmetic.
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e To investigate the impact of SC-CO2 extraction on the isolation of chitin and
chitosan from BSFL and characterise these biopolymers.

e To examine the synthesis of a chitosan-based hydrogel extracted from BSFL,
incorporating gelatine and crosslinking it with glutaraldehyde for biodegradable and

biomedical purposes.

1.4.Contribution of the research
The research contributes significantly to sustainable waste management and resource
recovery by exploring the use of BSFL in the context of a circular economy. Key

contributions include:

e Developing a sustainable solution for food waste management using BSFL, reducing
methane emissions and recovering valuable resources.

e Advancing green extraction methods, particularly SC-CO2 extraction,
outperforming conventional methods in recovering larval oil with a better saturated
fatty acid ratio.

e Optimising SC-CO2 extraction parameters through response surface modelling,
improving the efficiency of valuable component recovery like lauric acid.

e Analysing patent technology in BSFL applications, providing insights into global
innovation trends, including submitting part of this research for an Australian
Provisional Patent under application number 2023903776.

e Exploring the biomedical potential of lipids and chitin from BSFL, especially in
wound healing, offers a sustainable medical material source.

e Developing chitosan-based hydrogels from BSFL for potential use in wound

dressings and tissue engineering.
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e Supporting the circular economy by integrating BSFL into waste management,
reducing food waste's environmental impact and enabling resource recovery.
e Addressing economic and environmental concerns related to food waste, proposing

a solution with economic and ecological benefits.

In summary, the research presents a comprehensive study that addresses a significant
environmental issue and offers practical, sustainable solutions with potential for wide-

ranging applications in waste management and resource recovery.

1.5.Thesis Structure

The thesis is structured into eight chapters, each serving a distinct purpose: Chapter 1
provides an introduction, Chapter 2 conducts a comprehensive literature review, Chapter 3
outlines the research methodology employed, Chapters 4, 5, 6 and 7 present the results and
corresponding discussions, and finally, Chapter 8 offers the conclusion and

recommendations. The detail of every chapter as follows:

Chapter 1 introduction begins with a background, outlining the study's context and its
significance. Next, showing unknown areas in the body of existing literature indicates the
research gap. The study's goals are outlined in the objectives, flowing from research
contribution, and outlining how the study advances the field's understanding or contributes
new perspectives. The thesis structure is finally described, giving a quick rundown of the

topics and arrangements of the ensuing chapters.

Chapter 2 presents a literature review, starting with an introduction to the circular organic
economy and the role of BSFL in waste bioconversion. It examines food waste management
and its ecological implications. The chapter then examines the use of black soldier passes

for waste conversion, including the biology and life cycle of the larvae. Various products
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derived from the larvae, such as lipids, lauric acid, proteins, chitin, chitosan, and minerals,
are explored for their properties and applications. The chapter concludes with a discussion
on extraction methods, comparing chemical and enzymatic techniques. This section sets a
foundational understanding of the study's focus on sustainable waste management using

BSFL as well as patent search and review.

Chapter 3 presents the materials and methods of the study. It includes details on SC-CO2
extraction, cell culture, chitin and chitosan extraction materials, and hydrogel synthesis. The
procedures cover lipid extraction and optimisation, cell culture tests, chitin and chitosan
isolation, their characterisation using techniques like FTIR and SEM, and hydrogel synthesis
and analysis. The chapter also emphasises the importance of rigorous statistical analysis to

validate the research findings.

Chapter 4 examines the extraction and optimisation of lipids from BSFL using supercritical
carbon dioxide (SC-CO2) extraction. It starts with an overview of the materials and methods
used. The chapter then presents results and discussions on various aspects: it analyses solvent
extraction effectiveness, delves into response surface analysis for parameter interactions, and
discusses the optimisation of SC-CO2 extraction parameters. The chapter compares SC-CO2
with solvent extraction, focusing on efficiency and lipid quality, and assesses the impact of
SC-CO2 on fatty acid composition. It also explores how SC-CO2 conditions can be adjusted
for specific fatty acid extraction. This chapter provides a comprehensive study of lipid

extraction from BSFL, highlighting the efficiency and benefits of using SC-CO2 extraction.

Chapter 5 This chapter encompasses the characterisation of BSFLO, emphasising its lauric
acid and 2-monolaurin content, known for promoting cell growth and repair. Beginning with

the assessment of acid value and free fatty acid content, the research employs Fourier-
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Transform Infrared (FT-IR) analysis to unveil the molecular composition of BSFLO. The
investigation then shifts to identifying optimal BSFLO concentrations for cell activity,
considering pH changes in the culture media and potential cytotoxic effects. Delving into
the dynamics of cell growth, the study explores the influence of different BSFLO
concentrations on 37T3 cell proliferation over time. Furthermore, it examines the presence of
a lipid layer in the culture media and its impact on cellular respiration. Finally, the research
extends to practical applications, assessing BSFLO's potential in wound healing through a
scratch test. This comprehensive approach aims to unravel the multifaceted impact of

BSFLO, contributing insights for its integration into diverse industries.

Chapter 6 covers the isolation and characterisation of chitin and chitosan from BSFL. It
outlines the extraction process and presents results on the quality and yield of the
compounds. The chapter includes analyses using Fourier Transform Infrared (FTIR)
spectroscopy, elemental analysis, and determination of the degree of acetylation.
Thermogravimetric analysis (TGA) assesses their thermal stability, and Scanning Electron
Microscopy (SEM) and X-Ray Diffraction (XRD) provide insights into their morphology
and crystallinity. This chapter offers a detailed examination of the properties and potential

of chitin and chitosan from BSFL.

Chapter 7 discusses creating and evaluating a novel chitosan-based hydrogel for biomedical
uses. It begins with the methodology of hydrogel preparation and then details its
characterisation, including structure and composition. The chapter includes an FTIR analysis
for chemical understanding, examines the hydrogel's thermal properties for stability, and
conducts swelling and biodegradation tests to assess its suitability for biomedical
applications, such as drug delivery and wound healing. This chapter offers a concise yet

comprehensive insight into the potential of this chitosan-based hydrogel in medical contexts.
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Chapter 8 summarises the thesis concisely, covering the efficient SC-CO2 lipid extraction
from BSFL, the safety of BSFL oil, and the properties of chitin and chitosan extracted from
BSFL. It also highlights the potential biomedical uses of chitosan-based hydrogel. The
chapter concludes with recommendations for further research in BSFL-derived products and

their applications.
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CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

The global demand for proteins, lipids, and chitin, essential for nutrition, biodiesel
production, and various medical applications, is rapidly increasing. Organic waste,
particularly food waste, presents a potential resource to meet this demand [48]. However,
the environmental impact of food production and the resultant waste is a significant concern.
Human activities, including those related to food production, are major contributors to
climate change, which is already affecting numerous nations [49]. Food production
processes are highly water-intensive, contributing to environmental stress [50]. Agriculture
alone accounts for about 26% of worldwide greenhouse gas emissions, amounting to 13.7
billion tonnes of CO2 annually. It also utilises 50% of the planet's habitable land and 70%
of its freshwater resources while contributing to 78% of eutrophication in oceans and
freshwater quantities [51]. Given this, food and agriculture play a significant environmental
impact and need particular attention. The impact of food and agriculture on the environment
can be seen in more detail in Fig. 2.1 and Fig. 2.2 depicts the worldwide greenhouse gas

emissions associated with food production (draw based on [2]).
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Several scientists are looking closer at the link between food production and climate change
[52-55]. Food system operations, such as food production, transportation, and storage or
disposal of wasted food in landfills, emit greenhouse gases that contribute to climate change.
As a result, the food industry is at the crucial initiatives to fight climate change, decrease
water shortage, minimise pollution, restore forest or grassland regions, and conserve

biodiversity throughout the globe [4].

Rapid population growth has contributed to a substantial increase in waste production
globally. In the last century, waste generation has escalated tenfold and is projected to
quadruple by 2025 [33]. This surge has significantly escalated waste management costs,
posing challenges for many communities worldwide. Food waste represents one of the most
critical waste categories. By 2050, global calorie waste is expected to nearly triple, with per
capita food waste rising by 72%, equivalent to 812 kcal per year [56]. In response to this
issue, innovative technological solutions have been developed, notably the bioconversion of
waste by insects. This approach is particularly revolutionary in managing food waste [5]. It
enhances the environmental appeal of products and positively impacts the economy by
creating new business opportunities. Implementing a circular economy in the food sector
could generate substantial economic benefits, yielding up to US$2.7 trillion annually [57].
This is achieved through reducing food waste, developing value-added by-products, and

fostering health and environmental benefits.

2.2.Circular organic economy

For billions of years, living systems have survived without the creation of landfills. Instead,
species feed on one another’s waste, 'dead' material returns to the earth, and the cycle
continues [58]. Conversely, humans have adapted a more linear economic model for mass

industrial production of food and other consumables: the "take-make-use-dispose"
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paradigm. This implies that raw materials are gathered, processed, used, and discarded,
creating a landfill. With each production procedure, humans are not only using up finite
natural resources, but are also creating environmental pollution: water, soil, and air pollution,
loss of biodiversity, and agricultural land depletion [59]. Therefore, the circular economy
(CE) concept is a new and trending paradigm of sustainability that replaces the linear
economy of "take-make-use-dispose" by using materials in a closed-loop system. According
to the Ellen Macarthur Foundation, which has done significant work in this field, the CE is
a structured economic process that benefits all stakeholders: humanity, companies and
manufacturers, and the environment [60]. However, there remains ambiguity around
correctly defining a CE, such that it needs to be more clearly distinguished from recycling,

as illustrated in Fig. 2.3 [61].
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Fig. 2.3: From linear towards circular economy (a) Linear economy: raw materials are
extracted from the earth, used, and discarded: “take-make-waste” (b) Re-use economy:
many non-recycled materials reused again (cascading, repair/maintenance,
remanufacturing, recycling) (¢) Circular economy: Raw materials are never depleted [61].
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Recycling is the process of either: (i) recycling raw material into the same raw material (e.g.
a glass bottle is recycled into a glass bottle over and over), (ii) the downcycling of raw
materials into a lower grade raw material where reuse in any form is no longer possible, (iii)
the upcycling of raw materials so that the end product is of higher quality and value than the
original [62]. Mechanical and chemical recycling provide many advantages for the
environment, such as the decrease of raw material and agricultural land exploitation, the
reduction of greenhouse gas emissions due to less energy requires, the decline in the amount
of incinerated waste, and it also creates employment opportunities [62]. Nevertheless, this
process is still finite and depends entirely on raw materials being used in the first place,
Many materials cannot be recycled at all, and most recycled materials are downgraded
during the process [63]. The solution is adopting a CE principal where the source of the

material itself is sustainable.

The circular economy concept is now trending and, although not new, it has more recently
come into the spotlight. Researchers believe the correct meaning has been blurred, and it
now holds several classifications; a study analysed a then-existing 114 definitions to the
circular economy concept [64]. Their findings show that CE is typically portrayed as a
collection of activities like reduce, reuse, and recycle. The definitions analysed also reveal
few specific connections between the circular economy and sustainable development,
according to the authors. They conclude that the circular economy's primary goal is
economic development with environmental quality while having an impact on social
equality. By doing so, the world's limited resources can be conserved, and the negative
environmental effect of manufacturers would potentially be reduced. This study specifically

focuses on food waste, where a closed-loop biological system of organic waste
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bioconversion using BSFL can be achieved. The circular economy for organic waste via

BSFL is depicted in Fig. 2.4.
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Fig. 2.4: Circular economy for organic waste by BSFL utilisation.

2.3.Food waste

Food waste is defined as food that has been prepared for human consumption but has not

been eaten [65]. The actual amount of food lost by merchants and individual customers is

still unknown, but it is estimated that 1.3 billion tonnes of food is lost from primary

production to final consumption and that food production accounts for almost a quarter

(26%) of greenhouse gas emissions of world [66, 67]. Approximately one-quarter of all

calories generated on the planet are squandered, discarded in supply networks, or thrown

away by retailers, restaurants, and consumers [68]. Most developing nations only utilise a



24
handful of ways to dispose of food waste, such as landfills, incineration, composting,
anaerobic digestion, and animal feed [69-73]. Dumping or landfilling are the most common
methods of food disposal in cities worldwide. Food waste disposed of in landfills is
understood to decompose under anaerobic circumstances, releasing methane, a powerful
greenhouse gas. Compared to CO», methane generated by food waste in landfills has a 28-
fold effect on global warming [74]. The entire amount of waste generated in 2016 and
estimated increases by 2030 and 2050 are presented in Fig. 2.5 [75]. The share of waste
compositions generated worldwide is illustrated in Fig. 2.6 [75], and the causes of food waste

are shown in Fig. 2.7 [76].
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Fig. 2.5: The amount of waste generated in 2016 relative to the increased estimates in 2030
and 2050 [75].
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Replacing landfills with ecologically sound technologies is essential to mitigate greenhouse
gas emissions and enhance environmental sustainability. Composting is one of the most
environmentally beneficial methods, compared to landfilling and incineration, since it
generates by-products that may be utilised as soil nutrients [77]. Organic waste streams from

food production are often used as animal feed, particularly when produced close to local
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farms [78]. Yet, using these streams as animal feed doesn't eliminate them from waste
management, especially considering certain limitations. For instance, the presence of anti-
nutritional factors such as pesticides, tannins, and other contaminants can restrict their use
in feed blends [79]. This method is illegal in some countries due to the risk of disease
transmission [80]. A promising alternative to these traditional methods is the bioconversion
of food waste using BSFL. This technique offers a viable pathway for transforming food
waste into commercially valuable products, aligning with sustainable waste management

practices [81-84].

2.4. Entomology and bioconversion of waste using black soldier fly

Using insects to reduce greenhouse gas emissions and enhance the environment is the most
potential solution supporting the circular economy hypothesis [85]. BSF, also known as
Hermetia illucens Linnaeus, is one of the most significant species suggested as an organic
waste converter [6] alongside other edible insects. Human consumption of insects, or
entomophagy, is not a new concept. Humans have consumed insects for centuries, and it has
been practised in numerous countries, though it is not such a mainstream practice in
developed countries such as Europe and North America. The number of edible insect species
eaten by 3,071 ethnic groups was calculated to be around 2,000 varieties [86]. Hence,
discussing incorporating insects into modern food culture has become significant [20]. Even
individuals without established customs/traditions of entomophagy are paying greater
attention to insects as a food source. They are becoming more aware of the nutritional
benefits they provide over other, more conventional foods [87-90]. More so, quite a few
cookbooks have been dedicated to insects, and several international conferences have been
held discussing this topic [91-95]. Interest in entomophagy has reached levels where insect

suppliers are now finding it challenging to meet the increased demand, and a few species are
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at risk of overexploitation [20]. Insects have comparable nutritional value to traditional
animal food sources, including similar protein amounts, vitamin levels, and
saturated/unsaturated fat concentrations [96]. Furthermore, insects are incredibly easy to
raise due to their fast reproduction rate. BSFL are potential edible insects that can substitute
conventional animal food sources and have other remarkable environmental benefits, such
as being bio-converters of organic waste. This means there are two promising approaches to
implementing circular economy principles in the context of food waste: to work upstream
by (i) reducing the food waste from occurring in the first place and (ii) meeting the high
demand for the food itself by using environmentally friendly food sources: insects. This

approach makes achieving a circular economy in the food industry potentially possible.

The International Platform of Insects for Food and Feed (IPIFF) has issued many guidelines,
recommendations, and regulation papers on insect processing. The IPIFF, for example, has
published guidance on acceptable sanitary standards for European Union insect producers
for food and feed, which member institutions are urged to follow [97]. Fig. 2.8 illustrates the
guideline utility of BSFL-based products for animals and aquafeed [21, 97] (redrawn from

the IPIFF information website).
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Fig. 2.8: Guidelines on appropriate hygienic standards for European Union producers of
insects for food and feed.

Considering the restrictions on BSFL feeds outlined in Fig. 2.8, pre-consumer waste streams
offer significant potential for BSFL cultivation. This fact opens up a broader spectrum of
target markets, with BSFL meals suited for diverse animal species. Table 2.1 highlights
facilities that are significant point sources of pre-consumer organic wastes amenable for
BSFL feed. Moreover, supermarket waste also contributes to the available organic waste
pool. For instance, in Australia, in the 2014-15 financial year, approximately half of all
Woolworths supermarket stores had a farmer donation program, resulting in 40,000 tonnes
of food being diverted from waste [78]. Similarly, other supermarkets like Coles and Aldi

have donation schemes, albeit store-by-store.
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Table 2.1: Significant point sources of pre-consumer organic wastes eligible for BSFL

feed.
No | Facility Type Dominant organic waste types produced
1 Almonds Shells, hulls
2 Bakery Baked products, flour, bread
3 Breweries Brewers grains, trub, yeast
4 Canola and other oilseeds Shells, hulls, kernel fragments
processing
5 Cotton ginning Cotton trash (cotton fibre, leaves, sticks, dirt)
6 Feed mills Grain waste (non-endosperm), off-spec batches, oilseed waste
7 Food processing Off-spec products, ingredients, off cuts
8 Fruit and vegetable production Fruit and veg off-cuts
9 Grain milling Bran, mill mix/middlings, grain dust, germ, pollard, screenings
10 Grain storage and distribution Spilled grains, dust
(including rice)
11 Malt processing Culms, dust, screenings
12 Sugar milling and refining Molasses, clarifying agents, filter cake/mud,
13 Wineries Grape marc, lees

Insects have advantages over other animal meat sources, entomophagy is more sustainable
due to its higher feed-to-protein conversion ratio when compared to both cattle and swine
[98, 99]. Hence, insects pose a less significant impact on the environment and their rearing
yields through (i) lower greenhouse gases and (ii) less ammonia production than any typical
livestock [99-101]. Another significant benefit is that insect farming needs much less water
and land, to the point that insects may even be cultivated on organic waste streams,
decreasing pollution and turning organic waste into high-protein food sources [93]. This also

suggests that BSFL bioconversion supports the circular economy.

2.5. Black soldier fly larvae (BSFL)

Scientists have worked on identifying edible insect species with (i) straightforward rearing

processes, (ii) availability in regular supplies and no/minimal risk of overexploitation with
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farming, (iii) high sustainability, (iv) economically friendly costs so consumers would be
encouraged to purchase in place of other meats, and (v) desirable taste and texture. For this
study, only the BSFL, Hermetia illucens is discussed. This species is a true fly (Diptera) of
the Stratiomyidae family [20]. According to new market research by Meticulous Research,
the global BSFL market is expected to grow at an annual rate of 33.3% from 2019 to 2030,
reaching US$2.57 billion within a decade. This species is native to the neotropical region
but has spread across all continents in recent decades, becoming virtually worldwide [102].
BSFL may be found in the US, Europe, and Russia's Krasnodar Territory [7-9]. It also exists
in the Afrotropical, Australasian, East Palaearctic, Nearctic, North African, Southern

African, and Indo-Malayan realms [10-14].

Adult BSFs are approximately 16 mm long, with primarily black bodies featuring metallic
reflections ranging from blue to green on the breast and a scarlet tip on the abdomen [103].
The Latin term for the second abdominal target comes from the presence of translucid zones.
The eyes are well-developed, and the head is big. The antennae are about twice as long as
the head. The tarsus is white, and the legs are blackish. The wings look like membranes and
are folded horizontally across the abdomen when not in use [11]. BSFL is a mimetic fly that
resembles the Dauber wasp and its family in size, colour, and appearance. The fly appears
to have a slender "wasp waist" due to its wasp-like antennae, pale hind tarsi, and two small
transparent windows in the basal abdominal segments [11]. A fine grey-black stripe on the
BSFL's posterior extremities distinguishes them from the larvae of speckled flies [102]. The
life cycle and phases of BSFL development, as well as the average length of each stage, are

shown in Fig. 2.9.
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Fig. 2.9: The life cycle and phases of BSFL development, as well as the average length of
each stage.

A mature female may lay anywhere from 206 to 639 eggs[17], often placing them in cracks
or on surfaces above or near decaying materials like dung or compost. The eggs hatch in
about four days [19]. Newly emerged larvae grow to a length of 2.5 mm and a weight of 0.10
to 0.22 grams by the end of the larval stage [11], which can last anywhere from 18 to 36
days, depending on the dietary substrates provided [15]. The pre-pupal (post-feeding) stage
lasts approximately 7 days. Under low temperatures or in the absence of food, the larval
stage may extend for several months. The pupal stage lasts from one to two weeks. Adults
can live for 47 to 73 days if given water and food, such as sugar in captivity or nectar in the
wild [15, 18]. Adult flies do not eat, which eliminates the risk of disease transmission when
using BSFL as a waste bio converter [19]. Adult flies survive by feeding on nectar in their

adult stage, while the larvae consume waste as food during their development.
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2.6.Product of black soldier fly, properties, and application
BSFL are of particular interest in managing organic waste, the larvae can convert this waste
into a variety of materials that are valuable for humans. BSFL have been reported to feed on
various organic waste substrates such as manure [104], food waste [105], faecal sludge
[106], animal offal, kitchen waste, and others [107-112]. Consequently, BSFL has proved to
have great potential for industrial waste and by-product treatment, biorefining, and
agroindustry waste bioconversion owing to this great diversity of materials they can process
with greater efficiency relative to any other materials other fly species [20, 113]. BSFLs
themselves are also edible and non-toxic. They are so high in lipids that their conversion into
biodiesel has been closely discussed [114-116]. More advantages associated with BSFL
rearing include: (i) their frass is nitrogen-rich and suitable for use as fertiliser, (ii) longer
larval phase relative to other flies, meaning they can feed for longer on more significant
substrate amounts and grow to larger sizes, (iii) they self-harvest, i.e. they migrate from the
‘waste’ location to higher and cleaner places instinctively, thus creating a less labour
intensive farming process [20, 117, 118]. In this study will specifically discuss potential
BSFL by-products in terms of their (i) properties and composition, (ii) industrial applications
mainly as food sources, and other applications (iii) downstream harvesting, and extraction
methods for use.
Protein, lipids, minerals, and certain vitamins are abundant in BSFL. By dry weight, BSFL
comprises 32% protein, 37% lipids, 19% minerals, and 9% chitin [6]. They have the
capability to transform low-value organic waste, estimated at around 1.3 billion tonnes
annually, into high-value protein [119]. A Krona chart revealing BSFL's proximate elements
is depicted in Fig. 2.10 [21, 120]. Meanwhile, a summary of the extraction of lipids, proteins,

and chitin from BSFL, prepupae, and pupae in a sequential manner is illustrated in Fig. 2.11,



33

redrawn from Ref. [121]. The proximate composition of larvae, prepupae, and pupae of

BSFL is tabulated in Table 2.2.
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Fig. 2.10: Krona chart showing BSFL's proximate elements.

Table 2.2: Proximate composition of BSFL, prepupae, and pupae [121].
Substances Dry matter' Lipids? Protein? Chitin? Ash?
Larvae 27.74+0.57 40.96+0.93 38.86+1.70 3.85+0.24 9.56+0.49

Prepupae 35.67+0.41 47.65+0.92 31.81+1.26 4.72+0.76 8.83+0.27
Pupae 39.95+0.25 39.85+0.86 31.27+0.92 6.31+£0.41 9.24+0.14

Tg/100 g as is

£g/100 g dry matter
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2.6.1. Lipids
Previously, significant levels of lipids or fat, particularly in the form of saturated fatty acids
(SFA), were observed in BSFL [23, 121]; the primary fatty acids being lauric acid (C12:0),
oleic acid (C18:1 n-9), palmitic acid (C16:0) and linoleic acid (C18:2 n-6) [122-126]. The
fatty acid profile varied based on feeding frequency or diet, and some studies attempted to
alter the fatty acid profile of BSFL by employing an enriched feed formulation [127-130].
Triglycerides are the most abundant lipid type in BSFL oil [131-133]. Storage lipids, which
provide the energy source for metabolic activities, are found in the larvae stage of BSF and
not in the adult phase[21]. Due to the high lipid content of the larvae, they are used for
biodiesel production [36]. Biodiesel synthesis using enzyme-assisted lipid extraction from
BSFL is shown in Fig. 2.12. The fatty acid composition of mature BSFL is provided in Table

2.3.

Table 2.3: The fatty acid composition of mature BSFL [134].

Ref. C12:0 | C14:0 | Cl6:0 | C18:0 | C18:1 | C18:2

%) %) %) %) %) %) Feeding Substrate

57.35 7.34 9.65 1.36 7.54 11.55 | Chicken Feed

[135] 57.56 7.14 10.29 0.98 7.97 7.83 | Food Waste

60.89 9.48 8.70 1.11 5.66 4.52 | Fruit and Vegetable Waste

Waste Coconut Endosperm + Mixed-

[136] 63.10 13.50 8.20 - 8.30 2.00 Bacteria Powder

Waste Coconut Endosperm + S.
cerevisiae

[84] 66.00 14.40 6.60 0.40 5.60 2.30

Waste Coconut Endosperm + SCR (1:4

28.52 0.87 4.66 6.24 | 2643 " | of Waste Coconut Endosperm: SCR)

[27] Waste Coconut Endosperm + SCR (3:2
0.33 8.80 0.73 180 4081 " | of Waste Coconut Endosperm:SCR)
0.90 4.78 0.37 0.98 54.03 - | Waste Coconut Endosperm

[29] 39.60 6.50 13.10 2.10 11.50 17.50 | Soybean Curd Residue + L. buchneri

36.90 5.90 13.20 1.70 12.10 17.00 | Soybean Curd Residue
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Fig. 2.12: Biodiesel synthesis using enzyme-assisted lipid extraction from BSFL.

2.6.2. Lauric Acid

Lauric acid is a saturated fat-containing medium-chain fatty acid (MCFA) or medium-chain
triglyceride (MCT) found in palm kernel and coconut oil. It has been recently determined
that the lauric acid composition in the BSFL oil (BSFLO) is similar to those two oils, around
45-47 % of the total saturated fat [133]. The chemical structure is composed of 12 carbon
(C), 24 hydrogens (H), and 2 oxygen (O) atoms with the molecular formula of C12H240,.
Lauric acid is a white solid with a melting point of 43—44 °C and a molecular weight of
200.32 g mol-1 [137]. Several studies have tried manipulating the fatty acid profile using an
enriched feed formulation [127-130]. A recent study found that dietary BSFLO enhances

feed conversion ratio, boosts the absorption of medium-chain fatty acids into the abdominal
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fat pad, and raises serum antioxidant capacity in broiler chickens.[138]. Furthermore, dietary
BSFLO has demonstrated to be an acceptable alternative lipid source in rainbow trout diets
without negatively impacting growth performance, feed efficiency, nutrient retention, and

survival [139].

In the human body, the lipase enzyme digests lauric acid into monolaurin, a monoester
composed of glycerol and lauric acid. According to a reference, the majority of ingested
lauric acid is carried directly to the liver, where it is converted to energy and other
metabolites rather than stored as fat [140]. Lauric acid and other fatty acids primarily
function as structural components of cell membranes and contribute to a variety of
physiological activities in the body. Lauric acid and monolaurin are antibacterial and anti-
inflammatory agents that can effectively treat skin problems. Furthermore, they can also
accelerate the process of epithelialisation, which involves the upward migration of epithelial
cells to repair damaged areas. This is due to their capacity to enhance the proliferation and
migration of cells. During the wound healing process, the cells near the wound's borders

grow and expand, resulting in re-epithelialisation of the wound surface [137, 141].

2.6.3. Protein

BSFL has been used in the diet of various animals due to their high protein content, including
chicken, fish, and pet food [142-144]. It is one of many bug species approved for use as
aquaculture food by an EU commission [75]. Humans can also consume BSFL. They are
very efficient protein conversion and contain about 42% protein, high calcium, and high
amino acid concentrations. On a dry matter basis, the calcium content in BSFL can range

from 5-8% or even higher in some cases. A study conducted found that the calcium (Ca)
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is the most abundant and ranges from 1.2 g/kg to 35.7 g/kg [145]. 1 gramme of BSF eggs
yields 2.4 kilos of protein every 432 hours, implying that 1 gramme contains almost 45,000
eggs [102]. The proteins' nutritional quality is defined by their essential amino acid content
and BSFL lipid extraction. Because lipids do not affect protein extraction, the larvae may
enhance protein recovery [21]. The schematic diagram in Fig. 2.13 depicts the process of

BSFL treatment for the extraction of protein sources for animals [146].
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Fig. 2.13: Schematic diagram of the treatment of BSFL for protein extraction.

Lysine, valine, arginine, and proline are essential amino acids, while glutamic amino acids
and aspartic amino acids are non-essential amino acids [147]. When BSFL fed on four
distinct diets, including chicken feed, vegetable waste, biogas digester, and restaurant waste,
they exhibited comparable amino acid profiles despite the fact that the amino acid content
of the diet varied significantly. This led to the finding that their food unaffected BSFL's
amino acid composition [135]. Unlike other dietary proteins, BSF prepupae's entire amino
acid content is provided in g/100 DM, and essential amino acids are also represented in mg/g
of crude protein. Compared to other dietary proteins and the FAO/WHO standard protein,
the total amino acid composition of BSF prepupae is tabulated in Table 2.4 [6, 148].

Similarly, the 5 amino acid profiles for the different substrates are presented in Table 2.5.
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Table 2.4: Total amino acid content in BSF prepupae relative to other food proteins and the

FAO/WHO protein standard [6, 148].

Descriptions BSFL Protein Protein FAO/WHO 1985
(g/100 g DM) (mg/g protein) Reference
(mg/g protein)
AminoAcid
Histidine 1.17 £0.04 33 15
Threonine 1.49 £0.02 42 23
Valine 24+0.1 66 39
Lysine 23+0.2 65 45
Iso-leucine 1.47+0.09 41 30
Leucine 2.7+0.1 75 59
Phenylalanine 1.3+£0.1 36 -
Tryptophan 0.21 +0.03 9 6
Cystine 1.1+0.1 30 -
Phenylalanine + Tryptophan - 110 38
Cystine + Methionine - 47 22
Table 2.5: Amino Acid profile from the different substrates.
Reference [149] [149] [149] [149] [150] [135] [135] [135] [135]
Substrate A B C D E F G H
Essential Acid g/kg DM
Amino
Arginine 20.9 21.1 20.6 20.1 20.5 20.0 20.3 19.9 20.3
Histidine 14.2 13.9 13.9 13 31.6 12.4 13.5 13.8 13.6
Isoleucine 18.4 18.3 17.7 17.5 15.6 17.3 18.4 19.1 17.2
Leucine 28.6 28.1 28.1 27.4 27.1 28.0 29.5 30.6 28.6
Lysine 24 24.6 24.1 234 232 22.6 25.7 23.0 234
Methionine 8 8.1 7.9 7.5 22.4 7.6 8.7 7.1 7.6
Phenylalanine 18.1 18.5 18.3 17.2 18.6 16.3 18.7 16.4 17.0
Threonine 19.1 19.5 18.4 19.2 18.4 15.4 16.8 16.2 16.4
Valine 19.7 19.5 18.4 19.2 18.7 24.8 24.9 28.2 24.1

2.6.4. Chitin and Chitosan

BSFL also contain a valuable biopolymer called chitin, which, according to various studies,

exists in amounts of less than 10% of the dry mass [123]. Natural polysaccharides, chitin

and its chitosan derivatives comprise two monosaccharides: N-acetyl-D-glucosamine and D-
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glucosamine, connected by B-1,4-glycoside linkages [124]. Chitin is found in crustaceans,
insects, and certain fungus and yeast species, serving as a hard and protective exoskeleton
for the creatures. Compared to other natural sources of chitin, there has been a lack of studies
of BSFL chitin. One study found a way to obtain these chitin and chitosan by combining
BSFL with a deacidified derivative to create the chitosan-melanin complex [125]. Another
study investigated BSFL's chitin matrix content/index in the larvae, prepupa, puparium, and
adult stage and found the former to be 3.6%, 3.1%, 14.1%, and 2.9%, respectively [126].
The adult chitin crystalline index rose by 33.1%, 35.1%, 68.4%, and 87.9%, respectively
[127]. Several other researchers are also experimenting with using chitin as a food packaging
and transportation alternative to plastic and for water purification [128]. Furthermore, chitin
is a potential substance that may enhance plant resilience and soil fertility by acting as a soil
improver [129, 130].

Chitosan, a chitin derivative, has high economic value due to its characteristics and possible
uses. The degree of deacetylation, molecular weight, crystallinity, and degradation all
influence the physicochemical characteristics of chitosan [131]. Chitosan has a variety of
applications, including wound healing and tissue regeneration, wastewater treatment,
agriculture, food safety, cosmetics, papermaking, and textiles [132-136]. Using additive
printing technology, chitin was used to create a 3D copy of fungus-like adhesive materials,
one method to recycle waste using BSFL [137]. The extraction, characterisation, and
bioactivity of chitin and chitosan from BSFL are illustrated in Fig. 2.14 [65]. The elemental
composition of chitin isolated from BSFL pupae exuvial (BSFE) and BSF imago (BSFI) are
tabulated in Table 2.6, and the comparative values of chitin content, deacetylation (DA),

Crl, and DTGMax from BSF are presented in Table 2.7.
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Fig. 2.14: The extraction, characterisation, and bioactivity of chitin and chitosan from

BSFL.

Table 2.6: Elemental composition of chitin from BSF imago and BSF pupal exuviae [151].

BSF phases BSFI BSFE
Carbon (%) 39.74 43.74
Hydrogen (%) 5.46 5.82
Nitrogen (%) 6.00 6.14
C/N Ratio (%) 6.62 7.12
Degree of acetylation (%) 86.00 115.00

Table 2.7: Comparative values of chitin, DA, Crl, and DTGMax for various insects [151].

BSF phases Larvae Imago Pupae exuviae
Chitin content (% dry wt) - 23.0 9.0
Degree of acetylation (%) 86.2 71.6 115
Crystalline index (%) 35.0 49.4 25.5
Maximum degradation temperature (DGTmax) (°C) 389 363 371

Chitosan-based materials can be used as new eco-friendly products because of the natural

ingredients in its sources, as well as its biodegradability, biocompatibility, sustainability, and

renewability. Chitin and chitosan can also produce hydrogels and aerogels, which are widely

used in biomedical. Hydrogels, highly water-absorbent cross-linked networks of polymers,

possess remarkable water absorption capabilities. These hydrogel-forming polymers contain

hydrophilic functional groups, such as amine (NH>), hydroxyl [-OH], amide (-CONH-, -
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CONH»), and sulphate (-SO3 H), within their polymeric structure. These hydrophilic groups
play a crucial role in enabling hydrogels to absorb water and watery fluids, leading to their
expansion and a significant increase in volume, a process known as swelling. Notably, the
cross-linked structure of hydrogels provides a safeguard during swelling, preventing the

breakdown and destruction of the hydrogel cross-links [152, 153].

Aerogels are porous, lightweight materials produced from a gel in which the liquid
component is replaced by gas without causing the gel structure to collapse significantly [91].
They consist of a complex 3D network structure with a substantial number of air-filled holes
and have a unique combination of characteristics, including high porosity, a large available
specific surface area, low density, and variable surface chemistry [154]. As chitosan has a
high degree of deacetylation, it may be used to make a chitosan-based aerogel with excellent
mechanical characteristics, including high porosity and lightness. Because of their ease of
preparation and appropriateness for laboratory use, chitosan-based aerogels in the form of
beads are most popular. However, unlike chitosan-based hydrogels, the production of
chitosan-based aerogels in the form of scaffolds is still restricted [155]. Scaffolds are
materials that have been developed to promote the creation of new functioning tissues for

medicinal reasons by causing desired cellular relationships [156].

Several types of aerogels are classified based on their chemical composition, such as oxide
(silica, alumina, zirconia, and titania) [157-160], carbon (carbon, carbon nanostructure,
graphene, and graphene oxide) [161-164], polymers (polyamide, polyurethane, polyimide)
[165, 166], biomass (chitosan, cellulose, polysaccharides) [167-169], metals (gold, platinum,
silver, and copper) [170, 171], non-oxide ceramic (boron nitride, silicon nitride, and carbide)

[172] and semiconductors (cadmium sulphide, zinc sulphide). The properties of
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instantaneous membranes, spheres, sheets, beads, powders, blankets, granules,

microparticles, and coatings vary depending on the aerogel employed and the structure of
the aerogel. Table 2.8 shows the chitosan-based hydrogel/aerogel with their crosslinker for

other applications.

Table 2.8: Combination of Chitosan with other crosslinkers or biopolymers using 3D

printing technique and other applications.

Material Form 3D Printing | Properties Application Ref
Chitosan- Hydrogel | Extrusion Improved cell viability, Bone tissue [173]
hydroxyapa-tite Bioprinting proliferation, and osteogenic engineering
(HA) differentiation.
Chitosan-based | Hydrogel | Extrusion Those different media able to Tissue [174]
gelation with printing retain the 3D printed structure engineering
KOH, Na2C02 accurately and enhance and drive
or NH3 cell growth
Vapours
Chitosan - Hydrogel | Extrusion The PEGDA can regulate the Tissue [175]
PEGDA printing mechanical properties and have engineering

good fatigue resistance and can be

extruded smoothly via 3D

printing
PLA/CS/SA Hydrogel | DIW Biocompatibility is higher for the | Tissue [176]

scaffold when different CS and engineering

SA added to PLA
Chitosan/ Hydrogel | Extrusion A good antioxidant capacity Food [177]
halloysite printing packaging
nanotubes/tea
polyphenol
Chitosan- Hydrogel | Extrusion Increase the fixation of the Artificial joint | [178]
gelatinee Bioprinting prosthesis-bone interface and to replacement

avoid postoperative infection
Chitosan- Hydrogel | Extrusion Rapid thermo-induced sol-gel Tissue [179]
collagen Bioprinting | transition and contraction, tunable | engineering

mechanical properties, proper

microstructure, and

biodegradability for 3D cell

culture, as well as improve

cytocompatibility
Chitosan/ Hydrogel | Extrusion Increased the printability and Tissue [180]
Guar Gum Bioprinting viscosity and shape fidelity engineering
Chitosan- FLAM Extrusion Mechanical properties of the bio- | Future [181]
Cellulose printing/FD | composites were within the range | construction

M of soft-wood, high-density material
polymeric foams and high
porosity metal foams.
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2.6.5. Minerals

Several studies have also shown BSFL to produce additional components such as minerals.
The latter include iron, zinc, magnesium, calcium, potassium, manganese, calcium, and
others. The Simplified flow chart displaying the extraction of minerals from BSFL is shown
in Fig. 2.15 [182]. BSF V instar larvae and prepupae mineral and heavy metal content are

presented in Table 2.9.

Feed Substrate

Spent Grains
* Barley
+ Malted

Crude Protein

Larval body

* Sorghum
* Corn

Supplement
* Water
* Yeast

* Yeast + molasses

BSF Larvae

: = pusjtiun _“
el

ca, P, ..
Fe, Zn, ...

Fig. 2.15: Simplified flow chart displaying the extraction of minerals from BSFL.

Table 2.9: Mineral and heavy metal content of BSF V instar larvae and prepupae [26, 183].

Mineral V Instar Larvae Prepupae EU Directive
2002/32/EC (mg/kg)

As 1.01 0.96 2.0

Ca 0.72 0.92 -

Cd 0.37 0.24 2.0

Fe 84.0 89.0 -

Hg >0.05 >0.05 0.1

K 0.79 0.84 -

Mg 0.26 0.33 -

Mn 212 268 -

P 0.58 0.71 -

Pb 0.39 0.32 10

Zn 68.0 98.0 -

(Ca, P, K, Mg: % dry matter; Fe, Zn, Mn, As, Cd, Hg, Pb: mg kg'!, dry matter)
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2.6.6. Vitamins

BSFL are also good sources of vitamin E and can be professionally manufactured. BSFL
produces approximately 0.62 mg/100 g of vitamin E [184]. Vitamin E seems to be the only
vitamin found in BSFL that meets 50%-100% of the Norwegian National Research Council's
(NRC) standards. According to one research, the majority of total vitamin E found in BSFL
is of the alpha-tocopherol form, and adding seaweed to the BSFL diet may help boost levels

[130]. Furthermore, with diet alterations, BSFL may also synthesise vitamin A [185].

2.7.Extraction of black soldier fly larvae (BSFL)

After rearing the BSFL with the food waste, the insects are ready to turn the low-value waste
into high-value products. The BSFL can produce lipids, proteins, chitins, minerals, and
vitamins, as stated above. To harvest these products from BSFL, various extraction methods
are used, the most popular of which are chemical extraction [121] and enzymatic extraction
[186]. Before conducting chemical or enzyme extraction on BSFL, they have to be
devitalised. The chemical components of BSFL, like proteins and lipids, may be affected by
various devitalisation mechanisms [132]. As a result, the choice of pre-treatment or
devitalisation is critical in obtaining high-quality BSFL products. The extraction process of
BSFL is shown graphically in Fig. 2.16 [132], and the valuable compound's extraction type
from BSFL is illustrated in Fig. 2.17 [6]. While the products of chemical and enzymatic

extraction of BSF are tabulated in Table 2.10.
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Table 2.10: Type of extractions and the various products yielded of BSFL.

Refs | Feeding Substrate Extraction Protein” Lipid” Chitin"
[6] Unknown Chemical 32% 37% 9%
[23] Bread, fish & mussels Chemical 34% 37% -
[24] Unknown Enzymatic - 7%. -
[25] Unknown Enzymatic 42% 21% 7%
[26] Fruit & vegetable Chemical 37% 33% -
[27] Waste coconut Chemical 53% 19% -
[28] Fermented waste Coconut Chemical 58% 15% -
[29] Soybean curd residue Chemical 53% 26% -
[6] Unknown Enzymatic - 10% 3%
[30] Unknown Enzymatic 67% 10% -

*Average

2.7.1. Chemical extraction

Most BSFL studies have relied on sequential chemical extraction to obtain lipids, proteins,
and chitin from BSFL. The first step to extract lipids is the defatting process of BSFL, then
deproteinisation of the defatted sample using an alkaline solution, followed by
demineralisation treatment using an acidic solution and, finally, decolourisation of the
obtained product using an alkaline solution treatment [21]. This process is also frequently
used to separate chitin from BSFL and chitosan, which results from chitin deacetylation.
Conversely, solvent extraction using ethyl ether, petroleum ether, hexane, or pentane is the
most utilised technique of delipidation [187]. The polarity of the lipids present in contrast to
the polarity of the solvent determines the efficiency of solvent extraction. Polar lipids, such
as glycolipids and phospholipids, dissolve in alcohols rather than non-polar solvents like
hexane. Glycerides, mainly triglycerides, make up most of the lipid content of BSFL [121],
and hexane is the most suitable solvent frequently used to extract lipids from BSFL. On the

other hand, the Folch Technique extraction is another popular lipid extraction method that
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uses chloroform and methanol as solvents and is often used in small-scale laboratory
experiments [188].

One of the more recent methods of chemical lipid extraction is supercritical carbon dioxide
extraction (SC-CO2). Conventional defatting (lipid extraction) procedures typically use high
quantities of organic solvents and protracted extraction durations, frequently resulting in
thermal deterioration and poor product quality [39]. Furthermore, employing organic
solvents raises issues about pollution, health safety, and product contamination owing to
solvent residues [39, 40]. Whereas the SC-CO2 extraction method is an environmentally
friendly alternative technique for extracting natural bioactive compounds, particularly lipids
and oils, from natural materials. It is non-toxic, non-explosive, widely accessible at high
purity, easily removed from the extracted product, and has a broad range of solvent
characteristics at various pressures and temperatures [41]. The extraction process is also
feasible at close to room temperature and is an excellent procedure for extracting thermally
sensitive compounds since the critical temperature and pressure must remain relatively low,
at 31.1 °C and 73.8 bar, respectively [189]. SC-CO2 has recently been used to extract fat
from BSFL, proving to be a viable option for further processing of larvae feedstocks [44]
and with SC-CO2 at 350 bar for 6 hours at 35 °C, the fat content in powdered form could be

further optimised.

2.7.2. Enzymatic extraction

Enzymatic extraction is more extensively employed to extract valuable chemicals from
BSFL. Enzymes are used to break down the cell wall of the raw material, this kind of
extraction is typically more expensive than their chemical extraction counterparts. However,
since less alkaline is required, no organic solvent is used, and less acidic solution is needed,

enzymatic extraction techniques are more ecologically friendly than their counterparts [30].
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The potential of employing an enzymatic-assisted protein extraction was also investigated,
their results yielded maximal nitrogen solubilisation of approximately 60% in the best
instance (with Bacillus licheniformis protease) [6]. Microorganisms such as Lactobacillus
are used in other enzymatic extraction methods [190], Pseudomonas aeruginosa K-187
[191] and Bacillus subtilis [192] may be used to decrease chitin degradation and
contaminants to a level that is acceptable for a particular application [186]. However, the
ultimate result of the Life Cycle Analysis (LCA) of BSFL extraction using chemical or
enzymatic methods indicates that chemical extraction is more efficient than its equivalents.
One comparison study indicated that the enzymatic extraction technique could only yield
10%, 67%, and 35% lipids, proteins, and chitin purity, respectively, while the chemical
extraction technique yielded 87% lipid, 84% proteins, and 92% chitin purity. Also, the
mechanical extraction method yielded 87% lipid, 84% proteins, and 92% chitin purity [30].
The literature has shown that enzymatic extraction is not cost-competitive yet compared to

mechanical and chemical.

2.8. Human use of BSFL products

Products from BSFL are not very widespread as of this day; however, the topic is gradually
evolving more recently, especially for human foods. According to food futurists, insects will
increasingly be used as alternative human food sources. Inspect species that have been
researched and are the easiest to raise are not always the most sustainable, acceptable, or tasty.
Conversely, the BSFL can effectively convert a broad range of organic resources, including
food waste and manure, into protein [193]. Scientists are testing larvae fat as a substitute for
butter in waffles, cakes, and cookies, claiming that the fat from insects is more sustainable and
ecologically friendly than dairy fat and that taste testers cannot tell the difference [34]. BSFL

fat contains about 70% saturated fatty acid, with lauric acid being the most prevalent (>40%)
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[194]. Lauric acid has nutritional benefits since it is more easily digested than butter. At room
temperature (20°C), it generally becomes solid and also inhibits the development of gram-

positive bacteria, fungi, and viruses [140].

A few researchers from South Africa are trying to change food concepts by using insects as
an alternative protein source. They make BSFL milk, called Entomilk™, and ice cream from
it [195]. Beer is also another product from BSFL for human consumption. The beer, a
combination of cricket and BSFL, was developed through a collaboration between the ANU
Research School of Biology and an Australian beer company [196]. The nutritional value of
insects as a food source is tabulated in Table 2.11, and the possible foods produced from

BSFL sources are presented in Fig. 2.18 [34, 195].

Besides food for human consumption, using additive manufacturing technology, chitin from
BSFL has also been used in the circular manufacturing of bio-composites via bioconversion
to develop a 3D replica of fungus-like adhesive materials (FLAM) [197]. The research on
using BSFL for human food is still progressing, and it still needs ample time for the market

to reach critical mass for the demand for this kind of food.

Fig. 2.18: Human nutrition from BSFL sources.
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Insects BSFL BSFL BSFL Cricket Cricket Mealworm Cricket BSFL + Cricket
Food Type Pet Food Butter Milk Flour Burger Fitness Bar Pasta Beer
References [198] [34] [195] [199] [200] [33] [201] [196]
Average quantity per 100gg 100 g N/A 20gg 100 g 100 g 100 g N/A
Energy 1790 kJ N/A N/A N/A 1180 kJ 1623 kJ 1587 kJ N/A
Protein 172 g N/A N/A 13 g 208 g 18g 15g N/A
Fat, Total 149¢ N/A N/A 45¢ 19¢g 13.8¢g 62g N/A
- Saturated S51g 70g N/A 15¢g 2.1¢g 2.9¢g 1.7¢ N/A
- Monounsaturated 45¢ N/A N/A 092¢g N/A N/A N/A N/A
- Poly Unsaturated 50g N/A N/A 0.15¢g N/A N/A N/A N/A
- Trans 03g N/A N/A 0.05¢g N/A N/A N/A N/A
Carbohydrates 55.6¢g N/A N/A lg 45¢g 448 ¢ 64 g N/A
- Sugar 73¢g N/A N/A 0 ldg 39¢g 38¢g N/A
Sodium 20 mg N/A N/A 85 mg 1.6¢g 0.26¢g 0.54 ¢ N/A
Moisture 83¢g N/A N/A 1.328¢g N/A N/A N/A N/A
Ash 40¢g N/A N/A 1.12 N/A N/A N/A N/A
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2.9. Patent search and review
This section critically evaluates the patented innovation in utilising BSFL for converting
food or agricultural waste into value-added products. The research used the World
Intellectual Property Organisation (WIPO) database, a leading global intellectual property
information and services repository. Analysis indicates a slower-than-anticipated
advancement in BSFL-related patent technology compared to journal publications. The
methodology for the patent search and selection process is depicted in Fig. 2.19. Guided by
the PRISMA statement and illustrated in the figure, this systematic patent review was
conducted using the latest available data as of May 2021 [202]. Initially, 350 patents were
identified, with 3 excluded due to irrelevance and 29 for duplication, leaving 318 for detailed
examination. After further exclusions of non-English patents and duplicates, 302 patents
related to BSFL were finalised for analysis, covering patents published between January
2010 and December 2020. Exclusions included patents not in the WIPO database, those
needing more titles or abstracts, and some non-English texts due to database limitations. The
final set of patents was categorised into proteins, lipids, chitin, and other uses, focusing on
the sequential extraction and characterisation of these components from BSFL. Findings
revealed 85-98% amino acid contents, 40-47% lipid contents, and 3-4% chitin levels, as

given in Fig. 2.20 [121].
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Fig. 2.19: Workflow for the selected patent search process.

2.9.1. Patent landscape

This patent analysis, focusing on the period up to 2021, includes 302 patents related to BSFL
technology. Most of these patents originated from China (253), followed by South Korea,
the United States, and Russia with 14, 14, and 5 patents respectively. Additionally, 11 other
countries contributed to this patent pool, albeit in smaller numbers. The distribution of
patents by country, the distribution of patents by country, the classification of patents
published on BSFL patent innovation vs country, and the distribution of patents by Country
are illustrated in Fig. 2.21: (a) (b) (¢) and (d), respectively—a separate graph for China due
to its disproportionately high contribution. The first BSFL-related patent was filed in 2010,
with a peak of 106 patents in 2018. The breakdown of patents by-product derived from BSFL

is as follows: proteins (160 patents), lipids (26 patents), chitin (5 patents), and other
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innovations (128 patents). This upward trend in BSFL patent filings is likely to continue due

to growing environmental concerns and the rise of the circular economy.

2.9.2. Technology updates

Potential commercialisation generally refers to products made using the technology
available in the patent database. This typically includes current developments concerning
the available commercialised product or a new product that claims something potentially to
be commercialised in the patent database. The product's commercialisation potential could
also include the outcome of these patent-diverse technologies as well as the existing product
that is already in the market but with some innovation in production that is more efficient.
Recent patent developments regarding the product outcome that can be commercialised from
BSFL-patented inventions are discussed below. Detailed technology updates about BSFL

products are presented in Table 2.12.

Lipid extraction Fatty acid analysis
. Lauric acid
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Fig. 2.20: Patents search and categories.
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Fig. 2.21: (a) The distribution of patents by country, (b) Classification of patents published
on BSFL patent innovation vs country, (¢) Distribution of patents by Country, and (d)
Categorisation of patents published on BSFL from 1990 to 2020.

Of the 350 patents identified in BSFL technology, 302 are pertinent to this study. A
systematic analysis reveals that China is the predominant contributor to BSFL-related patent
documentation, followed by South Korea, the United States, and Russia. Most of these
patents concentrate on animal feed and protein extraction applications, with a significant
number also focusing on lipids and chitin or chitosan derivatives. Despite the technology's
potential to advance the biological aspect of the circular economy, there has been a
noticeable decrease in patent publications since 2018. Crucially, this review indicates an
absence of patents specifically related to the extraction of BSFL utilising SC-CO2, a gap this

study aims to address.



Table 2.12: Technology updates concerning BSFL patent invention.

modified lauric acid for treatment against

Group Date Patent Title Patent ID Finding Innovation
Protein 28.09.2018 | Application of black soldier fly larvae to CN231666276 The innovation here is that rather than using raw BSFL
feed for improving meat quality of aquatic larvae, the inventor aimed to use BSFL larvae powder
products. instead. The patent claims that the powder is high in nutrients
and proteins essential to the aquatic product, and the
inventors believe this product has good prospects in the
market.

20.10.2020 | Method for breeding giant spiny frogs by CN310432875 The patent stated that by mixing the BSFL eggs, pupae,

using black soldier flies nymph and adult with vegetable leaves in feeding the frog,
and claimed that by using the BSFL for feeding, the survival
rate of the giant spiny frogs would be enhanced.

14.01.2020 | Pigeon feed was added with black soldier CN282390859 This patented innovation explains that 5 to 10% of BSFL
fly polypide protein and preparation method polypide protein is mixed with puffed corn, rice flour,
thereof soybean, and plasma protein powder and reduces the cost of

diet, increasing survival and weight gain of young pigeons
faster.
Lipid 10.11.2010 | Application of black soldier fly larvae as CN84075436 This oil is edible or can be used for biodiesel or other
oil-crop insect chemical industries. The BSFL oil content is about 30 —35%
and includes various unsaturated fats, which are a high-
quality health oil required by the human body.

26.04.2019 | Lipid type antibacterial composition, CN241955413 This patented innovation mentions using one of the lipids for
extraction method, detection method and anti-bacterial and claims that the product can be used for
application Escherichia coli and enteritis-type salmonella.

26.11.2020 | Modified black soldier fly larvae oil with W02020234884 This patent provides methods, formulations, and production

systems by extracting BSFL larvae oil and subsequent use of
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biofilm formation and microorganism
growth.

the oil for dermal, oral, topical and industrial therapeutic
applications and medical use.

Chitin 25.02.2019 | Method of obtaining chitin from Hermetia RU238341407 This patent explains in detail how to obtain chitin from BSFL
illucens black soldier fly larvae. larvae. This invention aims to simplify the process of
producing chitin from BSFL.

29.07.2020 | Method of producing covalent-linked RU301723456 This patented innovation is related to producing a covalent
chitosan-melanin complex from black chitosan melanin complex using BSFL. These combinations
soldier fly Hermetia illucens can produce this patent claiming complex chitosan-melanin

biopolymers.

02.05.2019 | A method for separating larvae in a pulp WO02019081067 | This patent claims had developed a procedure for separating
and a liquid fraction the BSFL into a liquid and powdery fraction. The inventors

claim that using BSFL as feedstocks can create a pulp high
in chitin.
Other 21.06.2019 | Method of using edible insects to produce CN246693909 The patent innovation has been invented using edible BSFL
novel insect tea insects to make new tea.

11.01.2019 | Application of insect culture products in cat | CN236590496 The innovation of the patent is about using the BSFL
litter preparation product for cat litter treatment.

30.04.2019 | Composite organic fertiliser, and (CN242425028 The patent is about the production of organic fertiliser
preparation method and application thereof composite and its method of preparation using BSFL as raw

materials.

13.09.2018 | Skincare products containing Hermetia US225645353 The patent presented the production of the skincare product

illucens extract

using BSFL.
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CHAPTER 3: MATERIALS AND METHODS

This chapter is outlining the materials and methods employed in the study, this section
provides comprehensive information on SC-CO2 extraction, cell culture, as well as the
materials for chitin and chitosan extraction, and the synthesis of hydrogels. The procedures
encompass lipid extraction and optimisation, cell culture tests, isolation of chitin and
chitosan, along with their characterisation using techniques such as FTIR and SEM.
Additionally, it details the synthesis and analysis of hydrogels. Emphasising the significance
of rigorous statistical analysis, the chapter underscores the need to validate the research

findings thoroughly.

3.1. Materials

The material used was fresh BSFL purchased from Future Green Solution, Perth, Western
Australia. This is a live insect that was used in this study. Meanwhile, the chemicals used,
toluene and acetyl chloride, were purchased from Merck KGaA, Germany. The methanol
anhydrous, 99.8% and FAME Mix (Supelco 37 Component) from Sigma Aldrich.
Dichloromethane from Chem-Supply, Australia, Potassium Carbonate was purchased from
Ajax Finechem, and methyl heptadecanoate (C17:0) for the internal standard from
PolyScince Corporation, USA. The other reagents were distilled water, n-hexane,
phenolphthalein, ethanol, and demineralised water. All the chemicals and reagents were of
a high enough quality to be used in an analytical standard. According to new market research
by Meticulous Research, the global BSFL market will develop at a 33.3% compound annual
growth rate from 2019 to 2030, reaching US$2.57 billion in a decade. This species is native
to the neotropical area but has spread across all continents in recent decades, becoming

virtually worldwide [102]. BSF may be found in the US, Europe, and Russia's Krasnodar
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Territory [7-9]. It also exists in the Afrotropical, Australasian, East Palaearctic, Nearctic,
North African, Southern African, and Indo-Malayan realms [10-14]. A comprehensive
explanation of BSF is provided in subsection 2.5. The life cycle and phases of BSF

development, as well as the average length of each stage, are shown in Fig. 2.9.

3.1.1 SC-CO2 Extraction Material

Supercritical carbon dioxide (SC-CO2) extraction in the context of BSFL represents a
fascinating intersection of green technology and innovative solutions for waste management
and nutrient recovery. Fig. 3.1. illustrates the classification of sequential extraction and
characterisation of proteins, lipids, and chitin from BSFL, prepupae, and pupae found to
have 85 - 98% amino acid content. At the same time, the lipid contents are between 40 -
47%, whereas the chitin is only between 3 - 4% [121]. Furthermore, the fresh BSFL was
purchased from Future Green Solution (Perth, Western Australia). Toluene and acetyl
chloride were purchased from Merck KGaA (Germany); anhydrous methanol, 99.8% and
Fatty Acids Methyl Ester (FAME) Mix (Supelco 37 Component) from Sigma Aldrich;
dichloromethane from Chem-Supply (Australia); potassium carbonate from Ajax Finechem,;
and methyl heptadecanoate (C17:0) for the internal standard from PolyScince Corporation
(USA). All the chemicals and reagents were of a high enough quality to be used in an
analytical standard. SC-CO2 extraction's application in processing BSFL is a promising
approach that embodies the principles of a circular economy. It offers a sustainable method
for managing organic waste and extracting valuable nutrients and compounds, potentially

revolutionising waste management, agriculture, and industrial processing.



60

Lipid extraction Fatty acid analysis

B |:> Lauric acid
40-47% lipids D predominant

(55-65%)

P L W )

BSF larvae, perpue, Protein extraction Amino acid analysis
and pupae IS |:> All esential
. ). TE— 85-98% proteins ':et amino acids

g'g present

Acetylation degree
amino acids

AD *90%
No amino acids

Fig. 3.1: The BSFL, prepupae, and pupae bioconversion product.

3.1.2 Cell Culture Material

The cell bank of the University of Sydney obtained fibroblast 3T3 cells. Dulbecco's modified
Eagle's medium (DMEM, Thermo Fisher), DMSO, phosphate buffer saline (PBS) (Sigma),
fetal bovine serum (FBS), Trypsin (Thermo Fisher),, 4% paraformaldehyde (Sigma), bovine
serum albumin (BSA, Gibco Laboratories), MTS (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay (Promega), Tween-20 detergent (Sigma), Triton X-100
(Sigma), DAPI and phalloidin (Abcam). All the chemicals and reagents were of a high

enough quality to be used in an analytical standard.

3.1.3 Chitin and Chitosan Extraction Material
Various specific chemicals were carefully selected in the experimental setup for their high
purity and efficacy. These include sodium hydroxide (NaOH) and acid hydrochloride (HCI),

which were procured from Chem Supply, known for its reliable chemical supplies.
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Additionally, chitosan was utilised, a versatile biopolymer derived from prawn shells with a
deacetylation level greater than or equal to 75%. This chitosan is notable for its high degree
of purity and consistency in composition. Alongside this, chitin, another valuable
biopolymer extracted from prawn shells, was sourced from Sigma Aldrich, a reputable
provider known for its stringent quality control and superior-grade chemical products. These
chemicals were selected by the need for analytical grade reagents, ensuring the highest
precision and reliability in experimental results. Analytical grade chemicals are characterised
by their high purity and are typically used in scientific research where accuracy and
consistency are paramount. Using such high-quality reagents is crucial in obtaining valid
and reproducible data, especially in experiments where chemical reactions and interactions
are observed and analysed. The procurement of these chemicals from trusted suppliers like
Chem Supply and Sigma Aldrich further underscores the commitment to maintaining

rigorous standards in the experimental procedures.

3.1.4 Hydrogel Synthesis Material

The selection of chemicals for the experiment was purchased from reputable suppliers to
ensure optimal quality and consistency. Sodium hydroxide (NaOH) and acid hydrochloride
(HCI) were acquired from Chem Supply, a trusted source known for its reliable chemical
products. From Sigma Aldrich, a 50 wt % Glutaraldehyde (GA), Acetic Acid at 99% purity,
and lysozyme extracted from chicken eggs were procured, each meeting stringent quality
standards. Furthermore, gelatine was sourced from Ajax Finechem, which is recognised for
its high-grade biochemical products. Additionally, a phosphate buffer saline with a 20x
concentration (PBS, pH 7.4) was obtained from Rowe Scientific Pty Ltd, another esteemed
supplier in the field. All these chemicals and reagents were confirmed to be of analytical

grade, ensuring high precision and reliability in the experimental outcomes. This careful
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selection underscores the commitment to maintaining rigorous scientific research and

experimentation standards.

3.2. Methods

This section discusses a range of intricate procedures and analyses. It encompasses lipid
extraction and optimisation, starting with moisture determination, sample preparation, and
assessing acid value and fatty acid percentage, followed by using supercritical CO; and
solvent extraction techniques. This is complemented by an experimental design for
optimising SC-CO?2 extraction and a detailed fatty acids analysis. The section also covers
in-vitro cell culture tests, including cell counting and proliferation assays, detailed cell
morphology analysis with DAPI and Phalloidin staining, and wound healing migration
assays. For the isolation of chitin and chitosan, the study describes the extraction process,
deacetylation, and subsequent characterisation through elemental analysis, FTIR, TGA,
SEM, and XRD. Additionally, the synthesis and characterisation of chitosan-based
hydrogels are discussed, involving various analyses like FTIR, TGA, swelling, and
biodegradation tests. The section concludes by emphasising the need for extensive statistical
analysis to interpret the diverse experimental results, highlighting the comprehensive and

systematic approach of the research.

All experiments were conducted at the School of Chemical and Biomolecular Engineering
(CBE) and the School of Biomedical Engineering (BME) at The University of Sydney. The
primary location for Chapters 4, 5, and 7 was Lab 429 in the CBE. Additional analyses were
performed in various laboratories, including the School of Chemistry for fatty acid analysis
using GCMS and the Solid State & Elemental Analysis Unit at the Mark Wainwright
Analytical Center, University of New South Wales (UNSW), for elemental analysis. XRD

analysis was conducted at the Sydney Analytical Center. Cell culture activity experiments
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for Chapter 6 were conducted at the School of Biomedical Engineering at the University of

Sydney.

3.2.1 Lipid Extraction and Optimisation

This subsection discussed the lipid extraction and optimisation process from BSFL. It begins
with determining the moisture content of BSFL, which is crucial for efficient extraction. The
larvae are then prepared through grinding and homogenising to maximise lipid yield. Key
quality indicators, such as the acid value and free fatty acid percentage, are measured to
assess lipid quality. Two extraction methods are compared: the environmentally friendly SC-
CO2 extraction and conventional solvent extraction. An experimental design optimises SC-
CO2 extraction conditions, focusing on variables like pressure, temperature, and flow rate.
Lastly, the extracted lipids undergo fatty acid analysis, typically using Gas Chromatography-
Mass Spectrometry (GC-MS), to profile their fatty acid composition, which is crucial for
understanding their potential applications. This section emphasises a strategic approach to

lipid extraction, which is pivotal for sustainable waste management and resource recovery.

3.2.1.1 Moisture Content Determination

The moisture content of the BSFL was ascertained utilising the Association of Official
Analytical Chemists (AOAC) method [203]. This measurement performed a 24-hour
incubation in an oven set at 105 °C, conducted in triplicate, with the resultant average value
being documented. The BSFL exhibited a dry matter content of 34%, aligning closely with
findings from a prior study [6]. This experiment has been meticulously replicated to ensure

accuracy.
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3.2.1.2 Sample Preparation
To initiate the extraction method, the experiment commenced with a fresh BSFL treatment,
which underwent a preliminary heat treatment in an oven at 60 °C for 48 hours. This step
was crucial to remove any existing free moisture, continuing until a consistent weight was
attained. Subsequently, the sample was finely ground in a mortar and meticulously stored in
airtight plastic bags within a laboratory freezer, preserving it for subsequent extraction

Processces.

3.2.1.3 Acid Value and Free Fatty Acid Percentage

The acid value (AV) is defined as the quantity of free fatty acid (FFA) in the oil that requires
a calculated mass of potassium hydroxide (KOH) to neutralise. The acidity is an expression
of the content (mg/g of KOH) of free fatty acids in fat/oil. Briefly, 1 g of BSFLO was
weighed and transferred into 150 mL of the beaker. 25 mL of absolute ethanol was added to
the sample and stirred until the oil dissolved. The solution was then treated with 3 to 5 drops
of phenolphthalein. Titration was performed with 0.1 N KOH until the solution coloured
pink (the colour remained the same for 20 seconds). Equations 3.1 and 3.2 were used to

obtain the AV and FFA% of BSFLO respectively.

_ (Vs=Vp) XN xM

equalAcid Value (AV) = o (3.1)
Where,

Vs = tritation volume of sample,

vy = titration volume of blank,

Wt  =weight of the BSFL oil,
N = Molecular weight of KOH and
N = Concentration of KOH

Then, the FFA % can be stated on the scale of lauric acid.
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AV XM KOH XMMFFA

FFA% = O XIE (3.2)
Where,

AV = Acid Value

M KOH = Molecular weight of KOH

MMFFA = Average molar of fatty acids (Lauric Acid) , 200.32 g/mol

Wt = weight of the BSFL oil

3.2.14 Supercritical CO2 Extraction

The instrumental set-up of the SC-CO2 extraction process consists of a unit of the SC-CO2
extractor from the Spe-ed SFE Basic completed with the high-pressure CO, pump, extraction
vessel, band heater, temperature indicator, collection vial, rotameter, and other accessories.
The equipment ware supplied by Applied Separation, Allentown, USA. The schematic
diagram of SC-CO2 unit using Spe-ed SFE Basic is presented in Fig. 3.2. The Spe-ed SFE
Basic instrument can withstand pressures up to 690 Bar and temperatures up to 240 °C.
Within this range of pressures and temperatures, a wide range of extractions may be
conducted. A liquefied carbon dioxide cylinder (G Size, Gas Code: 081 with gas composition
is greater than 99.9% CO,) and a compressed air cylinder were supplied by BOC company,
Sydney. Compressed air is necessary to drive the pump. Maximum air pressure should be
125 psig (8.6 Bar); the minimum is 100 psig (6.9 Bar). The pump required recirculating
coolant, or a chiller supplied by Julabo (Model F12) for CO, pressurisation. The recirculating
coolant (80% Ethylene Glycol (GE) — 20% Water) should be maintained at a controlled
temperature of 0 ° C. Polypropylene (PP) wool or frit was used before loading the sample
into the extraction vessel. Two grams (2 g) of ground BSFL samples were loaded and
tamped, followed by some PP wool/frit. Subsequently, the Spe-ed matrix supplied from

Applied Separation was loaded into the extraction vessel, followed by the PP wool/frit for
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finishing. The parameter, such as the temperature and pressure of the experiment, is

discussed in Section 3.2.1.6.

. Expanded gas
Valve CO.discharge

Expanded gas

Temperature =< CO,discharge

Chiller indicator Valve Rotometer

L. ¢ ) F
Pressure
tndlcator Band
heater
—Valve —
High pressure —
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Fig. 3.2: Schematic diagram of supercritical CO» unit using Spe-ed SFE Basic.

To guarantee that the supercritical fluid diffuses evenly throughout the sample matrix, the
sample bed was packed tightly. The extraction vessel was placed in the Spe-ed SFE Basic,
and the chiller temperature was reduced to 0 °C. The COz could flow through the system
then be pumped into the extraction vessel and was pre-liquefied by transient through the
band heater where the pressure and temperature were kept at the desired conditions. The
supercritical state of CO; was reached at this point. The oil extracted from the larvae was
collected in a collecting container. The larvae oil was weighed as yield and stored in the
refrigerator for further examination after the required extraction time was reached. The total
larvae oil yields were calculated using the following equation, which was expressed as a

percentage of the BSF larval sample on a dry basis:



67

)_ Mass of extracted larvae oil

Oil yield (9
y ( % Mass of ground BSFL

x 100 (3.3)

3.2.1.5 Solvent Extraction

The BSFL oil was extracted using the Folch Method with minor modifications [23, 188]. A
sample BSFL of 75 mg was homogenised with 1:20 (v/v) of dichloromethane:methanol (2:1,
v/v) in a 2 mL Eppendorf tube. The sample was vortexed for 10 seconds using the vortexes
with medium speed and centrifuged sample for 1 minute with the maximum speed of
20,000rpm. The liquid phase was pipetted and rinsed with 0.2 volume of 0.9 % NaCl solution
before the solid phase was set aside. The sample was then centrifuged again for 1 minute at
a similar speed to induce phase separation. The bottom phase was then transferred to another
Eppendorf tube. To get the maximum larvae oil yield, the solid phase was homogenised
again, and repeating the process, transferring the bottom phase to the Eppendorf tube
containing the larvae oil. The solvents were evaporated under the fume cupboard until the
oil sample dried. Weighted the oil sample and calculated the yield by using Equation 3.3.
The extraction was carried out in triplicate and resulted in 30% oil content, on a dry basis

which is less than the previous study [121].

3.2.1.6 Experimental Design for SC-CO2 Optimisation

The optimisation of the SC-CO2 extraction parameters was examined using response surface
methodology and optimised using the Box Behnken design (BBD) through MODDE 13.0
software (Sartorius). The model comprised three factors, which are pressure from 150 — 400
bar (X7), temperature from 30 — 50 °C (X>), and extraction time 1 — 3 hours (X3) to optimise
the yield (Y) of the larvae oil and the constant flowrate of CO» has been selected around ~1.2
Ipm. All of the variables and ranges were determined based on preliminary experimental and

screening findings obtained from SC-CO2 oil extraction from BSFL literature [44]. Initially,
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the pressure range setting was between 200 — 400 bar, which is for screening purposes, and
found that the identified pressure range was not in the envelope of the optimisation of the
larvae oil. The pressure was lowered down from 200 to 150 bar, and the result obtained from
the optimisation was within the envelope of the response surface created through the
modelling. Table 3.1 shows the independent parameters ranges, low, middle and high levels,
coded as -1, 0 and +1, respectively. The experimental design provides 3 centre points and a
total of 17 runs of experiments. The visual and physical properties of the BSFL are presented

in Fig. 3.3.

Table 3.1: Independent variables and coded levels for SC-CO2 extraction.

Independent Variables Symbol Coded Levels

Low (-1) Middle (0) High (+1)
Pressure (Bar) Xi 150 300 400
Temperature (°C) Xz 30 40 50
Extraction Time (hours) Xz 1 2 3

Three responses were assessed using the experimental design which were yield of larvae oil
(Y1), lauric acid (C12:0) composition (Y2), and SFA ratio (Y3). The second-order polynomial
(Equation 3.4) was used to describe the relation of independent coded variables (X;, X> and
X3) to the responses.

Y=0,+ Zi‘z:l BnXn + 25=1 Brn X7 + 25—1 Brm Xn Xm (3.4)
Where £, is the value of the fixed response at the central point, while £, S, and S, are

the linear, quadratic and interaction terms, respectively and £ is the number of variables.
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3.2.1.7 Fatty Acids Analysis
The BSFL oil was extracted using SC-CO2 and solvent extraction techniques, and the fatty
acids were derivatised before gas chromatography analysis. Briefly, the resulting larvae oil
extracted were weighed 3 mg into a 20 mL vial and 150 ul internal standard solution
(2mg/mL methyl heptadecanoate in dry toluene) and 2.85 mL of dry toluene were added.
This is to create a 1000 ppm of lipid concentration. Methanolic HCL (acetyl chloride:
methanol (1:10, v/v)) was freshly prepared and 180 uL of methanolic HCL was added into
the vial. The vial was tightly capped and vortexed at a slow speed for 10 seconds. The vial
was then heated at 70°C for 1 hour. After the methylation occurred, the vials were cooled to
room temperature and 1 mL of 6% K>CO; was added and vortexed at high speed for 5
seconds. The top layer was transferred to a 2 mL centrifuge tube and spun at 20,000 rpm for
one minute. Whereas The upper layer, which comprised the fatty acid methyl esters, was
aspirated into GC-MS vials. The subsequent FAMEs were examined with GC-MS (Perkin
Elmer Clarus 680 GC, with the following setting in Table 3.2. Under the same
circumstances, the fatty acids were characterised by assessing their retention times to the

FAME standards.
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Table 3.2: GC-MS setting for the fatty acid analysis.

Parameter Setting

Column Perkin Elmer Elite Sms- 30m x 0.25 mm ID x 0.25um film thickness
Carrier gas Helium at 1.3mL/min

Ratio split injector 10:1 Split, 0.5uL injection

Oven Program 90 °C held for 2 minutes, 10°C/min to 190 °C, hold for 1 minute, 3°C/min

to 250°C, hold for 3 minutes (total GC time 38 minutes)

GC/MS interface temp. 250 °C

MS Source temp. 150 °C

Oven Equilibrium Time 0.5 minutes

Ton Source MS Positive ion EI, 70 eV

Scan Type MS Solvent delay 0-2 minutes, then scan from 45-600 m/z over 200 ms and

a 100 ms interscan delay

3.2.2 Cytocompatibility of BSFL Qil Test — Invitro Test

Mouse fibroblasts (3T3 cell line) were cultured in complete media containing of DMEM,
10% fetal bovine serum (FBS) (Gibco), L-Glutamine (1%) and sodium pyruvate (1%) and
100 mg/mL penicillin. Cultures were maintained at 37 °C with a CO2 supply of 5% COx.
The cells were used in the experiments upon attaining 70% confluence, BSFLO was diluted
in complete media, and dose dependent effect of oil on cell growth and proliferation was
evaluated. five (5) different concentrations (1, 2.5, 5, 7.5 and 15 pl/mL) were initially used
for the cytotoxicity test. All the stock solutions of BSFLO concentrations were prepared
under sterile conditions. The mitochondrial activity of the fibroblasts cultured with oil was
investigated by colorimetric assay which identified the conversion of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTS Promega, Madison, WI,

USA) to formazan as detailed previously [204]. Briefly, the 3T3 cells were seeded in 24
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well plates at a concentration of 1.5 x 104 cells/mL per well using complete DMEM culture
media supplemented with different concentrations of BSFLO as mentioned above and
untreated cells were used as control. This control serves as a negative control. The cells were
allowed to grow for 1, 3 and 7 days at 37 °C in a humidified atmosphere of 95% air and 5%
CO2. At the end of each time point freshly prepared MTS reaction mixture was diluted in
PBS at 1:5 (MTS: PBS) volume ratio and added to the wells cultured with cells and oil and
incubated at 37 °C for 4 h. Three replicates of each oil concentration were tested at each
culture time point. After 4 h of incubation, the purple formazan crystals were transferred into
96 well plates for absorbance reading. The wavelength was recorded at 490 nm (sample)
using SPECTROstar Nano® Absorbance Plate Reader by BMG LABTECH. The
experiments were conducted in triplicates. The results were shown as means OD. The

percentage proliferation of the cells was calculated by Equation 3.5:

OD of untreated cells—O0D of treated cells
OD of untreated cell

Proliferation % = x 100 (3.5)

Where, OD = Optical density

3.2.2.1 Microscopy for Cell Morphology - DAPI staining

The morphology of the cells was using 8-well chamber slide to seed cells at a low density
ranging from around 5,000 to 10,000 cells per well. Following incubation for either 24 or 48
hours, the cells underwent three rounds of washing with PBS and were then fixed in 4%
paraformaldehyde in PBS for 10 minutes without light. Subsequently, DAPI was added to
the cells, which were incubated in darkness at room temperature for 15 minutes. After
aspirating the DAPI solution, the cells underwent three additional washed rounds with PBS.
Finally, the cells were submerged in PBS and preserved at -4°C until they were ready for

microscopy. The visualisation was performed with an Olympus BX41 microscope, and the
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images were captured with CSV1.14 software and a CAM XC-30 (Olympus Europa,

Hamburg, Germany).

3.2.2.2 Cell Migration Assay

The 3T3 cells were seeded at a density of 200 x 104 cells/well in 12-well plates and incubated
for 24 hours at 37°C for the cells to attach for the migration assay. After incubation, the cell
layer was scraped in a straight line using a 1 mm pipette tip. The point was carefully kept
perpendicular to the bottom of the well, and another line was scratched perpendicular to the
first, resulting in a cross-shaped wound in each. Following the scratching, any cell debris
was gently removed with PBS. The cells were then treated with BSFLO, placed in the
incubator, and observed cell migration on the phase-contrast microscope. A microscope
(Nikon ECLIPSE Ts2-FL with WiFi camera) was employed to observe the image every 4-8
hours until cells migrated to meet in the middle. The image was used to do the image

analysis.

3.2.3 Isolation of Chitin and Chitosan

In this section, the 'Isolation of Chitin and Chitosan', the extraction and detailed
characterisation of these biopolymers from BSFL are methodically presented. The process
begins with the extraction of chitin, ensuring high purity, followed by its deacetylation to
produce chitosan. For characterisation, elemental analysis determines the composition of
these biopolymers FTIR spectroscopy is employed to elucidate their molecular structures,
particularly focusing on functional group identification. TGA assesses the thermal stability
and decomposition properties, crucial for application development. SEM reveals the surface
morphology, providing microstructural insights. Finally, XRD analysis determines the

crystallinity, essential for understanding material properties. This section highlights the
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systematic approach in extracting and analysing chitin and chitosan, underpinning their

potential in various scientific and industrial fields.

3.2.3.1 Chitin Extraction

The solid phase (defatted) and undefatted sample underwent a demineralisation process
using the acidic solution at a solid ratio of 1:10 (m/v) with IM HCL at room temperature for
lh under slow stirring conditions. After that, the samples were deproteinisation using the
alkaline solution at a solid ratio of 1:25 (m/v) with 1M NaOH at 80 °C for 24 hr under stirring
(150 rpm) (repeated until the colour was removed, which was about 3 times and more). Once
the colour was faded and cleared, the sample was filtered and washed with demineralised
water until the sample reached pH 7 and dried at 50 °C for 24 hrs. Finally, the total chitin

content was calculated using Equation 3.6:

)_ Mass of extracted chitin

Chitin (%
(A) Mass of ground BSFL

x 100 (3.6)

3.2.3.2 Chitosan Extraction (Deacetylation of Chitin)

Deacetylation was performed using the concentrated alkaline solution and a heat treatment
to the solution (1:20 (m/v) sample in 50% NaOH, at 110 °C for 6 hours and stirring) to the
extracted chitin in pressure-resistant glass vials. After that, the samples were filtered via
water until the pH was neutral and dried for 24 hours at 50 °C. Finally, the total chitin content

was calculated using Equation 3.7:

)_ Mass of extracted chitosan

Chitosan (9
( % Mass of ground BSFL

x 100 (3.7)

3.2.3.3 Elemental Analysis
Each extracted chitin sample's carbon and nitrogen concentrations were quantified through
elemental analysis, specifically carbon-to-nitrogen ratio (C/N), using a Vario micro cube

(Elementar, Langenselbold, Germany). To accurately determine the C/N ratio and
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subsequently infer the average degree of acetylation (DA) [205], approximately 30 mg of
the dry chitin sample was weighed and subjected to high-temperature combustion at 1150
°C. This process was calculated by Equation 3.8, ensuring precise calculation of the C/N
ratio, which is pivotal in assessing the chemical composition and potential applications of
the chitin samples:

) — (C/N)_5'14’
1.72

DA (% (3.8)

3.2.3.4 Fourier-Transform Infrared (FTIR)

The FT-IR spectra of the extracted chitin and chitosan samples were analysed by Nicolet
6700 ATROFTIR spectroscopy from 4000 to 600 cm™'. Absorbance patterns corresponding
to different wavenumbers were used to investigate the chemical bonds present in the

samples. Equation 3.9 was used to assess the degree of acetylation (DA%) of chitin based

on the FTIR spectra [205]:

(Area 1500—1700)

Area 2700-3600 x 100 (3.9)

the DA% = 133

Where Area 1500 — 1700 represents the location of amid 1 band, Area 2700 — 3600 is the

hydroxyl band, and the factor 1.33 is the ratio value for fully N-acetylated.

3.2.3.5 Thermogravimetric Analysis (TGA)

The TGA of the samples was performed using a TA Q5000 Thermogravimetric Analyser.
For each analysis, approximately 15 mg of the sample was used. The temperature was
progressively increased to 625 °C at a rate of 10 °C per minute under a controlled nitrogen
atmosphere with a flow rate of 15 mL per minute. This systematic approach ensures precise
thermal decomposition profiling of the samples, which is essential for understanding their

thermal stability and composition under high-temperature conditions.
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3.2.3.6 Scanning Electron Microscopy (SEM)
SEM pictures were captured with a Phenom XL microscope. Before imaging, the samples
were prepared by coating them with a thin layer of platinum/palladium (Pt/Pd) alloy,
specifically 1.5 nm of 80/20 wt% Pt/Pd, using a Sputter Coater HP208 Cressington. This
coating enhances the electrical conductivity of the samples, which is crucial for obtaining
high-resolution and clear SEM images, thereby allowing for detailed analysis of the surface

morphology and microstructural characteristics.

3.2.3.7 XRD

X-Ray Diffraction (XRD) patterns of chitin and chitosan samples were studied for all chitin
extracted from BSFL and also for the commercial chitin extracted from prawn using a
PANalytical X'Pert Powder X-ray diffractometer system running at 45 kV, 40 mA and 26
with a scan angle between 5° and 50 °C. Before the measurement, each sample was grounded
in a mortar. The crystalline index value (Crl) was determined from the intensity (counts) at

15° (Iam, amorphous phase) and 19.3° (I110) according to the below Equation 3.10 [206] :

__I110-Iam

Crl = ——— x 100 (3.10)
1110

3.2.4 Synthesis of Chitosan-based Hydrogel

The synthesis of the chitosan-based hydrogel with a combination of chitosan BSFL —
gelatine — GA (CH-G-GA) started by dissolving 2% of chitosan extracted from BSFL in 1%
acetic acid aqueous solution at ambient temperature, left all-night on a magnetic stirrer at
150 rpm. Next, 10% of the gelatine solution was formulated in distilled water at 40 °C. To
make mixed hydrogels, CH-G, aqueous solutions of gelatine (10%) and chitosan (2%) were
mixed with various weight ratios in a total volume of 10 mL. Every mixture was vortexed

for 10 seconds at high speed to produce a homogeneous solution, and then 1% (w/w) of
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glutaraldehyde was add up as a crosslinker. The solution was vortexed for another 10
seconds and put in a petri dish plate to form hydrogel scaffolds for 3 hours. After gelation,
the hydrogel was dried at 35 °C for 4 hours. Finally, all the hydrogel scaffolds were

performed in triplicate.

3.2.4.1 Characterisation using FTIR

The FT-IR spectra of the commercial chitosan, chitosan derived from BSFL, gelatine, and
CH-G-GA hydrogel samples were meticulously examined using a Nicolet 6700 ATR-FTIR
spectrometer, scanning across a wide range from 4000 to 600 cm™!. This analysis focused on
identifying distinct absorbance patterns at varying wavenumbers, which are indicative of the
specific chemical bonds present within each sample. This approach provided a detailed

insight into the molecular structure and bonding characteristics of these materials.

3.2.4.2 Characterisation using TGA

Thermogravimetric analysis (TGA) was performed using a TA Q5000 Thermogravimetric
Analyzer. For this analysis, approximately 15 mg of the sample was used. The temperature
incrementally increased to 800 °C at a rate of 10 °C per minute in a controlled nitrogen
atmosphere, maintaining a flow rate of 15 mL per minute. This procedure ensures a detailed
understanding of the samples' thermal stability and decomposition behaviour under elevated

temperatures, providing critical insights into their thermal properties.

3.2.4.3 Swelling Test
The swelling behaviour was examined by immersing the samples in excess PBS solution
(pH 7.4). Dried hydrogels were weighed (Wo) and immersed in PBS solution at 37°C. The

swollen sample was extracted at regular intervals, the surface water was removed with filter
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paper, and the samples were weighed (Wt) until they reached constant values. The swelling

rate was calculated using Equation 3.11.

Swelling Rate % == x 100% 3.11)

0

3.2.4.4 Bio-degradable test using enzyme

The degradation test of chitosan-based hydrogels (1 cm?= 1 cm x 1 cm) was performed in
15 mL phosphate-buffered solution (PBS, pH=7.4) at 37 °C comprising 1.5 pg/mL
lysozyme. The concentration of lysozyme was preferred to correspond with that of human
serum [207, 208]. During the investigation, chitosan hydrogels were incubated in a lysozyme
solution at 50 rpm. The lysozyme solution was refilled on a daily basis to ensure that the
enzymes remained activeSamples were taken out of the medium at regular intervals (7, 14,
and 21 days), rinsed with distilled water, and then dried in an oven at 35 °C for 4 hours or
until constant weight. The weight loss calculated the degree of degradation: as per Equation

3.12:

Weight Loss % = =% x 100% (3.12)

0

where Wy is the dry weight prior to the degradation test, and W;is the dry weight at

prearranged time .

3.2.5 Statistical Analysis

Statistical analysis was conducted by employing response surface methodology (RSM) using
Modde 13.0 software (Sartorius). Analysis of Variance (ANOVA) was utilised to examine
the data, providing a robust framework for examining the relationships and interactions

within the dataset. The efficacy of the statistical model was assessed based on the R* value,
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which quantifies the proportion of variance in the dependent variable that is predictable from

the independent variables, thereby offering a measure of the model's explanatory power.
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CHAPTER 4: EXTRACTION AND OPTIMISATION OF LIPID FROM BSFL
USING SC-CO2 EXTRACTION

BSFL have been proven to be a good resource of nutrients, such as protein, lipids, and
minerals. The content of fat in BSFL is mainly saturated fatty acid (SFA). SFAs, such as
lauric acid, myristic acid, palmitic acid, and stearic acid, contain only single bonds between
the carbon atoms in their fatty acid chains. Most medical, scientific and governmental
organisations, including the World Health Organisation (WHO) have agreed that saturated
fat consumption is a risk factor for cardiovascular disease (CVD). However, there is still a
controversy concerning this. Saturated fats in the diet can elevate total cholesterol and shift
the balance to more harmful low-density lipoprotein (LDL) cholesterol, resulting in heart
and arterial blockages. Most nutritionists recommend reducing saturated fat to less than 10%
of total calories per day [209]. For someone eating 2,000 calories a day, that equates to about
11 to 13 grams of saturated fat. Therefore, a lower concentration of SFA in the diet is

beneficial to reducing CVD and subsequently improving human health.

The primary fatty acid content in the BSFL is composed of oleic acid (C18:1 n-9), palmitic
acid (C16:0), lauric acid (C12:0), and linoleic acid (C18:2 n-6) [122]. Lauric acid is a
saturated fat-containing medium-chain fatty acid (MCFA) or medium-chain triglyceride
(MCT), found in coconut oil and palm kernel oil. It has been recently determined that the
lauric acid composition in BSFL oil is around 45-47 % of the total saturated fat, similar to

that found in palm kernels and coconut oils [133].

Supercritical carbon dioxide extraction (SC-CO?2), deemed a ‘green’ process, is a favourable
technique to the environment and can be an alternative for the effective extraction of natural

bioactive compounds from natural matter such as lipids or oils. Carbon dioxide is low-cost,
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non-toxic, non-explosive, readily available at high purity, easily removed from the extracted
product, and provides a broad range of solvent characteristics at various pressures and
temperatures [41]. The critical temperature (31.1 °C) and pressure (7.2 barg) of CO» are
relatively low, making SC-CO2 an excellent solvent for extracting thermally sensitive

compounds, since extraction is feasible at ambient temperature [41].

Response surface modelling (RSM) offers an efficient statistical approach for optimising
experimental conditions and studying crucial process factors with fewer experimental trials
[42]. Optimisation of extracted yields from insects using RSM has been reported recently
but only for sorghum bugs, silkworm species, and Tenebrio molitor larvae, indicating yields
of 75 — 97 % and at ideal circumstances [43]. BSFL have also been defatted using SC-CO2
to remove excess fat so that they may be utilised as fodder for aquaculture and livestock
[44]; however, the use of RSM to optimise the yield of oils is limited. For the BSFL oil
product, there is still no information regarding the SC-CO2 extraction parameters,
composition, physicochemical characteristics, or the analysis of fatty acids compared to the

oil yield and composition of insects and vice versa.

One of the aims of this study is to study the lipid extracted from the BSFL. The response
surface modelling (RSM) method was employed to investigate the SC-CO2 extraction of
BSFL oil to optimise the yield of the larvae oil, fatty acid composition, and saturated fat
concentration ratio in the BSFL oil. The optimal conditions are investigated, and the fatty
acid composition is compared between SC-CO2 extraction and conventional chemical

solvent extraction.
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4.1 Material and Methodology
For comprehensive details on lipid extraction and optimisation, including an in-depth
exploration of the materials and methodologies utilised, please refer to Chapter 3 of this
thesis. Specifically, Sections 3.1.1 and 3.2.1 provide extensive information and discussion
on the various aspects and techniques for the lipid extraction method, ensuring a thorough

understanding of the procedures and principles applied.

4.2 Result and Discussion

This section discusses a detailed analysis of lipid extraction methods, beginning with
evaluating solvent-based techniques, focusing on lipid yield and quality. This is
complemented by a discussion on using response surface methodology to understand the
impact of varying extraction variables on lipid yield and quality. To maximise efficiency,
the section then shifts to optimising supercritical carbon dioxide (SC-CO2) extraction
conditions, fine-tuning temperature, pressure, and flow rate. A critical comparative
evaluation between SC-CO2 and solvent extraction methods is presented, examining each
technique's efficiency, environmental impact, and the quality of extracted lipids. The
influence of SC-CO2 extraction conditions on fatty acid composition is also explored,
highlighting the method's importance for specific industrial applications. Finally, the section
discusses the precision required in SC-CO2 extraction to isolate specific fatty acids,
showcasing the method's adaptability and effectiveness. This comprehensive analysis
underscores the section's focus on innovative lipid extraction techniques and their

implications in the field.

4.2.1 Solvent Extraction Analysis
The extraction process was conducted in triplicate, yielding an oil content of 30% on a dry

basis. This result is slightly lower than the findings reported in a previous study [6, 121], as
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indicated in Table 4.1. This discrepancy highlights potential variations in extraction
efficiency or methodology, emphasising the need for further investigation to understand the

underlying factors contributing to these differences.

4.2.2 Response Surface Analysis

Many factors influence the optimal performance of the SC-CO2 extraction process, such as
temperature, pressure, time, flow rate of the solvent, matrix particle size and moisture, and
additional modifiers of a co-matrix [39]. In this work, only three factors are explored:
pressure, temperature, and extraction time. Table 4.1 summarises the results from the RSM
experiments showing actual vs predicted yields. The yield percentage varies from 16.60 to
33.89 % of actual and 17.78 to 32.84% of predicted value, depending on the combination of
factors. The best yield was 33.89%, corresponding to 300 bar, 40 °C, and 2 hours of
extraction time, higher than 3.89% from the solvent extraction method.

The RSM analysis shows that pressure is a more dominant factor in the extraction yield than
the other parameters. According to the analysis, the pressure has a positive and linear effect
on oil recovery which agrees with a previous study [210]. The increased pressure leads to an
increase in density and solubility, which in turn would result in a higher recovery [41, 211].
Table 4.1 also shows that the high pressure of 400 bar recovered more larvae oil (29.90%)
than the low pressure of 150 bar (23.34%) at the same temperature. Meanwhile, at a higher
temperature, more oil is produced and extracted than at a lower temperature. The effect of
temperature on the extraction process is considerably more complicated to evaluate than the
impact of pressure on the extraction process [212]. The reason for the difficulty is the double
impact of the temperature on the extraction process, as it depends on which factor dominates,
either solute vapour pressure or the density of the solvent. As temperature rises, the oil

solubility and density of SC-CO2 decline [211, 213], leading to an increase in oil extraction
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because the vapour pressure is higher. Alternatively, increased extraction time has been
shown to improve larval oil recovery. The relationship between pressure, temperature and
extraction time with larvae oil yield is shown in Fig. 4.1 and Fig. 4.2.

The lauric acid (C12:0) composition results varied from 48.14 to 62.21 g/100g of
experimental and 50.20 to 60.22 g/100g of the predicted values. These values were reliant
on the various combinations of the factors. Based on the experimental modelling, the highest
lauric acid content was achieved with the pressure of 150 bar, at 40 °C, and within 1-hour
extraction. With a rise in pressure, the quantity of fatty acids, particularly lauric acid,
dropped and increased when the temperature was increased from 30 °C to 40 °C at a constant
CO; flow rate of approximately around 1.2 L/min. The lauric acid content gradually
increased within 2 hours of extraction time and slowly decreased when it reached 3 hours.

The concentration of SFA is determined by using the ratio of SFA to unsaturated fat (USFA).
The total SFA for this BSFL is contributed by lauric acid, myristic acid, palmitic acid, and
stearic acid. In contrast, USFA is a combination of the rest of the fatty acids (palmitoleic
acid, oleic acid, linoleic acid and a Linoleic Acid, as per Table 4.1. The maximum
concentration of SFA with a value of ratio 7.0 was obtained with the pressure of 300 bar, at
40 °C and within 2 hours of extraction. Meanwhile, the minimum value of the concentration
of SFA of 4.0 was found with the pressure of 150 bar, at 40 °C and within 3-hour extraction.
Fig. 4.1 shows the RSM showing the effects of the variables tested factors on oil recovery,
and Fig. 4.2 shows the response contour plots showing the effects of the temperature and
pressure on oil recovery, lauric acid composition and the SFA ratio at constant time of 2

hours.



Table 4.1: Designed experiments and results (experimental and predicted) of lipid extraction of Hermetia illucens larvae using

Supercritical CO> extraction.

84

Experiment Factors Responses
Number Lipid Yield (%) Lauric Acid [g/100 g] Ratio of SFA
Pressure | Temperature (X;) | Time (X3) Experimental Predicted Experimental | Predicted Experimental Predicted
(X1)(Bar) O (hour)
N1 200 30 2 23.03 22.02 57.05 58.39 6.1 5.8
N2 400 30 2 27.56 26.13 50.66 50.00 4.8 5.1
N3 200 50 2 29.78 28.14 55.19 54.06 54 5.2
N4 400 50 2 29.90 31.26 51.07 49.82 4.7 4.5
N5 200 40 1 22.23 23.29 61.18 60.54 5.0 6.0
N6 400 40 1 27.5 27.37 55.62 55.60 6.1 5.4
N7 200 40 3 26.82 27.08 58.43 57.49 6.8 5.5
N8 400 40 3 30.30 30.24 48.14 49.80 43 4.8
N9 300 30 1 16.60 17.78 56.61 56.95 6.0 5.9
N10 300 50 1 27.60 26.56 51.70 52.94 52 54
NI11 300 30 3 23.01 24.27 51.78 50.77 5.3 5.4
N12 300 50 3 27.70 26.74 50.38 50.27 4.7 4.8
N13 300 40 2 31.84 32.84 55.83 56.97 6.3 6.8
N14 300 40 2 32.34 32.84 56.66 56.97 6.4 6.8
N15 300 40 2 33.89 25.61 57.97 54.64 7.4 6.8
N16 150 50 2 23.34 22.02 53.39 58.39 4.2 4.4
N17 150 40 1 21.59 26.13 62.21 50.00 5.6 5.2
N18 150 40 3 25.03 28.14 58.53 54.06 4.0 4.7

Note: At the constant CO2 flow rate of an average of 1.2 lpm, the pressure is + 5-7 bar due to the kinetic of a pneumatic pump.
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Fig. 4.1: Response Surface plots showing the effects of the variables tested factors on oil recovery: (a) Pressure and temperature at a constant time of 2 hours, (b) Pressure
and time at a constant temperature of 40°C, and (c¢) Time and temperature at a constant pressure of 275 bar.
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Table 4.2 shows the coefficients of the second-order polynomial equation obtained from the
models while the ANOVA results are presented in Table 4.3. To find the best correlation
between the larvae oil recovery and the lauric acid recovery with the factors, three models
were compared: linear, two-factor interaction, and quadratic models. The p-value of the
model regression for both larvae oil recovery and lauric acid was 0.000, and for the SFA
concentration ratio, it was 0.037, which fulfils the requirement and shows that if the p-values
are less than 0.05, the model terms are significant. The Lack of Fit F-value was 3.02 for the
oil recovery, 2.38 for the lauric acid recovery and 3.43 for the SFA concentration ratio. This
means that the lack of fit is not substantial compare to the pure error; therefore, a non-
significant lack of fit indicates that the model is good.
For the larvae oil recovery, the linear terms of X;, X>, X3, and the quadratic of X2,
X2 are the important model elements, suggesting that certain model variables have a strong
influence on conversion yield. However, the p-values for the quadratic term of X7,
interaction of X;X>, interaction of X;X3 and interaction of X>X; are greater than 0.05,
indicating that these model terms are not significant.
Suppose the model has a large number of model terms that are not statistically significant
(apart from those needed to support the hierarchy). In that case, the model may be improved
by removing these model terms, which will increase the accuracy of the predictions. After
removing the less important model components, the extraction yield is expressed using a
second-order polynomial equation as follows:

Yiarvai oii = 32.28 + 3.09X; + 2.84X, + 1.73X5 — 2.12X} — 4.51X% — 4.49X%
A similar condition was applied for the lauric acid recovery, and SFA ratio, and the second-
order polynomial equation for the lauric acid recovery as below:

Y, quric Acia = 56.93 — 3.53X; — 1.26X, — 2X5 — 3.47X2
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The second-order polynomial equation for SFA is as follows:

Ysra Ratio = 6.83 + —1.25X? — 0.85X2
The quadratic model's coefficient of determination (R?) is 0.90, 0.87 and 0.65, indicating that
the process parameters describe 90% of the larvae oil recovery, 87% of the lauric acid
recovery and 65% of the concentration of SFA ratio derived from this research were

influenced by the process parameters.

4.2.3 Parameter Optimisation of SC-CO2 Extraction

Objective functions were developed to determine the conditions that maximise or minimise
the different responses. For this study, the optimisation objectives for the SC-CO2 extraction
parameters were to maximise oil recovery, maximise lauric acid content and minimise SFA
ratio. Parameter optimisation was conducted using the optimisation tool (second-order
algorithms for objective functions) within the MODDE package, which resulted in the
optimal values of 30% oil recovery, 52 g/ 100 g lauric acid content, and 5.0 SFA ratio. These
optima corresponded to optimal extraction parameters of 400 bar, 46.8 °C and 1.4 hours of
extraction time. Different optimal settings for temperature, pressure, and extraction time can
be obtained by modifying the objectives. The predicted and actual values of the optimised
experiment were compared for verification purposes. The results show that the values
predicted by the model are excellent approximations of the actual values. However, only two
objective functions were verified for this study: the maximum oil recovery and lauric acid
content. The optimisation results are shown in Table 4.4

The Machine Learning (ML) model utilised in the present invention composed of a set of
model equations, factor and response variables, and a set of model parameters. The model
parameters are estimated using the parameter estimation algorithm shown in Fig. 4.3, using

data collected from historical experimental runs. Once the model is validated against
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experimental data, it may be used for prediction of responses, as a data-driven model that
works well within the range of the given factors. The set of parameters within the model is
adaptive and continuously tuned using the optimisation algorithm in Fig. 4.4, thus
constituting a machine-learning approach. Other factors, such as the variation in feed
conditions, can be included in the model to enable the prediction of responses under changes
in feed conditions.
The parameter estimation algorithm shown in Fig. 4.4 is effectively a model regression step,
where equations are used along with the set of model parameters to minimise the difference
between the model predictions and the experimental observations. The result is a set of
optimal model parameters and a validated model that can now be used for the prediction of
responses under various combinations of factors. The optimisation algorithm shown in Fig.
4.5 is dependent on the ML model and serves two functions:

e Optimise the process conditions that maximise a certain objective e.g. maximise the

lauric acid concentration (R2) of the product, and

e Update the ML model parameters using optimal sets of data for F and R.
The algorithm is constantly learning from new data collected from future experimental runs
and improving the model prediction via re-estimation (re-tuning) of the model parameters.
Variations in feed conditions are captured by this ML algorithm. The effect of feed variations
is measured through the conducted experiments and such knowledge translates into
recalculations of the model parameters. The result is repeated control of the quality of the
product in the form of maximised objective (i.e., maximum R2, for example) at every future

run.
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Table 4.2: Estimated coefficients of the second-order polynomial equations before and after eliminating the insignificant model terms.

Item

Before eliminating insignificant model terms

After eliminating insignificant model terms

Lipid Yield (%) Lauric Acid [g/100 g] Ratio of SFA Lipid Yield (%) Lauric Acid [g/100 g] Ratio of SFA
Term Coefficient | P-value | Coefficient | P-value Coefficient | P-value | Coefficient | P-value | Coefficient | P-value | Coefficient | P-value
Constant 32.30 0.0000 57.74 0.0000 6.82 0.0000 32.29 0.0000 56.94 0.0000 6.83 0.0000
X, 3.14 0.0008 -3.70 0.0000 0.0394 0.8866 3.0891 0.0003 -3.526 0.0000 0.0692 0.7773
X, 2.88 0.0012 -1.38 0.0248 -0.3190 0.2605 2.8392 0.0006 -1.263 0.0351 -0.2955 0.2381
X3 1.72 0.0121 -2.04 0.0021 -0.2934 0.2571 1.7340 0.0093 -2.006 0.0015 -0.2800 0.2286
Xt -2.19 0.0521 -0.61 0.4820 -1.2080 0.0234 -2.1223 0.0517 - - -1.2491 0.0082
X2 -4.55 0.0006 3.52 0.0012 0.8204 | 0.0614 | -45085 | 0.0003 | 3471 | 0.0005 | _4g4g3 | 0.0302
X2 -4.45 0.0006 -0.72 0.3401 -0.5989 0.1484 -4.4865 0.0003 - - -0.5741 0.1188
XX, -0.31 0.7428 1.29 0.1398 0.2014 0.6398 - - - - - -
X1X3 -0.29 0.7163 -0.86 0.2264 -0.3355 0.3582 - - - - - -
X, X5 -1.58 0.0979 0.88 0.2598 0.0500 0.8985 - - - - - -

Note: The model terms are significant if the p-values are less than 0.05.




Table 4.3: Analysis of variance (ANOVA) of the modelled responses.
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Source DF SS MS F-value P-value
Lipid Yield

Model/Regression 6 301.69 19.71 16.57 0.000
Residual 11 33.37 50.28

Lack of Fit 9 31.09 3.40 3.02 0.273
Pure Error 2 2.29 3.45

Total 18 13138 729.90

Lauric Acid Recovery

Model/Regression 4 243.34 56.83 22.52 0.000
Residual 13 32.80 2.52

Lack of Fit 11 30.47 2.77 2.38 0.333
Pure Error 2 2.328 1.16

Total 18 54974 3054.13

SFA Ratio

Model/Regression 6 9.94 1.66 3.43 0.037
Residual 11 5.30 0.48

Lack of Fit 9 4.56 0.51 1.37 0.491
Pure Error 2 0.74 0.37

Total 18 552.07 30.67

DF = Degree of freedom, SS = Sum of squares, MS = Mean of Square, Larvae Oil Recovery: R?=0.90, Adj. R? = 0.85, Lauric Acid Recovery: R>=0.87, Adj. R> = 0.84, SFA Ratio, : R?= 0.65, Adj. R?=0.46



Table 4.4: Optimisation results of the larvae oil recovery or lauric acid recovery.
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Item Objective Function SC-CO2 Condition Predicted Actual
Lipid Lauric SFA Pressure | Temp | Extraction | Yield Lauric SFA | Yield Lauric SFA Ratio
Yield acid Ratio | (BARG) (°C) | Time (hour) (%) Acid Ratio (%) Acid
Content (g/100g) (g/100g)
Maximum X X -
1 400 46.8 1.4 30.1 52.0 5.0 33.67 57.53 3.6
Minimum - - X
Maximum X - -
2 _ 366 43.1 2.2 34.0 533 6.0 35.58 54.97 34
Minimum - - -
Maximum - X -
3 213 42.2 1.1 25.6 60.0 6.2 28.41 58.89 3.1
Minimum - - -
Maximum - - -
4 — 150 50 3 22.7 53.7 3.5 23.82 55.32 34
Minimum - - X
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Fig. 4.3: Flowchart of the machine learning (ML) model.
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Fig. 4.4: Flowchart of the parameter estimation algorithm used in the machine learning
model.
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Fig. 4.5: flowchart of the optimisation algorithm used in the machine learning model.

4.2.4 Impact of SC-CO2 on the Fatty Acid Composition.

The fatty acid profile in BSFL larval oil was investigated using gas chromatography, and the
results are reported in Table 4.5. The data revealed that lauric acid (C12:0) was the most
abundant fatty acid in the larvae oil, accounting for 48-61% of the total fatty acids. The
second most abundant fatty acid was palmitic acid (C16:0), accounting for 15-18% of the
total fatty acids. Oleic acid (C18:1n-9) and myristic acid (C14:0) were also present in
significant quantity, varying from 11-15% and 4-6%, respectively. In contrast, stearic acid

(C18:0) and linoleic acid (C18:2n-6) were present in very low percentages of less than 2%
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each. The total saturated fatty acid (SFA) and unsaturated fatty acid (USFA) contents varied
from 72-82% and 17-24%, respectively. These findings were in line with a previous study
[121]. Interestingly, the composition of each fatty acid content in the BSFL oil differed
slightly, and these differences were more pronounced across samples extracted under
different SC-CO?2 settings. It was found that some USFA acids, such as Palmitoleic Acid
(C16:1n-9) and Linoleic Acid (C18:2n-6), were not detected when a lower pressure of 150
bar was applied during the SC-CO2 extraction. Therefore, it can be concluded that some
fatty acids were not detected under specific SC-CO2 extraction conditions. Nevertheless, the
major fatty acids, particularly lauric acid (C12:0), were detected despite using various SC-

CO2 extraction conditions.

4.2.5 Adjusting the SC-CO2 conditions to get a specific fatty acid.

The study's findings show that SC-CO2 can be used to extract specified fatty acid fractions
from BSFL oil Table 4.6 presents the highlighted percentages of particular fatty acids, with
lauric acid showing the highest percentage of 62.21% under the conditions of 150 bar, 40°C,
and 1 hour of extraction time. Conversely, (C18:3) a Linoleic Acid had the smallest
percentage, with a high of 2.11% detected under the SC-CO2 conditions of 400 bar, 50°C,
and 2 hours of extraction time. Adjusting the SC-CO2 extraction conditions could allow for
the attainment of a specific fraction of each fatty acid in the extraction product. Optimising
the SC-CO2 conditions enable to extract the highest percentage of various fatty acids,
including those with potential medical applications and nutritional benefits. Therefore, the
fine-tuning of SC-CO2 conditions could enable the extraction of specific fractions of fatty

acids.



Table 4.5: Percentage (%) of concentration of each Fatty Acid out of the sum of all Fatty acids as in each experiment of SC-CO2.
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Pressure 200 400 200 400 200 400 200 400 300 300 300 300 300 300 300 150 150 150
Temperature 30 30 50 50 40 40 40 40 30 50 30 50 40 40 40 50 40 40
Time 2 2 2 2 1 1 3 3 1 1 3 3 2 2 2 2 1 3
Experiment N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 NI12 N13 N14 N15 N16 N17 N18
Fatty Acid

Lauric Acid C12:0 57.05 50.66 53.86 51.07 52.47 55.62 58.43 48.14 56.61 51.70 51.78 50.38 55.83 56.66 57.97 53.39 62.21 58.53
Myristic Acid C14:0 5.26 5.40 5.33 5.80 5.57 4.82 5.37 5.84 4.99 6.01 5.05 5.97 4.84 4.77 5.04 9.27 3.77 7.86
Palmitoleic Acid|C16:1n-7| 0.70 0.40 0.55 1.09 0.82 0.46 0.48 0.65 0.36 0.67 1.51 0.65 - 0.33 0.39 - - -
Palmitic Acid Cl6:0 | 1555 | 1740 | 1648 | 17.16 | 16.82 | 17.06 | 1584 | 1746 | 16.13 | 17.61 | 1794 | 1683 | 16.72 | 16.81 16.65 | 11.95 | 11.96 5.89
Stearic Acid C18:0 0.85 1.15 1.00 1.38 1.19 1.23 0.96 1.19 0.79 1.15 1.57 1.06 1.40 1.26 1.19 3.07 - -
Oleic Acid Cl18:In-9| 11.06 | 13.58 | 12.32 | 1294 | 12.63 | 11.11 10.12 | 14.58 | 11.65 | 12.81 13.03 | 13.82 | 10.96 | 10.73 9.59 18.50 | 13.99 | 18.02
Linoleic Acid  |C18:2n-6| 7.63 6.77 7.20 6.04 6.62 6.89 6.87 9.57 7.73 8.05 7.26 9.00 7.06 6.89 6.99 - 4.10 2.78
o Linoleic Acid | C18:3 1.11 1.41 1.26 2.11 1.69 1.27 1.31 1.83 1.11 1.27 - 1.47 1.64 1.40 0.95 - - -
Saturated FA 78.71 74.62 76.67 75.41 76.04 78.74 80.60 72.64 78.51 76.46 76.34 74.24 78.78 79.50 80.84 77.67 77.94 72.27
Unsaturated FA 12.88 15.40 14.14 16.15 15.14 12.84 11.92 17.06 13.11 14.75 14.54 15.94 12.60 12.46 10.93 18.50 13.99 18.02
Ratio of SFA 6.1 4.8 5.4 4.7 5.0 6.1 6.8 43 6.0 5.2 5.3 4.7 6.3 6.4 7.4 4.2 5.6 4.0

Note: At the constant CO2 flow rate of an average of 1.2 Ipm, the pressure is + 5-7 bar due to the kinetic of the pneumatic pump. A duplicate experiment has been

conducted, and the average value was given. The highlight and bold are the maximum value of each fatty acid and concentration of the SFA.
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Fig. 4.6: Visual and physical properties of the BSFL; (a) Fresh BSFL which is approximately at ages of 14 days, (b) Dried BSFL which was dried at 60 °C for 48

hours, (¢) BSFL has been ground finely and ready for the SC-CO2 extraction, (d) Larvae Oil extracted with SC-CO2 with various conditions of pressure,
temperature and extraction time. CO, flow rate was constant with an average of 1.2 Ipm.
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4.2.6 Comparison between SC-CO2 and Solvent Extraction
The comparison of fatty acid composition between the optimum SC-CO2 extraction
conditions and solvent extraction is illustrated in Table 4.6. The results show that extraction
via SC-CO2 (35.58%) obtained higher larval oil recovery than solvent extraction (30.00%).
The total SFA via SC-CO2 (76.63%) is almost the same as for solvent extraction (81.10 %).
The concentration ratio of SFA to the unsaturated fatty acids between both methods shows
that the SC-CO2 extraction (ratio of 3.4) improved over solvent extraction (ratio of 4.5).
Furthermore, lauric acid (C12:0) (54.97 %) was the highest contribution to the saturated fatty
acid together with the palmitic acid (C16:0) (15%) SC-CO2 and 62.66% and 12.68
respectively for solvent extraction. This composition agrees with a previous study's [122].
Thus, BSFL fat is a potential alternative source for those two fats (lauric acid and palmitic
acid) with applications in food preparation or as cooking oil, butter, and margarine for human
consumption. Aside from that, BSFL contains lauric acid, which is more digestible than
butter and has more nutritional benefits.
Lauric acid also possesses antibacterial, antimicrobial, and antimycotic properties, which
can eliminate various harmLess viruses, bacteria, or even fungi in the body, allowing it to
affect health positively [214]. Furthermore, because of its potential to enhance HDL, lower
the total HDL cholesterol ratio, and lower blood pressure and heart rate, high lauric acid has
been interrelated with positive cardiovascular effects [215-218]. However, a high
concentration of SFA has disadvantages in heart disease to humans due to its ability to
increase LDL cholesterol and very-low-density lipoproteins (VDL) cholesterol [219].
Therefore, utilising SC-CO2 extraction can be an attractive way to extract target fatty acids
from the BSFL and also to obtain a lower ratio of saturated fats by manipulating the

parameters of the SC-CO2 extraction.
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Table 4.6: Fatty acid composition between SC-CO2 and Solvent extraction.

Percentage (%) of concentration of each Fatty Acid
Fatty Acid SC-CO2 Optimum Condition Solvent
(366 bar, 43 "C, 2.2 Hours)

Oil Recovery/Yield 35.58% 30.00%
Lauric acid C12:0 54.97 62.66
Myristic acid C14:0 5.49 4.85
Palmitic acid Cl16:0 15.00 12.68
Palmitoleic acid Cl6:1n-7 0.72 0.06
Stearic acid C18:0 1.17 0.91
Oleic acid C18:1n-9 11.70 7.47
Linoleic acid C18:2n-6 8.14 10.35
a-Linolenic acid C18:3 1.17 0.06
Total SFA 76.63 81.10
Total USFA 22.34 17.94
Ratio of SFA to USFA 34 4.5

Note: At the constant CO2 flow rate of an average of 1.2 Ipm, the pressure is = 5-7 bar due to the kinetic of the pneumatic
pump and duplicated experiment. An average value was given for the solvent extraction.

4.2.7 Impacton drying time to SC-CO2 extraction

The conditions of BSFL, specifically drying time and hydration levels, significantly
influence the CO2 extraction efficiency. High moisture content in the BSFL can impede the
process, as supercritical CO2 is more effective at extracting lipophilic compounds when
moisture levels are low. Inadequate drying can lead to microbial growth or sample
degradation, negatively affecting the quality of the extracted products. Conversely, overly
dried samples may degrade sensitive compounds, thus reducing product quality. Optimal
drying balances moisture reduction while maintaining sample integrity, thereby enhancing
extraction efficiency. These conditions also dictate the choice of processing parameters, such

as temperature and pressure, during CO2 extraction. Therefore, controlling drying time and
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hydration levels is essential to maximise both the efficiency and quality of CO2 extraction

from BSFL.

4.3 Summary

In this study, supercritical carbon dioxide (SC-CO?2) is tested for the extraction of oil from
BSFL and compared against a chemical solvent extraction method. A response surface
modelling (RSM) approach is used to optimise the SC-CO2 extraction conditions by
investigating the effects of 3 factors, viz. temperature (30 — 50 ° C), pressure (150 — 400 bar),
and extraction time (1 — 3 hours), on 3 response variables, viz. larval oil recovery (lipid yield
%), fatty acid (mainly lauric acid) composition (g/100g), and the ratio of saturated fatty acid
(SFA). The factors ranked in descending order of influence on the performance of the SC-
CO2 process are pressure, extraction time, followed by temperature. Maximum larval oil
recovery of 35.58%, 5.58% higher than the solvent extraction, is achieved using the SC-CO2
extraction with 366 bar, 43 °C and 2.2 hours extraction time. Overall, the SC-CO2 process
shows better performance than solvent extraction across all the three responses measured.
The concentration ratio of SFA is also improved significantly by using SC-CO2 instead of
solvent extraction. Adjustment of SC-CO2 extraction condition allows attainment of specific
fraction of each fatty acid in the extraction product. A multi-objective optimisation is
formulated, leading to maximum larval oil recovery (30.1 %), maximum lauric acid content
(52.0 g/100g) and a minimum SFA ratio (5.0), found at a SC-CO2 condition of 400 bar, 46.8
° C and 1.4 hours of extraction time. The results confirm that ‘green’ SC-CO2 extraction can
be a potential alternative to conventional solvent extraction to obtain oils from BSFL without
using organic solvents and also be a practical way to extract target fatty acids from the BSFL,

subsequently improving the SFA ratio. Furthermore, this method can be scaled up to be
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utilised in industry, enhancing the circular economy performance of organic waste sources

and creating new business and markets for products and by-products of BSFL.
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CHAPTER 5: CYTOTOXICITY AND BIOCOMPATIBILITY
ASSESSMENT OF BSFL OIL: INVITRO RESPONSE TO
FIBROBLAST

The high amount of lipids or fat in BSFL, particularly in the form of saturated fatty acids
(SFA), have been reported previously [23]. The main fatty acids were lauric acid (C12:0),
oleic acid (C18:1 n-9), palmitic acid (C16:0) and linoleic acid (C18:2 n-6) [122]. BSFL Oil
(BSFLO)'s primary lipid class component is triglycerides [131-133]. Lauric acid is a
saturated fat-containing medium-chain fatty acid (MCFA) or medium-chain triglyceride
(MCT) contain in coconut oil and palm kernel oil. It has been recently determined that the
lauric acid composition in the larvae oil of BSF is the same to those two oils, around 45-47
% of the total saturated fat [133]. The structure of chemical is comprised of 12 carbon (C),
24 hydrogens (H), and 2 oxygen (O) atoms with the molecular formula of Ci12H240>. Lauric
acid is a white solid with a melting point of 43—44 °C and a molecular weight of 200.32 g

mol-1[137].

In most studies conducted by other researchers, the fatty acid profile is recognised to be
associated to their diet. Various experiments have attempted to manipulate the profile of
fatty acid using an enriched feed formulation [127-130]. A recent study indicated that dietary
BSFLO improves the feed conversion ratio and boosts the incorporation of medium-chain
fatty acids into the abdominal fat pad as well as serum antioxidant capacity in broiler
chickens [138]. However, there are few studies or no studies regarding the metabolic

reactions utilising the BSFLO that enrich with lauric acid till today.

In the human body, the lipase enzyme digests lauric acid into monolaurin, a monoester
composed of glycerol and lauric acid. Detailed investigations have demonstrated that the

majority of ingested lauric acid is carried directly to the liver and metabolised to energy and
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other metabolites rather than being stored as fat [140]. The primary role of lauric acid, and
other fatty acids, is to serve as structural components of cell membranes and to contribute to
various physiological processes in the body. Lauric acid and monolaurin have antibacterial
and anti-inflammatory properties that can effectively combat skin issues. Furthermore, they
can accelerate the process of epithelialisation, which involves the upward migration of
epithelial cells to repair damaged areas. This is due to their capacity to enhance the
proliferation and migration of cells. In the wound healing process, the cells at the wound's

edges multiply and move, leading to the re-epithelialisation of the wound surface [137, 141].

Fibroblasts or 3T3 cells are versatile cells found in connective tissue. They produce collagen,
which helps shape organs and heal wounds [220]. They play diverse roles in health and
disease, including fibrosis, arthritis, and cancer. Different subtypes of fibroblasts exist within
tissues, and recent research suggests that universal fibroblasts can transform into specialised
fibroblasts, adding to their functional diversity [221]. Fibroblasts have a significant role in
the process of wound healing. This method involves three phases: inflammation,
proliferation, and regeneration. During these phases, fibroblasts become activated and

transform into myofibroblasts [222]

This study aimed to expand the application of BSFLO extracted using SC-CO2, analysing
the lipid compositions, and conducting an initial evaluation of its cytotoxicity on 3T3 cells.
SC-CO2 extraction was chosen for this study due to practicality, environmental friendliness,
and reduced contamination for the extraction of BSFLO. Considering its high lauric acid
content, the study was designed to explore the potential application of BSFLO in wound
healing. Emphasising the importance of resource efficiency, this research aimed to promote
sustainable production of skin formulations by effectively utilising natural resources such as

insect oil.
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5.1 Material and Methods
For in-depth information on cell culture methodologies utilised in in-vitro tests, including a
comprehensive discussion of the materials and methods employed, please refer to Chapter 3
of this thesis, specifically Sections 3.1.2 and 3.2.2. These sections provide extensive details,
ensuring a thorough understanding of the procedures and techniques applied in the cell

culture experiments.

5.2 Result and Discussion

The study investigates on the characterisation of Black Soldier Fly Larvae Oil (BSFLO)
extracted through Supercritical Carbon Dioxide (SC-CO2) and solvent methods. The acid
value and free fatty acid content of BSFLO were determined and FT-IR analysis. The SC-
CO2-extracted BSFLO was chosen for an in-vitro study due to its practicality, environmental
friendliness, and reduced chemical contamination. Besides, the impact on 3T3 cell viability
at different concentrations of BSFLO also conducted to demonstrate that BSFLO stimulated
cell proliferation without inducing cytotoxic effects. Furthermore, a scratch test showing cell
migration towards the wound center within 24 hours. Microscopic observations supported
BSFLO's positive impact on cell proliferation and spreading. The study highlighted the

significance of lauric acid in promoting cell growth and repair.

5.2.1 Acid Value and FFA Percentage

The acid value and free fatty acid content are crucial factors in determining the quality and
characteristics of edible oils and fats. According to the study, the acid value for BSFLO is
approximately 11.26 + 0.18 mg KOH/g oil, while the free fatty acid content is around 4.01
+ 0.06%. These results are comparable to those obtained in a previous study [223]. The
primary constituents of the BSFLO's free fatty acids are lauric acid and 2-monoglycerides,

particularly 2-monolaurin, as reported by another researcher [141].
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5.2.2 FT-IR Analysis of the Extracted BSFLO
Fig. 5.1 shows the FTIR spectra of the extracted under optimal SC-CO2 and solvent
extraction conditions. The SC-CO2 and solvent extractions reveal no significant difference,
as demonstrated in both IR. The strong absorbance in the range 0f 2920.09 cm™ and 2851.53
cm’™! (SC-CO2 extraction) and between 2920.66 cm™'and 2851.83 cm! (solvent extraction),
correlated to the C-H stretching vibration, revealing a significant quantity of methyl and
methylene groups of the fatty acid chains of the triglycerides [224]. On the other hand, the
absorption of 1707.37 cm™'and 1708.62 cm™ are represented by the C=0 group stretching
absorption of the fatty acid-glycerol ester linkage is detected, and the absorption of the ester
group (C-O stretch) was identified at 1111.78 cm™and 1111.30 cm™'. The absorbance peaks
in the range of 1411.29 cm™ and 1464.69 cm™! (SC-CO2) and between 1413.60 cm™'and
1465.12 cm™! (solvent extraction) showed the X-H stretching vibration (X=C, N) that
confirmed the existence of a triglyceride functional group. Furthermore, the absorbance peak
near 1192.93 cm™! and 1165.00 cm™! showed the presence of aromatic amine (C-N stretch),
similar to other studies [37]. Thus, the FTIR spectra suggest that the extracted oil primarily
comprises fatty acids, particularly lauric acid.
Hence, based on the characterisation of the BSFLO extracted from the BSFL, the larval oil
that has been extracted using SC-CO2 has been chosen for the following in-vitro study. It is

more practical, environmentally and less contaminated with other chemicals.
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Fig. 5.1: FTIR spectra of extracted BSFLO (a) under the optimal SC-CO2 conditions, (b)
using solvent extraction.

5.2.3 Identification and optimisation of the oil concentration that is viable for cell
activity

An initial investigation was carried out to determine the influence of various amounts of
BSFL oil on the pH of the culture media. The concentrations were chosen based on the
maximum oil concentration identified in a previous study [217], and a dilution strategy was
employed to ensure equal dilution until the maximum concentration was reached. After
subjecting the BSFL oil to varying concentrations from 1, 2, 2.5, 5, 7.5 and 15 pl/mL, a
noticeable shift towards increased acidity was observed when the concentration was raised.
This change occurred after storing the oil in the incubator with media for three days, in
conditions similar to those for cellular activity for this study. This observation provides
evidence that pH conditions have a significant impact on cytocompatibility with respect to
oil concentration, where 15 pl/mL and beyond is not recommended for cellular activity. As
aresult, only four concentrations, namely 1, 2.5, 5, and 7.5 pl/mL, were used for cell viability
and proliferation tests. A concentration lower than 1 was also considered for optimisation to
assess its possible effect on cellular activity. Fig. 5.2 show the colour change in response to

various oil concentrations.
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Fig. 5.2: The pH undergoes a shift in response to varying concentrations of BSFL,
progressing from left to right (1, 2.5, 5, 7.5, and 15 mL). The colour transitioned from red
to a subtle orange, indicating an alteration in pH.

5.2.4 Assessment of the viability of 3T3 cells in response to the oil concentration

The section examined the impact of BSFLO on the proliferation and viability of 3T3 cells
over seven days with changing media twice: on Day 0 and Day 3. Four (4) different
concentrations were used (1. 2.5, 5 and 7.5 pl/mL) for this experiment. The results showed
that BSFLO stimulated the proliferation of 3T3 cells and did not induce cell death throughout
the experiment. While there was an overall improvement in cell growth from Day 1 to Day
7 for all samples, no significant changes were observed each day. However, the instability
of the samples on Day 3 suggests that the cells were adapting to the BSFLO treatment. This
indicates that BSFLO did not display any cytotoxic effects, hinder cell growth, or provide
additional nutrition to the cells. In other words, the treated cells behaved almost similarly or

improved slightly to those untreated. This result was similar to the other study conducted
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by other researcher [225] which was 3T3 cells treated with lauric acid and coconut oil. The
cells remained unaltered by the therapy, and 3T3 cells showed an increase in cell
proliferation.

The importance of essential fatty acids in the human epidermis is widely recognised.
Research has demonstrated that lauric acid possesses antimicrobial properties and can
undergo conversion into monolaurin, a substance renowned for its antiviral and antibacterial
effects. [226]. Palmitic acid is renowned for its emollient properties, effectively softening
and moisturising the skin by reducing water loss through the skin's barrier [227]. Myristic
acid exhibits the ability to repair epidermal barrier properties and serves as a penetration
lifter [228] which is also similar to oleic acid. As previously stated, fatty acids play a
significant part in the skin's lipid barrier, and their use as formulation ingredients has grown
due to their functional qualities and natural biocompatibility. The effect of the BSFLO is
shown in Fig. 5.3 and Fig. 5.4. The OD data for the experiment on Day 1, Day 3 and Day 7

is given in Table 5.1.
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Fig. 5.3: Cell viability of 3T3 cells treated with various BSFLO concentrations (a) 1
ul/mL, (b) 2.5 p/mL, (¢) 5 pl/mL and (d) 7.5 pl/mL individual graph.
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Fig. 5.4: Cell viability of 3T3 cells were treated by BSFLO with different concentrations

for Day 1, Day 3 and Day 7 and measured using means OD.



Table 5.1: OD data for the experiment on Day 1, Day 3 and Day 7 of 3T3 cells using different concentrations of BSFLO.

110

DAY 1 DAY 3 DAY 7
Samples pl/mL 0 1 25 5 7.5 0 1 2.5 5 7.5 0 1 2.5 5 7.5
A 22 | 2218 | 2.239 2.191 2.228 1.558 | 1.692 | 3.337 | 2.879 3.475 3274 | 3.139 | 3.39 | 3.456 3.377
B 1.997 | 2.301 | 2.18 2.126 2.178 2361 | 2486 | 3.215 | 1.844 3.106 3264 | 3.475 | 3.226 | 3.263 3.343
C 1.825 | 2.241 | 2.258 2.269 2.353 3227 | 2.678 | 1.669 | 3.394 3.127 3.066 | 3.328 | 3.391 | 3.296 3.212
Average OD 2.007 | 2.253 | 2.226 2.195 2.253 2382 | 2.285 | 2.740 | 2.706 3.236 3201 | 3.314 | 3.335 | 3.338 3311
Viability % 100.00 | 112.26 | 110.88 | 109.37 112.24 | 100.00 | 9594 |115.04| 113.59 | 135.85 | 100.00 |103.52|104.20 | 104.28 103.42
% Proliferation 0 12.25 | 10.87 9.36 12.23 0 13.84 | 36.51 | 34.78 61.20 0 65.09 | 66.17 | 66.30 64.92
(Control)
% Proliferation vs 0 12.25 | 10.87 9.36 12.23 N/A -4.06 | 15.04 | 13.59 | 35.855 N/A 352 | 4.2 4.28 3.42
Control on Day 1

All samples are in triplicate (A, B and C). OD = Optical density, N/A = Not available
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5.2.5 Relationship between cell growth and media consumption: daily and interval
feeding.
This section examines the effects of BSFLO on 3T3 cells with two experimental conditions
that were compared: feeding the cells with BSFLO every day and feeding them only on Day
0 with a small concentration of 0.25 ul/mL, 2.5 pl/mL and 7.5 pl/mL and decided to use
another different concentration which is 10 times lower concentration to see the effect of the
treatment. This is a different experiment setting from the previous one. The aim was to assess
whether significant differences existed between the control and treated groups when treated
daily and only once at the beginning of the week. The results indicated that the control and
group treated with 0.25 pl/mL of BSFLO did not exhibit substantial differences. Both groups
of cells showed growth and did not display cytotoxicity or inhibition. This suggests the low
0.25 pl/mL concentration of BSFLO did not adversely affect cell growth or viability.
Similarly, the oil was treated with 2.5 ul/mL of BSFLO. Despite an increase of 10 times in
the concentration, the cells grew similarly to the control group and showed no inhibition.
However, when the treatment was performed with 7.5 pl/mL of BSFLO and daily feeding
resulted in significant differences compared to the control group. The cells did not grow as
well as the control group, indicating that the higher concentration inhibited cell growth.
Despite this inhibition, the cells still displayed a dynamic growth trend, suggesting they
could overcome some of the stress imposed by the higher concentration. A lipid layer was
observed above the media layer throughout the experiment, despite being vortexed and
filtered twice. This observation raises the possibility that the hindered cell growth could be
attributed to this lipid layer, which may impede oxygen transfer into the cells. Consequently,

the insufficient penetration of oxygen could induce stress within the cells.
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Interestingly, when the higher concentration of 7.5 pl/mL of BSFLO was administered only
on Day 0 and not continued daily, the cells showed growth similar to the control group. This
suggests that the initial exposure to the higher concentration did not impede cell growth
when not sustained over time.
These findings demonstrate that the concentration of BSFLO used in the experiment
significantly impacted cell growth. The lower concentration of 0.25 ul/mL did not inhibit
cell growth, similar to 2.5 pul/mL oil concentration, while the higher concentration of 7.5
pl/mL, particularly when administered daily, hindered cell growth. This suggests that the
higher concentration of BSFLO imposed stress on the cells, impeding their ability to grow
effectively. However, when the higher concentration was applied only on Day 0 and not
continued, the cells could grow in a manner similar to the control group. Comparison of
once-off treatment versus daily treatment of BSFLO on the 3T3 cells is illustrated in Fig.

5.5.

5.2.6 The effect of a thin layer of BSFLO on the culture media

Throughout the experimental period, a persistent lipid layer was evident atop the media
layer, even after repeated vertexing and dual-stage filtration. This observation suggests that
the observed inhibition of cell growth could be ascribed to the presence of this lipid layer,
potentially obstructing the diffusion of oxygen into the cellular environment. As a result, the
impaired oxygen transfer might lead to cellular hypoxia, thereby inducing a state of
physiological stress in the cells. This hypothesis emphasises the need for further
investigation into the interplay between lipid layer formation and cellular respiration

dynamics.
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Fig. 5.5: Comparison of once-off treatment versus daily treatment of BSFLO on the 3T3
cells (a) feed day 0 with 0.25 pul/mL, (b) feed daily with 0.25 ul/mL, (¢) feed day 0 with
2.5 ul/mL, (d) feed daily with 2.5 pl/mL, (e)feed day 0 with 7.5 ul/mL and (f) feed daily
with 7.5 pl/mL. Triplicate experiment conducted and standard deviation has been used for
analysis.
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5.2.7 Microscopy visualisation to show the effect of optimisation oil concentration
on the cell proliferation.
The experiment was conducted by seeding a 24-well plate with 15,000 3T3 cells per mL and
monitoring their proliferation using a phase contrast microscope at 10x magnification. The
results indicate that on Day 1, the cells treated with 0.25 pl/mL showed a higher proliferation
rate than the control group. However, on the same day, the cells treated with 2.5 pl/mL
showed lower proliferation than those treated with 0.25 pul/mL. This trend continued on Day
2 and Day 3, with the cells treated with 0.25 pl/mL proliferating faster than those treated
with 2.5 pl/mL. Although the cells treated with 2.5 pl/mL showed proliferation from Day 0
to Day 2 and Day 3, their proliferation rate was lower than those treated with 0.25 pul/mL
and the control group. Furthermore, the results suggest that the treatment with 0.25 pl/mL
positively influenced the proliferation of the 3T3 cells on all three observation days.
Conversely, the treatment with 2.5 pl/mL resulted in a slower proliferation rate than the
control group and the cells treated with 0.25 ul/mL. The cells treated with the oil spread
more than the control cells, although it was difficult to determine whether there was a
substantial increase in cell quantity between the control and oil-treated cells. Fig. 5.6
illustrates the phase contrast image for cell spreading from Day 1, Day 2 and Day 3 with
different concentrations.
Then, upon examining the microscopic visualisation, for the DAPI staining, it is evident that
there is a substantial discrepancy between the cells spreading for Day 1 and Day 3 for both
the control and treated cells with 2.5 pl/mL. The cells appeared to be spreading and
proliferating on Day 1 and Day 3. While the cells on Day 3 appeared to be more crowded
and had reached confluence, it was still observed that there was continued proliferation

happening. This indicates that the treated cells with 2.5 ul/mL treatment can proliferate
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despite the crowded conditions. 3T3 cells are commonly described as fibroblast-like cells
and typically exhibit a flattened, elongated morphology when they adhere and spread on a
surface. They undergo morphological changes during proliferation and can transition from
a round shape to a spread-out, elongated shape. These morphological changes are often
associated with cellular processes such as cell adhesion, migration, and proliferation.
However, based on the result, the cell morphology did not change from Day 1 to Day 3
observation. Although the treatment was conducted on the 3T3 cells with the BSFLO, the
morphology of the 3T3 cells remained round after the observation with the microscope. Fig.
5.7 shows 3T3 cell spreading after 1 and 3 days on BSFLO treatment with DAPI stain under

different BSFLO treatments with a scale bar of 10um.

Day 1 - Control Day 2 — Control Day 3 - ntrOI

Day 1 — Treated 0.25 ul/ml Day 2 — Treated 0.25 ul/ml

Day 3 — Treated 0.25 ul/ml

Day 1 — Treated 2.5 ul/ml Day 2 — Treated 2.5 ul/ml Day 3 — Treated 2.5 ul/ml

Fig. 5.6: The phase contrast images for cells treated with 0.25 pl/mL and 2.5 pl/mL with
the control group.
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Control Treated with BSFLO 2.5 ul/ml

Day 1

DAPI

Day 3

(d)

Fig. 5.7: 3T3 Cell spreading after 1 and 3 days on BSFLO treatment (2.5 ul/mL) with DAPI stain
under lasers excitation (a), (b), (¢) and (d) with scale bar 10um.

5.2.8 Effect of cell migration in response to the oil concentration

A scratch test was conducted to observe the migration of 3T3 cells over several time intervals
(0 hrs, 4 hrs, 8 hrs, and 24 hrs) under various treatments using BSFLO. The treatments
consisted of a control group and three sets of concentrations (0.25 pl/mL, 2.5 pl/mL, and 7.5
pul/mL) of BSFLO. The scratch was made using a 1 mm tip, and the resulting image was
observed under a phase contrast microscope at 4x magnification. The findings revealed that
after 4 and 8 hours, both the control and treated groups exhibited cell migration towards the
centre. The control group displayed slightly faster cell migration compared to the treated
groups, with the 0.25 pl/mL group showing slightly slower migration than the control group,
followed by the 2.5 pl/mL and 7.5 pl/mL groups. However, after 24 hours, both the control
and treated groups successfully reached the centre and closed the wound/scratch. This

indicates that BSFLO effectively promoted wound closure within 24 hours without any toxic



117
effects on the cells, regardless of concentration. The scratch test demonstrated that BSFLO
treatment facilitated cell migration towards the centre of the scratch over time. Although the
control group exhibited faster migration, all groups, including the treated groups with
different concentrations of BSFLO, ultimately closed the wound within 24 hours. This
suggests that BSFLO and its fatty acids have the potential as a wound treatment agent. The
importance of essential fatty acids in the human epidermis is well recognised. Palmitic acid
and its derivatives contribute to moisturising properties, while linoleic acid enhances the
impermeability of the stratum corneum, also known as the outermost layer of the epidermis.
Myristic acid aids in repairing the epidermal barrier and acts as a penetration enhancer. Oleic
acid modulates epidermal lipid metabolism, affecting the stratum corneum's barrier function

and moisture content [229].

Fatty acids derived from BSFL can also possess antimicrobial properties, which is
particularly valuable given the issue of antibiotic resistance and consumer concerns
regarding preservatives in cosmetic products [230]. However, antimicrobial properties have
not been investigated in this study. Lauric acid, in particular, has antimicrobial properties
and can be transformed into monolaurin, which is both antiviral and antibacterial. As
previously stated, fatty acids are essential components of the skin's lipid barrier, and their
use in formulations has expanded due to their functional benefits and natural compatibility
with the body. Consequently, BSFLO, containing a combination of fatty acids, could be
utilised in cosmetic applications. Lauric acid and other fatty acids exhibited in BSFLO can
be used individually or as part of lipid complexes, serving as moisturisers, structural
components for encapsulating active substances or fulfilling other functions within

formulations. Fig. 5.8 illustrates the morphology of the normal 3T3 cells, and Fig. 5.9 shows
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the wound-healing migration image for the 3T3 cells treated with different concentrations of

BSFLO, respectively.

Fig. 5.8: Morphology of 3T3 cells with 10x and 4x magnification and 50 um with almost
100% confluences.

4 hrs

2.5 ul/ml 0.25 ulml CONTROL

7.5 ulml

Fig. 5.9: 3T3 Cell migrations for the wound healing assay treated with difference BSFLO
concentration (a) control group, (b) 0.25 pl/mL, (¢) 2.5 pl/mL and (d) 7.5 pl/mL for 0
hours, 4 hours, 8 hours and 24 hours.
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5.3 Summary
SC-CO2 extraction was chosen for this study due to practicality, environmental friendliness,
and reduced contamination for the extraction of BSFLO. SC-CO2 extraction also yielded a
higher SFA to USFA ratio than solvent extraction. BSFLO contained a significant amount
of lauric acid (54.97%), known for promoting the proliferation of 3T3 cells. These findings
suggest that BSFLO effectively stimulates cell proliferation without harming the cells, as
lauric acid can be metabolised by cells for energy production. Different concentrations of
BSFLO used in the experiment notably impacted cell growth. Lower concentrations (0.25
pl/mL and 2.5 pl/mL) did not inhibit cell growth, while the higher concentration of 7.5
pl/mL, mainly when administered daily, hindered cell growth. This indicates that the higher
concentration of BSFLO imposed stress on the cells, impeding their effective growth.
Curiously, when the higher concentration was applied only on Day 0 and not continued, the
cells showed growth similar to the control group. Microscopic observations confirmed that
the oil from BSFL promoted cell proliferation, as observed through cell spreading from Day
1 to Day 3. The migration assay suggested that the BSFLO suits the wound healing agent.
In summary, this study demonstrated the positive impact of BSFLO on cell proliferation and
highlighted the potential of lauric acid as a crucial nutrient for facilitating cell growth and

repair.
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CHAPTER 6: ISOLATION AND CHARACTERISATION OF CHITIN AND
CHITOSAN FROM BSFL

BSFL are rich in fat and protein and contain the precious biopolymer chitin, which accounts
for less than 10% of its dry matter [231]. Compared to other sources, there is a relative lack
of research on BSFL as a natural source of chitin. However, several studies indicate that the
chitin matrix can change physicochemical during the BSFL developmental phases; for
example, during the larvae, prepupa, puparium, and adult phases of BSF, the chitin
concentration has been determined to be around 3.6%, 3.1%, 14.1%, and 2.9%, respectively

[232].

Chitin and chitosan are natural polysaccharides containing 2 monosaccharides, N-acetyl-D-
glucosamine and D-glucosamine, linked by 3-1,4-glycoside bonds [233]. Chitin is frequently
found in crustaceans, insects, as well as some types of fungi and yeasts, and it gives
organisms a tough and protective exoskeleton. Chitosan, a derivative of chitin, has a
remarkable value in the economy due to its properties and various potential applications,
such as in biomedicine, wastewater treatment, textiles, foods, and many more. However,
most of the chitosan produced lacks purity, which is necessary in the pharmaceutical and
biomedical industries but not crucial in others, such as the textiles sector, which uses low-

quality chitosan [234].

Traditionally, chitin has been removed from crustacean shells via the chemical procedures
of demineralisation and deproteinisation. Dilute hydrochloric acid is used to treat the raw
material in order to eliminate mineral salts, primarily calcium carbonate and solid bases
[235]. However, due to the high fat content in BSF, the treatment to obtain chitin needs to
start by removing the fat from the larvae, followed by demineralisation and deproteinisation.

Some researchers have found that chitosan isolated from different insects, such as cicada
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slough, silkworm chrysalises, mealworms, and grasshopper species, has a higher potential
water-holding capacity (594-795%) and fat-binding capacity (275-645%) than prawn shell
chitosan. Additionally, a number of variables, including the degree of deacetylation (DA),
molecular weight (MW), crystallinity, and degradation, have an effect on the
physicochemical properties of chitosan [236]. The higher DA of chitin and chitosan can be
obtained by fat extraction of the BSFL before proceeding to demineralisation and
deproteinisation using acidic and alkali solutions. Hence, removing the fat and lipids could

positively impact the purity and mechanical strength of the chitin and chitosan.

This section aims to identify the potential differences between the chitin and chitosan that
experience a fat extraction process from BSFL using SC-CO2 extraction, compared to those
obtained from solvent extraction, followed by acidic hydrolysis for demineralisation and
alkali hydrolysis for deproteinisation of the samples. Deacetylation using a concentrated
alkali solution is also utilised to obtain the final product, i.e., chitosan from BSF. This
product's structure, characteristics, and behaviour morphology are compared to

commercially available prawn-derived polymers.

6.1 Material and Methodology
Detailed material and methodology are in Chapter 3, Section 3.13 and 3.2.3 for isolation of
chitin and chitosan from BSFL, including a thorough discussion of the materials and

methodology employed in the process.

6.2 Result and Discussion
This section presents a thorough investigation of chitin and chitosan derived from biological
sources. The characterisation begins with an overview of the extraction process, followed by

FTIR spectroscopy to detail the molecular structure and functional groups. Elemental
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analysis is conducted to determine the composition of these biopolymers. The degree of
acetylation (DA) is assessed, crucial for evaluating chitosan's quality. TGA provides insights
into thermal stability and decomposition, while SEM reveals the surface morphology. Lastly,
XRD analysis is used to examine the crystallinity structure, offering insights into the
molecular arrangement. This section emphasises the detailed exploration of chitin and

chitosan, highlighting their potential utilisation.

6.2.1 Extracted Chitin and Chitosan

Extracted chitin and chitosan from the BSFL were calculated using Equation (3.6) and
Equation (3.7), and the weight percentage is shown in Table 6.1. The results showed that
the chitin extracted is around 3 — 5% less than the study conducted by Wasko et al. [147].
This result might be due to the lengthy and repeated steps during deproteinisation, where the
samples need to be filtered, transferred, and washed. Therefore, some samples were lost
during that process, with almost + 3% of the original sample.

Table 6.1: Comparison between Chitin and chitosan obtained from BSFL with different
extraction methods.

Sample Weight Percentage (%)
Chitin Chitosan

SC-CO2 Extraction 5 4

Solvent Extraction 3 2

No fat extraction Method 5 4

Note: Triplicate experiment with the average value. Due to lengthy and repeated steps, some samples were
lost during filtering and transferring the sample was almost plus-minus (3%).

6.2.2 Fourier transform infrared (FTIR)
Prawns are a well-known source of a-chitin. The chitin from prawns and BSFL display the
two anticipated absorbance bands in the 1,660 — 1,615 cm™ region [151, 206]. The chitin

samples from BSFL display two distinct bands at 1,654 and 1,652 cm™ and 1,619 and 1,618
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cm’!| respectively, which is the amide I band, and thus were identified as o-chitin.
Comparatively, samples with B-chitin would exhibit only one distinct band in the region.
This can be explained by the bonding of partial carbonyl groups with the amino group within
the same chain. For both chitin samples from BSFL, the presence of absorption peaks at
1,652 and 1,654 cm™ are attributed to this. The remaining carbonyl groups would form a
bonding with the hydroxymethyl group from the side chain, represented by the decline in
the amide I band at 1,619 and 1,618 cm™! for both samples. These interchain bonds are known
to contribute to the high chemical stability in a-chitin structures [237]. However, only one
absorbance band was found for the sample that was not treated with any fat extraction
method at 1,620 cm™!. This result may be due to a high level of fat that hindered the chitin
extraction and affected the purity of the chitin. It also shows two sharp bands at 2,919 cm™!
and 2,850 cm™! for all chitin samples extracted from BSFL but not the prawn chitin. There
are no significant differences in absorbance bands based on solvent and SC-CO2 extraction.
Therefore, the spectra's similarity suggests the same chitin quality for fat extraction samples
except for a sample without fat extraction. This study therefore shows that it is crucial to
remove the fat of the BSFL before chitin extraction to ensure the purity of the polymer. Fig.

6.1 and Table 6.2 show the spectrum display of the chitin-specific absorbance bands.
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Fig. 6.1: Comparison of FT-IR spectra for chitin samples obtained from (A) prawn, (B)
BSFL with SC-CO2 extraction, (C) BSFL with solvent extraction, and (D) BSFL without
extraction.
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Fig. 6.2: Comparison of FT-IR spectra for chitosan sample obtained from (A) prawn, (B)
BSFL with SC-CO2 extraction, (C) BSFL with solvent extraction, and (D) BSFL without
extraction.
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Figs. 6.2 (B) and (C) show that the peaks at 3,284 and 3,280 cm-1 in line to the stretching
of N-H groups. Absorption peaks of 2,918 and 2,920 cm-1 are due to the alkane group's C-
H stretching vibrations, and amide I's stretching vibration is shown by the 1,641 cm-1 peak.
Furthermore, absorption peaks at 1,580 and 1,584 cm-1 are due to the presence of amide II,
while the peaks at 1,419 and 1,431 cm-1 are attributed to CH2 bending and CH3
deformation, respectively. In addition, the presence of amide II are shown by peaks 1,580
and 1,584 cm-1. Amide III is represented by absorption peaks at 1,318 and 1,319 cm-1 [238].
The presence of C-O in the primary OH group is found at 1,025 and 1,021 cm-1, while the
pyranose ring is represented by an 891 cm-1 absorption peak. In comparison, chitosan
obtained from prawns is illustrated in Fig. 6.2 (A). This spectrum results for the chitosan
extracted from BSFL are compatible with the results reported by other researchers [239,
240]. Table 6.3 shows the functional groups represented by the FTIR absorption peaks for
chitosan obtained from prawn, BSFL with supercritical CO> extraction, BSFL with solvent
extraction, and BSFL without fat extraction. It is found that the appearance of absorption
peaks is similar for the chitosan obtained from either prawn or BSFL, with extraction using
either CO; or solvents.
However, one clear difference in the spectrum shown in Fig. 6.2 (D) is the appearance of
absorption peaks representing the presence of fats in the sample without fat extraction. This
is demonstrated by absorption peaks between 2,800 — 3,000 cm™! which correspond to a C-
H bond, and 1,600 — 1,800 cm™! which represents the C=0O bond (Rohman & Man, 2011).
Here, the C-H bond is represented by the 2,871 and 2,955 cm™ absorption peaks. The
presence of these peaks in the fat-extracted BSFL samples suggests that there is still some
residual fat in these samples, even after the fat extraction process. Importantly, these peaks

are not observed in the prawn sample. While the 1,774 cm-1 peak affirms the presence of
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the C=0O bond associated with fats, its subtle intensity suggests a potentially lower
concentration of fats or a more effective fat extraction process in the other samples. This
underscores the importance of fat extraction in achieving a high-purity product.

Moreover, the peaks at 1,558 cm-1 and 1,421 cm-1 are more pronounced in the sample that
underwent no fat extraction, suggesting the possibility of other compounds or impurities
present. A simpler spectrum with fewer pronounced peaks is typically considered a standard
for purity, and the samples that underwent fat extraction exhibit less noticeable peaks at
1,558 cm-1 and 1,421 cm-1, making them potentially purer in comparison to the sample
without fat extraction. This highlights the importance of effective fat removal procedures for

purified chitin and chitosan products.

Table 6.2: Comparison of the FTIR bands to the respective vibration of chitin from Prawn

and BSFL with different fat extraction methods.

Absorbance Peak (cm™)
. Prawn BSFL with | BSFL with BSFL
Functional Group SC-CO2 | solvent | without
extraction extraction extraction
OH Stretching 3426 3425 3434 n/a
N-H stretching of an amide group 3256 3257 3257 3260
C-H asymmetric stretching 2871 2919 2920 2920
C=0 Secondary amide stretch (Amide I) 1653 1653 1656 n/a
C=0 Secondary amide stretch (Amide I) 1619 1618 1619 1620
N-H bending of N-acetyl group (Amide II) 1551 1550 1556 1547
C-H bending, CH; symmetric deformation 1374 1374 1377 1372
C-N vibration from amides (Amide III) 1307 1307 1315 1304
C-0-C asymmetric stretching 1153 1154 1153 1153
C-0O-C symmetric stretching 1112 1112 1112. 1111
1068 1059 1068 1061
1008 1007 1011 1004




Table 6.3: Absorption peaks for chitosan obtained from prawn and BSFL.
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Absorbance Peak (cm™)
. Prawn BSFL with | BSFL with BSFL
Functional Group SC-CO2 | solvent without

extraction extraction extraction
N-H stretch 3284 3284 3280 3301
C-H stretch 2866 2918 2920 2919
C=0 in the amide I band 1641 1641 1641 n/a
N-H bending in amide II band 1556 1580 1584 1558
CH, bending and CH3 deformation 1418 1419 1431 1421
C-N vibration from amides (Amide III) 1311 1318 1319 1317
C-O stretch 1023 1025 1021 1062
C-H bond 892 891 891 n/a

6.2.3 Elemental Analysis

Table 6.4 shows the elemental analysis results for chitin samples collected from the BSFL.
The nitrogen percentage was found to be 6.19 % from the chitin extracted from BSFL that
had been subjected to fat extraction using SC-CO2, and 6.60% from the chitin extracted from
BSFL where the fat content was extracted using a solvent. These two data reveal that the
percentage of nitrogen is somewhat lower than the expected theoretical value of pure chitin
(~6.89%) [151], where the nitrogen levels of ~ 6.89% imply protein leftovers in the chitin
sample and indicate the purity of the chitin. Therefore, very little to no protein was leftover
on the chitin sample, indicating the extraction and purification process was tolerable based
on the lower nitrogen content. In addition, the chitin extracted from the BSFL that have not
undergone fat extraction shows a significantly lower nitrogen content of 2.12%. This lower
nitrogen content indicates that the purification of chitin depends on the degree of fat removal
from the BSFL.

6.2.4 Degree of Acetylation (DA)

The FTIR peaks were used to calculate the degrees of acetylation (DA) in the BSFL chitin
samples, Equation 3.8, and the carbon and nitrogen ratio as per Equation 3.9. These
equations resulted in differing values for the DA of the chitin, as the FTIR peaks/area were

not accurate. Therefore, the best method is deemed to be using the carbon to nitrogen ratio.
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The DA results for the various experimental circumstances are shown in Table 6.4. A high
DA of 123% was achieved when the BSFL were innitially defatted by SC-CO2 extraction
before the acidic and alkaline hydrolysis. Then, the DA value of 83% for the sample chitin
extracted from BSFL was defatted using a solvent, and 1169% for the chitin sample that did
not undergo any fat extraction method. The DA value of the chitin sample defatted by SC-
CO2 is slightly greater than the theoretical value of 100%. This is possible due to water or
mineral residues in the extracted chitin [241, 242]. However, the chitin sample that was not
treated with any fat extraction procedure had a higher DA value, which is over 1000%; this
is because the lipid hindered the deproteinisation process where the lipid holds the protein
bond in the sample.
Consequently, no chitin extraction occurred for the sample with no fat extraction. This can
be justified by the larvae's high fat content, which prevents phosphoric acid from interacting
with the cell walls because of the hydrophobic repulsion [243]. Protein extraction is
influenced by the kind of lipid extraction used, and effective fat extraction and protein
precipitation are crucial for producing high yields and purifying extracted insect chitin [44].

Table 6.4: Nitrogen, carbon, hydrogen, and DA of the chitin samples under different

conditions.
Item Sample N(%) | C(%) | H(%) C/N | DA%
Ratio

Chitin SC-CO2 extraction 6.19 4494 6.88 7.26 123
Solvent extraction 6.60 4375 6.80 6.63 87
No extraction 2.12 53.40 8.75 25.25 1169
Commercial Chitin (prawn) 6.71 44.07 6.85 6.57 83

Chitosan | SC-CQ2 extraction 6.1 38.38 6.69 6.29 67
Solvent extraction 6.57 38.14 6.75 5.81 39
No extraction 1.41 35.67 5.74 25.29 1172
Commercial Chitosan (prawn) 7.55 42.23 7.31 5.59 26
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6.2.5 Thermogravimetric through TGA
TGA/DTG curves for BSFL chitin without the fat extraction process are shown in Fig. 6.3
(a) According to a thermogravimetric examination of the sample's thermal characteristics,
the degradation temperature of fat extraction samples is lower than the sample that has not
experienced any fat extraction process. In the first stage, about 35% mass loss is attributed
to the loss in water, which occurs between 50 and 110 °C. Next, the sample is stable until
about 300 °C. Then, the decomposition of fat and chitin starts at about 425 °C, with Tmax
at 418.01 °C, at which about 17.43% of the mass is lost within this temperature range. Fig.
6.3 (b) shows the spectrum for commercial chitin from prawn. The first stage of mass loss
is caused by water vaporisation, which occurs between 50 — 100 °C. After that, no further
mass loss occurs until 250 — 390 °C, where the decomposition of chitin occurs gradually,
and Tmax 1s recorded at 370 °C.
TGA/DTG curves for chitin obtained from BSFL with SC-CO2 and solvent extractions are
illustrated in Fig. 6.3 (¢) and Fig. 6.3 (d), respectively. Three stages of thermal
decomposition can be seen. For both cases, the first decomposition stage occurs in the range
of 50 — 100 °C, where as much as 14.8% and 10% weight loss is observed. This is due to the
vaporisation of water from the samples. Beyond this temperature range, there was no mass
loss until about 210 — 390 °C for chitin with CO; extraction, with Tmax recorded at 289.52
°C for chitin degradation. However, as much as 66.9 % of weight loss occurs within this
region. For chitin with solvent extraction, Tmax 1s observed at 338.94 °C, with 56.16% weight
loss. The third decomposition stage occurs from 400 °C onwards, with the maximum
temperature recorded at 450 °C. Hence, it is seen that chitin with solvent extraction is more

thermally stable compared to that obtained using CO> extraction. However, it has been
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discovered that chitin derived from BSFL has lesser thermal stability than chitin obtained
from prawns.

Fig. 6.4(a) shows the TGA/DTG curves for commercial chitosan from prawns. The mass
loss within the 50 — 100 °C region corresponds to the vaporisation of water molecules from
the sample. The second stage of degradation, which happens in the range of 250 — 410 °C,
is due to the decomposition of chitosan, with Tmax recorded at 295 °C.

For BSFL chitosan without fat extraction, Fig. 6.4(b), the first stage of mass loss because of
water vaporisation occurs from 50 — 100 °C. Whereas the second stage of mass loss (11.67%)
happens between 200 to 350 °C, while the third stage occurs from 350 to 500 °C (42.77%),
with Tmax recorded at 487.2 °C. The curves for BFSL chitosan with solvent and CO>
extraction are presented in Figs. 6.4(c) and 6.4(d), respectively. In Figs. 6.4(c) and 6.4(d),
the first decomposition stage occurs in the 50 — 100 °C range, where approximately 6.11%
and 10.47% weight loss is observed, respectively. This is due to the vaporisation of water
molecules. Beyond this temperature range, there was no mass loss until about 150 — 310 °C
for chitosan with solvent extraction, with Tmax recorded at 257.38 °C. A weight loss of 50.72
% occurs within this region. Contrary, for chitosan with CO; extraction, Tmax 1S observed at
275.4 °C, with 58.19 % weight loss. The third decomposition stage occurs from about 350
°C onwards, with the maximum temperature recorded at 452.4 °C and 438.25 °C for solvent
and CO; extractions, respectively. Generally, the thermal stability for chitosan obtained from

BSFL is lower than that of prawns.
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Fig. 6.3: Comparison of the TGA/DTG curve of the chitin from different samples (a) TGA/DTG curves for chitin BSFL without the fat
extraction process. (b): TGA/DTG curves for commercial chitin from prawn (¢): TGA/DTG curves for chitin BSFL obtained using SC-O2
extraction (d): TGA/DTG curves for chitin BSFL obtained using solvent extraction.
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Fig. 6.4: Comparison of the TGA/DTG curve of the chitosan from different samples (a): TGA/DTG curves of commercial chitosan from
prawn (b): TGA/DTG curves of BSFL chitosan without fat extraction (¢): TGA/DTG curves of BSFL chitosan with solvent extraction (d):
TGA/DTG curves of BSFL chitosan with CO» extraction.



133

6.2.6 Morphology through SEM

Fig. 6.5 shows SEM analysis for each treatment, evidencing the difference between the
chitin and chitosan surface morphologies from BSFL that undergo SC-CO2 extraction,
solvent extraction, no fat extraction process, and commercial chitin chitosan extracted from
prawn. Using 1,500 x magnification with 10kv and SED, a honeycomb-like structure was
seen for all of the chitin from BSFL but was not seen in the chitin samples from the
commercially available prawn chitin. This finding is in line with that of other researchers
[206, 231]. However, the honeycomb-like structure was hardly found in the chitin sample
from BSFL, which did not undergo any fat extraction method. The honeycomb-like structure
was more complex, convex and more extensive than the solvent extraction method, and no
impurities were observed while using the supercritical CO; extraction. Chitin that has surface
pores improves its capacity to take in metal ions. Chitin with a fibrous surface can be used

to make textiles, and its porous structure makes it a useful tool for tissue engineering [232].

6.2.7 Crystallinity structure through XRD

The crystallinity structure of the chitin and chitosan recovered from BSFL, and commercial
chitin and chitosan was characterised using X-ray diffraction (XRD) analysis, which enables
the examination of the atomic and molecular structure of the crystal. Table 6.5 shows the
crystalline index (Crl) of all the samples, and Fig. 6.6 visualises the XRD pattern of all the
chitin and chitosan. The chitin samples showed intense peaks around 9.3°, 12.6°, 19.3°,
20.8°, 23.2° and 30° which is consistent with prior investigations, with the exception of the
sample that did not undergo the fat extraction method. The a-chitin of the samples showed
intense peaks at 9.3° and 19.3°, and small peaks at 23.2° and 30° [151, 206, 231, 241], similar
to the prawn chitin used for industrial purposes. For this study, the chitosan samples

presented two crystalline peaks approximately at 10° and 20°, similar to another study [244].
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However, unlike the chitosan that did not undergo any defatting, the XRD pattern showed
many intense peaks at 7.3°, 9.8°, 19°, 22°, 30° and more until 47°. This result showed that
the fat extraction process is essential to eliminate contamination and improve the purity of
the chitin and chitosan. Amazingly, the crystallinity index (Crl) for all chitin extracted from
BSFL using the SC-CO2 gave a slightly higher index than the solvent extraction, which is
74% and 71%, respectively. This result is higher than those of other studies performed by
Purkayastha et al. and Wasko et al. [151, 231]. However, unlike the chitin that did not
undergo any fat extraction, it showed a significantly lower 10% index. The results showed
that insects that underwent the fat extraction gave stronger and harder chitin, subsequently
more crystalline and less amorphous than insects that did not de-fat. The results also have a

similar pattern to the chitosan samples.

Table 6.5: Crystallinity index (Crl) for all samples of chitin and chitosan from BSFL and

commercial prawns.

Item Sample TIito Lam Crl (%)

Chitin SC-CO2 extraction 9615 2485 74
Solvent extraction 7795 2234 71
No extraction 3388 3063 10
Commercial Chitin (prawn) 11150 2234 80

Chitosan | SC-CO?2 extraction 7956 4707 40
Solvent extraction 4898 2472 49
No extraction 4789 3155 34
Commercial Chitosan (prawn) 9053 3567 60




Fig. 6.5: SEM image for chitin and chitosan from different method of fat extraction method (a) commercial chitin (b) chitin extracted using SC-CO2
(¢) chitin BSFL extracted using solvent (d) chitin BSFL that do not undergo lipid extraction (e) commercial chitosan (f) chitosan BSFL extracted using
SC-CO2 extraction (g) chitosan BSFL extracted using solvent extraction and (h) chitosan BSFL without any lipid extraction.
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Fig. 6.6: XRD pattern of chitin and chitosan extracted from the BSFL and commercial chitin and chitosan (prawn); (a) chitin with no
deffating, (b) chitin extracted using SC-CO2, (¢) chitin BSFL extracted using solvent, (d) commercial chitin, (e) chitosan BSFL extracted
using SC-CO2 extraction, (f) commercial chitosan, (g) chitosan BSFL extracted using solvent extraction, and (h) chitosan BSFL without
any lipid extraction. Chitin and chitosan showed two crystalline peaks approximately at 10° and 20°.
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6.3. Summary

The chapter thoroughly analyses chitin and chitosan extracted from BSFL using various
methods. The extraction techniques, including SC-CO2, solvent, and no-fat-extraction,
resulted in varying percentages of chitin and chitosan. Losses during deproteinisation
affected the yield, with the no-fat-extraction method showing lower percentages, potentially
due to sample loss during processing. FTIR spectroscopy revealed that chitin from BSFL
displayed a-chitin characteristics, with distinct absorbance bands indicating a well-defined
molecular structure. Effective fat extraction methods were crucial for ensuring the purity of
chitin and chitosan, as evidenced by the absence of specific absorption peaks related to fats
in well-extracted samples. Elemental analysis indicated lower nitrogen content in chitin
samples from well-extracted BSFL, suggesting effective removal of proteins and higher
purity. The DA varied based on the fat extraction method, with SC-CO2 extraction providing
a higher DA than solvent extraction and no-fat-extraction methods. This chapter also
emphasises the importance of fat extraction for achieving high-purity chitin and chitosan.
TGA revealed differences in thermal stability among chitin samples obtained through
different extraction methods. Effective fat extraction improved the thermal stability of chitin,
with variations observed between SC-CO2 and solvent extraction methods. Surface
morphology analysis through SEM indicated a honeycomb-like structure in well-extracted
chitin, with differences observed based on fat extraction methods. Effective fat extraction
resulted in a more complex and well-defined structure, essential for applications such as
metal ion absorption and tissue engineering. XRD analysis highlighted differences in
crystallinity structure among chitin and chitosan samples. Well-extracted samples exhibited
higher crystallinity indices, emphasising the importance of fat extraction for obtaining

stronger and more crystalline chitin and chitosan.
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CHAPTER 7: NOVEL CHITOSAN-BASED HYDROGEL FOR BIOMEDICAL
APPLICATIONS

Chitosan is a naturally occurring derivative polymer with a linear cationic polysaccharide of
D-glucosamine and is commonly used for biomedical applications [245]. Chitosan is formed
via deacetylation of chitin, the primary component of crustacean and insect exoskeletons and
the second most prevalent polysaccharide after cellulose. Chitosan is a nontoxic,
biodegradable, biocompatible, antimicrobial agent with a hydrophilic surface that stimulates
cell adhesion and proliferation, making it an ideal candidate for usage as a biomaterial [246],
specifically in wound dressing and bone tissue engineering. Thus, chitosan is one of the
favoured candidates for hydrogel-based type material for biomedical applications. However,
chitosan alone possesses poor structures, and in addition, swelling mechanisms in the
aqueous environment can greatly reduce the stability of the resultant structures [247]. As a
result, crosslinking chitosan and/or combining it with other polymers can significantly

improve its water behaviour and physical chemistry properties.

Hydrogels are three-dimensional, cross-linked network structures that absorb significant
water and form soft elastic materials without dissolving [248, 249]. Hydrogels possess
desirable physiochemical properties that make them appropriate for a variety of biomedical
treatments, including drug delivery, tissue regeneration, and wound healing. [250].
Understandably, Hydrogels are proven to be particularly useful as scaffolds in tissue
engineering because they can replicate the three-dimensional environment of cells in soft
tissues. Furthermore, hydrogels' adjustable properties make them adaptable and ideal for

certain applications.
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Thus, hydrogels produced from gelatine and chitosan blends have better mechanical and
physiochemical qualities than those made from a single component. [251]. In addition,
hydrogels can be crosslinked with glutaraldehyde, genipin, citric acid, and glycerol to
enhance their properties further [252]. Glutaraldehyde (GA) is often used as a crosslinker
for chitosan and gelatine because of its ability to bond to their amine groups, enhance their

mechanical strength [239], and form a three-dimensional scaffold.

This chapter aims to fabricate a hydrogel using chitosan extracted from BSFL, combined
with commercial gelatine, and both incorporated with GA to improve the physiochemical
properties of the formed hydrogel suitable for biomedical applications. The chitosan is
extracted from BSFL to mimic commercial chitosan (Prawn). These hydrogels'
physicochemical structure, characteristics, and behaviour are subsequently investigated.

Similar isolation for the chitosan has been discussed in Chapter 6.

7.1 Material and Methods

A detailed description of the materials and methods used to synthesise chitosan-based
hydrogel can be found in Chapter 3, specifically in Sections 3.14 and 3.2.4. These sections
provide an in-depth overview of the process, including comprehensive discussions of the

materials and techniques utilised in the hydrogel synthesis for the following section.

7.2 Result and Discussion

This section discusses a comprehensive evaluation of chitosan-based hydrogel is presented.
It begins with characterising the hydrogel's physical and chemical properties, followed by
an FTIR analysis to determine its molecular structure. The study then assesses the hydrogel's
thermal properties and its water absorption capacity through a swelling test. Finally, a

biodegradation test evaluates the hydrogel's rate of degradation and compatibility with
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biological systems. This analysis highlights the hydrogel's potential for applications in areas

like drug delivery and wound care.

7.2.1 Characterisation of chitosan-based hydrogel

A series of chitosan-based hydrogel from chitosan-gelatine-GA (CH-G-GA) were

synthesised by four various concentrations of chitosan and gelatine but with a constant

concentration of 1% of GA, as per Table 7.1. Gelation did not occur when no gelatine was

added to sample E. The synthesis was photographed and revealed that all were transparent

yellow, similar to a study conducted by a researcher using commercial chitosan [253]. Fig.

7.1 shows the photographed chitosan-based hydrogel of the mixture CH-G-GA.

Table 7.1: Design of experiment of chitosan-based hydrogel from BSFL - Gelatine — GA
(CHGA) in 10 mL.

Sample | Chitosan (CH) 2% | Gelatine (G) 10% | Glutaraldehyde Result
(mL) (GA) 25%
A 2 8 1% Gelation occurred
B 4 6 1% Gelation occurred
C 6 4 1% Gelation occurred
D 8 2 1% Gelation occurred
E 10 1% Gelation did not occur.
“:_\ ’ / LIS A\

Fig. 7.1: Chitosan-based hydrogel extracted from BSFL with different concentrations of
CH-G-GA: (A) 2/8/1%, (B) 4/6/1%, (C) 6/4/1% and (D) 2/8/0.5.
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7.2.2 FTIR Analysis of the formed hydrogel

FTIR spectrum for chitosan obtained from BSFL is shown in Fig. 7.2. The vibration band at
3,264 cm’! corresponds to the O-H and N-H stretching vibrations. These are the functional
groups that are included in the intermolecular bonding of hydrogen and chitosan molecules
[254]. Absorption peaks around 2,918 and 2,850 cm™! are due to the C-H stretch. Moreover,
the bands at 1,641 and 1,580 cm™! correspond to C=0 stretch and N-H bending vibration,
respectively [246]. Fig 7.2 also illustrates the FTIR spectrum for gelatine used in the study.
The absorption peak at 3,273 cm™ is because of the O-H stretching vibrations, while the
absorption peak shows the stretching vibration of amide at 3,067 cm™. Concurrently, the
absorbance at 2,969 cm™ and 1161 cm™ are due to the C-H stretching vibrations and C-O
stretching of carboxylic acid, respectively. Furthermore, the absorption band at 1,525 cm™

is attributed to N-H bending vibration and C-N stretching vibration.

ATR-FTIR spectroscopy also characterised the hydrogels; the spectra are presented in Fig.
7.2 (A, B, C, D). Absorption bands in range between 1,000-1,100 cm™ correspond to the
C-0O vibration of both GA and carbohydrates. The crosslinked reaction between chitosan and
GA is shown by the absorption band 1,538 — 1,549 cm™!. Furthermore, the absorption band
in this region is caused by both the N-H bending and the C-N stretching vibration. The shift
of this absorption band compared to pure gelatine (1,525 cm™) also indicates that the amide
I gelatine band may be involved in the crosslinked reaction [255]. The absence of a band at
1,700 cm-1 indicates the complete reaction between chitosan and GA, indicating that no free
aldehyde group remained in the hydrogel. With intramolecular hydrogen bonds, stretching
vibrations of O-H and N-H are observable in the region around 3,276 and 3,281 cm™! of the
FTIR spectra [256]. The absorption band at 2,931 and 3,079 cm™! is due to C-H alkyl and C-

H alkenyl stretching, respectively. In addition, absorption bands around 1,627-1,633 cm’!
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correspond to the stretching of the C=C bond. Furthermore, band intensities shown in the
FTIR spectra depend on gelatine and chitosan weight ratios in the prepared hydrogels. With
increasing chitosan concentration, the vibration band 3,067 cm™ that corresponds to gelatine
becomes less visible. The intensity of 1,030-1,070 cm! is also seen to increase with higher

CH concentration.

Gelatin

| Chitosan BSFL

Transmittance %

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm )
Fig. 7.2: Comparison of FTIR spectra of pure gelatine, chitosan extracted from BSFL,
chitosan-based hydrogel extracted from the BSFL containing different concentrations of
CH-gelatine together with 1 % of GA, (A) CH-2 mL, G-8 mL and 1% GA, (B) CH-4 mL,

G-6 mL and 1% GA, (C) CH-6 mL, G-4 mL and 1% GA and (D) CH-8 mL, G-2 mL and
1% GA.

7.2.3 Thermal properties

The TGA/DTG curves for pure gelatine and chitosan obtained from BSFL are shown in Fig.
7.3. Gelatine degradation starts at around 300 °C and reaches the maximum at 364 °C, where
about 64.81% of the mass has been degraded. For the case of chitosan, the degradation starts

at about 200 °C, while rising to the maximum temperature of 360 °C. Within the temperature
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range, as much as 68.66% of the initial mass has been degraded. These findings are
significant for biomedical applications, where chitosan's thermal stability makes it an
excellent choice for drug delivery systems, wound dressings, and tissue engineering.
Furthermore, chitosan's biodegradability makes it a suitable option for agricultural and
environmental applications, such as biodegradable mulch films and soil amendments for
controlled nutrient release. Figs. 7.4 and 7.5 illustrate the TGA/DTG analysis of chitosan-
based hydrogel extracted from BSFL with various gelatine and chitosan concentrations with
constant GA. Two significant steps indicate the weight loss process for the chitosan-based

hydrogel extracted from the BSFL.

The first step is in the temperature between 40 — 180 °C with a 14 — 49% weight reduction,
representing the water loss in the samples. Water loss within the sample can be further
broken down into three stages. The first stage of water loss occurs in the temperature range
between 40-60 °C, which is due to free water. Water loss in the 80-120 °C range refers to
the water linked through hydrogen bonds, while at a higher temperature, water loss is

associated with polar interactions with the carboxylate group [257].

The second step is in a temperature between 200 to 500 °C with 36 — 58% weight loss,
depending on the thermal and oxidative decomposition of chitosan-gelatine mixtures with
the existence of crosslinkers. The most weight loss within this temperature range is sample
D (57%), followed by C (50%), B (43%), and A (36%). Hence, it is observed that more
weight loss is obtained with higher chitosan concentration in crosslinked hydrogels. In other
words, the samples are more thermally stable with the increase in gelatine concentration.
Other researchers have reported similar trends, indicating better thermal stability in
crosslinked hydrogels is achieved with higher gelatine concentrations [258]. With further

temperature increase from 500-800 °C, additional weight loss occurs in the 2 — 6% range.
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Decomposition within this temperature range is considered small compared to the earlier

temperature ranges.

Another crucial observation from the study is that weight loss occurs during the process as
water is removed. This is related to the removal of free water, which is associated with
hydrogen bonding. The initial phase, ranging from 40 to 180°C, results in a weight loss of
14% to 49%. This is attributed to the removal of free water, water associated with hydrogen
bonds, and water linked with polar interactions with the carboxylate group. This information
is vital for wound healing and drug delivery systems, where water content plays a critical

role.

The increase in thermal stability with higher hydrogel chitosan concentrations observed in
thermal analysis (TGA/DTG) is due to several interrelated factors. Higher concentrations of
chitosan lead to a denser polymer network, which requires more energy to break down,
enhancing thermal stability. Additionally, more chitosan results in increased crosslinking
points within the hydrogel, strengthening the overall structure. Chitosan's ability to form
extensive hydrogen bonds due to its amino and hydroxyl groups further stabilises the
hydrogel at elevated temperatures. Higher chitosan concentrations also promote increased
crystallinity, as more polymer chains align and pack closely together, with crystalline
regions being more thermally stable than amorphous ones. Finally, higher chitosan content
reduces the overall water content in the hydrogel, as water acts as a plasticiser and lowers
thermal stability. Collectively, these factors contribute to the enhanced thermal stability of

hydrogels with higher chitosan concentrations.

The TGA data indicates that the hydrogels could be utilised in areas where controlled water

release, thermal stability, and tunable degradation characteristics are essential. Depending
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on the specific needs of each application, the hydrogels could be employed in drug delivery
systems, wound healing, or tissue engineering. In conclusion, the TGA data provides
valuable insights into the thermal properties of the BSFL-chitosan based hydrogels, enabling
customisation of these hydrogels for specific applications based on their thermal stability,

water content, and degradation characteristics.
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Fig. 7.3: Comparison of the TGA/DTG curves for different samples; (a) commercial gelatine (b) chitosan extracted from BSFL.
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Fig. 7.4: Comparison of TGA analysis of chitosan-based hydrogel extracted from BSFL
with different concentrations of the chitosan and gelatine with constant GA.
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7.2.4 Swelling Test
In this investigation, samples were immersed in PBS and swelling tests were performed to
determine the swelling rate. The amount of water that the hydrogel absorbed determined the
degree of swelling. The results of the swelling experiments of the chitosan-based hydrogel
(CH-G-GA) are shown in Fig. 7.6. The results of the swelling tests on the chitosan-based
hydrogel (CH-G-GA) provide significant insights into its behaviour. Firstly, hydrogels with
higher concentrations of gelatine and lower concentrations of chitosan exhibited the most
pronounced swelling, indicating a clear correlation between hydrogel composition and
swelling degree. Conversely, hydrogels with lower concentrations of chitosan demonstrated
superior swelling capacities compared to those with higher concentrations of this

component.

Secondly, the study confirms that crosslinking in hydrogels reduces hydrophilicity, as
hydrophilic groups such as OH, NH2, and COOH are consumed during the crosslinking
process. Thirdly, the kinetics of swelling reveal a rapid initial water absorption phase in the
first 5 to 10 minutes, which is shown for samples C and D, followed by a slower increase
until equilibrium is reached around 2 to 2.5 hours. Variations in swelling after 10 minutes
suggest potential issues such as insufficient drying of samples or the presence of excess
water. Lastly, the maximum swelling ratios, ranging from 136.78% to 287.90%, highlight
the diverse swelling capacities of different samples. The data indicates a plateau in swelling
after 2 hours, signifying the saturation point where the hydrogel can no longer absorb
additional water, as shown in Fig. 7.7. The maximum swelling ratio is 287.90 % for sample
A, and the lowest is 136.78% for sample D. Sample D's inconsistent swelling behaviour,
marked by fluctuations over time, could be due to several factors. These include variability

in composition, uneven diffusion rates, material heterogeneity, and sensitivity to
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environmental conditions like temperature and pH. Mechanical stress during swelling and

potential phase transitions might also contribute to the observed inconsistency.

These findings comprehensively understand the hydrogel's swelling behaviour and offer
valuable insights for various applications. The correlation between hydrogel composition
and swelling degree indicates possible biomedical uses, such as in dressings for wounds or
drug delivery systems, where controlled swelling is crucial. The reduced hydrophilicity due
to crosslinking makes it suitable for hydrophilic coatings in medical devices or implants,
where enhanced biocompatibility is essential. Furthermore, the hydrogel's controlled
swelling properties could address challenges in agriculture by improving water retention in
soil, particularly in arid or drought-prone regions. It could also be useful in environmental
remediation projects, where controlled release of water or nutrients is necessary. The
hydrogel's behaviour could be harnessed for the development of devices that detect changes
in moisture levels, making it valuable in environmental monitoring or industrial settings.
Lastly, the hydrogel's characteristics may be advantageous in the design of contact lenses,
contributing to enhanced comfort and extended wear time for contact lens users. These
diverse applications highlight the potential of chitosan-based hydrogel to address
multifaceted challenges across different industries, with opportunities for further research

and development to tailor its properties for specific needs.
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Fig. 7.6: Swelling behaviour of the chitosan-based hydrogel extracted from BSFL (CH-G-
GA), which is (A) CH-2 mL, G-8 mL and 1% GA, (B) CH-4 mL, G-6 mL and 1% GA, (C)
CH-6 mL, G-4 mL and 1% GA and (D) CH-8 mL, G-2 mL and 1% GA. CH-G-GA is a
combination of Chitosan (CH), gelatin (G) and glutaraldehyde (GA).
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7.2.5 Biodegradation Test

The enzyme biodegradability test was conducted for 21 days, for which the samples were
weighed every 7 days. Lysozyme enzyme, an enzyme similar to those found in body fluids,
has been used from previous study to degrade the chitosan-based hydrogel, degrading the -
(1-4)-glycosidic bonds [246]. Lysozyme finds extensive use in influencing the material
properties of chitosan scaffolds or films. This is because, in vivo, lysozyme primarily
degrades chitosan by targeting its acetylated part, leading to the non-toxic glucosamine as

the final degradation product [259].

Samples with higher gelatine ingredients were the first to be degraded after 7 days, with
almost 60% degradation for sample A. As a result, the weight loss also increases

tremendously for each sample when the gelatine increases. However, the degradation rate is
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slower when the chitosan concentration increases. This behaviour is likewise similar to the
swelling rate, with rapid degradation detected in all samples from 0 to 7 days and slowed

after approaching equilibrium, except for the sample with higher chitosan content.

Hydrogels that contain more gelatine tend to break down quickly because of their
hydrophilic nature, which allows them to be hydrolysed more easily than chitosan. This is
because chitosan and gelatine develop stronger covalent bonds in the presence of a
crosslinker, making it more difficult to break them apart when compared to hydrogels
without glutaraldehyde. Thus, adding chitosan to the mixture can increase crosslinking
efficiency and reduce degradability. This increased crosslinking efficiency leads to the
formation of a more stable and robust network structure, which reinforces the connections
between the individual chains and makes the overall structure stronger and more resistant to
degradation. As a result, the degradation of the material can be slowed down, making it

desirable for various applications, such as medical implants or durable coatings.

Moreover, chitosan also improves the stability of the network, and the degradation can be
managed by adjusting the ratio of the mixture (CH-G-GA) or the proportions of chitosan,
gelatine, and glutaraldehyde. In summary, these findings highlight the positive impact of
chitosan in the mixture by influencing crosslinking efficiency, reducing degradability,
improving network stability, and providing a means for controlled degradation through
careful adjustment of component ratios. These implications can be far-reaching, including
in fields such as biomedicine, materials science, and environmental applications. Fig. 7.8

presents the rate of biodegradation of the chitosan-based hydrogel extracted from the BSFL.
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Fig. 7.8: Biodegradation behavior of the CH-G-A hydrogel incubated with lysozyme.

7.3 Summary

The insect BSF and its larvae contribute significantly to the circular economy by converting
organic waste into valuable substances such as chitin and chitosan. The extraction of chitin
and chitosan from BSFL with supercritical CO2 (SC-CO2) extraction offers a ‘green’
organic waste treatment method. Chitin and chitosan derived from BSFL have
physicochemical properties as good as the commercial chitin produced from prawns, with
a-chitin and a high crystal index. Therefore, chitosan extracted from the BSFL is suitable
for hydrogel preparation and, combined with gelatine, is biodegradable and may be used for
biomedical applications. This chapter discusses the preparation of chitosan and gelatine
three-dimensional scaffolds crosslinked with glutaraldehyde (GA). The prepared scaffolds
were characterised by the attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy and thermal gravimetric analysis (TGA). Furthermore, their steadiness
and stability were investigated by swelling rate and bio-degradation tests. As a result, the
scaffolds present properties of high degree swelling and biodegradability, making the
scaffolds suitable for biomedical applications, and connecting the circular economy

paradigm directly to human health solutions.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

Food and organic waste continues to be a major waste challenge for societies around the
world, and its association with methane emissions when it comes to the climate change issue.
The use of BSFL has, in recent years, attracted attention as a method for dealing with food
waste. This study examined the potential of BSFL bioconversion as a circular economy
pathway for organic resources. In this thesis, BSFL was analysed with respect to minimising
negative environmental effects, particularly from food waste. Its competitive environmental
standpoint incorporates many advantages, including the production of valuable by-products
(lipids, protein, chitin, and minerals). These products had diverse applications such as food,
pharmaceuticals, and in the creation of other valuable by-products, consequently
contributing to the circular economy. Additionally, utilising BSFL as a tool for food waste
management in the circular economy is highly beneficial for both society and the
environment, promoting a closed-loop biological cycle within the circular organic economy.
Thus, the circular economy hypothesis can be realised. The research in this thesis indicated
that chemical extraction is more cost-effective and yields better results compared to
enzymatic extraction, although the BSFL is more environmentally friendly. However,
further extensive research is needed to improve the market value of this type of approach.
Integrating socio-economic strategies will be crucial in developing this sustainable solution
using the biological circular economy of organic waste.

There were only 350 patents available related to "Black Soldier Fly" or "Hermertia illucens",
however, only 302 can be considered for this study. The analysis shown that the leading
country for patent documents on BSFL is China, followed by South Korea, the United States

and Russia. Most patents focused on animal feed or protein, followed by lipids and chitin or
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chitosan. Although the technology was promising to solve the circular economy for the
biological cycle, the number of patent publications had declined over the last few years since
2018. Based on this analysis, it can be concluded that China will lead the way on patent
publication related to the utilisation of BSFL, which was applicable as a biological circular

economy for food and agricultural waste. The conclusions for the thesis are as follows:

8.1 Optimising sustainable oil extraction from BSFL using SC-CO2 that was high
in Lauric Acid.

BSFL was one of the robust insects that may be utilised in emerging technology to support
a circular organics economy due to their efficient waste bioconversion and excellent
nutritional supplies. In this work, SC-CO2 extraction was shown to be a successful method
for extracting oil from BSFL without using organic solvents. Proteins, chitin, and its
derivative chitosan may be extracted from the defatted solid residue sample to increase its
value. With the optimum conditions found to be 366 bar, 43 °C and 2.2 hours extraction time
of SC-CO2 extraction, the oil recovery was 35.58%, 5.58% higher than solvent extraction.
Besides that, with SC-CO2 extraction, the concentration of fatty acid composition, mainly
the lauric acid and the SFA ratio, was regulated by adjusting the parameter of the SC-CO2.
An optimisation of the maximum oil recovery, maximum lauric acid content and minimum
concentration of SFA ratio was formulated, and the optima were found to be 30.1 %, 52.0
g/100 g and 5.0, respectively, with corresponding SC-CO2 optimal conditions of 400 bar,
46.8 ° C and 1.4 hours of extraction time. Therefore, based on this study, the ‘green’ process
of SC-CO2 extraction along with RSM provides a systematic approach to valorising the BSF,
which paves the way for process scale-up for the industry. This offers a proof-of-concept
aligned with the circular economy principles and to create new circular organics businesses

that may offer marketable products and by-products of BSFL.
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8.2 The oil derived from BSFL, rich in Lauric Acid, demonstrates biocompatibility
and exhibits non-cytotoxicity towards 3T3 cells.
The selection of BSFLO obtained through SC-CO2 extraction for the in-vitro study was
based on its practicality, environmentally friendly nature, and reduced contamination with
other chemicals. The SC-CO2 method yielded a higher ratio of saturated fatty acids (SFA)
to unsaturated fatty acids (USFA) than solvent extraction. Significantly, BSFLO contained
a substantial concentration of lauric acid (54.97%), which is known to stimulate the
proliferation of 3T3 cells. The results of this study indicated that BSFLO did not exhibit
cytotoxic effects on 3T3 cells. However, at a higher concentration of 7.5 pl/mL and when
administered daily, it was found to be toxic, hindering the cells' effective growth. This
suggests that the increased concentration of BSFLO oil placed undue stress on the cells,
impairing their growth capabilities. Then, the microscopic observations provided evidence
of cell spreading from Day 1 to Day 3, confirming the capacity of BSFLO to promote cell
proliferation. The wound healing assay demonstrated that BSFLO performed competitively
compared to the control group, suggesting its potential application in wound healing. Future
research efforts could investigate the effects of varying concentrations of lauric acid and
other fatty acids on cell proliferation and differentiation and explore their potential

applications in regenerative medicine.

8.3 Chitin and Chitosan extracted from BSFL show more purity compared to
prawns.

Chitin and chitosan extracted from BSFL using different types to remove the fat were
purified and characterised by their physicochemical. Based on the FTIR analysis, the chitin
extracted was a-chitin, which is almost like the commercial chitin extracted from prawns.

The spectra' similarity from the FTIR suggests the same chitin quality for both fat extraction
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samples except for a sample that did not undergo any fat removal. Nitrogen content shows
that both defatting methods are almost similar with 6.19% and 6.60% from solvent extraction
and SC-CO2 extraction but had a significantly lower value of nitrogen content with 2.12%
for the non-defatted extraction samples. Then, DA values of 123%, 83% and 1169 % for
chitin that underwent SC-CO2 extraction, solvent extraction, and no fat extraction,
respectively. The DA value of the chitin sample defatted by SC-CO?2 is a bit higher than the
theoretical value of 100% due to possible water or mineral residues in the extracted chitin.
However, the chitin sample that was not treated with any fat extraction procedure had a
higher DA value, which was over 1000%; the lipid hindered the deproteinisation process
where the lipid holds the protein bond in the sample. Then, chitin and chitosan that
underwent fat extraction, SC-CO2 and solvent are thermally stable and more degradable than
no fat extraction process. However, the thermal stability of chitin and chitosan obtained from
BSFL is slightly lower than that of prawn. A similar result was obtained when the crystalline
index (Crl) was analysed among the chitin and chitosan samples, which are more crystalline,
stronger, and harder when the samples underwent the fat extraction process and gave almost
similar behaviour to the commercial (prawn) chitin and chitosan. Finally, the surface
morphology, which is the honeycomb structure, was clearly observed when fat extraction

occurred.

Hence, the comprehensive analysis conducted on chitin and chitosan extracted from BSFL
underscores the significance of fat removal processes in enhancing purity, thereby rendering
them promising for a myriad of applications. The FTIR analysis confirmed the similarity
between BSFL and prawn-derived chitin, while nitrogen content and deacetylation (DA)
values highlighted the effectiveness of fat extraction in reducing impurities. Furthermore,

the thermal stability and crystalline behaviour observed in fat-extracted samples, though
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slightly lower than prawn-derived counterparts, position BSFL-extracted chitin and chitosan
as thermally stable and degradable materials. These findings not only establish the purity of
BSFL-extracted chitin and chitosan in comparison to prawn-derived counterparts but also
open avenues for diverse applications. The observed honeycomb structure in samples
subjected to fat extraction enhances their appeal for applications ranging from
pharmaceuticals to biomedical uses. The consistent quality and purity achieved through fat
removal processes suggest that BSFL-derived chitin and chitosan could serve as valuable
alternatives in industries where high purity is paramount. The potential applications are
indeed myriad, spanning areas such as wound healing, drug delivery, and various other
biomedical and industrial uses, making these findings significant in the broader context of

material science and technology.

8.4  Chitosan-based hydrogel exhibits promise and suitability for biomedical
applications.

In this study, chitosan was successfully extracted from Black Soldier Fly (BSF) larvae,
though the yield was slightly lower than a reference study, possibly due to losses during the
deproteinisation process. The extensive processing steps, including filtration and washing,
likely contributed to a 3% loss of the original sample. Characterisation of the extracted
chitosan revealed a lower crystallinity index (Crl) compared to commercial prawn chitosan,
indicating potential differences in structural properties. The synthesised chitosan-based
hydrogels (CH-G-GA), composed of chitosan, gelatine, and glutaraldehyde as a crosslinker,
demonstrated promising properties. Transparent yellow hydrogels were obtained, and
gelation occurred at different concentrations of chitosan and gelatine. Fourier Transform

Infrared (FTIR) analysis confirmed the presence of essential functional groups involved in
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intermolecular bonding within the hydrogels. Thermal analysis (TGA/DTG) demonstrated

that higher chitosan concentrations in hydrogels resulted in increased thermal stability.

Swelling tests revealed that hydrogels with higher gelatine concentrations and lower chitosan
concentrations exhibited the highest swelling degrees, reaching equilibrium after
approximately 2 to 2.5 hours. Additionally, the hydrogels showed controlled
biodegradability when exposed to lysozyme enzyme, with faster degradation observed in
samples with higher gelatine content. This behavior suggested that the presence of chitosan
enhanced crosslinking efficiency and reduced degradability, contributing to improved
network stability. Overall, the study provides valuable insights into the extraction and
characterisation of chitosan from BSFL and the potential applications of chitosan-based
hydrogels in biomedical fields, particularly in areas such as tissue engineering and wound
healing. The sustainable sourcing of chitosan from BSFL underscores its potential as a
bioresource for diverse biomedical applications, marking a significant contribution to the

field of biomaterials research.

8.5 Recommendations for future work.

This thesis has demonstrated that BSFL are crucial in producing various valuable products.
Several recommendations have been proposed to further improve the research in this field
and harness the full potential of BSFL in the organic circular economy. These
recommendations encompass safety, market analysis, product diversification, scaling up,
environmental impact assessment, regulatory compliance, waste management integration,
and adopting a multi-disciplinary approach. By implementing these suggestions, researchers
can unlock the true potential of BSFL and contribute to waste reduction, environmental

protection, and the development of valuable by-products for various industries.
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Microbiological Testing of BSFL Oil and BSFL chitin and chitosan: To ensure the
safety and suitability of BSFL oil and chitosan for different applications, rigorous
microbiological testing is recommended. This testing should assess the presence of
harmful microorganisms, including bacterial and fungal contaminants and potential
pathogens. Such testing will establish the quality and safety of BSFL oil and chitosan,
particularly in the food and pharmaceutical sectors.
Market and Economic Analysis: Conduct a comprehensive market analysis to
understand the demand, potential applications, and economic feasibility of products
derived from BSFL. Identify potential industries and sectors that can benefit from
these products and assess the market competitiveness and potential barriers to
adoption.
Product Diversification: Explore the development of new and innovative products
from BSFL beyond animal feed, protein, lipids, and chitin. Investigate the viability
of establishing new applications in industries such as cosmetics, pharmaceuticals,
biofuels, and other high-value commodities that can help the circular economy.
Scale-up and Commercialisation: Focus on scaling up the SC-CO2 extraction process
and other methodologies to industrial levels. This includes improving extraction
efficiency, lowering production costs, and maintaining reliable product quality.
Collaboration with industry partners may be essential for successful
commercialisation.
Environmental Impact Assessment: Conduct a comprehensive life cycle assessment
(LCA) to determine the environmental impact of adopting BSFL as an organic

circular economy tool. Compare its environmental footprint with conventional waste
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management methods and other alternative solutions to demonstrate its
environmental superiority adequately.

6. Waste Management Integration: Collaborate with local municipalities and waste
management authorities to integrate BSFL-based systems into existing waste
management infrastructures. Demonstrate the practicality and efficiency of this
approach to encourage its adoption on a broader scale.

7. Multi-disciplinary Approach: Encourage interdisciplinary research and collaboration
between scientists, engineers, economists, and social scientists. This will help
address the complex challenges of integrating BSFL-based technologies into the

circular economy and ensure a holistic approach to sustainability.

By implementing these recommendations, researchers can continue to enhance the potential
and application of BSFL as a powerful tool in the organic circular economy, contributing to
waste reduction, environmental protection, and developing valuable by-products for various

industries.
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