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ABSTRACT

The increasing demand for sustainable and ethical alternatives to traditional animal farming
has driven the exploration of cultured meat as a promising solution. However, significant
challenges, including gaps in stem cell biology, extracellular matrix formation, scalability, cost
of production, and consumer safety, hinder its commercial viability. One of the critical
limitations of cultured meat is the absence of structured fat, which is essential for achieving the
desired sensory and textural properties.

Insect cells have emerged as an alternative platform for cellular agriculture due to their high
cell density, resilience to environmental stressors, and ease of scalability. However, the
incorporation of structured fat within insect cell-based systems remains an unaddressed
challenge. This study examines a novel method for modifying the lipid composition of insect
cells by enriching them with specific free fatty acids. The overall objective was to develop a
viable approach to produce triglycerides with a profile resembling that of conventional animal
fat, thereby enhancing the sensory and functional properties of cultured meat.

The research focused on understanding the metabolic fate and distribution of supplemented
free fatty acids in model insect cells. Preliminary findings demonstrated that insect cells can
effectively incorporate and modify fatty acids, making this a viable strategy for improving fat
composition in cultured meat systems. Key research questions addressed in this study included
the extent of fatty acid incorporation, the biochemical transformations within the cells, and the
impact of the chosen fatty acid carrier on cell morphology and viability.

The study investigated a novel strategy for enhancing the fat component in cultured meat by
modifying the lipid composition of insect cells. Trichoplusia ni (Hi-5) cells were enriched with
exogenous oleic acid (OA) at varying concentrations (0.1, 0.2, and 0.3 mM) to evaluate cell

viability, fatty acid uptake, incorporation, and metabolic transformation. Cells were assessed
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for viability, morphological changes, and intracellular lipid accumulation using microscopy,
flow cytometry and GC-MS lipid profiling.

The results showed that OA loading significantly increased lipid content, particularly at 0.1
mM, which also yielded a uniform lipid uptake pattern. Higher concentrations resulted in
reduced cell size and increased granularity, indicating cytotoxic stress and heterogeneity. Lipid
analysis confirmed the transformation of OA into other fatty acids, particularly palmitoleic
acid, highlighting active metabolic processing within insect cells.

These findings demonstrated that insect cells can be tailored through fatty acid supplementation
to produce lipid profiles resembling animal fat. This approach offers a promising avenue for
overcoming the fat-related limitations of cultured meat, bringing the field closer to developing
nutritionally and sensorially complete meat alternatives. Future work should focus on
optimising fatty acid combinations, improving delivery systems, and scaling up the process for

commercial applications.
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Chapter 1. Introduction

The increasing global population, climate change, and environmental sustainability concerns
have added significant pressure on traditional livestock farming and the food industry. The
livestock industry is a major contributor to greenhouse gas emissions, deforestation, and
excessive water usage, making it an unsustainable option for meeting future protein demands.
To address this issue, alternative protein sources and sustainable food production systems are
gaining attention'.

Cultured meat, also known as lab-grown or cell-based meat, is produced through the in vitro
cultivation of animal cells, bypassing the need for traditional animal farming. This innovative
method has been explored in various species, including bovine, porcine, and insects?.

Despite its potential as a sustainable alternative to conventional meat production, the
development of cultured meat faces several significant challenges, including limited
understanding of stem cell biology, difficulties in forming the extracellular matrix, issues with
scalability, high production costs, and concerns regarding consumer safety?. Consumer
acceptance also remains low, largely due to the absence of fat-driven sensory attributes that
contribute to the tenderness, juiciness, and flavor of meat products. Because fats play a crucial
role in enhancing these sensory qualities (serving as key drivers of texture, juiciness, and the
transport of aroma and flavor components) addressing these limitations is essential for the
successful commercialisation and widespread acceptance of cultured meat?.

Insect cell culture is emerging as a promising alternative because of high-cell density, no need
for heating, resilience to pH changes, shear and osmotic stress and easy scalability. There is a
large, unbridged gap between cells grown in culture and structured tissues such as muscle, and
the most significant missing factor is the lack of the fat component that is essential for the

textural and sensory properties of meat, such as mouth feel and flavour. The co-culture of



adipocytes and muscle cells is complex, and further research is required to understand the

structured extracellular matrix and distribution of fat tissue?.

Implementing cell culture technology in the food industry presents a sustainable and cost-
effective method for providing high-protein nutrition to a growing global population. This
approach can significantly reduce the environmental impacts associated with traditional
livestock farming, including greenhouse gas emissions, land use, and water consumption. By
decreasing reliance on conventional animal agriculture, cell culture technology has the

potential to enhance food security and promote a more sustainable and resilient food system!.

Objective:

The objective of this research was to investigate the possibility of modifying the present fatty
acid profile in insect cells. Exogenous fatty acids can be integrated into insect triglycerides
without extensive modification, preserving specific structural diversity. These fatty acids
would then be transformed into other fatty acids with distinct chemical structures and
functionalities, which might result in enhancing the sensory and textural properties of cultured
meat products. This approach aims to improve the overall quality and consumer acceptance of
cultured meat by addressing the sensory attributes typically associated with traditional meat

products in future.

Research Question:

Can the incorporation of exogenous fatty acids into insect cells alter the fatty acid profile in a

way that might improve the sensory and textural qualities of cultured meat?



Hypothesis:

Introducing exogenous fatty acids into insect cells will modify their triglyceride composition,
leading to the production of structurally diverse and functionally distinct fatty acids that can
enhance the sensory and textural properties of cultured meat, thus increasing its resemblance

to traditional meat products.

Rationale for the choice of oleic acid:

Oleic acid (OA) is a monounsaturated fatty acid that serves as an excellent model compound
for research. Cells can convert OA into a wide range of other fatty acids through desaturation,
elongation, and saturation pathways, making it a foundational precursor for more complex lipid
species. Its biological relevance extends beyond metabolism as OA is the most abundant
monounsaturated fatty acid found in animal fats, where it strongly influences key sensory
attributes of meat, including mouthfeel, juiciness, and overall flavor perception. This makes it

particularly valuable for studies related to food science, fat composition, and sensory quality.

In addition to its metabolic and sensory importance, OA is highly compatible with
albumin-based delivery systems. Albumin naturally binds fatty acids, and OA has a
well-established affinity for several of its major binding pockets, including FA2, FA4, FAS,
and FA7. This strong and predictable binding behavior ensures efficient transport and
controlled release in biological systems. Compared with many other fatty acids, OA also
exhibits relatively low cytotoxicity, which makes it safer and more practical for in vitro
experiments where maintaining cell viability is essential. Altogether, these characteristics
position OA as a versatile, physiologically relevant, and experimentally convenient fatty acid

for a wide range of scientific applications.



This thesis is divided into four main sections:

Chapter 1 offers an extensive review of traditional agriculture, highlighting the necessity for
innovative techniques in alternative food production. It examines cellular agriculture and
cultured meat, with a focus on the potential integration of insect cells to enhance the

functionality of cultured meat products.

Chapter 2 details the experimental design, materials, and methods employed in the research.

Chapter 3 presents the results and discussion, encompassing all the research conducted in this

thesis.

Chapter 4 concludes the thesis, providing recommendations for future research and outlining

potential directions for further investigation.



1.1. Literature review

Introduction

The dramatic growth of the global population, coupled with decreasing land availability, poses
significant challenges to sustaining a viable future. Traditional agriculture is confronted with
numerous issues, including pesticide and fertiliser contamination, depletion of groundwater
levels, soil degradation, and a declining interest among the younger generation* .While the use
of crop residues as biomass can enhance soil fertility and crop productivity, the management
of nitrogen compound pollution remains inefficient. Consequently, these practices contribute
to rising ecosystem temperatures and altered species distributions, with some species facing
the risk of extinction® . Addressing these challenges requires innovative and sustainable

agricultural practices to ensure food security and environmental health for future generations.

When referring to conventional agriculture in the context of alternative production techniques,
it typically encompasses practices that are unsustainable and environmentally damaging. These
practices are often characterised by large-scale operations, increased greenhouse gas emissions,
and the dominance of major agricultural corporations. This comparison highlights the need for

more sustainable and environmentally friendly agricultural methods.

There is a pressing need for alternatives to traditional animal farming because of the ethical,
environmental, and sustainability concerns(Figure 1.1.)" , and projected future demand for
high-protein food. In addition to consistent challenges with traditional agriculture, there is hope
for a novel technological solution. The most important is cellular agriculture, a novel food
production technology using in vitro cell culture®. Fundamentally, using this technology,
scientists can produce cultured meat or muscle tissue outside the organism. This process starts

with the extraction of stem cells from the animals. Then, these cells are cultured in a bioreactor



or culture tubes with the required nutrients and oxygen at the optimum temperature. Over time,
the cells grow, divide and differentiate into tissue resembling animal meat® .

Although progress has been made with cultured meat during the last two decades, there is still
more research and improvements to be carried out in the field, such as scaling-up problems due
to high costs, cell differentiation limitations and the inability to produce fat, which is a crucial
element in meat sensory specifications®-1°.

Furthermore, eating farmed animal meat or its meat products causes animal-borne diseases and
antibiotic resistance in the human body!!. Antibiotic overuse in food-producing animals,
especially poultry, has fueled the rise of antibiotic-resistant bacteria and resistance genes that
spread through the environment and food chains, threatening ecosystems and human health!2.
These resistant pathogens undermine treatments, prolong illnesses, increase healthcare costs,
and could cause up to 10 million deaths annually by 2050. Researchers are investigating
alternatives such as essential oils, nano-antibiotics, lactic acid bacteria, bacteriocins, predatory
bacteria, and bacteriophages, which show promise in reducing reliance on conventional
antibiotics and supporting safer, sustainable food practices!3

According to the Food and Agriculture Organisation (F.A.O.) report, by 2050, the population
will increase to ten billion, with an increase in food demand by 50 % in developing countries.
Today, the number of malnourished people is around 815 million, and by 2050, this can increase
to two billion. Developments in cellular agriculture could reduce those risks and

increase consumer acceptance over time'4.
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Figure 1. 1. Environmental effects of traditional meat production (Created in

BioRender.com)’-13.

1.2. Challenges in Cultured Meat Production

The term 'cultured meat' is becoming very popular because of public concerns about factory

meats and the environmental effects of traditional agricultural processes. Cultured meat is

obtained from some species' in vitro cell culture process instead of \farming physical animals

(Figure 1.2). This in vitro process involves isolating adipose cells and muscle tissues from

animals, culturing them in a proper serum-free growth medium, and differentiating the tissue

with a scaffold system® .
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Figure 1. 2. Summary of the lab-grown Meat Production (Created in BioRender.com).

The first lab-grown meat was reported by Professor Mark Post at the University of Maastricht
in Amsterdam in 2013. In 2016, the world's first cultured meatball was produced by Memphis
Meat!® . Table 1.1 shows different types of meat sources that are being used for cultured meat
production in different countries: The cultured meat industry is expected to share 40 % of the

global meat market in 2040, with a decrease in the cost component!” .



Table 1. 1. Several types of meat sources are being used for cultured meat production in
different countries!'”7-!8.

Source Company Product Establishment Year Country
Just Chicken 2019 USA
Chicken Nugget
Memphis Meat Chicken 2017 USA
Tender
Peace of Meats Chicken 2020 Belgium
Nugget
Future Meat Shawarma 2019 Israel
Tech.
Duck Memphis Meat Nugget 2019 USA
Gourmet Foie Grass 2020 France
Beef Mosa Meat Burger 2013 Netherlands
Memphis Meat Meat Ball 2016 USA

The transition from conventional animal slaughtering to cultured meat production results in
significant environmental benefits, including a reduction in greenhouse gas emissions by
approximately 76%, decreased deforestation, and a lower water footprint'®. However, this shift
necessitates the development of specialised bioreactor designs, optimisation of production
processes, and stringent control of conditions such as temperature, pH, pressure, gas levels,

cell density, and cell viability!>.

Despite these advancements, the production of cultured meat remains costly, often up to four
times more expensive than traditional meat. Additionally, the regulatory framework for
cultured meat is still evolving and requires further refinement!>. Moreover, establishing a
cultured meat market in countries with established traditional meat industries poses significant
challenges. These include overcoming cultural preferences, economic barriers, and the need

for substantial investment in infrastructure and technology’-!>.



Consumer acceptance of cultured meat compared to traditional animal meat remains a major
concern. In order to gain widespread acceptance, cultured meat must closely replicate animal
meat in texture, aroma, juiciness, taste, and appearance. One of the main problems in cultured
meat is the lack of haemoglobin protein to form the red colour of meat in order to minimise
this, companies apply colour agents and animal haemoglobins to overcome this issue in
cultured meat?® . The most crucial sensory deficiency of cultured meat is the lack of because
of the lack of fat tissue. Fat content in the meat provides juiciness, tenderness and marble
structure, which are desirable for consumer acceptance?!-?2. In general, cellular agriculture and
cultured meat could allow humans to produce more food with less land, improve human/animal
health, and reduce the environmental effects of consumption. There are still significant
challenges to overcome. However, the scalability of cultured meat production remains a major
hurdle, as current methods are expensive and require advanced bioreactors, specialised growth
media, and high energy inputs. Additionally, consumer acceptance is a key factor as many
people may be hesitant to adopt lab-grown meat due to concerns about taste, texture, safety,

and the perception of it being "unnatural."?!.

1.3. Edible Insects as an Alternative Food Source

For decades, edible insects have been used as a part of a daily diet in countries in Asia, Africa
and America, and now, insects are considered a novel source of protein in Western countries?3~
25 The United Nations has promoted the consumption of insects in the daily diet, especially in
Western cultures, as the insect sources are rich in nutrients, such as protein, fat, and

minerals26:27,

Fats are the second major nutrient in edible insects after protein and contain a considerable
amount of Omega-3 and Omega-6 that are essential for human body functions?®2°. The fat

profile consists of triglycerides, phospholipids, sterols and fat-soluble vitamins as in animal

10



structure®?. The triglycerides are the predominant group in insects, and they consist of saturated
fatty acids, unsaturated fatty acids, monounsaturated fatty acids and polyunsaturated fatty acids
in their chemical structure3'-32. In some edible insects, the most dominant saturated fatty acids
are palmitic, stearic and arachidonic acids33-33. Furthermore, oleic acid and palmitoleic acid are
the most common monounsaturated fatty acids in the triglycerides of different insects?3. Most
insect species possess high amounts of unsaturated fatty acids, as the content of
polyunsaturated fatty acids of mealworm oil is higher than beef and pork, respectively3®.

Humans or other animals cannot synthesise essential fatty acids, particularly linolenic and

linoleic acids, so insect fat could be a functional fat source for food3”.

More than 1000 edible insect species have been discovered to date, and they have different
fatty acid content and proportions in dry mass. The fatty acid content and amount in insects are

affected by species type, development phase and insect feed source?®.

Although some insect species are rich in omega-3 and omega-6 fatty acids, others are abundant
in stearic and oleic acids. The fatty acid profile of insects can be modified by manipulating
various factors, allowing them to provide essential fatty acids as an alternative fat source in
human diets. This is particularly beneficial when used in cultured meat production, enhancing

the nutritional value and sensory qualities of the final product?®.

1.4. Insect cells

Historically, insect cells have been primarily utilised for the production of recombinant
proteins. However, over the past two decades, they have garnered attention for their application
in large-scale cell culture processes. The primary reasons for their selection include their ability
to easily adapt to serum-free media, which lacks animal components and thus reduces costs.

Additionally, insect cells can achieve higher cell densities than mammalian cells, have lower
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nutrient requirements, grow in ambient conditions without the need for CO2 supplements, and

offer cost-effective production.

The commonly used insect cell lines are Sf-9, an ovarian tissue from Spodoptera frugiperda
and Hi-5 cells, isolated from ovarian tissue of the Trichoplusia ni, cabbage looper#! .Especially
in the last decade, they have been used as commercial products such as flu vaccine (FluBlock,
used Sf-9 cells), the cervical cancer vaccine (Cervarix, Hi-5 cells used), and a COVID-19
vaccine (NovaWax, Sf-9 cells were used*>~#. The study provided a robust perspective that
insect cells can be used in food products, as it has been proved that they are also commercially

usable.

Furthermore, with the novel technologies, it is possible to develop insect-based food to reduce
malnutrition in the future. Firstly, researchers from Wageningen University introduced insect
cell-based edible proteins in 2007. The main driving factor for the idea was that insects are
nutritionally advantageous as they have high protein levels and can be adapted to different

growth conditions*2.

After the term 'cultured meat’ gained its reputation, insect cells were considered favourable
over traditional cells as they are highly adaptable in ambient growth conditions and provide the
most cost-effective scale-up options!. The rationale behind the idea of growing insect cells for

food (enthomoculture) is not just to provide edible foods, but also to provide insect cells as an

ingredient in cultured meat products, to provide sensory and textural features'#°.

1.4.1. Insect cell metabolism
1.4.1.1. Lipid Biochemistry

Triglycerides (TG) can also be called triacylglycerols (TAG), and they represent the highest
energy source as they contribute 9 kcal/g metabolic energy for muscle or molecules in

adipocyte*’. Triglyceride combines glycerol and three molecules of fatty acids with different
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chain lengths and structures (Figure 1.3). The glycerol molecule has three hydroxyl groups
(HO), and fatty acid has a carboxyl group (HOOC-) in its structure. For the triglyceride
formation, the hydroxyl groups of the glycerol bind to the carboxyl groups of the fatty acids
with ester bonds. Monoacylglycerols (MAG) are formed of glycerol and one acyl group, and
those with two acyl groups are diacylglycerols (DAG), and with three acyl glycerol molecules
called triacylglycerols or triglyceride molecules (TAG)*”. TGs can be a form of different-length
fatty acids mostly 16, 18, and 20 carbon atoms. Medium and long-chain triglyceride (MLCT)
is a vital lipid type that consists of medium-chain triglyceride (MCT) that is prepared by
esterification or interesterification and MLCT consists of both medium-chain and long-chain
fatty acids that are bound to the same glycerol molecule. Due to its small size and higher
solubility, MCT can be quickly transferred to the liver rather than LCT*%49, Because of this,
LCT has a lower energy and metabolism rate as it needs to join the cycle in the intestinal cells
and be transported as chylomicron into the portal circulation before exposure to the beta-
oxidation process that would result in ketone production as an energy source. For this reason,
it is essential and understandable to use MCT in MLCT to improve its metabolic content and
nutritional properties>°.

Fatty acids can be formed into different positions of the glycerol backbone with different or
similar chain length fatty acid molecules, so MLCT configurations can be different as MLM,
MML, LMM, LLM, LML, MLL (L for long-chain fatty acids and M stands for medium-chain
fatty acids). It has been reported that the positions of fatty acids in TAG molecules affect
metabolism speed and metabolic digestion; hence, heterogeneous TAG structures and positions
must have different digestion and absorption specifications*’. Each carbon atom in the glycerol
molecules is numbered using a "stereospecific numbering (sn) system." As seen in the image
below, one fatty acid molecule is attached to the -snl position, the second fatty acid can be

attached to the -sn2 position and the third group is attached to the -sn3 position’!
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Figure 1. 3. Structure of triglyceride molecule>?

Saturated fatty acids usually have single bonds with an even number of carbon atoms and are
all saturated with hydrogen. They can also be obtained from animal fat and plant oil. They
mostly contain 12-22 carbon atoms in their chain. Monounsaturated fatty acids have one
carbon-carbon double bond in the chain, and the double bond can be positioned in several
positions depending on the fatty acid's nature. They primarily consist of 16-22 carbon atoms
and have hydrogen atoms positioned in the same direction of the double bond as the cis
configuration. The isomer structures of cis configuration, which are trans forms, may occur
during fatty acid saturation processes of oils in industrial production. Those two configurations
cause some differences in oil stability in industrial processes and the double bond itself, also
restricting the chain's mobility. The cis-formed fatty acids are less stable in the thermodynamic
processes and have lower melting points than trans fatty acids>2. Polyunsaturated fatty acids
(PUFA) are classified as simple fatty acids, containing two or more cis-formed double bonds
in the carbon chain. They can be categorised as w-3 and w-6 fatty acids. In PUFAS, if the first
double bond can be placed between the third and fourth carbon atoms, they are called »-3 fatty
acids and alpha-linolenic acids are the leading representative of this group as they are essential

for human dietary intake. The other PUFA group is called w-6 fatty acids and the first double
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bond is between the fifth and sixth carbon atoms and linoleic acids are the most common fatty
acids in this group?3. Polyunsaturated fatty acids can be obtained from vegetable oils and fish

as they are not synthesised in the human body, so they need to be consumed in the daily diet32->4.

1.4.1.1.1. Biosynthesis of Triglycerides

Eukaryotic and some prokaryotic organisms can synthesise triglycerides in their cells or organs,
and for animals, the liver, intestines, and adipose tissues play significant roles in maintaining
this process’>. Triacylglycerols are stored as lipid droplets that are enclosed by phospholipids
and hydrophobic proteins in adipose tissues. These lipid droplets can be identified in different
metabolic breakdown pathways characteristic of every droplet. Lipid droplets can be used as a
fatty acid store to provide energy when needed, also they can play a role in body structure as
they are precursors of some of the vitamins>®. As stated previously, every human needs to get
or synthesise the required number of triglycerides; an excessive dosage of them would be

harmful to the body as they can accumulate in adipose tissues in the human body, and it might

cause obesity or insulin resistance’”.

1.4.1.1.2. Triglyceride biosynthesis pathways
Triglyceride biosynthesis consists of three main pathways these are, dihydroxyacetone
phosphate, sn-glycerol-3-phosphate, which occurs in liver and adipose tissues, and a
monoacylglycerol pathway which takes place in the intestines®®. Several authors have reported
that the essential part of triglyceride synthesis is sn-glycerol-3-phosphate or in other terms
Kennedy pathway. This synthesis produces most of the liver triglycerides. Triglyceride
biosynthesis reactions starting from Acetyl-CoA, with the Kennedy pathway>°, can be seen in
Figure 1.4. In eukaryotic organisms, triglyceride biosynthesis starts from Acetyl CoA and after
seven times of condensation, hydrogenation, dehydration, and hydrogenation, palmitic acid can

be synthesised and with further dehydrogenation and chain extension, other unsaturated fatty
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acids can be synthesise®>. The primary source of the fatty acid backbone is produced by the

catabolism of glucose through glycolysis.

Several researchers have reported that glycerol is mainly produced by the glycogenesis process
with pyruvate®®. The following reactions take place mainly in the endoplasmic reticulum;
firstly, to form lysophosphatidic acid, the precursor sn- glycerol-3-phosphate needs to be
esterified by fatty acid coenzyme A with glycerol-3-phosphate acyltransferase (GPAT) enzyme
catalysis, followed by the biosynthesis of glycerolipids or phosphatidic acid by acyl
glycerophosphate acyltransferase (AGPAT) enzyme. The enzymes in the biosynthesis of
triglycerides can be found as specific to different tissues or cells that enable them to express

and regulate the reactions in several ways®!.
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Figure 1. 4. Triglyceride biosynthesis pathway from glycerol-3-phosphate®?

In most cells, Glycerol-3-phosphate acyltransferase (GPAT) enzymes take place to catalyse the
biosynthesis process, and as its activity is slow, it can be described as activity-limiting for the

biosynthesis pathway. GPAT enzyme has four different isomers in mammalian cells, and they
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can be inhibited by AMP-activated kinase (AMPK). In the cells, over-synthesis of the GPAT

enzyme may cause overexpression of triglycerides and reduction of B-oxidation processes®?

Phosphatidic acid phosphohydrolases (PAPs) are the key enzymes essential to manage lipid
biosynthesis for membrane biogenesis or storage purposes. They can be seen in the triglyceride
biosynthesis pathways to  form  triacylglycerols, phosphatidylcholine, and
phosphatidylethanolamine. Especially in animal tissues, these PAP activities take place in
cytoplasmic proteins which are named Lipins (lipin-1, lipin-2, lipin-3), and they have
characteristic activities in different tissues or organs as they can manage the biosynthesis
process in adipose tissues, liver, or intestines. Lipins are taking place instead of the endoplasmic

reticulum to adjust to the higher number of fatty acids in the cells®?.

As can be seen in Figure 1.5, the last step of the biosynthesis of triglyceride is the acylation of
1,2-diacyl-sn-glycerol by diacylglycerol acyltransferases (DGAT) enzymes and which can be
classified as DGAT1 and DGAT2. In animal tissues, DGAT1 is mainly located in the
endoplasmic reticulum, and it manages the biosynthesis process in the intestine and the liver
with a high potential to use a wide range of substrates such as monoacylglycerols and retinol.
It has also been reported that it has the potential to reduce the effect of high fat contained in
daily diets®*. DGAT2 enzymes can be found in adipose tissues and some regions of the
endoplasmic reticulum or mitochondria®3. After a meal, in the intestine, most of the
triglycerides are synthesised via the monoacylglycerol pathway, and with pancreatic enzymes,
dietary triglycerides undergo some reactions to form free fatty acids and can be uptaken by
enterocytes. In these tissues, monoacylglycerols can be acetylated by acyl-coenzyme A,
resulting in the formation of sn-1,2-diacylglycerols; also, 1-monoacylglycerols formation can
be obtained with this reaction®*. Atthe last stage, sn-1,2-diacylglycerols react with the DGATI

enzyme to form triacylglycerols, as seen in Figure 1.5.
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Figure 1. 5. Biosynthesis of triglycerides from monoacylglycerols®?

1.4.1.2. Insect Lipid Metabolism

Insect cells have limited lipid metabolism, and they need lipids as a supplement inside the
medium,but most of them are capable of synthesising essential fatty acids'. For instance, they
cannot produce cholesterol to form cell membranes or hormones. These cells can use lipids as
an energy source for reproduction and development, and lipid deficiency in the growth medium
can cause cell degeneration. Hi-5 cells use the fat body as a coordination centre, similar to
mammalian adipose tissue and the fat body is composed of stored glycogen and lipids to
maintain body functions and synthesise hormones, enzymes and antimicrobial peptides®>.
Lipids can be served with serum albumin for in vivo analysis, but it is not a fatty acid-specific

binding protein®.

1.4.1.3. Carbohydrate metabolism

Knowing insect cell metabolism is crucial for preparing and supplying enough nutrition in a
medium. It has been reported that cell type affects metabolic efficiency, and Hi-5 cells have

more intense metabolic activity than Sf-9 cells*!-7-68, Like mammalian cells, insect cells can
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be grown with a medium that contains glucose as a primary carbohydrate source*!. Glucose is
the most crucial carbon and energy source for insect cell growth®®. Several authors have
reported that glucose is a preferred energy source compared to fructose and sucrose’’. On the
other hand, with the lack of glucose, cell growth decreases but cell types can remain viable if
there are enough amino acid compounds. On the contrary, an excessive amount of glucose in
the medium can cause the accumulation of lactate and alanine. When sucrose is added to the
medium, it has been reported that Sf-9 and Hi-5 cells did not consume the sugar during the

growth phase 7!.

1.4.1.4. Amino acid metabolism

Insect cells can use amino acids as energy and biosynthesis sources, although most amino acids
cannot be synthesised by cells. Cells can utilise glutamine, aspartate, serine, arginine, and
glutamate’?73. In vitro studies showed that methionine addition in the medium could postpone
cell death for Sf-9 cell lines. Methionine and cysteine were crucial for cell growth, and it was
found that cystine was the only amino acid that killed the Sf-9 cells’374. Furthermore,
researchers recently revealed that insect cells can grow in a cysteine-free medium if the cell
inoculum can be taken early as they metabolise methionine to produce cysteine’!-7>. It has been
reported that glutamine deficiency affects cell growth rate and needs to be supplied in the

media’!.

Hi-5 and Tn5 cells differ from Sf-9 cells in terms of amino acid consumption, as it has been
found that Hi-5 cells consume asparagine very fast, and they require a significant amount of
glutamine, cysteine, and tyrosine inside the medium. In addition, asparagine is used quickly by
Hi-5 cells, and its deficiency inside the medium can cause the starting of the stationary phase
of the cells; however the increased amount of asparagine does not affect their growth rate but

also increases the consumption rate’’.
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1.4.1.5. Cellular metabolites

Insect cells accumulate low lactate in the medium after glucose consumption. Contrary to
mammalian cells. It has been reported that Sf-9 cells are not able to produce lactate in a medium
with a glucose supply. Hi-5 cells accumulate higher amounts of lactate, usually between 10-20
mM, and Hi-5 and Sf-9 cells can consume the produced lactate with glucose deficiency in the
medium’®. On the other hand, it has been reported that lactate might be toxic to the insect cells
as it can increase the osmolarity and change the pH of the medium. As a result of the lactate
accumulation, clump formation can be observed in the medium even if the cells have already

adapted to the environment’3.

Ammonia is another metabolic by-product produced from amino acid catabolism. Insect cells
are not sensitive to ammonia like mammalian cells. It has been reported that adding ten mM
ammonia to the medium does not affect the growth of Sf-9 cells, but adding 30 mM ammonia

slightly affects Hi-5 cell growth. Also, Hi-5 cells can accumulate up to 20 mM ammonia during

the growth phase, related to initial concentrations of asparagine and glutamine”377.

1.5. The Role of Fat in Sensory and Textural Properties in Meat
1.5.1. The effect of fat on food taste

The assessment of fat inside meat and meat food products highly depends on the consumer's
sensory capacities, genetic and cultural backgrounds, the quality of the fat itself, and
environmental considerations about the impact of the food. Consumer acceptance of meat

products is highly related to their meat role in texture, flavour, and tenderness’®.

Tenderness and flavour in meat occur with the cooking, which involves different chemical
reactions between fatty tissues during the cooking. Around 1000 volatile compounds are
released during the cooking process. These volatile compounds are released from lipid

degradation, and differences in volatile compound composition in different species are related
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to the differences in lipid-sourced volatile compounds’®. These compounds can be aldehydes,
ketones, alcohols, hydrocarbons, carboxylic acids, and esters. Hydrocarbons have been
reported to interact in lipid oxidation reactions®?. These reactions occur with exposure to air
and heating of the food product, and stale and rancid flavours might develop after the

oxidation®°.

Oxidation of lipids in meats and meat products might be affected by several factors such as
meat handling and processing, animal treatments before slaughtering, and meat cooking®! . The
first point of the lipid oxidation of the meat is the postmortem phase of the freshly slaughtered
animals. Atthis stage, due to the initiation of the peroxidation, lipid oxidation can start, and the
shelf life of the meat might be decreased as a result of the development of rancid flavours. In
terms of chemical reaction, oxidation is a complex reaction series between fatty acid and free
oxygen, starting the synthesis of hydroperoxides, which include aldehydes, ketones, alcohols,
and acids that are highly responsible for the unwanted taste and flavours in the meat®?. As a
result, lipid oxidation in meats might have a negative effect on extended storage periods on
meat flavour and customer acceptance, as the reaction increases the sulfur and rancid taste in

the products®3-84.

1.5.2. Mechanism of fat taste

The term 'fat' refers to natural triglycerides, and it is a very important major component of the
human daily diet with carbohydrates, proteins, and vitamins. Every diet must contain the
required amount of fats to prevent the health effects of deficiencies or overconsumption of the
component®>. Overconsumption of fats might affect health, with an increased risk of diabetes
and obesity. Also, insufficient dietary fat intake can cause skin lesions, premature ageing, and

loss of healthy vision®¢. People must consume essential fatty acids in their daily diet to maintain

body activities and further synthesise important bioactive cell compounds®” .
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People can associate fatty foods with the level of texture, oral irritation, creaminess, viscosity,
and mouth fullness, as fat taste cannot be sensed by humans, as most triglycerides are insoluble
in human saliva. Several researchers have reported that triglycerides are broken down to free
fatty acids by the chemical reaction of lingual lipase, but fat does not have a clear perceptual
taste as sweet, umami, bitter, or sour tastes®®-#9. On the other hand, it has been recommended
that triglycerides only have a detection threshold in the human mouth, but there are some
differences in terms of sense quality related to fatty acid types®. Short-chain fatty acids might
have a sour taste, while long-chain fatty acids (>16 C) can have an unpleasant taste in foods®!.
The desired final profile of food and food taste could be prepared and designed by using the
different contributions of long and short-chain fatty acid concentrations and besides this, the
taste could be also improved with the consideration of saturated fatty acid (e.g., stearic acid),
monounsaturated fatty acid (e.g., oleic acid) and polyunsaturated fatty acids (e.g., linoleic acid)

combinations®? .

1.6. Targeted Approach: Modifying Insect Cell Fat Composition

There is a large, unbridged gap between cells grown in culture and structured tissues such as
muscle, and the most significant missing factor is the lack of the fat component that is essential
for the textural and sensory properties of meat, such as mouth feel and flavour. The co-culture
of adipocytes and muscle cells is complex, and no one has achieved the formation ofa properly
structured extracellular matrix and distributed fat tissue. Using mammalian cells for cultured
meat production has been defined with broad difficulties, and mammalian muscle cells do not

entirely contribute to cultured meat's sensory and textural propertie”®.

There is still a lack of cell differentiation techniques and the creation of a defined medium for
optimal cell growth. The muscle cells also do not have significant macro components such as

glycogen and fat, which are vital to the food's taste and texture. Insect cells can easily grow in
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ambient conditions without CO2 gas, have higher adaptation skills to environmental
fluctuations, and reach higher density than mammalian cells!. Modifying insect cell fat
composition through a targeted approach involves manipulating the metabolic pathways and
genes responsible for lipid synthesis and regulation in these cells. This is an interesting and
growing area of research, especially in biotechnology, where insect cells are used for
bioproduction, such as recombinant protein expression, and the production of high-value

compounds, including lipids*!-93 .

This research aimed to modify insect cell fat composition by enriching it with free fatty acids

to increase fat composition in insect cells.
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Chapter 2. Materials and Methods

2.1. Insect cell culture

Trichoplusia ni (2 x 10* viable cells/cm?) was seeded into T-75 (TPP® tissue culture flasks,
7707546, Merck) flasks undera laminar hood (MSC- Advantage™ Class II Biological Safety
Cabinets, 51025411, Thermo Fischer). Insect cells were stored at 24-28 °C using a non-
humidified incubator (MyTemp™ mini digital incubator, Z763357, Merck). Samples were
monitored until they reached 90% confluency, corresponding to an observation of
9 X 10°viable cells/cm?. Once this density was achieved, the cells were subcultured every
three days at a 1:5 ratio of viable cells to fresh medium.(Express Five™ SFM, 10486025,
Thermo Fischer Australia). This procedure was repeated consistently throughout the study,

resulting in a total of 42 passages being performed.

Cell stock was prepared using cryopreservation media (45 % conditioned media+ 45 % fresh
mediat 10 % DMSO, Recovery™ Cell Culture Freezing Medium, 12648010, Thermo
Fischer) was added and centrifuged (Heraeus Biofuge Stratos High-Speed Benchtop
Centrifuges) at 100—200 x g for 5 min to obtain a cell pellet. The pellet was resuspended with
a cold freezing medium, dispensing the content as aliquots into cryovials. Cells were

transferred to a nitrogen tank and stored at -80 ° C until analysis.

2.2. Cellular quantification

Cell number was performed using a microscope (model) at 20X magnification coupled with a
Nikon Eclipse TS100 Inverted Routine Microscope. The cell number was calculated as

follows (Equation 1):

cells Total cells counted x Dilution factor x 1000 cells/mL .
Total )= Equation 1
m

The number of squares counted
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Cell counting was performed with a hemocytometer (Bright-Line™ Hemacytometer,

7359629, Sigma-Aldrich.

2.3. Fatty acid loading of insect cells

A stock solution of 150 mM Oleic acid (OA) and ethanol (Oleic acid, O1383, ethanol (Ethyl
alcohol, Pure, 459836). Fatty acid loading in cells was performed with bovine serum (Bovine
Serum Albumin solution (BSA), A7284) and fatty acid solution at a molar ratio of 5:1,
respectively, where 0.4 mM BSA and 2.0 mM fatty acid molar ratios were added to 267 ul of
150 mM OA stock solution.

Figure 2.1 summarises the fatty acid loading procedure. Bovine serum albumin was weighed
in duplicates in 50 mL Falcon tubes and cell culture medium was added. Samples were
handshake for 1 min and vortexed for 1 min, and control samples were carried out using a cell
culture medium. Then, a stock solution of 150mM was added to the fatty acid samples and
ethanol was added to the control sample (320 pl) and then vortexed for 1 min. Tubes were
placed in a shaker for 24 h at 37 °C and sterile filtered (pore size 0.22 um, Millex™ PVDF
syringe filter, SLGVR33RB, Merck) before the analysis. Oleic acid loading in insect cells
was performed at different concentrations: 0.1, 0.2, and 0.3 mM oleic acid (OA). Vehicle
control solutions (VC) were performed at the same concentrations to investigate the effect of
the carrier(ethanol) on insect cells. The final ethanol concentration in the medium was 1.6%
(v/v) in the fatty acid tubes and in the control tube. Samples were analysed each day for 3

days.
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Figure 2. 1. Fatty acid loading procedure summary (Created in https:/BioRender.com)

2.4. Flow-cytometry Analysis

Samples (control, OA and VC) were incubated for 15 min in the dark to improve cell
proliferation and approximately 3 mL of cell suspension was collected. Then, samples were
vortexed (Personal Vortex Mixer - VM1, IC-VM1) for 1 min and stained with Nile red

solution. Samples were analysed using a flow cytometer to acquire a total number of 10000

27


https://biorender.com/

events in the FacsCanto II Flow Cytometer (BD Bioscience). The flow cytometry was used at
Ex 515nm / Em 585nm. Phospholipid-associated fluorescence was collected in the Ex 550
nm/ Em 660 nm channels. Forward scatter (low angle scatter, related to size) (FSC) and Side
scatter (90-degree scatter, related to granularity (SSC) were analysed using BD FACSDiva
8.0 software.

Median fluorescence intensity was quantified from histogram plots that were gated to exclude
autofluorescence, using unstained cells as the control. Cell viability was carefully monitored
throughout the experiments and was precisely estimated using trypan blue during cell
counting, ensuring that the majority of cells were alive prior to staining. Lipid accumulation
in both triglyceride and phospholipid pools was quantified rigorously using flow cytometry
with single-cell gating, combined with FSC/SSC-based exclusion of cell fragments and
apoptotic bodies, minimizing the contribution of non-viable cellular material to the measured
signal. Common viability dyes were not employed in parallel with Nile Red staining because
their fluorescence spectra interfere with Nile Red’s signal, complicating accurate lipid
quantification. While the absence of a viability dye represents a potential limitation, the
combination of precise viability assessment and careful flow cytometry gating provides

confidence that the measured fluorescence predominantly reflects lipid content in viable cells.

2.5. GC-MS Analysis

Samples were centrifuged for 4 min at 5000 rpm and the pellet was transferred to an
Eppendorf tube. Then, samples were submitted 5 min ultrasonicator for cell disruption,
vortexed for 10 sec and then centrifuged for 20 sec to obtain cell pellets. This process was
repeated three times, followed by freeze-drying (Epsilon 2-4 LSCplus). Dry cell pellets were
treated with 500 uL of methanol (Sigma-Aldrich) and acetyl chloride (Acetyl chloride, 00990,
Sigma-Aldrich), mixed and sonicated for 5 min. 330 puL. hexane (Sigma-Aldrich) was added

to the samples and heated at 60 ° C for 1 h with a hot plate. Then, samples were cooled in an
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ice bath for 10 min and washed with 330 pL MilliQ water.

To remove the organic layer, samples were vortexed (Personal Vortex Mixer - VM1, 1C-
VM1) for 10 seconds and centrifuged (LabCo Compact Micro Centrifuge, 400.003.005) for
20 sec and the supernatant was removed under a fume hood and dried using liquid nitrogen
to remove the organic layer, then 100 uL of hexane was added to dissolve the lipids. The tube
content was transferred to vials for GC-MS analysis. For this purpose, the PerkinElmer Gas
Chromatograph Clarus 680 device was used, operating at an oven temperature of 300°C. The
carrier gas flow rate was set to 1.30 mL/min, with a pressure of 10.5 psi and the injection
volume of the sample was 1 pL. The initial temperature was set at 60°C and increased
gradually to 300 °C, and the split ratio was 15 mL/m. A standard curve was performed 0 to
1% with Lauric acid (C:12) as internal standard. For each calibration point 50 pL of Lauric
acid from a 1 mg/mL stock solution was incorporated to ensure precision. The relative peak
area was calculated using the oleic acid ratio to the C:12 peak area (Appendix Figure A.85).
Fatty acid content is reported as ratios normalized to oleic acid, as the purpose of the
experiment was to assess overall changes in fatty acid composition rather than to obtain

absolute quantitative measurements.

2.6. Statistical Analysis

Data collected were analysed with GraphPad Prism™ software (version 10.0 for Microsoft).
Students' two-tailed test was used to compare two groups, and ANOV A analysis was used with

Tukey’s Test. p-values < 0.05 were considered statistically significant.
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Chapter 3. Results and Discussion

3.1 Cell growth and morphology of Hi-5 cells without treatment

The cell growth of the Hi-5 cells was studied for six consecutive days to evaluate cell growth.
Results are shown in Figure 3.1. the cell number increased from D1 (3x10°) to D3 (9x10°) and
then decreased at D4 (8.4x10) to D6 (4x10°%), showing that the stationary phase started. Results
showed that over incubation time, the media composition and quality had an important impact

on cell growth, proliferation and product formation®*.

Morphology of Hi-5 control cells stained with Nile Red Hi-5 using Bright-field and fluorescent
microscopy images (100X) for D1, D2 and D3 are shown in Figure 3.2. Results showed that
cell confluency on Hi-5 control cells increased from D1 (30%) to D3 (60%), decreasing from

D4 (30%) to D6 (10%).
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Figure 3. 1. Insect cell growth of Hi-5 control cells during six consecutive days
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Figure 3. 2. Fluorescent microscopy (a) and Bright-field (b) images of Hi-5 control cells
stained with Nile Red at 100X for Day 1 (D1), Day 2 (D2) and Day 3 (D3)



3.2. Cell growth, morphology, and fatty acid composition of Hi-5
cells with fatty acid

3.2.1 Cell growth of Hi-5 with fatty acid

Statistical differences (p<0.05) were observed for cell growth for Hi-5 cells with treatment (0.1,
0.2 - and 0.3-mM OA), vehicle control (0.1, 0.2- and 0.3-mM ethanol) and control during 3
consecutive days(Figure 3.3). Control samples showed an increase in cell growth until day 3,
while Hi-5 with 0.1, 0.2- and 0.3-mM OA and vehicle control with 0.1, 0.2- and 0.3-mM
ethanol had a similar trend; cell growth decreased from Day 1 to Day 3. The lowest Hi-5 cell
growth was observed for 0.3 mM vehicle control, and the highest cell growth of Hi-5 cells was

for control samples.

The growth dynamics of Hi 5 cells under oleic acid (OA) treatment and vehicle control(VC)
showed a clear difference from the untreated control group. Whereas control samples displayed
a steady increase in proliferation over the three-day period, both O A-treated and vehicle control
groups exhibited a progressive decline in cell growth from Day 1 to Day 3. This pattern
indicates that the inhibitory effect was not specific to OA but instead mostly linked to the
ethanol solvent used for its preparation. The most pronounced reduction occurred in the 0.3
mM vehicle control, highlighting a dose-dependent cytotoxic effect of ethanol on Hi 5 cells. In
contrast, untreated controls maintained the highest proliferation rates, underscoring the
detrimental impact of solvent exposure on cell viability. These results emphasize the
importance of evaluating vehicle effects in experimental design, as solvent toxicity can obscure
or confound treatment-specific outcomes. Moreover, the similar decline observed in both OA -
treated and vehicle groups, indicates that OA at the tested concentrations did not produce

inhibitory effects beyond those caused by ethanol. Therefore, the results reinforcing the need
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for optimized delivery strategies to minimize solvent interference and accurately assess OA

biological activity.

A study on BEAS-2B cells revealed that, ethanol is responsible for biological effects on
complicate interpretation, when used as carrier for water soluble pollutants®>. At
concentrations above 0.05-1.0% (v/v), ethanol induces dose-dependent reductions in cell
viability and activates oxidative stress and apoptotic pathways, responses that overlap with
pollutant-induced mechanisms. This overlap underscores the necessity of vehicle controls to
distinguish solvent toxicity from pollutant-specific effects. Optimized delivery strategies or
alternative carriers are therefore essential to minimize solvent interference and ensure accurate
assessment of pollutant impacts®®. Furthermore, another study also showed that common
solvents like ethanol, DMSO, and acetone are not biologically neutral in cell-based assays;
even at low levels they reduce viability and trigger stress responses that overlap with pollutant
effects?®. The study also found that dosing methods alter bioavailability and toxicity, creating
variability across labs, and recommends vehicle-only controls, optimized solvent use, and safer

alternatives such as cyclodextrins or nanoparticles®®.
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Figure 3. 3. Cell counts of Hi-5 cells with 0.1 mM, 0.2-, and 0.3-mM oleic acid (OA),
vehicle control 0.1 mM, 0.2-, and 0.3-mM ethanol (VC) and control (C) during 3
consecutive days; Mean values + SD followed by different letters indicates statistical
differences (p < 0.05, Tukey's test).

Morphology of Hi-5 cells with treatment 0.1, 0.2- and 0.3-mM OA, stained with Nile Red using
fluorescent microscopy images (100 X) for Days 1,2 and 3 are shown in Figure 3.4 and Bright
microscopy images are shown in Appendix Figure A.76-Figure A.86. Results from
fluorescence microscopy showed that cell confluency on Hi-5 cells with 0.1, 0.2- and 0.3-mM
OA decreased from Day 2(70%) to Day 3(30%). A similar trend was observed for the vehicle
control as in Figure 3.5, where Hi-5 cell confluency decreased from Day 2(60%) to Day
3(20%). Furthermore, a similar trend was observed for OA and vehicle control samples, where
confluency increased from Day 1(30%) to Day 2(60-70%). Control samples were stated in

Figure 3.2, where an increase in cell confluency was observed until day 3 (Appendix Figure

A.67- Figure A.75).
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Figure 3. 4. Fluorescence image of Hi-5 cells treated with oleic acid (OA) 0.1, 0.2, and 0.3 mM for Day 1, Day 2 and Day 3
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Figure 3. 5. Fluorescence image of Hi-5 vehicle control cells (VC) 0.1, 0.2- and 0.3-mM for Day 1, Day 2 and Day 3
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Changes in cell granularity of Hi-5 cells as vehicle control with 0.1, 0.2-, and 0.3-mM ethanol
and control during 3 consecutive days are shown in Figure 3.6. Statistical differences (p<0.05)
were observed among the samples. A lower cell granularity was observed for the control
samples when compared to OA and vehicle control. OA samples showed higher cell granularity
for 0.3 mM OA when compared to 0.2- and 0.1-mM OA. A similar trend was observed with
0.3 mM OA samples, as the cell granularity increased from Day 1(96.822) to Day 3(118.347).
Also, cell granularity data representations are seen in Figure 3.7 and Figure 3.8 with coloured
histograms. Observations in 3T3-L1 cells revealed, a positive correlation between cell
granularity and lipid storage capacity. Because the granules failed to enlarge, the cells could
not accumulate lipids efficiently and reduced the lipid content. Cells containing smaller
granules exhibited impaired fat storage, resulting in reduced lipid accumulation.®” Onthe other
hand, a study on human T-cell leukaemia cell lines reported similar results between cell

viability and cell granularity. The increased number of dead cells was considered a cause of

increased cell granularity and decreased cell size”3.
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Figure 3. 6. Changes in cell granularity of Hi-5 cells with 0.1 mM, 0.2-, and 0.3-mM
oleic acid (OA), vehicle control 0.1 mM, 0.2-, and 0.3-mM ethanol (VC) and control (C)
during 3 consecutive days; Mean values + SD followed by different letters indicates
statistical differences (p < 0.05, Tukey's test).
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Figure 3. 7. Representative flow cytometry FSC/SCC dot plot illustrating cell size and
morphology changes after treatment with OA(0.2 mM OA-treated samples on the 2"
day(red colour), and nontreated cells(yellow colour))
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Figure 3. 8. Representative flow cytometry FSC/SCC dot plot illustrating cell size and
morphology changes after treatment with OA(0.3 mM vehicle control(VC) samples on

the 3" day(red colour), and nontreated cells(yellow colour))

Changes in cell size of Hi-5 cells with 0.1, 0.2-, and 0.3-mM OA, vehicle control and control
for 3 days are shown in Figure 3.9. Statistical differences (p<0.05) were observed among
samples. The highest cell sizes were observed for control samples at Day 2 (67.14%) and Day
3(67.12%). A similar trend was observed for OA samples among the 3 days, where the cell
granularity decreased from 0.1 mM to 0.3 mM. Vehicle control samples showed higher cell
size for 0.1 mM samples. A study on E. coli reported that cell size depends on incubation time,
growth phase and cell numbers®®> where higher dead cell amounts contributed to lower cell

size?8.
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Figure 3. 9. Changes in cell size of Hi-5 cells with 0.1 mM, 0.2-, and 0.3-mM oleic acid
(OA), vehicle control 0.1 mM, 0.2-, and 0.3-mM ethanol (VC) and control (C) during 3
consecutive days; Mean values = SD followed by different letters indicates statistical
differences (p < 0.05, Tukey's test).

Figure 3.10 shows the relative Triglyceride content in Hi-5 cells loaded with 0.1 mM, 0.2
mM, and 0.3 mM vehicle control, Hi-5 cells treated with oleic acid (OA) and control samples
for 3 days. Significant difference (p<0.05) was observed among the samples. Qualitative data
were also represented in Figure 3.11 and Figure 3.12. Due to oleic acid metabolism, the
highest fluorescent intensity was obtained with 0.3 mM oleic acid-treated samples, followed
by 0.2- and 0.1-mM oleic acid, and the lowest values were for control samples. A lower relative
triglyceride intensity result was observed for vehicle control samples when compared to OA
samples. A study on marine dinoflagellate cells reported that there was a non-linear correlation
between lipid content and carbon content, suggesting that after a carbon saturation point, cells

might not be able to take more lipids into their system!00,
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Figure 3. 10. Relative Triglyceride content of Hi-5 cells with 0.1 mM, 0.2-, and 0.3-mM
oleic acid (OA), vehicle control 0.1 mM, 0.2-, and 0.3-mM ethanol (VC) and control (C)
during 3 consecutive days; Mean values + SD followed by different letters indicates
statistical differences (p < 0.05, Tukey's test).
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Figure 3. 11. Relative triglyceride content effect on 0.3 mM OA-treated samples on the
1%t day(red colour) and nontreated samples (yellow colour)
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Figure 3. 12. Relative triglyceride content effect on 0.3 mM OA -treated samples on the
Ist day(red colour) and 0.3 mM vehicle control samples on the 15 day (red colour)

Results reported in Figure 3.10 suggest that OA-treated Hi-5 cells could have reached the
carbon saturation point on day 2 and decreased on day 3. It has also been reported that an
increased lipid content was observed in microalgae species with a reduction in cell growth!0!,
In general, results showed that Hi-5 cells treated with OA and control samples showed a

negative correlation between cell count results and triglyceride intensity results.

According to the phospholipid intensity results of flow cytometry analysis shown in Figure
3.13, a statistical difference (p<0.05) was observed among samples during 3 consecutive days.
Furthermore, phospholipid intensity data representations are shown in Figure 3.14 and Figure
3.15. The highest values were observed for vehicle control samples. A similar trend was
observed for OA and vehicle control samples on the third day, as the phospholipid intensity
values decreased from 0.1 mM to 0.3 mM. For 0.1- and 0.2 mM OA samples, an increase was
observed from Day 1 to Day 3; however, 0.3 mM OA samples showed the highest value on

Day 1.
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The primary change observed following OA loading was an increase in fluorescence associated
with the triglyceride pool, indicating that OA was preferentially incorporated into neutral lipid
stores. In contrast, fluorescence associated with the phospholipid pool did not show a
meaningful change. This outcome is biologically expected, as cellular membranes tightly
regulate phospholipid composition to preserve membrane fluidity, structural integrity, and
functionality. Phospholipid acyl chain length, saturation, and conformation play a critical role
in these properties, and substantial incorporation of OA into membrane phospholipids would
be expected to disrupt membrane dynamics. The absence of significant changes in
phospholipid-associated fluorescence therefore suggests that OA loading predominantly

promoted lipid storage rather than structural membrane remodeling.
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Figure 3. 13. Changes in Phospholipid fluorescence intensity of Hi-5 cells with 0.1 mM,

0.2, and 0.3-mM oleic acid (OA), vehicle control 0.1 mM, 0.2-, and 0.3-mM ethanol (VC)
and control (C) during 3 consecutive days; Mean values + SD followed by different

letters indicates statistical differences (p < 0.05, Tukey's test).
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Figure 3. 14. Phospholipid fluorescence intensity plot of 0.1 mM oleic acid (OA) samples
on the 3™ day(blue colour) and non-treated samples(red colour)
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Figure 3. 15. Phospholipid fluorescence intensity plot of 0.2 mM vehicle control (VC)
samples on the 1st day(yellow colour) and non-treated samples(red colour)
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3.3. GC-MS Analysis

Changes in Fatty acid composition of Hi-5 cells with 0.1 mM, 0.2, and 0.3 mM oleic acid (OA),
0.1 mM, 0.2-, and 0.3-mM vehicle control (VC) and control (C) for samples at Day 2 were
chosen for GC-MS analysis due to optimal cell morphology, cell growth and relative
triglyceride analysis previously reported (Figure 3.10). As can be seen in Figure 3.16, higher
content of oleic acid was seen for Hi-5 control samples, followed by 0.1 mM OA, 0.2 mM OA
and 0.1 mM VC. Changes in the fatty acid profile of Hi-5 cells treated with oleic acid can be
related to insect cells' production of other metabolites, and could also be a result of the cell

death that we monitored after a high amount of oleic acid and/or ethanol-albumin as carriers.

Higher levels of stearic acid were observed for Hi-5 control samples, and a trend was seen in
0.1 mM, 0.2, and 0.3 mM oleic acid(OA). The fatty acid composition of Hi-5 cells showed
concentration-dependent changes in response to oleic acid (OA) supplementation. Stearic acid
(18:0), the precursor of oleic acid via stearoyl-CoA desaturase, was elevated in control cells

but declined across OA and VC treatments, reflecting its utilization in desaturation pathways!'02.

On the other hand, higher palmitic acid was observed for 0.1 mM OA and lower levels for 0.2
and 0.3 mM oleic acid (OA) concentrations, suggesting a compensatory mechanism to limit
lipotoxicity. Taken together, these results highlight the dynamic interplay between saturated
and monounsaturated fatty acids. Furthermore, OA appears to regulate palmitic acid levels in
a concentration-dependent manner, underscoring its potential role in limiting lipotoxic stress!?3
.This observation aligns with findings from a previous study which demonstrated that OA
protects hepatocytes against the cytotoxic effects of palmitic acid by promoting its
esterification into triglycerides and subsequent storage in lipid granules'®*. A study on
pancreatic cells found that palmitic acid triggers apoptosis via endoplasmic reticulum stress,

mitochondrial dysfunction, leading to protease activation. In contrast, oleic acid counteracts
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these effects by promoting triglyceride synthesis and lipid droplet formation, diverting palmitic

acid from toxic pathways depending on concentration!?>.

A different trend was observed for palmitoleic acid; higher levels were seen for 0.1 mM VC
and 0.1 mM OA, and the lowest levels for 0.3 mM oleic acid (OA) and the highest level for
non-treated samples. The metabolic response to oleic acid (OA) supplementation revealed a
dose-dependent regulation of fatty acid synthesis and desaturation. The highest levels were
detected in non-treated samples, suggesting that baseline cellular metabolism favors
palmitoleic acid accumulation when no external compounds are introduced. At 0.1 mM OA,
palmitoleic acid levels were elevated, suggesting that moderate OA concentrations stimulate
lipogenesis and desaturase activity, likely through enhanced substrate availability and
upregulation of stearoyl-CoA desaturase (SCD)!%¢. However, as OA concentration increased,
palmitoleic acid reached its lowest point at 0.3 mM. This indicates that excessive OA may
trigger feedback inhibition of lipogenic enzymes, downregulate SCD activity, or shift
metabolism toward storage and elongation pathways rather than desaturation!®’. Overall, the
results suggest that low OA promotes fatty acid synthesis and desaturation, while high OA

suppresses these processes, leading to reduced palmitic and palmitoleic acid accumulation.

The use of ethanol as a carrier introduces an additional layer of complexity. Ethanol can
undergo non-oxidative metabolism to form fatty acid ethyl esters (FAEEs), which are lipophilic
metabolites that integrate into membranes and organelles, where they interfere with
mitochondrial activity and reduce ATP availability'%%-19°, Their formation from ethanol and
fatty acids may alter lipid incorporation, signaling, and membrane dynamics'!?. In cell culture
systems, this means that FAEE generation could confound the interpretation of fatty acid
metabolism, as observed differences between OA -treated and VC groups may reflect not only

OA supplementation but also ethanol-derived FAEE effects. This highlights the importance of

considering carrier-derived metabolites when evaluating lipidomic data in cell systems.
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Figure 3. 16. Changes in Fatty acid composition(fatty acids/OA) of Hi-5 cells with 0.1
mM, 0.2, and 0.3-mM oleic acid (OA), vehicle control 0.1 mM, 0.2-, and 0.3-mM ethanol
(VC) and control (C); Mean values + SD followed by different letters indicates statistical
differences (p < 0.05, Tukey's test).
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Chapter 4. Conclusion

This study explored a novel approach to modifying the lipid profile of Hi-5 insect cells through
enrichment with exogenous oleic acid (OA), aiming to emulate fat characteristics relevant to
cultured meat applications. The experimental findings provide detailed insights into the
morphological, metabolic, and lipid compositional changes that occurred in insect cells
subjected to OA loading.

Firstly, the vehicle control (VC), often considered an inert baseline, was shown to induce
morphological alterations, such as reduced cell size and elevated granularity, alongside a high
level of cytotoxicity. These changes suggest that even the carrier medium can influence cellular
physiology and must be carefully accounted for in experimental designs. In addition to
morphological shifts, the VC treatment alone was sufficient to cause detectable alterations in
the cellular lipid profile, highlighting its potential confounding effects.

OA loading led to a more pronounced reduction in cell size and increased cell granularity
compared to VC. These changes likely reflect stress responses or alterations in cell membrane
dynamics due to lipid accumulation. Notably, intracellular lipid content increased significantly
following OA treatment, with even the lowest concentration tested (0.1 mM) nearly doubling
lipid levels within the cells. This suggests high bioavailability and uptake efficiency of OA by
Hi-5 insect cells.

GC-MS analysis of the lipid profile indicated that OA was not merely sequestered but actively
metabolised and incorporated into endogenous lipid pathways. Specifically, cells treated with
0.1 mM OA exhibited the most pronounced increase in palmitic acid content, a saturated fatty
acid relevant for mimicking the lipid composition of animal fat. This finding underscores the
potential of metabolic alteration in insect cells to yield tailored fatty acid profiles.

Flow cytometry analysis provided further granularity to the uptake dynamics. Cells treated with

0.1 mM OA displayed a single peak in fluorescence intensity, indicating a uniform uptake
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across the cell population. In contrast, the 0.2 mM and 0.3 mM OA treatments resulted in
bimodal histograms, suggesting heterogeneous uptake and possibly early onset of cytotoxicity
or stress-induced variation in cellular responses.

In conclusion, this research demonstrated the feasibility of modifying the lipid content and
composition of insect cells using targeted fatty acid supplementation. The study demonstrated
that even low concentrations of OA can achieve significant enrichment of intracellular lipids
with controlled distribution and modest cytotoxicity. These findings support the use of insect
cells as a customizable and sustainable lipid source for cultured meat applications, particularly
to replicate the sensory and functional roles of animal fat. Future research should delve deeper
into the enzymatic and regulatory mechanisms governing fatty acid metabolism in insect cells

and explore scale-up strategies to transition from bench-scale studies to industrial applications.
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Chapter 5. Future work

This study provides foundational insights into the feasibility of modifying insect cell lipid
profiles for potential use in cultured meat systems. Building on these findings, future work
should pursue the following directions:

1. Mechanistic Understanding of Lipid Metabolism in Insect Cells

Further investigation is needed to elucidate the enzymatic and regulatory pathways governing
fatty acid uptake, esterification, and transformation in insect cells. Omics-based approaches
such as ftranscriptomics, proteomics and lipidomics could identify key regulators and
bottlenecks in lipid biosynthesis and remodelling.

2. Optimisation of Fatty Acid Delivery Vehicles

To reduce cytotoxicity and enhance uptake, formulation strategies using food-grade carriers
such as alcohol-free albumin loading, phospholipids, liposomes, surfactants, polymeric
vesicles or tailored emulsions should be explored. These delivery systems could improve
bioavailability and support scale-up by offering more consistent and biocompatible loading
conditions.

3. Broader Fatty Acid Supplementation Studies

Expanding beyond oleic acid, future studies should assess the metabolic fate of various
saturated and polyunsaturated fatty acids. This includes stearic, linoleic, and alpha-linolenic
acids to establish a more comprehensive understanding of how chain length and saturation
influence incorporation, toxicity, and lipid droplet formation.

4. Tailoring Triglyceride Profiles for Functionality

Work is needed to define the optimal triglyceride profiles that best mimic animal fat in terms
of melting point, mouthfeel, and oxidative stability. The ability to selectively enrich insect cells
with targeted fatty acid combinations may allow fine-tuning of sensory properties in cultured

meat prototypes.
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5. Scale-Up and Bioprocess Integration
Translating these findings into industrial applications will require the development of scalable
culture systems. This includes adapting protocols for stirred-tank bioreactors and optimising

nutrient delivery and harvest strategies for lipid-enriched insect cells.

56



References

1. Rubio NR, Fish KD, Trimmer BA, Kaplan DL. Possibilities for Engineered Insect
Tissue as a Food Source. Front Sustain Food Syst.Frontiers Media S.A. 2019;3.

doi:10.3389/fsufs.2019.00024

2. Datar I, Betti M. Possibilities for an in vitro meat production system. Innovative

Food Science & Emerging Technologies. 2010;11(1):13-22.

doi:https://doi.org/10.1016/j.1fset.2009.10.007

3. Du M, Tong J, Zhao J, et al. Fetal programming of skeletal muscle development in
ruminant animals1. J Anim Sci. 2010;88(suppl_13):E51-E60. doi:10.2527/jas.2009-

2311

4, Alexander P, Rounsevell MDA, Dislich C, Dodson JR, Engstrom K, Moran D.
Drivers for global agricultural land use change: The nexus of diet, population, yield
and bioenergy. Global Environmental Change. 2015;35:138-147.

doi:https://doi.org/10.1016/j.gloenvcha.2015.08.011

5. Smith P, Haberl H, Popp A, et al. How much land-based greenhouse gas mitigation
can be achieved without compromising food security and environmental goals?

Glob Chang Biol. 2013;19(8):2285-2302. doi:https://doi.org/10.1111/gcb.12160

6. Alexander P, Brown C, Arneth A, et al. Could consumption of insects, cultured

meat or imitation meat reduce global agricultural land use? Glob Food Sec.

2017;15:22-32. doi:https://doi.org/10.1016/j.gf5.2017.04.001

7. Mattick CS. Cellular agriculture: The coming revolution in food production.

Bulletin of the Atomic Scientists. 2018;74(1):32-35.

do1:10.1080/00963402.2017.1413059

57



10.

11.

12.

13.

14.

Rischer H, Szilvay GR, Oksman-Caldentey KM. Cellular agriculture — industrial
biotechnology for food and materials. Curr Opin Biotechnol. 2020;61:128-134.

doi:https://doi.org/10.1016/j.copbio.2019.12.003

Reddy K, Narayanan R, Rao V, Valli C, Sujatha GP. Cultured Meat - A review.

2022;14:363-367.

Fujita H, Endo A, Shimizu K, Nagamori E. Evaluation of serum-free differentiation
conditions for C2C12 myoblast cells assessed as to active tension generation
capability. Biotechnol Bioeng. 2010;107(5):894-901.

doi:https://doi.org/10.1002/bit.22865

Rzymski P, Kulus M, Jankowski M, et al. COVID-19 Pandemic Is a Call to Search
for Alternative Protein Sources as Food and Feed: A Review of Possibilities.

Nutrients. 2021;13(1). doi:10.3390/nu13010150

Kaur K, Singh S, Kaur R. Impact of antibiotic usage in food-producing animals on
food safety and possible antibiotic alternatives. The Microbe. 2024;4:100097.

doi:10.1016/J.MICROB.2024.100097

ChenY, LiuY, Zhao C, Ma J, Guo J. Antibiotic resistance gene pollution in poultry

farming environments and approaches for mitigation: A system review. Poult Sci.

2025;104(3):104858. doi:10.1016/J.PSJ.2025.104858

Usman M, Farooq M, Wakeel A, et al. Nanotechnology in agriculture: Current
status, challenges and future opportunities. Science of The Total Environment.

2020;721:137778. dot:https://doi.org/10.1016/j.scitotenv.2020.137778

58



15.

16.

17.

18.

19.

20.

21.

22.

Mattick CS, Landis AE, Allenby BR. A case for systemic environmental analysis of
cultured meat. J Integr Agric. 2015;14(2):249-254.

doi:https://doi.org/10.1016/S2095-3119(14)60885-6

Hilary Hanson. “World’s First” Lab-Grown Meatball Looks Pretty Damn Tasty.

Huftpost.

Gerhardt C, Suhlmann G, Ziem\ss{}en F, Donnan D, Warschun M, Kiihnle HJ.
How Will Cultured Meat and Meat Alternatives Disrupt the Agricultural and Food
Industry? Industrial Biotechnology. 2020;16(5):262-270.

doi:10.1089/ind.2020.29227 .cge

Ye Y, Zhou J, Guan X, Sun X. Commercialization of cultured meat products:
Current status, challenges, and strategic prospects. Future Foods. 2022;6:100177.

doi:https://doi.org/10.1016/j.fufo.2022.100177

Tuomisto HL, Teixeira de Mattos MJ. Environmental Impacts of Cultured Meat

Production. Environ Sci Technol. 2011;45(14):6117-6123. doi:10.1021/es200130u

Mateti T, Laha A, Shenoy P. Artificial Meat Industry: Production Methodology,

Challenges, and Future. JOM. 2022;74:1-17. doi:10.1007/s11837-022-05316-x

Deliza R, Rodriguez B, Reinoso-Carvalho F, Lucchese-Cheung T. Cultured meat: a

review on accepting challenges and upcoming possibilities. Curr Opin Food Sci.

2023;52:101050. doi:https://doi.org/10.1016/j.cof5.2023.101050

Stephens N, Di Silvio L, Dunsford I, Ellis M, Glencross A, Sexton A. Bringing
cultured meat to market: Technical, socio-political, and regulatory challenges in
cellular agriculture. Trends Food Sci Technol.Elsevier Ltd. 2018;78:155-166.

doi:10.1016/;.tifs.2018.04.010

59



23.

24.

25.

26.

27.

28.

29.

van Huis A, Dicke M, van Loon JJA. Insects to feed the world. J Insects Food

Feed. 2015;1(1):3-6. doi:10.3920/JIFF2015.x002

Raheem D, Raposo A, Oluwole OB, Nieuwland M, Saraiva A, Carrascosa C.
Entomophagy: Nutritional, ecological, safety and legislation aspects. Food
Research International. 2019;126:108672.

doi:https://doi.org/10.1016/j.foodres.2019.108672

Hermans WJH, Senden JM, Churchward-Venne TA, et al. Insects are a viable
protein source for human consumption: from insect protein digestion to
postprandial muscle protein synthesis in vivo in humans: a double-blind
randomized trial. Am J Clin Nutr. 2021;114(3):934-944.

doi:https://doi.org/10.1093/ajcn/nqab115

Ordofiez-Araque R, Egas-Montenegro E. Edible insects: A food alternative for the

sustainable development of the planet. Int J Gastron Food Sci. 2021;23:100304.

doi:https://doi.org/10.1016/5.1jgfs.2021.100304

Rumpold BA, Schliiter OK. Nutritional composition and safety aspects of edible

insects. Mol Nutr Food Res. 2013;57(5):802-823.

dot:https://doi.org/10.1002/mnfr.201200735

Khalili Tilami S, Turek J, Cerveny D, et al. Insect Meal as a Partial Replacement
for Fish Meal in a Formulated Diet for Perch Perca fluviatilis. Turk J Fish Aquat

Sci. 2020;20:867-878. doi:10.4194/1303-2712-v20 12 03

Dobermann D, Swift JA, Field LM. Opportunities and hurdles of edible insects for
food and feed. Nutr Bull. 2017;42(4):293-308.

doti:https://doi.org/10.1111/nbu.12291

60



30.

31.

32.

33.

34.

35.

36.

37.

Rahman MM, Byanju B, Lamsal BP. Protein, lipid, and chitin fractions from
insects: Method of extraction, functional properties, and potential applications. Crit

Rev Food Sci Nutr. 2024;64(18):6415-6431. doi:10.1080/10408398.2023.2168620

Tzompa-Sosa DA, Yi L, van Valenberg HJF, van Boekel MAJS, Lakemond CMM.
Insect lipid profile: aqueous versus organic solvent-based extraction methods.

Food Research International. 2014;62:1087-1094.

doi:10.1016/J.FOODRES.2014.05.052

Gilby AR. Lipids and Their Metabolism in Insects. Annu Rev Entomol.
1965;10(Volume 10, 1965):141-160.

doi:https://doi.org/10.1146/annurev.en.10.010165.001041

Mishyna M, Haber M, Benjamin O, Martinez JJI, Chen J. Drying methods
differentially alter volatile profiles of edible locusts and silkworms. J Insects Food

Feed. 2020;6(4):405-416. doi:10.3920/JIFF2019.0046

Elahi Usman Xu Chang-chun WJLJWS geng ZH jun QG hai. Insect meal as a feed

ingredient for poultry. Anim Biosci. 2022;35(2):332-346. doi:10.5713/ab.21.0435

Koufimska L, Addmkova A. Nutritional and sensory quality of edible insects. NFS

Journal. 2016;4:22-26. doi:https://doi.org/10.1016/}.n15.2016.07.001

Son YJ, Choi SY, Hwang IK, Nho CW, Kim SH. Could Defatted Mealworm
(Tenebrio molitor) and Mealworm Oil Be Used as Food Ingredients? Foods.

2020;9(1). doi:10.3390/foods9010040

Kolobe SD, Manyelo TG, Malematja E, Sebola NA, Mabelebele M. Fats and major
fatty acids present in edible insects utilised as food and livestock feed. Vet Anim

Sci. 2023;22:100312. doi:https://doi.org/10.1016/j.vas.2023.100312

61



38.

39.

40.

41.

42.

43.

44,

45.

Yap JWL, Lee Y'Y, Tang TK, et al. Fatty acid profile, minor bioactive constituents

and physicochemical properties of insect-based oils: A comprehensive review. Crit

Rev Food Sci Nutr. 2023;63(21):5231-5246. do1:10.1080/10408398.2021.2015681

Pinotti L, Ottoboni M. Substrate as insect feed for bio-mass production. J Insects

Food Feed. 2021;7(5):585-596. doi:https://doi.org/10.3920/JIFF2020.0110

O’Reilly DR, Miller LK, Luckow VA. Baculovirus Expression Vectors: A

Laboratory Manual. Oxford University Press; 1994.

Drugmand JC, Schneider YJ, Agathos SN. Insect cells as factories for
biomanufacturing. Biotechnol Adv.2012;30(5):1140-1157.

doi:https://doi.org/10.1016/j.biotechadv.2011.09.014

Pijlman GP, Grose C, Hick TAH, et al. Relocation of the attTn7 Transgene
Insertion Site in Bacmid DNA Enhances Baculovirus Genome Stability and

Recombinant Protein Expression in Insect Cells. Viruses. 2020;12(12).

doi:10.3390/v12121448

Organization WH. Interim Recommendations for Use of the Novavax NVX-
CoV2373 Vaccine against COVID-19: Interim Guidance, 20 December 2021.

World Health Organization; 2021.

Schiller JT, Castellsagué¢ X, Villa LL, Hildesheim A. An update of prophylactic
human papillomavirus L1 virus-like particle vaccine clinical trial results. Vaccine.

2008;26:K53-K61. doi:https://doi.org/10.1016/j.vaccine.2008.06.002

Cox MMJ, Hollister JR. FluBlok, a next generation influenza vaccine
manufactured in insect cells. Biologicals. 2009;37(3):182-189.

doi:https://doi.org/10.1016/j.biologicals.2009.02.014

62



46.

47.

48.

49.

50.

51.

52.

53.

Letcher SM, Rubio NR, Ashizawa RN, et al. In vitro Insect Fat Cultivation for
Cellular Agriculture Applications. ACS Biomater Sci Eng. 2022;8(9):3785-3796.

doi:10.1021/acsbiomaterials.2c00093

Lee YY, Teck-Kim T, Eng-Seng C, et al. Medium chain triglyceride and medium-
and long chain triglyceride: metabolism, production, health impacts and its

applications — a review. Crit Rev Food Sci Nutr. 2022;62(15):4169-4185.

doi:10.1080/10408398.2021.1873729

Papamandjaris AA, Macdougall DE, Jones PJH. Medium chain fatty acid

metabolism and energy expenditure: Obesity treatment implications. Life Sci.

1998;62(14):1203-1215. doi:https://doi.org/10.1016/S0024-3205(97)01143-0

Poppitt SD, Strik CM, MacGibbon AKH, McArdle BH, Budgett SC, McGill AT.
Fatty acid chain length, postprandial satiety and food intake in lean men. Physiol

Behav. 2010;101(1):161-167. doti:https://doi.org/10.1016/j.physbeh.2010.04.036

Wang Y, Zhang T, Liu R, et al. Reviews of medium- and long-chain triglyceride
with respect to nutritional benefits and digestion and absorption behavior. Food

Research International .Elsevier Ltd. 2022;155. doi:10.1016/j.foodres.2022.111058

Mu H, Hey CE. The digestion of dietary triacylglycerols. Prog Lipid Res.

2004;43(2):105-133. doi:https://doi.org/10.1016/S0163-7827(03)00050-X

Rustan AC, Drevon CA. Fatty Acids: Structures and Properties. In: ELS. John

Wiley & Sons, Ltd; 2005. doi:https://doi.org/10.1038/npg.els.0003894

Liu Y, Shen N, Xin H, Yu L, Xu Q, Cui Y. Unsaturated fatty acids in natural edible

resources, a systematic review of classification, resources, biosynthesis, biological

63



54.

55.

56.

57.

58.

59.

activities and application. Food Biosci. 2023;53:102790.

doi:https://doi.org/10.1016/.1b10.2023.102790

Paola Benatti Gianfranco Peluso RN, Calvani M. Polyunsaturated Fatty Acids:

Biochemical, Nutritional and Epigenetic Properties. J Am Coll Nutr.

2004;23(4):281-302. do1:10.1080/07315724.2004.10719371

Wang Y, Zhang T, Liu R, et al. New perspective toward nutritional support for

malnourished cancer patients: Role of lipids. Compr Rev Food Sci Food Saf.

2021;20. doi:10.1111/1541-4337.12706

Hu JN, Shen JR, Xiong CY, Zhu XM, Deng ZY. Investigation of Lipid Metabolism
by a New Structured Lipid with Medium- and Long-Chain Triacylglycerols from
Cinnamomum camphora Seed Oil in Healthy C57BL/6J Mice. J Agric Food Chem.

2018;66(8):1990-1998. doi:10.1021/acs.jafc.7b05659

Lee YY, Tang TK, Phuah ET, et al. Structural difference of palm based Medium-
and Long-Chain Triacylglycerol (MLCT) further reduces body fat accumulation in
DIO C57BL/6J mice when consumed in low fat diet for a mid-term period. Food

Research International. 2018;103:200-207.

dot:https://doi.org/10.1016/j.foodres.2017.10.022

OOYAMA K, KOJIMA K, AOYAMA T, TAKEUCHI H. Decrease of Food Intake

in Rats after Ingestion of Medium-Chain Triacylglycerol. J Nutr Sci Vitaminol

(Tokyo). 2009;55(5):423-427. doi:10.3177/jnsv.55.423

Sorger D, Daum G. Triacylglycerol biosynthesis in yeast. App! Microbiol

Biotechnol. 2003;61(4):289-299. doi:10.1007/s00253-002-1212-4

64



60.

61.

62.

63.

64.

65.

66.

67.

Pelley JW. 10 - Fatty Acid and Triglyceride Metabolism. In: Pelley JW, ed.
Elsevier s Integrated Biochemistry. Mosby; 2007:79-85.

doi:https://doi.org/10.1016/B978-0-323-03410-4.50016-X

Berry SEE. Triacylglycerol structure and interesterification of palmitic and stearic
acid-rich fats: an overview and implications for cardiovascular disease. Nutr Res

Rev. 2009;22(1):3-17. doi:10.1017/S0954422409369267

Jakubowski H, Flatt P. Biosynthesis of Triacylglycerols. College of St. Benedict/St.

John’s University and Western Oregon University.

William Walker Christie. Lipid Maps. https:/www.lipidmaps.org. Accessed June

26, 2025. https://www.lipidmaps.org

Golding M, Wooster TJ. The influence of emulsion structure and stability on lipid
digestion. Curr Opin Colloid Interface Sci. 2010;15(1):90-101.

doi:https://doi.org/10.1016/j.cocis.2009.11.006

Rubio N, Mccartney N, Trimmer BA, Kaplan D. Biofabrication with Insect Cells.

https://www.researchgate.net/publication/348153889

Arrese EL, Soulages JL. Insect Fat Body: Energy, Metabolism, and Regulation.
Annu Rev Entomol. 2010;55(Volume 55, 2010):207-225.

dot:https://doi.org/10.1146/annurev-ento-112408-085356

Rhiel M. (University of lowa ICIA), Mitchell-Logean CM, Murhammer DW.
Comparison of Trichoplusia ni BTI-Tn-5B1-4 (High Five) and Spodoptera

frugiperda Sf-9 insect cell line metabolism in suspension cultures. Biotechnol

Bioeng. 1997;55(6):909-920.

65



68.

69.

70.

71.

72.

73.

74.

Wilde M, Klausberger M, Palmberger D, Ernst W, Grabherr R. Tnao38, high five
and SfY9—-evaluation of host—virus interactions in three different insect cell lines:

baculovirus production and recombinant protein expression. Biotechnol Lett.

2014;36(4):743-749. doi:10.1007/s10529-013-1429-6

Irons SL, Chambers AC, Lissina O, King LA, Possee RD. Protein production using

the baculovirus expression system. Curr Protoc Protein Sci. 2018;91(1):5.

Ferrance JP, Goel A, Ataai MM. Utilization of glucose and amino acids in insect
cell cultures: Quantifying the metabolic flows within the primary pathways and
medium development. Biotechnol Bioeng. 1993;42(6):697-707.

doi:https://doi.org/10.1002/bit.260420604

Doverskog M, Han L, Haggstrom L. Cystine/cysteine metabolism in cultured Sf9
cells: influence of cell physiology on biosynthesis, amino acid uptake and growth.

Cytotechnology. 1998;26(2):91-102. doi:10.1023/A:1007963003607

Bhatia R, Jesionowski G, Ferrance J, Ataai MM. Insect cell physiology.

Cytotechnology. 1997;24(1):1-9. doi:10.1023/B:CYTO.0000010410.24541.dd

Ikonomou L, Schneider YJ, Agathos SN. Insect cell culture for industrial
production of recombinant proteins. Appl Microbiol Biotechnol. 2003;62(1):1-20.

doi:10.1007/s00253-003-1223-9

Mendonga RZ, Palomares LA, Ramirez OT. An insight into insect cell metabolism
through selective nutrient manipulation. J Biotechnol. 1999;72(1):61-75.

doi:https://doi.org/10.1016/S0168-1656(99)00094-2

66



75.

76.

77.

78.

79.

80.

81.

Ohman L, Alarcon M, Ljunggren J, Ramqvist AK, Higgstrdm L. Glutamine is not
an essential amino acid for Sf-9 insect cells. Biotechnol Lett. 1996;18(7):765-770.

doi:10.1007/BF00127885

Yang JD, Gecik P, Collins A, et al. Rational scale-up of a baculovirus-insect cell
batch process based on medium nutritional depth. Biotechnol Bioeng.

1996;52(6):696-706. doi:https://doi.org/10.1002/(SICI)1097-

0290(19961220)52:6<696::AID-BIT7>3.0.CO;2-]

Bédard C, Tom R, Kamen A. Growth, Nutrient Consumption, and End-Product
Accumulation in Sf-9 and BTI-EAA Insect Cell Cultures: Insights into Growth
Limitation and Metabolism. Biotechnol Prog. 1993;9(6):615-624.

doi:https://doi.org/10.1021/bp00024a008

Fraeye I, Kratka M, Vandenburgh H, Thorrez L. Sensorial and Nutritional Aspects

of Cultured Meat in Comparison to Traditional Meat: Much to Be Inferred. Front

Nutr. 2020;Volume 7-2020. doi:10.3389/fnut.2020.00035

Mottram DS. Flavour formation in meat and meat products: a review. Food Chem.

1998;62(4):415-424. doi:https://doi.org/10.1016/S0308-8146(98)00076-4

Elmore JS, Mottram DS. 5 - Flavour development in meat. In: Kerry JP, Ledward
D, eds. Improving the Sensory and Nutritional Quality of Fresh Meat. Woodhead

Publishing; 2009:111-146. doi:https://doi.org/10.1533/9781845695439.1.111

Elmore JS, Mottram DS, Enser M, Wood JD. The Effects of Diet, Breed, and Age
of Animal at Slaughter on the Volatile Compounds of Grilled Beef. In: Food
Lipids. Vol 920. ACS Symposium Series. American Chemical Society; 2005:35-48.

doi:doi:10.1021/bk-2005-0920.ch003

67



82.

83.

84.

85.

86.

87.

88.

Meinert L, Andersen LT, Bredie WLP, Bjergegaard C, Aaslyng MD. Chemical and
sensory characterisation of pan-fried pork flavour: Interactions between raw meat
quality, ageing and frying temperature. Meat Sci. 2007;75(2):229-242.

doi:https://doi.org/10.1016/j.meatsci.2006.07.004

Koutsidis G, Elmore JS, Oruna-Concha MJ, Campo MM, Wood JD, Mottram DS.
Water-soluble precursors of beef flavour. Part II: Effect of post-mortem
conditioning. Meat Sci. 2008;79(2):270-277.

doi:https://doi.org/10.1016/j.meatsci.2007.09.010

Campo MM, Nute GR, Hughes SI, Enser M, Wood JD, Richardson RI. Flavour
perception of oxidation in beef. Meat Sci. 2006;72(2):303-311.

doi:https://doi.org/10.1016/j.meatsci.2005.07.015

Swinburn BA, Sacks G, Hall KD, et al. The global obesity pandemic: shaped by

global drivers and local environments. The Lancet. 2011;378(9793):804-814.

doi:https://doi.org/10.1016/S0140-6736(11)60813-1

Connor WE, Neuringer M, Reisbick S. Essential Fatty Acids: The Importance of n-

3 Fatty Acids in the Retina and Brain. Nutr Rev. 1992;50(4):21-29.

doi:10.1111/5.1753-4887.1992.tb01286.x

Stewart JE, Newman LP, Keast RSJ. Oral sensitivity to oleic acid is associated with
fat intake and body mass index. Clinical Nutrition. 2011;30(6):838-844.

doi:https://doi.org/10.1016/j.clnu.2011.06.007

Kawai T, Fushiki T. Importance of lipolysis in oral cavity for orosensory detection

of fat. American Journal of Physiology-Regulatory, Integrative and Comparative

Physiology. 2003;285(2):R447-R454. doi:10.1152/ajpregu.00729.2002

68



89.

90.

91.

92.

93.

94.

95.

96.

DREWNOWSKIA. Why do we Like Fat? J Am Diet Assoc. 1997;97(7,

Supplement):S58-S62. doi:https://doi.org/10.1016/S0002-8223(97)00732-3

Liu D, Archer N, Duesing K, Hannan G, Keast R. Mechanism of fat taste
perception: Association with diet and obesity. Prog Lipid Res. 2016;63:41-49.

doi:https://doi.org/10.1016/j.plipres.2016.03.002

Running CA, Craig BA, Mattes RD. Oleogustus: The Unique Taste of Fat. Chem

Senses. 2015;40(7):507-516. doi:10.1093/chemse/bjv036

Mattes RD. Taste, teleology and macronutrient intake. Curr Opin Physiol.

2021;19:162-167. doi:https://doi.org/10.1016/j.cophys.2020.11.003

Letcher SM, Rubio NR, Ashizawa RN, et al. In vitro Insect Fat Cultivation for

Cellular Agriculture Applications. ACS Biomater Sci Eng. 2022;8(9):3785-3796.

doi:10.1021/acsbiomaterials.2c00093

Alcala AC, Contreras MA, Cuevas-Juarez E, Ramirez OT, Palomares LA. Effect of
sericin, a silk derived protein, on the amplification of Zika virus in insect and
mammalian cell cultures. J Biotechnol. 2022;353:28-35.

doi:https://doi.org/10.1016/j.jbiotec.2022.05.005

Landskroner EA, Tsai CSJ. Impact of ethanol as a vehicle for water-insoluble

pollutants in BEAS-2B cell toxicity assays. Toxicol Mech Methods.

2025;35(9):1437-1449. do1:10.1080/15376516.2025.2540457

Tanneberger K, Rico-Rico A, Kramer NI, Busser FJM, Hermens JLM, Schirmer K.
Effects of Solvents and Dosing Procedure on Chemical Toxicity in Cell-Based in
Vitro Assays. Environ Sci Technol. 2010;44(12):4775-4781.

doi:10.1021/es100045y

69



97.

98.

99.

100.

101.

102.

103.

Lee YH, Chen SY, Wiesner RJ, Huang YF. Simple flow cytometric method used to
assess lipid accumulation in fat cells. J Lipid Res. 2004;45(6):1162-1167.

doi:https://doi.org/10.1194/j1r.D300028-JLR200

Munoz LE, Mauerdéder C, Chaurio R, Berens C, Herrmann M, Janko C. Colourful
death: Six-parameter classification of cell death by flow cytometry—Dead cells tell

tales. Autoimmunity. 2013;46(5):336-341. doi:10.3109/08916934.2012.755960

Yoshida M, Tsuru S, Hirata N, et al. Directed evolution of cell size in Escherichia

coli. BMC Evol Biol. 2014;14(1):257. doi:10.1186/s12862-014-0257-1

Park J, Yoon EY, Moon SJ, Hyung JH, Lee H. Comparison of Lipid Content in

Nine Dinoflagellate Species Using Flow Cytometry. Microorganisms. 2025;13(1).

do1:10.3390/microorganisms13010044

Doan TTY, Obbard JP. Enhanced intracellular lipid in Nannochloropsis sp. via
random mutagenesis and flow cytometric cell sorting. Algal Res. 2012;1(1):17-21.

doi:https://doi.org/10.1016/j.algal.2012.03.001

Estany Joan AND Ros-Freixedes RANDTMANDPRN. A Functional Variant in the
Stearoyl-CoA Desaturase Gene Promoter Enhances Fatty Acid Desaturation in

Pork. PLoS One. 2014;9(1):1-11. doi:10.1371/journal.pone.0086177

Eynaudi A, Diaz-Castro F, Borquez JC, Bravo-Sagua R, Parra V, Troncoso R.
Differential Effects of Oleic and Palmitic Acids on Lipid Droplet-Mitochondria
Interaction in the Hepatic Cell Line HepG2. Front Nutr. 2021;Volume 8-2021.

do1:10.3389/fnut.2021.775382

70



104.

105.

106.

107.

108.

109.

110.

Liu X, Li X, Su S, etal. Oleic acid improves hepatic lipotoxicity injury by
alleviating autophagy dysfunction. Exp Cell Res. 2023;429(2):113655.

doi:https://doi.org/10.1016/).yexcr.2023.113655

Michelotti GA, Machado M V, Diehl AM. NAFLD, NASH and liver cancer. Nat

Rev Gastroenterol Hepatol. 2013;10(11):656-665. do1:10.1038/nrgastro.2013.183

Ntambi JM, Miyazaki M. Regulation of stearoyl-CoA desaturases and role in
metabolism. Prog Lipid Res. 2004;43(2):91-104.

doi:https://doi.org/10.1016/S0163-7827(03)00039-0

Dobrzyn A, Ntambi JM. The Role of Stearoyl-CoA Desaturase in Body Weight
Regulation. Trends Cardiovasc Med. 2004;14(2):77-81.

doi:https://doi.org/10.1016/).tcm.2003.12.005

Criddle DN, Murphy J, Fistetto G, et al. Fatty Acid Ethyl Esters Cause Pancreatic

Calcium Toxicity via Inositol Trisphosphate Receptors and Loss of ATP Synthesis.

Gastroenterology. 2006;130(3):781-793. doi:10.1053/j.gastro.2005.12.031

Laposata M, Szczepiorkowski ZM, Brown JE. Fatty acid ethyl esters: Non-
oxidative metabolites of ethanol. Prostaglandins Leukot Essent Fatty Acids.

1995;52(2):87-91. doi:10.1016/0952-3278(95)90003-9

Huang W, Booth DM, Cane MC, et al. Fatty acid ethyl ester synthase inhibition
ameliorates ethanol-induced Ca&lt;sup&gt;2+&lt;/sup&gt;-dependent
mitochondrial dysfunction and acute pancreatitis. Gut. 2014;63(8):1313.

doi:10.1136/gutjnl-2012-304058

71



APPENDIX

Flow Cytometry Analysis

FSC-A Vehicle control results

_ _Hi—5 Cells OA loading with MR staining-non treatment c
L L | LB | T
200 250
i 1.000]
Experiment Mame: QA treatment with EthOH
Specimen Mame: Hi-& Cellz OA loading with ME st...
Tube Mame: non treatment cellzs(no control n...
Record Date: Jun 14, 2023 2:52:56 PM
FOP: Fesearchers
GUID: 42421543-408e-4964-844b-08. .
FSC-A S5C-A
Paopulation #Events % Parent IMean Iean
B 2! Events 10,000 b 73,507 40,369
B 8.273 827 G7.145 36,227
Pz 7.703 77.0 68,300 34,843

Figure A. 1. FSC-A results of non-treated cell samples
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Figure A. 2. FSC-A results of 0.1 mM vehicle control cell samples on the 1% day
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Figure A. 3. FSC-A results of 0.1 mM vehicle control cell samples on the 2" day
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Figure A. 6. FSC-A results of 0.2 mM vehicle control cell samples on the 2" day
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Figure A. 7. FSC-A results of 0.2 mM vehicle control cell samples on the 3" day

75




_ _Hi-& Cellz 04 laading with ME staining-03mhd contral 1
Kn
& ]
W
IIIIIIIII|IIII|IIII|I
100 150 200 250
FSC-A [ 1.000]
Experiment Mame: Q& treatment with EthOH
Specimen Mame: Hi-5 Cellz OA loading with MR =t...
Tube Mame: 03mh contral 13t day_003
Record Date: Jun 7, 2023 3:26:14 P
FOP; Fesearchers
GUID: 15cBc2be-1e2cdcel-bGd2-225...
FSC-A SEC-A
Faopulation FEvents % Parent llean Ivlean
M 2/l Events 10.000 b1 69,748 55,401
Il F1 8,355 836 65,466 54,756
Er2 5,398 54.0 §9,875 44,170

Figure A. 8. FSC-A results of 0.3 mM vehicle control cell samples on the 1%
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Figure A. 9. FSC-A results of 0.3 mM vehicle control cell samples on the 2"  day
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Figure A. 10. FSC-A results of 0.3 mM vehicle control cell samples on the 3" day
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Figure A. 11. FSC-A results of 0.1 mM oleic acid-treated cell samples on the 1 day
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Figure A. 12. FSC-A results of 0.1 mM oleic acid-treated cell samples on the 2"4  day
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Figure A. 13. FSC-A results of 0.1 mM oleic acid-treated cell samples on the 3" day
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Figure A. 14. FSC-A results of 0.2 mM oleic acid-treated cell samples on the 1%t day
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Figure A. 15. FSC-A results of 0.2 mM oleic acid-treated cell samples on the 2" day
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Figure A. 16. FSC-A results of 0.2 mM oleic acid-treated cell samples on the 3™ day
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Figure A. 17. FSC-A results of 0.3 mM oleic acid-treated cell samples on the 15 day
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Figure A. 18. FSC-A results of 0.3 mM oleic acid-treated cell samples on the 274 day
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Figure A. 19. FSC-A results of 0.3 mM oleic acid-treated cell samples on the 3" day
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FSC-A vehicle control results
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Figure A. 20. FSC-A results of non-treated cell samples
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Figure A. 21. FSC-A results of 0.1 mM vehicle control cell samples on the 1 day
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Figure A. 22. FSC-A results of 0.1 mM vehicle control cell samples on the 2" day
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Hi-& Cellz 04 laading with MR staining-01 mf

4 1,000)

FSC-H

L |5|U| L Ill.iIUI L II?UI L I2?0I L I2?0I

an

TTTT I TTT 1T I TT T 1T | T T T7T | LI | T
100 130 200 250
FSO-A

1+ 1,000)

Experiment Mame:
Specimen Mame:

Q& treatment with EthOH
Hi-5 Cellz O& loading with ME st

Tube Mame: 01 mhl control 3rd day

Record Date: Jun 9, 2023 2:15:20 P

FOP: Researchers

GUID: a%96d81df082-48ab-bb29-b72. .

FSC-A FSC-H

Fopulation #Events % Parent Ivlean IWlean
W 21l Events 10,000 i g 61,580 22,845
B 1 7.701 77.0 G3.705 24,703
O P2 1,084 10.8 69,748 271149

Figure A. 23. FSC-A results of 0.1 mM vehicle control cell samples on the 3™ day
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Figure A. 24. FSC-A results of 0.2 mM vehicle control cell samples on the 15t day
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Figure A. 25. FSC-A results of 0.2 mM vehicle control cell samples on the 2" day
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Figure A. 26. FSC-A results of 0.2 mM vehicle control cell samples on the 3™ day
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Hi-5 Cells 04 loading with MR staining-03mbhd
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Figure A. 27. FSC-A results of 0.3 mM vehicle control cell samples on the 1% day
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Figure A. 28. FSC-A results of 0.3 mM vehicle control cell samples on the 2" day
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Figure A. 29. FSC-A results of 0.3 mM vehicle control cell samples on the 3™ day




FSC-A oleic acid treatment results
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Figure A. 30. FSC-A results of 0.1 mM oleic acid-treated cell samples on the 15 day
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Figure A. 31. FSC-A results of 0.1 mM oleic acid-treated cell samples on the 2" day
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Figure A. 32. FSC-A results

of 0.1 mM oleic acid-treated cell samples on the 3™ day

89




_ _Hi-5 Cells DA loading with MR staining-02mb
T &]
o
i
_IIIII-IIIIIIIIIIIIIIIIIII|I
50 100 150 200 250
FaC-A i 1,000)
Experiment Mame: Q& treatment with EthOH
Specimen Mame: Hi-5 Cellz OA loading with ME =t
Tube Mame: 02mhl 12t day_002
Record Date: Jun 7, 2023 3:17:45 P
0P Rezearchers
GLID: cBoicbbe-d7ab-4051-b37&7cd...
FSC-4 FSC-H
Population FEvents % Parent Ivlean Ivlean
B 2l Events 10,000 rass 52,678 22,37
M F1 9,156 915 50,398 22,417
O F2 1.474 14.7 61,174 26,047

Figure A. 33. FSC-A results of 0.2 mM oleic acid-treated cell samples on the 1t day

Hi-5 Cellz 0 loading with MR staining-02 mbd ¢

i< 1,000]
250

FEC-H
a0 o 150 2l|]I:I

50 100 150 200 250
C-4 i 1,000]

Experiment Mame: Q& treatment with EthOH
Specimen Mame: Hi-5 Cellz DA loading with MNE =t...

Tube Mame: 02 mkd OA 2nd day_003

Record Date: Jun 8, 2023 3:27:52 P

FOP: Rezearchers

GUID: chdBe2b7-9aabh-41e6-b348-59e. .
FSC-A FSC-H
Fopulation #Ewents % Parent Ivlean Ivlean
B 21l Events 10,000 i 48,038 20,480
B F1 8,514 851 50,285 21,779
[N 727 7.3 60,448 25,777

Figure A. 34. FSC-A results of 0.2 mM oleic acid-treated cell samples on the 2"¢ day
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Figure A. 35. FSC-A results of 0.2 mM oleic acid-treated cell samples on the 3™ day
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Figure A. 36. FSC-A results of 0.3 mM oleic acid-treated cell samples on the 15t day
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Figure A. 37. FSC-A results of 0.3 mM oleic acid-treated cell samples on the 2" day
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Figure A. 38. FSC-A results of 0.3 mM oleic acid-treated cell samples on the 3" day
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Intracellular lipid fluorescence intensity results for vehicle control

and oleic acid treated cell samples
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Figure A. 39. Intracellular lipid fluorescence intensity results for non-treated and oleic-
acid-treated cell samples for 0.1 mM on the 1% day
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Figure A. 40. Intracellular lipid fluorescence intensity results for 0.1 mM vehicle control
and oleic-acid treated cell samples on the 2" day
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Figure A. 41. Intracellular lipid fluorescence intensity results for 0.1 mM vehicle control
and oleic-acid treated cell samples on the 3" day
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Figure A. 42. Intracellular lipid fluorescence intensity results for 0.2 mM vehicle control
and oleic-acid treated cell samples on the 1% day
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Figure A. 43. Intracellular lipid fluorescence intensity results for 0.2 mM vehicle control
and oleic-acid treated cell samples on the 2" day
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Figure A. 44. Intracellular lipid fluorescence intensity results for 0.2 mM vehicle control
and oleic-acid treated cell samples on the 3" day
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Figure A. 45. Intracellular lipid fluorescence intensity results for 0.3 mM vehicle control
and oleic-acid treated cell samples on the 1%t day
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Figure A. 46. Intracellular lipid fluorescence intensity results for 0.3 mM vehicle control
and oleic-acid treated cell samples on the 2" day
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Figure A. 47. Intracellular lipid fluorescence intensity results for 0.3 mM vehicle control

and oleic-acid treated cell samples on the 3" day
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Phospholipid fluorescence intensity results of non-treated and

vehicle control insect cell samples
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Figure A. 48. Phospholipid fluorescence intensity results of non-treated cell samples
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Figure A. 49. Phospholipid fluorescence intensity results of 0.1 mM vehicle control cell
samples on the 1% day
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Figure A. 50. Phospholipid fluorescence intensity results of 0.1 mM vehicle control cell
samples on the 2" day
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Figure A. 51. Phospholipid fluorescence intensity results of 0.1 mM vehicle control cell
samples on the 3" day
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Figure A. 52. Phospholipid fluorescence intensity results of 0.2 mM vehicle control cell
samples on the 1% day
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Figure A. 53. Phospholipid fluorescence intensity results of 0.2 mM vehicle control cell
samples on the 2" day
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Figure A. 54. Phospholipid fluorescence intensity results of 0.2 mM vehicle control cell
samples on the 3" day
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Figure A. 55. Phospholipid fluorescence intensity results of 0.3 mM vehicle control cell
samples on the 1t day
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Figure A. 56. Phospholipid fluorescence intensity results of 0.3 mM vehicle control cell
samples on the 2" day
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Figure A. 57. Phospholipid fluorescence intensity results of 0.3 mM vehicle control cell
samples on the 37 day
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Phospholipid fluorescence intensity results for oleic acid-treated

cell samples
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Figure A. 58. Phospholipid fluorescence intensity results for 0.1 mM oleic acid-treated
cell samples on the 1%t day
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Figure A. 59. Phospholipid fluorescence intensity results for 0.1 mM oleic acid-treated
cell samples on the 2" day
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Figure A. 60. Phospholipid fluorescence intensity results for 0.1 mM oleic acid-treated
cell samples on the 3" day
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Figure A. 61. Phospholipid fluorescence intensity results for 0.2 mM oleic acid-treated
cell samples on the 1%t day
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Figure A. 62. Phospholipid fluorescence intensity results for 0.2 mM oleic acid-treated
cell samples on the 2" day
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Figure A. 63. Phospholipid fluorescence intensity results for 0.2 mM oleic acid-treated
cell samples on the 374 day
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Figure A. 64. Phospholipid fluorescence intensity results for 0.3 mM oleic acid-treated
cell samples on the 1% day
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Figure A. 65. Phospholipid fluorescence intensity results for 0.3 mM oleic acid-treated
cell samples on the 2" day
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Figure A. 66. Phospholipid fluorescence intensity results for 0.3 mM oleic acid-treated
cell samples on the 3" day
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Microscopic images of vehicle control and oleic acid-treated cell

samples

Fluorescence images of vehicle control cell samples

Figure A. 67. Fluorescence image of 0.1 mM vehicle control cell samples on the 1% day
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Figure A. 68. Fluorescence image of 0.1 mM vehicle control cell samples on the 2" day

Figure A. 69. Fluorescence image of 0.1 mM vehicle control cell samples on the 3" day
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Figure A. 70. Fluorescence image of 0.2 mM vehicle control cell samples on the 1% day

Figure A. 71. Fluorescence image of 0.2 mM vehicle control cell samples on the 2"¢ day
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Figure A. 72. Fluorescence image of 0.2 mM vehicle control cell samples on the 3" day

Figure A. 73. Fluorescence image of 0.3 mM vehicle control cell samples on the 15 day
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Figure A. 74. Fluorescence image of 0.3 mM vehicle control cell samples on the 2" day

Figure A. 75. Fluorescence image of 0.3 mM vehicle control cell samples on the 3" day
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Fluorescence images of oleic acid-treated cell samples

Figure A. 76. Fluorescence image of 0.1 mM oleic acid-treated cell samples on the 1%
day

Figure A. 77. Fluorescence image of 0.1 mM oleic acid-treated cell samples on the 2"¢ day
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Figure A. 78. Fluorescence image of 0.1 mM oleic acid-treated cell samples on the 3™
day

Figure A. 79. Fluorescence image of 0.2 mM oleic acid-treated cell samples on the 1% day
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Figure A. 80. Fluorescence image of 0.2 mM oleic acid-treated cell samples on the 2"d
day

100 pm

Figure A. 81. Fluorescence image of 0.2 mM oleic acid-treated cell samples on the 3™
day

120



Figure A. 82. Fluorescence image of 0.3 mM oleic acid-treated cell samples on the 1%
day

Figure A. 83. Fluorescence image of 0.3 mM oleic acid-treated cell samples on the 2"d
day
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Figure A. 84. Fluorescence image of 0.3 mM oleic acid treated cell samples on the 3¢ day
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Figure A. 85. Calibration curve of oleic acid using C:12 internal standard
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Figure A. 86. GC-MS analysis results of oleic acid and stearic acid change in insect cells
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Figure A. 87. GC-MS analysis results of palmitoleic acid and palmitic acid change in
incubated insect cells
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