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Abstract 

The human brain is protected by a semipermeable barrier, namely the 

blood-brain barrier (BBB). The administration of biotherapeutics across 

the blood-brain barrier remains a formidable challenge due to the 

barrier's protective nature. The intricate mechanism that drives the 

progression of neurodegenerative disease, for instance, Alzheimer's 

disease, presents significant challenges in the search for innovative 

therapeutic interventions. Despite these challenges, studying 

neurodegenerative disease remains a crucial area of scientific research, 

with global scientific organisations striving to develop viable therapies. 

This study investigates the embedding of cationic cell-penetrating 

peptides (CPPs) into liposomes to create innovative vectors that 

penetrate the BBB and facilitate the delivery of drugs to the brain. The 

brain-targeted drug delivery system was produced via a microfluidic 

system. Microwave solid-phase peptide synthesis (MSPPS) was used to 

produce CPPs and ionic peptides, and characterisated by LC-MS, 1H and 

13C NMR. This research also explored the possibility of linking these 

peptides to three distinct fatty acids (myristic acid, palmitic acid and 

lauric acid) to facilitate embedding them into the liposomes, while also 

enhancing their stability and protecting them against enzymatic 

degradation. The microfluidic lab-on-a-chip was used to prepare the 

liposomal vector and load them with the carnosine; as a model drug. 

In this research, the vectors, with either cationic or ionic peptides 

conjugated to three distinct fatty acids embedded into liposomes, were 

applied to an in vitro human BBB model to evaluate performance and 

toxicity via live cell imaging and MTT assay, respectively. The MTT assay 

results demonstrated that the vectors embedded with cationic peptides 

conjugated to fatty acids maintained cell viability above 90% over 72 

hours. Live cell imaging demonstrated that endothelial cells treated 

with these vectors remained viable during the observation period.  
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The vectors functionalised with cationic CPP-conjugated fatty acids 

(cationic) were able to deliver the carnosine across the BBB, however,  

the vectors with ionic peptides, which have a negative charge similar 

to the cell membrane, did not pass through.  

These findings suggest that cationic peptides combined with fatty acids 

embedded into liposomes hold promise as vectors for the delivery of 

therapeutics to the brain, particularly for the treatment of neurological 

diseases such as Alzheimer's disease. 
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Chapter 1: Introduction 

 

1.1 Neurological disorders  

Neurological disorders encompass a wide range of conditions that affect 

the brain, spinal cord, and peripheral nerves, leading to various 

physical and cognitive impairments. There are different types of these 

disorders, such as neurodegenerative diseases (like Alzheimer's and 

Parkinson's), congenital conditions (like tuberous sclerosis and 

neurofibromatosis that are passed down through families and can 

affect brain structure and function), and traumatic injuries (like 

traumatic brain injury (TBI) that can cause immediate and long-term 

neurological deficits).1–4   

The causes, signs, and course of these diseases differ. Certain 

neurological conditions have a high mortality rate; others cause 

persistent damage (disability). While there is no known cure for some 

of these diseases, others may be prevented or treated.3,5 One of the 

most noteworthy outcomes of global health systems is the increase in 

life expectancy. However, age-related neurological conditions like 

Parkinson's disease (PD), stroke, Alzheimer's disease, and other 

dementias have also increased as a result of this increase. Therefore, 

global health strategies should prioritise not only survival but also the 

mitigation of health deterioration due to disability, by encouraging 

independence and functionality. The neurological load is not entirely 

explained by population ageing, underscoring the significance of 

precisely assessing the overall health impact of illnesses of the nervous 

system at every stage of life. The global burden of neurodegenerative 

diseases is significant, with varying prevalence and age distribution 

across different regions.6,7 see Table 1.1. Alzheimer's disease: The 

incidence increased from 507.96 per 100,000 in 1990 to 569.39 per 

100,000 in 2019, particularly affecting those aged 60 and above.8  

Parkinson's Disease: Increases in age-standardised incidence rates 
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were observed, especially in high Social Development Index (high-SDI) 

regions.9 Multiple Sclerosis: Primarily affects younger adults, with a 

significant prevalence in women.10 

 

Table 1.1: According to the WHO's data, the following table 

summarises key neurodegenerative diseases, their global prevalence 

percentages, and the age groups most affected. 

Disease 
Global Prevalence 

(%) 
Age Group Most 

Affected 

Alzheimer's Disease 0.6% 60 years and older 

Parkinson's Disease 0.3% 60 years and older 

Multiple Sclerosis 0.1% 20-40 years 

Motor Neuron 
Disease 0.01% 50-70 years 

Huntington's 
Disease 0.01% 30-50 year 

 

 

Neurological disorders are the primary cause of Disability-Adjusted Life 

Years (DALYs) and the second most common cause of mortality 

worldwide, resulting in 9 million fatalities annually. In 2016, the leading 

causes of neurological DALYs were stroke (42.2%), migraine (16.3%), 

dementia (10.4%), meningitis (7.9%), and epilepsy (4.9%).11 In 2021, 

neurological diseases affected over 3 billion people worldwide, 

constituting 43.1% of the global population. These conditions resulted 

in the deaths of 9 million individuals and contributed to 168 million 

Years Lived with Disability (YLDs) and 275 million Years of Life Lost 

(YLLs). According to the Global Burden of Disease (GBD) 2021, the 

expanded nervous system category ranked first worldwide in terms of 
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Disability-Adjusted Life Years (DALYs) and Years of Life Lost (YLLs), 

accounting for a total of 443 million DALYs. Among individuals aged 60-

79 years, the prevalence of Alzheimer's disease and other dementias 

is 1,504.2 per 100,000 people. For those aged 80 years and above, the 

prevalence of Alzheimer's disease and other dementias is 13,047 per 

100,000 people, along with a prevalence of Parkinson's disease of 

1,773.2 per 100,000 people.1  

In May 2022, the World Health Assembly approved the Intersectoral 

Global Action Plan on Epilepsy and Other Neurological Disorders 2022-

2031 (IGAP) to address the increasing prevalence of nervous system 

illnesses and conditions globally. The primary objective of the action 

plan is to diminish the negative perception, consequences, and burden 

of neurological illnesses, including the resulting death, illness, and 

disability. Additionally, it strives to enhance the overall well-being of 

individuals with neurological disorders, their caregivers and families.3 

Neurological problems result in higher expenses for governments, 

communities, families, and individuals, as well as reduced economic 

output. In 2010, the estimated cost of brain illnesses in Europe alone 

was €798 billion.12 The anticipated overall worldwide societal cost of 

dementia in 2019 amounted to US$1.3 trillion, which is equivalent to 

1.5% of the global GDP.11 

 

1.2 Alzheimer’s disease (AD)  

AD is a progressive neurodegenerative disorder which bears the name 

of the German doctor Alois Alzheimer, and the most prevalent type of 

dementia is Alzheimer's disease.13 In the United Kingdom, Alzheimer's 

disease accounts for about two-thirds of dementia diagnoses. The 

progression of Alzheimer's disease alters the structure and function of 

the brain, causing symptoms that commonly remain undiagnosed for 

many years.4 AD is characterised by the accumulation of amyloid-beta 

plaques and neurofibrillary tangles composed of hyperphosphorylated 

tau proteins in the brain.13–16 (See Figure 1.1)  Synaptic dysfunction, 
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neuronal loss, and brain atrophy are all signs of a problem. This is 

especially true in the hippocampus and cortex, which are important for 

memory and thinking. Clinically, AD manifests as a gradual decline in 

cognitive abilities, including memory, language, executive function, 

and visuospatial skills, ultimately impairing daily living activities and 

leading to dementia. The disease predominantly affects individuals 

over the age of 65, with early-onset cases occurring in a minority of 

patients due to genetic mutations in the APP, PSEN1, and PSEN2 genes. 

The aetiology of AD is multifactorial, involving genetic, environmental, 

and lifestyle factors, with age being the most significant risk factor.17–

23 

When Alois Alzheimer examined the brain of his first patient, who 

exhibited behavioural changes and memory loss, he observed amyloid 

plaques and a significant decrease in neurons. This led him to identify 

the condition as a debilitating disorder affecting the cerebral cortex. 

Alzheimer's disease can be classified into two types based on the age 

of onset: early-onset and late-onset Alzheimer`s disease.24 
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Figure 1.1: Illustrates the schematic representation of the brains of a 

normal individual (A) and an Alzheimer's disease patient (B); both have 

the same anatomical makeup of neurones and brain tissue. It 

illustrates the distinctions between an Alzheimer's-affected and a 

normal brain. Alzheimer's disease brains have wider sulci gaps, smaller 

gyri, and larger ventricles than those of a healthy brain when seen 

laterally. (Image created by BioRender.)  

 

1.3 Cause of Alzheimer`s disease 

Neurological illnesses can be caused by a variety of particular factors, 

including genetic disorders, birth defects or imbalances, infections, 

health problems in the environment or lifestyle, like not getting enough 

food, and brain, spinal cord, or nerve injuries. Over the years, 

researchers have proposed five primary hypotheses as potential causes 

of Alzheimer's disease. These have been summarised below. 

 

1.3.1 Amyloid-beta (Aβ)  

The amyloid cascade hypothesis implicates the amyloid precursor 

protein (APP) in the pathogenesis of Alzheimer's disease. This is how 
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the body normally works: α- and γ-secretase enzymes cut the APP 

gene on chromosome 21, which makes two soluble peptides called P3 

and APP. These peptides are known to protect neurones from 

excitotoxicity and regulate neural stem cell growth. In unhealthy 

conditions, on the other hand, β- and γ-secretase enzymes cut APP in 

a certain order, creating Aβ peptides that cannot be dissolved (see 

Figure 1.2). These Aβ peptides exert neurotoxic effects on brain tissue, 

contributing to the development of dementia. The amyloid cascade 

hypothesis is further supported by the involvement of presenilin 

proteins (PSEN1 and PSEN2) in the β-secretase complex, which 

significantly influences the generation of Aβ from APP. Mutations in 

these presenilin proteins are associated with the familial transmission 

of Alzheimer's disease. Consequently, current research efforts are 

focused on developing therapeutic agents that target various aspects 

of Aβ pathology, including reducing Aβ production, enhancing its 

clearance, or inhibiting its aggregation.25,26 

There are two primary forms of Aβ found in the brain: soluble and 

fibrillar forms, specifically Aβ40 and Aβ42. Due to its hydrophobic 

nature, Aβ42 is prone to misfolding and aggregation, transitioning from 

its original α-helical structure to a β-pleated sheet configuration. This 

structural transformation leads to the formation of neurotoxic senile 

plaques.27 The degree of neurotoxicity associated with Aβ is determined 

by its rapid conversion to the β-pleated sheet structure.28,29 

Furthermore, β-peptides, which consist of 36–43 amino acids, play a 

significant role in Alzheimer's disease. The β-secretase enzyme cleaves 

APP to produce a C-terminal fragment (APP-CTF), which is 

subsequently processed by γ-secretase to form Aβ peptides. The 

excessive production of Aβ peptides, along with oligomer formation, 

disrupts proper peptide folding and leads to the accumulation of 

amyloid plaques and neurofibrillary tangles (NFTs). These aggregates 

are detrimental to neuronal health and ultimately result in neuronal 

death.25–27,29 
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Figure 1.2: Illustrates the process that generates Aβ. (The image 

created by Chemdrow). 

 

1.3.2 The dysregulation mechanism of intracellular calcium 

ion homeostasis in Aβ-induced neurotoxicity. 

Calcium ions (Ca2+) act as crucial chemical messengers for regulating 

homeostasis, with extracellular concentrations being higher than 

intracellular concentrations. The formation of Aβ plaques causes 

dysfunction or imbalance in the channels that transport calcium across 

the cell membrane. This leads to an elevated influx of Ca2+, which may 

result in Aβ-peptide toxicity in Alzheimer's disease. Excessive 

intracellular calcium ions levels impair the mitochondria's ability to 

regulate or process Ca2+, causing cellular toxicity and ultimately 

leading to cell death. The amyloid beta protein, a key component of 

senile plaques, has been shown to increase Ca2+ influx and produce 

free radicals, which may further enhance neurotoxicity. It has been 

reported that amyloid-beta (Aβ1–42) peptides can cause a significant 

influx of Ca2+ into neurones. This excessive accumulation of Ca2+  in 

the mitochondria within neurones eventually leads to cell death.30 This 

statement is supported by research indicating that Aβ oligomers 

promote Ca2+ entry into neurones, leading to mitochondrial Ca2+ 
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overload. This overload triggers the opening of the mitochondrial 

permeability transition pore (mPTP), resulting in the release of 

apoptotic factors and ultimately causing cell death.31 

 

1.3.3 The phosphorylation of tau proteins and their variants 

is a key aspect of the tau hypothesis. 

Tau proteins, also known as 𝜏 proteins, are highly prevalent in neurones 

and play a crucial role in the stabilisation of neuronal microtubules. 

These proteins are encoded by the MAPT gene, located on the 

chromosome 17.32 The tau protein hypothesis is based on the fact that 

the brain has intracellular neurofibrillary tangles (NFTs), which are a 

sign of Alzheimer's disease and look like senile plaques (See Figure 

1.3). NFTs are made up of helical filaments and straight filaments that 

are tangled together. They are mostly caused by hyperphosphorylated 

tau protein. Tau protein is the most common microtubule-associated 

protein in neurones. It plays a significant physiological role by 

collaborating with microtubule proteins to facilitate the formation of 

microtubules. Additionally, tau protein helps stabilise microtubules and 

promotes their clustering. The threonine-serine kinase GSK-3β 

excessively phosphorylates tau protein, specifically at Ser396, Ser199, 

and Ser413, increasing the number of phosphate groups on the protein 

from 2e3 to 5e9. As a result, tau protein detaches from microtubules 

and forms insoluble NFTs, ultimately leading to cell death. GSK-3β can 

phosphorylate the tau protein. Furthermore, excessive GSK-3β activity 

may affect γ-secretase, which uniquely causes the production of Aβ, 

ultimately damaging cultured neurons.33–36  

As individuals age, the human brain increases the activity of 

phosphatases, resulting in the presence of six τ-isoforms that are 

susceptible to phosphorylation. During the embryonic stage, a certain 

type of foetal protein is produced more abundantly during the 

phosphorylation process than in adulthood. This imbalance may lead 
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to the formation of neurofibrillary tangles and senile plaques, which are 

associated with Alzheimer's disease.32 

 

 

Figure 1.3: The pathological changes of neurones in Alzheimer's 

disease are illustrated. Healthy neurones have normal tau protein and 

regular axons, but in degenerating neurones the axons degenerate. 

(The image created by BioRender.) 

  

1.3.4 Glycogen Synthase Kinase-3 and Alzheimer's Disease 

Many individuals with Alzheimer's disease exhibit abnormalities in the 

enzyme glycogen synthase kinase-3 (GSK-3), which is implicated in 

the production of neurofibrillary tangles and the accumulation of 

amyloid-beta. GSK-3 actively promotes the production of Aβ and the 

hyperphosphorylation of tau proteins, leading to the formation of NFTs. 

These pathological features are central to the neurodegenerative 

processes observed in AD.37,38 GSK-3 has garnered significant attention 

in research due to its role in various disorders, including type II 

diabetes, Alzheimer's disease, inflammation, cancer, bipolar disorder, 

glycogen metabolism, and gene transcription.39 Clinical trials are 

currently underway to evaluate the therapeutic benefits of GSK-3 
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inhibitors for Alzheimer's disease. Lithium, a specific inhibitor of GSK-

3, is administered as a mood stabiliser for individuals with bipolar 

disorder and is also being explored for its potential benefits in 

Alzheimer's disease.26,40 Lithium's neuroprotective properties include 

reducing tau hyperphosphorylation, decreasing Aβ production, and 

mitigating neuroinflammation. 41 Despite the promising potential of 

GSK-3 inhibitors, there has been limited progress in developing 

effective medications. Ongoing research aims to identify and optimise 

GSK-3 inhibitors so they can provide therapeutic benefits while 

minimising adverse effects.41,42 

 

1.3.5 Glutamate toxicity  

Excessive glutamate, an amino acid heavily involved in protein 

synthesis, can lead to harmful effects known as glutamate neurotoxicity. 

Glutamate is particularly prevalent in the nervous system and acts as 

a neurotransmitter in over 90% of synaptic transmissions in the human 

brain.43 The receptors for glutamate include AMPA receptors, NMDA 

receptors, and metabotropic glutamate receptors. AMPA receptors are 

ionotropic receptors that play a role in rapid synaptic excitation. On the 

other hand, N-methyl-D-aspartate receptor (NMDA) receptors, which 

are also ionotropic, help Ca²⁺ enter cells and play a role in memory and 

learning.44 Mutations in glutamate transporters can lead to an 

increased concentration of glutamate in the blood compared to the 

brain. This imbalance can disrupt normal neurotransmission, 

potentially leading to neurological disorders. The calcium hypothesis 

has led to the development and testing of numerous drugs that 

function as NMDA receptor antagonists in clinical studies. These drugs, 

such as ketamine, memantine, and dextromethorphan, work by 

inhibiting the activity of NMDA receptors, thereby reducing the influx 

of Ca2+ and preventing the cascade of neurotoxic events.26,45–47 
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1.4  Role of biological and chemical factors in Alzheimer`s 

disorders 

 

1.4.1 Malfunction of the mitochondria 

Mitochondrial dysfunction in Alzheimer's disease is associated with 

impaired energy production, increased oxidative stress, and disrupted 

calcium homeostasis.48,49 These abnormalities can lead to the 

degeneration of synaptic connections and neuronal death, which are 

critical for neurotransmitter release and synaptic transmission.50 In 

particular, the less efficient electron transport chain and ATP production 

in mitochondria affect the energy needed for neurotransmitter 

production, vesicle loading, and release at synapses. Additionally, the 

accumulation of reactive oxygen species (ROS) and oxidative damage 

can further impair synaptic function and neurotransmitter release. 

Consequently, these mitochondrial dysfunctions contribute to the 

overall decline in neurotransmitter levels and synaptic transmission 

observed in Alzheimer's disease.51 

 

1.4.2 Genetic 

Apolipoprotein E (APOE) is the primary genetic factor associated with 

the development of Alzheimer's disease. Specific variants of the APOE 

gene can significantly increase an individual's susceptibility to AD. The 

APOE ε4 allele, in particular, is associated with a three- to four-fold 

increase in the risk of developing late-onset AD.52,53 Approximately 66% 

of individuals in the UK who develop Alzheimer's disease possess this 

particular variant of APOE, making it one of the most significant factors 

influencing an individual's susceptibility to the LOAD. However, the 

APOE gene alone does not determine an individual's risk of dementia.54 

Patients with Alzheimer's disease often exhibit chromosomal mutations 

in chromosomes 1, 14, and 21. Mutations in the presenilin 1 (PSEN1) 

gene on chromosome 14 account for approximately 70% of early-onset 
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Alzheimer's disease (EOAD) cases, while mutations in the presenilin 2 

(PSEN2) gene on chromosome 1 and the amyloid precursor protein 

(APP) gene on chromosome 21 are also implicated.55,56 

Additionally, researchers have identified a strong association between 

mutations in chromosome 19 and late-onset Alzheimer's disease, with 

the APOE gene located on this chromosome.55,57,58  

The theory of the function of APOE in Alzheimer's disease suggests that 

the APOE ε4 variant increases the risk of disease onset by influencing 

the metabolism of amyloid-beta (Aβ) peptides. APOE ε4 exhibits 

reduced efficacy in clearing Aβ from the brain, resulting in the 

formation of amyloid plaques, a hallmark of Alzheimer's disease.59,60 

Plaque formation disrupts neuronal function and triggers a sequence of 

neurodegenerative events, such as inflammation and oxidative stress, 

ultimately leading to the memory loss associated with Alzheimer's 

disease.61–64  

 

1.4.3 The autoimmune hypothesis  

The autoimmune hypothesis posits that aberrant activation of the 

immune system can lead to the production of autoantibodies that 

target neuronal cells. This dysregulated immune response may be 

exacerbated by the production of amyloid-beta and the subsequent 

formation of amyloid plaques. These pathological processes contribute 

to the destruction of neurones, ultimately leading to the development 

of Alzheimer's disease. The hypothesis suggests that the immune 

system's failure to distinguish between self and non-self-antigens 

results in an autoimmune attack on neuronal tissues, thereby playing 

a critical role in the pathogenesis of AD.65,66 

 Recent studies have identified autoantibodies targeting brain proteins 

in patients with AD, suggesting that an autoimmune response might 

accelerate neuronal damage.67 Chronic neuroinflammation, driven by 
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overactive microglia and astrocytes, is a hallmark of AD and is thought 

to be triggered by the presence of amyloid plaques and neurofibrillary 

tangles.68–70 

 

1.4.4 The blood vessel hypothesis 

 

Astrocytes play a crucial role in protecting neurones from oxidative 

stress by mitigating the effects of free radicals during the ageing 

process and in response to various stressors. Disruptions in cerebral 

blood flow can adversely affect the functioning of astrocytes, neurones, 

and glial cells, particularly in the hippocampus. Such vascular 

impairments may contribute to the pathogenesis of neurological 

diseases, including Alzheimer's disease. The hypothesis suggests that 

compromised blood flow leads to insufficient oxygen and nutrient 

supply, exacerbating neuronal damage and promoting the development 

of neurodegenerative conditions.71 

 

1.4.5 Vitamin B12  

Numerous studies have demonstrated a correlation between vitamin 

B12 deficiency and neurological disorders, including an increased 

susceptibility to Alzheimer's disease. Elevated homocysteine levels are 

a clear biomarker of insufficient vitamin B12, which may potentially 

cause brain damage through mechanisms such as oxidative stress, 

elevated intracellular calcium levels, and increased apoptosis. Vitamin 

B12 deficiency can be quantified through the evaluation of serum 

vitamin B12 levels, complete blood counts, and homocysteine assays. 

These diagnostic measures are essential for identifying deficiencies and 

mitigating the associated neurological risks.24,72,73 
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1.5 Blood-Brain Barrier  

The blood-brain barrier is a critical membrane that protects the brain 

from harmful substances in the blood and regulates the passage of 

specific molecules into the central nervous system. This physical and 

enzymatic barrier represents the most significant challenge for the 

delivery of therapeutic drugs to the brain. The BBB is composed of 

endothelial cells connected by tight junctions, which significantly 

impede paracellular movement. 74–79 The brain is a highly complex and 

essential organ, comprising various cell types with diverse functions. 

Neurones are electrically excitable cells responsible for transmitting 

information. Endothelial cells form the cerebral micro vessels, 

astrocytes support neuronal activity, and microglial cells provide 

immunological surveillance as resident macrophages in the brain. 

Some brain macrophages, such as perivascular macrophages, are 

located on the outer (abluminal) surface of blood vessels and perform 

functions at the interface between the brain parenchyma and the 

circulatory system.80,81  

The human brain's vascular system extends over 400 miles and 

includes cerebral arteries, arterioles, and capillaries. Nearly every 

neurone is supplied by its own cerebral capillary. There are three 

primary barriers to the delivery of CNS drugs to the brain: The Blood-

Brain Barrier: This physiological barrier exists between blood vessels 

and brain parenchyma (see Figure 1.4). The Blood-Cerebrospinal Fluid 

Barrier (BCSFB): This barrier separates the blood circulation from the 

cerebrospinal fluid circulation. It is formed by choroid plexus epithelial 

cells facing the blood-cerebrospinal fluid. Finally, the Avascular 

Arachnoid Barrier: Located beneath the dura mater, this barrier 

completely encloses the CNS and plays a crucial role in the transfer of 

CNS drugs into the brain. Among these barriers, the BBB is the most 

significant and has the greatest impact on the immediate 

microenvironment of brain cells.82–84 
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Figure 1.4: The BBB and other components of the neurovascular unit 

are shown schematically. The BBB is a multicellular barrier made up of 

a continuous brain endothelial membrane that is firmly sealed by tight 

junctions, pericytes, and astrocyte end feet. The BBB works as a 

vascular interface that facilitates communication between the CNS and 

periphery, separating the brain parenchyma from the peripheral blood 

circulation. (The image created by BioRender.) 

 

 

The blood-brain barrier is a tightly controlled membrane that only 

allows essential substances, such as hormones, nutrients, and ions, 

into the brain. It stops potentially harmful xenobiotics from entering 

the central nervous system. The BBB is made up of endothelial cells 

that line the capillaries in the brain, along with the basement 

membrane, pericytes, and astrocyte end-feet. Brain microvascular 

endothelial cells utilise specialised tight junctions to fully seal the blood 

vessel's lumen (see Figure 1.5). Astrocytes, pericytes, endothelial cells, 

basal lamina, microglia, and neurones all play vital roles in maintaining 

the integrity of the BBB.85,86  
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In contrast to peripheral endothelial cells, brain endothelial cells lack 

fenestrations (pores that enable the rapid exchange of molecules 

between the blood and tissue), thereby restricting molecular mobility. 

The presence of tight junctions further limits the movement of 

chemicals between endothelial cells. These tight junctions are 

composed of a continuous network of parallel, interwoven strands of 

transmembrane and cytoplasmic proteins that function as paracellular 

gates, restricting the passage of hydrophilic molecules. These 

characteristics enable cerebral microcapillaries to form a dense cellular 

layer with a trans-endothelial electrical resistance (TEER), which is a 

critical parameter used to measure the integrity and permeability of 

cellular barriers, such as the blood-brain barrier, greater than 1000 

Ωcm². This suggests that the endothelial cell monolayer has strong 

tight junctions, which effectively restrict the passage of ions and small 

molecules between cells.87,88 The BBB also significantly reduces 

pinocytosis, the process by which live cells ingest liquid droplets, by 

approximately 100-fold throughout the endothelium.89 

Several communication events happen within and between endothelial 

cells, astrocytes, pericytes, and neurones close to the BBB. These cells 

work together as the neurovascular unit (NVU) to control how easily 

molecules can pass through the BBB (see Figure 1.5). Specialised 

proteins in the luminal (blood side) and abluminal (brain side) 

membranes of endothelial cells govern the transport of metabolic 

products, such as glucose, and the movement of molecules across cell 

membranes.90  

The BBB strictly controls the entry of immune cells from the periphery 

into the brain. Microglial cells, which are resident monocyte-derived 

cells in the brain parenchyma, help regulate immune responses.91 In 

cases of CNS damage and disease, immune cells such as T lymphocytes 

can penetrate the brain.92  

New research shows that the way certain plasma proteins get to the 

brain changes with age. In young, healthy mice, they get there through 
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ligand-specific, receptor-mediated transcytosis, but in older animals, 

they get there through nonspecific caveolar uptake. These attributes 

collectively enable the BBB to function as a physical barrier (tight 

junctions), a "transport barrier" (specialised transport systems), a 

"metabolic barrier" (specialised enzyme systems), and an 

"immunological barrier." 

The BBB's role as a physical barrier is primarily due to the tight 

junctions that restrict paracellular transport. Proteins like claudins, 

occludins, and junctional adhesion molecules (JAMs) compose these 

tight junctions, creating a seal between adjacent endothelial cells. This 

seal prevents the free passage of ions and molecules, thereby 

maintaining the brain's microenvironment.93 As a transport barrier, the 

BBB employs various transport systems to regulate the entry and exit 

of substances. Some of these systems include carrier-mediated 

transport (CMT) systems for amino acids and glucose, receptor-

mediated transcytosis (RMT) systems for insulin and transferrin, and 

active efflux transporters such as P-glycoprotein (P-gp), which 

eliminate potentially harmful compounds and reintroduce them into the 

bloodstream. The metabolic barrier function of the BBB involves 

specialised enzyme systems that metabolise neurotoxic substances. 

Enzymes such as monoamine oxidases (MAOs), cytochrome P450s 

(CYPs), and glutathione S-transferases (GSTs) are present in the 

endothelial cells and contribute to the detoxification processes. Lastly, 

the BBB serves as an immunological barrier by regulating the entry of 

immune cells and maintaining immune privilege within the CNS. 

Microglial cells, the resident immune cells of the brain, play a crucial 

role in this process by monitoring the brain environment and 

responding to injury or infection.82,94 
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1.6 Transport routes for molecules through the blood-brain 

barrier 

Due to the "tightness" of the BBB, the paracellular transport of 

molecules is modest; the majority of medications and critical chemicals 

reach the brain by passive diffusion, carrier-mediated transport, 

receptor-mediated transcytosis, adsorptive mediated transcytosis, or 

cell-mediated transcytosis. Transcytosis is the process by which 

membrane-bound vesicles transport chemicals from one side of a cell 

through its interior to the other side. Compared to endothelial cells in 

the periphery, brain endothelial cells have a characteristically slower 

vesicular transport rate.95,96 

1.6.1 Passive diffusion 

Passive diffusion is the unassisted movement of molecules along a 

concentration gradient and is not saturable.87 This mechanism is the 

primary entry route for most lipophilic small-molecule CNS drugs. The 

maximum distance between cells and capillaries is approximately 20 

μm, which can be traversed by small molecules in about half a 

second.97 Diffusion of substances into the brain can be further classified 

as paracellular or transcellular diffusion (see Figure 1.5). Paracellular 

diffusion in the brain is restricted by the tight junctions between 

endothelial cells. These tight junctions form a continuous barrier that 

limits the movement of hydrophilic molecules between cells, thereby 

maintaining the integrity of the BBB.97,98  

Transcellular diffusion, on the other hand, depends largely on the 

permeability of the molecules. Non-saturable diffusion allows small 

lipophilic molecules, such as alcohol and steroid hormones, to 

permeate cells. Several physicochemical properties of the molecules, 

such as molecular weight, hydrogen bonding, lipophilicity, and polar 

surface area, influence this process. Some factors that affect passive 

diffusion are: molecules with a low molecular weight (<500 Da) are 

more likely to diffuse across the BBB; molecules with fewer than six 
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hydrogen bonds are more permeable; the lipophilicity of a molecule, 

indicated by the water-octanol partition coefficient (LogP(oct) > 2), 

enhances its ability to diffuse through the lipid bilayer of endothelial 

cells; a lack of free rotatable bonds increases the likelihood of passive 

diffusion; and a Polar Surface Area (PSA) of 60 to 70 Å is generally 

favorable for BBB permeability.95,99 

These factors are collectively considered when assessing a drug's 

permeability by passive diffusion. For instance, the highly lipid-soluble 

sedative diazepam quickly traverses the BBB due to its favourable 

physicochemical properties. Passive diffusion is relatively restricted for 

natural peptides unless they possess an amphipathic structure or are 

modified to be more lipophilic through synthetic techniques. This 

limitation necessitates the exploration of alternative delivery 

mechanisms for therapeutic peptides and proteins.95,100–104  

Understanding the principles of passive diffusion is crucial for the 

design of CNS-active drugs. By optimising the physicochemical 

properties of drug molecules, researchers can enhance their ability to 

cross the BBB and achieve therapeutic concentrations in the brain. This 

knowledge also informs the development of novel drug delivery 

systems that can bypass the restrictive nature of the BBB. 

1.6.2 Carrier-mediated transcytosis 

Carrier-mediated transcytosis (CMT) is a crucial process for 

transporting essential nutrients such as glucose, amino acids, and 

nucleosides across the blood-brain barrier. Highly selective and 

stereospecific transport proteins embedded in the endothelial cell 

membranes of the BBB facilitate this process.105  These transporter 

proteins recognise specific substrates on the luminal (blood-facing) 

side of the membrane, initiating a series of events that result in the 

substrate's translocation to the abluminal (brain-facing) side.106  

Several transport systems for nutrients and endogenous compounds 

exist in the brain endothelial cell membrane. These systems include 
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transporter proteins that bind to substrates at the luminal side of the 

endothelial cell membrane. This binding is highly selective, ensuring 

that only specific molecules are transported. Upon substrate binding, 

the transporter undergoes a conformational change from an outward-

facing to an inward-facing state. This change in structure makes it 

easier for the substrate to move across the membrane. The membrane 

then lets the substrate go on the abluminal side, following its 

concentration gradient.107 This process can be carried out passively or 

actively, with ATP hydrolysis driving the transport against the 

concentration gradient.108 

The carrier-mediated transcytosis of nutrients and endogenous 

compounds across the BBB involves several transport systems such as  

Glucose Transporter (GLUT1) is responsible for the transport of glucose 

and certain hexoses. It plays a vital role in maintaining the brain's 

energy supply109, the acidic amino acid transport system facilitates the 

transport of acidic amino acids, such as glutamate and aspartate, which 

are critical for neurotransmission,110 and Large Neutral Amino Acid 

Transporter (LAT1) transports phenylalanine and other essential amino 

acids. It also facilitates the movement of drugs like L-DOPA, gabapentin, 

and melphalan due to their structural and size similarities to 

endogenous substrates.111  

Understanding the mechanisms of carrier-mediated transcytosis is 

essential for developing strategies to enhance drug delivery to the 

brain. By designing drugs that utilise this transport system, researchers 

can improve the bioavailability and therapeutic efficacy of CNS-active 

compounds. For example, modifying drug molecules to resemble 

endogenous substrates can facilitate their transport through LAT1, 

enhancing their ability to cross the BBB.112  

Despite the potential of carrier-mediated transcytosis for drug delivery, 

several challenges remain. The specificity and selectivity of transport 

proteins can limit the range of molecules that can be effectively 

transported. Additionally, the regulation of transporter expression and 
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activity in pathological conditions can impact drug delivery. Future 

research should focus on elucidating the regulatory mechanisms of 

these transporters and developing novel strategies to overcome their 

barriers. 

1.6.3 Receptor-mediated transcytosis 

Brain capillary endothelial cells employ receptor-mediated transcytosis 

(RMT) as a critical mechanism for the selective and specific uptake of 

certain macromolecules. This process involves the binding of a 

circulating ligand on the luminal side of brain endothelial cells to its 

specific receptor. Vesicular trafficking machinery then internalises and 

transports the receptor-ligand complex through the intracellular 

compartment, often through the endosomal/lysosomal system. Upon 

reaching the abluminal side, the endothelial cells release the ligand into 

the extracellular space and recycle the receptor back to the luminal 

side. 106,113,114 (See Figure 1.5) 

The mechanism of the RMT is that a ligand in the bloodstream binds to 

its specific receptor on the luminal (blood-facing) side of the brain 

endothelial cells. This binding is highly selective, ensuring that only 

specific macromolecules are transported. Also, the receptor-ligand 

complex is internalised into the endothelial cell through endocytosis. 

This process involves the formation of vesicles that encapsulate the 

complex. In addition, the vesicles containing the receptor-ligand 

complex are transported through the intracellular compartment, often 

utilising the endosomal/lysosomal system. This system facilitates the 

sorting and trafficking of complexes within the cell. Upon reaching the 

abluminal (brain-facing) side, the receptor-ligand complex is 

dissociated. The release of the ligand into the extracellular space allows 

it to influence brain tissue. The endothelial cells then recycle the 

receptor back to the luminal side for additional rounds of transport.113 

Examples of endogenous receptors, such as several well-characterised 

endogenous receptors facilitate RMT across the BBB, including 

mediates the transport of insulin, a hormone crucial for glucose 
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metabolism, The transferrin receptor facilitates the transport of 

transferrin-bound iron, which is essential for various cellular processes 

and the leptin receptor is involved in the transport of leptin, a hormone 

that regulates energy balance and appetite. 115  

Despite its potential, the understanding of how various CNS illnesses 

influence the production and regulation of receptors involved in RMT 

remains inadequate. Neurological diseases' impact on receptor 

expression and function requires further research. Additionally, 

developing strategies to enhance the specificity and efficiency of RMT 

for drug delivery remains a critical area of investigation. Receptor-

mediated transcytosis is a vital mechanism for the selective transport 

of macromolecules across the BBB. Understanding and harnessing this 

process can significantly advance the development of therapeutic 

strategies for treating CNS disorders.100,116 

 

1.6.4 Adsorptive-mediated transcytosis 

Adsorptive-mediated transcytosis (AMT) represents a nonspecific 

transcytosis mechanism facilitated by electrostatic interactions 

between positively charged moieties of certain macromolecules and the 

negatively charged membranes of brain endothelial cells, which are rich 

in anionic heparin proteoglycans. The process of AMT initiates with the 

invagination of the electrostatic complex, leading to the formation of 

endosomes. The endothelial cells subsequently transport these 

endosomes from the luminal to the abluminal side, resulting in the 

release of the substrate.112 The process of AMT initiates with the 

invagination of the electrostatic complex, leading to the formation of 

endosomes. The endothelial cells subsequently transport these 

endosomes from the luminal to the abluminal side, resulting in the 

release of the substrate. Polycationic proteins, like protamine, or cell-

penetrating cationic peptides, like SynB peptides, are often used in the 

AMT-facilitated central nervous system drug delivery strategy. (see 
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Figure 1.5). However, a significant limitation to utilising cationic 

proteins or peptides in this context is their indiscriminate distribution, 

which results in a lack of brain selectivity; additionally, the use of these 

cationic agents is associated with potential toxicity due to endothelial 

damage.112,117 

 

1.6.5 Cell-mediated transcytosis 

Cell-mediated transcytosis represents a relatively novel mechanism for 

drug transport across the blood-brain barrier.106 Certain pathogens 

exploit monocytes as "Trojan horses" to infiltrate the central nervous 

system through this process.118 

 For instance, the human immunodeficiency virus (HIV) exploits this 

pathway to enter the brain, where HIV-infected monocytes and/or 

macrophages traverse the BBB during routine immune surveillance or 

in response to the production of proinflammatory mediators that 

enhance vascular permeability.118,119 (See Figure 1.5) Several 

neurological disorders, including Alzheimer's, Parkinson's, brain 

tumours, and dementia, exhibit an inflammatory component. During 

the inflammatory phase, leukocytes such as monocytes and neutrophils 

are recruited in substantial numbers. These cells demonstrate 

exceptional capabilities in migrating to sites of inflammation through 

processes such as diapedesis and chemotaxis. Cell-mediated 

transcytosis has emerged as an innovative strategy for therapeutic 

delivery across the BBB. Research has explored the use of immune cells, 

neural stem cells, and mesenchymal stem cells as carriers for 

therapeutic agents targeting brain malignancies. This method uses the 

cells' natural ability to move and return home to deliver drugs directly 

to diseased areas in the CNS. This could make treatments for a number 

of neurological conditions more effective and targeted.120–122 
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1.6.6 Active efflux transport 

Drug efflux transporters are found on brain capillary endothelial cells, 

which makes it much harder for many therapeutic agents to get into 

the brain. These efflux transporters actively push drugs out of the 

endothelial cells, which stops them from getting into the brain and 

makes it even harder for them to cross the blood-brain barrier.123 (See 

Figure 1.5) 

The primary efflux transporters involved in this process include P-

glycoprotein (P-gp), multidrug resistance-associated proteins (MRPs), 

and breast cancer resistance protein (BCRP). P-glycoprotein (P-gp) is 

a well-characterised efflux transporter that plays a crucial role in the 

pharmacokinetics of various drugs by pumping them out of cells. 

Similarly, MRPs are a family of transporters that contribute to the efflux 

of a wide range of substrates, including drugs and endogenous 

compounds. BCRP, another key efflux transporter, is known for its role 

in multidrug resistance and its ability to limit drug accumulation in the 

brain. Collectively, these efflux transporters are integral components of 

the BBB, which regulates the entry and exit of essential chemicals and 

signalling molecules, such as peptides. This regulatory function of the 

BBB serves as a critical communication link between the brain and the 

systemic circulation, maintaining the homeostasis of the central 

nervous system. The presence of these efflux transporters poses a 

significant challenge for CNS drug delivery, as they can reduce the 

efficacy of therapeutic agents intended to treat neurological disorders. 

Understanding the mechanisms of active efflux transport and 

developing strategies to overcome these barriers are essential for 

improving drug delivery to the brain and enhancing the treatment of 

CNS diseases.100,124 
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Figure 1.5: The blood-brain barrier, a structural barrier between blood vessels and brain parenchyma, is 

depicted as a diagram of the principal transport routes for molecular traffic. (The image created by BioRender.) 
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1.7 Electrostatic Interactions Between cationic CPPs and the 

BBB for the Treatment of Neurological Diseases 

The electrostatic interactions between cationic cell-penetrating 

peptides (CPPs) and the blood-brain barrier are crucial for the effective 

delivery of therapeutic agents targeting neurological diseases such as 

Alzheimer's disease. CPPs facilitate the transport of drugs across the 

BBB by exploiting their positive charge, which enhances binding to the 

negatively charged components of the BBB, thereby promoting 

transcytosis. This mechanism is essential for overcoming the BBB's 

restrictive nature and ensuring that therapeutic agents reach the 

central nervous system.125 (See Figure 1.6) 

Cationic CPPs interact with the anionic surface of endothelial cells, 

enhancing their ability to cross the BBB.126 They use receptor-mediated 

transcytosis to transport drugs across the BBB effectively (see Figure 

1.6). Researchers have combined CPPs with nanoparticles such as 

liposomes to enhance drug delivery efficiency for AD treatments, 

specifically targeting amyloid-beta and tau proteins. Multifunctional 

delivery systems that incorporate CPPs have shown enhanced 

therapeutic effects, including reduced neuroinflammation and 

improved cognitive function in AD models.127 

Despite the promise of CPPs, challenges remain in optimising their 

delivery systems to ensure specificity and minimise off-target effects. 

Additionally, the long-term safety and efficacy of these approaches 

require further investigation.126 

In contrast, while CPPs represent a viable strategy for drug delivery 

across the BBB, alternative methods, such as transient BBB opening 

techniques, are also being explored. These methods try to improve 

drug delivery without relying only on peptide interactions. This 

suggests that treating CNS disorders may need more than one 

approach to work. 
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Figure 1.6: The diagram shows how BBB-penetrating and cell-penetrating peptides help therapeutics (cargos) 

move across the endothelial cells of the blood-brain barrier. (Biorender was used to draw this image.
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1.8 BBB disruption  

Researchers have developed several mechanisms to disrupt the blood-

brain barrier. One notable method involves the use of acoustic radiation 

to open the BBB by placing microbubbles against the vessel walls (see 

Figure 1.7). Typically, a shell of polymers, lipids, or proteins stabilises 

a gas core, such as air or perfluorocarbon in these microbubbles. Short 

pulses of acoustic radiation have been found effective in opening the 

BBB. Therefore, radiation force is not the only way to disrupt the BBB; 

it is one of the mechanisms for increasing opening with increasing pulse 

length.128 Microbubble (µB) oscillation can induce shear stress and 

circumferential stress in the microvasculature, potentially disrupting 

the BBB. The size of microbubbles ranges between 1 and 10 µm, with 

the gas core stabilised by a polymer, lipid, or protein shell.129, 130 The 

mechanism of ultrasound's effect occurs when the microbubbles within 

the vessels expand and contract, causing movement in the vessel walls 

and inducing circumferential stress.131 This stretching of the vessel wall 

temporarily opens the tight junctions of the BBB. 132 The duration of 

BBB opening primarily depends on the size of the microbubbles. Larger 

microbubbles result in larger pores. For instance, when the size of 

microbubbles is 2 µm (polydisperse commercial formulation), the 

duration for the BBB to close is approximately between 24 and 48 hours. 

However, when the size of microbubbles increases to 4 µm or 6 µm, 

the BBB requires more than five days to close.133, 134 
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Figure 1.7: The disruption of the blood-brain barrier leads to the 

creation of acoustic cavitation. The nano and microbubbles are 

administered intravenously. When bubbles come into contact with the 

ultrasonic field, they vibrate at the same frequency as the ultrasonic 

waves. The bubbles undergo expansion and engage in interactions with 

the endothelial cells, disrupting the blood-brain barrier. (The image 

created by BioRender.) 

 

 

1.9- Alzheimer`s Disease Treatments  

Researchers have identified several potent and efficacious 

pharmacological agents for the therapeutic management of Alzheimer's 

disease, with a particular emphasis on targeting specific molecular sites. 

These targets include cholinesterase, amyloid-beta plaques, and NMDA 

receptors. Among these agents, donepezil, galantamine, rivastigmine, 

memantine, aducanumab, lecanemab, and donanemab are the only 

drugs that have received FDA approval for the treatment of Alzheimer's 

disease. These therapies specifically target distinct pathological 

mechanisms and have the potential to significantly ameliorate cognitive 

decline and memory loss in patients. However, it is important to 

acknowledge that these medications are not capable of completely 
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eradicating the disease.33 The treatments for Alzheimer's disease 

reflect a range of approaches, from symptomatic relief to disease 

modification. However, the efficacy and safety of newer agents like 

aducanumab and lecanemab remain subjects of ongoing debate, 

particularly regarding their clinical benefits versus side effects.135,136 

(See table 1.2.) 
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Table 1.2: Treatments of AD approved by the FDA. 

 

Drug 

Mechanism of 

Action 

Type of 

Administration Year Approved by FDA 

Donepezil 

Cholinesterase 

inhibitor, increases 

acetylcholine levels Oral 1996 137,138 

 

Galantamine 

Cholinesterase 

inhibitor, enhances 

cholinergic function Oral 2001139,140 

Rivastigmine 

Cholinesterase 

inhibitor, increases 

acetylcholine levels Oral 2001 
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Drug 

Mechanism of 

Action 

Type of 

Administration Year Approved by FDA 

Memantine 

NMDA receptor 

antagonist, regulates 

glutamate Oral 2003 141–144 

Aducanumab 

Monoclonal antibody 

targeting amyloid-

beta plaques IV infusion 2021145,146 

 

Lecanemab 

Monoclonal antibody 

targeting amyloid-

beta plaques IV infusion 2022 147–150 

Donanemab 

Monoclonal antibody 

targeting amyloid-

beta plaques IV infusion 2023 151,152  
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1.10 Cell Penetrating Peptides 

The systemic administration of drugs involves several critical steps, 

each presenting its own challenges. These include how the drug is 

given (by mouth or injection), how long it stays in the bloodstream, 

how to get around biological barriers, how cells take it up, and how it 

gets to the cytosol. Many bioactive molecules encounter difficulties 

accessing their target sites and must penetrate the cell membrane to 

exert their therapeutic effects. Plasma membranes play a crucial role 

in preventing exogenous invasion as they function as effective 

biochemical barriers. Cell-penetrating peptides have emerged as 

promising tools to facilitate these processes, particularly in delivering 

therapeutic agents across cell membranes.153,154  

Cell-penetrating peptides, also known as CPPs, are short cationic or 

neutral peptides that have the potential to transport their associated 

molecular payloads (such as peptides, proteins, oligonucleotides, 

nanoparticles, bacteriophages, and so on) into the cells.155 Biological 

evolution has endowed certain proteins with the ability to penetrate the 

cell membrane, thanks to the inclusion of specific peptide sequences 

known as protein transduction domains.156 This capacity is essential for 

the transmission of information across the membrane. These domains 

are called cell-penetrating domains because the peptide sequences 

that make up these domains include basic amino acids and have the 

ability to enter cells; as a result, these peptides are referred to as cell-

penetrating peptides. 

Cell-penetrating peptides (CPPs) are short peptides that facilitate the 

transport of various molecules across cellular membranes. CPPs can 

carry diverse bioactive substances into cells due to their cationic or 

hydrophobic nature. At physiological pH, the positive charge of CPPs 

encourages electrostatic interactions with the negatively charged cell 

membrane, thereby accelerating transport. Hydrophobic interactions 

help increase the speed at which peptides with hydrophobic features 

move across membranes. The order of amino acids in CPPs affects how 
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they interact with cell membranes and how well they can transport 

drugs. Cationic peptide sequences, such as those containing arginine 

and lysine, are particularly efficient at interacting with cell membranes. 

Consequently, CPPs can traverse the blood-brain barrier (BBB) without 

the need for receptor-mediated mechanisms. 157,158 

The molecules transported by CPPs can include drugs, proteins, 

peptides, and nucleic acids, such as multi-arginine peptides or peptides 

containing cationic amino acids like lysine and arginine. CPPs can enter 

cells through direct translocation, absorptive-mediated transcytosis, or 

endocytosis. As a result, they are increasingly valuable in treating a 

wide range of diseases, including neurological disorders such as 

Alzheimer's and Parkinson's diseases. This is due to their ability to 

facilitate the passage of therapeutic agents across cellular membranes. 

These peptides are particularly advantageous in overcoming biological 

barriers like the BBB, which poses significant challenges in the 

treatment of central nervous system (CNS) disorders. Current 

applications of CPPs span several therapeutic domains, leveraging their 

unique properties to enhance drug delivery and efficacy.159,160 

In a general sense, CPPs are diverse peptides with a maximum length 

of 40 amino acid monomers. They are positively charged and contain 

a high concentration of fundamental amino acids. CPPs are known for 

being able to enter cells quickly and easily, passing through the 

membranes of different types of cells without hurting them or 

triggering an immune response.161  

CPPs can efficiently internalise associated biomolecules without 

compromising their biocompatibility. This means that cell-penetrating 

peptides can effectively transport and incorporate biomolecules into 

cells while remaining safe and non-toxic for biological systems. Their 

ability to maintain biocompatibility is crucial for potential therapeutic 

applications. Their ability to cross the cell membrane via receptor- and 

energy-independent processes has garnered significant interest in the 

scientific community.162–165 Studies have demonstrated that CPPs can 
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transport nanoparticles, peptides, proteins, nucleic acids (DNA, RNA), 

and other molecules into cells. Cargo molecules can form covalent 

conjugations or non-covalent associations with CPPs.154,166   Many CPPs, 

including PolyArginine (PR) and the Trans Activator of Transcription 

peptide (TAT), have been attached to delivery vectors to optimise the 

distribution of medicinal compounds and avoid unwanted side effects. 

This optimisation enhances the therapeutic efficacy of the compounds 

while minimising their potential toxicity, leading to more effective and 

safer treatment options.167–169 

The blood-brain barrier obstruction often limits the therapeutic efficacy 

of treatments for central nervous system disorders.170 Therapeutic 

compounds could be brought into the brain by CPPs using an 

adsorptive-mediated transcytosis pathway across the BBB. They were 

able to do this effectively at concentrations as low as submicromolar 

levels without harming cells.171 Also, CPPs have the potential to 

circumvent P-glycoprotein in order to boost drug accumulation in the 

brain and hence enhance the therapeutic impact. However, the ability 

of diverse CPPs to penetrate the BBB barriers varies considerably. Cho 

et al. 2017 created a multicellular BBB spheroids model in culture that 

can be used to quickly test brain-penetrating CPPs. This model has 

repeatable BBB functions and characteristics.172 This was attributed to 

the BBB spheroids model being modelled with CPPs. The next 

generation could use this robust BBB model as a platform in vitro, 

accelerating the discovery of treatments for diseases affecting the 

central nervous system. The modified method of CPPs played a crucial 

role in bypassing the BBB and enhancing the therapeutic effect. 

 

1.10.1 Peptide production by Solid-Phase Peptide Synthesis 

(SPPS) 

Solid Phase Peptide Synthesis is a pivotal technique in the field of 

peptide chemistry, revolutionising the synthesis of peptides and 
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proteins. This method, pioneered by Robert Bruce Merrifield in the 

1960s, involves the stepwise assembly of peptide chains on a solid 

support, typically a resin bead.173 The innovation of SPPS has 

significantly streamlined peptide synthesis, enabling the rapid and 

efficient production of peptides with high purity and yield. The SPPS 

process begins with the attachment of the C-terminal amino acid of the 

target peptide to a solid resin support. This resin is functionalised with 

reactive groups, such as amine or hydroxyl groups, which form 

covalent bonds with the amino acid. The peptide chain is then 

elongated by sequentially adding protected amino acids. Each amino 

acid is protected at its N-terminus and side chains to prevent 

undesirable side reactions. Common protecting groups include the 

acid-labile tert-butyloxycarbonyl (Boc) and the base-labile 9-

fluorenylmethyloxycarbonyl (Fmoc) groups.174 (See Figure 1.8) 

The synthesis cycle involves several key steps: deprotection, coupling, 

and washing. Deprotection removes the protecting group from the 

growing peptide chain's N-terminus, revealing a free amine group for 

the subsequent coupling reaction. Coupling involves the addition of the 

next amino acid, activated by coupling reagents such as HBTU, HATU, 

or DIC, to form a peptide bond. Washing the resin removes excess 

reagents and by-products, ensuring the purity of the synthesised 

peptide. 

One of the major advantages of SPPS is the ability to automate the 

synthesis process. Automated peptide synthesisers can perform the 

repetitive cycles of deprotection, coupling, and washing, allowing for 

the efficient production of peptides with minimal manual intervention. 

This automation has facilitated the synthesis of complex peptides and 

proteins, including those with post-translational modifications and non-

natural amino acids.173  

SPPS also offers significant advantages over traditional solution-phase 

synthesis. The solid support allows for the easy removal of excess 

reagents and by-products through simple filtration, eliminating the 
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need for laborious purification steps after each reaction. Additionally, 

the solid-phase approach minimises the loss of intermediates, 

improving the overall yield of the synthesis.174 

Despite its advantages, SPPS is not without limitations. The synthesis 

of very long peptides can be challenging due to incomplete reactions 

and side reactions that accumulate over multiple cycles. Moreover, the 

choice of protecting groups and coupling reagents can impact the 

efficiency and fidelity of the synthesis. Researchers continue to develop 

new strategies and reagents to address these challenges and improve 

the robustness of SPPS.174  

In conclusion, solid-phase peptide synthesis is a cornerstone technique 

in peptide chemistry, enabling the efficient and high-yield production 

of peptides and proteins. Its development has had a profound impact 

on the field, facilitating advances in drug discovery, biochemistry, and 

molecular biology. Ongoing research aims to further refine SPPS 

methodologies, expanding their applicability and enhancing their 

efficiency for the synthesis of increasingly complex peptide structures. 

 

1.10.2 Peptide production by Microwave Solid-Phase Peptide 

Synthesis (MSPPS) 

Microwave solid-phase peptide synthesis is considered the most widely 

used method for peptide preparation due to its efficiency, speed, and 

ability to produce high-purity products. This technique uses microwave 

energy to enhance reaction rates during peptide bond formation, 

significantly reducing the overall synthesis time. As a result, it allows 

for the rapid generation of peptides with minimal impurities, making it 

a preferred choice in many research and industrial applications. MSPPS 

substantially reduces reaction times in both coupling and deprotection 

stages, often completing these procedures in minutes instead of hours. 

Coupling reactions generally take about 7 minutes, although some 

specific sequences may require longer times, such as 12 to 14 minutes 
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for coupling Arginine.175,176 Therefore, in this research, those peptides 

that have an arginine double coupling process are used. MSPPS 

improves the quality and amount of produced peptides. The use of 

microwave energy provides more complete reactions, minimising the 

risk of incomplete coupling and side reactions. This method improves 

quality control in the production process, reducing the risk of synthesis 

errors. MSPPS decreases the need for harmful reagents and solvents 

such as DMF compared to traditional procedures, making it more 

environmentally friendly.177 The successful use of carbodiimide 

activation alongside microwave heating reduces solvent usage while 

maintaining increased crude purities. MSPPS is flexible and suitable for 

the synthesis of various peptides, including small, medium, large, and 

cyclic peptides. It has been successfully used in the synthesis of 

bioactive peptides, including cell-penetrating peptides, which are 

essential for drug delivery applications. 178,179 Related to the above 

benefits, MSPPS was chosen to prepare all the peptides in this 

research.  

A half-automated microwave peptide synthesiser (Biotage) was used 

in this research on all produced peptides to ensure consistency and 

uniformity across different peptide productions. 

 

Microwave-assisted solid-phase peptide synthesis is a great method for 

peptide production due to its combination of faster reaction rates, 

better results and purity, decreased epimerisation process, energy 

efficiency, scalability, decreased solvent consumption and automation. 
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Figure 1.8: Illustrates the standard schematic of the solid-phase peptide synthesis (SPPS). (The image created 

by BioRender.)
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1.11 Liposomes 

Liposomes are typically spherical, formed by one or more phospholipid 

bilayers, analogous to those composing cell membranes. There is an 

aqueous core inside these bilayers, which lets hydrophilic (water-

soluble) molecules join the core and hydrophobic (fat-soluble) atoms 

join the bilayer itself (see Figure 1.9). This structural configuration 

enables liposomes to protect encapsulated drugs from environmental 

and chemical changes, including enzymatic degradation and pH 

fluctuations. The lipid composition of liposomes can be modified to 

target specific organs and tissues, thereby enhancing the specificity 

and efficacy of drug delivery. This site-targeting capability allows for 

the direct delivery of therapeutic agents to the affected area, 

minimising systemic side effects. By encapsulating drugs, liposomes 

can reduce the toxicity of certain pharmaceuticals, thereby improving 

patient safety during treatment. One significant advancement in 

liposome technology is PEGylation, which involves the attachment of 

polyethene glycol (PEG) chains to the liposome surface. PEGylation 

increases the time that liposomes stay in the bloodstream and gives 

them controlled release properties, which makes the drugs inside them 

more effective in therapy. Various fields, such as pharmaceuticals, 

cosmetics, and food industries, utilise liposomes due to their ability to 

encapsulate a wide range of compounds. Advances in liposome 

technology have led to the development of multifunctional liposomes, 

which can be tailored for specific therapeutic applications, such as 

cancer treatment, central nervous system disorders, and vaccine 

delivery.180–183  

Thus, compared to conventional drug delivery methods, liposomes 

offer several advantages. They enable targeted drug delivery to specific 

sites, ensure controlled release, and protect drugs from degradation, 

thereby enhancing therapeutic efficacy and minimising side effects. 

Extensive preclinical and clinical studies have demonstrated the 
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effectiveness of liposomes as drug carriers. However, ongoing research 

continues to address challenges related to stability and effective 

targeting. Liposomes can be produced to deliver medications directly 

to particular target areas, minimising systemic exposure and side 

effects. For example, Doxil is a liposome-encapsulated form of the 

chemotherapy drug doxorubicin. It is designed to deliver the drug 

directly to cancer cells, minimising systemic exposure and reducing 

side effects. The liposomal formulation allows Doxil to circulate in the 

bloodstream for an extended period, enhancing its accumulation in 

tumour tissues due to the enhanced permeability and retention (EPR) 

effect. This targeted delivery prevents the harmful effects of 

doxorubicin from reaching healthy tissues. This lowers common side 

effects like cardiotoxicity. 

Liposomes provide extended or controlled drug release, improving 

therapeutic outcomes.180 The development of robust liposome 

formulations continues to be a focus of research, aiming to improve 

their stability, targeting efficiency, and therapeutic efficacy. 

 

1.11.1 Liposome components 

Liposomes are round, bubble-like structures made up of phospholipids 

and cholesterol. They are the building blocks of flexible drug delivery 

systems. 

 

Phospholipids are the fundamental building blocks of liposomes. These 

amphipathic molecules consist of a glycerol or sphingosine backbone 

connected to a phosphate head group, which is further bound to an 

alcohol. One or two fatty acid chains are attached to this head group. 

The amphipathic nature of phospholipids enables them to 

spontaneously assemble into bilayers in aqueous environments, 

resulting in the primary spherical structure of liposomes. Natural 

phospholipids, derived from sources such as soybeans or egg yolks, 
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include phosphatidylcholine (PC), phosphatidylserine (PS), 

phosphatidylinositol (PI), phosphatidylglycerol (PG), and phosphatidic 

acid (PA). These natural phospholipids, often composed of unsaturated 

hydrocarbon chains, exhibit lower stability in liposome formulations 

compared to their synthetic counterparts (see Figures 1.8 and 1.9). 

Synthetic phospholipids are produced through organic chemical 

reactions or enzymatic modifications that alter the nonpolar and polar 

regions of the molecules. Dipalmitoyl phosphatidylcholine (DPPC), 

hydrogenated soy phosphatidylcholine (HSPC), and 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) are all examples of 

synthetic phospholipids. The specific type of phospholipid used in 

liposome formulation can significantly influence their properties, such 

as charge, mobility, and interactions with cells and biological 

components. For instance, anionic lipids like phosphatidylserine (PS) 

and phosphatidylglycerol (PG) create negatively charged liposomes, 

which affect their interactions with positively charged molecules and 

their behaviour in biological systems.184,185 

  

The chemical structure of L-alpha-phosphatidylcholine (PC) has a 

significant effect on its ability to combine with cholesterol to form 

liposomes. This is mainly due to the fact that PC is amphipathic, which 

helps form the two layers. Phosphatidylcholine and cholesterol interact 

in a way that is necessary for liposomes to stay stable and work 

properly. This is because cholesterol controls the fluidity, permeability, 

and structural integrity of membranes. Adding cholesterol to the 

phosphatidylcholine bilayer makes it easier for stable liposomal 

structures to form, which can be useful for many things, like taking 

medications. L-alpha-phosphatidylcholine has a hydrophilic head and 

hydrophobic tails, allowing the formation of bilayers that can accept 

cholesterol. Cholesterol integrates into the bilayer by rotating its 

hydroxyl group toward the hydrophilic head of phosphatidylcholine, 

forming hydrogen bonds with the polar head groups of phospholipids. 
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The hydrophobic side of cholesterol, which includes its hydrocarbon tail, 

interacts with the hydrophobic tails of phospholipids via van der Waals 

forces. These interactions contribute to the overall stability and fluidity 

of the membrane; thus, they increase membrane packing and stability. 

(See Figure 1.10). It is important for liposome stability that cholesterol 

raises the packing density of the phosphatidylcholine bilayer. This 

lowers the membrane's fluidity and permeability. Furthermore, 

research demonstrates that the presence of cholesterol can shield 

liposomes from destabilising chemicals, as cholesterol-rich liposomes 

require higher surfactant concentrations to prevent their leakage. 

Cholesterol can produce superlattices inside the phospholipid bilayer, 

influencing its distribution and the kinetics of cholesterol removal. 

Rising cholesterol levels in liposomes result in increased vesicle sizes, 

which can be beneficial or harmful based on the specific application 

(see figures 1.9 and 1.10). Medication delivery systems, where 

controlled release and stability are important, use 

phosphatidylcholine's capacity to create stable liposomes with 

cholesterol. Certain biomedical applications customise the targeted 

liposome properties, such as size and fluidity, to determine the ideal 

cholesterol content. The addition of cholesterol to phosphatidylcholine 

liposomes improves stability and performance, but it presents 

difficulties in identifying the ideal cholesterol concentration for 

particular applications. Excessive cholesterol may result in excessively 

rigid membranes, possibly blocking the release of encapsulated drugs. 

Therefore, a balance must be found to achieve the necessary liposomal 

characteristics for efficient application in various fields.185–188 
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Figure 1.9: Illustrates the schematic draw of a liposome bilayer that 

incorporating with cholesterol. The image created by Biorender  

 

 

Figure 1.10: Shows the chemical reaction between cholesterol and L-

Alpha-phosphatidylcholine to form liposomes. (The image created by 

BioRender and ChemDraw.) 
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1.11.2 Methods for liposome synthesis  

Various methods exist for synthesising liposomes, with the thin film 

hydration technique being one of the most commonly employed. This 

method involves the dehydration of organic solvents containing 

phospholipids, resulting in the dispersion of phospholipids throughout 

a thin film layer. The formation of bilayer sheets necessitates the 

addition of a hydrophobic substance to an aqueous mixture, followed 

by the application of sufficient heat and agitation, such as mechanical 

shaking, sonication, or a combination of both. To create liposomes, the 

bilayer sheets must be isolated from the bulk material, which is then 

separated into two layers or bilayers.189,190 Encapsulation techniques, 

such as active or passive loading, can be applied during liposome 

production. Active loading encapsulation involves the insertion of 

bioactive substances into intact vesicles using a driving force potential 

generated by agents like calcium acetate and ammonium sulphate. 

However, to enhance the solubility of both hydrophilic and hydrophobic 

components, these preparation methods often require potentially 

harmful solvents, including, ether, methanol, and chloroform.189,191  

Hydration of lipid films using mechanical means such as sonication, 

French pressure cells, membrane extrusion, freeze-thaw liposomes, 

micro emulsification, and desiccated reconstituted vesicles, as well as 

freeze-drying and freeze-agitation, are all examples of mechanical 

dispersion methods. Additionally, lipid-film hydration is the most 

common type of mechanical dispersion. This technique involves the 

development of a thin film that is made up of a phospholipid and 

cholesterol membrane. This membrane is formed from the evaporation 

of the organic solvent that was present in the solution including 

phospholipids and cholesterol. The evaporated fluid is rehydrated with 

a phosphate buffer solution; this procedure, coupled with vortexing, 

and sometimes sonication, results in the production of liposomes. In 

addition, this method may be combined with membrane extrusion in 

order to make small unilamellar vesicles (SUVs) from multilamellar 
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vesicles (MLVs). However, there is a possibility that this procedure may 

leave behind some residue of the organic solvent in the finished 

product.192 

Sonication is a straightforward method for preparing liposomes, 

particularly for creating SUVs from MLV. During this process, MLV are 

either dispersed using a sonicator probe or placed in a sonicator bath 

to be fragmented. Ultrasonic irradiation reduces the size of the vesicles 

by providing energy to the lipid suspension of MLV, causing them to 

become smaller. This method has some problems, such as low 

encapsulation efficiency because the internal volume is small, the 

possibility that phospholipids and encapsulated compounds will break 

down, the removal of large molecules, and the presence of residual 

MLV.193,194  

Microfluidic systems are now recognised as an effective technique for 

liposome production, enabling fine control over the synthesis process 

and producing liposomes with appropriate properties for drug delivery 

applications. These methods provide substantial benefits for scalability, 

repeatability, and control of liposome characteristics, including size, 

shape, and encapsulation efficiency. Microfluidic systems provide the 

precise control of fluids at the microscale, allowing better control over 

the sizes, shapes, and size distribution of liposomes. This accuracy is 

necessary for guaranteeing excellent repeatability across groups, 

which is essential for pharmaceutical applications. The capacity to 

regulate flow rate ratios and overall flow rates in microfluidic systems 

significantly influences encapsulation efficiency and lipid retention in 

liposomes, as shown by research on various flow rate ratios and solvent 

extraction techniques. Furthermore, microfluidic technologies make it 

possible to synthesise liposomes on a high throughput, a challenge that 

traditional methods often find difficult. The use of design-of-

experiments (DoE) methodologies in microfluidic systems facilitates 

the optimisation and validation of process parameters, thereby 

ensuring reliable and scalable liposome production.  Also, high-
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throughput microfluidic technologies make it possible to make 

liposomes of exact size and with good drug encapsulation, which is not 

possible with traditional methods because they are not scalable or 

reproducible.195–197 In this research, a microfluidic system was used to 

prepare liposomes, encapsulated and embedded liposomes; see the 

results in the following chapters. 
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1.12 Aim and objectives 

1.12.1 Aim 

The aim of this research is to develop and evaluate an alternative 

vector for crossing the blood-brain barrier (BBB) and delivering 

therapeutic agents for neurological disorders, specifically Alzheimer's 

disease. 

1.12.2 Objectives 

➢ Synthesis and characterisation of CPP-Fatty Acid Conjugates: 

▪ Develop cell-penetrating peptides  (CPP) conjugated with fatty 

acids (palmitic acid, myristic acid, and lauric acid). 

▪ Characterise the conjugates using appropriate biochemical 

techniques, such as mass spectrometry and nuclear magnetic 

resonance (NMR) spectroscopy. 

 

➢ Formulation and characterisation of a liposomal drug 

delivery system: 

▪ Embed the liposomal formulation with CPP-conjugated fatty 

acids.  

▪ Characterise the liposomal formulation in terms of size, 

charge, and morphology using techniques such as dynamic 

light scattering (DLS), nanosizer (ZetaView), and scanning 

electron microscopy (SEM). 

 

➢ Evaluation of Cytotoxicity of CPP-Fatty Acid Liposomal 

Formulation: 

▪ Assess cell viability via MTT assays in blood-brain barrier 

endothelial cells. 

 

➢ To investigate the penetration ability of CPP-fatty acid 

conjugates 
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o Evaluate the ability of CPP-fatty acid conjugate-embedded 

and encapsulated liposomes to penetrate an artificial BBB 

model. 

o Characterise the eluent using appropriate biochemical 

techniques, such as LC-MS. 
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Chapter 2: Experimental Methodology 

 

2.1 Chapter Overview 

This chapter provides a comprehensive description of the 

methodologies used in this research. It consists of the following key 

areas: 

Chemical Reagents and Instrumentation: All chemicals used to 

produce compounds are listed comprehensively. The instruments and 

techniques used for characterising all produced compounds. 

Peptide Synthesis and Conjugation: The synthesis of peptides 

follows detailed procedures. Methods for conjugating peptides with 

fatty acids. 

Liposome Preparation: Preparing liposomes involves using drug 

encapsulation compounds. Methods for embedding liposomes with 

peptides conjugated to fatty acids.  

Human Endothelial Cell Culture: Protocols for cell culture.  

Toxicity Assessment of Vectors: Evaluation of the toxicity of vectors 

on endothelial cells via MTT assay and real-time cellular analysis 

(IncuCyte). 

Application on Artificial Blood-Brain Barrier (BBB): Experimental 

procedures for applying the prepared vectors on an artificial BBB model.  

 

2.2 Chemicals and Instruments 

The compounds were used in their original form as provided by the 

vendors (Sigma-Aldrich, UK, a subsidiary of Merck KGaA, Darmstadt, 

Germany,  Acros Organics, a brand of Thermo Fisher Scientific based 

in Geel, Belgium., Alfa Aesar, a Thermo Fisher Scientific brand based in 

Heysham, UK) unless specified differently. All other solvents were used 
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in their original form without undergoing further purification since they 

were obtained in laboratory, analytical, or LC-MS grades. 

The Biotage® Initiator+ Microwave System with Robot Eight, Biotage 

AB, Sweden was used to conduct microwave-assisted synthesis to 

prepare peptides in the solid phase. The system has dynamic 

temperature and pressure control and a 30-second pre-stirring time. 

Mass spectrometric analysis was conducted using a Waters MS 

XVEOG2XS qTOF with the direct mass spectrometric infusion spray 

technique.  

The 1H and 13C NMR spectra were obtained using a Jeol ECZ 400S 

operating at 400 MHz at a temperature of 25 °C.  

The Biotage® Isolera flash chromatography, Biotage AB, Sweden.  

A Dolomite Microfluidic System, Dolomite, UK; including two pumps, a 

microfluidic chip (Droplet junction chip 100 µm etch depth, 

hydrophobic, part No.: 3000301) with chip interface H, and a pressure 

supplier.  

Joel JSM-7100F A Field Emission Scanning Electron Microscope (SEM) 

was utilised to examine the liposomes' morphology and size. 

The concentration of liposomes was measured at room temperature 

(24 degrees) by using a nanosizer machine, ZetaView PMX120 (Particle 

Metrix, Germany).  

To measure the absorbance of viable cells of the hCMEC/D3 a  at 570 

nm using a SYNERGY|LX spectrophotometer multi-mode plate reader 

(BioTek, USA). 

To monitor the hCMEC/D3 cells the Incucyte® S3, S4, and S5 Live Cell 

Analysis Systems (Essen BioScience, Germany) was used. 

In this study, all of the Fmoc amino acids and resins were acquired 

from Merck4Biosciences and utilised without any additional purification 

process. Used amino acids, their abbreviations, and chemicals: 
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Arginine (R), Fmoc-Arg(Pbf)-OH, and Fmoc-Arg(Pbf)-Wang resin (100-

200 mesh). 

Aspartic acid (D), Fmoc-Asp(OtBu)-OH 

Glutamic acid (E), Fmoc-Glu(OtBu)-OH and Fmoc-Glu(OtBu)-Wang 

resin (100-200 mesh), Fmoc- 

Lysine (K), Fmoc-Lys(Boc)-OH, and  Lys(Boc)-Wang resin (100-200 

mesh),  

To visualise and track the embedded liposomes by fluorophore-peptide-

fatty acid, the fluorescence microscopy, Leica Thunder Microscope with 

an LED8 light engine, Leica Microsystems, Germany was used.  

Material and reagents for the human endothelial cell 

(hCMEC/D3 )culture. 

hCMEC/D3 culture medium Lonza EGM-2 Single Quots, catalogue No.: 

cc-4147, Lot No.: 0001226248, USA. Its media (foetal bovine serum 

(FBS). 25 mL, hydrocortisone. 0.2 mL, human fibroblast growth factor 

(hFGF-B). 2 mL, R3- IGF-1. 0.5 mL, ascorbic acid. 0.5 mL, epidermal 

growth factor human hEGF. 0.5 mL, and GA-1000. 0.5 mL). 

Collagen type 1, Rat Tail, from Millipore, USA, Merck KGaA, Germany 

used as coating solution, Sterilised phosphate buffered saline (PBS), 

Trypsin-EDTA solution, sterile culture flasks P75. CO2 incubator set at 

370C, centrifuge, microscope and hood. 

 

2.3 Methodology 

 

2.3.1 Peptide Synthesis 

Microwave-assisted solid-phase peptide synthesis (MSPPS) was used 

for the production of all peptides. The Wang resin, for instance, Fmoc-

Lys(Boc)-Wang (100–200 mesh) (0.2 mmol, 0.298 g), was wetted with 

dimethylformamide (DMF, 1.5 mL) in a 10 mL MSPPS reaction vessel. 
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The mixture was then placed in the half-automated Biotage® Initiator+ 

SP Microwave Peptide Synthesiser and allowed to swell for 30 minutes 

at room temperature with stirring at 500 RPM. Subsequently, the resin 

was drained and washed automatically with DMF (4 x 5 mL) with 

stirring at 600 RPM. 

The resin was deprotected from the Fmoc protecting group by adding 

piperidine (20% in DMF, 4 mL) in a two-stage process. The first stage 

involved allowing the reaction to proceed for (3 minutes at 75 ± 2 °C) 

with stirring at 500 RPM, followed by draining and the addition of fresh 

piperidine (20% in DMF, 4 mL) for the second stage. The second stage 

involved allowing the reaction to proceed for (10 minutes at 75 ± 2 °C) 

with stirring at 500 RPM. At the end of this process, the deprotected 

resin was washed with DMF (4 x 4 mL). 

To elongate the peptide chain, the coupling agent O-(benzotriazol-1-

yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU) (0.6 

mmol, 0.227 g) was dissolved in 1.5 mL of DMF, along with 

diisopropylethylamine (DIPEA) (0.4 mL, 0.3 mmol, 2.58 M), and the 

second amino acid of the peptide sequence, Fmoc-Lys(Boc)-OH (0.287 

g, 0.6 mmol). This mixture was vortexed for 3-5 minutes to produce 

an activated ester solution. The solution was then added to the 

deprotected resin and exposed to microwave irradiation for double 

coupling. The first stage of the reaction was conducted for (5 minutes 

at 75 ± 2 °C) with stirring at (500 RPM), followed by draining. The 

same solution of the protected amino acid was prepared again and 

added to the resin for the second stage of the reaction, which also 

proceeded for (5 minutes at 75 ± 2 °C) with stirring at (500 RPM). 

Afterwards, the mixture was drained and washed with DMF (4 x 5 mL) 

at (1200 RPM). 

The Fmoc deprotection of the amino acid was achieved by adding 

piperidine (20% in DMF, 4 mL) in a two-stage process. The first stage 

involved allowing the reaction to proceed for (3 minutes at 75 ± 2 °C) 

with stirring at (500 RPM), followed by draining. Fresh piperidine (20% 
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in DMF, 4 mL) was then added for the second stage, which proceeded 

for (10 minutes at 75 ± 2 °C) with stirring at (500 RPM). At the end of 

this process, the deprotected amino acid was washed with DMF (4 x 4 

mL) at (500 RPM). Peptide elongation was performed by repeatedly 

removing the Fmoc group and coupling new amino acids until the 

desired sequence was obtained. 

For further purification of the peptide after elongation, the resin was 

prepared for subsequent coupling with fatty acids. The resin underwent 

three additional washing stages using DMF, dichloromethane (DCM), 

and methanol (MeOH) (4 x 5 mL each) in that order. See Figure 2.1 for 

an example of the prepared peptides.   



55 
 

 

Figure 2.1: The chemical reaction to produce cationic tripeptide (ERK) contains glutamic acid (E), arginine (R), 

and lysine (K).
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2.3.2 Coupling peptide with fatty acids 

The peptide was then conjugated with three fatty acids: lauric acid (C12) 

(CH₃-(CH₂)₁₀COOH), myristic acid (C14) (CH₃-(CH₂)₁₂COOH), and 

palmitic acid (C16) (CH₃-(CH₂)₁₄COOH) (see Figure 2.2). The peptide 

was combined with lauric acid (C12) (0.04 g, 0.2 mmol), myristic acid 

(C14) (0.046 g, 0.2 mmol), and palmitic acid (C16) (0.051 g, 0.2 mmol) 

in a 1:1 molar ratio to the Wang resin. This combination of the peptide 

with the fatty acids in a 1:1 ratio to the Wang resin facilitates the 

attachment of the hydrophobic components, which can enhance the 

solubility and stability of the peptide in various applications. A balanced 

interaction is achieved by using specific amounts of each fatty acid, 

potentially optimising the peptide's functional properties. Additionally, 

four times the amount of coupling reagents, HBTU (2.4 mmol, 0.91 g) 

and DIPEA (1.2 mmol, 1.6 mL), were added.  Then it was filtered and 

purified by washing using dimethylformamide (3 x 10 mL). The 

filtration and purification process with dimethylformamide helps 

remove unreacted materials and by-products, ensuring the final 

peptide product is high purity. This step is crucial for obtaining reliable 

results in subsequent applications or experiments. 

The cleavage solution was made by mixing a cocktail solution (10 mL) 

that contains water (2.5% mL), triisopropylsilane (2.5% mL), 

ethylenedioxy diethanethiol (5% mL), and trifluoroacetic acid (90% mL) 

and stirring it at room temperature for 2.5 hours. This specific 

combination of ingredients is designed to create an effective cleavage 

solution, which facilitates the removal of protective groups (the bead 

of resin) from synthesised peptides. The careful proportions and mixing 

duration are crucial for achieving optimal results in the cleavage 

process.  

After 2.5 hours, the mixture was filtered using a vacuum into diethyl 

ether (100 mL, -20 oC). The resin was washed with trifluoroacetic acid 

(TFA) (3 x 3 mL). The mixture was left to precipitate overnight in the 
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freezer (-20 oC). After the precipitation had happened, the mixture was 

separated into four 50-mL falcon tubes, with about 25 mL in each tube. 

Next, the tubes underwent centrifugation (5000 rpm, 4 °C) for 10 min. 

The diethyl ether was extracted and substituted with a fresh solvent at 

a temperature of -20 °C. The method was conducted three times, with 

each repetition including the sequential combining of two peptide 

pellets. As a consequence, the number of tubes decreased from 4 to 2 

and finally to 1. The waxy white product was dried by using a vacuum, 

directing nitrogen gas or freeze drier.  

The above protocol was repeated for all prepared peptides conjugated 

with fatty acids. 
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Figure 2.2: The chemical reaction of coupling peptide (ERK) with Fatty 

acids {A- Palmitic acid (C16), B-Myristic acid (C14), C- Lauric acid (C12)}  
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2.4 Characterisation of the prepared peptides coupled to 

fatty acids 

The peptide-fatty acid was characterised using MALDI-TOF LC/MS to 

determine the produced peptides and their purity. The samples, mixed 

with MeOH LC-MS grade (0.2 mg in 1 mL), were introduced into the 

source at a flow rate of 0.3 μL min-1. The LC criteria were as follows: 

The Eksigentekspert nanoLC 425 system was separated using an ACE 

raptor C18 column (100 x 2.1 mm, 2.7 μm) from ACE chromatography. 

At 45 oC, the mobile phase consists of MS-grade water containing 0.1% 

formic acid (solvent A) and methanol containing 0.1% formic acid 

(solvent B), provided by Merck, UK. The LC separation used a 

standardised gradient elution program with the following parameters: 

at 0 min, 1% B; at 1 min, 1% B; at 3 min, 50% B; at 10 min, 100% 

B; at 20 min, re-equilibration for 5 min. Mass Lynx software processes 

the LCMS/MS data that was collected. 

Additionally, for further characterisation, 1H- and 13C NMR (JOEL ECZ 

400 MHz) were used by dissolving (2 mg) of the result in methanol-D4 

(1 mL) as the solvent. The chemical shift is expressed in parts per 

million (ppm) and is calibrated using the remaining solvent peak. 

Then, all produced peptides conjugated fatty acids were purified by 

using the Biotage® Isolera flash chromatography, to purify coupled 

peptides with fatty acids at room temperature and using the Sfar C18 

column (12 gm, flow rate 25 mL min⁻¹) as a stationary phase and 

methanol (B) and ultra-pure water (A) as a mobile phase. Their mobile 

phase gradient condition follows:          

Time (min) Solvent A Solvent B 

0-5 90% 5% 

5-10 70% 30% 

10-15 50% 50% 

15-20 30% 70% 

20-25 5% 90% 
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All prepared peptides that were conjugated with three distinct fatty 

acids were fully characterised by using LC-MS, 1H NMR, 13C NMR, and 

flash chromatography. The peptide names, their chemical structure, 

and the 1H NMR, 13C NMR, and LC-MS results are shown below. These 

show that all of the peptides were successfully made and with high 

purity. The flash chromatography methods were also used to make sure 

that each result was clean. This thorough characterisation confirms the 

successful synthesis and high purity of the peptides, indicating that 

conjugation with fatty acids was effective. The results from various 

analytical techniques provide a comprehensive validation of the 

peptides' structural integrity and purity.  

 

2.5 Labelling peptide-fatty acid by Dansyl Chloride                                                    

(5-(dimethylamino)naphthalene-1-sulfonyl chloride) and 

FITC (Fluorescein isothiocyanate) 

The peptide-fatty acid was dissolved in acetone (1 mL), specifically 

cationic CPP conjugated palmitic acid (CH₃(CH₂)₁₄CORRR) (0.092 

mmol). Then, 30% potassium carbonate (K2CO3) was added to the 

peptide-fatty acid mixture. This step is crucial for advancing the 

understanding of how these molecules interact at a biochemical level. 

Afterwards, in two separate tubes, mix dansyl chloride and FITC 

(fluorescein isothiocyanate) at a concentration 10% greater than that 

of the peptide-fatty acid. This change makes sure that the labelling 

agents are reactive enough to bind completely to the peptide-fatty acid 

complexes. Consequently, this enhances the detection and analysis of 

these interactions in subsequent experiments. Continue stirring and 

allow the mixture to develop at room temperature for two nights. This 

prolonged stirring and development period allows the reactive labelling 

agents to fully engage with the peptide-fatty acid complexes. 
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2.5.1 Characterisation of labelled peptides conjugated fatty 

acids 

Confocal microscopy was used to analyse the primary results, revealing 

the presence of dansyl chloride (blue), and FITC (green). Both coupled 

fluorophores were characterised by LC-MS and NMR. 

MALDI-TOF LC/MS to determine the produced labelled peptide 

conjugated fatty acid and their purity. The samples, mixed with MeOH 

LC-MS grade (0.2 mg in 1 mL), were introduced into the source at a 

flow rate of 0.3 μL min-1. The LC criteria were as follows: The 

Eksigentekspert nanoLC 425 system was separated using an ACE 

raptor C18 column (100 x 2.1 mm, 2.7 μm) from ACE chromatography. 

At 45 0C, the mobile phase consists of MS-grade water containing 0.1% 

formic acid (solvent A) and methanol containing 0.1% formic acid 

(solvent B), provided by Merck, UK. The LC separation used a 

standardised gradient elution program with the following parameters: 

at 0 min, 1% B; at 1 min, 1% B; at 3 min, 50% B; at 10 min, 100% 

B; at 20 min, re-equilibration for 5 min. Mass Lynx software processes 

the LC-MS/MS data that was collected. 

Additionally, for further characterisation, 1H- and 13C NMR (JOEL ECZ 

400 MHz) were used by dissolving (2 mg) of the result in methanol-D4 

(1 mL) as the solvent. The chemical shift is expressed in parts per 

million (ppm) and is calibrated using the remaining solvent peak. 

 

2.6. Liposome preparation  

Before beginning to prepare liposomes, the microfluidic system 

(Dolomite) was calibrated. Empty and clean vials (10 mL) were used 

and subsequently weighed. The basic pressure pump and pump 1 were 

turned on, and the pressure supplier was connected to both pumps to 

maintain the appropriate pressure of them. After that, the system was 

accessed. Pump 1 and the basic pressure pump were filled with distilled 

water, and a microfluidic chip (100 µm) was connected to them. This 
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chip has three inputs and one output. With an initial value of 200 mbar, 

the pressure increased by 200 mbar at each subsequent interval until 

it reached 6000 mbar. Each pressure increase continued for 5 min. 

Following the established liposome production protocol by the Dolomite 

company for their microfluidic system (see Figures 2.3 and 2.4), the 

phosphatidylcholine (10 mg/mL) was dissolved in methanol. Then, 

another solution was produced by dissolving cholesterol (3 mg/mL) in 

methanol. Incorporate the previously stated solutions into Pump A, 

which is connected to the central line of the microfluidic chip (Droplet 

junction chip, 100 µm etch depth, hydrophobic, part No.: 3000301) 

with chip interface H, and a pressure supplier. Meanwhile, load Pump B 

with distilled water, which functions as a scissor to cleave the lipid 

molecules, resulting in the production of liposomes. Subsequently, the 

established flow rate was used to generate the requisite liposome sizes. 

Pump A with a flow rate of 11.618 µL/min (pressure = 2 bar) and a 

water pump flow rate of 24.93 µL/min (pressure = 2.6 bar). This 

method enables precise control over the liposome formation process, 

ensuring the desired characteristics and uniform size. The combination 

of lipid solutions with distilled water in a microfluidic environment 

enhances the efficiency of liposome production. 
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Figure 2.3: Illustrates the dolomite microfluidic system, which 

comprises two pressure pumps and a microfluidic chip. 

 

 

Figure 2.4: Illustrates the most important parts of the microfluidic 

system: a) the chip interface H;  b) the hydrophobic microfluidic chip 

(Droplet junction hydrophobic chip (100 µm) etch depth, Part No.: 

3000301); and c) the liposome formation at the X-junction, which is 

used to make liposomes, encapsulated liposomes, and embedded 

liposomes. 
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2.6.1 Liposome characterisation 

The size and polydispersity index (PDI) of the liposomes were 

measured using dynamic light scattering (DLS) with a NanoPlus 

Zeta/Nanoparticle Analyser, Otsuka Electronics, Japan. The 

measurements were conducted at 4 °C using low-volume sizing 

cuvettes (0.5 mL). 

Scanning electron microscopy (SEM) was used to confirm the size and 

morphology of the produced liposomes. 

To further characterise the produced vectors in terms of concentration 

and charge, a nanosizer machine, ZetaView PMX120 (Particle Metrix, 

Germany), was used. Polystyrene (diluted in ultra-pure water in a 1:1 

ratio) was used as a standard bead solution, pin: 750009-03. The 

beads (polystyrene) were used as a reference (blank) at a dilution ratio 

of 1/300,000. The software ZetaView 8.04.02 was used to analyse the 

data.  

  

2.7 Encapsulating Rhodamine B Dye into Liposomes. 

In compliance with the designated technique for liposome production 

using the microfluidic system (see Figures 2.3 and 2.4), the 

phosphatidylcholine (10 mg/mL) was solubilised in methanol. A 

subsequent solution was created by dissolving cholesterol (3 mg/mL) 

in methanol and Rhodamine B dye (2.5 µg/mL in distilled water). Once 

the solutions had been mixed, they were put into Pump A and 

connected to the microfluidic chip's central channel (Droplet junction 

chip 100 µm etch depth, hydrophobic). This setup makes sure that the 

phosphatidylcholine and cholesterol are mixed perfectly in a controlled 

setting, which makes it easier to make liposomes with the properties 

that are wanted. The other pump B, contains distilled water and 

connects to both sides of the chip's X-shaped inlet. The determined 
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flow rate produced encapsulated liposomes of the necessary size (ca. 

100 nm). 

 

2.7.1 Characterisation of Encapsulated Rhodamine B Dye 

into Liposomes  

Dynamic light scattering (DLS) measured the size and polydispersity 

index (PDI) of the encapsulated liposomes with Rhodamine B dye. To 

determine their morphology, scanning electron microscopy (SEM) was 

used. 

 

2.8 Embedded fluorophore-peptide-fatty acid into liposomes 

Both fluorophores were embedded into liposomes separately by using 

the same concentration and microfluidic system. In accordance with 

the specified method for liposome production, the microfluidic system 

was used (see Figures 2.3 and 2.4); phosphatidylcholine (10 mg/mL) 

was solubilised in methanol. Another solution was prepared by 

dissolving cholesterol (3 mg/mL) in methanol. The previously 

mentioned solutions were mixed with the coupled dansyl chloride to 

the multi-arginine peptide-palmitic acid (2.5 mg/mL). Then, the 

solution was placed into Pump A, which was then connected to the 

central channel of the microfluidic chip (droplet junction chip, 100 µm 

etch depth, hydrophobic). Meanwhile, Pump B, used distilled water and 

cleaves lipid molecules, facilitating the formation of embedded 

liposomes by fluorophores that are coupled to the triple arginine 

peptide-fatty acid molecules. The specified flow rate generated 

liposomes of the required size (ca.100 nm). The product was analysed 

using a fluorescent microscope (100X). 

Repeating the above procedure to embed FITC-peptide-fatty acid 

instead of the dansyl chloride and using the same concentration (2.5 

mg/mL).  
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2.8.1 Characterisation of embedded dansyl chloride-RRR-

palmitic acid and FITC-ERK-palmitic acid into liposomes 

Both fluorophores were embedded into liposomes separately. Their 

products were characterised using scanning electron microscopy and 

fluorescence microscopy (100X). 

 

2.9 Human hCMEC/D3  cell culture 

The P75 flask with collagen (10 µL) in sterile PBS (7 mL) was coated. 

The flask was incubated overnight at 37 °C and then rinsed with PBS 

before use. The medium for hCMEC/D3 was prepared, and it was Lonza 

EGM-2 Single Quots, USA (500 mL), and its supplements were (foetal 

bovine serum (FBS) (25 mL), hydrocortisone (0.2 mL), human 

fibroblast growth factor (hFGF-B) (2 mL), R3-IGF-1 (0.5 mL), ascorbic 

acid (0.5 mL), epidermal growth factor human hEGF (0.5 mL), and GA-

1000 (0.5 mL). The hCMEC/D3 cells in Crovial, which were frozen, were 

quickly thawed in a water bath (37 °C) to bring them back to a liquid 

state. Then, the hCMEC/D3 cells were transferred into pre-warmed 

culture medium (10 mL) and centrifuged for 5 min at 3000 RPM. After 

that, the supernatant was aspirated, and the cell pellet was 

resuspended in a fresh pre-warmed culture medium (500 µL). The cells 

were then seeded into the coated P75 flask that had fresh pre-warmed 

medium (10 mL) and incubated at 37 °C. This step ensures that the 

hCMEC/D3 cells are evenly distributed in a suitable environment for 

growth and further experimentation. Incubating at (37 °C) mimics 

physiological conditions, promoting optimal cell viability and function. 

The medium was changed after 24 hours, and the cells were sub-

cultured for 2-3 days. Cell confluence and morphology were monitored 

under a microscope until their confluence reached 90% (see Figure 

2.5). 

After confluency of the cells, they were rinsed with PBS 3 times, and 

then trypsin-EDTA solution was added, and the cells were incubated at 
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37 °C for 5 min until the cells detached from the bottom of the P75 

flask. This process ensures the cells are properly detached for further 

experimentation without compromising their viability. Trypsin-EDTA 

facilitates the gentle release of cells from the culture surface, allowing 

for accurate assessment and manipulation in subsequent steps. After 

that, 5 mL of culture medium was added to neutralise the trypsin-EDTA 

and incubated at 37 °C for 5 min. The mixture was then moved to a 

15-mL Falcon tube and centrifuged at 3000 RPM for 5 min. This 

centrifugation step helps to pellet the detached cells at the bottom of 

the tube, separating them from the trypsin-EDTA solution. Following 

this, the supernatant was typically discarded, leaving the concentrated 

cell pellet ready for resuspension or further analysis. Next, discarded 

the solvent and resuspended them in 1 mL of freshly pre-warmed 

medium. To count the cells, 10 µL was taken from above and 

transferred to 100 µL of trypan blue, mixed thoroughly, and left for 2–

3 min. Next, add 10 µL to the cell counting chamber and appeared that 

the number of live cells was 50,000 live cells/mL. This process ensures 

that the cells are properly stained with trypan blue, which allows for 

the differentiation between viable and non-viable cells. The cell 

counting chamber facilitates an accurate assessment of cell 

concentration and viability. 

 

Figure 2.5: hCMEC/D3 cells grown on the surface forming a BBB model.  

 

20 µm 
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2.10.1 Evaluation of the cytotoxicity of produced vectors 

using the MTT assay in the hCMEC/D3 cell line. 

 

The MTT assay was used to evaluate the impact of the vectors on the 

viability of hCMEC/D3 cells. A total of 8000 hCMEC/D3 cells were 

seeded per well in 96-well plates, each containing 200 µL of growth 

medium. The cells were allowed to recover from handling stress for 24 

hours before the introduction of vectors. This recovery period ensures 

that the cells are in optimal condition to respond accurately to the 

vectors, minimising any potential confounding effects from the initial 

handling. By allowing the cells to stabilise, the experiment aims to 

obtain reliable data on the vector's influence on cell viability. 

Subsequently, the medium was carefully aspirated and replaced with 

fresh medium containing varying concentrations of vectors, specifically 

peptide-fatty acid embedded in liposomes. The serial vector 

concentrations were (0, 3.6 X 102, 3.6 X 103, 3.6 X 104, and 3.6 X 105 

particles/mL or nanomoles per litre (nM/L), with three replicates for 

each condition. This step ensures that any initial disturbances are 

minimised, allowing for a more accurate assessment of how different 

concentrations of the vectors affect cell viability. By using multiple 

replicates for each condition, the experiment enhances the reliability of 

the results obtained. The control was cells alone with their medium, 

and the blank was just medium; both were in triplicate wells as cells 

with vectors. 

After 24, 48, and 72 hours of treatment, 20 µL of 5-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solution (5 

mg/mL in PBS) was added to each well until the final concentration 

reached 0.5 mg/mL (see Figure 2.6). The cells were then incubated at 

37°C for 40 minutes. This incubation period allows the MTT to be 

metabolically reduced by viable cells, resulting in the formation of a 

purple formazan product. The intensity of the colour produced is 

directly proportional to the number of live cells, thus providing a 
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quantitative measure of cell viability across different vector 

concentrations. The MTT solution was carefully taken out after the 

incubation, and 200 µL of dimethyl sulfoxide (DMSO) was added to 

each well. This addition of DMSO serves to solubilise the purple 

formazan crystals formed during the MTT reduction process, enabling 

accurate measurement of absorbance. The resulting absorbance values 

can then be analysed to determine the viability of cells at varying 

concentrations of the tested vectors. This resulted in the appearance 

of a pink colour, which intensified over time (see Figure 2.7). The plate 

was subsequently kept in the dark for 10 minutes to facilitate the 

formation of formazan crystals. This step is crucial, as it prevents any 

light exposure that could potentially interfere with the reaction and 

ensures that the formazan crystals fully develop. The darkness allows 

for a more consistent and accurate assessment of cell viability when 

measuring the absorbance. 

Absorbance measurements were performed by using a 

spectrophotometer at 570 nm using a SYNERGY|LX multi-mode plate 

reader (BioTek, USA) and analysed with Gen5 3.11 software. The use 

of a specific wavelength at 570 nm is essential for accurately 

quantifying the formazan crystals, as it corresponds to the peak 

absorbance of these compounds. This precise measurement, combined 

with the analysis software, allows for a reliable interpretation of cell 

viability results. 
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Figure 2.6: Shows the effect of the blood-brain barrier human 

endothelial cells after adding different concentrations of produced 

vectors to find the cells' viability by using the MTT assay.  

 

 

 

  

 

Figure 2.7: Shows the effect of produced vectors on the endothelial 

cells. As the time increased, the formation of formazan crystals 

increased, as evidenced by the MTT's colour changing from light pink 

(24 hrs) to dark pink (72 hrs). The figures A), B), and C) illustrate the 

impact of varying vector concentrations after 24 hours, 48 hours, and 

72 hours, respectively. 

 

A B 

C 
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2.11 Application of innovative vectors on an artificial BBB 

that contains only hCMEC/D3   

Preparation of transwell inserts for hCMEC/D3 

The transwell inserts were prepared by electrospinning nanofiber 

scaffolds at the bottom of the inserts, replacing the commercially 

available membrane. The electrospun nanofibers were then coated with 

collagen type I (20 µg/ml; 08-115, Sigma). The excess collagen was 

removed after a 1 h incubation period to allow for collagen attachment, 

leaving a collagen-coated surface on the (growing endothelial cells on 

a PAN–Jeffamine electro spun nanofiber as a 3D scaffold). The prepared 

inserts were placed into 24-well plates, ready for hCMEC/D3 (SCC066, 

Sigma) cell seeding. 

BBB development using HCMEC/D3 cell lines 

hCMEC/D3 cells were cultured in EndoGRO™-MV complete media kit 

(CC-3156, Lonza), supplemented with EndoGRO™-MV growth 

supplement (CC-4147, Lonza). The cells were seeded at a density of 

200,000 cells on the apical side of the nanofiber inserts, which mimic 

a 3D environment. The cells were cultured for 9 days to promote barrier 

formation, during which they developed a monolayer and formed tight 

junctions, mimicking the blood-brain barrier characteristics. (See 

Figure 2.8).  

Paracellular Permeability Assay  

Barrier function across the monolayer was assessed using drug-loaded 

liposomes on nanofiber scaffolds electrospun to the bottom of transwell 

inserts, seeded with endothelial cells. The inserts were placed in 24-

well plates, with endothelial growth medium added to the basal side 

(950 µl) and apical side (250 µl). The medium (250 µl) in the apical 

chamber was taken out for medium containing liposomes (250 µl) to 

use the final concentration of embedded liposomes by cationic 

tripeptide conjugated fatty acids (CH₃CH₂)₁₄CORRK and ionic 

tripeptide conjugated fatty acids ((CH₃CH₂)₁₄CODDK) (3.6×10², 3.6 
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× 10³, and 3.6 10⁴ particles/mL mg/ml) and encapsulated the same 

liposomes by L-carnosine (2.5 mg/mL). From the basal chamber, 

samples (250 µl) were collected at regular intervals each hour until 6 

hours and transferred to a centrifuge tube, with the medium replaced 

by fresh medium (250 µl). 

 To find the amount of penetrated carnosine, all collected eluent was 

characterised by using Waters qTof LC-MS. 

 

Figure 2.8: Illustrates A- transmittance microscopy images of the 

nanofiber scaffold. B- Rowing endothelial cells on a PAN–Jeffamine 

electro-spun nanofiber as a 3D scaffold. 
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Chapter 3: Cell-penetrating peptides  

3.1 Summary  

This chapter describes the synthesis of cationic cell-penetrating 

peptides and ionic peptides. Solid-phase peptide synthesis via a 

microwave synthesiser was used to prepare both types of peptides. 

Using solid-phase peptide synthesis with microwaves makes it faster 

and easier to produce peptides, improving their use in medical research 

and drug delivery. This method streamlines the process while ensuring 

high purity and yield of the synthesised peptides. The CPPs and ionic 

peptides were conjugated with three different types of fatty acids: 

palmitic acid, myristic acid, and lauric acid, in order to improve their 

stability, cellular absorption, and embedding in the liposomes. This 

conjugation enhances the peptides' properties by facilitating their 

incorporation into cellular membranes and thus improving their 

effectiveness in targeted drug delivery systems. As a result, the 

modified peptides exhibit increased stability and bioavailability, which 

are crucial for their practical applications in therapeutics. In addition, 

two of those CPPs were further modified with fluorescent biomarkers, 

dansyl chloride, and fluorescein isothiocyanate for the aim of enhancing 

the visualisation and tracking of the peptides conjugated to fatty acids 

during their embedding into liposomes and application to grow 

endothelial cells on a nanofiber 3D scaffold. Liquid chromatography-

mass spectrometry (LC-MS), proton nuclear magnetic resonance (1H 

NMR), and carbon nuclear magnetic resonance (13C NMR) were used to 

completely characterise the synthesised peptides. To clean up all the 

cationic and ionic peptides that were made, Biotage flash 

chromatography with a reverse-phase C18 column was used. 
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3.2 Results and Discussion 

3.2.1 Result 

In this study, four cationic tripeptides were prepared (see Table 1). The 

peptides listed in Table 1 have been synthesised and purified by using 

flash chromatography and a reversed-phase (C18) column, and 

synthesised via solid-state using a semi-autonomous microwave 

peptide synthesiser (Biotage) using a double coupling process (see 

below section). The results from LC-MS, 1H NMR, and 13C NMR tests 

verified that their synthesis was successful, with a purity percentage 

above 95%. 

 Table 3.1: Shows all produced and targeted triple peptides in this 

research, and they were conjugated with three distinct fatty acids: 

lauric acid (C12), myristic acid (C14), and palmitic acid (C16). 

No CPP

s 

CPPs+Palmitic 

acid 

CPPs+Myristic 

acid 

CPPs+Lauric acid 

1 RRR CH3(CH2)16CORRR CH3(CH2)14CORRR CH3(CH2)12CORRR 

2 RRK CH3(CH2)16CORRK CH3(CH2)14CORRK CH3(CH2)12CORRK 

3 ERK CH3(CH2)16COERK CH3(CH2)14COERK CH3(CH2)12COERK 

4 RK CH3(CH2)16CORK CH3(CH2)14CORK CH3(CH2)12CORK 

5 DDK CH3(CH2)16CODDK CH3(CH2)14CODDK CH3(CH2)12CODDK 

6 EEE CH3(CH2)16COEEE CH3(CH2)14COEEE CH3(CH2)12COEEE 

 

The first tripeptide was a triple arginine peptide (RRR), which was the 

strongest cationic tripeptide, and was made by using a microwave 

solid-phase peptide synthesis method via a Biotage microwave peptide 

synthesiser. To produce it started with Fmoc-Arg(Pbf)-Wang resin (100-

200 mesh) and then coupled with two molecules of arginine that were 
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protected by Fmoc and Pbf groups (Fmoc-Arg(Pbf)-OH). (See Figure 

3.1)
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Figure 3.1: Shows how to produce the triple arginine peptide, and the arginine molecules were linked by an 

amide bond. 
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After producing the protected triple arginine peptide, it was coupled 

with three different fatty acids through amide bonds: palmitic acid 

(CH₃(CH₂)₁₄CORRR), myristic acid (CH₃(CH₂)₁₂CORRR), and lauric 

acid (CH₃(CH₂)₁₀CORRR) by using HBTU and DIPEA as coupling agents 

with continuous stirring overnight at room temperature. See Figure 3.2.  

An amide bond couples the fatty acids with the peptides. The amide 

bond between fatty acids and peptides was formed by using HBTU as 

a coupling agent dissolved in DMF, and DIPEA was added to make it a 

basic solution. To create the same amide bond between fatty acids and 

peptides, the coupling process required four times more coupling 

agents than when using microwaves. This is because, in solid-phase 

peptide synthesis, microwaves were used as a source of energy to 

provide similar and high temperature (75°C) for the reaction mixture, 

while coupling fatty acids was done at room temperature and needed 

to stir overnight. 

 Then, cleavage cocktail (10 mL) that contains (90% TFA, 2.5% water, 

2.5% TIPS and 5% ethylenedioxy diethanethiol) was added with 

stirring at room temperature for 2.5 hours. This specific combination 

of ingredients is designed to create an effective cleavage solution, 

which facilitates the removal of protective groups.     
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Figure 3.2: The diagram illustrates the chemical reactions that 

produce conjugated triple arginine peptide with three different fatty 

acids (A- lauric acid, B- myristic acid, and C- palmitic acid). An amide 

bond linked them together. 

 

The conjugated triple arginine peptides with fatty acids 

(CH3(CH2)10CORRR, CH3(CH2)12CORRR, and CH3(CH2)14CORRR) were 

fully characterized using WATERS LC-MS, 1H NMR, and 13C NMR. Flash 

chromatography also was used to purify them. 

The LC-MS machine data shows that the combination of triple arginine 

and lauric acid has a molar mass-to-charge ratio (M/Z) of 668, which 

was exactly the same as theoretical. It was also, detected at a retention 

time of 7.51 minutes and had a purity greater than 96%. 
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Also, the product's weight was 0.52 g, which is equivalent to 7.8 x 10⁻⁴ 

mol. 

The 1H NMR and 13C NMR confirmed that CH3(CH2)10CORRR was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 
1H NMR spectrum for triple arginine peptide that coupled with lauric 

acid: (400 MHz, CD3OD, 25 oC) δ = 0.87 (t,3J = 8.00 Hz, 3H), 1.27 (m, 

16H), 1.55 (m, 8H), 1.79 (m, 6H), 2.1 (t, 3J= 8.00 Hz,  2H), 2.6 (t, 3J 

= 8.00 Hz, 3H), 3.4 (t, 3J = 8.00 Hz, 6H), 4.5 (t, 3J= 8.00 Hz, 2H), 6.7 

(s, 6H), 7.9 (s, 3H), 8.4 (s, 3H) ppm.  

 

 

13C NMR (100 MHz, CD3OD, 25 oC) δ = 13.1, 22.4, 23.4, 23.5, 24.8, 

24.9, 25.6, 28.2, 28.3, 28.6, 28.9, 29.2, 29.3, 29.4, 33.9, 35.5, 35.6, 

36.5, 39.2, 40.7, 51.8, 53.1, 53.3, 157.2, 157.3, 157.4, 172.8, 173.2, 

173.45, 175.5 ppm. 
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The LC-MS machine data shows that the combination of triple arginine 

and myristic acid was produced successfully with a high purity ratio. 

Its molar M/Z= 696 which was exactly the same as theoretical, 

retention time: 8.55 min, purity: >96%. Product: 0.53 g, 7.6 x 10-4 

mol. 

The 1H NMR and 13C NMR confirmed that CH3(CH2)12CORRR was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 
1H NMR spectrum for triple arginine peptide that coupled with myristic 

acid: (400 MHz, CD3OD, 25 oC) δ= 0.86 (t,3J = 7.60 Hz, 3H), 1.27 (m, 

20H), 1.55 (m, 8H), 1.79 (m, 6H), 2.1 (t, 3J = 7.60 Hz, 2H), 2.6 (t, 3J 

= 7.60 Hz, 3H), 3.4 (t, 3J = 7.60 Hz, 6H), 4.5 (t, 3J = 7.60 Hz, 2H), 

6.7 (s, 6H), 7.9 (s, 3H), 8.4 (s, 3H) ppm.  
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13C NMR (100 MHz, CD3OD, 25 oC)  δ= 13.1, 22.4, 23.4, 23.5, 24.8, 

25.0, 25.7, 28.3, 28.6, 28.7, 29.1, 29.2, 29.4, 29.5, 30.4, 31.8, 34.0, 

35.5, 35.8, 38.26, 39.2, 40.7, 51.9, 53.1, 53.3, 157.2, 157.3, 157.3, 

172.8, 173.2, 173.5, 175.5 ppm. 

The LC-MS machine data also showed that the combination of triple 

arginine and palmitic acid was produced successfully with a high purity 

ratio. Its molar M/Z= 724 which was exactly the same as theoretical. 

Retention time: 9.59 min. Purity: >96%. Product: 0.53 g, 7.32 x 10-4 

mol. 

The 1H NMR and 13C NMR confirmed that CH3(CH2)14CORRR was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 
1H NMR spectrum for triple arginine peptide that coupled with palmitic 

acid: (400 MHz, CD3OD, 25 oC) δ= 0.85 (t,3J = 7.20 Hz, 3H), 1.27 (m, 

24H), 1.55 (m, 8H), 1.79 (m, 6H), 2.1 (t, 3J = 7.20 Hz, 2H), 2.6 (t,3J 

= 7.20 Hz, 3H), 3.4 (t, 3J = 7.20 Hz,  6H), 4.5 (t, 3J = 7.20 Hz, 2H), 

6.7 (s, 6H), 7.9 (s, 3H), 8.4 (s, 3H) ppm.  
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13C NMR (100 MHz, CD3OD, 25 oC) δ= 13.2, 22.4, 23.4, 23.5, 24.8, 

25.0, 25.7, 27.5, 28.3, 28.6, 28.7, 29.1, 29.4, 29.6, 30.0, 31.5, 32.4, 

32.5, 33.8, 35.0, 35.5, 35.8, 39.2, 40.7, 51.9, 53.1, 53.3, 157.2, 157.3, 

157.3, 172.9, 173.2, 173.5, 175.5 ppm. 

 

In this research, another cationic triple cell-penetrating peptide was 

produced, containing two molecules of arginine (Fmoc-Arg(Pbf)-OH) 

and lysine. Lysine was the first sequence of the produced peptide. 

Therefore, the Wang resin of lysine was used as a starting chemical 

(Lys(Boc)-Wang resin (100-200 mesh). This tripeptide was produced 

by using the microwave solid-phase peptide synthesis via the Biotage 

microwave peptide synthesiser. The microwave was used as a source 

of energy, HBTU as a coupling agent, and DIPEA as a basic media for 

coupling amino acids by an amide bond. (See Figure 3.3.) 

 

Figure 3.3: Illustrates the chemical reaction to produce the protected 

triple peptide of two molecules of arginine and lysin (RRK). 

 

Similar to the previous peptide, this tripeptide also underwent 

conjugation with three different fatty acids. An amide bond couples the 

fatty acids with the peptides. The amide bond between fatty acids and 

peptides was formed by using HBTU as a coupling agent dissolved in 

DMF, and DIPEA was added to make it a basic solution. This coupling 

happened at room temperature under stirring overnight. (See figure 

3.4.) 
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Figure 3.4: Illustrates the chemical reactions that produce conjugated 

triple peptide (RRK) with three different fatty acids (A- lauric acid, B- 

myristic acid, and C- palmitic acid). An amide bond linked them 

together. 

 

The LC-MS machine data showed that the combination of two arginine 

molecules with lysine in this tripeptide and lauric acid was produced 

successfully with a high purity ratio. Its molar M/Z was 640 which was 

exactly the same as theoretical. Retention time: 7.11 min. 

Purity: >96%. Product: 0.49 g, 7.65 x 10-4 mol. 

 The 1H NMR and 13C NMR also confirmed that CH3(CH2)10CORRK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 
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1H NMR spectrum for a triple peptide that contains two molecules of 

arginine and one lysine and coupled with lauric acid (400 MHz, CD3OD, 

25 oC) δ= 0.85 (t, 3J = 8.00 Hz, 3H), 1.25(m,18H), 1.51 (m, 10H), 

1.75 (m, 6H), 2.0 (t, 3J= 8.00 Hz, 2H), 2.4 (t, 3J = 8.00 Hz, 2H), 2.66 

(m, 2H), 3.31 ( m, 4H), 4.3 (m, 2H), 4.54 (m, 1H), 6.61 (s, 4H), 7.81 

(s, 2H), 8.29 (s, 3H) ppm. 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.2, 22.4, 22.5, 23.3, 24.3, 

24.9, 25.6, 26.5, 28.6, 29.0, 29.1, 29.2, 29.3, 29.4, 30.6, 34.1, 35.4, 

35.7, 39.0, 39.3, 40.6, 52.0, 52.9, 53.2, 157.3, 157.5, 172.7, 173.2, 

173.8, 175.4 ppm.   

  

The LC-MS machine data showed that the combination of two arginine 

molecules with lysine in this tripeptide and myristic acid was produced 

successfully with a high purity ratio. Its molar M/Z= 668 which was 
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exactly the same as theoretical. Retention time: 8.11 min. 

Purity: >95%. Product: 0.51 g, 7.63 x 10-4 mol. 

 The 1H NMR and 13C NMR also confirmed that CH3(CH2)12CORRK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains two molecules of 

arginine and one lysine and coupled with myristic acid (400 MHz, 

CD3OD, 25 oC) δ= 0.84 (t, 3J = 8:00 Hz, 3H), 1.25(m, 22H), 1.51 (m, 

10H), 1.75 (m, 6H), 2.0 (t. 2H), 2.4 (t, 2H), 2.66 (m, 2H), 3.31 ( m, 

4H), 4.3 (m, 2H), 4.54 (m, 1H), 6.61 (s, 4H), 7.81 (s, 2H), 8.29 (s, 

3H) ppm. 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 22.4, 22.5, 23.6, 24.32, 

25.0, 25.6, 26.6, 28.6, 29.0, 29.1, 29.2, 29.3, 29.4, 30.4, 30.5, 31.8, 

34.0, 35.5, 35.7, 39.1, 39.2, 40.6, 52.0, 53.0, 53.20, 157.2, 157.3, 

172.7, 173.2, 173.7, 175.4 ppm.  
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The LC-MS machine data also showed that the combination of two 

arginine molecules with lysine in this tripeptide and palmitic acid was 

produced successfully with a high purity ratio. Its molar M/Z= 696 

which was exactly the same as theoretical. Retention time: 9.77 min. 

Purity: >96%. Product: 0.53 g, 7.61 x 10-4 mol. 

 The 1H NMR and 13C NMR also confirmed that CH3(CH2)14CORRK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains two molecules of 

arginine and one lysine and coupled with palmitic acid: (400 MHz, 

CD3OD, 25 oC) δ= 0.84 (t, 3J = 7.92.00 Hz, 3H), 1.25 (m,26H), 1.51 

(m, 10H), 1.75 (m, 6H), 2.0 (t, 3J = 7.92 Hz, 2H), 2.4 (t, 3J = 7.92 Hz, 

2H), 2.66 (m, 2H), 3.31 ( m, 4H), 4.3 (m, 2H), 4.54 (m, 1H), 6.61 (s, 

4H), 7.81 (s, 2H), 8.29 (s, 3H) ppm. 
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13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 22.4, 22.5, 23.4, 24.4, 

25.0, 25.7, 26.6, 28.6, 29.0, 29.1, 29.2, 29.3, 29.4, 29.5, 30.1, 30.4, 

30.5, 31.8, 34.05, 35.5, 35.8, 39.1, 39.2, 40.7, 52.0, 53.0, 53.2, 157.3, 

157.4, 172.7, 173.2, 173,7, 175.4 ppm. 

 

In this research, another cationic triple cell-penetrating peptide was 

produced, containing three different amino acids a molecule of glutamic 

acid (Fmoc-Glu(OtBu)-OH), arginine (Fmoc-Arg(Pbf)-OH) and lysine. 

Lysine was the first sequence of the produced peptide. Therefore, the 

Wang resin of lysine was used as a starting chemical (Lys(Boc)-Wang 

resin (100-200 mesh)). This tripeptide was produced by using the 

microwave solid-phase peptide synthesis via the Biotage microwave 

peptide synthesiser. The microwave was used as a source of energy, 

HBTU as a coupling agent, and DIPEA as a basic solution for coupling 

amino acids by an amide bond. (See Figure 3.5.) 
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Figure 3.5: Shows how to produce the triple peptide by using two molecules of arginine and lysine. The amino 

acid molecules were linked by an amide bond. 
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Similar to the previous peptide, this tripeptide also underwent 

conjugation with three different fatty acids. An amide bond couples the 

fatty acids with the peptides. The amide bond between fatty acids and 

peptides was formed by using HBTU as a coupling agent dissolved in 

DMF, and DIPEA was added to make it a basic solution. This coupling 

happened at room temperature under stirring overnight. (See figure 

3.6.) 
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Figure 3.6: Illustrates the chemical reactions that produce conjugated 

triple peptide (ERK) with three different fatty acids (A- lauric acid, B- 

myristic acid, and C- palmitic acid). An amide bond linked them 

together. 

 

The conjugated triple peptides with fatty acids (CH3(CH2)10COERK, 

CH3(CH2)12COERK, and CH3(CH2)14COERK) were fully characterized 
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using WATERS LC-MS, 1H NMR, and 13C NMR. Flash chromatography 

also was used to purify them. 

The LC-MS machine data indicates that a peptide with two arginine 

molecules combined with lysine and attached to lauric acid has M/Z= 

613, matching the theoretical value. It was also detected at a retention 

time of 8.92 min and had a purity greater than 96%. Also, the product's 

weight was 0.55 g, which is equivalent to 8.97 x 10-4 mol. 

The 1H NMR and 13C NMR confirmed that CH3(CH2)10COERK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains glutamic acid, 

arginine and lysine and coupled with lauric acid (400 MHz, CD3OD, 25 

oC) δ= 0.87 (t, 3J = 7.96 Hz, 3H), 1.27(m, 18H), 1.52 (m, 8H), 1.75 

(m, 4H), 2.0 (m, 4H), 2.31 (t, 3J = 7.96 Hz, 2H), 2.46 (s, 1H), 2.67 (t, 

3J = 7.96 Hz, 2H), 3.32 (t, 3J = 7.96 Hz, 2H), 4.41 (m, 2H), 4.42 (m, 

1H), 6.6 (s, 2H), 7.82 (s, 1H), 8.3 (s, 3H) ppm. 
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13C NMR (100 MHz, CD3OD, 25 oC) δ= 13.1, 22.4, 24.8, 25.6, 26.5, 

26.6, 28.7, 29.0, 29.2, 29.3, 29.4, 29.9, 30.3, 30.4, 31.7, 34.0, 35.4, 

35.7, 39.2, 40.7, 51.8, 52.8, 53.1, 157.3, 163.6, 172.5, 172.9, 173.7, 

175.3 ppm. 

 

The LC-MS machine data indicates that a tripeptide contains glutamic 

acid and arginine molecules combined with lysine and attached to 

myristic acid has M/Z= 641, matching the theoretical value. It was also 

detected at a retention time of 9.92 min, and had a purity >96%. 

Also, the product's weight was 0.548 g, which is equivalent to 8.55 x 

10-4 mol. 

The 1H NMR and 13C NMR confirmed that CH3(CH2)12COERK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains glutamic acid, 

arginine and lysine and coupled with myristic acid (400 MHz, CD3OD, 

25 oC) δ= 0.88(t, 3J = 7.92 Hz, 3H), 1.27(m, 22H), 1.52 (m, 8H), 1.75 

(m, 4H), 2.0 (m, 4H), 2.31 (t, 3J = 7.92 2H), 2.46 (s, 1H), 2.67 (t, 3J 

= 7.92 Hz, 2H), 3.32 (t, 3J = 7.92 Hz, 2H), 4.41 (m, 2H), 4.42 (m, 1H), 

6.6 (s, 2H), 7.82 (s, 1H), 8.3 (s, 3H) ppm.  
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13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 22.4, 23.3, 24.8, 25.6, 

26.5, 26.6, 27.4, 28.7, 29.0, 29.2, 29.3, 29.4, 29.9, 30.6, 31.8, 33.9, 

35.4, 35.7, 39.0, 39.2, 40.7, 51.7, 52.8, 53.1, 157.3, 172.4, 172.9, 

173.6, 175.1, 175.3 ppm. 

 

The LC-MS machine data indicates that a tiple peptide with glutamic 

and arginine molecules combined with lysine and attached to palmitic 

acid has M/Z= 669 , matching the theoretical value. It was also 

detected at a retention time of 11.02 min, and had a purity >97%. 

Also, the product's weight was 0.0.56 g, which is equivalent to 8.4 x 

10-4 mol. 

The 1H NMR and 13C NMR confirmed that CH3(CH2)14COERK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 
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1H NMR spectrum for a triple peptide that contains glutamic acid, 

arginine and lysine and coupled with palmitic acid (400 MHz, CD3OD, 

25 oC)  δ= 0.86(t, 3J = 8.00 Hz, 3H), 1.27(m, 26H),1.52 (m, 8H), 1.75 

(m, 4H), 2.0 (m, 4H), 2.31 (t, 3J= 8.00 Hz, 2H), 2.46 (s, 1H), 2.67 (t, 

3J = 8.00 Hz, 2H), 3.32 (t,3J = 8.00 Hz, 2H), 4.41 (m, 2H), 4.42 (m, 

1H), 6.6 (s, 2H), 7.82 (s, 1H), 8.3 (s, 3H) ppm. 

 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 22.4, 22.4, 23.3, 24.8, 

25.6, 26.5, 28.5, 28.7, 28.9, 29.0, 29.1, 29.2, 29.3, 29.4, 29.5, 29.9, 

30.3, 30.6, 31,8, 34.0, 35.4, 35.7, 39.0, 39.2, 40.7, 163.5, 172.4, 

172.9, 173.6, 175.1, 175.3 ppm. 

 

In this research, another cationic peptide was produced, but this 

peptide was composed of two molecules of amino acids which are 

arginine (Fmoc-Arg(Pbf)-OH) and lysine . Lysine was the first sequence 

of the produced dipeptide. Therefore, the Wang resin of lysine was used 

as a starting chemical (Lys(Boc)-Wang resin (100-200 mesh)). This 

dipeptide was produced by using the microwave solid-phase peptide 

synthesis via the Biotage microwave peptide synthesiser. The 

microwave was used as a source of energy, HBTU as a coupling agent, 

and DIPEA as a basic solution for coupling amino acids by an amide 

bond. (See Figure 3.7.) 
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Figure 3.7: Shows the chemical reaction of producing protected 

dipeptides that contain arginine and lysine.  

 

Similar to the previous peptide, this dipeptide also underwent 

conjugation with three different fatty acids. An amide bond couples the 

fatty acids with the peptides. The amide bond between fatty acids and 

peptides was formed by using HBTU as a coupling agent dissolved in 

DMF, and DIPEA was added to make it a basic solution. This coupling 

happened at room temperature under stirring overnight. (See figure 

3.8.) 
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Figure 3.8: Demonstrates the chemical reactions to produce 

conjugating dipeptides with three distinct fatty acids coupled with RK 

via amid bond. A- coupling lauric acid via amid bond to RK, B- coupling 

myristic acid with RK by amide bond, C- coupling palmitic acid via 

amide bond with RK. 

 

The LC-MS machine data indicates that a dipeptide that contained 

arginine  combined with lysine molecule and attached to lauric acid has 

M/Z= 484 , matching the theoretical value. It was also detected at a 

retention time of 8.54 min, and had a purity >96%. Also, the product's 

weight was 0.0.52 g, which is equivalent to 1.1 x 10-3 mol. 
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The 1H NMR and 13C NMR confirmed that CH3(CH2)10CORK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a dipeptide that contains a molecule of arginine 

and lysine and is coupled with lauric acid (400 MHz, CD3OD, 25 oC): δ= 

0.87 (t, 3J = 8.92 Hz, 3H), 1.28 (m, 18H), 1.52 (m, 8H), 1.75 (m, 4H), 

2.03 (t, 2H), 2.4 (t, 3J = 8.92 Hz, 1H), 2.68 (m, 2H), 3.32 (m, 2H), 

4.43 (t, 3J = 8.92 Hz, 1H), 6.61 (s, 2H), 7.81 (s, 1H), 8.2 (d, 3J = 8.92 

Hz, 2H) ppm. 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 22.4, 23.3, 24.5, 24.9, 

25.6, 26.5, 28.7, 29.0, 29.1, 29.3, 29.5, 29.6, 30.5, 31.7, 33.9, 35.4, 

39.0, 39.2, 40.7, 53.1, 57.5, 157.3, 173.2, 173.6, 175.1 ppm. 
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The LC-MS machine data indicates that a dipeptide that contained 

arginine  combined with lysine molecule and attached to myristic acid 

has M/Z= 512 , matching the theoretical value. It was also detected at 

a retention time of 9.72 min, and had a purity >96%. Also, the 

product's weight was 0.54 g, which is equivalent to 1.055 x 10-3 mol. 

The 1H NMR and 13C NMR confirmed that CH3(CH2)12CORK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a dipeptide that contains a molecule of arginine 

and lysine and is coupled with myristic acid: (400 MHz, CD3OD, 25 oC) 

δ= 0.86 (t, 3J = 7.92 Hz, 3H), 1.28 (m, 22H), 1.52 (m, 8H), 1.75 (m, 

4H), 2.03 (t, 3J = 7.92 Hz, 2H), 2.4 (t, 3J = 7.92 Hz, 1H), 2.68 (m, 2H), 

3.32 (m, 2H), 4.43 (t, 3J = 7.92 Hz, 1H), 6.61 (s, 2H), 7.81 (s, 1H), 

8.2 (d, 3J = 7.92 Hz, 2H) ppm. 
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13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 22.4, 22.8, 23.4, 24.5, 

24.9, 25.6, 26.5, 28.7, 29.0, 29.2, 29.3, 29.4, 30.6, 31.7, 34.0, 35.4, 

39.0, 39.2, 40.7, 53.1, 57.6, 157.3, 173.0, 173.7, 175.2 ppm. 

 

The LC-MS machine data indicates that a dipeptide that contained 

arginine combined with a lysine molecule and attached to palmitic acid 

has M/Z= 540, matching the theoretical value. It was also detected at 

a retention time of 10.87 min, and had a purity >96%. Also, the 

product's weight was 0.55 g, which is equivalent to 1.02 x 10-4 mol. 

The 1H NMR and 13C NMR confirmed that CH3(CH2)14CORK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

 

1H NMR spectrum for a dipeptide that contains a molecule of arginine 

and lysine and is coupled with palmitic acid: (400 MHz, CD3OD, 25 oC) 



100 
 

δ= 0.87 (t, 3J = 7.96 Hz, 3H), 1.28 (m, 26H), 1.52 (m, 8H), 1.75 (m, 

4H), 2.03 (t, 3J = 7.96 Hz, 2H), 2.4 (t,  3J = 7.96 Hz, 1H), 2.68 (m, 

2H), 3.32 (m, 2H), 4.43 (t, 3J = 7.96 Hz, 1H), 6.61 (s, 2H), 7.81 (s, 

1H), 8.2 (d, 3J = 7.96 Hz, 2H) ppm. 

 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 22.4, 23.3, 24.5, 24.9, 

25.7, 26.5, 28.8, 29.0, 29.1, 29.3, 29.4, 29.5, 30.3, 30.6, 34.0, 35.4, 

39.0, 39.2, 40.7, 53.1, 57.6, 157.3, 173.7, 175.7, 175.2, 175.4 ppm. 

 

In this research, another triple peptide was produced, but this peptide 

was composed of two molecules of the amino acids, which are aspartic 

acid (Fmoc-Asp(OtBu)-OH) and lysine. Lysine was the first sequence of 

the produced dipeptide. Therefore, the Wang resin of lysine was used 

as a starting chemical (Lys(Boc)-Wang resin (100-200 mesh)). This 

dipeptide was produced by using the microwave solid-phase peptide 

synthesis via the Biotage microwave peptide synthesiser. The 

microwave was used as a source of energy, HBTU as a coupling agent, 

and DIPEA as a basic solution for coupling amino acids by an amide 

bond. (See Figure 3.9.) 
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Figure 3.9: Illustrates the chemical reaction of producing protected 

tripeptides that contain two molecules of aspartic acid and lysine. 

 

Similar to the previous cationic peptides, this triple ionic peptide also 

underwent conjugation with three different fatty acids. An amide bond 

couples the fatty acids with the peptides. The amide bond between 

fatty acids and peptides was formed by using HBTU as a coupling agent 

dissolved in DMF, and DIPEA was added to make it a basic solution. 

This coupling happened at room temperature under stirring overnight. 

(See Figure 3.10.) 
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Figure 3.10: Shows the chemical reactions to produce conjugating 

tripeptides with three distinct fatty acids coupled with DDK via an 

amide bond. A- coupling lauric acid via amid bond to DDK, B- coupling 

myristic acid with DDK by amide bond, C- coupling palmitic acid via 

amide bond with DDK. 

 

The LC-MS machine data indicates that a dipeptide that contained two 

molecules of aspartic acid combined with a lysine molecule and 

attached to lauric acid has M/Z= 558, matching the theoretical value. 

It was also detected at a retention time of 10.35 min, and had a 

purity >97%. Also, the product's weight was 0.5 g, which is equivalent 

to 8.96 x 10-4 mol.  

The 1H NMR and 13C NMR confirmed that CH3(CH2)10CODDK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 
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1H NMR spectrum for a triple peptide that contains two molecules of 

aspartic acid and one lysine and was coupled with lauric acid (400 MHz, 

CD3OD, 25 oC): δ= 0.85 (t, 3J = 7.96 Hz, 3H), 1.27 (m, 18H), 1.52 (m, 

6H, 1.74 (m, 2H), 2.1 (t, 3J = 7.96 Hz, 2H), 2.65 (m, 2H), 2.85 (d, 3J 

= 7.96 Hz,  4H), 4.5 (m, 1H), 4.84 (m, 2H), 8.1 (s, 3H) ppm.  

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 22.4, 22.5, 25.1, 25.2, 

26.3, 26.5, 30.5, 30.7, 30.9, 34.8, 35.2, 35.5, 39.1, 39.3, 52.0, 52.1, 

52.2, 53.4, 172.2, 172.3, 173.2, 173.3, 174.0, 174.6, 175.2 ppm. 

 

The LC-MS machine data indicates that a tripeptide that contained two 

molecules of aspartic acid combined with a lysine molecule and 

attached to myristic acid has M/Z= 586, matching the theoretical value. 

It was also detected at a retention time of 11.61 min, and had a 

purity >97%. Also, the product's weight was 0.509 g, which is 

equivalent to 8.7 x 10-4 mol.  
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The 1H NMR and 13C NMR confirmed that CH3(CH2)12CODDK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains two molecules of 

aspartic acid and one lysine and coupled with myristic acid (400 MHz, 

CD3OD, 25 oC): δ= 0.89 (t, 3J = 7.96 Hz, 3H), 1.27 (m, 22H), 1.52 (m, 

6 H, 1.74 (m, 2H), 2.1 (t, 3J = 7.96 Hz, 2H), 2.65 (m, 2H), 2.85 (d, 3J 

= 7.96 Hz 4H), 4.5 (m, 1H), 4.84 (m, 2H), 8.1 (s, 3H). 

 

 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.3, 22.5, 22.7, 25.7, 25.8, 

26.6, 26.7, 30.6, 30.7, 31.0, 34.8, 34.9, 35.2, 35.6, 35.8, 39.6, 39.9, 

52.0, 52.2, 52.4, 53.6, 172.6, 172.7, 173.2, 173.8, 174.5, 174.9, 

175.3 PPM. 

The LC-MS machine data indicates that a tripeptide that contained two 

molecules of aspartic acid combined with a lysine molecule and 
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attached to palmitic acid has M/Z= 514, matching the theoretical value. 

It was also detected at a retention time of 12.58 min, and had a 

purity >97%. Also, the product's weight was 0.53 g, which is 

equivalent to 8.63 x 10-4 mol.  

The 1H NMR and 13C NMR confirmed that CH3(CH2)14CODDK was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains two molecules of 

aspartic acid and one lysine and coupled with palmitic acid (400 MHz, 

CD3OD, 25 oC): δ= 0.85 (t, 3J = 7.92 Hz, 3H), 1.27 (m, 26H), 1.52 (m, 

6H, 1.74 (m, 2H), 2.1 (t, 3J = 7.92 Hz, 2H), 2.65 (m, 2H), 2.85 (d, 3J 

= 7.92 Hz, 4H), 4.5 (m, 1H), 4.84 (m, 2H), 8.1 (s, 3H).  

 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ=13.1, 22.2, 22.4, 25.5, 25.8, 

26.4, 26.7, 30.5, 31.0, 31.8, 34.8, 35.2, 35.2, 35.3, 35.4, 35.5, 35.6, 

39.7, 40.2, 51.8, 52.1, 52.3, 53.8, 172.6, 172.8, 173.5, 173.7, 174.7, 

174.9, 175.3 ppm.  
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In this study, the final triple peptide was produced, but this peptide 

was composed of three molecules of glutamic acid (Fmoc-Glu(OtBu)-

OH). Glutamic acid was the first sequence of the produced tripeptide. 

Therefore, the Wang resin of glutamic acid was used as a starting 

chemical (Fmoc-Glu(OtBu)-Wang resin (100-200 mesh). This 

tripeptide was produced by using the microwave solid-phase peptide 

synthesis via the Biotage microwave peptide synthesiser. The 

microwave was used as a source of energy, HBTU as a coupling agent, 

and DIPEA as a basic solution for coupling amino acids by an amide 

bond. See Figure 3.11. 

 

Figure 3.11: Shows the chemical reaction of producing protected 

triple glutamic acid peptide.  

 

Similar to the previous ionic peptides, this triple ionic peptide also 

underwent conjugation with three different fatty acids. An amide bond 

couples the fatty acids with the peptides. The amide bond between 

fatty acids and peptides was formed by using HBTU as a coupling agent 

dissolved in DMF, and DIPEA was added to make it a basic solution. 

This coupling happened at room temperature under stirring overnight. 

(See Figure 3.12.) 
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Figure 3.12: Shows the chemical reactions to produce conjugating 

tripeptides with three distinct fatty acids coupled with EEE via an amide 

bond. A- coupling lauric acid via an amide bond to EEK, B- coupling 

myristic acid with EEE by an amide bond, C- coupling palmitic acid via 

an amide bond with EEE. 

 

The LC-MS machine data indicate that a tripeptide that contained three 

molecules of glutamic acid and was attached to lauric acid via an amide 

bond has M/Z= 587, matching the theoretical value. It was also 

detected at a retention time of 11.98 min, and had a purity >96%. 

Also, the product's weight was 0.48 g, which is equivalent to  

8.2 x 10-4 mol.  
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The 1H NMR and 13C NMR confirmed that CH3(CH2)10COEEE was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains three molecules of 

glutamic acid and is coupled with lauric acid (400 MHz, CD3OD, 25 oC): 

δ= 0.88 (t, 3J = 7.92 Hz, 3H), 1.25 (m, 16H), 1.48 (m, 2H), 2.4 (m, 

6H), 2.31 (t, 3J = 7.92 Hz, 4H), 2.45 (t, 3J = 7.92 Hz, 2H), 4.43 (m, 

2H), 4.53 (m, 1H), 8.1 (s, 3H) ppm. 

 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ=13.1, 16.4, 22.3, 25.6, 25.7, 

26.8, 26.9, 29.5, 30.4, 30.9, 31.6, 34.5, 34.5, 34.6, 34.7, 34.9, 35.3, 

51.3, 51.6, 52.6, 168.0, 168.3, 172.7, 172.9, 175.2, 175.3, 175.4 ppm.  

 

The LC-MS machine data indicate that a tripeptide that contained three 

molecules of glutamic acid and was attached to myristic acid via an 

amide bond has M/Z= 615, matching the theoretical value. It was also 

detected at a retention time of 11.36 min, and had a purity >96%. 

Also, the product's weight was 0.49 g, which is equivalent to  
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7.97 x 10-4 mol.  

The 1H NMR and 13C NMR confirmed that CH3(CH2)12COEEE was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains three molecules of 

glutamic acid and is coupled with myristic acid (400 MHz, CD3OD, 25 

oC): δ= 0.87 (t, 3J = 7.94 Hz, 3H), 1.25 (m, 20H), 1.48 (m, 2H), 2.4 

(m, 6H), 2.31 (t, 3J = 7.94 Hz, 4H), 2.45 (t, 3J = 7.94 Hz, 2H), 4.43 

(m, 2H), 4.53 (m, 1H), 8.1 (s, 3H) ppm. 

 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 16.5, 22.4, 25.8, 25.9, 

26.9, 27.1, 29.7, 30.5, 30.9, 31.7, 32.2, 32.9, 34.6, 34.7, 34.7, 34.8, 

35.0, 35.4, 51.5, 52.0, 52.8, 168.1, 168.4, 172.8, 172.9, 175.3, 175.4, 

175.4 ppm. 

 

The LC-MS machine data indicates that a tripeptide that contained 

three molecules of glutamic acid and attached to palmitic acid via an 

amide bond has M/Z= 643, matching the theoretical value. It was also 

detected at a retention time of 11.95 min, and had a purity >96%. 

Also, the product's weight was 0.507 g, which is equivalent to  
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7.9 x 10-4 mol.  

The 1H NMR and 13C NMR confirmed that CH3(CH2)14COEEE was 

produced, and it has high purity because all the peaks of its atoms (H, 

C) could be found, and the results are as follows. 

 

1H NMR spectrum for a triple peptide that contains three molecules of 

glutamic acid and is coupled with palmitic acid (400 MHz, CD3OD, 25 

oC): δ= 0.85 (t, 3J= 7.88 Hz, 3H), 1.25 (m, 24H), 1.48 (m, 2H), 2.4 

(m, 6H), 2.31 (t, 3J= 7.88 Hz, 4H), 2.45 (t, 3J= 7.88 Hz, 2H), 4.43 (m, 

2H), 4.53 (m, 1H), 8.1 (s, 3H) ppm. 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.1, 16.6, 22.5, 25.8, 26.0, 

27.0, 27.2, 29.8, 30.6, 31.0, 31.8, 32.3, 32.9, 33.3, 33.8, 34.7, 34.8, 

34.9, 35.0, 35.10, 35.4, 51.6, 52.2, 52.9, 168.2, 168.6, 172.8, 173.1, 

175.4, 175.5, 175.6 ppm. 

 

3.3.2 Discussion 

The microwave solid phase peptide synthesis (MSPPS) method was 

used to produce cationic tripeptides containing cationic amino acids 

(arginine and lysine). These cationic amino acids are known for their 

ability to enhance cellular uptake, making the peptide potentially more 
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effective in delivering therapeutic agents into cells. This modification 

aims to improve the peptide's efficiency in penetrating cell membranes.  

The first tripeptide that was produced in this research was a triple 

arginine peptide. This type of CPP can easily pass through cell 

membranes because arginine has a guanidinium group. Guanidinium 

has a high positive charge. This nitrogen-rich group connects to a 

carbon chain. When the body's pH level is around 7.4, the guanidinium 

group can take in a proton (H+) and make a positively charged 

guanidinium ion (NH2
+-C(=NH)-NH2). Thus, this protonation gives 

arginine its positive charge (see Figure 3.13). The positive charge of 

arginine interacts strongly with the negatively charged (phosphate, 

sulphate) cell membrane of the endothelial cells that make up the 

blood-brain barrier. In addition to embedding it in the liposomes and 

increasing its stability and permeability, it was conjugated with three 

different fatty acids: lauric acid, myristic acid, and palmitic acid. 

This research produced another triple peptide that contained two 

molecules of arginine and a lysine (RRK). Lysine possesses a side chain 

with a terminal amino group (NH2) attached to a carbon chain. This 

structure allows lysine to interact more effectively with negatively 

charged cell membranes, facilitating the peptide's entry into cells. 

Consequently, the incorporation of lysine alongside arginine is 

strategically designed to optimise the peptide's cellular penetration 

capabilities. (See Figure 3.13.)  

Additionally, the production of another triple peptide included a 

molecule of glutamic acid, arginine, and lysine. The properties of each 

amino acid guided the selection of the sequences for this tripeptide. 

The specific characteristics of glutamic acid, arginine, and lysine, such 

as their charge and hydrophilicity, influenced how they were arranged 

in the tripeptide. This careful selection is crucial for determining the 

peptide's overall function and stability. Glutamic acid is one of the ionic 

amino acids and is essential for normal synaptic transmission and 

neuronal communication in the brain, significantly helping to regulate 
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neuroplasticity, the brain's capacity for adaptation and self-recognition, 

as well as cognitive functions, including learning and memory. The 

enzyme glutaminase synthesises glutamic acid from glutamine in the 

brains of patients with Alzheimer's disease, following the same 

metabolic pathway as in healthy brains. This cycle includes the 

transformation of glutamic acid to glutamine in astrocytes, which is 

then transported back to neurones and reconverted to glutamic acid.198 

Glutamic acid may also be synthesised by transamination processes, in 

which an amino group is transferred from another amino acid to alpha-

ketoglutarate, resulting in the formation of glutamic acid. Changes in 

brain energy metabolism in Alzheimer's disease can influence glutamic 

acid levels. Decreased glucose usage may reduce glutamic acid 

synthesis, thereby affecting brain function.199,200 This led to the 

selection of glutamic acid. Glutamic acid has a side chain including a 

carboxylic group (-COOH) (see Figure 3.14), which, at physiological pH 

(ca. 7.4), undergoes deprotonation, producing a negatively charged 

carboxylate group (-COO-). This deprotonation is significant as it 

affects the molecule's chemical properties and interactions within the 

brain. Consequently, the negatively charged carboxylate group plays a 

crucial role in the function of glutamic acid as a neurotransmitter. The 

selection of the additional two amino acids, arginine and lysine in this 

tripeptide is dependent upon the previously stated reasons for selecting 

the other two peptides mentioned that contained arginine and lysine. 

These amino acids are chosen based on their complementary 

properties and roles in enhancing the overall functionality of the 

peptides. Their inclusion is essential for optimising interactions and 

ensuring effective signalling within neural pathways. The net charge of 

the produced peptide (ERK) is positive because glutamic acid is an ionic 

amino acid, and the other two are cationic amino acids. This positive 

net charge enhances the peptide's ability to interact with negatively 

charged molecules in the cell membranes, facilitating better binding 

and signalling. Consequently, these properties contribute to the 

peptide's overall effectiveness in biological processes. This lets it work 
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as a cell-penetrating peptide (CPP) and interact with the cell membrane 

through electrostatic forces.  

            

Figure 3.13: Shows the chemical structure of arginine and lysine with 

their selected active group that gives a positive charge at physiological 

conditions. 

 

This research prepared a final cationic peptide, a dipeptide containing 

arginine and lysine (RK). This dipeptide is important because both 

amino acids have a positive charge, which helps it have a strong 

interaction with negatively charged molecules in cell membranes. Such 

properties make RK a valuable candidate for using it as a valuable CPP. 

The aim behind making this peptide was to make it the smallest and 

work as a blood-brain barrier-penetrating peptide; also, the properties 

of arginine and lysine were important in that decision. This strategic 

design allows RK to potentially facilitate the delivery of therapeutic 

agents across the blood-brain barrier, overcoming a significant 

challenge in treating central nervous system disorders, especially AD. 

By leveraging the unique characteristics of arginine and lysine, this 

study hopes to improve drug efficacy and targeting. Similar to other 

peptides, it conjugates with all three fatty acids (see Table 1). This 

conjugation enhances the stability and bioavailability of the peptides, 

thereby optimising their ability to transfer drugs to the brain. By 
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incorporating fatty acids, the study aims to further improve the ability 

of RK to penetrate cellular membranes effectively.  

In this study, two ionic tripeptides were prepared, the first one of them 

which contained two molecules of aspartic acid (an ionic amino acid) 

coupled with lysine (EEK), and the other ionic tripeptide was triple 

glutamic acid (EEE). See Table 1. Both of them were synthesised 

through MSPPS via the Biotage microwave peptide synthesiser. Both 

ionic tripeptides were coupled with three distinct fatty acids as cationic 

peptides. The aim behind producing them was to use them as a control 

because they have a side chain including a carboxylic group (-COOH) 

(see Figure 3.14), which, at physiological pH (around 7.4), undergoes 

deprotonation, producing a negatively charged carboxylate group (-

COO-). Due to their negative charge, and when they reach the cell 

membrane, repulsion will happen between these triple ionic peptides 

and cell membrane because of the negative charge of the phosphate 

and sulphate groups of the cell membrane. 

 

In this study, all produced cationic peptides were linked to three 

different fatty acids through amide bonds: palmitic acid 

(CH₃(CH₂)₁₄COOH), myristic acid (CH₃(CH₂)₁₂COOH), and lauric acid 

(CH₃(CH₂)₁₀COOH), so that they would be ready to be embedded in 

liposomes for the next step of producing innovative vectors. These 

three fatty acids were chosen because they have different properties. 

Lauric acid is a 12-carbon saturated fatty acid that is known for its 

antimicrobial properties and has a moderate ability to pass through cell 

membranes. Myristic acid is a 14-carbon saturated fatty acid that is a 

little longer than lauric acid and may have better membrane integration 

properties. Palmitic acid is a 16-carbon saturated fatty acid that is even 

longer than the first two and may have stronger and enhanced 

hydrophobic interactions with cell membranes. These longer-chain 

fatty acids, such as palmitic acid, typically exhibit greater 

hydrophobicity, which can improve their ability to embed within and 
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influence the structure of cellular membranes. This characteristic can 

potentially enhance their biological activity and efficacy in various 

applications. Those fatty acids were chosen to be coupled with all 

produced peptides due to the above reasons. This coupling aims to 

improve the peptides' membrane permeability, facilitating their 

potential effectiveness in biological applications. By selecting fatty 

acids of varying chain lengths, the integration and interaction with 

cellular structures can be optimised. 

Comparing the results of conjugated cationic peptides with fatty acids 

to previous research, it is evident that the selection of fatty acids 

significantly influences the effectiveness of cell-penetrating peptides 

(CPPs). Li et al. (2013) demonstrated that the incorporation of fatty 

acids into CPPs enhances their ability to cross cell membranes. 

Myskova et al. (2023) investigated how lipid modifications improve the 

stability and delivery efficiency of CPPs. Studies show that acylated 

CPPs such as polyarginine peptides exhibit significantly higher cellular 

uptake compared to their non-acylated polyarginine, with 

enhancements of up to 13.7 fold.201 

This research corroborates previous findings but with higher purity due 

to the accuracy in preparing and using the microwave-assisted solid-

phase peptide synthesis (MSPPS) method for cationic peptides. 

In this research, all produced conjugated peptides with fatty acids have 

a high purity due to the accuracy in preparing and using the MSPPS 

method to prepare cationic peptides. Furthermore, using four folds of 

the coupling agents (HBTU, DIPEA) to couple the fatty acids with the 

peptides via amide bond and leaving the reaction to be processed 

overnight with continuous stirring gave a chance to couple all produced 

peptide molecules with the applied fatty acid molecules. Other two 

researches by showing that attaching fatty acids to cationic peptides 

such as polyarginine peptides makes them more stable and permeable, 

which makes them to produce innovative vectors for drug delivery. This 

improvement in stability and permeability helps these modified 
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peptides to effectively carry medications across biological barriers, 

making drug delivery systems more effective. Consequently, this 

approach could significantly improve the efficacy of drug delivery 

systems by enabling more reliable and efficient drug transportation to 

targeted areas of the body. 

 

 

   

Figure 3.14: Shows the chemical structure of arginine and lysine with 

their selected active group that gives a positive charge at physiological 

conditions. 

 

 

3.4 Peptide synthesis 

 All the peptides in this research were produced by microwave solid-

phase peptide synthesis (MSPPS) using the semi-automated Biotage 

microwave peptide synthesiser. This method allows for efficient and 

rapid synthesis of peptides by using microwave energy to facilitate the 

chemical reactions involved. The semi-automated nature of the Biotage 

synthesiser also enhances reproducibility and ease of use in peptide 
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production. The Wang resin was wetted, for instance, Fmoc-Lys(Boc)-

Wang (100–200 mesh) (0.2 mmol, 0.298 g), with dimethylformamide 

in a 10 mL SPPS reaction vessel to improve swallowing. Then it placed 

the mixture in the Biotage Initiator+ SP Microwave Peptide Synthesiser, 

allowing it to swell at room temperature with stirring. This step is 

crucial for ensuring that the resin is properly activated and ready to 

bond with the peptide sequences during synthesis after deprotected it 

by removing the (Fmoc) via using 20% piperidine in DMF.  

This deprotection step is crucial as it allows the amino group of the 

peptide to become active for subsequent coupling reactions. By 

removing the protecting group, the synthesis process can continue 

efficiently, leading to a more refined and effective peptide product. By 

controlling both temperature and stirring speed, the process promotes 

uniform mixing and enhances product formation. In the end, the 

deprotected resin was washed with DMF to eliminate the unwanted 

protecting group (Fmoc). This washing step is crucial for removing the 

Fmoc protecting group, which can hinder further reactions. By using 

DMF, a polar solvent, the process effectively cleans the resin, preparing 

it for subsequent steps in synthesis. To further lengthen the peptide 

chain by coupling the second amino acid, the coupling agent 2-(1H-

benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate 

(HBTU) was dissolved in DMF. The use of HBTU in DMF facilitates the 

activation of the second amino acid for coupling, ensuring a more 

efficient and effective peptide chain extension. This step is essential for 

maintaining the integrity of the synthesis process as it allows for 

precise bond formation between amino acids.  

The reaction must occur under basic conditions. These basic conditions 

facilitate the activation of the amino acid for coupling, ensuring that 

the reaction proceeds efficiently. This step is essential for successfully 

elongating the peptide chain and advancing the synthesis process. 

Consequently, diisopropylethylamine (DIPEA) was incorporated into 

the mixture to make a basic solution. Then the second amino acid was 
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added to the peptide sequence, such as Fmoc-Arg(Boc)-OH and 

vortexed for 3-5 minutes to generate an activated ester solution. The 

solution was subsequently added to the deprotected resin and placed 

in microwave irradiation, using double coupling due to the basic 

structural and chemical properties of arginine that make its binding 

with other molecules difficult. The guanidinium group of arginine can 

form strong electrostatic and hydrogen-bonding interactions; however, 

it is located at the end of a flexible hydrocarbon chain. This flexibility 

can result in entropic penalties that slow down binding, as the side 

chain fails to have additional functional groups to improve specific 

interactions. The double coupling process consists of two stages of 

reaction.  

The first reaction time was 5 minutes at 75 ± 2 °C and 500 RPM. The 

tube was eventually drained. The same solution of the protected amino 

acid was prepared similarly and introduced to the resin to start the 

second stage of the reaction (5 minutes, 75 +/- 2°C, 500 RPM). The 

mixture was afterwards drained and washed with DMF. The Fmoc 

deprotection of the amino acid was carried out by adding a solution of 

piperidine. This entailed a two-phase procedure: The initial stage 

consisted of permitting the reaction to occur for 3 minutes at 75 ± 2 °C 

with agitation at 500 RPM, followed by drainage. Following that, 

piperidine was introduced for the second stage. The second stage 

consisted of permitting the reaction to proceed for 10 minutes at 75 ± 

2 °C and 500 RPM. After that, the deprotected amino acid was washed 

with DMF (4 x 4 mL, 500 RPM). Peptide elongation can be achieved 

through the removal of the Fmoc protected group followed by the 

addition of a new amino acid until the desired amino acid sequence is 

attained.  

To enhance the purification of the peptide following its elongation, it 

was readied for the next phase of coupling with fatty acids. The 

component was put through three additional washing stages, using 

(4x5 mL) of DMF, dichloromethane (DCM), and methanol (MeOH) 
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repeatedly. These washing stages are crucial for removing any 

unreacted reagents and by-products that may interfere with the 

subsequent coupling process. By ensuring a clean peptide substrate, 

the efficiency and purity of the final product are significantly improved. 

 All the peptides that were produced in this research were characterised 

by LC-MS and NMR machines and purified by using flash 

chromatography, reverse phase C18 Sfar column.  

 

3.5 Coupling CPP-fatty acid with fluorophores 

Two cationic cell-penetrating peptides were conjugated with two 

distinct fluorophores, dansyl chloride and fluorescent isothiocyanate 

(FITC). A triple cationic peptide, including arginine, previously 

conjugated with palmitic acid, was further linked with the dansyl 

chloride fluorophore through a sulfonamide bond (See Figure 3.15). 
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Figure 3.15: Illustrates the mechanism of the chemical reaction between the triple arginine peptide-palmitic 

acid and dansyl chloride fluorophore, which occurs through a sulphonamide bond (blue bonds); all red bonds 

are amide bonds between amino acids and the fatty acid. 
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To confirm that the linkage between dansyl chloride and triple arginine-

conjugated palmitic acid was successfully coupled through a 

sulfonamide bond, ultraviolet light was used as a primary analysis of 

the result. This analysis showed that dansyl chloride was present and 

had a blue colour. Further characterisation was done by using LC-MS, 

1H NMR, and 13C NMR to determine the produced labelled peptide-

conjugated fatty acid and their purity. These advanced characterisation 

techniques provide a more comprehensive analysis of the chemical 

structures and interactions involved, ensuring that the experimental 

results are accurate and reliable. 

The LC-MS machine data indicates that a tripeptide that contained 

three molecules of arginine conjugated palmitic acid via an amide bond 

and coupled with dansyl chloride through sulphonamide bond has M/Z= 

1423, matching the theoretical value. It was also detected at a 

retention time of 14.96 min, and had a purity >94%. Also, the 

product's weight was 0.35 g, which is equivalent to 2.46 x 10-4 mol.  

The 1H NMR and 13C NMR confirmed that CH3(CH2)14CORRR was 

successfully coupled to dansyl chloride with high purity because all the 

peaks of its atoms (H, C) could be found. The results are as follows. 
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1H NMR spectrum for a triple peptide that contains three arginine and 

was coupled with palmitic acid and dansyl chloride fluorophore (400 

MHz, CD3OD, 25 oC) δ= 0.87 (t, 3J = 7.96 Hz, 3H), 1.25 (m, 24H), 1.63 

(m, 8H), 1.87 (m, 6H), 2.04 (s, 3H), 2.20 (t, 3J = 7.96 Hz, 3H), 2.86 

(s, 18H), 3.32 (m, 4H), 4.29 (m, 2H), 4.4 (m, 1H), 7. 18 (d, 3J = 7.96 

Hz, 3H), 7.47 (t, 3J = 7.96 Hz, 3H), 7.95 (s, 3H), 8.13 (t, 3J = 7.96 Hz, 

3H), 8.29 (d, 3J = 7.96 Hz, 3H), 8.32 (d, 3J = 7.96 Hz, 3H), 8.38 (d, 

3J= 7.96 Hz, 3H), 8.50 (d, 3J = 7.96 Hz, 3H) ppm. 

 

 

13C NMR (100 MHz, CD3OD, 25 oC): δ= 13.2, 22.4, 23.9, 24.3, 24.9, 

25.6, 25.7, 27.4, 28.5, 28.6, 28.8, 29.1, 29.3, 29.4, 29.5, 31.2, 31.8, 

32.6, 33.6, 35.4, 35.4, 35.7, 38.9, 40.5, 45.7, 45.8, 45.9, 46.0, 46.1, 

46.2, 53.2, 53.3, 53.44, 114.0, 114.4, 114.6, 115.0, 115.4, 115.5, 

118.1, 118.3, 118.7, 121.1, 121.2, 121.3, 123.1, 123.2 123.3, 125.4, 

125.5, 126.4, 127.3, 129.6, 130.5, 140.4, 140.6, 140.7, 143.2, 143.4, 

143.4, 157.1, 157.3, 157.6, 161.6, 161.9, 162.3, 172.1, 173.3, 175.3, 

176.0 ppm. 
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Another cationic triple cell-penetrating peptide, including one molecule 

each of glutamic acid, arginine, and lysine, was conjugated with 

palmitic acid and then labelled with fluorescent isothiocyanate (FITC) 

through amide bond (See Figure 3.16).  
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Figure 3.16: Illustrates the chemical reaction between a triple peptide containing lysine, arginine, and glutamic 

acid, coupled with palmitic acid, and then coupled with fluorescein isothiocyanate (FITC) fluorophore. This 

reaction occurs through carbonamide bond (blue bonds); all red bonds are amide bonds between amino acids 

and fatty acids. 
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The LC-MS machine data indicate that a tripeptide that contained 

glutamic acid, arginine, and lysine conjugated palmitic acid via an 

amide bond and coupled with FITC through carbonamide bond has 

M/Z= 1475, matching the theoretical value. It was also detected at a 

retention time of 15.05 min, and had a purity >95%. Also, the 

product's weight was 0.32 g, which is equivalent to 2.17 x 10-4 mol.  

The 1H NMR and 13C NMR confirmed that CH3(CH2)14COERK was 

successfully coupled FITC with high purity because all the peaks of its 

atoms (H, C) could be found. The results are as follows. 

 

 

1H NMR spectrum for a triple peptide that contains lysine, arginine, and 

glutamic acid conjugated with palmitic acid and FITC (400 MHz, CD3OD, 

25 oC) δ= 0.85(t, 3J = 7.96 Hz, 3H), 1.26(m, 26H),1.51 (m, 8H), 

1.74(m, 4H), 2.01 (m, 4H), 2.30 (t, 3J= 8.00 Hz, 2H), 2.44 (s, 1H), 

2.65 (t, 3J = 7.96 Hz, 2H), 3.30 (t,3J = 7.96 Hz, 2H), 4.41 (m, 2H), 

4.42 (m, 1H), 6.41 (d, 3J = 7.96 Hz, 4H), 6.3 (s, 2H), 6.5 (s, 4H), 7.05 

(d, 3J = 7.96 Hz, 4H), 7.3 (t, 1H), 7.43 (d, 3J = 7.96 Hz, 2H), 7.64 (d, 

3J = 7.96 Hz, 2H), 7.82 (s, 1H), 8.1 (s, 2H), 8.3 (s, 3H), 12.6 (s, 1H), 

13.01 (s, 1H) ppm. 
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13C NMR (100 MHz, CD3OD, 25 oC): δ= 13C NMR (100 MHz, CD3OD, 25 

oC): δ= 13.1, 22.4, 22.4, 23.3, 24.8, 25.6, 26.5, 28.5, 28.7, 28.9, 29.0, 

29.1, 29.2, 29.3, 29.4, 29.5, 29.9, 30.3, 30.6, 31,8, 34.0, 35.4, 35.7, 

39.0, 39.2, 40.7, 84.5, 84.8, 105, 105.1, 105.5, 105.7, 107.1, 107.5, 

107.8, 108, 109, 109.2, 109.5, 109.8, 124, 124.5, 127, 127.4, 128,9, 

129, 129.1, 129.6, 131, 131.4, 133.9, 134.3, 146.95, 147.5, 151.9, 

152, 152.4, 152.8, 153.5, 155.1, 155.4, 156.1, 165.7, 163.5, 168.9, 

169.5, 172.4, 172.9, 173.6, 175.1, 175.3 ppm. 

 

 

Coupling dansyl chloride with a triple arginine peptide conjugated to 

palmitic acid and FITC with a triple peptide of glutamic acid, arginine, 

and lysine conjugated to palmitic acid involves complex peptide 

synthesis techniques. The resulting conjugates were ready to be used 

for the next step, which was encapsulating them within liposomes. 

The coupling of dansyl chloride with a triple arginine peptide 

conjugated to palmitic acid and FITC with a triple peptide of glutamic 

acid, arginine, and lysine conjugated to palmitic acid demonstrates the 

versatility of peptide modification. These conjugates can enhance the 

delivery and visualisation of peptides in biological systems, offering the 

potential for targeted therapeutic and diagnostic applications. 

 

3.6 Conclusion 

The main purpose of combining cell-penetrating peptides (CPPs) with 

fatty acids like palmitic acid, myristic acid, and lauric acid was to embed 

the CPPs into the liposome, which has the potential to improve their 

capacity to pass across the blood-brain barrier. Combining fatty acids 

with CPPs can significantly increase their hydrophobicity, a crucial 

component for their ability to penetrate lipid membranes like the BBB 

wall and increase stability. 202–204  
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The lipophilic characteristics of peptides changed with fatty acids, 

significantly improving their capacity to pass through the blood-brain 

barrier. The modifications improve the hydrophobicity of peptides, 

encouraging their interaction with lipid membranes, which is essential 

for moving across the blood-brain barrier. Peptide-fatty acid uses the 

natural ability of lipophilic molecules to bind with lipid bilayers of the 

cell membrane, increasing the transport of therapeutic agents to the 

brain. Fatty acids improve the hydrophobicity of peptides, enabling 

their interaction with lipid bilayers, an important step for passing 

through cellular barriers such as the blood-brain barrier. The improved 

lipophilicity allows the electrostatic interaction of peptides through 

biological barriers, such as the blood-brain barrier. 205–207 

The choice of fatty acids may affect the ability of CPPs to deliver 

therapeutic drugs to the brain, with each fatty acid presenting a unique 

set of benefits. Fatty acids increase the hydrophobicity of CPPs, a 

crucial factor in their ability to cross the blood-brain barrier.203,208 This 

change could make it much easier for CPPs to interact with the lipid-

rich environment of the BBB, which could greatly improve how well 

CPPs work during the transition process. Additionally, the incorporation 

of fatty acids has the potential to improve the cellular absorption of 

CPPs, therefore making them more efficient in transporting medicines 

across the blood-brain barrier. This is especially important when 

targeting brain tissues, where effective delivery can sometimes be 

challenging. Fatty acid-modified CPPs may also adapt to specific cell 

types, potentially enabling more focused delivery of therapeutic drugs 

to the brain. 

The solid phase peptide synthesis (SPPS) method has been used to 

produce cationic tripeptides containing cationic amino acids (arginine 

and lysine) and then coupled with fatty acids via amide bond. The fatty 

acids associated with peptides are palmitic acid, myristic acid, and 

lauric acid, the main aim of coupling those fatty acids was to 

incorporate (embed) the peptides into liposomes. Also, it has several 
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advantages, particularly concerning the transport of drugs across the 

blood-brain barrier. One of the most well-known characteristics of 

cationic peptides is their capacity to interact with negatively charged 

cell membranes. Coupling these cell-penetrating peptides with fatty 

acids by a strong bond, which is an amide bond, which could further 

boost their hydrophobic strength could improve their ability to pass 

through biological membranes, including the blood-brain barrier. 

Additionally, fatty acids such as palmitic acid can stabilise the peptides, 

preventing them from being degraded by enzymes and increasing the 

amount of time they may be used effectively. Palmitic acid, which is 

well-known for its high hydrophobicity, can dramatically improve the 

membrane penetrating capacities of CPPs, which makes it a beneficial 

choice for BBB penetration. 202 Myristic acid strikes a balance between 

being hydrophobic and being flexible, which could be useful for keeping 

the structure of CPPs intact while also making them more effective at 

delivering drugs. 202 Lauric Acid, despite being less hydrophobic than 

palmitic and myristic acids, lauric acid can still enhance CPP penetration, 

albeit to a lesser extent than the other acids. Also, lauric acid has anti-

inflammatory properties.202  

Furthermore, fatty acids can increase the solubility of peptides in lipid 

environments, which in turn makes them more suited for encapsulation 

(embed) in liposomes. These advantages make this technique 

especially beneficial for transporting therapeutic drugs across the 

blood-brain barrier, potentially leading to an improvement in the 

treatment of neurological illnesses such as Alzheimer`s disease. 

Palmitic acid is often considered the best option for improving BBB 

penetration due to its high hydrophobicity. This is because it 

corresponds well with the physicochemical qualities necessary for 

optimal brain targeting. It is possible that the decision was changed 

based on the particular therapeutic setting and the desired balance 

between the risk of side effects and the effectiveness of the treatment. 

The use of fatty acid-modified CPPs has several larger consequences, 
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including the possibility of toxicity and the need for precision targeting 

to prevent off-target effects. Although palmitic acid shows promise, it 

is vital to consider these consequences.209 In addition, coupling CPP-

conjugated fatty acid with fluorophores facilitates the tracking and 

visualisation of embedded peptide-fatty acid complexes inside 

liposomes using fluorescence microscopy or other imaging methods. 

This assists in examining the distribution and dynamics of the loaded 

liposomes and tracking them to the targeted area. Dansyl chloride is 

an important tool for end-group analysis of peptides due to its binding 

capacity to primary and secondary amines. Dansyl chloride's 

fluorescence properties enable the visualisation of peptide localisation 

and distribution within the complicated biological environments of 

endothelial cells. 

Their maximum absorption wavelengths are 335 nm and 498 nm, and 

their maximum emission wavelengths are 500 nm and 517 nm, 

respectively. Both fluorophore-CPPs-fatty acid compounds were 

incorporated into the liposomes via a microfluidic system (dolomite), 

with the optimal concentration determined to be 2.5 mg/mL of the 

formulated liposome solvent.  
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Chapter 4: Vectors 

4.1 Summary 

This chapter discusses the production of liposomes composed of 70% 

L-alpha-phosphatidylcholine and 30% cholesterol by the microfluidic 

system (Dolomite). The liposomes were characterised using dynamic 

light scattering (DLS) to determine their size in solution, polydispersity, 

and diffusion constant; scanning electron microscopy (SEM) to assess 

their morphology; and a nanosizer (Zetaview) to evaluate their 

concentration, charge, and size. Initially, the liposomes were 

encapsulated with rhodamine B dye as model drugs. However, 

fluorescence microscopy revealed that rhodamine B did not remain 

encapsulated within the liposomes, as it could diffuse through the lipid 

bilayer. Then, dansyl chloride was coupled with a triple arginine-

conjugated fatty acid and fluorescein isothiocyanate was coupled with 

a triple peptide of glutamic acid, arginine, and lysine-conjugated fatty 

acid to find its characterisation before being applied as a delivery vector 

on an artificial BBB for the aim of tracking the effect and movement of 

the functionalised liposomes. 

Subsequently, two distinct peptide-fatty acids were embedded within 

the liposome membrane and fully characterised to be ready for the 

next step of this research, which is applying a functionalised produced 

vector on the artificial BBB to penetrate drugs. 

This chapter also talks about how the microfluidic system can be used 

to make liposomes, which are made up of L-alpha-phosphatidylcholine 

and cholesterol. The liposomes were characterised with dynamic light 

scattering (DLS) to determine their size and polydispersity in solution, 

SEM to determine their morphology and size, and a nanosizer 

(Zetaview) to check their concentration, charge, and size. The 

liposomes were initially loaded with a fluorophore (dansyl chloride and 

fluorescent isothiocyanate)-conjugated cationic peptide fatty acid for 

the purpose of tracking and visualising innovatively produced vectors 
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before their application to the artificial blood-brain barrier (growing 

endothelial cells on the nanofiber 3D scaffold). They were characterised 

by SEM and fluorescent microscopy. The produced liposomes were also 

encapsulated with rhodamine B dye for the purpose of using it instead 

of the drug and visualising its movement. The encapsulated liposomes 

with the rhodamine B dye were characterised by size exclusion 

chromatography, DLS, SEM, and fluorescent microscopy. 

4.2 Overview  

Microfluidic systems are quickly becoming known as the most accurate 

way to prepare lab-on-a-chip liposomes because they can make 

formulations that are very consistent and can be used again and again. 

This consistency in formulation is crucial for ensuring reliable results in 

experiments and applications. Additionally, the ability to reuse the 

system enhances efficiency and reduces waste in the liposome 

preparation process. This method enables precise control over various 

parameters, resulting in improved encapsulation efficiency and 

scalability, which is necessary for pharmaceutical applications.210,211 

The improved encapsulation efficiency allows for a higher concentration 

of active ingredients within the liposomes, making them more effective 

in delivering therapeutic compounds. Scalability ensures that this 

reliable preparation method can be adapted for both small-scale 

research and larger industrial production. Microfluidics allows the 

production of monodisperse liposomes, providing uniform size and 

distribution, which improves the success of drug delivery. This 

uniformity is crucial because it enhances the predictability of how the 

liposomes will behave in biological systems, leading to better 

therapeutic outcomes.212 Consequently, the combination of improved 

encapsulation and scalability positions these liposome formulations as 

highly effective tools in drug delivery for pharmaceutical applications. 

210 The microfluidic method could potentially be scaled up without 

compromising quality, as proven by research that effectively moved 

from laboratory settings to larger-scale production. Careful 
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modification of the flow rate ratios and lipid concentrations enables 

real-time optimisation of liposome properties. This adaptability ensures 

that the liposome formulations maintain their efficacy and safety even 

when produced in larger quantities, making them suitable for 

widespread clinical use. As a result, this method not only enhances the 

manufacturing process but also supports the development of more 

effective drug delivery systems.213  

Microfluidic methods have demonstrated the ability to improve drug 

loading and reduce lipid loss, which is essential for maintaining 

therapeutic efficacy. Microfluidics-generated liposomes can be 

produced for both passive and active targeting in 

neurological treatments, increasing drug delivery to the brain and 

minimising systemic toxicity. This targeted approach is particularly 

valuable in treating neurological disorders, where precise drug delivery 

is crucial for maximising therapeutic effects while minimising side 

effects.211 By optimising the delivery mechanism, microfluidics 

advances the overall efficacy and safety of treatments aimed at the 

central nervous system. 

 

4.3 Results and Discussion 

This section presents the findings of a study on liposomes made with 

L-alpha-phosphatidylcholine and cholesterol using a microfluidic 

system. Before starting to prepare liposomes, the microfluidic system 

was calibrated carefully to find the accurate flow rate to produce the 

desired liposome, which is their size of around 100 nm. After calibration, 

the unfunctionalized liposomes were produced in a microfluidic system 

with a lipid solution pump flow rate of 11.618 µL/min (pressure = 2 

bar) and a water pump flow rate of 24.93 µL/min (pressure = 2.6 bar) 

using a hydrophilic droplet junction chip (100 µm) at room temperature. 

The produced liposomes were characterised by DLS to find their size 

and polydispersity index (similarity in their size). See Figure 4.1. 
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According to the DLS result the mean diameter size liposomes (average 

diameter) of the generated liposomes was 97.9 nm. The polydispersity 

index was 0.09. The Diffusion coefficient was 1.504 x 10-8 cm2/sec. 

 

Figure 4.1: Demonstrates the intensity-weighted distribution of the 

unfunctionalised liposomes by DLS. 

 

SEM was used to find their morphology and size. It confirmed that the 

produced unfunctionalized liposomes had 100 nm in size. See Figure 

4.2.  

 

Figure 4.2: Illustrates the size of the produced liposomes via SEM.  
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 The unfactionalized liposomes also, characterised by a nanosizer 

(ZetaView) to find the concentration, charge and size. See figure 4.3 

used to find the concentration of the produced liposomes, size, and 

charge. According to the results of the nanosizer (ZetaView), the 

concentration of the produced liposomes was 3.6 × 10^15 particles/mL, 

and the median of their size was 95.9 nm. Also, the charge of the 

produced liposomes was found by the same machine, and it was 

neutral. 

 

Figure 4.3: Shows the nanosizer (ZetaView) data in finding 

the concentration and size of the produced liposomes by the 

microfluidic system.  

 

The microfluidic technique enabled the production of liposomes with a 

controlled size distribution. This controlled size distribution is crucial 

for optimising the liposomes' performance in drug delivery, as it can 

influence their circulation time, cellular uptake, and overall therapeutic 

efficacy. Consequently, the findings of this study highlight the 

advantages of using microfluidic methods in developing more effective 

liposomal formulations. The dynamic light scattering (DLS) results 

showed that the particles had a diameter of 97.9 nm and a low 

polydispersity index (PDI) of 0.09, which means they were similar. This 
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similarity in size distribution, indicated by the low PDI, is essential 

because it suggests that the liposomes behave consistently in biological 

systems, enhancing their reliability for targeted drug delivery. Such 

precise control over particle size can lead to improved drug delivery 

outcomes by ensuring a more predictable therapeutic response. Also, 

the diffusion constant of the produced liposomes was very low (1.504 

x 10-8 cm2/sec), this indicates larger or more viscous liposomes.   

The SEM also, confirms the produced liposomes that were made 

microfluidic system that their size was 100 nm and according to the 

SEM image they were spherical and similar. This measurement 

indicates that the liposomes are within a desirable size range for 

effective cellular uptake and distribution. Consequently, this size 

contributes to their potential efficacy in delivering therapeutic agents 

to specific targets within the body.  

A nanosizer machine (Zeta View) was confirmed the Median size of the 

98.2% of the produced liposomes was 95.9 nm , their concentration 

was (3.6x1015 particles/mL), and charge of the liposomes that were 

made was neutral. This indicates a high yield of liposomes that are 

similar in size, which is crucial for ensuring consistent behaviour in 

biological systems. The neutral charge further suggests minimised 

interactions with unintended targets, enhancing their delivery efficacy. 

This result matches what was found in a previous study, which showed 

that microfluidic techniques could make liposomes with controlled sizes 

and a low polydispersity index (PDI).214 This consistency in size and 

charge is essential for optimising the performance of liposomes in drug 

delivery applications. By achieving a low PDI, Diffusion constant and 

high concentration of the liposomes with their neutral charge can 

behave predictably within biological environments, leading to improved 

delivery of therapeutic outcomes. 
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4.4 Stability of liposomes 

The stability of the liposomes was monitored after producing them and 

full characterisation to the desired size (ca. 100 nm) for this research 

using a microfluidic system. This monitoring ensured that the 

liposomes maintained their structural integrity and functionality, which 

is crucial for their intended applications in drug delivery and other 

biomedical uses. By confirming their stability, the reliability of the 

experimental results can be proved. Therefore, before encapsulation, 

the liposomes were stored at room temperature and in the fridge (4 °C), 

and their diameter was monitored with DLS.  

 

4.4.1 Liposome stability at 24 oC 

The liposomes were produced via a microfluidic system (Dolomite) with 

a lipid solution (70% L-α phosphatidylcholine and 30% cholesterol). 

After its production, the size was measured by DLS at regular intervals, 

every hour, until the liposomes fused. (See Figure 4.4.) 

 

Figure 4.4: Illustrates the average stability of the liposomes at 24 oC 

for six times.  
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During the initial two hours, there was no significant change in the 

unfunctionalized liposomes` diameter. Afterwards, their size increased 

dramatically, and after 8 hours, all the produced liposomes were fused. 

This dramatic increase in size indicates that the liposomes underwent 

a process of aggregation, which typically occurs when they come into 

close proximity, leading to their merging into larger structures. By the 

end of the 8 hours period, this fusion resulted in a complete 

transformation of the initial liposome into larger aggregates. This 

process not only alters the physical characteristics of the liposomes but 

also may impact their functionality and interactions with other 

biological components. 

 

4.4.2 Liposome stability at 4 oC 

The liposomes were made from a mixture of L-α phosphatidylcholine 

and cholesterol. This was done using a microfluidic system. After their 

production was kept under 4°C for the first 8 hours, the size was 

measured by DLS at regular intervals, each for every hour, and then 

after 24 hours and until 120 hours, all liposomes were fused. See 

Figure 4.5. This careful monitoring allowed for an assessment of the 

liposome size and stability over time, ensuring that any changes could 

be promptly identified. By maintaining controlled conditions and 

measuring at set intervals, the aim is to optimise the liposome 

formulation for its intended application. 
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Figure 4.5: Shows the stability of the liposomes at 4°C. The liposomes 

can withstand a longer duration at lower temperatures. During the 

initial hours, there was minimal alteration in their diameter. 

Subsequently, they grew in size, and by day four, they had fused all 

the liposomes produced. 

 

The liposomes can remain for much shorter durations at room 

temperature (24 °C) than at lower temperatures. The liposomes made 

at room temperature were not as stable as the ones stored in the fridge, 

even though they were constantly mixed using a vortex. This 

comparison highlights the importance of temperature control in 

preserving liposome integrity, especially as the produced liposomes in 

this research were not PEGylated. According to this result, maintaining 

the liposomes at lower temperatures ensures their stability and 

enhances the reliability of subsequent experimental outcomes. The 

liposomes at 24°C rapidly grew in size as the first two hours remained 

the same, and then after 3 hours, their size increased dramatically, and 

the maximum remaining time was up to 7 hours, and after that time, 

all the produced liposomes fused together, leading to a loss of their 

individual characteristics. On the other hand, when liposomes were 

kept at 4 °C, there was no significant change in their size. This 

emphasises the need for strict time management during the 
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experiment to maintain liposome functionality and prevent unwanted 

aggregation. (See Figure 4.4.) At room temperature, increased kinetic 

energy may result in increased rates of liposome coalescence, which 

reduces stability.215 The cholesterol in the liposomes maintained the 

membrane's stability. However, as the temperature rose, the 

cholesterol's effectiveness decreased because the lipids were more 

likely to move around, which could lead to phase transitions.216 

Increasing temperatures speed up chemical decomposition processes, 

possibly resulting in a shorter storage period and reduced liposome 

stability.217 The liposomes were made up of 70% L-alpha-

phosphatidylcholine and 30% cholesterol in methanol and stored in the 

fridge (4 °C). The produced liposomes at 4 oC remained much longer 

than those stored at room temperature. The size of the liposomes did 

not appear to change significantly in the first 8 hours but gradually 

increased each day until they fused on day four (120 hours) (see Figure 

4.5). Many factors, including the lipids they contain and their storage, 

affect their stability. Cholesterol plays an important role in increasing 

the stability of liposomal bilayers by regulating membrane fluidity and 

decreasing permeability, which is critical for preserving structural 

integrity over time. It is essential for stabilising liposomes because it 

fills the spaces between phospholipid molecules; thus, it decreases 

membrane fluidity and permeability.216 This indicates that the 

composition and environmental conditions of the liposomes are crucial 

for maintaining their structural characteristics. As such, understanding 

these factors can help optimise liposome formulations for various 

applications. However, the absence of polyethylene glycol (PEG) may 

pose challenges to stability, as PEG molecules typically offer enhanced 

protection against degradation and fusion. The usage of L-alpha-

phosphatidylcholine creates a natural phospholipid environment, 

advantageous for biocompatibility, although susceptible to oxidation 

and hydrolysis over time. Keeping liposomes at 4°C reduces oxidative 

and hydrolytic breakdown, which becomes worse at higher 

temperatures.215 Therefore, careful consideration of storage conditions 
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is needed to maintain the integrity of liposomal formulations. This 

ensures that their therapeutic efficacy is preserved while minimising 

their potential degradation. As a solvent, methanol might affect the 

stability of liposomes by changing the structure and mobility of the lipid 

bilayer. This uncertainty arises because the behaviour of liposomes in 

methanol has not been as extensively studied, leaving gaps in our 

understanding of how this solvent influences their stability compared 

to water or cell culture medium. Consequently, further research is 

needed to fully elucidate the implications of using methanol on 

liposomal formulations. 

 

4.5 Rhodamine B Dye Encapsulation 

Rhodamine B dye encapsulated into the liposomes using a microfluidic 

system. This process allows for the precise control of liposome 

formation. The functionalised liposomes were characterised by DLS, 

SEM, and fluorescence microscopy. While the use of a microfluidic 

system enhances the similarity and size distribution of the resulting 

liposomes according to the DLS data, the size of encapsulated 

liposomes did not have a significant change, the polydispersity index 

(P.I.) rose to 0.154, and the diffusion coefficient also increased to 2.807 

x 10⁻⁷. (See Figure 4.6.) 
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Figure 4.6: Demonstrates the intensity-weighted distribution of the 

rhodamine B dye encapsulated into liposomes by DLS. 

 

The encapsulated liposomes were characterised by SEM; their size 

was also checked. (See Figure 4.7.) While for SEM the sample must 

be dry and by this process the liposomes shrink, which is why their 

size became smaller.  

 

 

Figure 4.7: Illustrates via SEM that rhodamine B dye was 

encapsulated in liposomes that were produced in a microfluidic system. 
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Fluorescence microscopy characterised the functionalised liposomes 

under two conditions. The first condition involved encapsulating 

rhodamine B dye into liposomes and checking their brightness. 

Fluorescent microscopy showed that the rhodamine B dye can move 

freely in and out of the liposomes because it was spread randomly (see 

Figure 4.8). The second step involved making liposomes with 

rhodamine B dye. However, the solvent changed from methanol to 

phosphate buffer saline (PBS) because methanol is harmful to 

endothelial cells (hCMEC/D3). After encapsulating rhodamine B dye 

within the liposome and using the PBS solution, it was then applied to 

the cells. See Figure 4.9. The results confirmed the movement of 

rhodamine B dye by observing its clear movement towards the low 

concentration. 

 

Figure 4.8: Illustrates the distribution of rhodamine B dye everywhere 

where liposomes after purification by size exclusion chromatography.  

 

The results of both experiments clearly showed that the rhodamine B 

dye could move freely. This shows that the dye can move freely through 

the liposomal structure, meaning it can easily pass through both the 

liposome and cell membranes. This shows the dye's ability to penetrate 

the liposomal layer (see Figure 4.8). The findings in this study also 
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demonstrated that rhodamine B can move through the cellular 

environment (human BBB endothelial cells). The restricted entry of the 

dye into the nucleus is probably due to its molecular size, charge, and 

the way the nuclear membrane allows certain substances to pass 

through. (See Figure 4.9.) 

 

 

Figure 4.9: Shows the mobility of rhodamine B dye after purification 

by size exclusion chromatography, and was applied to the human 

blood-brain barrier endothelial cells. 

 

The zwitterionic composition of rhodamine B dye aids this movement 

by promoting its solubility and diffusion in aquatic conditions 218  (See 

Figure 4.10.) This characteristic enables interaction with both 

hydrophilic and hydrophobic domains inside liposomes and cells. 

Molecular dynamics models show that rhodamine B can diffuse in 

different polyelectrolyte solutions. This shows that it can move through 

complex environments.219  For these reasons, we were unable to 

encapsulate the rhodamine B dye in the aqueous core of the liposome 

instead of the drug, which would have allowed it to penetrate the 

human blood-brain barrier endothelial cells. 

20 µm 
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Picture 4.10: Illustrates the chemical structure of Rhodamine B dye, 

showing its zwitterionic characteristics, which include both positive and 

negative charges within a single molecule. 

 

 

4.6  Vectors embedded by CPP conjugated fatty acid 

The cationic cell-penetrating peptides (CPPs) coupled with fatty acid 

(CH₃(CH₂)₁₄CORRK) and the ionic tripeptide coupled with fatty acid 

(CH₃(CH₂)₁₄CODDK) were embedded into liposomes using a 

microfluidic system. The produced liposomes, containing both peptide-

conjugated fatty acids, were characterised using dynamic light 

scattering (DLS) and scanning electron microscopy (SEM). These 

analyses were performed to ensure the liposomes were suitable for 

subsequent applications to endothelial cells, with the aim of studying 

their drug penetration ability. 

The cationic tripeptide-conjugated fatty acid (CH₃(CH₂)₁₄CORRK) and 

ionic tripeptide-conjugated fatty acid (CH₃(CH₂)₁₄CODDK) were 

embedded into the liposomes separately using a microfluidic system. 

The liposomes were composed of L-alpha-phosphatidylcholine and 

cholesterol, with 2.5 mg/mL of both conjugated tripeptides and fatty 

acids. 

The DLS results for liposomes embedded with cationic tripeptide and 

palmitic acid showed that the size of the embedded liposomes 
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increased slightly from 97.9 nm to 106.1 nm compared to 

unfunctionalised liposomes. (See Figure 4.11) This increase in size 

suggests that the incorporation of cationic tripeptides and palmitic acid 

alters the liposome structure, potentially enhancing their stability or 

functionality. The polydispersity index and diffusion coefficient of the 

functionalised liposomes also increased from 0.09 and 1.51 × 10⁻⁸ 

cm²/sec to 0.106 and 2.827 × 10⁻⁸ cm²/sec, respectively, compared 

to the unfunctionalised liposomes. SEM also confirmed that the 

functionalised liposome size increased slightly. (See Figure 4.12) 

 

Figure 4.11: Demonstrates the intensity-weighted distribution of the 

cationic CPP conjugated fatty acid (CH3(CH2)14CORRK) encapsulated 

into liposomes by DLS.  

 

For embedding the ionic tripeptide-conjugated fatty acid 

(CH₃(CH₂)₁₄CODDK), the same process was used. The functionalised 

liposomes were characterised by DLS and SEM. The DLS results 

demonstrated that the size of the functionalised liposomes increased 

slightly compared to the unfunctionalised liposomes, changing from 

97.9 nm to 113.0 nm. The polydispersity index and diffusion coefficient 

of the functionalised liposomes also increased slightly, from 0.09 and 

1.51 × 10⁻⁸ cm²/sec to 0.19 and 4.44 × 10⁻⁸ cm²/sec, respectively 

(see Figure 4.15). 
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These similarities indicate that while functionalisation has led to some 

changes in size and properties, the overall characteristics of the 

liposomes remain comparable. This suggests that the cationic and ionic 

tripeptides attached to the fatty acids did not significantly alter the 

basic structure of the liposomes. The results showed that both types of 

tripeptide-linked fatty acids can be effectively applied to an artificial 

blood-brain barrier (BBB) model (growing endothelial cells on a PAN–

Jeffamine electro spun nanofiber as a 3D scaffold). 

 

 

Figure 3.12: Illustrates via SEM that embedded liposomes by 

CH3(CH2)14CORRK were produced in a microfluidic system. The 

diameter of the generated functionalised vectors was (ca. 100 nm). 

 

 

For embedding the ionic tripeptide conjugated fatty acid 

(CH₃(CH₂)₁₄CODDK), the same process was used to embed it within 

the liposomes. The functionalised liposomes by ionic tripeptide-

conjugated fatty acid were characterised by DLS and SEM. The DLS 

results demonstrated that the size of the functionalised liposome 

increased slightly compared to the unfunctionalised liposomes, 

changing from 97.9 nm to 113.0 nm. Also, the polydispersity and 

diffusion constant of the functionalised liposomes were only slightly 
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greater than unfunctionalised liposomes (0.09 and 1.51 × 10⁻⁸ 

cm²/sec to 0.11 and 2.52 × 10⁻⁸ cm²/sec, respectively). (See Figure 

4.13). SEM also showed that the size of the embedded liposomes by 

ionic peptide-conjugated fatty acid was marginally increased (ca. 100 

nm). (See Figure 4.14.) 

 

Figure 4.13: Demonstrates the intensity-weighted distribution of the 

ionic tripeptide conjugated fatty acid (CH3(CH2)14CODDK) encapsulated 

into liposomes by DLS. 

 

 

Figure 4.14: Illustrates via SEM that embedded liposomes by 

CH3(CH2)14CODDKD were produced in a microfluidic chip system. The 

diameter of the generated functionalised vectors (ca. 100 nm.) 
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These similarities indicate that while the functionalisation has led to 

some changes in size and properties, the overall characteristics of the 

liposomes remain comparable. This means that the cationic and ionic 

tripeptides that were attached to the fatty acids did not significantly 

change the liposomes' basic structure. The results showed that both 

types of tripeptide-linked fatty acids can be effectively applied to an 

artificial blood-brain barrier (BBB) model (growing endothelial cells on 

a PAN–Jeffamine electrospun nanofiber as a 3D scaffold). In order to 

penetrate the drug after encapsulation in liposomes and embed them 

within tripeptides conjugated to fatty acids. 

Recently, studies have similarly explored the functionalisation of 

liposomes with CPPs and fatty acids to enhance their stability and drug 

delivery capabilities. For example, Bangera et al. looked at how 

polymer-lipid hybrid nanoparticles (PLHNs) modified with CPPs could 

be used to deliver drugs more precisely, showing better uptake by cells 

and better therapeutic effectiveness.220 This aligns with the findings of 

the current study, which also observed enhanced stability and 

functionality of liposomes upon conjugation with CPPs and fatty acids. 

Additionally, research by Ouyang et al. reviewed the progress of 

molecular dynamics simulations of CPP-membrane interactions, 

emphasising the importance of peptide-lipid interactions in enhancing 

CPP-mediated delivery.221 This study's findings on the increased size 

and altered properties of functionalised liposomes are consistent with 

these observations, suggesting that peptide–lipid interactions play a 

crucial role in modulating liposome characteristics. 

In conclusion, functionalising liposomes with cationic and ionic 

tripeptide-conjugated fatty acids enhances their stability and 

penetration ability, consistent with recent literature on CPP-based drug 

delivery systems. These findings contribute to a growing body of 

research on liposome functionalisation for improved therapeutic 

applications. 
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 4.7 Fluorophores-peptide-fatty acid embedded liposomes  

The FITC-peptide (ERK)-palmitic acid and the dansyl chloride-triple 

arginine-palmitic acid conjugates were both attached to fatty acids and 

encapsulated into liposomes using a Dolomite microfluidic system. The 

resulting liposomes, containing both fluorophore and peptide-

conjugated fatty acids, were characterised using dynamic light 

scattering (DLS), scanning electron microscopy (SEM), and 

fluorescence microscopy at 100x magnification. These 

characterisations were performed to ensure the liposomes were 

suitable for subsequent applications to endothelial cells, with the aim 

of studying their movement during drug penetration. 

The fluorophores-CPP-fatty acids (CH₃(CH₂)₁₄CORRR-Dansyl chloride 

and CH₃(CH₂)₁₄COERK-FITC) were embedded into the liposomes 

separately using a microfluidic system and its chip (Dolomite droplet 

junction chip, 100 µm etch depth, hydrophobic). The flow rate for the 

lipid and fatty acids-tripeptides-fluorophores solutions was 11.618 

µL/min, and the flow rate for the water solution was 24.93 µL/min. The 

liposomes were made up of 70% L-alpha-phosphatidylcholine and 30% 

cholesterol. There were 2.5 mg/mL of both fluorophores coupled with 

CPP-fatty acids. DLS, SEM, and fluorescence microscopy have 

characterised the size and brightness of embedded liposomes. The DLS 

result for embedded liposomes by dansyl chloride triple arginine 

coupled with palmitic acid confirmed that the size of the embedded 

liposomes was slightly increased from 97.9 nm to 117.1 nm compared 

to unfunctionalized liposomes. The polydispersity index and diffusion 

constant of the functionalised liposomes also, increased from 0.09 and 

1.505 × 10⁻8 cm²/sec to 0.107 and 4.442 × 10⁻8 cm²/sec, respectively, 

compared to the unfunctionalized liposomes. SEM, also, confirmed that 

the functionalised liposome size increased slightly. (See Figures 4.15 

and 4.16.) The fluorescence microscopy confirmed that dansyl chloride 

coupled with triple arginine peptide conjugated palmitic acid has a clear 

brightness and can be used to track and visualise them when applied 
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to the artificial BBB (growing endothelial cells on ZO-1 electrospinning 

nanofiber 3D scaffold) while its brightness slightly less than FITC. (See 

Figures 4.17 and 4.20.)  

 

Figure 4.15: Demonstrates the intensity-weighted distribution of the 

cationic CPP conjugated fatty acid (CH3(CH2)14CORRR-Dansyl chloride) 

encapsulated into liposomes by DLS.  

 

 

Figure 4.16: Illustrates via SEM that embedded liposomes by 

CH3(CH2)14CORRR-Dansyl chloride were produced in a microfluidic 

system. The diameter of the generated functionalised vectors ca. 100 

nm. 
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Figure 4.17: Illustrates the brightness of the dansyl chloride after 

coupling with the triple arginine peptide-palmitic acid and then 

embedding it in the liposomes. 

 

  

The DLS results for embedding liposomes by CH₃(CH₂)₁₄COERK-FITC 

also showed that the size of the embedded liposomes was 113.4 nm 

bigger than functionalized liposomes. The polydispersity and diffusion 

constant also increased and changed to 0.104, 4.338 × 10⁻⁸ cm²/sec, 

respectively. (See Figure 4.18.) 

The SEM results showed that produced embedded liposomes by 

CH₃(CH₂)₁₄COERK-FITC measuring 100 nm in size. (See Figure 4.19). 

Fluorescence microscopy showed a clear brightness when coupled 

dansyl chloride with triple arginine peptide conjugated palmitic acid, 

and confirmed that the embedded liposomes by FITC coupled to 

cationic cell-penetrating peptides were properly embedded in the 

liposomes. The data also clearly demonstrate that the FITC fluorophore 

exhibits superior brightness compared to dansyl chloride. This is 

attributed to the higher maximum excitation level of FITC, resulting in 

a more pronounced fluorescence signal in our microscopy analysis. 

(See Figure 4.20.)  

60 nm 
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Figure 4.18: Demonstrates the intensity-weighted distribution of the 

cationic CPP conjugated fatty acid CH3(CH2)14CORRR-FITC 

encapsulated into liposomes by DLS. 

 

 

Figure 4.19: Illustrates via SEM that embedded liposomes by 

CH3(CH2)14COERK-FITC were produced in a microfluidic system. The 

diameter of the generated functionalised vectors ca. 100 nm. 
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Figure 4.20: Illustrates the fluorescence intensity of the FITC 

fluorophore following its conjugation with a tri-peptide-fatty acid 

complex, specifically glutamic acid, arginine, and lysine-palmitic acid 

(CH₃(CH₂)₁₄COERK), and subsequent embedding into liposomes.  

 

The fluorophore-CPP-fatty acid embedded into the liposomes before 

being characterised had been purified by using size exclusion 

chromatography (SEC) using Sephadex G-50 as a stationary phase. 

The size exclusion chromatography (SEC) is a method that 

differentiates molecules according to their sizes, which is especially 

advantageous for isolating fluorophore-CPP-fatty acid complexes 

embedded into liposomes from unembedded molecules and 

contaminants. The process depends on the varying capacity of 

molecules to enter the pores of the stationary phase, which consists of 

porous beads (Sephadex G-50). Smaller contaminants penetrate the 

pores and elute later, while larger molecules like the fluorophore-CPP-

fatty acid complexes embedded into liposomes, excluded from entering 

the pores and therefore elute quicker. Size-based separation happens 

without chemical contact between the solutes and the stationary phase. 

This makes SEC a gentle method that maintains the integrity of the 

complexes. 

The study successfully demonstrated the encapsulation of FITC-peptide 

(ERK)-palmitic acid and dansyl chloride-triple arginine-palmitic acid 

50 nm 
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conjugates into liposomes using a Dolomite microfluidic system. 

Characterisation of the resulting liposomes using dynamic light 

scattering (DLS), scanning electron microscopy (SEM), and 

fluorescence microscopy confirmed their suitability for application to 

endothelial cells. The DLS results indicated a slight increase in the size 

of functionalised liposomes compared to unfunctionalised ones, with 

corresponding increases in the polydispersity index and diffusion 

constant. SEM analysis corroborated the size increase, while 

fluorescence microscopy demonstrated the clear brightness of the 

fluorophores, with FITC exhibiting superior brightness compared to 

dansyl chloride. These findings suggest that the functionalised 

liposomes are effective carriers for drug delivery across biological 

barriers, such as the blood-brain barrier (BBB). 

Recent research has similarly highlighted the potential of liposome-

based delivery systems for enhancing drug delivery efficacy. For 

instance, studies have shown that the incorporation of fluorophores 

and peptides into liposomes can significantly improve their stability and 

permeability, aligning with the findings of this study.222 Also, 

improvements in liposomal nanotechnology have made it possible to 

create targeted and stimuli-responsive liposomes, which make drug 

delivery even more precise and effective.223 These advancements 

underscore the importance of continued innovation in the design and 

application of liposome-based delivery systems for overcoming 

biological barriers and improving therapeutic outcomes. 

In conclusion, the encapsulation of fluorophore-CPP-fatty acid 

conjugates into liposomes using microfluidic systems represents a 

promising approach for enhancing drug delivery across the BBB. The 

findings of this study are consistent with recent literature, highlighting 

the potential of liposome-based systems to improve the stability, 

permeability, and overall efficacy of therapeutic agents. 
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4.8 Conclusion 

For liposome production using the microfluidic system, the L-α-

phosphatidylcholine was solubilised in methanol. A second solution was 

created by dissolving cholesterol in methanol. After mixing the first and 

second solutions, they were transferred to Pump A, which is linked to 

the central conduit of the microfluidic chip (droplet junction chip, 100 

µm etch depth, hydrophobic). At the same time, Pump B was primed 

with distilled water and served to cut the liposome to size. The flow 

rate was optimised to produce the necessary liposome sizes. This 

careful optimisation of flow rates ensures that the liposomes formed 

are similar in size, which is crucial for their intended applications in 

drug delivery and other biomedical uses. Controlling the mixing and 

cutting processes is a precise achievement of liposome characteristics 

tailored to specific needs. In order to find the best flow rate, the size 

of the liposomes that were made was measured at many different flow 

rates.  

It was found that using 11.6 µL/min (pressure: 2 bar) for the lipid 

pump and 24.9 µL/min (2.6 bar) for the aqueous solution pump made 

liposomes that were about 100 nm in size, with a low polydispersity 

index (0.09) and low diffusion coefficient (1.504 x 10-8 cm2/sec). This 

was achieved by dynamic light scattering (DLS), also scanning electron 

microscopy (SEM) confirms the morphology (size and spherical shape) 

of the produced liposomes (100 nm). The nanosizer (ZetaView) 

illustrated that the median of the produced liposomes was 95.9 nm, 

and their concentration was 3.6x1015 particles/mL, and their net charge 

was 97.9% neutral. Therefore, this specific flow rate combination was 

crucial in optimising the liposome size, demonstrating the importance 

of precise control in the formulation process. These characterisation 

techniques allowed for a comprehensive assessment of the liposomes' 

size, shape, and stability, ensuring they met the intended specifications 

for their application. Ultimately, this thorough analysis confirms the 

success of the formulation process in producing high-quality liposomes. 
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This is excellent for stability and compatibility in a wide range of 

applications. The measurements showed that the vectors that were 

made are about the same size and ready to be used as innovative 

vector for drug delivery. 
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Chapter 5: In Vitro Cell Culture Study 

 

5.1 Summary 

This chapter outlines the results from the use of embedded liposomes, 

including cell-penetrating peptide (CPP)-fatty acid conjugates, on the 

model blood-brain barrier (BBB) human endothelial cells. It also 

evaluates the toxicity and penetration capacity of CPP-fatty acids, 

specifically palmitic acid, myristic acid, and lauric acid, using MTT tests 

and live cell image analysis (Incucyte) at various concentrations (3.6 x 

102, 3.6 x 103, 3.6x104, 3.6 x105 particles/mL). The toxicity of the CPP-

fatty acid conjugates was measured using the MTT test. Different 

concentrations of the conjugates were tested to evaluate their cytotoxic 

effects on human blood-brain barrier endothelial cells (same 

concentration used for live cell image analysis). The results indicated 

that CPP fatty acids (palmitic acid, myristic acid, and lauric acid) were 

non-toxic at all tested concentrations.  

The cell viability was above 95%, indicating the safety of these 

conjugates for blood-brain barrier applications. The Incucyte 

machinery was used to observe the real-time effects of CPP-fatty acid 

conjugates on human blood-brain barrier endothelial cells. The 

investigation confirmed the conjugates' non-toxic characteristics by 

observing no significant changes in cell shape or growth over the 48-

hour experimental duration. The cells maintained their integrity and 

functioned properly, hence confirming the safety of the CPP-fatty acid 

conjugates. Furthermore, the penetration ability of the CPP-fatty acid 

conjugates was determined by applying different concentrations of 

vectors embedded by cationic peptide fatty acids and encapsulated by 

L-carnosine as a drug to cross the blood-brain barrier model. The 

results showed that the conjugates were able to penetrate the model 

BBB endothelial cells and be taken up by those cells in a big way and 
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could penetrate the encapsulated drug. The liposomal delivery system 

made this possible by making the CPP-fatty acids more bioavailable. 

The findings of this study show that liposomes embedded by CPP-fatty 

acid conjugates have a lot of potential as reliable and innovative 

vectors for drug delivery involving the blood-brain barrier. MTT tests 

showed that the conjugates are not toxic, which means they could be 

used to improve drug delivery systems for the brain in the future. The 

liposomal embedding method works well to improve the transport of 

therapeutic drugs to the brain for treating Alzheimer's disease because 

it can fuse through the artificial blood-brain barrier and transport 

carnosine. 

 

5.2 Overview of drug delivery to the brain 

The main problem in neurological research is getting medicines across 

the blood-brain barrier (BBB). This is because the BBB protects the 

central nervous system (CNS) but makes it hard to get medicines into 

the CNS. The blood-brain barrier is a selective permeability barrier that 

allows only certain substances to pass while blocking others, which 

complicates the delivery of therapeutic agents. Consequently, 

developing effective treatments for neurological conditions becomes 

challenging, researchers must find innovative ways to cross this barrier. 

Researchers are looking into several techniques to optimise medication 

delivery to the brain with the objective of enhancing treatment results 

for central nervous system illnesses. These solutions include both 

invasive and non-invasive techniques, using improvements in 

nanotechnology, biological treatments, and innovative delivery 

systems. The following paragraph clarifies these methodologies and the 

models used for evaluation. 

Nanotechnology: Nanoparticles, liposomes, and dendrimers are used 

to encapsulate drugs, hence improving their translocation across the 

blood-brain barrier. These technologies enhance drug stability and 
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targeting efficacy, providing positive results in preclinical research. 

These systems can encapsulate therapeutic drugs, protecting them 

from degradation and improving their movement across the blood-

brain barrier. 

 

5.3 Toxicity assessment  

The toxicity of the produced vectors was assessed by using different 

methods. In these methods, different concentrations of vectors were 

used on human BBB endothelial cells in a lab to see if they could harm 

the cells. The results from these assessments provide crucial insights 

into the safety and suitability of the vectors for drug delivery 

applications. These insights are essential for determining whether the 

vectors can be safely used in medical treatments, particularly in 

targeting the blood-brain barrier. Understanding their toxicity levels 

allows for the optimisation of vector formulations for both effective and 

safe drug delivery. 

 

5.3.1 MTT assay 

This study successfully generated vectors (liposomes) containing cell-

penetrating peptides (CPPs) conjugated with fatty acids (lauric acid, 

myristic acid, and palmitic acid) and subsequently embedded them in 

liposomes as detailed in the previous chapter. This approach enhances 

the delivery of CPPs, improving their ability to penetrate cell 

membranes. By utilising fatty acids, the study optimises the stability 

and efficacy of the liposomal vectors embedded by cell penetrating 

triple peptide that contained two molecules of arginine and a lysine 

conjugated palmitic acid, lauric acid and myristic acid differently. Four 

different concentrations (3.6x10², 3.6x10³, 3.6x10⁴, and 3.6x10⁵ 

particles/mL) of these embedded liposomes were prepared and applied 

to human blood-brain barrier endothelial cells to evaluate their toxicity 

using the MTT assay.  On the other hand the same concentrations of 
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embedded liposomes by ionic tripeptide conjugated fatty acids 

[CH3(CH2)10CODDK, CH3(CH2)12CODDK, CH3(CH2)14CODDK] were 

applied. The varying concentrations of liposomes were tested to 

determine their impact on cell viability, providing insights into the 

potential safety of these delivery systems. This evaluation is crucial for 

assessing the feasibility of using liposomal vectors in therapeutic 

applications targeting the blood-brain barrier. The results indicated that 

liposomes embedded with cationic CPP-conjugated fatty acids showed 

minimal toxicity, maintaining cell viability over 95% for the peptide, 

including two arginine residues, one lysine residue, and three different 

fatty acids: palmitic acid, myristic acid, and lauric acid. (See Figures 

5.1, 5.2, and 5.3.) This finding suggests that the specific composition 

of the liposomal vectors enhances their biocompatibility, making them 

promising candidates for targeted drug delivery. By ensuring high cell 

viability, these vectors can potentially minimise side effects when used 

in treatments aimed at the central nervous system. 

The improved cell viability shown in the present research conforms with 

previous research indicating the biocompatibility of CPPs as delivery 

vectors. Porosk et al. (2019) demonstrated that increasing fatty acid 

length content in CPPs significantly increased siRNA transfection 

efficiency while minimising cytotoxicity. 224 

Rauch et al. (2023) similarly found that cell-penetrating peptides (CPPs) 

containing positively charged amino acids, such as arginine and lysine, 

significantly improved nucleic acid transport into cells while 

maintaining high cell viability. 225 

The use of palmitic acid, myristic acid, and lauric acid as coupling 

agents in our study confirms the idea that fatty acids might improve 

the stability and efficacy of CPP-based delivery systems. Previous 

studies indicate that incorporating fatty acids into CPPs reduces their 

hydrophilic properties and increases their electrostatic interaction with 

cell membranes, therefore increasing bioavailability and decreasing 

cytotoxicity. The results of this study support these conclusions since 
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the CPP-conjugated fatty acids in our liposomal formulations 

demonstrated improved biocompatibility and minimal toxicity. These 

results show that using cationic CPP-conjugated fatty acids not only 

makes drug delivery systems work better, but they also make them 

safer for possible drug delivery. Consequently, these findings highlight 

the promising role of fatty acids in optimising CPP-based formulations. 

Furthermore, the MTT assay findings demonstrated that cell viability 

was above 95% at all applied concentrations of embedded liposomes 

on the blood-brain barrier endothelial cells. This indicates that the CPP-

coupled fatty acids did not cause substantial cell death, even at high 

doses. This is especially crucial for potential therapeutic applications, 

simply because it confirms the safety and effectiveness of different 

concentrations for delivery vectors inside a biological system. 

The results of this study further support the efficacy and safety of using 

CPPs in combination with fatty acids as delivery systems. A research 

study by Bangera et al. (2023) highlighted the numerous advantages 

of using CPPs for the delivery of drugs, particularly their ability to 

penetrate cell membranes and deliver therapeutic compounds with less 

cytotoxicity. The results of this research validate previous data and 

further demonstrate the potential of CPP-coupled fatty acids in 

therapeutic applications.220 

According to the results, multiple research studies have shown differing 

levels of cytotoxicity linked to CPPs, depending upon their composition 

and the characteristics of the conjugated molecules. Timotievich et. al. 

(2023) observed that arginine-rich peptides (RRPs) facilitated high 

transmission levels with little toxicity, but other cell-penetrating 

peptides (CPPs) displayed higher toxicity levels. This highlights the 

need for optimising the composition of CPPs to improve their 

biocompatibility and efficacy for treatment.226 

The results of this study improved that the cationic CPPs conjugated 

with fatty acids represent a potential drug delivery strategy. The 
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improved biocompatibility and minimal toxicity shown in the liposomal 

formulations indicate the possibility for safe and effective therapeutic 

applications. 
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Figure 5.1: Shows that over 95% of the human blood-brain barrier 

endothelial cells (hCMEC/D3) were still alive 24 hours after being 

exposed to four different vector concentrations containing a triple 

peptide consisting of two arginine residues and one lysine residue, 

along with fatty acids (lauric acid, myristic acid, and palmitic acid). 
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Figure 5.2: Demonstrates that more than 95% of the human blood-

brain barrier endothelial cells (hCMEC/D3) were still alive 48 hours 

after being exposed to four different vector concentrations. The vectors 

were made up of a cationic triplet peptide with two arginine residues 

and one lysine residue, along with fatty acids such as lauric acid, 

myristic acid, and palmitic acid. 

 



164 
 

C
ontr

ol

3.
6*

10
^2

3.
6*

10
^3

3.
6*

10
^4

3.
6*

10
^5

0

50

100

150

MTT assay 72 hrs Lauric acid-RRK

Concentrations of Vectors (particles/mL)

M
T

T
 r

e
d

u
c

ti
o

n
 (

C
o

n
tr

o
l%

) 
o

f 
h

C
M

E
C

/D
3

ns

C
ontr

ol

3.
6*

10
^2

3.
6*

10
^3

3.
6*

10
^4

3.
6*

10
^5

0

50

100

150

MTT assay 72 hrs Myristic acid-RRK

Concentrations of Vectors (particles/mL)

M
T

T
 r

e
d

u
c

ti
o

n
 (

C
o

n
tr

o
l%

) 
o

f 
h

C
M

E
C

/D
3

ns

 

C
ontr

ol

3.
6*

10
^2

3.
6*

10
^3

3.
6*

10
^4

3.
6*

10
^5

0

50

100

150

MTT assay 72 hrs Palmitic acid-RRK

Concentrations of Vectors (particles/mL)

M
T

T
 r

e
d

u
c

ti
o

n
 (

C
o

n
tr

o
l%

) 
o

f 
h

C
M

E
C

/D
3

ns

 

Figure 5.3: Illustrates that 72 hours after exposure to four different 

vector concentrations, more than 95% of the human blood-brain 

barrier endothelial cells (hCMEC/D3) remained alive. The vectors were 

embedded with a cationic triplet peptide that had two arginine residues 

and one lysine residue. Fatty acids such as lauric acid, myristic acid, 

and palmitic acid were also present. 
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5.4 Toxicity assessment of the ionic peptides 

This study examines the cytotoxic effects of liposomes containing an 

ionic triple peptide consisting of two glutamic acid residues, one lysine 

residue, and palmitic acid on human blood-brain barrier (BBB) 

endothelial cells. Four different concentrations of liposomes were 

prepared, with 8,000 cells seeded in each well (3.6x10², 3.6x10³, 

3.6x10⁴, and 3.6x10⁵ particles/well). The cytotoxicity was evaluated 

using the MTT assay.  

Cell viability, assessed via the MTT assay, ranged from 60% to 70% 

after 24 hours at all concentrations, subsequently decreasing over time. 

After 48 hours, cell viability decreased to 40% to 50% and further 

declined to 20% to 30% after 72 hours, indicating moderate 

cytotoxicity (see Figure 5.4). The anionic peptides caused cell 

shrinkage, indicating their toxicity. Similar to cationic peptides, the 

ionic peptide was coupled with palmitic acid and embedded into 

liposomes. 

The triple peptide possesses a net negative charge due to two glutamic 

acid residues, although the lysine residue partially decreased this 

charge. The cell membrane also carries a negative charge, leading to 

repulsion between the endothelial cells and the anionic triple peptide. 

This study highlights the potential limitations of using negatively 

charged amino acids like glutamic acid in peptides. The observed 

moderate cytotoxicity indicates that interactions between a negatively 

charged peptide and the cell membrane may be less favourable than 

those involving positively charged peptides. This finding validates 

previous research indicating that the charge and hydrophobicity of cell-

penetrating peptides (CPPs) are crucial for their interactions with cells. 

In comparison, other researchers have investigated the application of 

liposomes for drug delivery across the blood-brain barrier (BBB). 

Studies demonstrate that liposomes can enhance the transport of 

therapeutic agents across the blood-brain barrier by targeting specific 
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receptors on endothelial cells, thereby increasing efficacy and reducing 

toxicity. 227 

Liposomal formulations have demonstrated the ability to circumvent 

active transporters at the blood-brain barrier, leading to substantial 

modifications in drug delivery mechanisms. 228 The cytotoxicity 

demonstrated in this study highlights the necessity of optimising the 

composition of CPPs to improve their biocompatibility and effectiveness. 

The results indicate that liposomes are an efficient method for drug 

delivery across the blood-brain barrier; however, the specific 

composition of the encapsulated peptides is crucial for assessing their 

efficacy and cytotoxicity. Additional research is required to enhance 

these formulations for optimal therapeutic efficacy. 
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Figure 5.4: Illustrates the cytotoxicity of various liposome 

concentrations on the human blood-brain barrier endothelial cells 

(hCMEC/D3), embedded with ionic triple peptides consisting of two 

glutamic acid residues and one lysine residue, and coupled with fatty 

acids at different times: 24, 48, and 72 hours. It is evident that the 

cells' viability declined as the duration of exposure increased. This is 

because the net charge of the peptide was negative, and the cell 

membrane has a negative charge too; therefore, repulsion happened, 

and as a result, the cells died. 

 

 

 

5.5 Applying vector to the BBB model  

This study successfully produced vectors containing cell-penetrating 

peptides linked to fatty acids, embedded within liposomes. The primary 

objective was to evaluate the cytotoxicity of these functionalised 

liposomes (embedded tripeptide-fatty acids within the liposome) using 

the MTT assay on human endothelial cells. The results indicated that 

the vectors functionalised with cationic cell-penetrating tripeptides 

were biocompatible, as cell viability remained above 95%. 
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Following the confirmation of biocompatibility, different concentrations 

(3.6x10², 3.6x10³, 3.6x10⁴ particles/mL) of the functionalised vectors 

were prepared and embedded within liposomes. Two types of 

tripeptides conjugated to fatty acids were used: three cationic 

tripeptides conjugated fatty acids, CH₃(CH₂)₁₀CORRK (lauric acid), 

CH₃(CH₂)₁₂CORRK (myristic acid), and CH₃(CH₂)₁₄CORRK (palmitic 

acid), and ionic tripeptides conjugated to palmitic acid 

(CH₃(CH₂)₁₄CODDK). L-carnosine (2.5 mg/mL) was encapsulated in 

the same liposomes embedded with these different tripeptides 

conjugated to fatty acids. 

The fully functionalised vectors were applied to a modulated monolayer 

of BBB endothelial cells (hCMEC/D3) grown on an electrospinning 

nanofiber scaffold. The penetration of the encapsulated drug was 

monitored over 6 hours, related to the stability of the produced vectors 

was 7 hours, as mentioned in Chapter 3. Every hour, the eluent (250 

µL) was replaced with fresh media, and the eluent was characterised 

by LC-MS to detect the penetrated drug (L-carnosine). 

The results demonstrated that functionalised vectors could successfully 

permeate the drug (L-carnosine). L-carnosine was used as a drug 

example. The amount of transferred drug varied depending on the type 

of tripeptide and fatty acid conjugation. Vectors functionalised with 

cationic tripeptide-palmitic acid (CH₃(CH₂)₁₄CORRK) exhibited the 

highest drug penetration (see Figure 5.5), followed by those 

conjugated with myristic acid (CH₃(CH₂)₁₂CORRK) (see Figure 5.6) 

and lauric acid (CH₃(CH₂)₁₀CORRK) (see Figure 5.7). This is attributed 

to the positive charge of the peptide, consisting of two arginine and 

one lysine, which facilitates electrostatic interactions with the ionic 

groups (phosphate and sulphate groups) of the endothelial cells 

membrane. Additionally, the lipophilic properties of the fatty acids, 

which increase with the number of carbon atoms, further enhance drug 

penetration. 
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Conversely, vectors functionalised with ionic tripeptides conjugated to 

fatty acids showed minimal drug penetration. Despite being conjugated 

with the same fatty acid  (palmitic acid), the tripeptide contained two 

ionic amino acids (aspartic acid) and one lysine, resulting in a net 

negative charge. The deprotonated carboxylic group of aspartic acid at 

physiological pH (7.4) led to repulsion between the ionic groups of the 

cell membrane and the functionalised vectors. (See Figure 5.8) 

The results of this research have similarly explored the 

functionalisation of liposomes with CPPs and fatty acids to enhance 

their stability and drug delivery capabilities. For instance, a study by 

Bangera et al. highlighted the use of polymer-lipid hybrid nanoparticles 

(PLHNs) modified with CPPs for targeted drug delivery, demonstrating 

improved cellular uptake and therapeutic efficacy.220 This aligns with 

the findings of the current study, which also observed enhanced 

stability and functionality of liposomes upon conjugation with CPPs and 

fatty acids. 

Additionally, research by Ouyang et al. reviewed the progress in 

molecular dynamics simulations of CPP-membrane interactions, 

emphasising the importance of peptide-lipid interactions in enhancing 

CPP-mediated delivery.221 

The current study's findings on the increased size and altered 

properties of functionalised liposomes are consistent with these 

observations, suggesting that peptide-lipid interactions play a crucial 

role in modulating liposome characteristics. Furthermore, recent 

advances in liposomal nanotechnology have led to the development of 

various liposomal formulations with enhanced functionalities, such as 

PEGylated liposomes and ligand-targeted liposomes.229 

These advancements underscore the potential of liposome-based 

systems for targeted drug delivery, supporting this research's approach 

of using functionalised liposomes for BBB penetration. 
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In conclusion, the functionalisation of liposomes with cationic and ionic 

tripeptide-conjugated fatty acids enhances their stability and 

penetration ability, consistent with recent literature on CPP-based drug 

delivery systems. These findings contribute to the growing body of 

research on liposome functionalisation for improved therapeutic 

applications. 

 

 

 

 

Figure 5. 5: Illustrates how L-carnosine penetrates the modulated BBB 

through functionalised vectors using cationic tripeptide-conjugated 

palmitic acid. (Three replicates). 
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Figure 5. 6: Illustrates how L-carnosine penetrates the modulated BBB 

through functionalised vectors using cationic tripeptide-conjugated 

myristic acid. (Three replicates). 

 

 

Figure 5. 7: Illustrates how L-carnosine penetrates the modulated BBB 

through functionalised vectors using cationic tripeptide-conjugated 

palmitic acid. (Three replicates). 
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Figure 5. 8: Illustrates how L-carnosine penetrates the modulated BBB 

through functionalised vectors using cationic tripeptide-conjugated 

palmitic acid. (Three replicates) 

 

5.6 Conclusion 

This research shows that cell-penetrating peptides (CPPs) attached to 

fatty acids (lauric acid, myristic acid, and palmitic acid) and contained 

in liposomes can work well as biocompatible delivery vectors. When 

tested at different concentrations, liposomal formulations showed low 

toxicity and high cell viability in endothelial cells that line the blood-

brain barrier. The results are in line with previous research, which 

showed that CPP-based delivery systems that include fatty acids are 

more stable, effective, and less harmful to cells.  

Under physiological pH (ca. 7.4), the amino group at the end of the 

lysine side chain and guanidinium at the end arginine side chain can 

accept a proton (H+), becoming NH3
+. This protonation imparts a 

positive charge to lysine and arginine, enabling them to form 

electrostatic interactions with negatively charged molecules of the 

endothelial cell membrane. This interaction enhances the peptide's 

ability to cross the membrane, making it more effective in reaching its 

target within the cells. Ultimately, this strategic design allows for 
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improved therapeutic delivery and efficacy of the peptide. Lysine is 

essential for protein synthesis, enzyme function, and the production of 

hormones and antibodies. Additionally, it plays a crucial role in calcium 

absorption and collagen formation, which are important for brain health 

and function.230 These functions highlight lysine's significance not only 

in basic biological processes but also in maintaining overall health, 

particularly in supporting cognitive functions. By facilitating these 

essential roles, lysine contributes to the body's ability to respond 

effectively to various physiological demands. Due to their highly 

penetrating character, attributed to their strong positive charge and 

high affinity for the ionic charge of the cell membrane, these peptides 

exhibit significant cell-penetrating capabilities. This means that the 

unique properties of these peptides allow them to easily enter cells, 

enhancing their potential therapeutic applications. Their ability to 

navigate cell membranes effectively makes them valuable in targeting 

and influencing cellular functions.  

 

The results show that CPP-coupled fatty acids can be used in a variety 

of therapeutic settings and are both safe and effective as drug delivery 

systems. The research highlights the necessity of optimising the 

composition of vectors embedded with CPPs coupled with fatty acids to 

enhance their biocompatibility and treatment transfer efficacy.  

The human blood-brain barrier endothelial cells (hCMEC/D3) became 

less viable over time as different concentrations of the vectors were 

added. This decline in cell viability suggests that the vectors may have 

a cytotoxic effect, which is important to evaluate when considering 

their potential therapeutic applications. Understanding this interaction 

is essential for optimising vector formulations for safe and effective use 

in targeting the blood-brain barrier. However, the ionic peptide that was 

used had two glutamic acid residues and one lysine residue. The 

presence of these specific amino acids may influence the interaction 

between the peptide and the cellular environment, potentially affecting 
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the vector's efficiency and toxicity. Therefore, examining the molecular 

composition of the peptide could provide insights into enhancing its 

delivery properties while minimising cytotoxicity. It was also linked to 

palmitic acid and then put inside the liposomes. The lysine residue 

reduced the negative charge of the glutamic acid residues, while the 

presence of palmitic acid enhanced their hydrophobicity. This alteration 

in charge and increased hydrophobicity can improve the stability and 

delivery of the peptide within liposomal structures. Consequently, these 

modifications could lead to more effective vector applications while 

reducing unwanted side effects. After putting it in the liposomes and 

putting it on the hCMEC/D3, the viability percentage went down. The 

rate was 60% after 24 hours, 40% after 48 hours, and 30% after 72 

hours. These results proved that the ionic peptides, even coupled with 

fatty acids and embedded in the liposomes, are toxic to the endothelial 

cells. This decline in viability indicates that the ionic peptides may have 

detrimental effects on cell health despite their potential for enhancing 

drug delivery. Such toxicity must be carefully considered when 

evaluating the overall effectiveness of these vector applications in 

therapeutic settings.  

Additionally, due to their acidic nature at the physiological pH (ca. 7.4), 

they acquire a negative charge. The blood-brain barrier makes it much 

harder for these negatively charged tripeptides, which are made up of 

ionic amino acids, to get to the brain compared to other tripeptides 

that contain cationic amino acids. This difficulty in crossing the BBB 

limits the availability of ionic tripeptides in the brain, potentially 

affecting their physiological roles.  
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Chapter 6: Conclusion 

 

6.1 Conclusion: 

The study was able to make liposomal vectors embedded with CPPs 

attached to fatty acids like lauric acid, myristic acid, and palmitic acid, 

and encapsulated with carnosine as a drug molecule. 

Nanotechnology-based approaches, including using nanoparticles, 

liposomes, and cell-penetrating peptides, have shown promise in 

improving drug stability and targeting efficacy. Cell-penetrating 

peptides are a promising way to improve drug delivery across cellular 

membranes, especially when it comes to treating disorders of the 

central nervous system. This study showed that CPPs, specifically 

polyarginine peptides, may help move drug molecules, like carnosine, 

across the blood-brain barrier. The ability of CPPs to undergo receptor-

independent cellular internalisation (electrostatic interaction) and their 

adaptability to different therapeutic settings underscore their versatility 

and potential to overcome biological barriers. Using CPPs in 

electrostatic interaction makes them even more useful for getting 

medicines across the BBB. This opens up new ways to treat 

neurological diseases like Alzheimer's and Parkinson's disease.  

CPPs, particularly those containing cationic amino acids such as 

arginine and lysine, have demonstrated the ability to permeate the BBB 

via electrostatic interaction with the cell membrane. The electrostatic 

interactions between the positively charged peptides and the 

negatively charged endothelial cell membranes are crucial for this 

process. The study successfully synthesised and characterised several 

cationic peptides, confirming their potential for drug delivery 

applications. The study's findings align with previous research, 

confirming that fatty acid modifications improve the stability and 

permeability of CPPs, making them effective vectors for drug delivery. 

As a result, the modification of CPPs with fatty acids presents a 
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significant advancement in the field of drug delivery, providing a robust 

platform for the development of novel therapeutic strategies aimed at 

targeting the brain.  

This research also explored the synthesis of ionic tripeptides as controls, 

revealing their inability to penetrate the BBB due to their negative 

charge. This finding underscores the importance of peptide charge in 

determining BBB permeability. The study also demonstrated the 

toxicity of ionic peptides, even when combined with fatty acids and 

embedded into liposomes. This shows how important it is to carefully 

consider peptide properties when designing drug delivery systems. 

In addition, adding fluorophores to CPPs made it easier to see and track 

how peptides were distributed within endothelial cells, which gave us 

important information about how they moved. 

Furthermore, using the microfluidic system to make liposomes allowed 

us to produce liposomes with stable and controlled sizes, which was 

proved by their low polydispersity (ca. 0.09), which made them even 

more useful as drug delivery vehicles. Dynamic light scattering and 

scanning electron microscopy confirmed that the liposomes, formed 

from a combination of L-phosphatidylcholine and cholesterol, were 

approximately 100 nm in size, and their polydispersity (ca. 0.1).  

Also, this study proved that it is possible to put rhodamine B dye inside 

liposomes using a microfluidic system. This indicates the potential 

application of this method in drug encapsulation. Fluorescence 

microscopy validated the ability of the rhodamine B dye to move freely 

within liposomes and endothelial cells, underscoring its suitability for 

tracking and visualisation in biological environments, but it cannot be 

used instead of drugs to encapsulate into liposomes. Despite the 

successful encapsulation, the study discovered that the aqueous core 

of the liposomes was unable to effectively retain rhodamine B dye due 

to its small size and amphoteric properties, which caused it to move 

towards areas of its low concentration. This finding emphasises the 
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need for further optimisation of encapsulation techniques to enhance 

the stability and retention of therapeutic agents in liposomes. 

This research explored the embedding of fluorophore-conjugated cell-

penetrating peptides within liposomes. The fluorophore-CPP-fatty acid 

complexes were successfully synthesised and characterised, 

demonstrating clear fluorescence and proper embedding within the 

liposomes. The stability of these embedded liposomes was monitored, 

revealing a significant increase in size over time, which highlights the 

importance of optimising storage conditions to maintain liposome 

integrity. 

Size exclusion chromatography was used to purify the fluorophore-

CPP-fatty acid-embedded liposomes, ensuring the removal of 

unembedded molecules and contaminants. Fluorescence microscopy 

showed that these purified liposomes worked well when applied to 

endothelial cells. This suggests that CPPs could be used to deliver drugs 

across the BBB. 

Non-invasive methods, like embedding cell-penetrating peptides within 

liposomes, provide additional pathways for drug delivery to the brain, 

with the aim of treating neurological diseases, particularly Alzheimer's. 

These systems protect therapeutic agents from degradation and 

facilitate their movement across the BBB, demonstrating positive 

results in preclinical studies. 

Toxicity assessments using the MTT assay demonstrated minimal 

toxicity and high cell viability, confirming the biocompatibility of these 

vectors. Adding fatty acids to CPPs makes them more stable, 

bioavailable, and able to interact with cell membranes while lowering 

their cytotoxicity, which is in line with previous research. 

However, the study also highlighted the limitations of using negatively 

charged peptides, such as those containing glutamic acid, which, 

according to the results of the MTT assay, exhibited moderate 

cytotoxicity due to repulsion between the negatively charged cell 
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membrane and the peptide. This underscores the importance of 

optimising peptide compositions to improve biocompatibility and 

efficacy. 

In conclusion, this study has helped us learn more about how drugs 

get across the BBB. It shows that CPPs attached to fatty acids 

embedded in liposomes can be used as safe and effective delivery 

vectors.  

 

6.2 Future work 

Future studies should focus on optimising peptide properties, 

liposomes, and delivery methods to maximise efficacy and minimise 

toxicity, thereby facilitating the advancement of safe and effective drug 

delivery systems for clinical applications, especially for targeted drug 

delivery to the brain. 

Subsequent research should focus on investigating the in vivo 

effectiveness and safety of these delivery vectors to enhance their 

therapeutic significance. (See Figure 6.1) 

Focused ultrasound can achieve this by opening the BBB of the 

hippocampus, a specific location in the brain where the main reasons 

for Alzheimer's disease, which are plaques and tau protein grow.  
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Figure 6.1: Illustrates an embedded liposome composed of peptide-

fatty acid-fluorophore (FITC) directed at the blood-brain barrier. (The 

image created by BioRender.) 
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