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ABSTRACT 

OF THE THESIS OF 

 

Mohamad Ali Fawaz  for Master of Science in Biomedical Engineering  

Major: Biomedical Engineering 

 

 

Title: Chitosan Coated Liposomes for Non-Invasive Brain Delivery in Zebra Finch: 

Formulation Optimization and Evidence of Blood Brain Barrier Traversal 

 

Zebra finches are a well-established neuroscience model for studying learning and 

vocalization, yet minimally invasive strategies for delivering pharmacological agents to 

their brain remain limited. Nanoparticle-based drug delivery systems, particularly 

liposomes, offer a biocompatible and membrane-mimetic platform that has 

demonstrated blood–brain barrier (BBB) penetration in mammalian models; however, 

their ability to access brain tissue in zebra finches has not been previously 

established. In this study, fluorescently labelled liposomes were formulated using 

ethanol injection and characterized for size, stability, and morphology using dynamic 

light scattering, zeta potential measurements, and scanning electron microscopy to 

confirm the formation of stable vesicular structures.  Optimization of the formulation 

reduced liposome diameter to 67 nm ± 1.53 SEM, significantly smaller than earlier 

preparations with a size of 85 nm ± 3.76 SEM (p < 0.01), with no significant size 

increase observed over 30 days, demonstrating stability. Following intravenous  

administration, brain tissues were analyzed by confocal fluorescence microscopy with 

z-stack reconstruction to localize liposome-derived lipid signals relative to blood 

vessels and parenchyma. Injected birds exhibited significantly higher fluorescence 

intensity in both brain vasculature and parenchyma compared with controls, and three-

dimensional reconstructions revealed dye colocalization outside blood vessels, 

indicating extravasation and BBB crossing. Moreover, the visualization of intact 

vesicular structures using scanning electron microscope further supported the claim that 

the colocalized entities are in fact liposomes. These findings show that systemically 

administered liposomes can successfully cross the zebra finch BBB and reach brain 

tissue while maintaining structural integrity. This delivery approach provides a reliable 

and minimally invasive platform for future pharmacological and neurobiological 

interventions in this model. 
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CHAPTER I 

INTRODUCTION 

 

A. Background 

The zebra finch is a widely used model in neuroscience, particularly for 

investigating the neural mechanisms underlying vocal learning and behavior. Despite its 

extensive use, pharmacological studies in zebra finches have relied on direct intracerebral 

injections to manipulate neural activity. In these experiments, injected solutions typically 

contain receptor agonists or antagonists to probe molecular, cellular, or behavioral 

responses. While this approach has enabled numerous insights, the invasiveness and 

actual effectiveness of direct brain injections have rarely been examined as independent 

variables, raising concerns about tissue damage, diffusion control, and the reliability of 

the resulting interpretations. 

 

Figure 1: Direct Injection in the Brain in Birds and Mice 
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Given these limitations, there is a growing need for safer and more controlled 

methods of pharmacological manipulation in the zebra finch brain. Drug delivery 

systems, particularly nanoparticle-based approaches, have been proposed as a less 

invasive alternative (Afzal et al., 2022). However, not all nanoparticles are suitable for 

brain delivery, as their physicochemical properties strongly influence their biological 

behavior. Among these systems, liposomes have emerged as promising candidates due to 

their biocompatibility and versatility. 

Liposomes have demonstrated the ability to transport therapeutic agents to various 

organs, including the brain, by crossing the blood–brain barrier (BBB). The BBB serves 

as a protective interface that restricts the passage of large hydrophilic molecules, allowing 

only small or lipophilic substances such as fatty acids, glucose, and oxygen to enter the 

brain. Establishing that liposomes can cross the BBB in zebra finches is therefore a critical 

prerequisite for their use in this model. Once validated, liposomes can be employed to 

encapsulate specific pharmacological agents to target dopaminergic pathways, enabling 

investigation of how D1 and D5 receptor blockade influences song features and neural 

function (Cheng et al., 2023). 

 

B. Study Aims 

In this study, we are trying to incorporate drug delivery systems, specifically 

liposomes, into neuroscience research to mimic natural biological processes without 

breaching the integrity of the brain while studying it. This allows us to reduce 

experimental errors and gives us the chance for replication. 
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We will characterize a new liposome formulation to be able to use it later as a 

drug carrier, paving the way for better behavioral and neurophamacological studies with 

less stress, variables and parameters.  
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CHAPTER II 

LITERATURE REVIEW 

 

A. Drug Delivery Systems 

1. Types of Nanoparticles 

Nanoparticles have attracted the attention of scientist in the last three decades due 

to their abilities to carry functions at a small scale with important impacts such as in 

agriculture (Mgadi et al., 2024), electrical circuitry (Hui et al., 2019), medical imaging 

and therapies (Lombardo & Kiselev, 2022). These nanoparticles are present in different 

types and sizes. For instance, there are the inorganic nanoparticles that are either 

completely or just have a metallic core such as gold, silver, copper, zinc (Abdelsattar et 

al., 2024; Bunge et al., 2023). 

 

 
 

There are also polymeric nanoparticles that are synthesized using organic or 

synthetic polymers that form cages to entrap certain molecules, vehicles to attach to other 

Figure 2: Representation of Polymeric, Inorganic and Organic Nanoparticles (Mitchell 

et al., 2021) 
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molecules and facilitate their solubility, or nanoparticles to target certain receptors 

themselves (Zielińska et al., 2020). There are also organic based nanoparticles which are 

based on phospholipids and have an enhanced drug encapsulation capability than other 

nanoparticles. These organic nanoparticles are known as liposomes (Alavi et al., 2017). 

Figure 2 below shows a representation of the different nanoparticles and their 

classification. 

 

2. Liposomes in Research 

Different types of nanoparticles have distinct advantages and limitations, which 

make them suitable for specific research applications. For instance, metallic nanoparticles 

are generally not suitable for agricultural or drug delivery purposes due to potential 

toxicity to food sources and living organisms (Herrera-Rodríguez et al., 2023). Polymeric 

nanoparticles, while versatile, are often complex and may demonstrate lower efficacy 

than organic nanoparticles, with some potential toxicity to biological systems (Elmowafy 

et al., 2023). In contrast, liposomes have low to no toxicity for human and animal cells 

and they have a high drug loading capacity, making them ideal for health and therapeutic 

research applications involving living organisms (Lombardo & Kiselev, 2022). 

Liposomes are widely used nowadays in multiple fields of research and 

therapeutics including drug or gene delivery systems such as in gene therapy (Ashish et 

al., 2023), in cancer research (Hamid et al., 2024), and in conventional medication 

delivery (Hu et al., 2021). They are formed through the self-assembly of lipid molecules 

into a bilayer structure, encapsulating an aqueous core. The lipids used in liposome 

formation can be derived from various plant and animal sources (Lombardo & Kiselev, 

2022). Structurally, these lipid-based molecules mimic the organization of eukaryotic cell 
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membranes, making them highly compatible with human and animal cells (Lombardo & 

Kiselev, 2022). 

 

3. Structure of Liposomes 

Liposomes are bilayered lipid vesicles that exist in different sizes and forms, such 

as giant liposomes, multilamellar liposomes, multivesicular liposomes, small liposomes 

(Figure 3 A-B) … Each size has a certain role that it is good at. For example, giant 

liposomes are usually used to encapsulate bigger amounts of drug than in usual liposomes, 

multivesicular liposomes are usually used if the goal is to load the liposomes with 

multiple drugs without mixing them together, multilamellar liposomes are usually used 

to protect the content of the liposome found at the core of the whole liposome, and finally, 

small liposomes are usually used to cross the small barriers such as the BBB (Nisini et 

al., 2018; Tomnikova et al., 2022).  

The bilayered walls of liposomes is formed by phospholipids. Phospholipids are 

amphiphilic molecules, they have a hydrophilic head and a hydrophobic tail. The head 

usually contains a glycerol and a phosphate group that are linked with an ester bond as a 

fixed component in all phospholipids where the name is derived from. What differ 

between phospholipids is the special group linked to the phosphate group, also with an 

ester bond, such as inositol, ethanolamine, and serine. The most commonly used 

phospholipid is phosphatidylcholine due to its stability in the membranes. Sometimes a 

mixture of phospholipids confers a much better stability of the vesicle making it a better 

candidate for longer drug exposure (Parchekani et al., 2022). 
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Note: We can see in (A) three types of vesicles (Small uni-lamellar vesicle, large uni-

lamellar vesicle and giant uni-lamellar vesicle respectively). Then in (B), there are the 

oligo-lamellar vesicle and multi-lamellar vesicle. And finally in (C), location of 

integrated molecules in the liposome where hydrophilic and hydrophobic molecules 

reside (Ortega et al., 2017) 

 

4. Types of Delivery: Targeted and Non-Targeted 

When drug molecules are administered (whether orally, intravenously, or 

rectally), they circulate throughout the body, affecting all cells, including healthy ones, 

which can lead to side effects (Pauwels et al., 2011). Additionally, conventional drugs 

have a specific half-life, a measure that aids in estimating their bioavailability in the body. 

It can vary from very low half-life to very high, but even if the drug has a high half-life, 

it can still be eliminated rapidly outside of the body (Smith et al., 2018). 

 

Figure 3: Structures of Liposomes 
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These modifications could make the drug either stay too long in the body exerting more 

its effects and side effects, be degraded or secreted out of the body faster or even be the 

right modification making it suitable for use (Smith et al., 2018) 

 

To address these issues, encapsulating drugs within liposomes can significantly 

improve their effectiveness. Liposomes enhance the bioavailability of drugs by allowing 

a controlled, slow release in the bloodstream or in targeted tissue, which increases cellular 

exposure (Vakili-Ghartavol et al., 2020). While liposomes alone do not eliminate side 

effects, they can be conjugated with ligands or receptors to limit their circulation (Figure 

4), providing targeted delivery to specific tissues (such as the liver, spleen, or brain). This 

targeting capability reduces off-target effects and enhances therapeutic impact 

(Juhairiyah & de Lange, 2021). 

 

Figure 4: Structural Modification to Any Drug Could Affect Its Half-Life 
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(A) The conventional liposomes can usually be used for drug delivery and have significant 

impact on the half-life of the drugs used. (B) Liposomes can be PEGylated, or in other 

words, functionalized with polyethylene glycol (PEG) to exert more specific tasks such 

as loading it with drugs from the inside without tampering with the internal structure of 

liposomes. (C, D) Liposomes can also be multi-functionalized with other molecules to 

either target ligand or a receptor or both (Wong et al., 2023). 

 

B. Animal Models 

As stated before, liposomes have various potential in many research fields, 

especially medical research. That’s why before trying anything on humans, research is 

first conducted on animals.  

Since rats and mice show high genetic similarities with humans, they are the most 

used models in animal research since that the results of the research are translated to 

humans. These animal models were used extensively to test liposome formulations for 

different purposes one of them being the crossing of liposomes through the BBB to reach 

the brain tissue and exert different functions. 

Figure 5: Active and Passive Targeting Using Liposomes 
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1. Blood Brain Barrier (BBB) 

The BBB is a highly selective and semi-permeable membrane that separates the 

circulating blood from the brain and central nervous system (CNS). It is primarily 

composed of endothelial cells that line the capillaries in the brain, which are tightly joined 

by structures known as tight junctions (Figure 6).  

 

 
 

This unique arrangement restricts the passage of substances, allowing only certain 

small or lipid-soluble molecules to cross freely, while preventing larger or hydrophilic 

molecules, including many drugs and toxins, from entering the brain tissue (Gawdi et al., 

2024). 

That’s why it was necessary to use drug delivery systems to cross the BBB, 

specifically liposomes since they are biocompatible, naturally excreted from the body or 

degraded at a slower rate. Plus, liposomes can encapsulate both hydrophilic and 

hydrophobic molecules either in the lipid bilayer or inside the aqueous core. The 

hydrophobic molecules reside inside the lipid bilayer between the fatty acid chains where 

Figure 6: Representation of the BBB (Alahmari, 2021) 
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they do not interact with the extracellular space. In contrast, hydrophilic molecules can 

either be inside the liposome in the aqueous core or attached to the membrane from the 

outside (Li et al., 2020). 

 

2. Applications of Liposome in Neuroscience 

After crossing the BBB, it is possible now to study the effects of several molecules 

for treatments for different diseases such as glioblastoma (brain cancer), 

neurodegenerative diseases (Alzheimer’s and Parkinson), epilepsy (Juhairiyah & de 

Lange, 2021; Wu et al., 2023)… 

Glioblastoma, or brain cancer, is a disease integrated deep in the brain where 

conventional therapy (chemotherapy, radiotherapy, surgery…) has several side effects 

which they themselves could cause the death of the patient instead of the brain tumor 

itself. Liposomes used on glioblastoma mouse models showed significant tumor size 

regression with minimal side effects, proving again the drug delivery capability of 

liposomes (Lakkadwala et al., 2019). 
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Lakkadwala and his team used in their research a dually functionalized liposomes 

loaded with anti-cancer chemotherapeutics (doxorubicin and erlotinib) and demonstrated 

low to no toxicity in other organs of the body, showcasing the efficacy and low toxicity 

of these liposomes in delivering the anti-cancer drug which would’ve had a strain on the 

patient’s body if they were administered as usual in the blood stream. Their research 

resulted in a significant elongation in survival time for the mice used, plus a significant 

regression in tumor size.  

Neurodegenerative diseases such as Parkinson’s disease are becoming more and 

more recurring worldwide, making it an important topic for study. For example, in 

(Kahana et al., 2021), they described a novel liposomal system designed for brain-

targeted delivery of dopamine in a mouse model of Parkinson's disease. They first showed 

Figure 7: Dually Functionalized Liposomes Were Used in This Research 

Containing Doxorubicin and Erlotinib Which Were Injected in the Blood Stream, 

Crossed the BBB and Exerted Their Effects on the Tumor (Lakkadwala et al., 

2019) . 
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that targeted liposomes reached the brain more than liposomes without the targeter 

(Figure 8).  

 

 
 

Then, they showed that intraperitoneal administration of dopamine-loaded 

liposomes with a targeter resulted in a significant increase in striatal dopamine levels than 

a much bigger concentration of free dopamine or a lower concentration of liposome 

loaded with dopamine. Then correlated behavioral improvements in hemi-parkinsonian 

mice (Figure 9). 

 

Figure 8: In This Study, They Made Sure That the Liposomes Reach the Brain by 

Taking Fluorescent Images for the Brains and Coronal Sections of These Brains 

Using Texas-Red Dye (Kahana et al., 2021). 
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Other than Parkinson, Alzheimer’s disease is a widely researched 

neurodegenerative disease using animal models, such as APP (amyloid precursor 

protein)/PS1 (Presenilin 1) mice (Yang et al., 2021), by mimicking Alzheimer’s disease’s 

symptoms through the stimulation of amyloid beta (Aβ) aggregation in the brain tissue.  

In (Yang et al., 2021)’s research they used conjugated phosphatidic acid based 

liposomes with transferrin (TF) loaded with pep63. These liposomes exhibited a 

significant decrease in the Aβ aggregation in the brain tissue compared to the control 

since they were able to help in the clearance process of the Aβ aggregation through 

binding with the phosphatidic acids in the liposomes. Also, they conducted a behavioral 

test and the result was significantly better in the treated mice with liposomes than the non-

treated mice using Morris water maze (Figure 10). 

 

Figure 9: The Number of Contralateral Turns (Normal) Compared with the 

Number of Ipsilateral Turns (Abnormal) Done by Mice 
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Even diseases such as epilepsy were also studied in mouse models, where they 

used liposomes on mice that have regular occurring seizures similar to an epileptic patient 

and had significant results in lowering seizure episodes (Moreno et al., 2015). They 

evaluated in this study the effects of liposome-loaded with Nimodipine on seizure activity 

which showed significant decrease and no toxicity to the subjects (Figure 11). 

  

Figure 10: This is a Conceptual Image Showing the Process in Which the Liposomes 

Work (Yang Et Al., 2021) 
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C. Songbirds 

Since many experiments from the literature where liposomes were used presented 

successful and safe results, we opted to try and use the liposomes in our neuroscience 

research. Our project is about songbirds which is a good model for studying speech and 

vocalization due to the learning dynamics of the song by these avian. 

 

1. Songbirds as Models to Study Learning 

Songbirds, a group of avian species, exhibit a fascinating parallel to human speech 

acquisition in their learning process. These birds develop their songs through a critical 

learning window early in life, during which they listen to and memorize the vocalizations 

of adult conspecifics. Subsequently, they practice these songs, using auditory feedback to 

iteratively refine and perfect their vocalizations. This process, often referred to as song 

Figure 11: The Use of Nimodipine (NMD) Drug in Liposomes and Injecting It to 

Pilocarpine Mice to See Its Effects. Here, We Can See the Result of NMD 

Loaded Liposomes (NMD-Lipo) On the Anticonvulsant Activity and Its Toxicity 

(Moreno et al., 2015) 
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crystallization, mirrors the way humans acquire speech - through imitation, repetition, 

and sensory feedback during early developmental stages (Brainard & Doupe, 2002). 

There are many species under the group songbirds such as the canary, the 

American robin, the song sparrow, the zebra finch… Each one of them is studied for a 

purpose. In our research, we chose the zebra finch for the unique trait of learning one 

song its whole life making it easier to decipher the learning, the vocalization, the neuronal 

pathways and the features of the song. 

 

2. Why Zebra Finches 

Zebra finches are a species of songbirds where only males learn and sing a single, 

lifelong song. While females also produce vocalizations, these are non-patterned and lack 

the structured coordination observed in male songs (at least based on current available 

research to this day).  

This difference is attributed to the development of a set of neurons, which are 

highly developed in males but remain underdeveloped in females. These neurons are the 

center of coordination of sensory motor functions for vocalization (Shaughnessy et al., 

2019). 

The juvenile zebra finch learns its song by observing an adult male tutor, who 

serves as a model for vocalization. This process begins with the sensory phase, during 

which the juvenile listens to and memorizes the tutor's song, forming a mental template. 

Following this, the bird enters the sensorimotor phase, where it starts producing 

vocalizations, referred to as subsongs. These subsongs are unstructured versions of the 

learned template and are progressively refined through auditory feedback. Eventually, the 
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song becomes crystallized, with minimal variations influenced by environmental factors 

or physiological changes (Glaze & Troyer, 2013).  

This process and its results (only one song per bird), drove us to take the zebra 

finch as a model for the simplification it offers. Plus, it shares neuronal similarities with 

human vocalization centers making it a good model for studying. 

 

 

3. The Song System 

The song system in songbirds consists of specialized brain structures crucial for 

vocal learning and production. Key components include the robust nucleus of the 

Archistriatum (RA) and the high vocal center (HVC). The motor pathway, essential for 

normal song production, involves the RA and projects to the hypoglossal nucleus 

(nXIIts), which controls the bird's vocal organ, the syrinx. Another critical component is 

the anterior forebrain pathway (AFP), which includes Area X, the medial nucleus of the 

dorsolateral thalamus (DLM), and the lateral magnocellular nucleus of the anterior 

neostriatum (LMAN). This pathway is integral to song learning and memory. Auditory 

Figure 12: A Photo of the Male Zebra Finch (Orange Cheeked) And 

Female Zebra Finch 
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inputs to the song system originate from a network of forebrain auditory areas, starting 

from Field L, analogous to the primary auditory cortex in mammals. These areas are vital 

for processing sounds relevant to song learning. Moreover, song-selective neurons within 

the song system respond to auditory stimuli and show activity during song production, 

highlighting a strong connection between perception and motor control (Brainard & 

Doupe, 2002). 

 

  

Figure 13: A Simplification of the Song System Architecture (Brainard & Doupe, 

2002) 
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CHAPTER III 

METHODOLOGY 

 

A. Liposome Synthesis 

The ethanol injection method for synthesizing phosphatidylcholine liposomes 

begins by weighing 0.2 g of phosphatidylcholine, 0.02 g of cholesterol, and 0.06 g of 

Tween into a beaker (beaker 1) and adding 2 ml of pure ethanol. This mixture is covered 

with parafilm and stirred on a magnetic stirrer for 30 minutes. In a separate beaker (beaker 

2), 8 ml of deionized water is warmed. Using an insulin syringe, the ethanol mixture from 

beaker 1 is added to the water in beaker 2 at a controlled rate of 0.5 ml/min. The combined 

mixture is stirred uncovered on a magnetic stirrer for two hours to allow ethanol 

evaporation. To reduce particle size, the liposomes are subjected to probe sonication for 

two minutes at an amplitude of 40, alternating between 20 seconds on and 20 seconds off. 

For drug incorporation, hydrophilic drugs are dissolved in beaker 2, while lipophilic drugs 

are dissolved in beaker 1. The ingredient quantities can be adjusted, provided the ratios 

remain consistent. This protocol was adapted from the optimized liposome formulation 

from (Abla et al., 2025). 

This protocol was also modified to synthesis another formulation with the same 

ingredients but different ratios and sonication time and amplitude to reach a smaller size. 

 

B. Liposome Characterization 

1. Size 

The size of liposomes is a critical parameter that influences their behavior in 

biological systems, including circulation time, biodistribution, and cellular uptake. 
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Liposomes typically range from 50 nm to several micrometers, depending on their 

application. Smaller liposomes (<200 nm) are preferred for intravenous delivery as they 

avoid rapid clearance by the reticuloendothelial system (RES) and demonstrate enhanced 

permeability and retention (EPR) effects for tumor targeting. Size is commonly measured 

using techniques such as dynamic light scattering (DLS), nanoparticle tracking analysis 

(NTA), or electron microscopy, which provide insights into the uniformity and 

polydispersity of the formulation (Di et al., 2021). 

 

2. Zeta Potential 

Zeta potential reflects the surface charge of liposomes, which directly impacts 

their stability, cellular interaction, and biodistribution. Liposomes with high absolute zeta 

potential values (positive or negative) exhibit strong electrostatic repulsion, reducing 

aggregation and ensuring colloidal stability. Positively charged liposomes are more likely 

to interact with negatively charged cell membranes, enhancing uptake, while negatively 

charged or neutral liposomes show reduced nonspecific interactions. Zeta potential is 

measured using electrophoretic light scattering (ELS) and provides critical data for 

optimizing liposomal formulations (Hirsch-Lerner et al., 2005). 

In the formulation that we used, we coated the liposomes with chitosan to render 

the nanoparticle’s charge more positively charged to enhance its capability to cross the 

BBB, according to the literature. 

 

3. Stability 

The stability of liposomes determines their shelf life and performance under 

physiological conditions. Stability is influenced by factors such as lipid composition, 
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storage temperature, and pH. Key indicators include retention of size, zeta potential, and 

encapsulated drug over time. Stability studies involve assessing these parameters under 

various conditions, such as refrigerated, room temperature, or accelerated stress testing, 

to predict real-world performance. Techniques like DLS, HPLC, and spectroscopic 

methods are commonly used to monitor changes over time (Dalheim et al., 2021). 

 

C. Animal Handling 

In this research, mice and zebra finches were used as animal models to make sure the 

liposomes reach the brain parenchyma. 

 

1. Injection Process 

a. Birds 

The injection is done either in the pectoral muscle or in the Jugular vein. The 

injection in the pectoral muscle at a 45 degrees angle while making sure that the needle 

is sufficiently incorporated in the muscle is a relatively easier process than the intravenous 

injection. Only a 150 μL are injected slowly into the bird since it’s the maximum volume 

that the animal can take into its body without any complications.  

The intravenous injection is a much more complicated procedure because the bird 

is a hyperactive animal which makes the injection in the jugular vein of the neck very 

hard to accomplish. For that, the bird is mildly anesthetized with a flow of isoflurane 

accompanied with oxygen under the hood to be able to successfully inject the bird with 

the liposome solution. 
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b. Mice 

In mice, only the injection through the tail vein was used due to its clear 

instructions and efficient material delivery to the blood stream. 150 μL was injected in 

the tail vein of the mouse after warming it with warm water. 

 

2. Organs Sectioning and Staining 

Several organs were collected to conduct a mini pharmacological study to 

discover where the liposomes are residing in the bird. Therefore, for sectioning, we were 

using an available tool at the lab which is the vibratome. A vibratome is a specialized 

instrument used in animal research and histology for cutting precise tissue slices from 

biological samples, typically soft tissues like brain, liver, kidneys, lungs... It uses a 

vibrating blade mechanism to minimize compression and preserve the structural integrity 

of the tissue, making it especially suitable for delicate or unfixed specimens. 

In our case, we were taking 40 μm thick brain sections, 100 μm liver, lungs and 

kidneys, then staining them with DAPI staining to showcase the cells and the location of 

liposomes. The liposomes could remain in the tissue, or be internalized into the cell and 

later be degraded. 

 

3. Zebra Finch Housing 

Birds were housed in the Neuroscience and Computational Neurophysiology 

Group (NCNG) housing facility where they were taken care of on a daily basis. The 

facility was equipped with a behavioral setup for song recording, consisting of sound-

attenuated chambers operating on a 12-hour light–dark cycle. Vocalizations were 
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recorded and subsequently extracted for analysis using Audacity and Song Analysis Pro 

(SAP) software. 

 

D. Microscopy 

1. Laser Scanning Confocal Microscopy (LSCM)  

We used LSCM which is an advanced imaging technique that uses laser light to 

scan a specimen point by point to produce high-resolution images of samples, often in 

three dimensions. This method is widely used in biological, material, and biomedical 

research for its ability to visualize fine structural details in tissues, cells, and materials 

(Poola et al., 2019). 

 

2. Upright Fluorescent Microscope 

An upright fluorescent microscope is a light microscope where the objective lens 

sits above the specimen stage, viewing samples from above. It employs fluorescence 

optics to visualize specimens tagged with fluorescent dyes or proteins. When illuminated 

by specific excitation wavelengths, these fluorophores emit light at longer wavelengths, 

which is filtered to produce high-contrast images of targeted structures. This 

configuration is ideal for observing fixed tissue sections, cell cultures on slides, and 

mounted specimens. It is widely used in biological research, pathology, and medical 

diagnostics for studying protein localization, gene expression, and cellular interactions. 

 

3. Scanning Electron Microscope (SEM) 

A Scanning Electron Microscope (SEM) is a high-resolution imaging tool that 

uses a focused electron beam instead of light to examine sample surfaces. The beam scans 

across the specimen, interacting with atoms to produce secondary electrons, backscattered 



 

 33 

electrons, and other signals. These are detected and converted into grayscale images 

revealing detailed three-dimensional topographical information at nanometer scales. 

SEMs offer exceptional depth of field and magnification up to 500,000x. They are 

indispensable in materials science, nanotechnology, semiconductor inspection, and 

biological research for studying surface structures, fracture analysis, particle morphology, 

and microfabrication quality control. 

 

4. Transmission Electron Microscope (TEM) 

A Transmission Electron Microscope (TEM) is an ultra-high-resolution imaging 

instrument that uses a highly focused beam of electrons transmitted through an extremely 

thin specimen rather than reflected from its surface. As electrons pass through the sample, 

they are scattered to varying degrees depending on local thickness, density, and atomic 

composition. These transmitted and diffracted electrons are collected to form images and 

diffraction patterns, revealing internal structures at near-atomic resolution, often below 

one nanometer. TEMs can achieve magnifications exceeding 1,000,000× and provide 

detailed information on crystal structure, defects, interfaces, and ultrastructure. They are 

essential in materials science, nanotechnology, and life sciences for analyzing lattice 

arrangements, nanoparticles, viruses, organelles, and complex intracellular architectures.  
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

A. Liposomes Characterization 

Several parameters were assessed after liposomes synthesis. The size and zeta 

potential of liposomes was assessed using DLS, the fluorescence was visualized using 

LSCM or the upright fluorescent microscope and finally the morphology of liposomes 

was visualized using the SEM. 

 

1. Size and Zeta Potential 

Every time that liposomes were synthesized, their size and surface charge have to 

be assessed to make sure that the formulation was successful. When replicating the 

optimized protocol, the results are consistent with (Abla et al., 2025) concerning the size 

which can be seen in (Figure 14). In this figure, we can see the size and Polydispersity 

index (P. I.) of coated (A) and uncoated (B) liposomes. 

 

 

Figure 14: Size Analysis Using DLS For (A) Coated Liposomes And (B) Uncoated 

Liposomes. 

B A 
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However, for size reduction trials, these liposomes had a strange behavior when 

they were undergoing these trials (Figure 15). The parameters that were changing during 

the size reduction trials were the ratios of the ingredients and the sonication time and 

power. The size reached a plateau after so many changes in the protocol such as lowering 

cholesterol ratio, increasing Tween 80 ratio or increasing sonication time and power 

(Table 1). We can see that in table 1, the best formulation is in trial 16 which had the 

smallest coated liposome size which we went on with it. 

 

  

Figure 15: Average Liposome Size in Each Trial for Coated (Red) And 

Uncoated (Blue) Liposomes. 
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Table 1: Liposome Trials Using the Ethanol Injection Method with Specifications of 

Each Trial for Replication 

Tria

l 

PC 

(%) 

Cholestero

l (%) 

Twee

n 80 

(%) 

Sonication 

process 

Diamete

r 

Uncoate

d 

(nm) 

Diamete

r coated 

(nm) 

PDI 

uncoate

d 

PDI 

coate

d 

1 70 10 20 

8 min, 40s 

on, 20s off 

Amplitude=4

0 

321.3 0 0.615 0 

2 70 10 20 

4 min, 20s 

on, 20s off 

Amplitude=4

0 

413.2 260.2 0.687 0.582 

3 70 10 20 

2 min, 20s 

on, 20s off 

Amplitude = 

50 

140 121.6 0.253 0.265 

4 70 10 20 

2 min, 20s 

on, 20s off 

Amplitude=3

0 

97.1 97.2 0.249 0.268 

5 70 10 20 

3 min, 20s 

on, 20s off 

Amplitude=4

0 

92.5 93.8 0.257 0.280 

6 70 10 20 

4 min, 2s on, 

2s off 

Amplitude=6

0 

With ice and 

stirrer 

117.5 129 0.286 0.265 

7 
76.

5 
11.5 12 

4 min, 2s on, 

2s off 

Amplitude=4

0 

With ice and 

stirrer 

117.3 98 0.174 0.227 

8 65 4 31 

8 min, 2s on, 

2s off 

Amplitude=4

0 

With ice and 

stirrer 

63.1 561.1 0.238 0.367 

9 
64.

5 
3 32.5 

10 min, 10s 

on, 4s off 

Amplitude=4

0 

64 69.5 0.222 0.231 

10 
74.

5 
2.5 23 

10 min, 10s 

on, 4s off 
53.9 71 0.128 0.249 
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Amplitude=5

0 

11 76 1 23 

6 min, 10s 

on, 4s off 

Amplitude=5

0 

54.2 69 0.103 0.244 

12 75 1.5 23.5 

4 min, 2s on, 

2s off 

Amplitude=4

0 

With ice and 

stirrer 

52.5 0 0.09 0 

13 77 3 20 

6 min, 10s 

on, 4s off 

Amplitude=8

0 

With ice and 

stirrer 

52.3 75.2 0.203 0.250 

14 
78.

5 
1.5 20 

6 min, 10s 

on, 4s off 

Amplitude=8

0 

With ice and 

stirrer 

44.9 72.9 0.203 0.083 

15 82 1.5 16.5 

10 min, 15s 

on, 4s off 

Amplitude=8

0 

With ice and 

stirrer 

137.2 73.3 0.214 0.302 

16 75 5 20 

8 min, 20s 

on, 20s off 

Amplitude=7

0 

With ice and 

stirrer 

58.8 63.4 0.238 0.232 

 

To make sure that the formulation size has truly reduced and that the protocol can 

be replicated, we conducted replication trials to get statistical significance with n=3. Table 

2 show the average size of the 3 replications of this formulation, where it shows that the 

average size of this formulation is around 66.9 nm not 64 nm with a standard deviation 

of 4.51 nm. It still shows that the diameter of liposomes is still smaller than the other trials 

so we went on with it.  
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Table 2 shows the zeta potential of the new formulation which is also consistent 

that the chitosan coating offers a positive charge to the liposomes. Figure 16 shows the 

distribution of charge of the first trial. 

 

Table 2: Coated and Uncoated Liposomes Replications of the New Formulation. 

Trial Size - uncoated Size - coated Zeta - coated 

First trial 58.5 63.4 9.74 

Replication 1 68.2 70.8 10.04 

Replication 2 53.8 76.4 9.54 

Average 66.9 70.55 9.77 

 

 

 

Figure 17 presents the size distributions of coated and uncoated liposome 

formulations over time. Panel A shows a significant size difference between coated and 

uncoated liposomes in the new formulation; the coated liposomes are larger, which is 

expected due to the added coating layer. Panels B and C show significant differences 

between the old and new formulations for both coated and uncoated liposomes, with the 

Figure 16: Charge Distribution of the Coated Liposomes New Formulation 
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new formulation producing consistently smaller vesicles. Panel D shows a non-significant 

increase in the size of both coated and uncoated liposomes after 30 days, indicating that 

the new formulation remains stable over time. 

 

 
(A) size difference between coated and uncoated liposomes. (B) size difference between 

old and new formulation of uncoated liposomes. (C) size difference between old and new 

formulation of coated liposomes. (D) stability analysis for the new formulation of coated 

and uncoated liposomes compared at 20 and 30 days after synthesis accounting only for 

the size. 

 

2. Liposome Visualization 

After synthesizing the liposome formulations, we labeled them with NBD-PC and 

DiI fluorescent dyes for the colocalization assay. We first tested the formulation adapted 

from (Abla et al., 2025), followed by the new formulation. Both yielded comparable 

fluorescence patterns under the confocal microscope (Figure 20). The clear colocalization 

Figure 17: Variation and Comparison of Different Liposomes Formulations. 

A B 

D C 
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of both dyes within the vesicles confirms that the liposomes were successfully formed 

and uniformly labeled, indicating that they are suitable for subsequent in vivo 

experiments. Panel A in figure 18 shows non-uniform labeled uncoated liposomes, 

whereas panel B shows uniform aggregations of labeled coated liposomes, showing that 

the probe sonication was able to reduce particle size and reduce polydispersity of the 

liposome solution. 

 

 
(A) Non-uniform vesicles of labeled uncoated liposomes. (B) uniform aggregations of 

labeled coated liposomes. 

 

We also had a proof of synthesis from (Abla et al., 2025) using the TEM showing the 

internal structure (figure 19). In this figure, panel (a) shows the shape of uncoated 

liposomes whereas panel (b) shows the coated liposome.  

 

Figure 18: Confocal Images at 100X Magnification Showing the DiI, NBD and Merged 

Images of Each Panel.  

Di

I 

NBD 

A 

B 

Merge

d 
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B. In Vivo 

1. Adapted Formulation 

The experiment began with an intravenous injection of the liposome formulation 

into a mouse via the tail vein, followed by a 2-hour circulation period before euthanasia 

and brain extraction. The extracted brain, along with a control brain from an untreated 

mouse, was fixed in PFA for 24 hours at 4 °C. Using a vibrating microtome (vibratome), 

we sectioned the brains into 40 µm slices under low-light conditions to preserve 

fluorescence, allowed the sections to dry, and subsequently stained them with DAPI. 

Images were acquired using an upright fluorescence microscope with whole-brain tile 

scanning (Figure 20). 

The brains were sectioned coronally, allowing visualization of both hemispheres 

and facilitating comparison between the injected and control samples at equivalent 

anatomical levels. The injected mouse showed a broader distribution of DiI fluorescence 

than the control, indicating liposome presence within the brain parenchyma and 

suggesting successful passage across the blood–brain barrier. However, each group 

included only one sample, and additional biological replicates would be required for 

Figure 19: Transmission Electron Microscopical Images of (a) Uncoated And (b) Chitosan-

Coated Liposomes. 
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robust conclusions. Replication was beyond the scope of this study, as the experiment 

served primarily as a proof of concept. 

 

 

However, when we tried the same experiment on birds (our model of interest), it 

was a different story. The control and the treated bird injected in the pectoral muscle or 

intravenously bore the same results, even after multiple time points (2h, 3h, 4h, 6h and 

8h). The results can be seen in figure 21. In this figure, only the DiI dye was assessed for 

Figure 20: In Vivo Brain Images of the (a) Control Group That Did Not Receive Any 

Treatment and the Brain Image of the (b) Mouse Treated with DiI Labeled Chitosan-

Coated Liposomes. From Top to Bottom, The Figure Shows the Brain Stained with 

DAPI For Nuclei, DiI for Liposomes, And the Merged Image 
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the three scans for time constraints. Panel A, shows how the positive control look like, 

then panel B and C show similar results for the injected and untreated birds (nothing). 

 

 
 

Consequently, we had to ask ourselves what to do next, and it was liposomes size 

reduction trials. 

 

2. New Formulation 

Using the new formulation, we applied the same protocol to birds, administering 

the intravenous injection through the jugular vein and allowing a 2-hour circulation period 

before euthanasia. The results are shown in Figure 22. The injected brains exhibited 

fluorescent signals localized within the cerebral blood vessels, in contrast to the control 

brains. Three biological samples were included in each group to ensure that the 

observations were reproducible and that the experiment was successfully executed. 

 

A C B 
Figure 21: Tile Scans of Sagittal Brain Sections Of (A) Positive Control, (B) Injected Bird with 

Fluorescent Liposomes And (C) Control Bird Brain 
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Figure 23 shows higher magnifications around the signals of blood vessels, then 

in figure 24 we can see that a z-stack was performed near the blood vessels and a 3D 

reconstruction to see whether there is extravasation of liposomes outside the blood vessels 

and their existence in the brain parenchyma.  

 

Figure 22: Tile Scans of Brain Sections from A Control Bird and an Injected Bird. Red 

Fluorescence Corresponds to DiI Labeling, Blue Fluorescence Represents DAPI Nuclear 

Staining, and the Final Panel Shows the Merged Image 

Merged DAPI DiI 

control 

Injection 



 

 45 

 

 

We can clearly see the colocalization of the NBD and DiI fluorescence outside 

the blood vessels which indicates the possibility of liposomes’s transcytosis through the 

BBB reaching the brain parenchyma. Further confirmation of the crossing of these 

liposomes using the SEM or TEM has to be done to make sure that liposomes reside in 

the brain parenchyma and not just degraded fluorescent lipids. This ability was probably 

due to the increased and decreased ratios of tween 80 and cholesterol, respectively, in the 

formulation, rendering liposomes more fluid and more susceptible to fusing with the 

cellular membrane of endothelial cells. 

Figure 23: Closer Look at the Sites of Signals of the Liposomes 

DiI NBD DAPI Merged 

100X 
with oil

Figure 24: 3D Reconstruction of a Z-Stack for a Blood Vessel Showcasing the Extravasation of 

Liposomes Outside the Blood Vessel. 
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We then quantified the signal detected from blood vessel walls, brain parenchyma 

for injected birds and control birds then compared the means of each condition (n=3). 

From figure 25, we can see clearly the difference in the emitted signal, since we did not 

conduct a blood perfusion before extracting the brain, therefore, it is logical that the blood 

vessels contain significantly more liposomes than the brain parenchyma. Also, both blood 

vessels and the signal detected in the brain parenchyma, had significantly higher intensity 

than the control. 
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Figure 25: Comparison of Log-Transformed Mean Signal Intensities Across Brain Blood 

Vessels, Injected Brain Parenchyma, And Control Brain Parenchyma 
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In Figure 26, we can see the liposome penetration into more accessible tissues 

such as the lungs and liver. In these figures we can see clearly that liposomes can penetrate 

these organs likewise in both formulations and that the size difference did not really 

matter much like in the brain. 
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Figure 26. (A) Lungs Of Control, Injected Bird with the Old Formulation and Birds 

Injected with the New Formulation. (B) Livers Of Control, Injected Bird with the Old 

Formulation and Birds Injected with the New Formulation. 
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In figure 27, we can finally see intact liposomes out of the blood vessels in the 

brain parenchyma as injected bird 1 and 2 show compared to the control. The control bird 

does not have any vesicular structures that are out of the blood vessel while the other 

birds show that in a huge way. 

  

Control Injected bird 

(2)

Injected bird (1) 

Figure 27: SEM Images of Brain Slices 
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CHAPTER V 

CONCLUSION 

 

This work demonstrates that successful liposomal delivery across the blood–brain 

barrier is strongly dependent on species-specific physiological constraints. A liposomal 

formulation previously validated in vitro from (Abla et al., 2025) and shown to be 

effective in mice failed to reach the brain parenchyma in the zebra finch model, indicating 

that direct translation across species is not guaranteed, even when initial formulation 

performance is robust. 

Through systematic optimization, further reduction of liposome size enabled 

effective BBB traversal and parenchymal distribution in zebra finches. This establishes 

vesicle size as a critical determinant for brain delivery in this avian model and, to our 

knowledge, provides the first experimental evidence of successful non-invasive 

liposomal delivery to the zebra finch brain parenchyma. 

While liposomes offer clear advantages as delivery vehicles, challenges related to 

drug loading capacity, systemic clearance, and metabolic processing remain. Addressing 

these limitations will be essential for future applications. In parallel, the lack of 

established in vitro zebra finch cellular models limits mechanistic interpretation and 

highlights the need for foundational studies on avian-specific cellular uptake and 

transport mechanisms. 

Overall, this work validates an optimized liposomal delivery route for the zebra 

finch and provides a foundation for future neuroscience studies, including the 

development of targeted or ligand-functionalized liposomes for region-specific brain 

delivery.  
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