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ABSTRACT

Increase in Liposome Production: From Microfluidics to Milli-fluidics

Elie Nasr

Liposomes are tiny vesicles of lipid layers enclosing medication for drug delivery, mostly used in
cancer treatment, gene therapy and mRNA vaccines. One of the production technologies implies
the use of microfluidic mixers, which produce liposomes at a very low yield. Previous research
proved the viability of liposome production but at a very low yield. Based on the successful results
of the liposome production at micro-scale, the assumption that scaling up the channel size may
lead to an increased production of similar-sized liposomes. To begin evaluating its feasibility,
simulations of the mixing of two fluids within scaled up channels were carried out. The objective
of the simulations are to evaluate the mixing potential prior to experimental trials. Same linear
velocity values and mixing ratio were considered in simulations. However, from the mathematical
model, the resulting size of the liposomes cannot be predicted. It may be possible that along with
larger channels, larger liposomes might be produced. The same fluid properties will be used during
the mixing of a solution containing lipids and alcohol with water, which will result in liposomes
formation in both micro and milli channels. The hypothesis behind this experiment states that the
size of the liposome depends on the speed of mixing, which is bounded by fluid flow properties,
such as velocity, pressure and concentration, that will need to remain similar in values in the
enlarged microfluidic device. During simulation, similar mixing results were obtained as the base
research, which indicate good mixing efficiency when scaling up the cross-section area by 10 and

25 times.. It seems that it may be possible to increase production of liposomes through larger



v
devices if the pressure inside the channels is increased due to higher flow rate, which is also scaled
by a factor corresponding to the dimension increase. A larger production rate could be a game

changer in the pharma industry. Preliminary experiments yield liposomes of increased size - by 20

to 50% in diameter at a significant increase in productivity.
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INTRODUCTION

Delivering goods from producers to consumers is a process that is continuously being optimized.
Increasing efficiency means recognizing the importance of packaging at a higher rate before
reaching the targeted recipient through an organized transportation network. The same principle
applies to delivering drugs within the human body, which is the main purpose behind the
production of liposomes (Samad, Sultana, & Aqil, 2007). To reach the same standards as the
packaging industry, there must be rapid and consistent production of liposomes at nominal sizes,
which are two important limitations in its microfabrication. In microfluidic liposome production,
a compromise is made between these two (2) showstoppers to produce these tiny spherical vesicles

composed of phospholipid molecules.

It was not before the 1980s that liposomes began to be explored in drug delivery. At this point,
researchers had discovered that they could transport the required medicine at the designated
location by controlling its size, whether the final destination was a tissue or a cell. Since then,
various medical conditions were aimed to be treated with liposome-based therapies. Today,

innovative methods are continuously being explored to increase overall productivity.

Controlling the size of liposomes depends on the speed of mixing when injecting the solvent, in
this case ethanol, to the lipid solution. When studying the increase in production rate, it is important
to match the size of the liposome with the design requirements. To increase the rate of production,
the surface area of the microchannels’ cross-section will be increased. This will cause a slower
velocity in the inlet channels containing the concentrated mixture or water and will directly
influence (increase) the liposome size. A solution would be to increase the flow rate and pressure
within the microfluidic devices while also maintaining the lipid concentration when scaling to a

larger channel. Theoretically, the liposome diameter will be maintained by controlling the mixing



speed. However, upscaling to millifluidics from microfluidics usually entails less precision due to
more variability in liposome sizes and encapsulation efficiency (Yanar, Mosayyebi, Nastruzzi,

Carugo, & Zhang, 2020).

0.1 Rationale

Medical practices evolved over time to continuously provide safer and more effective treatments
of a wide range of health conditions. With new clinical trials of different treatments being tested
and delivered to patients worldwide, side effects were always an ethical and legal concern for
pharmaceutical companies. From early vaccine adoption to surgical procedures, one’s body may
react differently when exposed to certain substances. An advantage of using drug delivery using

liposomes is the risk reduction in side effect developments associated with certain medications

Entrapment of hydrophilic .= il
drug in aqueouscore & i

. . - =
EntrapnTen? gfllpophflrc ... —
drug in lipid bilayer .. ®

Figure 0.1: Liposome Structure

Taken from Anton Paar GmbH (2024)

which would be only locally delivered. Liposomes are retained by specific organs according to
their size (Isanin, Rozenberg, Shcherbakov, & Kh, 1984). Hence, medication embedded in

liposomes may be specifically delivered to the organ in need. Often, uncertain treatment is offered



to patients suffering from challenging medical issues, such as cancer, gene related diseases,
cardiovascular diseases, neurological disorders, and so on. With the correct size, targeted drug
delivery through liposomes is possible while reducing exposure to non-targeted tissues and cells,
directly minimizing off-target side effects. In contrast, chemotherapy is widely used in cancer
treatment but does not only target problematic cells and also kills healthy tissues in an attempt in
targeting tumors (Weeks JC, 2012). Encapsulating drugs in liposomes may, in some cases, reduce
toxicity, which plays a vital role in the prevention of targeting healthy tissues, since the liposome
membrane acts as a barrier. It is important to note that side effects are not eliminated completely

but are potentially reduced in drug delivery using liposomes.

On top of the great risk reduction, drug delivery treatments using liposomes could revolutionize
drug management in the pharmaceutical industry, given that the main production restrictions are
resolved (Sanket, Dhawan, Holm, & Perrie, 2020). The global liposome drug delivery market
value is expected to grow significantly during this decade if the current growth trend maintains

itself, according to Data Bridge Market Research.

Global Liposome Drug

Global Liposome Drug Delivery Market is Expected to Account Delivery Market, By Regions,
for USD 8.0 Billion by 2029 2022 to 2029

QO

2023 2024 2025 2026 2027 2028 2029

B North America M Europe M Asia Pacific @ South America B Middle East and Africa

Figure 0.2: Global Liposome Drug Delivery Market Growth



This expectation in growth may directly be due to the applications associated with the production
of liposomes. These vesicles serve a great purpose in medical treatments, the most common being
tumor targeted therapy. In 2022, the global market size of cancer therapeutics alone was valued at
USD $164 billion. Without considering other liposome applications, it is safe to say that the market

size for liposome drug delivery will grow with the coming years (Bohr, Colombo, & Jensen, 2018).

CANCER THERAPEUTICS MARKET SIZE 2022 T0 2032 (USD BILLION)

400 $ 393.61

360 $359.13
§$327.98
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280 § 25118 $274.29
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200
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120
80
40

$299.79

$211.22
§178.27 $193.96

$ 164

Source: www.precedenceresearch.com

Figure 0.3: Global Cancer Therapeutics Market Size Growth

As research funds towards cancer treatment continue to grow, the development of new techniques
in the field of microfluidics will follow the curve in an attempt to improve the efficiency of drug
delivery but also reduce its costs related to microfabrication, production of liposomes and time

consumed in production of liposomes.

One of the main research topics in the production of liposomes revolves around finding optimal

ways to increase the output efficiently. Microfluidics allow reliable and stable production of



liposomes, but the process remains slow and the output insufficient for market demands. To
increase the production output, there are a few different methods such as parallelization which can

be achieved by using microfluidic arrays or high-throughput microfluidics.

As shown in Figure 0.4, an application of parallelization demonstrates how water and the solute
solution are inserted into the microfluidic devices assembled in parallel for higher throughput.
Parallelization increases production capacity by stacking multiple mixing channels in parallel,
allowing more output. Another method is to increase the size of the microfluidic device to use

milli-fluidic devices. By scaling up the device dimensions, a higher volume is allowed into the

Liposome suspension

Lipids in ethanol

| T T ]
#chip4-OF F3 o A A e
LT | L]

Water phase e ~

S |

Figure 0.4: Parallelization Example in Microfluidics

Source: (Carugo, Bottaro, Owen, Stride, & Nastruzzi, 2016)

inlets and the mixing channel, therefore producing more liposomes (Michelon, Bernardes Oliveira,

de Figueiredo Furtado, Gaziola de la Torre, & Lopes Cunha, 2017).

0.2  Problem Statement
Liposomes can be artificially prepared in the laboratory and are used in various fields of science
and medicine for a variety of purposes, including drug delivery systems, gene therapy, and mRNA

vaccines. Liposomes are advantageous in drug delivery because they can encapsulate drugs or



other substances within their aqueous core or lipid bilayers, allowing for targeted delivery and

controlled release of the enclosed substance (Samad, Sultana, & Aqil, 2007).

The ability to modify the size, composition, and surface properties of liposomes makes them a
versatile tool for researchers and a valuable technology in pharmaceutical and medical
applications. Liposomes can encapsulate a variety of drugs while targeting specific cells or tissues,
which is ideal for drug delivery. However, liposomes have a finite capacity and cannot deliver
high doses of certain drugs, especially with the added difficulty of efficiently encapsulating the
medication inside the liposome. At the same time, issues related to health can arise if the
administered drugs are not quickly eliminated from the bloodstream by the body’s immune system.
On the flip side, there are also problematics related to production since the inability of filtering out

toxins released during the process can damage the filters (Gregoriadis, 1995).

To benefit from a larger share of the market value of liposome drug delivery, it is imperative to
increase production rates without compromising its size, while also taking in consideration health
issues and production limitations. To solve this known conundrum, some factors must be taken
into consideration. For microfluidic liposome production, a higher flow rate must be
accommodated to generate higher production. Microfluidic devices must evolve and be replaced
by devices with channels wide enough to allow more fluid. However, widening the microchannels
might also result in increasing liposome size. This inconvenience can be limited by increasing the
flow rate and maintaining a similar lipid concentration. The mixing of lipids with water must be
done quickly and efficiently to achieve a production of smaller liposomes but in higher quantity.
A relation exists for the size of liposomes with multiple factors such as TFR, FRR and lipid
concentration, but their effects may be different when applied in milli-fluidics (Ruben Salazar,

2020).



The size of liposomes depends on its intended target during drug delivery. For that reason, it is
important to factor in all variables that may impact this change. The ultimate objective would be
to properly mix the necessary fluids in the right proportion in the production of liposomes in larger

fluidic circuits. This would reduce costs enormously and increase production rate of medication.

0.3 Research Objectives

The importance of liposome production in the medical industry weighs enough to research new
methods that would overcome the current limitations, which prevent its quicker adoption in the
market. Small channels, such as the ones fabricated for microfluidic devices, can only host a low
volumetric fluid flow rate, which drastically limits the production rate of liposomes. This
problematic should hopefully be solved during this experiment by increasing the dimensions of
the devices while maintaining similar vesicle sizes as the original microfluidic device tested in
previous work. By increasing the channel size, the vesicle size might in consequence increase .

However, the current hypothesis suggests otherwise.

0.4  Hypothesis

To avoid increasing the vesicle size when increasing the channel width, fluid characteristics should
match the ones evaluated in the reference device. Therefore, it is believed that the diameter sizes
of the liposomes measured from a milli-fluidic device should be the same as the output from a
microfluidic device, given that the linear velocity inside the channels due to a proportional increase

in TFR is the same while also keeping the concentration of diluted species constant.

0.5  Thesis Organization
The thesis includes 5 chapters and the supporting material of the present work. The content of the

chapter is provided below.



Chapter 1 reviews literature and introduces the features of the liposomes. The different types of
liposome structures are detailed, as well as the methods of production and their main application.

The equipment required to produce liposomes are briefly described and their limitations.

Chapter 2 provides an in-depth description of the microfluidic device design by going over the
different types of mixers, the behavior of fluid flow inside the channels, the methods of fabrication
of such devices and the various forms they can take in terms of materials. The design process in
COMSOL Multiphysics software is documented to create the physical model before reaching the

numerical simulation modeling.

Chapter 3 presents the importance of numerical simulation and how the results are obtained. A
comparison of the acquired data with the reference data is made and all simulation results are

detailed.

Chapter 4 describes all experiments realized in the laboratory. The details include the fabrication

of the device, setting up the test bench, measuring data and analyzing all observations.

Chapter S presents the conclusions of the works and suggests future directions of research in this

field.



CHAPTER 1: LITERATURE REVIEW

1.1  Introduction

The history of liposomes dates back to the 1960s when British hematologist Alec D. Bangham
discovered them while studying phospholipids. Liposomes are spherical vesicles with a lipid
bilayer, initially observed as models for biological membranes. Their potential for drug delivery
was recognized early on, leading to extensive research into their fabrication and applications.
Fabrication methods evolved from simple hydration techniques to advanced methods like reverse-
phase evaporation, ethanol injection, and microfluidics, enabling precise control over liposome
size, charge, and drug encapsulation efficiency. In the 1970s and 1980s, liposomal research
expanded, driven by the need for effective drug delivery systems that could enhance the therapeutic
index of drugs, reduce toxicity, and improve pharmacokinetics. The first FDA-approved liposomal
drug, Doxil, which stands for doxorubicin encapsulated in liposomes, marked a significant
milestone in the 1990s, proving the clinical potential of liposomes. Today, liposomes are used in
a wide range of applications, including targeted drug delivery, gene therapy, and vaccine delivery,
as they can encapsulate both hydrophilic and hydrophobic drugs, protect them from degradation,
and facilitate controlled release. They are also employed in cosmetics for improved skin delivery
of active ingredients. The evolution of liposomes has been marked by continuous advancements
in fabrication technologies and a growing understanding of their interactions with biological
systems, paving the way for increasingly sophisticated and effective therapeutic applications

(Lasic D., 1996).

Liposomes have emerged as versatile carriers for drug delivery, offering significant promise in the
pharmaceutical field due to their ability to encapsulate diverse therapeutic agents and deliver them

to targeted sites within the body. These lipid-based vesicles possess a unique structural
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characteristic, consisting of one or more concentric lipid bilayers enclosing an aqueous core, which
makes them well-suited for encapsulating both hydrophobic and hydrophilic drugs. The versatile
nature of liposomes has led to their widespread exploration in various biomedical applications,

ranging from cancer therapy to drug delivery (Lasic, 1992).

Despite the remarkable potential of liposomes, their widespread clinical translation has been
hindered by several challenges, one of them being the issue of low yield production. The
production process for liposomes in microfluidic devices, which involves hydration of lipid films,
is inherently time-consuming and labor-intensive. This limitation poses a significant bottleneck in
the scalability and commercial viability of liposomal formulations, impeding their widespread

adoption in clinical settings.

A comprehensive review of the existing literature reveals various strategies that have been
explored to address the challenge of slow liposome production. These strategies encompass
modifications to the lipid composition, optimization of manufacturing processes, and the
development of novel production techniques aimed at enhancing the efficiency and throughput of
liposome production. Additionally, advancements in microfluidic technology offer promising
avenues for overcoming the limitations associated with traditional bulk production methods,
enabling precise control over liposome size and uniformity while significantly reducing production

timescales.

1.2  Liposome Structure
Liposomes can have different structural characteristics, depending on the application design
factors such as the encapsulated volume, the desired amount of drug released, targeted delivery

requirements and the nature of the encapsulated substance. The liposome structures can be divided
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into four (4) categories: unilamellar (SUV), large unilamellar (LUV), multilamellar (MLV) and

multivesicular vesicles (MVV) (Nsairat, et al., 2022).

SUV LUV MLV MVV

Figure 1.1: Difference between SUV, LUV, MLV and MVV Structures

Taken from Huang, L. & al. (2022)

1.2.1 Unilamellar Vesicles

Unilamellar vesicles consist of a single lipid bilayer surrounding an aqueous core. They are often
used for drug delivery of hydrophobic and hydrophilic compounds. The simple structure allows
the encapsulation of small molecules and can be designed for specific targeting of cells and tissues
within the body. These vesicles can even be modified for the purpose of surface functionalization
by coating the outer layer with biomolecules or polymers to achieve better results during drug
delivery in terms of specific targeting of cells and tissues, stability and circulation time of
liposomes in the bloodstream, drug release control, imaging and diagnostics, all while avoiding

undesired interactions with other biological components (Moscho, Chiu, & Zare, 1996).

1.2.2 Large Unilamellar Vesicles
LUVs are required for drug delivery and research applications where larger vesicles are needed.
In principle, they are similar to SUVs but are larger in size, allowing a higher volume of drug

encapsulation. This means increased drug-carrying capacity compared to smaller vesicles. With a
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larger liposome diameter, more disadvantages are observed as there is a reduction in efficiency
regarding specific cell and tissue targeting while also limiting penetration. The reticuloendothelial
system (RES) may reduce the circulation time of liposomes in the bloodstream by eliminating
them in a faster manner. Also, it is more difficult to control the drug release kinetics. In the
production aspect, issues may arise in stability since size distribution becomes more complex with
larger vesicles as the encapsulation efficiency drops for certain substances, straying further from

the objective of achieving uniformity (Moscho, Chiu, & Zare, 1996).

1.2.3 Multilamellar Vesicles

From Figure 1.1, it can be seen that ML Vs differ in structure from the unilamellar vesicles due to
the multiple lipid bilayers surrounding the aqueous core. This characteristic increases the available
encapsulation space, providing a larger dosage when needed. In this case, the drug to be
administered and carried inside the vesicle is released at a slower rate due to the multilayer

structure (Bergenholtz & Wagner, 1996).

1.2.4 Multivesicular Vesicles

MV Vs are specialized cellular structures, particularly found within endosomes and lysosomes,
containing multiple smaller vesicles called ILVs. These ILVs, formed by the inward budding of
the endosomal membrane, play crucial roles in cellular processes. MV Vs are central to cellular
communication, notably through the production of exosomes that mediate intercellular
communication by transferring proteins, lipids, and nucleic acids between cells, influencing signal
transduction pathways in recipient cells. They are also vital for waste disposal, aiding in the
degradation and recycling of cellular components by delivering them to lysosomes for breakdown,
and in removing damaged proteins and organelles to maintain cellular homeostasis. In medicine,

MV Vs are explored for drug delivery systems due to their natural ability to transport bioactive
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molecules, and for targeted delivery by loading therapeutic agents for specific cells or tissues.
Additionally, exosomes derived from MVVs are studied as biomarkers for various diseases,
including cancer and neurodegenerative diseases, due to their specific molecular signatures.
Typically, multivesicular bodies (MVBs) range from 100 to 1000 nanometers in diameter, while

ILVs range from 30 to 100 nanometers (Betterelli Giuliano, Cvjetan, Ayache, & Walde, 2020).

1.3 Liposome Production

Similar to liposome structures, different production methods exist and are exploited based on the
application design when considering size distribution, encapsulation efficiency, scalability and
drug release kinetics. Each production method has its advantages and limitations. For example,
extrusion is a common method to produce liposomes, which consists of extruding lipid mixtures
through smalls pores, allowing good vesicle size control and polydispersity. However, this process
requires specialized equipment which naturally increases production costs. Other methods may
involve external excitation like the sonication method, which involves the application of high-
frequency sound waves on lipid mixtures to form liposomes. This is one of the simpler production
methods but only a small output can be realized while also generating heat and compromising size

distribution (Patil & Jadhav, 2014).

Liposome production methods are suitable for certain design requirements, such as size control,
scalability, encapsulation efficiency, and most importantly, reproducibility. Other factors may also
come into play. No method is perfect, so compromising some factors becomes necessary to obtain
the desired results. For instance, microfluidic liposome production allows precise control over
fluid flow rates and mixing which enables better size distribution while ensuring high
reproducibility. Microfluidic devices allow rapid mixing in a short distance while maintaining high

encapsulating efficiency, resulting in satisfying liposome production. It is important to note that
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microfluidic production can easily be scaled up, but some challenges may arise in terms of keeping
the desired vesicle size and adapting the equipment to the changes in fluid dynamics (Lombardo

& Kiselev, 2022).

1.3.1 Designing Microfluidic Devices

Microfluidic devices for liposome production should be designed with careful consideration of
several key factors to achieve optimal performance and functionality. Firstly, the device geometry
and layout must be tailored to accommodate the specific requirements of liposome formation
processes, including lipid mixing, hydration, and encapsulation. This may involve designing
microchannels, chambers, and mixing structures that facilitate efficient lipid bilayer formation and
encapsulation of therapeutic agents. Secondly, material selection is crucial to ensure compatibility
with lipids and biological components, as well as to minimize potential interference with liposome
production processes. Biocompatible materials such as polydimethylsiloxane (PDMS), glass, or
polymethyl methacrylate (PMMA) are commonly used for microfluidic device fabrication to
prevent leaching or contamination of liposomal formulations. Based on the choice of material, a
suitable fabrication process should be determined (Losey, Jackman, Firebaugh, Schmidt, & Jensen,

2002).

1.3.2 Manufacturing Microfluid Devices

Precision and specialized equipment are required to manufacture microfluidic devices. After
coming up with an initial design, it is important to achieve the desired result for the purpose of
reenacting theoretical simulation in an experiment. Different methods of manufacturing can be
employed, ranging from glass etching, micromanufacturing or 3D printing. Since the
micromanufacturing of a microfluidic device is a bottom-up process, a material must first be

chosen for the substrate. In this case, PDMS will be used since it is transparent and easy to
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Figure 1.1.1: Photolithography on Microfluidic Device

Source: Tao Yue & al. (2019)

manipulate. This material will be used to form the microchannels of the device. Once the substrate
is ready, a thin film, also referred to as a mask, is applied on the surface as part of the process of
photolithography. This mask is used to block UV light and allows the removal of exposed material.
This fabrication technique requires expensive equipment and can be quite complex. However,
photolithography can achieve micron resolution even in large batches as this process is highly
scalable. Alternatively, other fabrication techniques, such as etching or soft lithography, can be
applied depending on the design. The device used to achieve this experiment was fabricated in a
more cost-efficient way as dimensions were scaled up to test our theory. Microchannels were
created on the substrate directly using micromachining. Half of the microchannel was done on one
substrate and the other half on another, which were then merged to create the test channels.
Evidently, surface treatment was required for this experiment to make sure that the test device was

properly sealed but also to improve the inlets and mixing channel. Making sure that surfaces are
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hydrophilic will lower the Reynold’s number and promote a more laminar flow. It also prevents
the formation of bubbles inside the channels while also improving biocompatibility (Losey,

Jackman, Firebaugh, Schmidt, & Jensen, 2002).

1.4  Liposome Applications

Drug delivery remains the most popular application of liposomes. Its production is most commonly
investigated to be applied in medical treatments, such as cancer treatment, antibiotic delivery, and
even gene therapy. However, they are also useful for vaccine delivery, cosmetics, diagnostic
imaging, nutrient delivery, etc. Their versatility is due to the capacity of encapsulating different

compounds and targeting specific regions of the human cells and tissues (Barenholz, 2001).

1.4.1 Drug Delivery

Liposomes have garnered significant attention in the realm of drug delivery due to their unique
structure and properties. Their ability to encapsulate both hydrophobic and hydrophilic drugs
within their aqueous core or lipid bilayers makes them versatile carriers for a wide range of
therapeutic agents. In drug delivery applications, liposomes serve as vehicles to transport drugs to
specific target sites within the body, thereby enhancing their therapeutic efficacy while minimizing
off-target effects and systemic toxicity. One of the key advantages of liposomal drug delivery is
the ability to modify their surface properties, allowing for targeted delivery to particular tissues or
cells through surface functionalization with ligands or antibodies that recognize specific receptors
or antigens (Sharma & Sharma, 1997). This targeted approach enhances drug accumulation at the
desired site, improving therapeutic outcomes and reducing adverse effects. Furthermore,
liposomes can protect encapsulated drugs from degradation and clearance mechanisms in the body,

prolonging their circulation time and enhancing their bioavailability. This property is particularly
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advantageous for drugs with poor solubility or stability, enabling their efficient delivery to the

intended site of action (Anwekar, Patel, & Singhai, 2011).

In addition to cancer and genetic disorders, liposomal drug delivery holds promise for the treatment
of inflammatory diseases, such as rheumatoid arthritis and inflammatory bowel disease, by

delivering anti-inflammatory agents to affected tissues.

1.4.2 Cancer Treatment

Liposomes are becoming integral in cancer treatment due to their unique ability to deliver
therapeutic agents specifically to tumor sites while minimizing systemic toxicity.
Chemotherapeutic drugs encapsulated within liposomes, such as doxorubicin and paclitaxel,
benefit from enhanced accumulation in tumors through the enhanced permeability and retention
(EPR) effect. This targeted delivery mechanism improves drug efficacy by increasing drug

concentration at the tumor site, while reducing off-target effects on healthy tissues.
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Figure 1.2: Targeted Organ based on Liposome Size

Source: (Rawal, Singh, & Amiji, 2019)
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Figure 1.3 effectively shows the targeted organs based on the liposome sizes. Controlling liposome
size is crucial during production when designing for drug delivery. In cancer research, targeting
specific organs becomes a vital part of treating cancerous cells located in a specific area in the

body.

The advantages of using liposomes in cancer treatment are manifold. Firstly, liposomal
formulations protect encapsulated drugs from premature degradation and clearance in the
bloodstream, prolonging their circulation time and enhancing bioavailability. Secondly, liposomes
can be modified to display ligands or antibodies on their surface, facilitating targeted delivery to
cancer cells expressing specific receptors or antigens. This targeted approach further enhances
drug accumulation at tumor sites while minimizing exposure to healthy tissues. Additionally,
liposomal formulations offer the potential to overcome drug resistance mechanisms commonly
observed in cancer treatment, thereby improving treatment outcomes. Various types of cancer are
treated using liposomal formulations, including breast cancer, ovarian cancer, lung cancer, and

leukemia, among others (Pandey, Rani, & Agarwal , 2016).

1.4.3 Gene Therapy

Liposomes are increasingly utilized in gene therapy for their ability to efficiently deliver nucleic
acid-based therapeutics, such as small interfering RNA (siRNA), messenger RNA (mRNA), and
plasmid DNA, to target cells. In gene therapy, liposomes serve as carriers to protect nucleic acids
from degradation and facilitate their uptake by cells, enabling modulation of gene expression for
therapeutic purposes. One significant advantage of using liposomes in gene therapy is their ability
to overcome biological barriers, such as cell membranes and endosomal compartments, which can
hinder the delivery of nucleic acids. Liposomes can encapsulate nucleic acids and facilitate their

transport across cellular barriers, improving their bioavailability and enhancing their therapeutic
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efficacy. Moreover, liposomes offer flexibility in terms of surface modification, allowing for
targeted delivery to specific cell types or tissues by functionalizing liposomal surfaces with ligands
or antibodies that recognize cell surface receptors. This targeted approach increases the specificity
of gene delivery, minimizing off-target effects and reducing systemic toxicity (Tseng & Huang,

1998).

In gene therapy, liposomes find applications across various diseases since they are particularly

valuable for delivering nucleic acid-based therapeutics to target tissues or cells.

1.5 Production Limitations

While microfluidic devices offer promising advantages for the production of liposomes, several
limitations slow their widespread adoption and scalability in industrial settings. Firstly, one of the
primary challenges in microfluidic-based liposome production is achieving high throughput.
Traditional bulk production methods allow for large-scale production, whereas microfluidic
devices typically operate at much smaller scales, limiting their production rates. The microscale
channels and chambers inherent to these devices impose constraints on flow rates and volumes,
resulting in lower overall production yields compared to bulk methods (Carugo, Bottaro, Owen,
Stride, & Nastruzzi, 2016). Scaling up microfluidic production to meet market demands without
compromising the advantages of precise control and reproducibility remains a significant

challenge that will be addressed in this research thesis.

Secondly, the fabrication and operation of microfluidic devices can be complex and require
specialized expertise. Designing and fabricating microfluidic chips with precise geometries and
surface properties suitable for liposome production demands expertise in microfabrication
techniques such as photolithography, soft lithography, or micro-machining. The operation of

microfluidic systems often involves intricate fluid handling and control mechanisms, including
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precise regulation of flow rates, pressure, and temperature. This complexity may pose challenges
in terms of system reliability, reproducibility, and maintenance (Christoffersson & Mandenius,

2019).

Thirdly, microfluidic-based liposome production may be susceptible to issues related to material
compatibility and fouling. The materials used in microfluidic devices, such as polymers or glass,
must be biocompatible and inert to avoid interference with liposome formation or drug
encapsulation. The small dimensions of microfluidic channels increase the likelihood of fouling
due to interactions between lipids, drug molecules, and channel surfaces, leading to inconsistent

production and reduced efficiency over time (Carugo, Bottaro, Owen, Stride, & Nastruzzi, 2016).

1.6  From Microfluidics to Millifluidics

Upscaling a microfluidic device to a millifluidic mixing device can have effects on the size of
liposomes through factors like TFR and FRR, but also the polydispersity index (PDI), and zeta
potential of liposomes produced. Higher TFR generally leads to smaller liposome sizes in both
methods. Specifically, in millifluidics, increasing the TFR decreased the liposome size
significantly when applying a high FRR. In microfluidics, a similar trend is observed where
increasing the TFR results in smaller liposomes, but the sizes vary depending on the FRR. As for
the PDI, both methods demonstrate that a higher TFR tends to produce liposomes with lower
dispersity, indicating more uniform size distribution. For example, at a TFR of 10 mL/min, the
PD