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Abstract-Liposomes are versatile nanocarrier vesicles, composed of Phospholipids, featuring
both a hydrophilic core and hydrophobic membrane. This dual nature makes them ideal for
delivering molecules with varying polarities. Their biocompatibility, biodegradability, and
ability to target specific tissues have established them as a cornerstone in anticancer drug
delivery system. Today, liposomes are actively used in tumor targeting, gene therapy, genetic
vaccines, immunomodulation, photodynamic therapy, transdermal delivery. In the oncology
sector, these nanovesicle formulations depict a significant advancement by offering
innovative solutions for the delivery of chemotherapeutic agents. This article confronts latest
developments in widely used liposome formulation methods including thin film hydration
method, Solvent evaporation, microfluidic techniques. Each method presents distinct
advantages, challenges and limitations, which are discussed in detail. Additionally, the review
highlights advanced approaches and future directions in the field of liposomal drug delivery.

Index Terms—Oncology, Nano-vesicles, Microfluidic Method, Rotary evaporator, Film
Hydration, Drug Delivery.

[. INTRODUCTION
Liposomes, as nanoscale vesicular structures, possess one or more concentric phospholipid
bilayers encapsulating aqueous cores. It is one of the most promising drug delivery systems in

modern pharmaceutical science. Structurally, Liposomes are lipid bilayer vesicles, known for their
biodegradability and biocompatibility, making them effective carriers for targeted drug delivery.
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They can encapsulate both hydrophilic and hydrophobic drugs, offering versatility in therapeutic
applications. Due to their diverse composition and structural adaptability, liposome have become
widely utilized in biomedical fields. In recent developments, malfunctional liposome have
emerged as promising tool s for targeted tumor. One of the most promising and versatile drug
delivery systems in modern pharmaceutical science is liposomes. Structurally, liposomes are
nanosized vesicles formed by one or more concentric phospholipid bilayers encapsulating aqueous
cores [1,6,10]. This unique amphiphilic architecture allows them to simultaneously carry both
hydrophilic agents and lipophilic compounds, making them exceptionally adaptable for a wide
range of therapeutic applications [32,34].

In the context of cancer therapy, liposomes are particularly advantageous. They offer improved
bioavailability, prolonged circulation time, and reduced systemic toxicity compared to
conventional chemotherapeutic formulations [36]. A key feature contributing to their clinical
relevance is their ability to be modified for targeted delivery. Surface modifications such as the
incorporation of polyethylene glycol (PEG) or specific ligands can enhance passive or active
targeting, facilitating the accumulation of liposomes in tumor tissues through the enhanced
permeability and retention (EPR) effect (Fig. 1). Furthermore, their structural similarity to
biological membranes enhances their biocompatibility, enabling them to mimic natural cellular
processes and evade immune recognition [40,41].

s Injection-of-
Liposomes¥

Figure 1 Enhancement in Permeability and retention effect by Liposomes !
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The growing interest in liposomal systems is driven not only by their therapeutic versatility but
also by ongoing advances in manufacturing technologies. These include reverse-phase
evaporation, ethanol injection, freeze-drying, and more recently, microfluidic technologies. Such
innovations have significantly improved the scalability, reproducibility, and drug loading capacity
of liposome formulations, thereby strengthening their potential for clinical translation [36,42].
Among the significant innovations in liposome development has been the introduction of “stealth
technology.” By incorporating PEGylated lipids, researchers have developed long-circulating
liposomes that are less readily identified and cleared by the mononuclear phagocyte system. This
improves drug delivery to the targeted site of action and extends systemic circulation. However,
despite their potential, liposome-based drug products are inherently complex. Even subtle changes
in their composition or preparation method can markedly affect pharmacokinetics, biodistribution,
and therapeutic outcomes. As such, meticulous attention to formulation parameters and
manufacturing processes is essential to ensure consistency and efficacy [41,42]. Beyond oncology,
liposomes have also found application in other therapeutic areas. In cardiovascular diseases, they
have been used to deliver nitric oxide and antioxidants to improve vascular function and mitigate
oxidative stress. Liposomes facilitate targeted gene expression with less immunogenicity in gene
therapy by acting as non-viral vectors for the delivery of nucleic acids like DNA and RNA [44].
Importantly, the technique employed for liposome preparation plays a pivotal role in determining
their physicochemical characteristics such as particle size, lamellarity, surface charge, and
encapsulation efficiency, which directly influence their stability, biodistribution, and therapeutic
performance (Fig. 2). Several techniques have been established for liposome production, each with
unique advantages and challenges. This mini-review explores four widely adopted methods: thin-
film hydration, solvent evaporation, ethanol injection, and microfluidic technology (Fig. 3). These
methods differ significantly in terms of complexity, scalability, reproducibility, and the physical
properties of the resulting liposomes. For instance, thin-film hydration remains a popular
laboratory-scale technique known for producing multilamellar vesicles, while microfluidic
methods represent a newer, more precise approach capable of generating uniform unilamellar
liposomes with reduced batch-to-batch variability [34].

Nano-Liposomal
Formulations
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Figure 2 Features of Liposomal Formulation
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Given the complexity and therapeutic importance of liposomal systems, this review aims to
provide a comparative overview of these liposome preparation techniques, with a focus on their
relevance in anticancer drug delivery. Emphasis is placed on how these methods influence key
formulation parameters and how they can be optimized for clinical application [42].

Soldvent Evaporation

Microfiuidic Method

Figure 3 Liposomes Formulation Techniques
II. METHOD OF THIN FILM HYDRATION

Advanced Techniques in Liposome Preparation: A Narrative Overview

Because liposomes can encapsulate a wide range of therapeutic agents, they have become essential
in contemporary pharmaceutical and biomedical research. Among the many fabrication techniques
developed, certain methods stand out due to their efficiency, reproducibility, and suitability for
specific drug types. Below is a detailed, narrative exploration of some of the key methods currently
employed in liposomal formulation. ' The thin film hydration method is a basic technique for
creating liposomes and niosomes, and it is regarded as one of the most well-established and
extensively used approaches [1-6,10-19]. Lipid components are first dissolved in an organic
solvent, usually methanol or chloroform [1,2]. A thin lipid film is then formed on the inner surface
of a round-bottom flask as the solvent is evaporated under reduced pressure, typically using a
rotary evaporator [3,4]. Upon hydration with an aqueous solution potentially containing the
therapeutic compound this dry lipid film spontaneously swells and peels off, forming multilamellar
vesicles (MLVs) [5,6]. These MLVs can then be processed via extrusion, sonication, or freeze-
thaw cycles to produce unilamellar vesicles with controlled size and improved homogeneity
[10,11]. Technique involves lipid dissolution in organic solvents, followed by solvent evaporation
to form a thin lipid film, which is then hydrated to generate liposomes [12]. This technique offers
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advantages, including high encapsulation efficiency for hydrophilic drugs, as the aqueous core
formed during hydration effectively traps these agents [13,14]. Particle size control is achievable
through downstream processing such as extrusion, which yields vesicles with uniform diameters
[15]. Additionally, the rigid structure of lipid bilayers contributes to enhanced stability, which in
turn supports better drug retention and shelf life [16]. However, the method has limitations as it is
time-consuming, involving multiple steps from film formation to size reduction [17]. It is also less
effective for lipophilic drug loading, as these compounds must be incorporated into the lipid

bilayer during the initial lipid dissolution stage, which may restrict their loading capacity ['%!°)

Microfluidic Techniques

Microfluidic-based liposome production represents a cutting-edge innovation in nanotechnology.
Unlike traditional bulk processes, microfluidic systems manipulate fluids within micron-sized
channels, enabling precise control over liposome formation conditions. In this process, lipid
materials dissolved in organic solvents are introduced into microfluidic chips alongside aqueous
buffer solutions. Rapid and controlled mixing within these microchannels initiates the self-
assembly of liposomes. 2?2 What distinguishes this method is its ability to produce highly
uniform, unilamellar vesicles with consistent particle size and superior encapsulation efficiency.
This precision is critical for reproducible performance in drug delivery applications, particularly
in personalized medicine!?!! Its benefits include fine-tuning of liposome size and polydispersity
by adjusting flow rates, temperature, and lipid-to-buffer ratios. Higher batch-to-batch
reproducibility compared to thin film hydration, reducing variability in drug delivery performance.
Enables co-encapsulation of multiple agents (e.g., therapeutic and diagnostic molecules) for
theragnostic applications.?!! Some limitations observed, such as initial setup of microfluidic
systems may be cost-intensive and require specialized fabrication. Solvent removal post-formation

can be challenging and must be optimized for large-scale applications. 2%

Supporting Techniques in Liposome Preparation

To improve liposome production and refinement, a number of auxiliary techniques are employed

in addition to the main ones mentioned below, either alone or in combination.

e Sonication Technique: This approach employs ultrasonic energy to reduce the size of
multilamellar vesicles into small unilamellar vesicles (SUVs). It's commonly used after
hydration in thin film methods to fine-tune liposome diameter.

o Extrusion Method: Liposomal suspensions are passed through polycarbonate membranes with
defined pore sizes, yielding vesicles of uniform size. This is particularly effective for producing
nano-liposomes for intravenous applications.

o Emulsification-Evaporation Method: involves dispersing a lipid-drug solution in an organic
phase into an aqueous phase to create an emulsion. As the solvent evaporates, lipid vesicles
form, ideal for encapsulating lipophilic drugs.[”]
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e Lipid Layer Hydration Method: Similar to thin film hydration, this technique focuses on
hydrating a pre-formed lipid film to initiate liposome formation. It may be used for both small-
scale research and large-scale manufacturing.[”’!

Microfluidic Techniques Overview

Microfluidic systems have emerged as a cutting-edge method in liposome production, offering
precision and scalability that surpass traditional techniques [20]. In microfluidic processes, lipid
materials are initially dissolved in organic solvents and then mixed with aqueous buffer solutions
within microfluidic chips. This controlled micro-mixing results in consistent and reproducible
liposome formation [21]. The design of the microfluidic devices significantly influences their
efficiency. Configurations like Y-shaped channels and 3D integrated chip structures enhance the
mixing process and support continuous production [22]. This capability is particularly important
in overcoming limitations related to solvent removal and scale-up. A major advantage of
microfluidic methods is their precise control over particle size. By adjusting flow rates and solution
composition, manufacturers can produce liposomes with narrowly distributed particle sizes,
offering better uniformity than traditional techniques [23]. Devices such as static mixers and
staggered herringbone micromixers have shown varied performance, with static mixers notably
improving particle size distribution [24]. Advancements in 3D printing and device fabrication have
improved throughput, making microfluidic liposome production viable for industrial applications.
The ability to effectively remove residual solvents enhances both shelf-life and safety of the
resulting formulations, a critical factor for clinical usage [71].

Solvent Evaporation Method

For the preparation of liposomes, the solvent evaporation method is still one of the most widely
used and scalable techniques [2]. Phospholipids and medication ingredients are dissolved in a
volatile organic solvent, which is subsequently emulsified into an aqueous phase [6]. After that,
the solvent is evaporated, usually at a lower pressure, which promotes the formation of vesicles
and gas bubbles that aid in the formation of liposomes [7]. It is a versatile method, accommodating
a wide range of lipid mixtures and drug types and is often combined with techniques such as
homogenization or membrane extrusion to yield liposomes with controlled particle sizes and
uniformity [11,12]. One of the method's key strengths is its adaptability to industrial-scale
production as it has simplicity and high throughput [13]. The removal of organic solvents, although
a critical step, must be managed carefully to ensure product safety [6]. The choice of solvent
significantly influences the final product. Polar solvents tend to enhance the encapsulation of
hydrophilic drugs, thereby increasing efficacy [11]. However, the possibility of residual solvent
presence is a major concern, potentially impacting liposome stability and safety [7]. This can be a
benefit as it is a quick and scalable process suitable for industrial use, and effective for
encapsulating both hydrophilic and lipophilic drugs [12,13]. Also, drawbacks include the
possibility that residual solvent may compromise safety and stability [6], and the method often
shows lower encapsulation efficiency for hydrophilic drugs compared to other methods [2]
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Ethanol Injection Method

The ethanol injection method is another widely employed strategy in liposome formulation [4].
This technique involves dissolving lipids in ethanol and injecting the solution into an aqueous
buffer under controlled conditions [6]. The temperature is typically maintained between 60—70 °C
to facilitate efficient liposome formation [8]. One of the key advantages is its scalability, with
successful production volumes ranging from laboratory-scale (60 mL) to industrial-scale (3 L) [9].
The resulting liposomes usually fall within the 150-200 nm size range and display narrow
polydispersity indices [14]. Encapsulation efficiency is typically high (above 90%), making this
method particularly appropriate for drug delivery [15]. It is also compatible with a wide variety of
active agents, from pharmaceutical drugs to plant-derived bioactive compounds [16]. The method
has drawbacks despite being effective and simple to use. Notably, because of the quick mixing, it
might result in reduced encapsulation efficiencies for hydrophilic medications [17]. Furthermore,
ethanol residues in the final product may require additional purification steps, adding time and
complexity to the process [6,18]. Some of the advantages include that it is a simple, cost-effective
method with minimal equipment requirements and produces small, uniform vesicles suitable for
targeted delivery [14,15]. However, its limitations include potentially poor encapsulation for
hydrophilic compounds [17] and the requirement for purification to remove residual ethanol [18].

Ultrasonication

Ultrasonication is a simple and frequently used method for the preparation of liposomes [53]. This
process is considered a green technology that utilizes ultrasonic waves to prepare emulsions, and
sonication enhances dispersivity [54]. Although there are two different sonication techniques bath
sonication and probe sonication the liposomes made using each have comparable properties [53].
However, when it comes to managing operational parameters, bath sonication is considered better
due to its more uniform energy distribution [54]. The understanding of the exact mechanism behind
liposome formation through sonication is still evasive; however, it involves the application of
ultrasonic pulsation to a hydrated lipid solution to create a more uniform population of liposomes
[53]. The high-frequency vibration likely a combination of physical agitation and water cavitation
induced by sonication results in the shattering of large lipid structures, which then reform as small,
unilamellar liposomes [54].

Additional Context: Production Techniques for Lipid Nanoparticles

In addition to the liposome-specific approaches mentioned above, a number of methods are used
for the more general class of lipid nanoparticles (LNPs). These include nanoprecipitation,
emulsification, thin film hydration, microfluidic mixing, and impingement jet mixing. Each
approach offers unique benefits and challenges that influence the physicochemical properties,
Entrapment efficiency, and therapeutic performance of the prepared nanoliposomes. To optimise
drug delivery systems and achieve the intended clinical outcomes, it is crucial to comprehend the
advantages and disadvantages of each technique.?!
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TABLE 1 COMPARATIVE ANALYSIS OF METHODS

Method Process Description Advantages Limitations
" . High lati . .
R Lipid film formation 1‘g encap'su e 10r.1 Time-consuming, complex
Thin Film ) efficiency, uniform size, )
. followed by hydration and e process, low drug loading
Hydration ) and stability, simple . -
extrusion [18] for lipophilic drugs [31]
process [18]
Emulsificati f lipid- . .
st 1c.a 10'n OF Pl High throughput, Residual solvent, poor
Solvent drug solution in aqueous o . .
. flexibility in drug encapsulation efficiency
Evaporation |phase, followed by solvent ) o
. encapsulation [18] | for hydrophilic drugs [31]
evaporation [ 18]
Inject.ion 'of ethanol-lipid Simple method, cost- Low.encapsulat.ion
Ethanol solution into an aqueous ) efficiency, requires
.. ) effective, produces : ;
Injection phase under continuous . purification to remove
. small vesicles [18,31] .
stirring [18] ethanol residues [31]
Allows for prjccise control Requires minima‘l Complex fabrication
over the liposome sample volumes, High . .
. o . .. process, Risk of clogging
Microfluidic formation process by precision and . .
; ) i i s in small channels, Limited
technique | manipulating fluids at the |reproducibility Reduced e
. ) scalability for large-scale
microscale through tiny reagent roduction.[55]
channels.[55] consumption.[55] P ’
Utilizes ultrasonic waves to
o fi Isi d ) . .
Ultrasonication follo(\))vrrerzliml:);;r;?n robe Simple, Fast method, | Limited process capacity
Method ) .y P High Efficiency [53] [53]
sonication produces
Liposome vesicles [53]

III. APPLICATIONS IN ANTICANCER DRUG DELIVERY

Conventional cancer treatments such as surgery, radiotherapy, and chemotherapy are often limited
in their ability to address aggressive and metastatic forms of cancer [25]. These traditional
modalities frequently result in high recurrence rates and suboptimal outcomes [26]. The
development of advanced drug delivery systems (DDS) has therefore become a crucial strategy to
maximize therapeutic effectiveness while minimizing adverse side effects [27,28]. Among these
innovations, liposomal formulations have gained prominence for offering safe and effective ways
to deliver chemotherapeutic agents [29,33].

This study highlights several liposome-based drug delivery techniques that have successfully
transitioned from laboratory research to clinical applications [35,37,39]. These approaches are
essential in modern oncology due to their ability to encapsulate a wide range of drugs, enhance
bioavailability, and improve targeted delivery.
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One of the most established techniques, Thin Film Hydration, is widely regarded as the benchmark
for liposomal drug delivery, particularly for hydrophilic anticancer agents such as doxorubicin
[25]. It facilitates the formation of multilamellar or unilamellar vesicles with high encapsulation
efficiency. The rigid lipid bilayer structure contributes to enhanced liposome stability, making
them suitable for systemic circulation and targeted tumor delivery [26,27]. A well-known example
is Doxil, a commercially available liposomal formulation of doxorubicin that demonstrates
improved pharmacokinetics, extended circulation time, and significantly reduced cardiotoxicity
compared to conventional forms [28,29].

The Solvent Evaporation Method is particularly effective for encapsulating lipophilic compounds
like paclitaxel, curcumin, and camptothecin [33]. It involves creating a lipid-drug emulsion
followed by solvent removal, which results in liposome formation [35]. Its scalability and high
throughput make it attractive for industrial applications [37]. Additionally, it allows for the
integration of functionalized lipids or ligands to facilitate active targeting to cancer cells [39].
Researchers have also explored this method for combination therapies by co-encapsulating
multiple hydrophobic drugs to enhance therapeutic efficacy and combat resistance [33,35].

The Ethanol Injection Method, known for its simplicity and rapid formulation, is especially suited
for hydrophilic anticancer agents, including plant-derived bioactive compounds and cisplatin
analogs [56]. It produces small unilamellar vesicles (SUVs) with a uniform size distribution,
typically between 100-200 nm, enhancing cellular uptake and allowing better penetration into
solid tumors with dense stromal barriers [57]. Due to its ease of use and minimal equipment
requirements, this method is popular in academic research and early clinical development [58,59].
Its adaptability for quick formulation with customizable lipid compositions also makes it highly
suitable for experimental nanomedicine [60].

The Microfluidic Technique represents a cutting-edge advancement in liposome formulation,
offering precise control over vesicle size, shape, and drug loading [61-63]. Utilizing continuous-
flow systems, this method achieves monodispersity and high encapsulation efficiency, which is
particularly beneficial for cancer therapy [64,65]. In the realm of personalized medicine,
microfluidic liposomes are employed for the co-encapsulation of therapeutic and diagnostic
agents, enabling theranostic applications simultaneous diagnosis and treatment [66,67].
Furthermore, this technique is being used to deliver genetic materials such as siRNA, mRNA, and
immune-modulatory therapeutics aimed at modulating the tumor microenvironment and
overcoming drug resistance [68,69]. These technological advancements underscore the enormous
potential of liposomal DDS in creating more effective, targeted cancer treatments while reducing
side effects and improving patient outcomes [70].
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IV. FUTURE PERSPECTIVES OF LIPOSOMES

Because of their versatility, biocompatibility, and capacity to be engineered for specific medical
applications, liposomes are expected to play an increasingly important role in this endeavor. Some
of these applications include the development of long-circulating liposomes that can bind and
neutralize blood-borne toxins; localized drug depots that allow for the controlled and
programmable release of agents such as morphine or cytosine arabinoside; ligand-targeted
liposomes that target receptor saturation and macrophages in lymphatic and dermal tissues;
inhalable liposomal aerosols for respiratory treatments; and the creation of liposomal blood
substitutes and allergen-encapsulated formulations for desensitization therapies.

V. CONCLUSION

Several liposome formulation methods provide distinct benefits according to the characteristics of
the drug and the intended therapeutic outcome. While solvent evaporation and ethanol injection
facilitate high-throughput production and versatility, thin film hydration is still a dependable
technique for encapsulating hydrophilic drugs. The next generation of nanocarrier systems is being
shaped by microfluidic technology because of its accuracy and scalability. Liposomes enhanced
solubility, stability, and targeted action have greatly improved the delivery of cancer drugs. Even
though problems like leakage and poor stability persist, they are being quickly resolved by ongoing
advancements in nanotechnology. Liposomes are therefore well-positioned to be a key component
of more potent, precise, and patient-friendly treatments.
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