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Liposomes have revolutionized the field of drug delivery, particularly through the
development of "stealth" or sterically stabilized formulations. These second-generation
nanocarriers, typically modified with polyethylene glycol (PEG), are designed to evade
the mononuclear phagocyte system (MPS), thereby extending circulation half-lives and
improving the therapeutic index of various drugs. While initially focused on passive
targeting via the enhanced permeability and retention (EPR) effect in cancer, recent
advances have transitioned toward active targeting strategies using bioaffinity ligands
and stimuli-responsive mechanisms. This report provides a comprehensive overview of
the current state of stealth liposome technology. It details recent breakthroughs in super-
stealth designs, stimuli-sensitive release systems, and ligand-mediated targeting for
diverse therapeutic areas including oncology, cardiovascular diseases, and neurological
disorders. Furthermore, the report examines the clinical landscape, highlighting FDA -
approved formulations and emerging candidates in clinical trials. Despite their success,
challenges such as the accelerated blood clearance (ABC) effect, immunogenicity, and
manufacturing scalability remain critical hurdles. The future of the field lies in
biomimetic coatings, personalized nanomedicine, and multifunctional theranostic
platforms that aim to provide safer and more effective targeted therapies.

INTRODUCTION

biocompatibility and ability to protect drug
payloads from degradation [3], [4]. However,

Liposomes are spherical vesicles composed of one
or more lipid bilayers, capable of encapsulating
both hydrophilic and hydrophobic therapeutic
agents [1], [2]. Since their inception, they have
been valued for their high degree of

conventional liposomes are often limited by a
short circulation half-life due to rapid recognition
and uptake by the reticuloendothelial system
(RES), primarily in the liver and spleen [5], [6].
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To overcome these pharmacokinetic barriers,

"stealth" liposomes were developed. These
formulations  are  surface-modified  with
hydrophilic ~ polymers, most  commonly

polyethylene glycol (PEG), which creates a steric
barrier—a hydrated —that inhibits the
adsorption of serum proteins (opsonins) and
subsequent macrophage recognition [7], [6], [8].
This significantly  prolongs
circulation time, allowing for increased
accumulation at disease sites, such as tumors,
through the enhanced permeability and retention
(EPR) effect [9], [10], [11].

"cloud"

modification

2. Methods and Approaches in Stealth

Liposome Design
2.1 Steric Stabilization Strategies

The primary method for achieving the stealth
effect is PEGylation, where PEG chains are
tethered to the liposome surface. Recent design
improvements include "Super Stealth
Immunoliposomes" (SSIL2), which utilize PEG-
bi-phospholipid derivatives to stabilize the
polymer shielding and provide more robust
protection against immune clearance [12]. Beyond
PEG, other materials like negatively charged
glycolipids (e.g., GM1) and phosphatidylinositol
have been explored for their ability to reduce RES
uptake [13], [11].

2.2 Synthesis and Manufacturing

Traditional synthesis methods such as thin-film
hydration are being supplemented by advanced
techniques like microfluidic hydrodynamic flow
focusing [14]. Microfluidic platforms allow for the
one-step, continuous-flow synthesis of small,
monodisperse PEG- and ligand-conjugated
liposomes with precise control over size and
encapsulation efficiency [14], [15]. Maintaining
organic solvent-free synthesis remains a priority
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for ensuring clinical
compliance [16].

safety and regulatory

3. Recent Advances in Targeting Strategies

31 Active Targeting and Ligand
Functionalization
Modern stealth liposomes are increasingly

functionalized with site-specific ligands to enable
active targeting. These ligands, often conjugated to
the distal ends of PEG chains, facilitate selective
binding to overexpressed receptors on target
cells [5], [17].

e Antibodies and Fragments: Anti-HER2
antibodies and Fab' fragments have been
successfully used to target breast cancer
cells [12], [5], [18]. Anti-VCAM antibodies
are being investigated for targeting inflamed

endothelium in cardiovascular
applications [19].
e Peptides and Small Molecules: RGD

peptides are used to target integrins on tumor
cells and active platelets [20], [21]. Other
ligands include folate, transferrin, vitamins,
and growth factors [22], [23], [19].

o Phage Fusion Proteins: Novel approaches
involve inserting phage fusion proteins into
the liposome bilayer to display tumor-binding
peptides [18].

3.2 Stimuli-Responsive Systems

"Smart" stealth liposomes are designed to release
their cargo in response to specific internal or
external triggers, improving drug release kinetics
at the target site [22], [17].

o Internal Triggers: pH-sensitive liposomes
utilize the acidic microenvironment of tumors
or endosomes to destabilize and release
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drugs [7], [23], [16].
enzyme-sensitive

Redox-responsive and

(e.g.,
metalloproteinase) systems are also under
intensive study [22], [24], [25].

matrix

o [External Triggers: Thermosensitive
liposomes release payloads when exposed to
localized  hyperthermia [17], [26].  Other
triggers include light, ultrasound, and

magnetic fields [22], [27], [28].
3.3 Diversification of Applications

While oncology remains the primary focus, stealth
liposomes are expanding into other therapeutic
areas:

o Cardiovascular Disease: Targeting cRGD
peptides to GPIIb/IIla receptors on active
platelets for myocardial infarction and

atherosclerosis treatment [20].

e Neurological  Disorders: Engineering
liposomes to cross the blood-brain barrier for

CNS drug delivery [16], [29].

o Inflammatory Conditions: Using PEGylated
formulations for targeted delivery in arthritis
(e.g., celecoxib) and colitis (e.g., folate-linked
PEG liposomes) [19], [30].

o Infectious Diseases: Delivering antibiotics
and antifungals (e.g., Amphotericin B) with
reduced toxicity and improved site-specific
action [31], [21].

4. Clinical
Formulations

Applications and Marketed

The clinical translation of stealth liposomes has
seen several notable successes since the 1990s.

o Doxil/Caelyx: The first FDA-approved nano-
drug (1995), a PEGylated liposomal
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doxorubicin formulation used for Kaposi's
sarcoma, ovarian cancer, and Dbreast
cancer [23], [32],[16]. It exhibits a
significantly prolonged plasma half-life
compared to free doxorubicin [10], [33].

e Other Approved Agents: Myocet and
DaunoXome are also established liposomal
chemotherapeutics [23], [34].

e Clinical Pipeline: Several formulations are in
various stages of clinical trials:

e Phase [III: Lipoplatin, a
formulation [7], [23].

cisplatin

e Phase I/Il: SPI-077, S-CKD602, Marqibo
(vincristine), and LE-SN38 [7], [5], [23].

e Emerging: ThermaDox (thermosensitive)
and Aroplatin [5].

5. Limitations and Challenges

Despite their therapeutic promise, stealth
liposomes face significant biological and technical
hurdles.

5.1 The Accelerated Blood Clearance (ABC)
Effect

A major concern with PEGylated liposomes is the
"ABC phenomenon," where repeated injections
trigger the production of anti-PEG IgM antibodies.
This leads to rapid clearance of subsequent doses
by the liver, negating the stealth effect and
reducing efficacy [7], [19], [26].

5.2 Immunogenicity and Hypersensitivity

Stealth liposomes can trigger complement
activation-related pseudoallergy (CARPA), an
acute hypersensitivity reaction [19], [26]. The
potential for unexpected immune responses
remains a barrier to widespread clinical use.
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5.3 Technical and Regulatory Barriers

e Manufacturing Complexity: Large-scale
production of complex, multi-component
liposomes (e.g., those with multiple ligands or
stimuli-responsive parts) is difficult and
costly [35], [17], [31].

o Stability and Release: Problems with long-
term stability and premature drug leakage can
limit shelf  life and therapeutic
impact [20], [35], [31]. Steric hindrance from
PEG can also interfere with cellular uptake or
drug release at the target site [7], [5], [23].

e Cost: High excipient-to-drug ratios and
expensive lipid constituents contribute to

significant manufacturing costs [20], [34].
6. Future Directions and Research Gaps

The next generation of stealth liposomes aims to
address current limitations through innovative
engineering.

e Biomimetic Camouflage: Coating liposomes
with cell membranes (e.g., red blood cells or

platelets) to achieve '"natural" stealth
properties and better immune
evasion [36], [37].

e Personalized Nanomedicine: Tailoring
liposomal  products to the unique

physiological conditions and biomarkers of
individual patients [36], [35], [29].
Theranostic

e Multifunctional and

Platforms: Integrating diagnostic imaging
probes (e.g., PET, SPECT, MRI) with
therapeutic agents to enable real-time
monitoring  of drug  delivery and

efficacy [38], [17], [3], [29].
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e Advanced Payloads: Expanding beyond
small molecules to deliver siRNA, mRNA,
and CRISPR-Cas9 components for gene
therapy [36], [18], [39].

CONCLUSION

Stealth liposomes have established themselves as
a cornerstone of targeted drug delivery,
particularly in oncology. The move from simple
PEGylation to sophisticated, ligand-targeted, and
stimuli-responsive systems represents a significant
technological leap. While clinical successes like
Doxil have paved the way, overcoming biological
challenges like the ABC effect and technical
hurdles in manufacturing remains essential for the
With the integration of biomimetic
strategies and personalized approaches, stealth
liposomes are poised to continue transforming the
landscape of precision medicine.

future.
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