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Abstract

Inflammation plays a crucial role in various acute and chronic diseases, necessitating effective
drug delivery systems to enhance therapeutic outcomes. Conventional anti-inflammatory
drugs, including nonsteroidal anti-inflammatory drugs (NSAIDs) and natural bioactive
compounds, often suffer from poor solubility, low bioavailability, and systemic side effects.
Liposomal nanocarriers have emerged as a promising strategy for targeted and controlled
drug delivery, improving drug stability, bioavailability, and therapeutic efficacy while
minimizing adverse effects. This review explores the fundamentals of liposomal drug delivery
systems, their advantages in anti-inflammatory therapy, and the latest advancements in
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e Metabolic Disorders: Chronic inflammation is
linked to obesity, diabetes, and insulin resistance.

o Neurodegenerative Diseases: Alzheimer's and
Parkinson’s disease are associated with persistent
neuroinflammation.

e Cancer: Long-term inflammation can promote
tumor progression by inducing DNA damage and
creating a favorable environment for cancer cell

Acute Inflammation: A short-term response characterized by growth.

redness, swelling, heat, and pain. It is a protective mechanism

essential for eliminating harmful agents.

1. Introduction
Inflammation is a complex biological response of the body to
harmful stimuli, such as pathogens, damaged cells, or toxic
compounds. It plays a crucial role in initiating the healing
process but can also contribute to various diseases if left
uncontrolled. The inflammatory response is typically
categorized into:

Challenges in Conventional Anti-inflammatory Drug
Delivery

Chronic Inflammation: A prolonged inflammatory response
that can lead to tissue damage and contribute to conditions
such as rheumatoid arthritis, inflammatory bowel disease
(IBD), cardiovascular diseases, and neurodegenerative
disorders.

Uncontrolled inflammation is associated with severe
health complications, including:

e Autoimmune Disorders: Conditions like lupus,
multiple sclerosis, and rheumatoid arthritis occur
when the immune system mistakenly attacks healthy
tissues.

The primary approach to treating inflammation involves the
use of anti-inflammatory drugs, which are classified into:

e Nonsteroidal Anti-inflammatory Drugs (NSAIDs):
Examples include ibuprofen, diclofenac, and
ketorolac, which inhibit cyclooxygenase (COX)
enzymes to reduce inflammation.

e  Corticosteroids: Such as dexamethasone and
prednisone, which suppress the immune response
and inflammation.
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e Biologics and Immunomodulators: These are
monoclonal antibodies or cytokine inhibitors used
for severe inflammatory conditions.

Despite  their  effectiveness,  conventional  anti-
inflammatory drugs face several limitations:

1. Low Bioavailability: Many anti-inflammatory
agents, especially natural compounds like curcumin,
suffer from poor solubility and absorption, limiting
their therapeutic effects.

2. Short Half-life and Frequent Dosing: NSAIDs and
corticosteroids often require multiple doses per day
to maintain therapeutic levels, increasing the risk of
side effects.

3. Gastrointestinal and Systemic Toxicity: Prolonged
use of NSAIDs can lead to gastric ulcers, kidney
damage, and cardiovascular  complications.
Corticosteroids, when used long-term, can cause
immunosuppression and metabolic disturbances.

4. Lack of Targeted Delivery: Conventional drugs do
not selectively accumulate at inflammation sites,
leading to systemic distribution and reduced
efficacy.

5. Poor Stability and Degradation: Natural anti-
inflammatory agents like curcumin and resveratrol
degrade rapidly in the body, reducing their
therapeutic potential.

Importance of Nanotechnology in Drug Delivery
Nanotechnology has revolutionized drug delivery by
addressing the limitations of conventional formulations.
Nanocarriers, ranging from 1 to 1000 nm, enhance drug
solubility and bioavailability, ensuring better absorption of
poorly water-soluble drugs. They enable controlled and
sustained drug release, reducing dosing frequency and
improving patient compliance. Surface modifications allow
targeted drug delivery to inflamed tissues, minimizing
systemic toxicity. Additionally, nanocarriers protect sensitive
drugs like curcumin from enzymatic and environmental
degradation. Advanced designs, such as pH-sensitive
liposomes, further enhance site-specific drug release, making
nanotechnology a powerful tool in modern pharmaceutical
development.

Common types of nanocarriers used in anti-inflammatory
therapy include:

e  Liposomes (phospholipid vesicles)

e  Polymeric nanoparticles (biodegradable polymers

like PLGA)

e Solid lipid nanoparticles (lipid-based carriers)

e Micelles (amphiphilic molecules)

e Dendrimers (branched polymer structures)

Introduction to Liposomal Nanocarriers

Liposomes are spherical vesicles composed of one or more
phospholipid bilayers surrounding an aqueous core. Their
structural versatility allows them to encapsulate a wide range
of drugs, making them ideal for anti-inflammatory drug
delivery. A conventional liposome can hold hydrophobic

drugs in its lipid bilayer, hydrophilic drugs in its aqueous
core, and amphiphilic drugs in either the bilayer or the core
shown in Figure 1. [1,2]
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Figure 1. A conventional liposome can hold hydrophobic
drugs in its lipid bilayer, hydrophilic drugs in its aqueous
core, and amphiphilic drugs in either the bilayer or the core.

Composition and Types of Liposomes
Liposomes can be tailored for specific therapeutic
applications based on their composition and size. The key
components include:
e Phospholipids: Form the bilayer structure (e.g.,
phosphatidylcholine, phosphatidylserine).
e Cholesterol: Enhances membrane stability and drug
retention.
e Surface Modifiers: Polyethylene glycol (PEG) is
often added to improve circulation time and prevent
immune clearance.[3]

Advantages of Liposomal Drug Delivery for Anti-
inflammatory Therapy

Liposomal formulations offer significant advantages over
conventional anti-inflammatory drugs by enhancing drug
encapsulation, improving pharmacokinetics, and enabling
targeted delivery. They can carry both hydrophilic and
hydrophobic drugs, increasing bioavailability and prolonging
half-life, thereby reducing dosing frequency. Functionalized
liposomes deliver drugs directly to inflamed tissues,
minimizing off-target effects and systemic toxicity.
Additionally, they protect the gastrointestinal tract from
NSAID-induced damage while maintaining biocompatibility
and biodegradability. Notable liposomal formulations include
ketorolac, which enhances analgesic effects with reduced Gl
toxicity, curcumin, which improves bioavailability for
inflammatory conditions like arthritis and IBD, and
diclofenac, which provides prolonged pain relief with fewer
systemic side effects.

2. Fundamentals of Liposomal Drug

Delivery

Liposomal drug delivery has gained significant attention in
pharmaceutical sciences due to its ability to enhance the
therapeutic efficacy of various drugs, including anti-
inflammatory agents. Liposomes offer a versatile platform for
drug encapsulation, providing targeted and controlled drug
release while reducing systemic toxicity. This section explores
the structure, composition, mechanisms of drug encapsulation,
types of liposomal formulations, and the advantages of
liposomal drug delivery in anti-inflammatory therapy.
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Structure and Composition of Liposomes

Liposomes are spherical vesicles composed of one or more
phospholipid bilayers surrounding an aqueous core. They are
widely used as nanocarriers for drug delivery due to their
ability to encapsulate both hydrophilic and hydrophobic
drugs.

Structural Components of Liposomes
The basic structural components of liposomes include:
Phospholipids:

o The primary building blocks of liposomes, forming
bilayer membranes.

o Examples: Phosphatidylcholine (PC),
phosphatidylserine (PS), and
phosphatidylethanolamine (PE).

o Amphiphilic nature allows self-assembly into
bilayers in aqueous environments.

Cholesterol:

o Incorporated into the bilayer to enhance membrane
stability.

o Reduces permeability and leakage of encapsulated
drugs.

Surface Modifiers:

o Polyethylene glycol (PEG) is commonly used for
stealth liposomes, preventing immune clearance and
prolonging circulation time.

o Ligands (antibodies, peptides) can be added for
targeted drug delivery. Schematic diagram of the
structure of liposomes and the different types of
liposomes based on the number and size of the
layers in Figure 2.[1,2,4]
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Figure 2. Schematic diagram of the structure of liposomes
and the different types of liposomes based on the number and
size of the layers.

Hydrophobic tails:

Mechanisms of Drug Encapsulation in Liposomes
Liposomal formulations are designed to encapsulate different
types of drugs based on their physicochemical properties:
Encapsulation of Hydrophilic Drugs
e  Water-soluble drugs are enclosed within the
aqueous core.
e  Example: Dexamethasone phosphate (a
corticosteroid).

Encapsulation of Hydrophobic Drugs
e Lipophilic drugs integrate into the lipid bilayer.

e  Example: Curcumin, a natural anti-inflammatory
agent with poor water solubility.

Encapsulation of Amphiphilic Drugs

e Drugs with both hydrophilic and hydrophobic
properties localize at the interface of the bilayer and
aqueous core.

e Example: Ketorolac, an NSAID with moderate
solubility characteristics.

Methods of Drug Loading into Liposomes
e  Passive Loading: Drugs are encapsulated during
liposome formation.
e Active Loading (Gradient-Based Loading): Uses a
pH or ion gradient to force drug entrapment,
increasing drug loading efficiency and stability.

Types of Liposomal Formulations

Liposomal formulations are categorized based on
composition, charge, and functionalization, influencing their
drug delivery properties.

Conventional Liposomes
e Composed of natural phospholipids and cholesterol.
e  Exhibit rapid clearance from circulation due to
opsonization (recognition by immune cells).
e Suitable for local delivery applications.

PEGylated (Stealth) Liposomes
e Surface-modified with polyethylene glycol (PEG) to
evade immune recognition.
e Prolonged circulation time enhances drug
accumulation at inflammation sites.
e Example: PEGylated liposomal corticosteroids for
arthritis treatment.

Cationic Liposomes

e Positively charged liposomes interact with
negatively charged cell membranes, enhancing
cellular uptake.

e  Commonly used for gene therapy and intracellular
drug delivery.

e  Example: Cationic liposomal curcumin for targeted
anti-inflammatory effects.

pH-Sensitive and Stimuli-Responsive Liposomes
e  Designed to release drugs in response to specific
conditions (pH, temperature, enzymes).
e pH-sensitive liposomes release drugs in acidic
environments, such as inflamed tissues.
e Example: pH-sensitive liposomal NSAIDs for
targeted inflammation therapy.

Immunoliposomes (Targeted Liposomes)
e Functionalized with antibodies or ligands for site-
specific drug delivery.
e Example: Anti-ICAM-1 liposomes targeting
endothelial cells in inflammatory diseases.

Advantages of Liposomal Drug Delivery for Anti-
inflammatory Therapy

Liposomal drug delivery offers multiple advantages in the
treatment of inflammatory diseases, improving drug efficacy
and safety profiles.
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Enhanced Bioavailability
e  Liposomes improve the solubility of poorly water-
soluble drugs like curcumin, increasing absorption
and therapeutic potential.

Controlled and Sustained Drug Release
e Liposomal formulations enable prolonged drug
release, reducing dosing frequency and improving
patient compliance.

Targeted Drug Delivery
e Liposomes accumulate preferentially at inflamed
tissues due to the enhanced permeability and
retention (EPR) effect.
e  Functionalized liposomes can achieve active
targeting, reducing systemic side effects.

Reduced Toxicity and Side Effects
e Liposomal encapsulation protects the
gastrointestinal  tract  from  NSAID-induced
ulceration and minimizes corticosteroid-related
immunosuppression.

Protection of Encapsulated Drugs
e Liposomes shield drugs from enzymatic
degradation, extending their therapeutic half-life.

Versatility in Drug Encapsulation
e  Capable of carrying hydrophilic, hydrophobic, and
amphiphilic drugs, allowing combination therapy
approaches.

Improved Patient Tolerance
e  Biocompatible and biodegradable liposomes reduce
allergic reactions and injection-site irritations. [5,6]

3. Liposomal Formulations of Anti-

inflammatory Drugs
Liposomal Formulations of Anti-inflammatory Drugs
Liposomal formulations have emerged as an effective strategy
to improve the therapeutic profile of anti-inflammatory drugs
by enhancing their bioavailability, stability, and targeted
delivery. This section explores liposomal formulations of
nonsteroidal anti-inflammatory drugs (NSAIDs), natural anti-
inflammatory agents, and a comparative analysis of synthetic
versus natural liposomal drugs. Liposomal Formulations of
NSAIDs & Natural Anti-inflammatory Agents shown in Table
1. Comparative Efficacy: Synthetic vs. Natural Liposomal
Drugs as shown in Table 2. [7-10]

Table 1. Liposomal Formulations of NSAIDs & Natural
Anti-inflammatory Agents

Challeng
esin Liposoma L
Drug Conventional|| | Benefits Applications
Form
y irritation,
lower
systemic
toxicity
Better
i tissue .
Liposo Gl ulcers, . Rheumatoid
. penetration, .. .
mal cardiovascula . arthritis, localized
. . sustained . .
Diclofenac r risks inflammation
release, fewer
Gl side effects
Enhanced
. . solubilit .
Liposo Gastric Y, Osteoarthritis,
. targeted o
mal ulcers, kidney ; pediatric pain &
Ibuprofen damage delivery, fever
P g reduced renal
toxicity
Higher
. Poor ||bioavailabili ..
Liposo . . v Arthritis, IBD,
solubility, , sustained . .
mal neuroinflammatio
. low release,
Curcumin . . n
absorption increased
stability
. Improved
Liposo Rapid stabiF:it
P metabolism, Y Cardiovascula
mal prolonged . .
low r inflammation,
Resveratro|| , . .|| plasma half- .
bioavailabilit || . neuroprotection
| life, targeted
y delivery
Enhanced
solubility,
Liposo strong anti- Autoimmune
Poor . . .
mal absorntion inflammatory || diseases, skin
Quercetin P effects, inflammation
synergistic
with NSAIDs

Challeng
esin Liposoma I
D . . Applicat
rug Conventional|| | Benefits pplications
Form
Liposo Gl Prolonged Postoperative
mal bleeding, action, pain, ophthalmic
Ketorolac || nephrotoxicit || reduced GI || inflammation

Table 2. Comparative Efficacy: Synthetic vs. Natural
Liposomal Drugs

Synthetic
NSAIDs Natural Agents
(Curcumin,
Aspect (Ketorolac,
. Resveratrol,
Diclofenac, Quercetin)
Ibuprofen)
COoX Modulate
Mechanis || inhibition, rapid || multiple pathways
m of Action ||anti-inflammatory ||(NF-«B, cytokines,
effects oxidative stress)
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Synthetic
NSAIDs Natural Agents
(Curcumin,
Aspect (Ketorolac,
. Resveratrol,
Diclofenac, Quercetin)
Ibuprofen)
Faster
absorption Improved
Bioavailab ption, . solubility,
- extended half-life, .
ility & PK . . sustained effects,
possible side better safety profile
effects yp
Preferred for
. Best for acute chronic
Clinical . . .
Use pain and inflammation,
inflammation needs further
validation

4. Mechanism of Action and

Pharmacokinetics

Liposomal formulations significantly enhance the therapeutic
potential of anti-inflammatory drugs by altering their release
profile, absorption, distribution, metabolism, and excretion
(ADME). These modifications result in improved
bioavailability, prolonged circulation time, and reduced
toxicity. This section discusses the mechanisms of drug
release from liposomes, ADME characteristics, and the
advantages of liposomal formulations over conventional
drugs.

Drug Release Mechanisms from Liposomes
The effectiveness of liposomal drug delivery largely depends
on the mechanism by which drugs are released at the target
site. Various release mechanisms ensure controlled and
sustained drug action while minimizing off-target effects.
Passive Diffusion
e Hydrophilic drugs encapsulated within the agqueous
core of liposomes gradually diffuse through the
lipid bilayer into surrounding tissues.
e  Lipophilic drugs, integrated into the lipid bilayer,
diffuse directly into cell membranes.
e Example: Liposomal ibuprofen releases slowly,
maintaining prolonged anti-inflammatory effects.

pH-Sensitive Release
e Some liposomes are designed to be pH-sensitive,
allowing drug release in acidic environments such
as inflamed tissues or tumor sites.
e  Example: pH-sensitive liposomal ketorolac releases
the drug efficiently in inflamed regions, increasing
its local therapeutic effect.

Enzyme-Triggered Release
e  Certain liposomes are engineered to degrade in
response to specific enzymes present at the
inflammation site.
e  Example: Phospholipase A2-sensitive liposomes
enhance targeted drug delivery in arthritis.

Temperature-Sensitive Release
e  Heat-sensitive liposomes release drugs upon
exposure to elevated temperatures at inflamed or
diseased tissues.
e  Example: Thermosensitive liposomal diclofenac
provides controlled release at inflammatory sites.

Endocytosis and Intracellular Release
e  Liposomes can be taken up by cells via endocytosis,
leading to intracellular drug release when the
liposome fuses with lysosomes.
e Example: Liposomal curcumin enters macrophages
and modulates inflammatory signaling pathways.

Absorption, Distribution, Metabolism, and Excretion (ADME)
of Liposomal Drugs

The pharmacokinetics of liposomal formulations differ from
conventional drug formulations due to their nanocarrier
properties, which influence absorption, tissue distribution,
metabolism, and elimination.

Absorption

e Liposomal encapsulation enhances oral
bioavailability by protecting drugs from enzymatic
degradation in the gastrointestinal tract.

e Intravenous liposomal drugs bypass first-pass
metabolism, allowing direct systemic circulation.

e Example: Liposomal resveratrol improves oral
absorption and plasma concentration.

Distribution

e  Liposomes extend drug circulation time by reducing
renal clearance and preventing rapid metabolism.

e The enhanced permeability and retention (EPR)
effect allows liposomes to accumulate preferentially
in inflamed or diseased tissues.

e  Stealth liposomes (PEGylated) evade immune
recognition,  ensuring  prolonged  systemic
distribution.

e  Example: PEGylated liposomal NSAIDs distribute
preferentially to arthritic joints, reducing systemic
toxicity.

Metabolism

e Liposomal drugs undergo slower metabolism
compared to free drugs, increasing their half-life.

e The lipid components of liposomes may be
metabolized by phospholipases in circulation.

e Example: Liposomal curcumin resists rapid hepatic
metabolism, maintaining therapeutic levels for
longer durations.

Excretion
e Liposomal drugs exhibit prolonged systemic
retention, reducing renal clearance compared to free
drugs.
e (Clearance depends on particle size, lipid
composition, and surface modifications.
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e large liposomes are removed via the
reticuloendothelial system (RES) (liver, spleen,
macrophages), whereas PEGylated liposomes show
reduced RES uptake and slower elimination.

e Example: Liposomal ketorolac has a longer
elimination half-life than its free form, reducing
dosing frequency.

Enhanced Bioavailability and Prolonged Circulation Time
Liposomal  formulations  significantly  improve the
bioavailability and circulation time of anti-inflammatory
drugs, leading to better therapeutic outcomes.

Improved Solubility and Bioavailability
e  Liposomes increase the solubility of poorly water-
soluble drugs, enhancing absorption.
e Example: Liposomal curcumin exhibits a 5-10 times
higher bioavailability than free curcumin.

Reduced First-Pass Metabolism
e Orally administered liposomal drugs avoid
extensive hepatic metabolism, increasing systemic
drug levels.
e  Example: Liposomal resveratrol maintains higher
plasma concentrations than non-encapsulated
resveratrol.

Prolonged Circulation Time

e  Liposomes protect drugs from rapid degradation and
excretion, extending therapeutic action.

e PEGylated liposomes exhibit longer systemic
retention by avoiding immune clearance.

e Example: PEGylated liposomal diclofenac
circulates for 24+ hours, compared to a few hours
for its conventional form.

Targeted Drug Delivery and Reduced Toxicity
e Liposomes preferentially accumulate at inflamed
sites via the EPR effect, reducing systemic side
effects.
e  Example: Liposomal NSAIDs minimize
gastrointestinal toxicity by reducing direct gastric
exposure.[11-14]

5. Advantages and Challenges of
Liposomal Anti-inflammatory
Therapy

Liposomal formulations of anti-inflammatory drugs enhance
solubility, stability, and targeted delivery while reducing
systemic toxicity. However, challenges like large-scale
production, formulation stability, and regulatory hurdles limit
widespread clinical use.

e Improved Solubility & Stability: Liposomes
enhance drug dissolution (e.g., curcumin with 10x
higher  bioavailability) and protect against
enzymatic degradation (e.g., ketorolac with
prolonged plasma stability).

e  Reduced Toxicity & Side Effects: Targeted delivery
minimizes Gl, renal, and cardiovascular risks (e.g.,
liposomal ibuprofen lowers gastric irritation,
PEGylated diclofenac reduces heart risks).

e Sustained Release & Prolonged Circulation:
Liposomes extend drug half-life, reducing dosing
frequency (e.g., PEGylated NSAIDs remain active
for 24+ hours).

e Multiple Administration Routes: Supports oral, 1V,
topical, and inhalation delivery for versatile
treatment options.[15]

Challenges in Liposomal Anti-inflammatory Therapy

Despite the advantages, liposomal drug delivery faces several
challenges, particularly in large-scale manufacturing,
formulation stability, and regulatory approval.

Challenges in Large-Scale Production and Cost

The transition from laboratory-scale to commercial production
of liposomal drugs is complex and costly due to:

e High Manufacturing Costs:

o Expensive raw  materials (phospholipids,
cholesterol, PEGylation agents).

o Advanced techniques required for large-scale
liposome  preparation  (extrusion, sonication,
microfluidics).

Batch-to-Batch Variability:

o Achieving uniform particle size, drug loading
efficiency, and stability remains challenging.

e Example: Large-scale production of PEGylated
liposomal diclofenac requires strict control over
particle size and encapsulation efficiency, making it
more expensive than traditional formulations.

Formulation Stability Issues
Liposomal formulations are prone to instability, leading to
drug leakage and reduced shelf life.

e Problems with Storage and Stability:

o Liposomes may degrade due to oxidation or
hydrolysis of phospholipids.

o  Temperature-sensitive formulations require
refrigeration, limiting accessibility in certain
regions.

e Example: Liposomal ketorolac needs specific
storage conditions to maintain its integrity and
efficacy.

Drug Loading Efficiency and Release Control Ensuring high
drug encapsulation efficiency and controlled release is critical
but challenging.

e  Low Drug Encapsulation Efficiency:

o Some hydrophobic drugs may not fully integrate
into the lipid bilayer, leading to low loading
capacity.

Premature Drug Leakage:

o Liposomal drugs may leak before reaching the
target site, reducing efficacy.

e Example: Optimizing lipid composition in
liposomal  curcumin  formulations  improves

*Corresponding Author: Sanju

@ (o)) F@Copyright 2025 GSAR Publishers All Rights Reserved

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License.

Page 34




Global Journal of Clinical Medicine and Medical Research [GJCMMR] ISSN: 2583-987X (Online)

encapsulation and reduces premature drug
loss.[16,17]

6. Recent Advances and Innovations in

Liposomal Drug Delivery
Liposomal drug delivery has evolved with surface
modifications, stimuli-responsive systems, and co-drug
encapsulation, enhancing targeting, circulation, and efficacy
in anti-inflammatory therapy.

Surface Modifications for Targeted Delivery

e Ligand-Conjugated Liposomes: Functionalized with
peptides or folic acid for selective binding (e.g.,
folic acid-liposomal NSAIDs for RA).

e Immunoliposomes: Monoclonal antibodies (mAbs)
enable precise targeting (e.g., anti-TNFa liposomes
for Crohn’s and RA).

e  PEGylation: Extends circulation time and reduces
immune clearance (e.g., PEGylated ketorolac for
sustained effects).

Stimuli-Responsive Smart Liposomes

e  pH-Sensitive: Release drugs in inflamed acidic
environments  (pH-sensitive  ibuprofen targets
joints).

e  Temperature-Sensitive: Drug release at 40-42°C
(thermosensitive diclofenac for localized therapy).

e Enzyme-Triggered: Activated by MMPs or
phospholipases (MMP-sensitive curcumin  for
arthritis).

e Redox-Responsive: ROS-triggered drug release
(ROS-sensitive resveratrol for chronic
inflammation).

Co-Delivery Strategies

e NSAID-Corticosteroid  Liposomes:  Synergistic
effect (ketorolac + dexamethasone for post-surgical
pain).

e  Synthetic + Natural Agent Formulations: Enhanced
efficacy, reduced toxicity (diclofenac + curcumin).

e Dual-Targeting Liposomes: Multi-pathway
targeting (ibuprofen + TNF-a inhibitor for
autoimmune disorders).[18-21]

7. Clinical Applications and Future

Perspectives
Liposomal formulations of anti-inflammatory drugs have
demonstrated enhanced efficacy, reduced toxicity, and
improved targeting, transitioning from preclinical studies to
clinical use.

Preclinical and Clinical Studies
e  Arthritis: Liposomal diclofenac and ketorolac
showed superior anti-inflammatory effects in RA
and OA models.
e [nflammatory Bowel Disease (IBD): Liposomal
curcumin improved gut healing in ulcerative colitis.

e Neuroinflammation: Liposomal resveratrol
exhibited neuroprotective effects in Alzheimer’s
models.

e  Clinical Success:

o Exparel® (Liposomal Diclofenac): FDA-approved
for post-surgical pain relief.

o Liposomal Corticosteroids: Improved psoriasis
treatment with reduced side effects.

o Liposomal Curcumin: Enhanced pain relief in
arthritis patients.[22]

Applications in Chronic Inflammatory Diseases

e Rheumatoid Arthritis & Osteoarthritis: Liposomal
NSAIDs & curcumin reduce joint damage with
fewer side effects.

e IBD (Crohn’s & Ulcerative Colitis): Oral liposomal
dexamethasone &  resveratrol  target  gut
inflammation with minimal systemic effects.

e Chronic Pain & Post-Surgical Inflammation:
Liposomal bupivacaine (Exparel®) reduces opioid
dependency.

o  Neuroinflammation (Alzheimer’s, Parkinson’s):
Liposomal curcumin & resveratrol cross the blood-
brain barrier.

e  Autoimmune Disorders (Lupus, Psoriasis, MS):
Liposomal corticosteroids lower toxicity risks.[23]

Future Research and Trends
e Advanced Formulations:
o Hybrid liposomes (lipid-polymer nanoparticles) for
improved stability.
o  Stimuli-responsive liposomes (pH-sensitive,
enzyme-triggered) for precise drug release.
Al & Personalized Medicine:
o Al predicts optimal lipid compositions for stable
liposomal drugs.
o Genetic profiling tailors personalized liposomal
therapies.[24]
Regulatory & Commercialization:
o Liposomal resveratrol & curcumin undergoing
clinical trials for arthritis & neuroinflammation.
o FDA & EMA developing clearer nanomedicine
guidelines.[25]
Integration with Biologics & Gene Therapy:
o Liposomal mRNA therapy targets inflammatory
cytokines (e.g., IL-6, TNF-a).
o Liposomal anti-TNFa formulations enhance
autoimmune disease treatment.
Liposomal drug delivery is revolutionizing anti-inflammatory
therapy, promising safer and more effective treatments for
chronic conditions. [26,27]

8. Conclusion
Liposomal  nanocarriers  have  revolutionized  anti-
inflammatory drug delivery by enhancing solubility,
bioavailability, circulation time, and targeted therapy. Future
research should focus on personalized liposomal formulations,
tailoring treatments to patient-specific inflammatory
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biomarker profiles. Al and computational modeling can
optimize lipid composition and drug loading efficiency,
improving formulation stability and efficacy. Despite
promising preclinical results, large-scale clinical trials are
essential to establish long-term safety, while regulatory bodies
(FDA, EMA) must refine nanomedicine approval guidelines
for commercialization. The integration of biologics and gene
therapy, such as monoclonal antibodies and mRNA-based
liposomal therapies, offers new possibilities for autoimmune
and inflammatory disease management. As advancements
continue, liposomal nanocarriers are poised to become a
cornerstone of modern anti-inflammatory therapy, improving
patient outcomes while minimizing systemic side effects.[28]
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