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liposomal architecture. The process is organized into four
sequential "Gates." First, Vesicle Architecture ensures particles are the correct size and shape.
Second, Surface Chemistry validates the electrical charge and protective coatings to prevent
clumping in the blood. Third, Compositional Efficiency confirms that at least 80% of the
active ingredient is successfully encapsulated. Finally, Biological Validation tests survival
through stomach acid and entry into the bloodstream. By following these gates, LipoEdge™
technology reliably bypasses the liver’s "first-pass" metabolism, significantly increasing the
amount of nutraceuticals/pharmaceuticals that reach the body. This systematic protocol
ensures that liposomes are not just simple transport vehicles, but robust, engineered guardians

that protect their therapeutic payload until it reaches its destination.
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1. INTRODUCTION

1.1 The Renaissance of Liposomal Delivery

With the discovery of liposomes in 1965 by Alec Bangham."", the definition of biomolecule/
drug carrier has changed drastically. These microscopic spherical vesicles, composed of one
or more phospholipid bilayers that mimic the composition of our biological membranes, have
revolutionised modern treatment by providing targeted treatment, efficient delivery and
enhanced bioavailability with reduced adverse effects. The primary advantage of liposomes
lies in their amphiphilic nature, which enables the simultaneous encapsulation of hydrophilic
molecules within the internal aqueous core and lipophilic agents within the hydrophobic lipid

bilayer.[l]

In the modern pharmaceutical, nutraceutical and cosmeceutical landscape, liposomal
technology is increasingly utilized to overcome the inherent limitations of poor aqueous
solubility, short biological half-lives, and high metabolic instability. For example, R alpha-
lipoic acid (RLA), a potent antioxidant that undergoes extensive degradation in highly acidic
environments and at heat, often results in the formation of water-insoluble polymers that
significantly reduce its oral absorption.m Fullerene C60 (C60) has a rigid carbon
nanostructure with excellent antioxidant potential, but is naturally insoluble in water,
requiring complexation to become biologically applicable.””! Melatonin, secreted by our
pineal gland, is a popular over-the-counter drug essential for maintaining circadian rhythm,
but it suffers from a low oral bioavailability of approximately 15% due to extensive first-pass
hepatic metabolism."*) Thus, liposomes are not simple transport vehicles but enhance

biological efficacy by providing a biophysical "gatekeeping".

Liposomes protect the encapsulated active from physiological degradation in the acidic
environment of the stomach and rapid clearance from the plasma.”! This protective
sequestration ensures that active ingredients reach the therapeutic threshold required for
effective physiological function through sustained delivery, without overwhelming the system
with a sudden influx of molecules. Furthermore, liposomal encapsulation can modulate a
compound's permeability and safety profile. In topical applications, liposomes can facilitate
epidermis penetration while preventing deeper dermal entry, thereby avoiding systemic
circulation and potential toxicity. “I'In oral delivery, they can facilitate absorption through the

lymphatic pathway, effectively bypassing first-pass hepatic metabolism and increasing
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systemic exposure.”! By modulating the structure of the liposome, we can achieve targeted

delivery.

Hydrophilic

phospholipid head
Aqueous core

Surface Engineering Strategies

Stealth PEG chains
(Polyethylene glycol)

Hydrophobic
phospholipid tail

*— Stabilizing
Maltodextrin/Pectin
coatings

Llposome Classification

Lipophilic
molecule

T = |

Small Unilamellar Vesicles (SUV) Large Unilamellar Vesicles (LUV) Multilamellar Vesicles (MLV)

Qe @

0025 um — 0.1 pm >01pm

Multilayered Structure Up to 2.5 pm

Hydrophilic
molecule

Figure 1: Diagrammatic representation of a liposome, surface engineering strategies

and types of liposomes.

This review establishes a framework for identifying Critical Quality Attributes (CQAs), such
as particle size and charge, encapsulation efficiency, membrane stability, and dermal
permeation, that define the success of liposomal systems in navigating complex biological

barriers.

1.2 The Industrial Challenge: Vesicle Homogeneity and Scale-Up

While liposomes show great clinical promise, their translation from a laboratory synthesis to
industrial-scale manufacturing is often hindered by heterogeneity. Inconsistency in vesicle
diameter, surface charge, encapsulation efficiency and membrane stability can lead to
inconsistent drug release profiles, compromised chemical stability, and unpredictable

pharmacokinetics.

West Bengal Chemical Industries Limited (WBCIL) realizes that maintaining batch-to-batch
consistency in CQAs is the single greatest challenge in the development of next-generation
liposomal delivery systems. To address this, WBCIL implements a framework termed
"Biophysical Gatekeeping." Under this protocol, quantifiable Critical Quality Attributes
(CQAs) serve as mandatory predictors of liposomes biological performance. This transition
from "formulation art" to "formulation engineering-LipoEdge™" ensures that therapeutic

outcomes such as bypassing hepatic first-pass metabolism for nutraceuticals and
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pharmaceuticals and achieving high dermal/epidermal delivery are mathematically designed

into the liposomal architecture.

2. The First Gate: Vesicle Architecture and Dimensions
The first "gate" a formulation must pass is the verification of its physical dimensions and

structural integrity, as these parameters dictate the route of absorption and biodistribution.

2.1 Hydrodynamic Diameter and Polydispersity (PDI)

Particle size and Particle size distribution or polydispersity index (PDI) are the two most
fundamentally recognized critical physical quality attributes of a liposomal system, as they
determine the formulation's colloidal stability, encapsulation efficiency, long-term stability,
biodistribution, biological performance and industrial scalability.[g] The average
hydrodynamic diameter directly influences the surface-to-volume ratio, which in turn dictates
the kinetics of drug release and the extent of interaction with biological membranes. Dynamic
Light Scattering (DLS), also known as Photon Correlation Spectroscopy (PCS), remains the

primary analytical methodology for characterizing these submicron dispersed systems.

2.1.1. Impact of Composition on Vesicular Dimensions

The final size of a liposome is not merely a result of processing (such as sonication or
microfluidization) but is intrinsically linked to its biochemical composition.

e Active Ingredient Loading: The integration of hydrophilic compounds can cause
significant size expansion. For example, loading liposomes with zinc sulfate has been shown
to increase mean particle diameter due to the incorporation of the salt within the phospholipid
bilayers.[9] The size of the liposome determines its half-life.!'"

e Phospholipid Saturation: The choice of lipid tail plays a structural role. Substituting
unsaturated soybean phospholipids (SPC) with hydrogenated soybean phospholipids (HSPC)
increases vesicle size.''! This is attributed to increased van der Waals interactions between
saturated chains, which reduces membrane fluidity and leads to larger diameters as the rigid

membranes resist the high curvature required for smaller vesicles.

e Stabilizing Coatings: Surface modifications, such as the addition of a maltodextrin,

pectin coating, further increase the overall vesicular thickness and measured diameter.
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2.1.2. Stability and Biological Gatekeeping

From a "gatekeeping" perspective, maintaining a consistent size and PDI are essential for
ensuring that the liposomes can bypass specific physiological barriers.

e Intestinal Absorption: The size of liposomes is modulated based on their application.
The size determines its EE, half-life and biodistribution. The size of a liposome can vary
from 0.025 um to 2.5 um, and based on its lamellarity and size, it is broadly categorised into
two groups: (1) multilamellar vesicles (MLV) and (2) unilamellar vesicles. Unilamellar
vesicles is further classified into-(1) large unilamellar vesicles (LUV) and (2) small
unilamellar vesicles (SUV).'"? The absorption of liposomes by intestinal cells is strictly size-
dependent. Research indicates that the bioavailability of smaller liposomes can be up to 12
times higher than that of their larger counterparts.[s]

e Stability Marker: A significant increase in particle size during storage is a primary
indicator of physical instability, often signalling vesicle aggregation or fusion. Conversely, a
loss of size or a reduction in turbidity may indicate the breakdown of the architectural gate
and the formation of lipid fragments.m] Under both conditions, significant amount of

encapsulated active is lost.

e Industrial Benchmarks: In pharmaceutical science, a PDI < 0.5 is generally considered
the benchmark for a sufficiently homogeneous/ monodisperse population. For specialized
drug delivery, a PDI < 0.1 is sought, as it indicates a highly monodispersed system.
Conversely, values exceeding 0.7 indicate highly polydispersed systems with significant

heterogeneity.'®

e Uniform Biodistribution: Low PDI ensures better biodistribution and greater cellular
uptake. PDI > 0.7 increases heterogeneity in size, which can lead to potential tissue
accumulation. High PDI results in liposomal sedimentation and aggregation that can
significantly alter cellular uptake, toxicity and diffusion. Thus, it is essential to minimize the

sedimentation, and aggregation rates of liposomal formulations.!"*

2.1.3. The Role of Dynamic Light Scattering (DLS)
DLS operates on the principle of analyzing the time-dependent fluctuations in scattered light
intensity caused by the perpetual random movement of particles, known as Brownian

Motion. !>

WWW.Wjpps.com | Vol 15, Issue 7, 2026. | ISO 9001:2015 Certified Journal | 1071




Roy et al. World Journal of Pharmacy and Pharmaceutical Sciences

e Diffusion Mechanics: Smaller particles move more rapidly, causing faster intensity
[15]

fluctuations, while larger particles move more slowly, resulting in slower fluctuations.
e The Stokes-Einstein Equation: The DLS instrument calculates the average
hydrodynamic diameter (x) using the Stokes-Einstein equation:

X=kT/3nD

Where x is the hydrodynamic diameter, k is the Boltzmann constant, T is the absolute
temperature, 7 is the viscosity of the dispersing medium, and D is the translational diffusion

coefficient.!"”!

According to USP <430>, the relative standard deviation of at least five repeated
[16]

measurements must not exceed 2% to ensure instrument qualification.
2.2 Morphology and Structural Integrity

Vesicle dimensions must be supported by structural verification to distinguish between
unilamellar and multilamellar vesicles.

e Visualization: Techniques such as Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM) and Cryo-TEM are employed to validate that the spherical

structure of liposome remains intact even after surface modifications or drug loading.

e Load Localization: Cryo-TEM can take high-resolution images of the liposomes and
location of the active unlike SEM/TEM."” In one such study cryo-TEM successfully
visualized mefloquine crystals located within the liposomal aqueous core, confirming that the
drug was not merely associated with the surface."® Thus, serving as one of the definitive

tests for a successful liposomal encapsulation process.

e Scanning Electron Microscopy (SEM) and Field Emission SEM (FE-SEM) are utilized to
confirm the spherical nature of vesicles and identify potential heterogeneity, such as the

encapsulation of multiple vesicles within a single matrix.

Thermodynamic instability can lead to either vesicle fusion, where smaller liposomes merge
to form larger, irregular structures or the unsaturated phospholipids undergo extensive lipid
peroxidation leading to membrane breakdown and leakage. High resolution imaging using

SEM & TEM provides direct evidence of liposomal structural integrity.
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3. The Second Gate: Surface Chemistry and Core Stability

3.1 Zeta Potential: The Electrostatic Gate

Zeta potential is a critical quality attribute (CQA) that measures the electrical potential at the
"slipping plane"-the boundary between the stationary fluid layer attached to the dispersed
particle and the bulk solvent. It serves as a primary "gatekeeper" for both colloidal stability
and physiological safety, dictating how liposomes interact with their environment and with
each other.”! The magnitude of the zeta potential provides a quantitative assessment of the
electrostatic repulsion between particles in a suspension.

e The Stability Benchmark: In pharmaceutical engineering, zeta potential values
exceeding +30 mV or falling below -30 mV are considered the gold standard for achieving
long-term stability.[zo]

e Preventing Structural Failure: These high absolute values ensure that the repulsive
forces between vesicles are strong enough to overcome the attractive van der Waals forces.
When the zeta potential approaches zero, the "electrostatic gate" fails, leading to vesicle

aggregation, fusion into larger structures, or rapid sedimentation.

e Technological Innovations: West Bengal Chemical Industries Limited (WBCIL) utilize
stable phospholipids to ensure next-generation liposomal APIs maintain a zeta potential of <-

30 mV, guaranteeing high stability and resistance to aggregation.

3.1.1. Safety Correlation and Hemocompatibility

The surface charge of a liposome is not only a marker of stability but also a determinant of its
safety profile within the systemic circulation.

¢ Hemagglutination Risks: In therapeutics, formulations with low absolute zeta potential
values are prone to facilitating undesirable interactions with blood components. Specifically,
a strong positive surface charge can cause hemagglutination, in which red blood cells (RBCs)
clump together, potentially leading to vascular complications.”**!!

e Maintaining the Blood Barrier: High absolute negative charge values are essential to
minimize non-specific interactions with plasma proteins and RBCs. This ensures that the
liposomes remain "stealthy" and do not disrupt the integrity of the blood barrier or become

prematurely cleared by the immune system.”*"
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e Cellular uptake: It has been observed that liposomes with a strong negative surface
charge interact less with the mucus layer, preventing their aggregation on the cell surface,
thus enhancing cellular uptake 1>

3.1.2. pH Dependency and Environmental Sensitivity

Zeta potential is inherently dynamic and highly sensitive to the chemical composition of the

surrounding medium.

e Charge Reversal: The surface charge of liposomal phospholipids typically shifts in
response to pH fluctuations. At low pH (acidic conditions), protonation of functional groups
can increase the zeta potential. Conversely, in high pH (alkaline) conditions, deprotonation
leads to a more negative charge.!"”!

e Impact on Stability: This dependency is particularly relevant for oral delivery, where
liposomes encounter the extreme acidity of the stomach (pH 1.2) followed by the near-neutral
or slightly alkaline environment of the small intestine (pH 6.8—7.0). These shifts can trigger
membrane instability or change the "mucus-binding" ability of the vesicles, affecting overall

bioavailability.

3.2 Surface Engineering and Steric Shielding

The biological efficacy of a liposomal system depends highly on the surface structural
integrity, which serves as a protective barrier against enzymatic hydrolysis, oxidative stress,
and pH-driven degradation. Surface coating with stabilizing components like cholesterol,
hydrogenated phospholipids, and polymeric coatings creates a "steric shield" that modulates
membrane permeability and prevents premature cargo release. The success of this
engineering is validated through advanced biophysical characterization techniques, including
Fourier Transform Infrared (FTIR) spectroscopy, Thermogravimetric Analysis (TGA), and
Differential Scanning Calorimetry (DSC).

3.2.1. Gastric Stability and Chemical Vulnerability

The stomach serves as the first major biological hurdle for oral delivery systems. Sensitive
actives like vitamin C, ALA, glutathione, and curcumin undergo bio-oxidation in the acidic
gastric environment, resulting in a sharp drop in their bioavailability. It has been observed
that liposomal encapsulation provides a robust physical barrier by isolating the active

ingredients from the acidic lumen."! Studies have demonstrated that such liposomal systems
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can preserve 100% of the active ingredient under simulated gastric conditions, where the free

form would otherwise be degraded.

3.2.1.1. Structural Reinforcement and the Steric Barrier

To maintain liposome integrity throughout the gastrointestinal tract, specific components are
incorporated into the bilayer to modulate membrane fluidity and permeability. For instance:

e Cholesterol Integration: Cholesterol is a ubiquitous stabilizing agent in traditional
liposome preparation. It functions by filling interspaces in the hydrophobic region of the
membrane, thereby modulating membrane permeability, fluidity, and improves the bilayer
stability in the presence of biological fluids such as plasma and blood.!""

e Hydrogenated Phospholipids (HSPC): Substituting unsaturated phospholipids with
saturated or hydrogenated ones, such as 1,2-distearoyl-sn-glycero-3-phosphocholine (HSPC),
significantly enhances the structural stability of liposomes. Hydrogenated phospholipids
exhibit higher phase transition temperatures (Tm), forming rigid gel-phase membranes at or

below human body temperature.'!

3.2.1.2. Specialized Coatings and Polymeric Shielding

Beyond the primary lipid components, surface modification through biopolymers offers an
additional layer of protection.

e Maltodextrin Stabilization: Formulating liposomes with maltodextrin as a stabilizing
agent during optimized spray-drying has been shown to enhance structural integrity."”’ This
coating serves as a supplementary layer that increases vesicular thickness and protects the

phospholipids from oxidative degradation and leakage during storage and digestion.

e Chitosan: Mucoadhesive and pH-Responsive Coating: Chitosan, a cationic
biopolymer, is utilized to impart positive surface charges and mucoadhesive properties to
liposomes.[24] It interacts with negatively charged phospholipid headgroups, shifting the zeta
potential toward positive values, thereby enhancing stability via electrostatic repulsion. The
primary benefit of chitosan is its ability to adhere to mucosal surfaces, such as the buccal or

intestinal mucosa, thereby prolonging liposome residence time at the absorption site.

e Pectin and Natural Polysaccharides: It offers unique rheological and protective
benefits, particularly for oral delivery. Polysaccharide coatings can maintain structural

stability under the extremely low pH of gastric fluid (pH 2.0), protecting the lipid core from
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acid-induced hydrolysis.'”! High-methoxyl pectins can modulate the apparent viscosity of the
formulation, which influences the release kinetics and potentially inhibits the premature

"burst" release in the small intestine.

¢ PEGylation: Polyethylene glycol (PEG) is the gold standard for surface engineering to
achieve "stealth" characteristics.”® PEG creates a dense, hydrophilic brush layer that
prevents the adsorption of plasma proteins (opsonins) to the liposome surface. This steric
barrier reduces recognition and clearance by the mononuclear phagocyte system, significantly

increasing the half-life of the formulation in the systemic circulation.

3.3 Encapsulation Efficiency (EE %) and Core Optimization

The therapeutic potency of a liposomal system is fundamentally governed by its ability to
sequester and retain the active pharmaceutical ingredient (API) within its aqueous core or
lipid bilayer. Achieving high drug-to-lipid ratios while maintaining structural stability &

integrity is a primary requisite in formulation science that needs to be fulfilled.

WBCIL Standards for Commercial Viability
At West Bengal Chemical Industries Limited (WBCIL), Encapsulation Efficiency (EE%)
serves as a non-negotiable benchmark for quality.

o Efficiency Benchmarks: For a formulation to be considered commercially viable and

clinically effective, WBCIL mandates an EE% of >80%

e Quality Metrics: This high threshold ensures that a minimal amount of the active
ingredient remains "free" in the external medium, which reduces the risk of premature

degradation or undesirable side effects often associated with unencapsulated drugs.

e Stability Correlations: High encapsulation efficiency is often a surrogate marker to
understand the liposomal integrity; any significant reduction in EE% during storage typically

signals lipid oxidation, vesicle aggregation, or membrane leakage.

3.3.2 Drug Loading Capacity (L.C) and Drug-to-Lipid Ratios

Loading capacity (LC) defines the weight of the entrapped drug per unit weight of the lipid
matrix, serving as a critical indicator of the system's efficiency.

e Loading Parameters: LC is calculated by assessing the mass of lipids that effectively

contains the encapsulated drug. In advanced liposomal formulations by WBCIL’s
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LipoEdge™ technology, such as iron loaded liposomes, LC values ~71%. Higher LC ensures

lower therapeutic dose.

e Drug-to-Lipid Ratio: This ratio is a primary determinant of dose density. High-
performance systems aim for optimized mass ratios; for example, curcumin liposomes have
been successfully stabilized using a soybean phospholipid, cholesterol, and curcumin ratio of

40:8:1 (w/wiw).*"

3.4. Molecular Interaction Analysis via FTIR

FTIR spectroscopy is a non-destructive analytical tool*

used to identify functional groups
and probe molecular interactions within the liposomal architecture.

e Phospholipid Coordination: Shifts in characteristic peaks reveal the binding patterns of
encapsulated actives. For instance, in zinc-loaded liposomes, shifts in P=0 stretching (~1247
cm') and water coordination peaks (~460 cm') confirm specific Zn** phospholipid

coordination within the bilayer.[g]

e Hydrogen Bonding: Changes in the stretching vibration peaks of C-H bonds (2800-3000
cm') and carbonyl groups (C=0O, ~1732 cm') signal the formation of H-bonds between

cholesterol, the active ingredient, and the lipid headgroups.m

e Chain Saturation Effects: As hydrogenated phospholipid (HSPC) content increases,
stretching vibration peaks for C-H bonds shift to lower wavenumbers (e.g., from 2926 to
2917 cm'), indicating denser lipid chain packing due to increased van der Waals
Interactions."*”!

3.5. Thermal Stability and Decomposition via TGA

TGA provides quantitative data on the thermal decomposition patterns and structural integrity
of the formulation by measuring weight loss as a function of temperature.

e Encapsulation Signatures: Active-loaded liposomes exhibit unique thermal behavior
distinct from free active and pure lecithin."”! For example, while pure zinc sulfate
heptahydrate undergoes rapid initial weight loss (~30%) up to 100 °C due to water loss,

encapsulated versions show more gradual, controlled water loss.

e Bilayer Protection: The liposomal matrix improves the thermal stability of its

components, showing enhanced resistance to decomposition between compared to pure
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phospholipids.””! This confirms that liposomal encapsulation successfully shields the organic

core from rapid thermal degradation.

3.2.3. Phase Behavior and Molecular Ordering via DSC

Differential Scanning Calorimetry (DSC) is a cornerstone analytical technique in the
biophysical characterization of liposomal systems. It provides a quantitative thermodynamic
profile that serves as a direct indicator of membrane integrity, drug-lipid interactions, and

long-term stability.”*

Relevance of DSC Studies

The primary relevance of DSC lies in its ability to monitor the thermotropic phase behavior
of the lipid bilayer. Liposomes transition between different physical states based on
temperature most notably from a rigid, ordered gel phase (LP) to a fluid, disordered liquid-
crystalline phase (La).”"

¢ Determining Phase Transition Temperature (Tm): DSC accurately identifies the Tm
(melting point) where this structural transition occurs. For instance, non-hydrogenated
soybean phospholipids (SPC) have a Tm below 0°C, whereas hydrogenated versions (HSPC)
exhibit much higher transitions (> 55°C).1*!

¢ Quantifying Enthalpy (AH): The area under the endothermic peak represents the
enthalpy, which correlates with the energy required to disrupt the van der Waals interactions
between lipid tails. Higher AH values typically indicate a more ordered and cohesive

membrane structure.

Why DSC is Essential for Liposomal Performance

DSC is an indispensable "gatekeeping" tool for several reasons:

1. Predicting Drug Retention and Leakage: A formulation whose Tm is close to or below
physiological temperature (37°C) may become overly fluid in the body, leading to premature
cargo release.” DSC helps in designing bilayers that remain in a stable, less permeable state

during circulation.

2. Assessing Formulation Homogeneity: The shape and width of the DSC peaks provide a
signature of molecular ordering.[zg] Sharp, well-defined peaks indicate a uniform lipid
environment, while broad or multiple peaks signal phase coexistence, which can be

strategically used to optimize controlled release kinetics.
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3. Verifying Molecular Interactions: The shift or disappearance of a lipid transition peak
upon the addition of a drug or cholesterol confirms successful integration into the bilayer."*”!
For example, high cholesterol concentrations can abolish the sharp gel-to-liquid transition,

creating a stable state that enhances the retention of actives such as curcumin or melatonin.

4. Stability Monitoring: Changes in the thermogram over time, such as shifts in Tm or
changes in enthalpy, can serve as an early warning for lipid oxidation or physical
degradation, ensuring that the formulation meets the rigorous quality standards required for

clinical translation.

4. The Third Gate: In Vitro Biological Validation

4.1. Gastrointestinal Stability, Bioavailability, and Triggered Release

The final phase of biological gatekeeping evaluates the liposome's performance in
physiological simulations. This stage ensures that the delivery system can survive hostile
environmental transitions while maintaining the functional efficacy and bioavailability of its

therapeutic payload.

4.1.1. Survival in the Gastrointestinal (GI) Tract

Oral liposomal formulations must withstand sequential exposure to varied chemical and
enzymatic stresses.

e Gastric Resilience (SGF): Simulated Gastric Fluid (SGF) presents an extreme challenge
with a pH of 1.2-3.0 and the presence of pepsin. In contrast to free actives that degrades by
75% within an hour in the stomach, liposomes maintain over 80% structural integrity and
limit API release to below 20% under simulated gastric conditions."*”!

e Intestinal Transition (SIF): In Simulated Intestinal Fluid (SIF, pH 6.8-7.0), the
liposomes encounter bile salts and pancreatic lipases. Bile salts can emulsify the bilayer into
micelles, while lipases chemically hydrolyze phospholipids, modulating the release profile of
liposomes.[33]

e Sustained Release Profiling: Effective gatekeeping is evidenced by a sustained-release
profile reaching approximately 95% cumulative release over 12-24 hours, compared to the
rapid dissolution (complete release in 20 minutes) and/or degradation of free drug

solutions.”?!
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4.1.2. In Vitro Bioavailability and Caco-2 Cell Permeation

Beyond physical stability, the "biological gate" requires evidence of successful uptake. The
Caco-2 cell line, derived from human colon adenocarcinoma, is the industrial standard for
simulating the intestinal epithelial barrier."*"

e Cellular Uptake and Transport: Liposomes enhance bioavailability by protecting
actives from extensive first-pass hepatic metabolism. Caco-2 models allow measurement of
the Apparent Permeability Coefficient (Papp), which quantifies the extent to which vesicles
penetrate the intestinal epithelial cells.”

e Mechanism of Absorption: Liposomes interact with enterocytes via clathrin/caveolae-
mediated endocytosis. Once inside the cell, they can interact with chylomicrons to enter the

lymphatic system (lacteals), which selectively transports lipophilic compounds to the general

circulation without passing through the liver.

4.1.3. In Vitro Functional Efficacy Assays

The therapeutic efficacy of the cargo must be preserved post-digestion to pass the functional
gate.

(i) Antioxidant Capacity Assays (DPPH and ABTS)

These assays evaluate the cumulative ability of the liposomal formulation to provide
hydrogen atoms or electrons to neutralize stable free radicals.

e DPPH Assay: This spectrophotometric method utilizes the stable 2, 2-diphenyl-1-
picrylhydrazyl radical. In the presence of ROS, it fluoresces green.”® Its fluorescence is

directly proportional to the ROS produced.

e ABTS Assay: Often used to verify the scavenging activity of hydrophilic and lipophilic
actives, this assay establishes dose-dependent inhibition curves to ensure the encapsulation

process has not compromised the active’s reductive potential.l””!

e Biological gatekeeping requires the liposomal system to exhibit antioxidant power

comparable to, or exceeding, standard controls like Vitamin C or Quercetin.

(ii) Oxidative Stress Mitigation and Lipid Peroxidation
The TBARS (Thiobarbituric Acid Reactive Substances) assay is the primary diagnostic
tool for measuring the inhibition of lipid peroxidation.Bg] This assay assesses the

formulation’s ability to prevent the oxidative degradation of lipids into malondialdehyde
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(MDA). It is critical for evaluating how well the liposomal carrier protects its own
phospholipid bilayer and external biological membranes from damage during systemic
circulation and long-term storage. Highly optimized liposomal formulations, such as those
utilizing hydrogenated soybean phospholipids (HSPC), show negligible changes in TBARS
values over extended periods, indicating superior resistance to oxidative stress.*”!

(iii) Hemocompatibility and Osmotic Fragility

Safety assessment requires rigorous testing of the interaction between liposomes and
hematological components.

e Hemocompatibility and Agglutination: Hemocompatibility is a non-negotiable
biological gatekeeper that ensures liposomal delivery systems are not lethal to cellular blood
components upon entering systemic circulation.*”’ This safety validation guarantees that the
nanocarriers maintain physiological homeostasis without triggering adverse hematological
events. For a formulation to be blood-compatible, high absolute zeta potential values
(typically <-30 mV) are required to provide sufficient electrostatic repulsion.[m This strong
negative charge prevents vesicles from facilitating hemagglutination, a dangerous clumping
of red blood cells that can lead to vascular occlusion or systemic toxicity. West Bengal
Chemical Industries Limited (WBCIL) ensure their liposomal APIs are biocompatible and

safe for blood contact resulting in <5% death.

e Osmotic Fragility: This assay is complementary to the hemocompatibility assay. It
ensures that the liposomal vesicles do not cause mechanical rupture of red blood cell
membranes under varying osmotic pressures, which is essential for ensuring the safety of
blood-contacting therapeutics and intravenous delivery systems.!**!

5. Fourth Gate: In vivo Biological Gatekeeping: Performance in Physiological Contexts
Pharmacokinetics and Bioavailability Enhancement

The ultimate biological objective of liposomal engineering is the optimization of a drug’s
pharmacokinetic (PK) profile. By establishing a protective biophysical gate, liposomes
modulate the absorption, distribution, metabolism, and excretion (ADME) of the active
ingredient, significantly altering parameters such as the Area Under the Curve (AUC),

Maximum Plasma Concentration (Cmax), and the Time to reach Cmax-Tmax.
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4.2.2. Pharmacokinetic Metrics in Animal and Clinical Models

The transition from a conventional formulation to a liposomal system result in marked shifts
in PK benchmarks, as demonstrated in specialized animal models (e.g., anesthetized rats with
mesenteric lymph duct cannulation) and human crossover trials.

e Enhanced Bioavailability (AUC): Liposomal encapsulation can increase the total
systemic exposure (AUC). For instance, liposomal melatonin has demonstrated an
enhancement in bioavailability of up to 40.45% compared to free forms."**! In specialized

spray formulations, the AUC can become comparable to intravenous (IV) administration.

¢ Optimized Peak Concentrations (Cmax): Liposomal delivery systems significantly
enhance the peak concentration of active ingredients in systemic circulation compared to
conventional oral formulations. Clinical assessments of melatonin delivered via liposomal
systems have demonstrated that these advanced formulations can increase plasma levels by
approximately 2-fold compared to non-liposomal tablets (e.g., Cmax of 2332495 pg/mL vs.
11514565 pg/mL).*

e Rapid Onset (Tmax): Tmax is the time taken to reach the maximum concentration.
Clinical evaluations of oral liposomal vitamin C vs. conventional forms often show a Tmax
that is identical or even slightly delayed compared to non-liposomal versions (e.g., Tmax of 4
hours for both treatments), even though the liposomal version achieves a significantly higher
Cmax and AUC."*¥ In case of liposomal melatonin, immediate-release oral capsules reach
peak levels in approximately 50 minutes (0.87 h), sustained-release liposomal oral
formulations may have a Tmax of 1.26 hours or longer.*’

For many oral liposomal APIs, a rapid Tmax is actually avoided in favor of longer plasma
retention and a steady therapeutic threshold, which reduces dosing frequency and minimizes

side effects.

o Extended Half-Life (t;»): Liposomes provide a sustained-release profile, protecting the
API from rapid plasma clearance.*” This ensures longer plasma retention and reduces the

required frequency of dosing.

4.2.3. Modeling Selectivity and Affinity
Standard animal protocols, such as mass balance experiments in rat models, probe the

selectivity of these pathways. The efficacy of lymphatic transport is often dictated by the
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partition coefficient (Log P) and the drug’s affinity for chylomicrons versus plasma
proteins.*”! Liposomal delivery systems are critical for overcoming this lipophilicity
requirement, serving as engineered vehicles that transport hydrophilic molecules into the
lymphatic system. In the case of lipophilic molecules, liposomes prevent precipitation that
often occurs when free lipophilic drugs encounter the aqueous environment of the
gastrointestinal lumen.'*® Naturally lipophilic drugs often have a high affinity for plasma

proteins or red blood cells (RBCs).[49]

, and liposomes facilitate the transfer of these
drugs/actives into nascent chylomicrons within the enterocytes. These chylomicron-
associated drugs are then secreted into the lacteals, effectively bypassing first-pass hepatic

metabolism. Thus, significantly increasing the core parameters such as the AUC and Cmax.

6. WBCIL Perspective: Implementing the Biophysical Gatekeeping Framework

The translation of liposomal systems from laboratory innovation to large-scale
pharmaceutical production is fundamentally a challenge of consistency. West Bengal
Chemical Industries Limited (WBCIL) addresses this challenge through the rigorous
implementation of the "Biophysical Gatekeeping" framework-a multi-tiered validation
protocol where quantifiable Critical Quality Attributes (CQAs) serve as the mandatory

predictors of biological performance of LipoEdge™ liposomes.

Gate I: Architectural Verification

Every batch at WBCIL must first pass stringent physical dimension checks. Utilizing
Dynamic Light Scattering (DLS) and following USP <430> guidelines, formulations are
analyzed to ensure a Polydispersity Index (PDI) of <0.5, signaling the high homogeneity
required for predictable release. Structural integrity is further verified through high-resolution
imaging (SEM, TEM), confirming that vesicles are truly spherical and that active ingredients

are properly localized within the core rather than merely surface-associated.

Gate II: Thermodynamic and Surface Chemistry Validation

WBCIL recognizes that the "electrostatic gate" is vital for stability. Formulations are
engineered to maintain a zeta potential of <-30 mV, providing the repulsion necessary to
prevent vesicle fusion and hemagglutination in systemic circulation. Furthermore,
Differential Scanning Calorimetry (DSC) and FTIR are employed to verify molecular

ordering.
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Gate III: Compositional Efficiency and Core Optimization

Industrial viability depends on sequestration efficiency. WBCIL mandates an Encapsulation
Efficiency (EE%) of >80% as a non-negotiable benchmark. This is complemented by
optimizing drug-to-lipid ratios and Loading Capacity (LC).

Gate IV: Biological Validation and Pharmacokinetic Design

The final gate involves simulating physiological performance. WBCIL formulations are
tested for Gastric Resilience (SGF), where liposomes must maintain >80% structural
integrity. Subsequent Caco-2 cell permeation studies and in vivo pharmacokinetic modelling
confirm the successful bypass of first-pass hepatic metabolism via the lymphatic pathway.
This systematic approach ensures that products like liposomal vitamin C achieve a 2-4 fold

increase in Cmax and bioavailability compared to free forms.

Through this four-gate framework, WBCIL ensures that every liposomal delivery system is
mathematically designed to meet the therapeutic threshold, providing safer, more effective,

and highly stable treatments for pediatric, geriatric, and clinical populations.

Gate-Based Evaluation of
Liposomal Formulations

[ 1 I )

First Gate: Second Gate: Third Gate: Fourth Gate:
/esicle Architecture Surface Chemisry and In Vitro Biological In Vivo Biological

and Dime : Core Stability Validation Gatekeeping
Hydrodynamic Zeta Potential Gl Stabiity & Pharmacokinetics &
Diameter & PDI ¥ Assessment Controlled Release Bioavailability
Morphology & Caco-2 Cell Lymphatic Transport
Structural Integrity Permeation Assays Modeling
Stability Marker & Surface Engineering Post-Digestion Affinity & Selectivity
Benchmarks ¥ & Steric Shielding Functional Efficacy Assessments

Thermodynamic

¥ Stability Analysis

Figure 2: Diagrammatic representation of the evaluation of liposomal formulation.

7. CONCLUSION

The industrial and clinical success of liposomal delivery systems is no longer a matter of
serendipitous discovery but a rigorous discipline of formulation engineering. As outlined in
this review, the "Biophysical Gatekeeping" framework provides a definitive roadmap for

navigating the multifaceted barriers of the human body. By transforming qualitative "art" into
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quantifiable Critical Quality Attributes (CQAs), manufacturers can ensure that every vesicle

serves as an active guardian of its therapeutic payload.

The integration of Gate I (Architectural Verification) and Gate II (Thermodynamic and
Surface Chemistry) ensures that the physical foundations-size, homogeneity, and membrane
rigidity are optimized to prevent premature leakage and provide colloidal stability. The
transition to Gate III (Compositional Efficiency) guarantees that sequestration metrics, such
as a non-negotiable EE% of >80%, meet industrial standards for commercial and clinical
viability. Finally, Gate IV (Biological Validation) confirms that these engineered systems
translate into superior pharmacokinetic outcomes, such as the successful bypass of first-pass
hepatic metabolism via the lymphatic pathway and a 2-to-4-fold increase in Cmax and

bioavailability.

This systematic approach, exemplified by the standards implemented at West Bengal
Chemical Industries Limited (WBCIL), represents the next frontier in drug delivery. By
strictly adhering to these four gates, the pharmaceutical and nutraceutical industries can
reliably produce highly stable, targeted, and effective liposomal products such as iron,
vitamin C, R-alpha-lipoic acid etc that address the unique physiological needs of pediatric,

geriatric, and clinical populations worldwide.
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