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Abstract: The delivery of hydrophobic drugs and sensitive biological molecules (such as peptides and DNA) remains
a significant challenge in pharmaceutical science due to issues of solubility, enzymatic degradation, and poor oral
bioavailability. While liposomes have long been the gold standard for lipid-based delivery, their application is limited
by inherent instability, susceptibility to oxidation, and leakage during storage. Nanocochleates represent a paradigm
shift in this domain. Defined as stable, solid-state, cigar-like lipid crystals, they are formed by the interaction of anionic
liposomes with specific divalent cations (typically Calcium). This review critically examines the structural uniqueness
of nanocochleates, their mechanism of formation, and their pivotal role in enhancing the stability of labile drugs against
harsh environmental conditions (pH, enzymes). Furthermore, we explore their potential to revolutionize oral drug
delivery by facilitating systemic absorption of molecules that are typically destroyed in the gastrointestinal tract.
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1. Introduction
1.1 The Limitation of Traditional Lipid Carriers

Liposomes, first described in the 1960s, revolutionized drug delivery by mimicking cellular membranes. However,
despite their success, liposomes suffer from distinct "fluidity” problems. In aqueous suspension, they are prone to
hydrolysis, aggregation, and fusion. More critically, when administered orally, the phospholipid bilayer is easily
attacked by gastric acids, bile salts, and lipases, leading to the premature release and degradation of the entrapped cargo

[1].
1.2 Enter the Nanocochleate

Nanocochleates are cylindrical, multilayered, lipid-based structures derived from liposomes but distinct in their
physical state. Unlike the fluid, water-filled sphere of a liposome, a cochleate is a solid-state precipitate. They are
composed of a continuous, solid lipid bilayer sheet rolled up in a spiral fashion—analogous to a "rolled-up carpet"” or
a "cigar" [2].

This tightly packed, water-free interior provides a uniquely robust environment. The term "Cochleate" derives from
the snail shell-like spiral structure observed in early electron microscopy studies. This unique morphology confers
exceptional stability, allowing the formulation to exist as a solid powder that can be processed into tablets or capsules,
a feat difficult to achieve with traditional liquid liposomes [3].

2. Structure and Composition
The structural integrity of a nanocochleate relies on two key components:

1. Negatively Charged Lipids: The most common lipid used is Phosphatidylserine (PS), although Phosphatidic
Acid (PA) or Phosphatidylglycerol (PG) can also be used.

2. Divalent Cations: Calcium ions are the standard bridging agents. Other ions usually form larger, less stable
aggregates.

2.1 The "*Zipper" Mechanism

The formation of a cochleate is an induced phase transition. When is added to anionic liposomes, the cations bind to
the negatively charged head groups of the lipids. This neutralizes the electrostatic repulsion between bilayers. The
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calcium acts as a "molecular zipper,” bridging two bilayers together and displacing water from the inter-bilayer space.
This results in the fusion of the vesicles into a continuous sheet that spontaneously rolls up to minimize edge energy

[4].
3. Methods of Preparation

Several methods exist to synthesize nanocochleates, each influencing the final particle size and drug encapsulation
efficiency (EE).

3.1 Trapping Method (Direct Addition)

This is the simplest technique. Anionic liposomes containing the drug are first prepared. Dropwise addition of a
Calcium Chloride solution induces the collapse of the liposomes into cochleates.

e Advantage: Simple.
o Disadvantage: Often produces large, micron-sized cochleates which may require size reduction [5].
3.2 Hydrogel Method

To achieve uniform nano-sized cochleates, the interaction is controlled within a polymer matrix. The liposomes and
calcium are mixed within a polymer (like dextran or PEG). The polymer physically prevents the formation of large
aggregates. Once the cochleates form, the polymer is washed away.

e Advantage: Produces small, uniform particles (~100-300 nm) ideal for intravenous or oral uptake [6].
3.3 Dialysis Method

A detergent-lipid-drug mixture is dialyzed against a calcium buffer. As the detergent is removed, the lipids encounter
calcium and spontaneously form cochleates rather than liposomes.

e Advantage: High encapsulation efficiency for hydrophobic drugs [7].
4. Enhancement of Drug Stability
The transition from a fluid liposome to a solid cochleate confers "solid-state™ stability properties to the drug.
4.1 Protection from Oxidation and Hydrolysis

Because the interior of the cochleate spiral is essentially anhydrous (water-free) and tightly packed, oxygen and water
cannot easily penetrate to attack sensitive lipid chains or the drug itself. This allows cochleate formulations to be stored
at room temperature for extended periods (lyophilized powders) without the leakage or degradation seen in aqueous
liposome suspensions [8].

4.2 Resistance to Gastric Environment (The ""Armored" Carrier)

Upon oral administration, a drug faces the "hostile triad": low pH (stomach acid), pepsin, and bile salts. Standard
liposomes are disrupted here. Nanocochleates, however, are rigid crystals. The calcium-lipid bridge is stable at low
pH. This "armor" ensures the drug remains encapsulated as it transits through the stomach, reaching the intestine intact

[9].

5. Mechanism of Action: Improving Oral Bioavailability

The defining feature of nanocochleates is their ability to deliver drugs intracellularly after oral administration.
5.1 Step 1: Protection in the GIT

As mentioned, the cochleate resists gastric degradation.

5.2 Step 2: Interaction with Peyer’s Patches & M-Cells

Nanocochleates (especially those <500 nm) are efficiently taken up by the M-cells of Peyer's Patches in the intestine.
They are then transported into the lymphatic system, bypassing the portal circulation and the "First-Pass Metabolism"
of the liver. This is crucial for drugs that are heavily metabolized by the liver [10].

IJNRD2512281 ‘ IJNRD - International Journal of Novel Research and Development (www.ijnrd.ormg)



http://www.ijnrd.org/

- i“-':':.':-'
JNRD

© 2025 IJNRD | Volume 10, Issue 12, December 2025| ISSN: 2456-4184 | INRD.ORG
5.3 Step 3: The "Unrolling" Mechanism (Targeted Release)

This is the "smart" aspect of cochleates. The calcium bridge holding the spiral together is sensitive to cation
concentration.

e In the blood/intestine: Calcium levels are relatively high (~1-2 mM), keeping the cochleate stable.

e Inside the cell (Cytoplasm): Calcium levels are extremely low, while chelators (molecules that grab calcium)
are present.

e Mechanism: When a cochleate is phagocytosed by a macrophage or enters a cell, the low calcium environment
and intracellular enzymes strip away the calcium. The lipid bilayer re-hydrates, "unrolling” or relaxing back
into a liposome, and releasing the drug directly into the cytoplasm [11, 12].

This prevents the drug from being pumped out by P-glycoprotein (P-gp) efflux pumps, significantly increasing the
intracellular concentration.

6. Applications and Case Studies

6.1 Amphotericin B (CAMB)

Amphotericin B (AmB) is a potent antifungal but is highly toxic (nephrotoxic) and has poor oral bioavailability.
e Study: Sant et al. and Zarif et al. developed a cochleate formulation of AmB.

e Result: The oral cochleate formulation showed efficacy comparable to injectable Fungizone® in treating
Aspergillosis and Candidiasis in murine models, but with virtually zero kidney toxicity. The solid crystal
structure prevented the drug from interacting with kidney cells, delivering it only to the infected macrophages
(which phagocytose the cochleates) [13, 14].

6.2 Anti-Retroviral Therapy (AIDS)
Drugs like Ritonavir and AZT suffer from short half-lives and resistance.

o Application: Nanocochleates have been used to create "depot" formulations. Because they are solid crystals,
macrophages take them up and store them, releasing the drug slowly over weeks. This creates a "Trojan Horse"
effect, targeting the virus reservoirs in the lymphatic system [15].

6.3 Oral Delivery of Peptides (Insulin)
Oral insulin is the "holy grail" of diabetes treatment but is destroyed by stomach acid.

o Application: Cochleates protect the insulin peptide structure from enzymatic cleavage in the stomach. The
subsequent uptake by intestinal cells allows systemic delivery of bio-active insulin [16].

7. Advantages and Limitations

Advantages Limitations

High Stability: Resistant to lyophilization, heat, and | Cost: Phosphatidylserine (PS) is expensive compared
storage. to other lipids.

Oral Bioavailability: Protects active agents from gastric | Agglomeration: Tendency to form large aggregates
acid and enzymes. during storage if not stabilized.

Reduced Toxicity: Encapsulation prevents interaction | Complex Manufacturing: Scaling up the hydrogel
with healthy tissues (e.g., kidney). method can be challenging.

Versatility: Can encapsulate hydrophobic, hydrophilic,
and charged molecules.
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8. Conclusion

Nanocochleates represent a mature evolution of lipid-based drug delivery. By converting the fluid, unstable liposome
into a solid-state lipid crystal, formulation scientists can overcome the two biggest hurdles in drug delivery: shelf-life
stability and oral bioavailability.

The unique calcium-mediated "zipper" mechanism provides a robust shield for the drug during transit through the
body, while the biology of the cell (low calcium) provides a natural trigger for release. While cost and manufacturing
scale-up remain hurdles, the success of oral Amphotericin B cochleates (currently in clinical trials) suggests that this
technology could soon replace injectable formulations for a wide range of difficult-to-deliver drugs.
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