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improvement in the dissolution rate can notably enhance 
this property. The effectiveness of formulations is closely 
associated with the rate and extent of drug absorption, par-
ticularly for compounds classified as Class II under the Bio-
pharmaceutical Classification System (Pehlivanov 2019; 
Yoo and Yang 2024). In recent years, lipid-based drug deliv-
ery systems (e.g. micelles, liposomes, dendrimers, nanocap-
sules, and nanospheres) have garnered significant attention 
for their ability to enhance the solubility and bioavailability 
of poorly soluble drugs (Ro et al. 2023; Bae et al. 2024; 
Jeong et al. 2024). These systems are recognized for their 
biocompatibility, biodegradability, non-toxicity, flexibility, 
and non-immunogenicity, making them suitable for both 
systemic and non-systemic administration routes. Despite 
these advantageous properties, their utility is often limited 
by the oxidation and hydrolysis of phospholipids, which can 
result in a short half-life, reduced solubility, and compro-
mised mechanical stability due to formulation leakage and 
membrane fusion issues (Pawar et al. 2015).

Introduction

About 40% of marketed drugs and around 90% of drugs 
in development encounter challenges related to low aque-
ous solubility, which poses a significant hurdle in deliver-
ing them to target sites in the body (Loftsson and Brewster 
2010). For drugs with poor solubility, dissolution is the 
primary bottleneck to bioavailability, and even a marginal 
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Background  Lipid-based drug delivery systems are widely used to enhance the bioavailability of various pharmaceutical 
agents. They offer several advantages, including biocompatibility, biodegradability, and low toxicity. However, they are 
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as enhanced cellular uptake and permeation, improved bioavailability, and low toxicity. In particular, the potential for oral 
administration and cancer-targeted accumulation make cochleates promising for drug delivery applications. Despite these 
advantages, challenges like difficulties in optimizing its composition, physical aggregation, and high costs must be addressed. 
Also, the lack of approved drugs based on this technology is a major limitation.
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Cochleates have been developed as an alternative to 
lipid-based drug delivery systems, and they display sev-
eral advantages compared to conventional liposomes when 
orally administered (Li et al. 2015). Cochleates are formed 
through the cation-induced precipitation of negatively 
charged liposomes, constituting spiral multilayered struc-
tures interconnected by a cationic bridge. This distinctive 
formulation was discovered by Papahadjopoulos and col-
leagues during their efforts to obtain negatively charged, 
large unilamellar vesicles. The term “cochleates” is derived 
from the Greek word for “snail with a spiral shell”, reflect-
ing the cylindrical folding pattern observed in the respective 
formulation (Papahadjopoulos et al. 1975).

The objective of this review is to examine the charac-
teristics and applications of cochleate, a novel drug deliv-
ery system that addresses the limitations of conventional 
lipid-based formulations. We present an overview of the 
components, formation, and absorption mechanisms of 
cochleate, along with an analysis of their manufacturing 
methods and their associated advantages and disadvantages. 
Additionally, we discuss analytical methods for cochleate 
characterization.

Composition and properties of cochleates

Types of drugs encapsulated in cochleates

Numerous studies have reported the successful encapsula-
tion of vaccines, antibiotics, anticancer drugs, and various 
other therapeutics in cochleate (Lipa-Castro et al. 2021). 
Hydrophobic, amphiphilic, and negatively or positively 
charged drugs can be incorporated into cochleate for deliv-
ery applications. The location of the encapsulated drug 
within cochleate is determined by the physicochemical 
properties of the given drug (Zarif et al. 2000).

Negatively charged phospholipids

Cochleates are composed of a purified soy-based phospho-
lipid with approximately 75% lipid by weight at a minimum. 
This lipid can consist of phosphatidylserine (PS), dioleoyl 
phosphatidylserine (DOPS), phosphatidic acid (PA), phos-
phatidylinositol (PI), phosphatidylglycerol (PG), and/or a 
combination of these lipids with others. The head groups 
of these phospholipids display negative charges at physio-
logical pH. Alternatively, the lipid composition may include 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
diphosphotidylglycerol (DPG), dioleoyl phosphatidic acid 
(DOPA), distearoyl phosphatidylserine (DSPS), dimyris-
toyl phosphatidylserine (DMPS), and dipalmitoyl phospha-
tidylglycerol (DPPG) (Sankar and Reddy 2010). Mixtures 

containing predominantly negatively charged phospholip-
ids (e.g. a PS/PC mixture with over 50% PS content) can 
also generate cochleates, although a higher concentration of 
bridging agents, such as Ca2+, is essential (Li et al. 2015).

Nagarsekar et al observed that the saturation and the 
chain length of PS fatty acids exert a significant influence on 
the final morphology of cochleates. Despite the variation in 
lipid acyl chains, the intermediate structures observed dur-
ing the formation of cochleates from all phosphatidylserines 
exhibited high similarities. Furthermore, it was observed 
that the absence of stack formation below the lipid transition 
temperature impeded the formation of cochleate structures 
(Nagarsekar et al. 2016).

Metal cations as bridging agents

Various divalent cations, including Ca2+, Mg2+, Ba2+, and 
Zn2+, can be used as bridging agents for cochleate prepara-
tion. Among these ions, Ca2+ has been identified to be the 
most effective (Landge et al. 2013). Cochleates bridged by 
Ca2+ display smaller dimensions and a higher degree of 
dehydration than those formed with Mg2+. Additionally, 
Ca2+-bridged cochleates display more compact and highly 
ordered structures, thereby considerably lowering the ion 
concentration needed for bridging (Flach and Mendelsohn 
1993). Notably, a synergistic effect between Ca2+ and Mg2+ 
has been noted, where Mg2+ facilitates aggregation and 
close apposition of membranes to reduce the Ca2+ concen-
tration needed for fusion (Düzgünes et al. 1981). Several 
researchers have also reported the utilization of biologi-
cally active molecules, including tobramycin, polylysine, 
and oligo-acyl-lysyls, as bridging agents in place of metal 
cations. This innovative approach has been demonstrated to 
enable the integration of encapsulation and stabilize cochle-
ates (Syed et al. 2008; Sarig et al. 2011).

Aggregation inhibitor

The presence of Ca2+ ions is crucial for the creation and 
maintenance of the cochleate structure. However, it also 
induces particle aggregation, which can complicate the sep-
aration from by-products. This hinders the evaluation and 
monitoring of cochleate formation, limits surface modifica-
tion and functionalization, and impedes the production of 
well-dispersed particles (Nagarsekar et al. 2017). To address 
this issue, a patent has recently proposed incorporating 
milk, casein, albumin, or methylcellulose into the formula-
tion. Various other polymeric materials, such as celluloses, 
gums, and starches have been proposed as potential aggre-
gation inhibitors, but their effectiveness remains uncertain. 
The aggregation inhibitors are introduced to both prior to 
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and after the formation of the cochleates (Mannino et al. 
2005).

More recently, it has been revealed that biocompatible 
low-molecular-weight citric acid can effectively disperse 
and stabilize cochleates. Citrate is capable of rapidly remov-
ing Ca²⁺ from the cochleate surface, which in turn disrupts 
calcium-dependent cross-linking between particles. Con-
versely, the extraction of Ca²⁺ bounded in membrane layers 
is a slower process. Consequently, the removal of surplus 
citrate following the disassembly of aggregates serves to 
prevent the curling of the cochleate. Following the removal 
of the excess citrate, the cochleates retained its structure. 
While precipitation occurred over time, it was still able to 
disperse effectively with stirring after a month of storage 
at 25 ± 1  °C. The dispersing effect of citrate was found to 
be concentration dependent. At a concentration of 6.2 mM 
for both DOPS and Ca2+, the optimal citrate concentration 
range was identified as 200–212.5 mM. At concentrations 
below this range, the aggregates only partially disintegrated, 
while concentrations above this range resulted in the trans-
formation of the cochleate into giant vesicles. Therefore, 
there is a relatively narrow concentration range that acts as 
an efficient dispersant of cochleate aggregates (Bozó et al. 
2017).

Cochleates formation mechanism

Cochleates display an elongated tubular shape and cylindri-
cal morphology derived from small unilamellar vesicles. 
This shape originates from the interaction between nega-
tively charged liposomes and divalent cations, which initi-
ates dehydration and self-assembly. This is followed by a 
spontaneous arrangement, resulting in a complex system 
resembling the shape of a cigar (Nagarsekar et al. 2016). 
During this process, the proximity of bilayers is dependent 
on the degree of dehydration of phospholipid head groups. 
The bilayers roll up to minimize their interaction with water 
(Santangelo et al. 2000), containing only minimal amounts 
of water. Under conditions of a 2:1 molar ratio of PS to 
Ca2+, the lipid bilayers in the cochleates were arranged with 
a repeat distance of 54  Å (Papahadjopoulos et al. 1975). 
Cochleates are typically formed from smaller liposomes 

rather than larger ones (Zarif 2002). Overall, they comprise 
three components: the lipid bilayers, the cations, and the 
therapeutic agent to be delivered (Fig. 1).

While cochleates are commonly characterized as nano-
structures with a cigar-shaped appearance, other mor-
phologies have been identified depending on the specific 
phospholipid and bridging agent employed. Spherical struc-
tures have been observed with soya PS, while planar sheets 
have been noted for palmitoyl-oleoyl phosphatidylserine 
(POPS) (Marone et al. 2005). In addition, when polylysine 
is used as a bridging agent, cochleates form a branched, 
fibrous-like structure (Syed et al. 2008).

Cochleate absorption mechanism

When administered orally, cochleates are absorbed in the 
intestine, cross the intestinal epithelial barrier, and enter the 
bloodstream. For routes other than the intravenous route, 
once the formulation enters the circulation, it is subse-
quently delivered to the target cells by endocytosis (Pawar 
et al. 2015). Two hypotheses have been proposed to explain 
this phenomenon.

First, it has been hypothesized that the elevated ten-
sion at the bilayer edges of cochleates drive their interac-
tion with the tissue membrane (Fig.  2A) (Lundbæk et al. 
1997). Perturbations induced by calcium in membranes 
containing negatively charged lipids, along with subsequent 
membrane fusion events, mediate a crucial mechanism in 
various natural membrane fusion processes (Papahadjopou-
los et al. 1990). Consequently, the calcium-rich and highly 
ordered membrane of cochleates closely resembles a natural 
membrane, leading to perturbation and reordering of the cell 
membrane. This fusion event occurs between the outer lay-
ers of cochleates and the membranes of target cells, with 
the edges of cochleates potentially serving as the initiation 
site. This process results in the delivery of small quantities 
of the materials encapsulated in cochleates, or “encochle-
ated,” into the cytoplasm of the target cells. Subsequently, 
these cochleates may detach from the subjected cells, mak-
ing themselves available for another fusion event, either 
with the same cells or different ones (Gould-Fogerite et al. 
1998). The fusion of cochleates with cell membranes has 

Fig. 1  Schematic illustration of cochleates formation

 

1 3



Journal of Pharmaceutical Investigation

Trapping method

The trapping method involves adding a calcium chloride 
solution dropwise to a diluted liposome suspension while 
stirring (Kristensen et al. 2023). Certain modifications have 
been introduced to this method. For example, the solvent 
drip method has been shown to enhance the efficiency of 
drug loading in cochleates (Mannino et al. 2014). Addition-
ally, modifications like pH elevation through simple mix-
ing of excipients and drugs, as well as the film hydration 
method, have been introduced to enhance drug loading effi-
ciency (Zarif 2005).

Dialysis method

There are different dialysis methods. Firstly, the “LC (lipo-
somes before cochleates) dialysis method” initially removes 
detergents from a mixture of lipids and detergents through 
dialysis, thereby forming liposomes. These liposomes are 
then further dialyzed against a calcium chloride solution to 
transform them into cochleates.

Secondly, the “DC (direct calcium) dialysis method” 
involves removing detergents from a solution containing 
lipids and materials to be encochleated by dialyzing against 
a buffer containing calcium. Thus, the removal of deter-
gents and the introduction of calcium occur simultaneously, 
unlike the sequential introduction used in the LC method 
(Gould-Fogerite et al. Gould-Fogerite and Mannino 1997). 
This process leads to the formation of needle-shaped struc-
tures, which exhibit larger diameters and lengths compared 
to the structures obtained through the LC dialysis method 
(Gould-Fogerite et al. 2000).

In cochleates vaccines containing proteins or peptides, the 
biological activity of the proteins must be maintained. This 
is achieved through the use of extraction buffers contain-
ing detergents that do not destroy them. In such instances, 
ionic detergents such as cholate salts, deoxycholate salts, 

been confirmed through a bactericidal activity assay tobra-
mycin cochleate, which functions by inhibiting intracellular 
ribosomes (Syed et al. 2008).

The second hypothesis is phagocytosis (Fig. 2B). Cochle-
ates can specifically target macrophages, which possess 
membrane PS receptors that mediate phagocytosis. This 
process facilitates the delivery of encochleated materials 
into the cytosol of the target cells. Particularly for actively 
phagocytic cells, cochleates may be endocytosed and sub-
sequently fuse with the membranes of endocytic vesicles 
(Vijeta et al. 2011). Asprea et al. (2019) reported the encap-
sulation of fluorescein isothiocyanate into cochleates and 
demonstrated that this formulation could be phagocytosed 
by murine macrophages (J774a.1) via confocal microscopy.

Cochleate preparation methods

Several strategies have been developed for cochleate 
preparation to furnish specific structures and sizes for dif-
ferent applications. The development of these strategies 
began in the early 2000s (Jin et al. 2000). The conventional 
approaches for preparing cochleates involve trapping and 
dialysis methods. These techniques are recognized for gen-
erating cochleate structures with large and diverse particle 
sizes, primarily due to the uncontrolled aggregation of lipid 
sheets. On the other hand, techniques like hydrogel isola-
tion (Zarif et al. 2003), emulsion-lyophilization (Wang et al. 
2014), and microfluidics-based micro-spherical cochleate 
composites (Nagarsekar et al. 2017) have been developed 
for application-oriented approaches, enabling the produc-
tion of cochleates in the nano- and sub-micrometer size 
ranges. A schematic illustration of each method is shown 
in Fig. 3, and their advantages and disadvantages are sum-
marized in Table 1.

Fig. 2  Schematic illustration of the cell penetration mechanism of cochleates. (A) Cell membrane fusion and (B) phagocytosis
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or nonionic variants containing polyoxyethylene or sugar 
head groups are employed. Heterogeneous polyoxyethylene 
detergents like Tween, Brij, or Triton are also commonly 
used. Among these detergents, the nonionic variants with 
sugar head groups, such as beta-D-octyl-glucopyranoside, 
are found to be the most suitable for the maintaining of 
biological activity of the encochleated proteins (Gould-
Fogerite and Mannino 1997).

Hydrogel method

The hydrogel method involves initially mixing a liposome 
suspension with polymer A (e.g., dextran, polyethylene 
glycol, or others). This mixture is then added to polymer 
B (e.g., polyvinylpyrrolidone, polyvinyl alcohol, Ficoll, 
polyvinyl methyl ether, polyethylene glycol, or others), in 
which polymer A is non-miscible, resulting in an aqueous 
two-phase system. Subsequently, a solution of cation salt is 
introduced into this system, facilitating the diffusion of the 
cation into the polymer B phase and then into the particles 
composed of liposome/polymer A, leading to the formation 
of small-sized cochleates. The polymers are washed out at 

Table 1  Advantages and disadvantages of manufacturing methods
Method Advantages Disadvantages
Trapping 
and dialysis 
methods

- fast and easy - particle aggregation
- variable and large 
particle sizes

Hydrogel and 
Emulsion-
lyophilization 
methods

- sizes in sub-micrometer 
range

- multi-step process 
(complex and 
time-consuming)
- difficult to scale up
- potential regulatory 
issues
- broad particle size 
distributions

Microfluidic 
method

- reduced random particle 
aggregation
- monodisperse micropar-
ticulate system
- one-step; reproducibility
- easy adaptation for large-
scale production

- microfluidic device 
needed

EHDA 
method

- one-step; reproducibility
- easy adaptation for large-
scale production

- electrospray device 
needed

Fig. 3  Cochleates preparation methods: (A) trapping method, (B) LC 
(liposomes before cochleates) dialysis method, (C) DC (direct cal-
cium) dialysis method, (D) hydrogel method, (E) emulsion-lyophiliza-

tion method, (F) microfluidic method, and (G) EHDA (electrohydro-
dynamic atomization) method
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nucleates with small inter-particle distances. This high den-
sity of nucleates may cause aggregation before the ‘stack 
to cochleates’ transformation is complete. Therefore, in the 
intermediate phase of these particles, cochleates formation 
or curling of the stack sometimes appears to be interrupted.

EHDA (Electrohydrodynamic atomization) method

In coaxial electrohydrodynamic atomization, a coaxial 
nozzle equipped with multiple needles of varying diame-
ters simultaneously dispenses liquids under a high electric 
potential. The electric field induces a surface charge on the 
liquid and transforms it into a mist-like form.

The lipids, cholesterol, and the drug to be encapsulated are 
initially dissolved in an appropriate solvent and loaded into 
a syringe positioned in the inner section of a coaxial needle/
nozzle. The outer section of the needle contains another syringe 
filled with a compatible aqueous solution. Both liquids are pro-
pelled through the coaxial needle, interacting at its tip. Sub-
sequently, they are sprayed into a bath containing a cation 
solution, such as CaCl2, to form cochleates (Jain et al. 2023).

Cochleate characterization techniques

Microscopy

Cochleate morphologies can be evaluated by microscopy. 
While light microscopy can characterize the overall shape, 
its resolution is often insufficient to distinguish between 
cochleates, tubules, or other elongated structures. Therefore, 
detailed investigations using electron microscopy should 
be conducted following preliminary screening with light 
microscopy. Conventional electron microscopy techniques 
like transmission electron microscopy (TEM), scanning 
electron microscopy (SEM), and atomic force microscopy 
(AFM) have been widely utilized to investigate the struc-
tural characteristics of cochleates. Among these techniques, 
the freeze-fracture TEM technique is considered particu-
larly advantageous for assessing morphology of cochleates 
(Zarif 2005). For SEM and TEM, cochleates are deposited 
onto glass slides, air-dried, and sputter-coated before imag-
ing. Despite their presumed stability, such dehydration 
could potentially alter delicate structural features. In this 
regard, cryo-SEM and cryo-TEM can visualize native struc-
tures by preserving the samples in a hydrated condition and 
maintaining them close to their original bulk state through 
thermal fixation (Fig. 4A, B) (Hollander and Danino 2015). 
AFM has been utilized to assess the topological features and 
surface-hidden structural details of cochleates, revealing 
their nanomechanical properties and significant resilience 
(Fig. 4C) (Bozo et al. 2015).

the end. This method yields a narrower size distribution 
compared to the trapping method, with particle sizes typi-
cally below 1 µm (Zarif et al. 2003).

Emulsion-lyophilization method

The emulsion-lyophilization method involves multiple 
emulsions. In brief, the lipids are dissolved in a solvent that 
serves as the oil phase (O). The inner water phase (W1) con-
sists of a solution containing a binding agent and a cryopro-
tectant, while the outer water phase (W2) is a buffer. The 
W1/O/W2 emulsion is subjected to lyophilization, resulting 
in a dried powder that forms nano-sized cochleates upon 
rehydration (Wang et al. 2014).

Microfluidic method

Microfluidic method involves disposable syringes attached 
to the two inlet streams of the microfluidic chip, serv-
ing as the reservoirs for the reactor solutions, namely the 
organic lipid solution and aqueous CaCl2. Syringe pumps 
are employed to precisely control the flow rate and the ratio 
of the two solvent phases delivered by the two inlet streams. 
The resulting formulations are then collected from the outlet 
stream into a tube (Nagarsekar et al. 2017).

Nanoprecipitation is an effective method due to its ability 
to control the size, shape, and encapsulation efficiency of 
the final product by adjusting process parameters, such as 
solvent ratio, flow rate and lipid concentration. To precisely 
regulate these parameters, a microfluidic reactor can be 
utilized. This method yields spherical composite micropar-
ticles with diameters ranging from 3 to 5 µm.

The impact of the aqueous-to-organic phase ratio on the 
formation of cochleates was investigated. It was found that 
an increase of ethanol content is crucial to produce small-
sized cochleates. Additionally, the presence of water was 
identified as a vital factor in enabling the bilayer to curl into 
nano- cochleate cylinders.

The impact of varying flow rates on particle formation 
was observed. It was found that lower flow rates resulted in 
the formation of particles that were typically aggregated and 
flocculated during the middle stages of cochleate formation. 
In contrast, higher flow rates led to the production of par-
ticles that were significantly more spherical and regular in 
shape compared to those formed at lower flow rates. How-
ever, when the flow rate was excessively high, incomplete 
particle formation was observed, as the aggregates did not 
have sufficient time to fully develop a structure.

The effect of lipid concentration on morphology was 
also investigated. It was found that as lipid concentration 
decreased, morphology became more regular and uni-
form in size. Higher lipid concentrations resulted in many 
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the heat flow in a sample as it undergoes a controlled tem-
perature change. Pure phospholipids typically exhibit a 
distinct phase transition from the solid state to the liquid 
state of acyl chains at a specific temperature, known as the 
transition temperature. The addition of a binding agent to 

Differential scanning calorimetry (DSC)

DSC has been utilized to monitor crystallization events dur-
ing the complexation of lipids and binding agents, as well as 
to investigate the lipid phase, melting, and recrystallization 
behaviors of drug delivery systems. This technique measures 
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of three key regions within the phospholipid structure: (1) 
acyl chain region, (2) carbonyl interfacial region, and (3) 
polar group region (Arrondo et al. Arrondo and Goni 1998). 
Figure 4E depicts a comprehensive spectrum of pure DMPS 
along with its distinctive vibrational bands: the symmetric 
CH2 stretching vibration (2850–2855 cm−1), C=O stretch-
ing mode (1685–1780 cm−1), NH3

+ antisymmetric bending 
(1600–1620  cm−1), COO- antisymmetric stretching band 
(1620–1640 cm−1), and PO2

- asymmetric stretching vibra-
tion (1220–1260  cm−1) (Manrique-Moreno et al. 2016). 
Research has been conducted on DMPS and DMPS/DMPC 
mixtures, both in the presence and absence of Ca2+ ions. It 
has been revealed that upon cochleate formation, the fre-
quency of the methyl symmetric deformation mode near 
1,378 cm−1, which was previously thought to be insensitive 
to changes in lipid morphology, increases by approximately 
8 cm−1 (Flach and Mendelsohn 1993).

X-ray analysis

X-ray analysis includes small-angle X-ray scattering 
(SAXS) and wide-angle X-ray scattering (WAXS). These 
techniques can distinguish the densely packed bilayers of 
cochleates from the more spaced-out bilayers of multilamel-
lar vesicles (MLV) (Hui et al. 1983). SAXS provides insights 
into alterations in the correlation and ordering of adjacent 
bilayers. Scattering is assessed within a range correspond-
ing to the thickness and periodicity of the bilayers (0.03–
0.6 Å−1) (Bozó et al. 2017). Figure 4F shows a prominent 
first-order peak, indicating a repeat interlamellar distance 
of 49.1  Å, along with second- and third-order reflections 
that signify multilamellar organization. The observed repeat 
spacings suggest that the cochleates consist of dehydrated 
multilamellar phase assemblies (Lipa-Castro et al. 2021). 
Therefore, SAXS can be used to assess the optimal ratio 
of negatively charged lipids required for the formation of 
cochleates when combined with other components (Hui et 
al. 1983). Moreover, X-ray diffraction can be utilized to 
elucidate the distinctive features of intermediate structures 
that form from the gradual reduction of repeat distances dur-
ing the transition from multilamellar vesicles to cochleates 
induced by the addition of a bridging agent (Nagarsekar 
et al. 2016). Meanwhile, WAXS provides insights into the 
arrangement of acyl chains. In the cochleate phase, multiple 
sharp reflections appear in the wide-angle scattering region, 
indicating the formation of a highly organized chain lattice 
(Ruocco and Shipley 1982).

Nuclear magnetic resonance (NMR)

NMR is versatile for elucidating the molecular environment 
within phospholipid assemblies and detecting alterations 

lipid dispersions increases the transition temperature (Portis 
et al. 1979).

DSC can also be used to investigate the interactions 
between cochleates and encapsulated drugs. The melting 
characteristics of drugs typically change when they are 
encapsulated within cochleates, and this can be an indicator 
of the interactions between drugs and phospholipid bilay-
ers. Recently Chen et al. (2022) utilized DSC to analyze 
the thermal properties of the constituents of cochleates 
(Fig.  4D). The melting endothermic peaks of PS (lipid), 
curcumin (drug), and mannitol (lyophilization protective 
agent) appeared at 71.49  °C, 187.50  °C, and 171.77  °C, 
respectively. The endothermic peak of curcumin-loaded 
cochleates appeared at 170.75 °C, suggesting that the for-
mulation altered the overall melting characteristics of the 
constituents. Additionally, the complete disappearance of 
curcumin’s inherent melting peak at 187.50 °C indicated its 
non-free state, demonstrating its successful encapsulation 
within cochleates (Chen et al. 2022).

Fourier transform infrared (FT–IR) spectroscopy

FT–IR is an effective method for probing conformational 
alterations, membrane dynamics, as well as physical and 
chemical interactions among lipid molecules, cations, and 
drugs within both vesicles and cochleates. This technique 
directly detects ion-induced perturbations at specific phos-
pholipid sites without probing the molecule.

Information obtained in FT–IR studies on cochleate for-
mation predominantly focuses on the stretching vibrations 

Fig. 4  Cochleates characterization: (A) Cryo-SEM images of DOPS 
with CaCl2. Hollow and full cochleates (Bar = 200nm). (B) Cryo-
TEM images of DOPS with CaCl2. Multilamellar structure (white 
box) and several wrapping folded layers (red arrowheads) are shown. 
(A) and (B) were adapted from (Hollander et al. 2015) were adapted 
from (Hollander et al. 2015) with permission from Elsevier through 
the copyright clearance center. (C) AFM images of DOPS with CaCl2 
was adapted from (Bozo et al. 2015) with permission from Elsevier 
through the copyright clearance center. (D) DSC diffraction patterns of 
different samples was adapted from (Chen et al. 2022) with permission 
from MDPI. (E) FT–IR ATR spectrum of hydrated film of DMPS in 
pH 7.4 HEPES buffer at 20 °C was adapted from (Manrique-Moreno 
et al. 2016) with permission from Elsevier through the copyright clear-
ance center. (F) SAXS patterns of MLV and cochleates formed from 
soy phosphatidylserine was adapted from (Lipa-Castro et al. 2021) 
with permission from Elsevier through the copyright clearance center, 
and (G) 81.0 MHz 31P NMR spectra at 30 ℃ of (a) anhydrous PS, (b) 
hydrated PS, and (c) hydrated PS with Ca2+ added was adapted from 
(Hope et al. 1980) with permission from Elsevier through the copy-
right clearance center. SEM, scanning electron microscopy; DOPS, 
dioleoyl phosphatidylserine; TEM, transmission electron microscopy; 
AFM, atomic force microscopy; DSC, differential scanning calorim-
etry; FT–IR ATR, Fourier transform infrared attenuated total reflec-
tance; DMPS, dimyristoyl phosphatidylserine; HEPES, hydroxyethyl 
piperazine ethane sulfonic acid; SAXS, small-angle X-ray scattering; 
MLV, multilamellar vesicles; NMR, nuclear magnetic resonance; PS, 
phosphatidylserine
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In the study by Munot et al. (2022), it was reported that 
upon the loading of 5  mg of quercetin, the encapsulation 
efficiency of liposomes was found to be 74.2 ± 2.3%. In con-
trast, the encapsulation efficiency of nanocochleates was 
found to be higher, with an average of 88.62 ± 4.20%. An 
in vitro release study was conducted by dialysis bag diffu-
sion method in phosphate-buffered saline solution (pH 7.4) 
at 4  hr, 47% of the drug was released from the liposome 
and 39% from the cochleate, indicating that the cochleate 
has a controlled release due to its coiled structure (Fig. 5A). 
Furthermore, in vitro anticancer activity experiments utilis-
ing the human mouth cancer cell lines demonstrated that 
the growth inhibitory 50% concentration of cochleate was 
10  µg/mL while that of liposome was 20  µg/mL, which 
suggests that cochleate exhibits superior anticancer activ-
ity (Fig. 5B). Subsequent lyophilisation and testing of the 
two formulations for stability at 5 ± 3  °C over a period of 
three months resulted in the conclusion that cochleate dem-
onstrated enhanced stability, while liposome exhibited a 
substantial decline in encapsulation efficiency due to drug 
efflux and an augmentation in particle size as a consequence 
of vesicle fusion. Conversely, no substantial alterations 
were observed in cochleate (Munot et al. 2022).

In vivo studies with female tumour-bearing Sprague-
Dawley rats revealed that the cochleate formulation was 
the most effective in reducing tumour size when compared 
to the raloxifene solution, liposome and cochleate formu-
lations (Fig. 5C). This formulation also exhibited the least 
body weight fluctuation, which is often considered a sign 
of effective treatment (Fig.  5D) (Ağardan et al. 2016). In 
another study, male Wistar rats were orally administered 
amphotericin B, an antifungal agent, in a liposome suspen-
sion and a cochleate suspension formulation to monitor 
its biodistribution. Although blood concentrations of the 
cochleate were slightly lower than those of the liposome, 
concentrations in all major organs were high. The elevated 
concentrations, particularly in the liver and spleen, where 
Leishmania parasites reside, indicate the efficiency of the 
oral route for the cochleate. Notably, delivering amphoteri-
cin B orally—rather than through its current intravenous 
administration—offers a significant advantage (Castro et al. 
2022).

Disadvantageous properties for drug delivery

From the perspective of cellular adhesion, there is evidence 
that oblate particles adhere more effectively to biological 
substrates than spherical particles (Decuzzi and Ferrari 
2006). From the perspective of intracellular deposition, 
elongated nanoparticles with a high aspect ratio are more 
readily intracellularly deposited into HeLa cells (Parakhon-
skiy et al. 2015). However, contradictory findings have also 

induced by the addition of divalent cations. In the absence of 
a binding agent, the 2H-NMR spectrum of an aqueous lipid 
suspension exhibits a broad singlet, indicating the presence 
of excess free water. This broad signal arises from the fast 
exchange between free and bound water molecules in the 
hydration shells surrounding the lipid bilayers. Conversely, 
the complex formed by a binding agent and lipids displays 
a sharper singlet in the 2H-NMR spectrum. This suggests 
an interaction between the two, which may displace water 
molecules (Hauser et al. 1977).

31P-NMR studies showed that the addition of Ca2+ to PS 
leads to the detection of a “rigid lattice” in the spectrum and 
a more than tenfold increase in the spin-lattice relaxation 
time (T1). This suggests a robust and specific immobiliza-
tion of the lipid headgroups by Ca2+, resembling the behav-
ior of anhydrous PS (Fig. 4G) (Hope and Cullis 1980).

Cochleate-based drug delivery

Advantageous properties for drug delivery

Cochleates can be produced with relative ease and safety. 
They can enhance the bioavailability of poorly soluble 
drugs and protect the loaded drugs from degradation 
induced by various stimuli, including oxygen, temperature, 
and light (Nadaf and Killedar 2015). Furthermore, cochle-
ates are safer than other lipid-based formulations due to 
their oxidation resistance (Shende et al. 2019). Additionally, 
cochleates can maintain their structures effectively during 
the freeze-drying process (Mallappa et al. 2020), whereas 
liposomes can be damaged when freeze-dried (Nugraheni 
et al. 2020). As phospholipids form the cell membranes of 
all mammals and are recognized as endogenous materials, 
cochleates are not immunogenic, toxic, or inflammatory on 
their own (Gould-Fogerite et al. 2000). Also, the phospho-
lipid-cationic crystal structure of the compound is stable, 
consisting of spiral lipid bilayers with no internal water 
molecules. This makes cochleates resistant to degradation 
within the gastrointestinal tract (Pham et al. 2014). Cochle-
ates have been demonstrated to enhance the loading capacity 
of various drugs, prolong their release profiles (Khair et al. 
2020), augment their potency, and mitigate adverse effects 
(Batista-Duharte et al. 2016). Cochleates can also enhance 
drug permeability due to their spiral tubular shape, which 
functions similarly to a microneedle. The electrochemical 
forces are concentrated along the longitudinal side of the 
cochleates, resulting in an exceptionally strong and effective 
tip (Ağardan et al. 2016). Cochleates have the potential to 
facilitate the oral administration of drugs that are typically 
administered intravenously (Castro et al. 2022).
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used, but it is essential to control their size and size distribu-
tion for administration by various routes. This necessitates 
the use of aggregation inhibitors and microfluidic or flow 
focusing devices to produce cochleates with a controlled 
size, low dispersity and narrow size distribution (Wong et 
al. Wong and Judeh 2020).

Applications in pharmaceutics

While hydrophobic or amphipathic molecules are typically 
preferred as drug candidates, cochleates have been utilized 
as carriers for various types of drugs (Zarif 2005). Various 
drug types, including microbial agents, anticancer drugs, 
and peptides, have been loaded into cochleates. The materi-
als, methods, and benefits of cochleate-based formulations 
developed over the last decade are summarized in Table 2. 
Notably, BioDelivery Sciences International, Inc. (BDSI) 
has developed the patented Bioral® drug delivery system 
based on cochleates. This is an encochleated formulation of 
amphotericin B, an antifungal treatment for systemic fun-
gal infections, developed for oral administration. Its phase I 
trial results reported in February 2009 indicated promising 

been reported, indicating that spherical nanoparticles exhib-
ited the highest percentage of intracellular invasion, with the 
percentage decreasing as the shape changed in the following 
order: spherical, cubic, rod, non-spherical nanoparticles (Li 
et al. 2015). This is due to the absence of fundamental data 
on the influence of form and shape on the behavior of these 
objects within the body when in contact with bio fluids and 
facing different cellular environments, such as particle-cell 
interactions. To fabricate shape-controlled nanoparticles in 
a self-assembling manner, they must be carefully designed 
with molecularly defined structures that can assemble in a 
structured manner and induce specific predefined geometric 
shapes and morphologies.

Given the microparticulate nature of cochleate, it is 
essential to control the particle size, as this may influence 
the capture by cells of the immune system. The intravenous 
administration of cochleate has been demonstrated to reduce 
the level of inhibitory antibody developed against recombi-
nant factor VIII in comparison to liposomes (Kosloski et 
al. 2011). However, it should be noted that the number of 
studies in this area is limited. The size range of cochleates is 
determined by the method of preparation and the conditions 

Fig. 5  Experimental data showing potentials of cochleates as drug 
delivery system: (A) in vitro quercetin release from cochleate, (B) in 
vitro anticancer activity in MTT assay were adapted from (Munot et 
al. 2022) with permission from MDPI, (C) alterations in tumor areas 

(%), (D) results of rat weight changes weekly were adapted from 
(Ağardan et al. 2016) with permission from Springer Nature through 
the copyright clearance center. QN, quercetin-loaded nanocochleates; 
QL, quercetin-loaded liposomes; DM-β-CD, dimethyl-β-cyclodextrin
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clinical outcomes. Its antifungal efficacy was found to be 
comparable to that of intravenous administration, with 
plasma concentrations similar to the intravenous route and 
a well-tolerated safety profile concerning renal functions 
(Thornton et al. Thornton and Wasan 2009).

Applications in other industries

In terms of food applications, BDSI has developed nano-
cochleates to enhance the cellular delivery of various nutri-
ents, such as vitamins, omega fatty acids, and lycopene. 
This preserves the colors and flavors of foods, contribut-
ing to the concept of superfoods. These advancements are 
anticipated to offer numerous benefits, including increased 
energy, improved cognitive functions, enhanced immune 
responses, and anti-aging effects (Sankar and Reddy 2010).

For cosmetic applications, significant efforts have been 
dedicated to stabilizing active ingredients and enhancing the 
transdermal delivery efficiency of functional cosmetics. This 
often involves creating vesicles that can encapsulate active 
ingredients using materials like surfactants, lipids, and poly-
mers. Among these systems, lipids are particularly advanta-
geous as they mimic endogenous cell membranes, making 
them widely used in cosmetic formulations. Cochleates, due 
to their distinctive spiral rod shape and robust structure, are 
anticipated to be an excellent delivery system for cosmetic 
ingredients (Ji et al. 2020).

Future exploration on cochleates technology

In addition to the anticancer drugs, microbial agents, and 
peptide drugs listed in Table 2, cochleates have also been 
explored for gene delivery, specifically for transferring 
transgenes into mammalian cells. Studies using rhodamine-
labeled cochleates have demonstrated successful delivery 
of green fluorescent protein plasmids to both cell lines and 
primary cells. The results indicate that, in both in vitro and 
in vivo settings, cochleates are efficiently taken up by mac-
rophages. This suggests that cochleates could serve as a 
promising, non-toxic, and non-immunogenic approach for 
transgene introduction (Gibson et al. 2004).

Cochleate research still has a great deal of scope for 
expansion, with ongoing research able to be directed 
towards formulation improvements, enhanced drug deliv-
ery efficiency, mechanism studies, industrial applications, 
and the development of new therapeutic areas. In particular, 
further research is expected in the areas of oral deliverabil-
ity, mucosal delivery, gene therapy applications, and deliv-
ery of antimicrobial and anticancer drugs (Rao et al. 2007; 
Wang et al. 2014; Zarif and Mannino 2002). In the future, 
it will be an effective alternative for delivering biological or 
therapeutic motifs while improving patient compliance. To 
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as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
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get there, further researches are required in relation to the 
consistent formulation optimization methods, the long-term 
stability studies, and the development of stable and repro-
ducible processes for clinical and industrialization.

Conclusion

Over the past decade, significant efforts have been devoted 
to the development of lipid-based drug delivery systems, 
with cochleates emerging as a promising option due to their 
unique advantages: increased shelf-life, bioavailability, 
and efficacy, as well as reduced toxicity and degradation 
in harsh environments. Although cochleates are limited by 
particle aggregation, this can be addressed by incorporating 
aggregation inhibitors. Additionally, the issue of high pro-
duction costs can be addressed by employing cost-effective 
techniques. Cochleates have the potential to become effec-
tive drug delivery carriers for cancer due to their active 
uptake by macrophages. Additionally, cochleates can be 
used for oral, transdermal, nasal, vaginal, and dermal appli-
cations, distinguishing them from conventional liposomes 
and nanoparticles. We envision that cochleates may surpass 
liposomes in the future with enhanced drug-loading capac-
ity, encapsulation efficiency, and stability.
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