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ABSTRACT 

Cubosomes are nanostructured lipid-based carriers derived from bicontinuous cubic liquid crystalline phases. They are commonly prepared using amphiphilic lipids, particularly glyceryl monooleate or phytantriol, with stabilisers such as Pluronic F127 to maintain colloidal dispersion. Their internal architecture comprises lipid bilayers arranged around interconnected aqueous channels, enabling the incorporation of hydrophilic, hydrophobic and amphiphilic molecules. This review summarises recent progress in cubosome technology, with emphasis on formulation principles, characterisation approaches, drug-loading strategies, release behaviour, surface modification and biomedical applications. Key formulation considerations include lipid matrix selection, stabiliser choice, preparation method and strategies to improve colloidal stability and drug encapsulation. Characterisation techniques, including small-angle X-ray scattering, cryogenic transmission electron microscopy, dynamic light scattering, zeta potential analysis, differential scanning calorimetry, Fourier-transform infrared spectroscopy and in vitro release testing, are discussed in relation to cubosome structure and performance. The review also considers surface engineering approaches, including PEGylation, ligand-mediated targeting and stimuli-responsive systems. Biomedical applications include anticancer drug delivery, antimicrobial therapy, ocular, transdermal, oral and brain-targeted delivery, and vaccine-related systems. Although cubosomes have potential as versatile nanocarriers, their clinical translation remains constrained by challenges related to large-scale manufacture, formulation stability, safety evaluation and regulatory standardisation. Further research using systematic formulation design, robust characterisation and relevant preclinical models is needed to support their pharmaceutical and biomedical development.
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1. INTRODUCTION 

Nanomedicine has expanded considerably over the past two decades, largely because of the need to improve the bioavailability, therapeutic index and targeted delivery of pharmacologically active compounds.1,2 Among lipid-based nanocarrier systems, including liposomes, niosomes, solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs) and emulsions, cubosomes have emerged as a distinctive platform because of their structural attributes and functional versatility.3,4 Recent nanoparticle development also illustrates the need for coordinated material selection, stabilisation and multi-technique characterisation when nanocarriers are considered for biomedical or pharmaceutical use.46
Cubosomes are nanostructured dispersions of the bicontinuous cubic liquid crystalline phase, a thermodynamically stable mesophase that spontaneously assembles when selected amphiphilic lipids, most notably monoglycerides, are hydrated at appropriate compositions and temperatures.5,6 The internal architecture of a cubosome particle is characterised by a highly ordered, three-dimensional periodic network of interwoven lipid bilayers that interpenetrate two non-intersecting water-channel networks, generating an extensive internal surface area that can exceed 400 m² per gram of lipid and supporting several biopharmaceutically relevant properties.7
[image: ]
Fig. 1: Structure of cubosome
The term 'cubosome' was coined by Larsson in 1989 to describe colloidal dispersions of the cubic phase, and subsequent stabiliser-mediated dispersion approaches, particularly those using poloxamers such as Pluronic F127, enabled their transformation into processable pharmaceutical nanomaterials.8
In recent years, cubosome technology has advanced beyond fundamental physicochemical characterisation towards application-driven design and translational research. The ability of cubosomes to encapsulate hydrophilic, lipophilic and amphiphilic molecules within distinct domains of their bicontinuous structure has positioned them as versatile carriers for dermal, oral, ocular and parenteral drug-delivery systems.9,10 Furthermore, their bioadhesive nature, controlled-release behaviour and potential for surface functionalisation have enabled targeted and stimuli-responsive delivery strategies, particularly in cancer therapy, antimicrobial treatment and gene delivery.3,11 Recent cubosome studies have also evaluated intranasal, topical, hydrogel-based and dermal delivery designs, underscoring the importance of linking route-specific formulation variables with particle characterisation, entrapment behaviour, release performance and biological evaluation.47-50
Concurrently, substantial progress has been made in formulation optimisation strategies, including quality-by-design (QbD) approaches, advanced stabilisers and scalable manufacturing techniques such as high-pressure homogenisation and microfluidisation.9,10 Modern characterisation tools, such as small-angle X-ray scattering (SAXS), cryogenic transmission electron microscopy (cryo-TEM) and dynamic light scattering (DLS), have further improved understanding of cubosome internal architecture and stability.10,12 However, the available evidence remains dispersed across formulation composition, structural characterisation, route-specific applications and translational requirements; therefore, an integrated synthesis is needed to connect formulation principles with performance evaluation and development challenges. In light of these developments, the present review discusses recent progress in cubosome technology, focusing on formulation principles, characterisation methodologies and emerging biomedical applications, while also highlighting current challenges and future perspectives.
2. FORMULATION PRINCIPLES AND COMPOSITION DESIGN
2.1. Lipid Matrices for Cubosome Formation
Glyceryl Monooleate (GMO / Monoolein) - 
Glyceryl monooleate is the most extensively studied cubosome-forming lipid. GMO is a naturally occurring monounsaturated monoglyceride with a molecular formula of C21H40O4 (MW = 356.54 g/mol), consisting of a glycerol backbone esterified at the sn-1 or sn-2 position with oleic acid. The cis double bond at Δ9 of the oleoyl chain introduces a characteristic kink that prevents tight packing of the hydrophobic tails, increases the effective tail volume and promotes negative interfacial curvature, thereby favouring the formation of inverse bicontinuous cubic phases.13
GMO is generally recognised as safe (GRAS) by the US FDA and is widely used as a food emulsifier (E471), providing a strong safety precedent for pharmaceutical applications.14 However, GMO is susceptible to hydrolysis and oxidation of the double bond, which can compromise long-term stability and alter phase behaviour. This limitation has increased interest in more chemically stable alternatives and in the use of antioxidants, such as α-tocopherol and butylated hydroxytoluene, in GMO-based cubosome formulations.15,16
Phytantriol -
Phytantriol (3,7,11,15-tetramethylhexadecane-1,2,3-triol) is a fully saturated, branched-chain triol that forms cubic phase structures in water and offers greater chemical stability than GMO because it lacks oxidisable double bonds. It is generally regarded as safe for topical applications and has been used in cosmetic formulations, but its regulatory status for parenteral use is less established than that of GMO, which is relevant to clinical translation. The phytantriol cubic phase undergoes a transition to the inverse hexagonal phase at lower temperatures than GMO, which can affect in vivo behaviour, particularly in topical or transdermal applications where formulation temperature may fluctuate.17,18,19
Other Emerging Lipid Systems -
Beyond glyceryl monooleate (GMO) and phytantriol, several alternative lipid materials have been explored for cubosome formation. Glyceryl monolinoleate (GML), which carries two cis double bonds per acyl chain, produces cubic phases with comparatively wider water channels than GMO. This structural difference may make GML more suitable for loading larger hydrophilic payloads, including proteins and nucleic acids.20 Medium-chain monoacyl glycerols (C8-C12) have also been investigated, primarily because of their inherent antimicrobial activity alongside cubic phase formation.12
Phospholipid-based cubic phases, particularly those derived from diphytanoyl phosphatidylcholine (DiPhPC), have been well characterised for membrane-protein reconstitution and structural biology studies. However, their use in drug delivery remains limited because of relatively high cost and lower encapsulation efficiency compared with monoglyceride-based systems.21 More recently, hybrid lipid formulations combining GMO or phytantriol with phospholipids, glycolipids or bioactive lipids have gained interest. These blended systems allow modulation of phase behaviour and offer improved biocompatibility, thereby expanding the design space for cubosome-based drug delivery.22

2.2. Stabilizers and Dispersion Agents
Pluronic F127 –
The dispersion of bulk cubic phases into stable cubosome nanoparticles requires an effective stabiliser to prevent aggregation and coalescence. Pluronic F127 (poloxamer 407), a triblock copolymer composed of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO; approximately PEO₁₀₀-PPO₆₅-PEO₁₀₀, MW ≈ 12,600 g/mol), is the most widely used stabiliser for this purpose. It has been extensively applied in cubosome formulations since its introduction as a steric stabiliser for lipid nanoparticles and remains a standard option because of its biocompatibility and efficiency.3
The stabilisation mechanism of Pluronic F127 is primarily based on steric hindrance. The hydrophobic PPO block adsorbs onto the lipid-water interface, while the hydrophilic PEO chains extend into the surrounding aqueous medium and form a protective layer around the particles. This hydrated PEO corona generates steric repulsion between adjacent cubosomes, thereby preventing flocculation and aggregation. Because of its high PEO content (approximately 70% w/w), F127 provides strong stabilisation even at relatively low concentrations, typically 0.5-3% w/w of the lipid phase.23
However, Pluronic F127 is not completely inert with respect to the internal cubic phase structure. At concentrations above its critical micelle concentration (CMC ≈ 0.7-4 mM at physiological temperatures), F127 can form micelles that may partially incorporate into the lipid matrix. This can influence structural parameters of the cubic phase, including lattice spacing and aqueous channel dimensions. Such effects are particularly important when structural characterisation is performed using techniques such as small-angle X-ray scattering (SAXS), and they should therefore be considered during formulation design.24
Alternative Stabilizers -
Although Pluronic F127 remains the most widely used stabiliser, its relatively high molecular weight and potential for opsonisation, despite its PEO content, have encouraged investigation of alternative stabilising agents. Smaller amphiphilic polymers, such as Brij 96V (polyoxyethylene 10 oleyl ether) and Cremophor EL, have been evaluated as co-stabilisers.12 Polysorbate 80 (Tween 80), a nonionic surfactant, has been employed both as a primary stabiliser and as a component of mixed stabiliser systems.25
Biopolymer-based stabilisers represent another approach. Chitosan, a cationic polysaccharide derived from chitin, has been used to coat GMO-based cubosomes, providing colloidal stability while enabling mucoadhesive or cell-penetrating properties relevant to oral and nasal delivery applications.26 Hyaluronic acid coating confers bioadhesive and CD44-targeting properties.27 Casein and other food-grade proteins have been investigated as stabilisers for functional food and nutraceutical delivery applications.28

2.3. Preparation Methods 4,9,28
Cubosome preparation methods are broadly categorised into two principal strategies: the top-down (high-energy) approach and the bottom-up (low-energy) approach. In addition, several specialised and emerging techniques, including spray drying, melt-dispersion emulsification, solvent injection and microfluidics-based methods, are used.
Top-Down Approach -
The top-down approach is the most widely used method for preparing cubosomes. It involves fragmentation of a bulk cubic phase into nanosized particles using high-energy input. Initially, a viscous bulk cubic phase is formed by mixing a lipid, commonly glyceryl monooleate or phytantriol, with a suitable stabiliser such as poloxamer 407. This bulk phase is then dispersed into an aqueous medium using high-energy techniques such as high-pressure homogenisation or ultrasonication, resulting in the formation of cubosomes.
This method produces cubosomes with good physical stability and these dispersions may remain stable for extended periods. However, the requirement for high-energy input and mechanical stress makes it less suitable for thermolabile drugs, such as proteins and peptides. In addition, vesicular structures may coexist with cubosomes in the final dispersion.
Bottom-Up Approach (Solvent Dilution Method) -
The bottom-up approach, also known as the solvent-dilution or liquid-precursor method, is a low-energy technique that has gained significant attention in recent years. In this method, cubosomes are formed through the controlled self-assembly of lipid molecules from molecular precursors. A mixture of lipid, stabiliser and hydrotrope is first prepared, and cubosomes form spontaneously after dilution with excess water.
Hydrotropes play a crucial role in this method by solubilising hydrophobic lipids and preventing premature liquid crystalline phase formation. Compared with the top-down approach, this method requires less energy, is suitable for temperature-sensitive compounds and often produces smaller particles with higher entrapment efficiency. However, it may lead to the coexistence of vesicles and has limitations related to hydrotrope use and formulation stability.
Solvent Evaporation Method
In this method, lipids are dissolved in an organic solvent and subsequently mixed with an aqueous phase containing a stabiliser. The organic solvent is then evaporated, leading to cubosome formation. This technique can produce particles with smaller size and improved uniformity. However, residual solvent toxicity and a high polydispersity index may limit its applicability.
Spray Drying Method -
Spray drying is used to produce dry powder precursors of cubosomes, which can be reconstituted upon hydration. This method is advantageous for large-scale production and for stabilising sensitive biomolecules, such as proteins and vaccines. However, rapid cubic phase formation during hydration may complicate the process and affect reproducibility.
Other Dispersion Techniques -
Additional techniques, such as spontaneous emulsification, sonication and high-pressure homogenisation, are often used either independently or in combination with the above methods to obtain stable cubosomal dispersions. These techniques influence the particle size, morphology and stability of the final formulation.

Table. 1: Comparative overview of Cubosome Preparation Methods
	Method
	Category
	Key Parameters/ Processes
	Advantages
	Limitations

	Top – Down Approach
	High – energy
	Bulk cubic phase (lipid, e.g., GMO or phytantriol + stabilizer like Poloxamer 407) dispersed via high-pressure homogenization or ultrasonication
	Most widely used method; produces cubosomes with good physical stability over extended periods
	High energy input and mechanical stress, unsuitable for thermolabile drugs (proteins, peptides); vesicular structures may coexist in final dispersion

	Bottom – Up Approach (Solvent Dilution Method)
	Low – energy
	Lipid, stabilizer, and hydrotrope mixed; self-assembly triggered upon dilution with excess water
	Requires less energy; suitable for temperature-sensitive compounds; smaller particles with higher entrapment efficiency
	Coexistence of vesicles; limitations related to hydrotrope use and formulation stability

	Solvent Evaporation Method
	Low – energy
	Lipids dissolved in organic solvent, mixed with aqueous phase containing stabilizer, solvent then evaporated
	Smaller particle size; improved uniformity
	Residual solvent toxicity; high polydispersity index may limit applicability

	Spray - Drying Method
	Specialized / emerging
	Produces dry powder precursors of cubosomes, reconstituted upon hydration
	Advantageous for large-scale production; stabilizes sensitive biomolecules (proteins, vaccines)
	Rapid cubic phase formation during hydration may complicate the process and affect reproducibility

	Other Dispersion Techniques
	Supplementary
	Used independently or combined with above methods
	Helps achieve stable cubosomal dispersions; influences particle size, morphology, stability
	Outcomes are method/combination-dependent; not a standalone strategy in most cases



3. DRUG LOADING STRATEGIES AND ENCAPSULATION MECHANISMS
3.1. Hydrophobic Drugs
Hydrophobic drugs embed within the lipid bilayer regions of cubosomes by intercalating between the acyl chains of GMO or phytantriol molecules. The primary driving force is the hydrophobic effect, supplemented by van der Waals and π-π stacking interactions for aromatic compounds. Cubosomes can encapsulate hydrophobic, hydrophilic and amphiphilic compounds, and their cubic structure provides a large internal surface area that supports high drug loading and sustained release.20
Two main loading strategies are used: passive loading, in which the drug is co-dissolved with GMO and Pluronic F127 before hydration, and post-loading, in which preformed cubosomes are incubated with a drug solution. Passive loading generally yields higher encapsulation efficiency, especially for highly lipophilic drugs (log P > 3), because the drug can partition into the forming cubic phase during self-assembly. For hydrophobic drugs such as AT101, encapsulation within the lipid membrane of cubosomes can improve bioavailability and reduce protein binding compared with the unconjugated drug.4
3.2. Hydrophilic Drugs
Hydrophilic drugs and macromolecules are hosted within the aqueous channel networks of the cubic phase. The bicontinuous structure of cubosomes, consisting of two non-intersecting water channels separated by a twisted lipid bilayer, enables loading of both hydrophilic and hydrophobic drugs, ranging from small molecules to proteins and peptides.29
Encapsulation of hydrophilic compounds is thermodynamically less favourable than bilayer intercalation; therefore, encapsulation efficiencies (EE%) are typically lower, ranging from 20% to 60%. Several strategies can improve EE%:
· Preparing in a hypertonic environment to limit drug diffusion out of aqueous channels
· Adding viscosity-enhancing agents to the aqueous phase
· Ion-pairing cationic drugs with anionic lipid components
· Incorporating charged lipids to generate electrostatic anchoring of drug molecules
Lower encapsulation efficiency for hydrophilic drugs remains one of the challenges that restricts some cubosome applications, although their liquid crystalline structure can still support bioadhesion, retention and sustained release.12
3.3. Amphiphilic Drugs
Amphiphilic drugs, which contain both hydrophilic and hydrophobic regions, preferentially localise at the lipid-water interface of the cubosome bilayer. This interfacial positioning offers thermodynamic stability and typically yields high encapsulation efficiencies. The internal bicontinuous cubic phases of cubosomes enable simultaneous encapsulation of hydrophilic and lipophilic therapeutics, contributing to bioadhesion and sustained drug release.30
Peptide drugs are a key subclass of amphiphilic compounds. Short peptides with hydrophobic residues can penetrate the bilayer, while polar termini remain in contact with the aqueous channels, anchoring the peptide at the interface. This behaviour has been exploited for loading antimicrobial peptides, cell-penetrating peptides and insulin analogues. The three-dimensional structure and tunable properties of cubosomes support applications in peptide, protein, nucleic acid and imaging-agent delivery. The bilayer environment may also conformationally stabilise labile peptide structures against enzymatic degradation.31

4. CHARACTERIZATION TECHNIQUES FOR CUBOSOME DISPERSIONS 
4.1. Small-Angle X-ray Scattering (SAXS)
SAXS is the standard method for confirming the internal cubic phase symmetry of cubosomes and measuring the lattice parameter precisely. An X-ray beam (monochromatic, x = 0.1-0.15 nm) is directed at the cubosome dispersion, and the scattered intensity is recorded as a function of the scattering vector q = 4π sin(θ)/λ.23
4.2. Cryo-Transmission Electron Microscopy (Cryo-TEM)
Cryo-TEM provides direct visual evidence of the internal nanostructure of cubosomes in their native hydrated state, without dehydration or staining artefacts. The sample is vitrified in liquid ethane and imaged at cryogenic temperatures, typically -170°C or below, revealing the periodic internal lattice as alternating light and dark bands.23,31
4.3. Dynamic Light Scattering (DLS) and Nanoparticle Tracking Analysis (NTA)
DLS is the most commonly used routine technique for measuring the hydrodynamic diameter (Z-average) and polydispersity index (PDI) of cubosomes. It detects time-dependent fluctuations in scattered laser intensity caused by Brownian motion and converts the translational diffusion coefficient to particle size using the Stokes-Einstein equation.20,32
Standard cubosomes prepared by emulsification show Z-average diameters of 100-400 nm with PDI values of 0.1-0.3.33
A key limitation is that DLS may overestimate size in polydisperse samples because large aggregates scatter light disproportionately. Nanoparticle tracking analysis (NTA), which tracks individual-particle Brownian motion by video microscopy, provides particle-by-particle size distributions and is less susceptible to this bias.23
4.4. Zeta Potential Measurement
Zeta potential (Z) measures the surface charge of cubosome particles, which governs colloidal stability, interactions with biological membranes and in vivo biodistribution. It is measured by laser Doppler electrophoresis combined with phase analysis light scattering (M3-PALS), using instruments such as the Malvern Zetasizer Nano.34,35
Unmodified GMO/Pluronic F127 cubosomes typically exhibit a near-neutral to weakly negative zeta potential (-5 to -20 mV at physiological pH) because of trace fatty acid impurities and the PEO corona from F127. Cationic cubosomes, incorporating DOTAP, CTAB or cetylpyridinium chloride, show strongly positive values (> +30 mV) and are used for gene delivery and antimicrobial applications.23,31
4.5. Differential Scanning Calorimetry (DSC)
DSC characterises the thermal behaviour of cubosome formulations, including lipid melting transitions, cubic-to-isotropic phase-transition temperatures and the effect of drug loading on thermal stability. In pure GMO/water systems, the endothermic transition for the cubic phase bilayer occurs at approximately 80-85°C; this shifts with drug or co-lipid addition.31
4.6. Fourier-Transform Infrared Spectroscopy (FTIR)
FTIR confirms the chemical integrity of lipid components, detects drug-lipid interactions and verifies surface functionalisation, such as the loss of azide groups after HA conjugation. Characteristic C=O stretching (approximately 1730 cm¯¹), C-H stretching bands of the lipid and the drug's functional-group peaks are routinely monitored.27
4.7. Encapsulation/Entrapment Efficiency (EE%) by UV-Vis Spectrophotometry
Drug encapsulation efficiency, defined as the fraction of drug successfully loaded into the cubosome, is determined by separating free drug by centrifugation, ultracentrifugation or dialysis and quantifying the unentrapped drug in the supernatant using UV-Vis spectrophotometry. EE% typically exceeds 80-93% for well-optimised formulations.33
4.8.  In Vitro Drug Release Studies
Drug release from cubosomes is studied using dialysis membrane bags (MWCO 12-14 kDa) in simulated physiological media, such as PBS, SGF and SIF, at 37°C with constant stirring. Aliquots are withdrawn at fixed time intervals and analysed by UV-Vis spectrophotometry or HPLC. Cubosomes typically demonstrate a biphasic release profile, consisting of a rapid initial burst followed by sustained, controlled release over 12-48 hours.20,35
4.9. Powder X-ray Diffraction (PXRD)
Powder XRD can confirm the amorphous nature of the drug within the cubosome matrix through the loss of sharp drug crystallinity peaks and can detect residual crystalline drug. This confirms successful drug encapsulation and dissolution in the lipid phase.23,31
4.10. Stability Studies
The colloidal stability of cubosomes is assessed by monitoring particle size (DLS), PDI and zeta potential over time at various storage temperatures (4°C, 25°C and 37°C). Changes exceeding 15% in any parameter indicate instability. ICH guidelines recommend stability testing at 25°C/60% RH and 40°C/75% RH for pharmaceutical formulations.33,36

5. DRUG RELEASE MECHANISMS AND KINETICS
5.1. Mechanisms of Drug Release from Cubosomes
Drug release from cubosomes occurs through a combination of diffusion, erosion and phase-transition-mediated pathways. The relative contribution of each mechanism depends on factors such as the drug's physicochemical properties, cubic-phase geometry, pore size and surrounding biological conditions.37
For hydrophilic drugs housed within the aqueous channel network, release is primarily governed by molecular diffusion through the interconnected water channels and across the cubosome-aqueous medium interface. The cubic liquid-crystalline geometry creates a tortuous diffusion path that results in sustained release profiles, and cubic liquid crystals have been shown to release hydrophilic drugs more slowly than hexagonal phases. The diffusion coefficient of small molecules within these cubic-phase water channels is significantly lower than in bulk water, owing to the narrow channel dimensions (2-10 nm radius) and interactions at the lipid-water boundary.38
For hydrophobic drugs embedded within the lipid bilayer, release is governed by the partition coefficient, lateral diffusion within the bilayer and desorption across the bilayer-water interface, as demonstrated in monoolein cubosomes where drug release varied considerably depending on the partition coefficient of individual compounds. Because bilayer-water partition coefficients for lipophilic drugs can reach very high values (10³-10⁶), significant drug retention occurs in the absence of competing acceptor phases. In biological environments, plasma proteins and lipoproteins act as thermodynamic sinks, effectively drawing drug molecules out of the cubosome bilayer and modulating the apparent release rate.6
5.2. Mathematical Modeling of Drug Release
Several mathematical models are routinely applied to describe and predict drug release from cubosome systems. Zero-order models (Q = k₀t), first-order models (ln(1−f) = −k₁t) and the Higuchi model (Q = kH√t) are commonly fitted to in vitro release data to characterise different release behaviours. The Korsmeyer-Peppas power law model (Mₜ/M∞ = ktⁿ) is widely used to identify the dominant release mechanism, where the exponent n serves as a mechanistic indicator across diffusion-controlled, anomalous and relaxation-dominated regimes. Specifically, n ≤ 0.43 indicates Fickian diffusion-dominated release, 0.43 < n < 0.85 indicates anomalous (non-Fickian) transport, and n ≥ 0.85 indicates case-II relaxational transport.39

6. SURFACE MODIFICATION AND FUNCTIONALIZATION STRATEGIES
6.1. PEGylation
PEGylation refers to coating the surface of cubosomes with polyethylene glycol (PEG) chains. This modification can help cubosomes remain longer in the bloodstream, reduce unwanted protein attachment on their surface, limit immune clearance and maintain particle stability in suspension. PEGylation has been shown to lower immunogenicity, improve pharmacokinetics and reduce clearance by the reticuloendothelial system.40
The surface density of PEG strongly influences its protective effect. At sufficient density, PEG chains adopt an upright "brush" conformation that shields the particle effectively. At lower densities, they collapse into a "mushroom" conformation that provides weaker protection. PEGylation can extend blood circulation time and improve tumour targeting, and PEGylated cubosomes have demonstrated improved accumulation in aggressive tumours such as ovarian cancer cells. Pluronic F127, the most common cubosome stabiliser, already provides some PEGylation, but additional engineering may be needed to optimise surface density.4
6.2. Active Targeting Ligand Conjugation
Although PEGylation improves circulation, it does not direct cubosomes to a specific target. Active targeting involves attaching ligands, such as folate, antibodies, aptamers or sugars, to the cubosome surface so that they can bind selectively to receptors on diseased cells. These targeting ligands recognise and bind to markers overexpressed on tumour cells, allowing drugs to be delivered more specifically to cancer cells while limiting exposure of normal cells.41
Among the most studied targets, folate receptor (FR)-targeted cubosomes have gained substantial attention. The folate receptor is a transmembrane glycoprotein that is highly expressed on the surface of many malignant tumours, making it a valuable molecular target for tumour-specific drug delivery. Folate is attached to a lipid anchor and incorporated into cubosomes during preparation, promoting receptor-mediated uptake into cancer cells. Other explored targets include the transferrin receptor for brain delivery, HER2 for breast and gastric cancers, and CD44 for cancer stem cells, using antibodies, peptides or hyaluronic acid coatings.31
6.3. Stimuli-Responsive Cubosomes
Stimuli-responsive cubosomes are designed to remain stable during circulation and release their drug when they encounter a specific trigger at the disease site. Different types of responsive cubosomes, including pH-responsive, temperature-responsive, light-responsive, enzyme-responsive and multi-stimuli-responsive systems, have been developed to support targeted drug release with improved bioavailability and reduced side effects.31
pH-Responsive: Tumours are more acidic than healthy tissue (pH 6.4-6.8 versus 7.4). pH-responsive cubosomes are formulated with ionisable lipids or acid-sensitive polymer coatings that destabilise at low pH, triggering drug release within the tumour or inside acidic cellular compartments such as endosomes and lysosomes. Under acidic pH conditions, these nanoparticles exhibit pH-responsive release behaviour, leading to simultaneous release of the drug and, in some cases, a photosensitiser, with in vivo studies showing higher antitumour efficacy than free drugs.31
Redox-Responsive: Cancer cells contain higher levels of glutathione (GSH), a natural antioxidant, than normal cells. Cubosomes can be engineered with disulfide bonds that break in the presence of high GSH levels, releasing the drug selectively inside cancer cells. The concentration of GSH is 2-3 orders of magnitude higher intracellularly than in extracellular plasma, and this sharp gradient can be exploited to trigger disulfide bond cleavage and rapid cargo release.42

7. BIOMEDICAL APPLICATIONS OF CUBOSOMES
7.1. Anticancer Drug Delivery
Cancer is one of the most explored applications for cubosomes. Their ability to solubilise poorly water-soluble drugs, enable sustained release and accumulate in tumours through the EPR effect makes them relevant to oncology. Cubosomes can transport a range of therapeutic substances, including anticancer drugs, genes and imaging agents, and have shown promise for tumour-targeted delivery while limiting effects on healthy tissues.43
Key examples include paclitaxel (PTX), for which GMO-based cubosomes improved solubility, extended release over 24-72 hours and increased in vivo tumour accumulation. Doxorubicin (DOX) cubosomes reduced cardiotoxicity while maintaining antitumour efficacy. Co-delivery systems, such as PTX with curcumin and DOX with siRNA, have shown synergistic tumour inhibition in preclinical models. Recent years have seen substantial progress in cubosome synthesis, characterisation, drug-release control and target selectivity for anticancer compounds, although clinical translation remains slow and requires additional evidence.11
7.2. Anti-Infective Applications
Cubosomes may help address antimicrobial resistance by improving the pharmacokinetics of existing antibiotics and enabling delivery of novel agents, such as antimicrobial peptides and photosensitisers. Ciprofloxacin cubosomes showed prolonged activity against P. aeruginosa, S. aureus and E. coli and reduced bacterial lung load in inhaled formulations. Amphotericin B cubosomes achieved comparable antifungal efficacy with markedly less nephrotoxicity than conventional lipid formulations.20
7.3. Ophthalmic Drug Delivery
Cubosomes are suitable for ocular delivery because their viscoelastic and bioadhesive properties can extend precorneal residence time and accommodate both hydrophilic and hydrophobic drugs. Timolol maleate in GMO/Pluronic F127 cubosomes achieved a 2-3-fold increase in aqueous humour concentration compared with standard eye drops in rabbit studies, with similar improvements reported for acetazolamide, travoprost and dorzolamide.20
7.4. Transdermal Drug Delivery
Cubosomes enhance skin permeation through three mechanisms: (1) high drug loading creates a strong concentration gradient; (2) GMO interacts with and fluidises stratum corneum lipids; and (3) nanoparticle size allows entry through intercellular pathways, hair follicles and sweat ducts. Their benefits include reduced dosing frequency, enhanced site specificity, reduced toxic side effects and increased bioavailability.20
7.5. Oral Drug Delivery
Cubosomes improve oral bioavailability by solubilising poorly soluble drugs, protecting them from gastrointestinal degradation and promoting lymphatic uptake. The GMO matrix mimics dietary fat absorption, thereby bypassing hepatic first-pass metabolism for suitable compounds. Drugs may be absorbed intact by enterocyte endocytosis or released by micellar solubilisation upon contact with bile salts. pH-responsive cubosome designs further exploit the acidic tumour microenvironment and gastrointestinal pH gradients to enable triggered drug release.44
7.6. Brain Drug Delivery (BBB)
The blood-brain barrier (BBB) blocks more than 98% of drugs from reaching the brain. Cubosomes can bypass it through receptor-mediated transcytosis by targeting transferrin receptor (TfR), LRP1 and GLUT1, all of which are highly expressed on brain endothelium. Surface-functionalised cubosomes, such as those modified with transferrin, OX26 antibody or Angiopep-2, have improved brain accumulation and reduced tumour burden in glioblastoma models.31
7.7. Vaccine Delivery and Immunotherapy
Cubic lipid phases can act as particulate antigen depots, enabling slow antigen release, dendritic cell recruitment and possible inflammasome activation. Cubosomes possess high surface area, are biocompatible and provide enhanced drug protection, which may make them useful adjuvant platforms. TLR agonist-loaded cubosomes (MPLA + CpG) show synergistic Th1-skewing activity relevant to cancer immunotherapy and intracellular pathogen vaccines.31

8. CLINICAL TRANSLATION STATUS AND FUTURE PROSPECTS
8.1. Current Status
As of 2025, no cubosome-based drug product has received FDA or EMA approval for systemic delivery, in contrast to the maturity of liposomal formulations. Clinical translation has been slow and requires more concrete evidence, mainly because of manufacturing complexity, poorly defined regulatory pathways and the need to reproduce promising preclinical results in human trials.45
Challenges persist in large-scale production, regulatory standardisation and comprehensive toxicity assessment. Topical and cosmetic applications are closest to market, given GMO's established safety profile. Emerging translational efforts, such as clinical studies involving statin-loaded cubosomal gels for periodontitis, indicate possible near-term clinical feasibility.30
8.2. Future Directions
The field is advancing on several fronts:
· Formulation: New lipid compositions with improved stability, biocompatibility and phase tunability may broaden cubosome utility.
· Characterisation: Cryo-electron tomography and correlative light-electron microscopy (CLEM) may enable nanoscale three-dimensional imaging of individual particles and subcellular tracking.
· Preclinical models: Three-dimensional tumour organoids and organ-on-chip platforms may improve translational relevance beyond conventional animal models.
· AI/ML: Machine learning applied across the development pipeline, from lipid-phase prediction to in vivo PK modelling, may reduce time-to-candidate. Biomedical nanotechnology has enabled the development of smart drug-delivery devices that adapt to external stimuli, and AI may further accelerate this process.11

Conclusion
Cubosomes represent a promising class of lipid-based nanocarriers because their bicontinuous cubic liquid crystalline structure provides high internal surface area and distinct aqueous and lipid domains for drug incorporation. This review highlights formulation variables that influence cubosome performance, including lipid selection, stabiliser concentration, preparation method, drug-loading strategy and surface modification. Characterisation by SAXS, cryo-TEM, DLS, zeta potential measurement, DSC, FTIR and in vitro release testing remains essential for confirming particle structure, colloidal stability and release behaviour. The biomedical applications discussed in the manuscript indicate potential value in anticancer therapy, antimicrobial delivery, ocular administration, transdermal and oral delivery, brain targeting and vaccine-related systems. However, most evidence remains experimental or preclinical, and clinical translation is still limited. Future development should prioritise reproducible manufacturing, long-term stability assessment, route-specific safety evaluation and stronger correlation between in vitro findings and in vivo performance. Overall, cubosomes provide a flexible platform for drug-delivery research, but their pharmaceutical relevance will depend on carefully optimised formulations and well-designed translational studies.
Limitations
This narrative review does not report a systematic search strategy, database coverage, inclusion criteria or quality assessment of the cited literature. Therefore, relevant studies may have been missed, and the discussion may reflect selective reporting. Several applications described are based mainly on experimental or preclinical evidence, with limited direct clinical validation. Reported benefits may vary according to drug type, lipid composition, stabiliser concentration, particle size, administration route and biological model.
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