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ABSTRACT: Recently, liquid crystals have been researched as an innovative drug delivery mechanism. Their resemblance 

to colloidal systems found in living beings is the reason behind this. They have distinguished as superior to conventional, 

dermal, parenteral, and oral dosage forms. Liquid crystals(LC) have a long shelf life and are thermodynamically stable. 

Liquid crystal-based drug delivery is a vast area of study. The use of liquid crystals, particularly lyotropic liquid crystals, 

as nanoparticles (cubosomes and hexosomes) for drug delivery applications has seen a significant increase in interest in 

recent years. Liquid crystals have prolonged release effects which serves as its main characteristics. In recent years, research 

has concentrated on strengthening the synthesis and characterization of loaded therapeutic molecules, controlling drug 

release, and increasing their efficacy. The purpose of this review was to present data on various liquid crystal systems, 

mesophase characterization, applications, researches undergone and future perspectives of liquid crystals in drug delivery. 

Keywords: Liquid crystals, mesophases, nematics, smectics, thermotropic liquid crystals, lyotropic liquid crystals, 

cubosomes, hexosomes.  

1. INTRODUCTION: 

Between conventional solids and liquids, there exists an intermediate state of matter known as liquid crystals. They are necessary 

for life since many essential elements of living organisms, such as cell walls and metabolic fluids, are liquid or crystalline in form. 

The Organic molecules that are typically elongated and have an unequal distribution of electrical charges along their axes are called 

liquid crystals. Anisotropy is exhibited by liquid crystalline structures, (have optical direction and both solid and liquid-like 

characteristics) [1]. Due to their anisotropy, liquid crystals are found to be birefringent. Hence, they show double refraction (having 

two indices of refraction). The fundamental prerequisite for the development of liquid crystalline phases is anisometric molecule 

shape coupled with polarizability [2]. They are distinguished from crystalline solids by having lost partial or all of their positional 

order while maintaining the orientational order of its constituent molecules [3]. Such orientational order can last in the solid state, 

and as a result, liquid crystals may exhibit mechanical stability. Birefringence, response to magnetic and electric fields, optical 

activity in twisted (chiral) nematic phases, and temperature sensitivity are some of the general characteristics of Liquid crystals [4]. 

DNA and lipids of cellular Proteins and membranes are two well-known examples of liquid crystals. 

2. CLASSIFICATION: 

Liquid crystals can be further classified as thermotropic or lyotropic. 

2.1. Thermotropic liquid crystals:  

Thermotropic liquid crystals are largely solvent-free and are induced by a change in temperature. Many thermotropic LC are referred 

to as polymorphic if they can exist in more than one mesomorphic phase. Thermotropic liquid crystals are categorized as discotic 

(made up of flat or disc shaped molecules) or calamitic (composed of rod-shaped molecules). Calamitic are again classified 

as Nematic, smectic and discotic are classified into nematic discotic or columnar or smectic discotic phases according to 

their degree of anisotropy. They are formed by either chilling an isotropic liquid or heating a crystalline solid. 
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2.1.1. Nematic phase 

The simplest liquid crystalline phase, known as the nematic phase (thread-like), is one in which the molecules maintain their long-

range orientation. There is no positional hierarchy. Nematic liquid crystals are the most common type of liquid crystal used in 

electronic displays. The defective patches connecting these domains appear as dark threads under a polarising microscope [5,6]. 

Nematic crystals only have one structural restriction and that is the molecules' long axes maintain a largely parallel configuration. 

2.1.2. Smectic phase 

Friedel termed "smectic phase" (soap-like) from a Greek word that means "grease or slime"[7]. As the molecules are stacked in 

layers, the smectic structure is layered. The tilt angle that a director vector creates with the molecular layers and the configuration 

of molecules within each layer allow for the distinction between structured and unstructured thermotropic smectic phases. The 

simplest smectic is the smectic A phase, which is characterised by random positional order within layers and an overall orientation 

of molecules parallel to molecular layers. At a lower temperature, substances that exhibit the smectic A phase frequently also display 

the smectic C phase. In this stage, the molecules tilt in relation to the molecular layers but still have the same random order within 

the layer. Typically, when temperature drops, the tilt angle rises. Other smectic phases, such as those that display hexagonal packing 

of the molecules, are even more crystalline in that they also have some positional order within the layers. 

2.1.3. Cholesteric phase  

Cholesteric phase is also called as chiral nematic liquid crystal. The cholesteric phase's arrangement can be characterised as a hybrid 

of the nematic and smectic [8,9]. The molecules are arranged in a helical pattern in the chiral nematic phase, which imparts a 

directional rather than a positional periodicity. The orientation of the molecules is the same for each half-turn of the helix. When 

the entire helical turn is of the same order of magnitude as the wavelength of visible light, cholesteric nematic can exhibit colour. 

The size of the helical turn will fluctuate depending on temperature, which leads to temperature-dependent colour variations. 

2.2. Lyotropic liquid crystals:  

Amphiphilic molecule mixes in a solvent at specific temperatures and relative concentrations are known as lyotropic liquid crystals, 

also known as lyotropics [6]. Solvent induces the formation of lyotropic LC, which are often composed of amphiphilic molecules. 

The factors like temperature, organic molecule structure, and the water/amphiphile ratio plays a role in the production of lyotropic 

mesophases [11,12]. Lamellar, hexagonal, and cubic phases are further classifications for lyotropic liquid crystals. Surfactant 

molecules can be used in lyotropic liquid crystal systems to capture water from the surroundings. Lamellar, hexagonal, and cubic 

phases are produced as a result of spontaneous phase transitions that are triggered by the environment's water concentration. The 

degree of contact between the water and the alkyl chain, the strength of the repulsive forces between neighbouring head groups, 

and conformational aberrations in the alkyl chains are all discovered to play a role in the development of the lyotropic liquid 

crystalline phase. 

2.2.1. Lamellar phase  

Lamellar phase or clean phase has multiple layers of surfactant molecules with protruding polar head groups. The hydrocarbon 

chains are disordered, like surfactant bilayers and liquid paraffin are separated by water [13,14]. The neat phase is fluid despite its 

high surfactant content, allowing lamellae to glide smoothly [15,16]. 

2.2.2. Hexagonal phase  

Water layers that are hexagonally tightly packed and covered in a surfactant monolayer make up the hexagonal phase. Long-range 

order has a two-dimensional structure. In aqueous and anhydrous organic fluids, respectively, normal and reverse mesophase, two 

different types of hexagonal mesophase, can be seen. The hydrophilic polar groups form the inner core of anhydrous organic 

solvents (solvents with little or no water), which are surrounded by hydrocarbon chains known as reverse hexagonal or reverse 

middle phase. A hexagonal structure and inverted micelles may also form in the system when non-ionic surfactant concentrations 

are high. Lamellar phase is softer than hexagonal phase. [17,18]. 

2.2.3. Cubic phase  

Cubic phase structure has continuous curved bilayers and interpenetrating non-intersecting aqueous channels. Cubic phase 

molecules are packed spherically, with the ionic component on the surface and the non-polar (water-insoluble) portion in the centre 
[15]. The interfacial area of cubic phase is considerably greater than other phases. Cubic phase microstructure allows regulated 

drug release. Close micelle packing accounts for the phase's stiffer flow-resistance than the mesophase [18]. In excess water, cubic 

phases are formed. Due to its dual polar-nonpolar nature, the structure shows slow-release of drugs of different polarity and size. 

The cubic phase is bio adhesive. The structure is suitable for GI, pulmonary, nasal, oral, buccal, rectal, and vaginal drug delivery. 

Cubic mesophase is in vitro stable [19]. 

3. PREPARATION OF LIQUID CRYSTAL PHASE AND ITS DISPERSION:  

Liquid crystal preparation is easier than dispersion. Vortexing lipid with aqueous phase creates liquid crystal [8,9]. Repeated vortexing 

achieves homogeneity. To synthesize liquid crystal, equilibrate the mixture at room temperature for 48 hours. Depending on the 

lipid, further additives may be added to the mixture or the procedure may be adjusted. For example, if more than one lipid is 
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employed, both lipids are combined and melted, if necessary, before vortexing with aqueous phase [18,20,21]. Liquid crystal dispersion 

preparation is challenging. Their dispersal uses two methods. First, lipid and stabiliser are hydrated to form a viscous bulk, which 

is then disseminated into an aqueous solution using high-pressure homogenization and ultrasonication. The 'Bottom-Up' technique 

uses hydrotrope to create a liquid precursor and avoid liquid crystal formation at high concentrations. The combination disperses 

when aqueous medium is added carefully. It uses dilution method and not require fragmentation [9,14,21]. 

 

4. CHARACTERIZATION OF LIQUID CRYSTALLINE PHASES  

4.1. X-ray diffraction:  

X-ray diffraction is the most used method for studying surfactant and block copolymer liquid crystalline phases. Ordered 

microstructures generate X-ray scattering interferences. Position-sensitive detectors/scintillation counters can detect interferences 

using X-ray counts or film. Due to liquid crystals' long-range structural order, electromagnetic light of an appropriate wavelength 

can generate diffraction patterns. Small angle X-ray diffraction (SAXD) and wide-angle X-ray diffraction can be used to detect long 

and short-range orders (WAXD). SAXD is used to determine diffraction patterns in liquid crystals [22]. 

4.2. Nuclear magnetic resonance (NMR) spectroscopy: 

Crystallizations in liquids can be studied using NMR spectroscopy. Since it correctly identifies the occurrence of various phases, 

deuterium (2 H) NMR spectroscopy is a potent method for analysing phase equilibrium. Anisotropic phases cause quadrupolar 

splitting and provide a doublet resonance signal instead of the narrow singlet resonance signal that is produced by isotropic phases 

for quadrupolar nuclei like 2 H. Also, splitting magnitude separates anisotropic phases. This can determine the phase in a single-

phase system and the composition in a multiphase system. 

4.3. Polarizing light microscopy (PLM):  

It's simple and clear method. Anisotropic liquid crystalline phases such as lamellar, hexagonal and reversed hexagonal are 

birefringent as a result of molecular ordering. Using polarised light microscopes, phases can be studied. With one polarizer above 

and one below the objective in this microscope's cross position, plane polarised light is provided at a straight angle and the transit 

of polarised light from below to above the objective is constrained. Small wavelength aberrations can cause yellow textures and 

torquoise in liquid crystalline materials. Lamellar phases reveal mosaic patterns under a polarising microscope, while hexagonal 

phases show nongeometric textures. This approach can detect crystals. Because micellar, cubic phase and reversed micellar 

solutions are non-birefringent, dark backdrop is seen. The thermotropic smectic mesophases have a range of textures but resemble 

the lyotropic hexagonal mesophase's fan-shaped texture [23,24]. Polarized optical microscopy is a potent tool for identifying liquid 

crystal phases, although submicron-scale mesophases may make it ineffective. Other imaging techniques may potentially degrade 

samples [25]. 

4.4. Transmission electron microscopy (TEM):  

The electron microscope's high magnification allows viewing of liquid crystal microstructure. Aqueous samples require special pre-

treatment because the intense vacuum of an electron microscope causes microstructure abnormalities. Freeze-fracture has been 

effective. For this, an electron microscope replica of the sample is produced. First, shock-freeze the sample to maintain its 

microstructure throughout replication. Sandwich the sample between two gold plates and shock freeze using nitrogen-cooled liquid 

propane at -196° or slush nitrogen at -210° for high freezing rates up to 105-106 K/s [26]. Applying pressure prevents sample water 

from crystallising, preserving its structure. 

4.5. Differential scanning calorimetry (DSC):  

Energy changes cause phase transitions. Depending on the transition type, endothermic or exothermic signals are observed. 

Crystalline to amorphous transitions consume less energy than liquid crystalline transitions [25]. To the measurement device's 

sensitivity and detection limit, care should be taken.  Change in baseline slope with specific heat capacity indicates phase transition 

entropy. Entropic phase transitions of liquid crystalline polymers are second order [27]. Glass transitions. Their detection may be 

confounded by an enthalpic effect. 

4.6. Rheology:  

Diverse liquid crystal structures exhibit rheological qualities to varying degrees [28]. With an increase in the liquid crystal's 

microstructural organisation, the consistency of the crystal thickens and the flow behaviour becomes more viscous. The coefficient 

of dynamic viscosity Z shows that hexagonal and cubic liquid crystals have relatively higher viscosities than lamellar phase, while 

being a measure of optimum viscous flow behaviour (Newtonian systems). The major difference between these two types is that 

the lamellar phase exhibits pseudoplastic flow behaviour (non-Newtonian), whereas cubic and hexagonal crystals exhibit plastic 

flow behaviour (non-Newtonian)[29]. The order of the viscosity rise for thermotropic liquid crystals is as follows: Nematic smectic 

A smectic C. 
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4.7. Vesicle size determination:  

The physical stability of vesicle dispersion is largely determined by the particle size distribution and particle size, making vesicle 

size a crucial parameter in both quality assurance and in-process control[30]. Laser light diffraction or scattering (for particle size) is 

a suitable and very rapid technique (for particle size distribution). According to Fraunhofer's diffraction theory, laser light diffraction 

is applicable to particles larger than one millimetre in size. This is a reference to the relationship between the particle diameter 

squared and the diffraction strength. According to Mie's theory, the absorption, scattering angle, refractive indices and size, as well 

as the dispersion medium, are the main parameters impacting the scattering intensity [20]. With particles ranging in size from 200 

nm to 1 mm, photon correlation spectroscopy can be an effective method for determining mesophase. 

 

Table: 1; Characterization of LCNs 

Characterization  Observations  Parameters measured 

PLM 1.Cubic phase - dark background with no 

birefringence 

2.Hexagonal phase - fan like structure  

3.Lamellar phase - shows birefringence  

Macroscopic structure; 

preliminary phase identification 

SAXS Bragg’s peak Molecular dimensions; phase 

identification; impact of guest 

molecules on liquid crystalline 

structure 

DSC increase in enthalpy; transition of endothermic 

peak; impact of temperature on system  

Evaluation of phase transition; 

guest molecules effect on liquid 

crystalline structure 

NMR Interactions between loaded molecules and 

mesophase components  

Diffusion pattern of molecule 

components; Inner structure 

TEM and SEM Visualization of inner structures Morphological features 

 

5. APPLICATIONS AS DRUG DELIVERY SYSTEMS 

5.1. Enhancing oral delivery  

Amphiphilic lipids self-assemble in excess water to form thermodynamically stable bicontinuous hexagonal, cubic and lamellar 

phases. Dispersing lyotropic LC phases in water with a surfactant creates Liquid crystalline nanoparticles (LCNs). Due to their 

unique structure, these nanostructures can load hydrophobic, hydrophilic and amphiphilic bioactive compounds. LCNs are also 

used to make poorly soluble drugs more soluble.  

Freag et al. loaded rapamycin onto surface-modified LCNs to improve its water solubility and antitumor efficacy. The study showed 

improved encapsulation efficiency, sustained drug release, and enhanced cytotoxicity against MCF-7 and MDA-MB-231 breast 

cancer cell lines. In vivo, rapamycin bioavailability was 3.35-fold higher than free drug. Also, free rapamycin had less nephrotoxic 

and hyperglycemic effects on an Ehrlich ascites tumour model [31]. Synthetic anticancer medications aren't the only ones with poor 

bioavailability and solubility. Curcumin, a curcuminoid from turmeric (Curcuma longa), inhibits cancer cells. Curcumin's solubility 

limits its therapeutic use. Baskaran et al. integrated curcumin into LCNs and showed its improved stability and cellular absorption 

in cancer cells of human colon [32]. 

5.2. Topical and/or transdermal delivery  

Topical carriers have been investigated to improve bioactive molecule penetration through the skin and maintain drug release. These 

carriers are MO- and PHY-based LC mesophases [33,34,35]. LC mesophases successfully transfer bioactive compounds through the 

skin due to their structural similarities to skin microstructures, which encourages facile diffusion across the stratum corneum. 

Mesophases' cubic form resembles the skin's epidermal barrier in vivo [36], which improves the partitioning of liquid crystalline 

phases and lipid lamellae. A chemo preventative and anti-inflammatory drug taken orally is celecoxib. Propylene glycol and oleic 

acid were used in the development of a topical carrier to reduce the systemic toxicity of oral LCN. Oleic acid was added to maintain 

the anti-inflammatory properties of celecoxib, whereas oleic acid-propylene glycol increased the amount of medication released 
[37]. Excipients changed drastically the LC phase structure, which had an impact on the release of lipophilic medicines [38,39].  

Esposito et al. created (mono olein) MO-based LC bulk phases to increase crocetin's cutaneous penetration. Healthy human 

volunteers participated in an in vivo tape-stripping investigation to evaluate drug in the superficial layer. The stratum corneum had 

a higher quantity of crocetin than deeper skin layers. For a lipophilic medication, the LC phase permits targeting of the higher skin 

layers, prolonging skin action and decreasing systemic exposure [40]. 5a-reductase inhibitors with lipophilic characteristics retained 

more in the higher layers of skin with LCN-based formulations. Lipophilic skin membranes make hydrophilic molecules 

impermeable [41]. Hydrophilic molecule loading and delivery can be prevented by the 3D bicontinuous structure of mesophases, 

which features two crossing water channels. 
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Yu et al. investigated the transdermal delivery of cubic MO-based metformin hydrochloride phases. Drug penetration through 

mouse skin was studied using in vitro research and molecular docking. The researchers found that MO increased skin lipid fluidity, 

which in turn increased drug absorption [42]. 

5.3. Cancer targeting  

Thapa et al. produced a layer-by-layer polymer-assembled LCN based on MO and stabilised by P407 to administer sorafenib, a 

poorly soluble hepatocellular cancer medication. LCN loaded with sorafenib was wrapped in six layers of poly-L-lysine and 

polyethylene glycol-b-polyaspartic acid. Bio adhesivity, fast clearance from the blood circulation, and LCN-induced haemolysis 

were overcome by coating nano particles (NPs). It controlled drug release, focused distribution, and increased anticancer therapeutic 

indices. This study found that multi-layered LCNs boost cellular uptake and apoptosis. Additional to single anticancer drug delivery, 

experts have highlighted the feasibility of combination chemotherapy employing LCN. Studies conducted in vivo showed better 

apoptotic marker expression and increased cytotoxicity with few negative side effects. LCNs as dual drug delivery systems for 

metastatic breast cancer are investigated in this work [43].  

Aleandri et al. stabilised paclitaxel cubosomes with modified phenolic matrix resin (PF108). PF108 was coupled with biotin to 

target HeLa biotin receptors. Biotin receptor-mediated endocytosis improved paclitaxel absorption in HeLa cells [44]. He and 

colleagues created LCN nano transformers with high siRNA-loading efficiency and low intracellular cytotoxicity for cancer 

treatment. LCN nano transformers' safety and great gene transfection efficiency make them a promising cancer treatment [45]. 

Agrawal et al. developed LCN for diabetes. In this study, insulin's oral stability and efficacy were improved. LCNs doubled 

cumulative hypoglycaemia compared to subcutaneously delivered conventional insulin [46]. 

Swarnakar and colleagues investigated the effects of lipase digestibility on the oral bioavailability of coenzyme Q10, their in vivo 

antioxidant potentials, and the interaction between coenzyme Q10-loaded LCNs made using mono-olein and phytantriol in vitro 

and in vivo. The authors showed that this formulation method could boost coenzyme Q10's oral bioavailability [47]. 

Hong and his team employed an enzymatic technique to understand cubosome formation and apply it to lipids other than phytantriol. 

Selachyl alcohol, a nondigestible alternative to phytantriol, was used to produce LCNs enzymatically. Longer chain triglycerides 

disturb phase structure more effectively. The majority of fatty acids produced during digestion stayed in the particles and didn't 

need to diffuse into the aqueous bulk[48]. 

5.4. Theranostic applications  

Theranostics aims to enhance the prognoses of diseases like cancer by developing a clinically viable agent or carrier for therapies 

and diagnostics. LCNs offer a variety of distinctive characteristics, including a simple surface that can be modified with imaging 

and targeting moieties. Additionally, the viscosity of dispersion of cubosomes and hexosomes is similar to that of water, which is a 

significant attribute for intravenous administration and the potential for dual loading with drugs and imaging agents, with surface 

decoration of cancer-specific targeting moieties. For instance, by preserving the internal structure of the LC phase, docetaxel, a 

weakly soluble anticancer drug stabilised by Pluronic paired with rhodamine and folate, was loaded into monoolein-based 

hexosomes[49]. 

Table: 2; Examples of LC drug delivery systems for different applications 

Therapeutic molecule Type of LC phase Advantages  Applications  

Celecoxib[50] Cubosomes and 

hexosomes  

Improved  skin permeation  Topical  

Crocetin[51] Cubic and lamellar increased skin retention for 

cutaneous application 

Topical  

Metformin[31] Cubic  Transdermal delivery of 

hydrophilic drugs 

Transdermal  

Sorafenib[32] Cubosomes  Greater cellular uptake and 

increased apoptotic effects 

in HepG2 cells 

Hepato cellular carcinoma 

Insulin[36] Hexosomes  Sustained glucose -

lowering and stability of 

nanoparticles with higher 

Caco-2 cellular uptake 

Oral delivery 

Tetraphenylethene and 

phytoestrogen[45] 

Hexosomes  Enhancement in targeted 

oncotherapy and 

noninvasive detection of 

tumor 

Theranostics  

Docetaxel[43] Hexosomes  Enhancement  in cytotoxic 

effect against HeLa cells 

and sustained release of 

drug 

Theranostics  
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6. Conclusion and future outlook 

LCNs are garnering attention in clinical studies due to their favorable features for effective drug delivery. Before LCNs may be 

used in the clinic, various problems and impediments must be overcome. Key developments include adjusting lipid cubic phase 

pore diameters, a library of stabilizers to target specific cancer cells, structural investigations to understand internal lipid membrane 

access, and controlled release systems. A deeper understanding of the interaction between the stabiliser membrane and the LCN, 

proof of pore size tuning, additional cytotoxicity studies, including interactions with cancer cells and intracellular trafficking, and 

therapeutics release are still major obstacles that need to be overcome in order to advance the applications of LCNs. LCNs with 

cell-derived lipids (CDLs) may evolve in the future[52,53]. CDL-coated NPs show promise in preclinical research due to their 

biocompatibility and tissue targeting [54]. 

LCNs are still used because of their many benefits, including their ability to incorporate all types of drugs, protect drug stability for 

longer periods of time than other dosage forms, be handled more easily than other lipid-based dosage forms, have lower toxicity 

due to their constituent parts, and have improved permeation [55]. 
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