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Abstract 

A novel liposome-micelle-hybrid (LMH) carrier system was developed as a superior oral drug 

delivery platform compared to conventional liposome or micelle formulations. The optimal 

LMH system was engineered by encapsulating TPGS micelles in the aqueous core of liposomes 

and its efficacy for oral delivery was demonstrated using lovastatin (LOV) as a model poorly 

soluble drug with P-gp (permeability glycoprotein) limited intestinal absorption. LOV-LMH 

was characterised as unilamellar, spherical vesicles encapsulating micellar structures within 

the interior aqueous core and showing an average diameter below 200 nm. LMH demonstrated 

enhanced drug loading, water apparent solubility and extended/controlled release of LOV 

compared to conventional liposomes and micelles. LMH exhibited enhanced LOV absorption 

and transportation in a Caco-2 cell monolayer model of the intestine by inhibiting the P-gp 

transporter system. The LMH system is a promising novel oral delivery approach for enhancing 

bioavailability of poorly water-soluble drugs, especially those presenting P-gp effluxes limited 

absorption. 

 

 

Keywords: Lovastatin, Liposomes, Micelles, LMH, Caco-2 cells, Permeability, P-gp, 

Bioavailability. 
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1. Introduction 

Poorly water-soluble drug candidates are often the output of contemporary drug discovery 

programs and present formulators considerable technical challenges and difficulties. These 

include low encapsulation efficiency, poor drug release kinetics, drug leakage, aggregation, 

poor biodistribution, toxicity and potential manufacturing issues [1, 2, 3]. LOV is a highly 

lipophilic (logP 4.26) Biopharmaceutical Classification System (BCS) class II drug (high 

permeability and low solubility) with limited aqueous solubility (0.4 mg/L), and low oral 

bioavailability, typically below 5% [4]. It is one of the most widely used cholesterol-lowering 

drugs as it irreversibly inhibits the enzymatic conversion of hydroxymethyl glutaryl coenzyme 

A (HMG-CoA) to mevalonate [5] which is critical to the biosynthesis of cholesterol [6]. Due 

to poor water solubility and high lipophilicity, LOV undergoes extensive pre-systemic first-

pass metabolism in the liver, resulting in low and variable bioavailability, with only 30% of 

the oral dose absorbed [7, 8]. In fact, the low bioavailability of LOV is attributed to multiple 

aspects: (1) limited aqueous solubility and poor dissolution, (2) high affinity to intestinal and 

liver cytochrome P450 metabolic enzymes and (3) efflux due to the multidrug resistance 

protein 1 (MDR1) membrane transporter also known as P glycoprotein (P-gp) [9]. P-gp is 

expressed in the intestinal epithelium and liver cells, where it has been shown to limit the oral 

absorption of LOV through efflux from the intestinal mucosa to gut lumen against a 

concentration gradient [10, 11]. 

There is ongoing interest in overcoming LOV’s in vivo susceptibility to P-gp mediated efflux 

[8] by utilising a variety of nano and [12] lipid-based [13] drug delivery systems (DDS) 

including self-emulsifing formulations [14] and liposomes [15]. For example, Sarangi et al. 

developed a lovastatin-solid lipid nanoparticle (LOV-SLN) formulation with a drug loading of 

17.7% and encapsulation efficiency of 71%, that demonstrated a 1.72-fold increase in Cmax and 

a 269% increase in bioavailability compared to a LOV suspension when orally administered to 

a rabbit model [16]. Similarly, Yanamandra et al. formulated a lovastatin-proliposome with a 

3-fold increase in Cmax and a 162% increase in bioavailability compared to pure LOV upon 

oral dosing of Sprague Dawley rats [15].  

Micelles and liposomes have gained significant attention in the field of oral administration as 

they can improve the bioavailability of orally administered hydrophobic drugs [17]. They can 

also protect encapsulated drugs against degradation by enzymes in the gastrointestinal tract and 

reduce the first-pass effect. Despite these advantages, micelle and liposome-based drug 
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delivery systems present numerous formulation challenges. For micellar systems, these include 

their inadequate drug loading capacity, poor physical stability in physiological environment 

that may lead to an undesirable rapid drug release in vivo and insufficient binding and uptake 

by cells. For liposomes, their inherent instability is a significant challenge in addition to their 

low drug encapsulation efficiency, poor storage stability (e.g. aggregation, sedimentation, 

fusion and oxidation) and rapid leakage of encapsulated drugs in the presence of biologic fluids 

[18]. 

Previous research has shown that lipid-polymer hybrid nanoparticles have some unique 

advantages such as high drug encapsulation yield, sustained drug release profiles, excellent 

serum stability, and potential for differential targeting of cells or tissues, while excluding some 

of their intrinsic limitations, thereby holding great promise as delivery vehicles for various 

medical applications [19, 20, 21, 22]. However, the assembly of multiple materials and/or 

agents into one nanoparticle (NP) formulation is often challenging and requires optimization 

to achieve synergy from the individual NP components. 

Here, a novel hybrid nano-carrier system composed of micelles encapsulated within liposomes, 

i.e. liposome-micelle-hybrid (LMH), is reported as a robust drug delivery platform able to 

combine the unique strengths of each component. The encapsulated micelles control drug 

release, while the liposomal carrier increases the loading efficiency, protects the drug from first 

pass effect, and plays a role in mediating P-gp efflux. This synergistic and hierarchical structure 

represents an interesting development in oral drug delivery of hydrophobic drugs.  

2. Materials and methods 

2.1 Materials 

TPGS (d-α-tocopheryl polyethylene glycol 1000 succinate) was purchased from Antares 

Health Product, INC. Jonesborough, TN, USA. Phosphatidylcholine (PC), cholesterol (CHO) 

(99%, MW 386.65 Da), phosphate buffer solution (PBS) tablets, HPLC grade acetonitrile, 

methanol and analytical grade chloroform and ethanol were purchased from Sigma-Aldrich St. 

Louis, MO, USA). The 1,2-distearoyl-sn-glycero-3-phospho-1'-rac-glycerol sodium-salt 

(DSPGNa with C18:0, >99%, MW 801.058 Da) was purchased from Avanti Polar Lipids 

(Alabaster, AB, USA). Lovastatin (LOV crystalline powder, 98%) was obtained from 

International Laboratory (South San Francisco, CA, USA). The reagents NaOH, NaCl, H3PO4, 

Tween 20, PEG-400 were ordered from Ajax Chemicals (Scoresby, VIC, Australia). 
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Polycarbonate Transwell inserts (0.4 μm pores and a surface area of 0.7 cm2, 24-well 

polystyrene plates with inserts and lids) were purchased from Millipore Corporation Ltd., 

(Bedford, MA, USA). Dulbecco’s modified eagle`s medium (DMEM), 10% fetal bovine serum 

(FBS) and transport buffer Hank’s balanced salt solution (HBSS) were purchased from Gibco 

Life Technologies (Camarillo, CA, USA). Alamar Blue® was purchased from ThermoFisher 

(Waltham, MA, USA). Trypsin 0.25% w/v in PBS, dimethyl sulfoxide (DMSO), 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and permeability marker Lucifer 

Yellow (LY) solution were also purchased from Sigma-Aldrich (St. Louis, MO, USA). Human 

epithelial colorectal adenocarcinoma cell line Caco-2 was kindly donated by the School of 

Medical Science, University of Sydney (Sydney, NSW, Australia). Ultrapure MilliQ water was 

used for all experiments and generated by a Milli-Q® Ultrapure water system connected with 

Q-Gard® purification cartridge and Quantum® EX polishing cartridge. 

2.2 Formulation of LOV loaded micelles 

The preparation method used for micelles was a modification of the direct dissolution and 

solvent evaporation method [23]. TPGS (100-800 mg) was weighed into a round bottom flask 

and dissolved in chloroform (10 mL) by gentle hand shaking to form a clear solution. A 1 

mg/mL LOV solution in chloroform (10 mL) was added to TPGS solution. The TPGS-drug 

solution was subjected to vacuum evaporation in a rotary evaporator to eliminate chloroform 

(Rotavapor R-124, Büchi, Flawill, Switzerland operated 80 rpm and room temperature), and 

after 2-3 h, a thin polymer-drug film was formed. The thin film was hydrated with 10 mL of 1 

mM freshly prepared and filtered (0.22 μm Syringe Filter PTFE 13 mm, Grace, IL, USA) NaCl 

solution and then subjected to sonication for 30 min (GT Ultrasonic Bath, Model VGT-

1730QTD) to form micelles. A clear dispersion of drug-loaded micelles was then obtained. 

Any precipitated drug particles formed in the process were separated by centrifugation at 

10,000 rpm for 20 min (100605 x g, The Avanti JXN-30).  

2.3 Formulation of liposomes  

Liposomes were prepared by a thin-film hydration method previously described by Bangham 

et al. [24], from PC, CHO and DSPGNa (molar ratio of 7:3:2), while LOV was incorporated 

into the formulations using a 2:1 molar ratio (LOV:formulation). The lipids and LOV were 

weighed, mixed, and dissolved in a mixture of methanol-chloroform-water (10 mL) at a ratio 
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of 1:5:0.1 in a round bottom flask by gentle hand shaking and sonication (1-2 min) to form a 

clear solution. The round-bottom flask was connected to a rotary evaporator (Rotavapor R-124, 

Büchi, Flawill, Switzerland; water bath B-480, Xiamen, Fujian, China). The excipient-solvent 

mixture was evaporated under vacuum for 3 h, with gentle rotation (60 rpm) to prepare uniform 

drug-lipid films upon complete evaporation of the organic solvents at 60°C, which is above the 

phase transition temperature (Tc) of the lipids (55°C) [25]. The thin lipid film was dried for an 

additional hour under N2 gas before leaving the flask open in a fume hood overnight in order 

to ensure complete removal of the solvent. 

The resultant drug-lipid film was hydrated with 1 mM NaCl for 2 h in a water bath with 

controlled temperature (60 °C) with constant rotation at slow speed. The solution of 1 mM 

NaCl was used to provide a simple background electrolyte concentration (to enable 

determination of zeta potential) as reported in literature [26]. The hydrated solution was 

subsequently sonicated in an ice bath for 10 min. The ice bath was used to improve the rigidity 

of the obtained liposomes [27]. The drug-loaded liposomes (pellets) were separated from the 

unencapsulated free drug (supernatant) by ultracentrifugation at 32,000 rpm (114,688 x g, 

Avanti JXN-30). The liposome pellets were re-suspended in 1 mM NaCl solution, extruded 8–

10 times through polycarbonate filters with 400-800 nm pore diameter to obtain highly 

monodispersed (PDI < 0.25) and unilamellar liposomes.  

2.4 Formulation of liposome-micelle-hybrids 

To fabricate the LMH systems, drug loaded TPGS micelles were prepared and subsequently 

mixed at the composition used in the thin film evaporation (TFH) method to obtain liposomes. 

Briefly, the method is equivalent to conventional liposome preparation, however the thin drug-

lipid film was hydrated with the pre-formed LOV micelle dispersion instead of the 1 mM NaCl 

solution. After rehydration, the suspension was sonicated and ultracentrifuged. Drug present in 

the pellet and supernatant was analysed separately as described below. LOV in the pellet was 

considered as encapsulated within the LMH, while LOV in the supernatant was considered as 

unencapsulated drug, most likely present in free micelles.  

LOV was loaded into LMH, both in the bilayer and micelles. Additionally, two control 

formulations were obtained i.e. LMHIN: a blank lipid bilayer and LOV-loaded micellar inner 

core and LMHEX: a LOV-loaded lipid bilayer and an aqueous inner core containing blank 
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micelles. The LMH were freeze dried with cryoprotectant sucrose (Martin Christ, D-37520) at   

-50 ℃ and 0.001 bar in empty weight vials to obtain their final weight. 

 2.5 HPLC method for lovastatin assay 

The amount of LOV in LMH formulations was analysed using an HPLC system (Shimadzu, 

Scientific Instruments, Kyoto, Japan) equipped with a UV-detector (PD-M2OA) set at 237 nm 

with a Phenomenex Hyper clone 5 µm-ODS C18 column (125 x 4.0 mm, 120 Å, Phenomenex, 

Torrance, CA, USA).  

The mobile phase was a mixture of 65% v/v acetonitrile and 35% v/v 10 mM phosphoric acid 

aqueous solution. The solution pH was adjusted to 3.0 with 1 M NaOH solution. The mobile 

phase was degassed by ultra-sonication for 30 min before use and was not allowed to recirculate 

during the analysis. The samples were injected at a volume of 20 µL at ambient temperature. 

An isocratic method was applied with a flow rate of 1.5 mL/min. A series of working solutions 

with concentrations ranging from 0.1 to 100 μg/mL were used to generate the calibration curve 

(n = 3) by plotting the chromatographic peak area versus LOV concentrations (R2=0.9998). 

The limit of quantification (LOQ) value was 0.1 µg/mL. The precision and accuracy for both 

intra and inter-day analyses were within the acceptable analytical limits (i.e. <10%). The 

specificity and reproducibility of the assay were within a 102-108% range. Repeated analysis 

showed excellent precision (<3%) in the peak area results. Therefore, the selected HPLC 

method was considered suitable for LOV quantification. All analytes were diluted suitably to 

meet the calibration concentration range prior to analysis.  

2.6 Encapsulation efficiency and drug loading  

LOV content in LMH and other formulations was determined by diluting 100 μL of each 

formulation with 900 μL of methanol followed by vortexing and sonication to breakdown the 

carriers. All samples were centrifuged prior to analysis and the supernatant was analysed for 

LOV using HPLC. The percentage ratio between the amount of drug encapsulated in 

nanocarriers and the initial drug concentration was calculated as an encapsulation efficiency 

(EE%) and drug loading (DL%) of LOV in the nanocarriers was expressed as the amount of 

entrapped drug in the nanocarriers and the total weight of nanocarriers. 
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2.7 Characterisation 

2.7.1 Particle diameter and zeta potential 

The average particle diameter (Z-average), size distribution (polydispersity index, PDI) and 

zeta potential of the LMH and other formulations were measured by Dynamic Light Scattering 

(DLS) and Phase Analysis Light Scattering (PALS) techniques using a Zetasizer Nano ZSP 

(Malvern analytical, Malvern, UK). The micelle dispersions were analysed directly, while the 

liposomes or the LMH systems were diluted 100 times with Milli-Q water prior to size and 

zeta potential analysis. For each sample, the size was measured 3 times with 6 runs of 4 min (1 

min for equilibrium and 3 min for measurement) at 25 ºC and the material RI was set at 1.59.  

2.7.2 Morphology  

All cryo-TEM work was carried out in the Electron Microscope Unit at the Mark Wainwright 

Analytical Centre of the University of New South Wales (Sydney, NSW, Australia). Aqueous 

samples were vitrified using an EM GP vitrification robot (Leica Microsystems, Germany), 

using the following method. The aqueous sample (6 μL) was pipetted onto 300 mesh copper 

grids with a lacey formvar film (GSCu300FL-50, ProSciTech, Australia). The sample droplet 

was allowed to equilibrate for 30 seconds at room temperature and 90% relative humidity, 

before being blotted from one side for few seconds. The blotted grid was subsequently plunged 

into liquid ethane at -174 °C, excess ethane was blotted away with a piece of pre-cooled filter 

paper, and the vitrified grid stored in liquid nitrogen. Vitrified grids were imaged using a Gatan 

626 cryo holder, in a Technai G2 20 (FEI, Eindhoven, Netherlands) microscope equipped with 

a LaB6 electron source. Images were acquired at an accelerating voltage 200 kV, utilizing the 

in-built software and a BM Eagle 2K CCD camera (FEI, the Netherlands). 

 2.8 LMH physical and chemical stability  

The physical stability of different formulations was studied by monitoring size, polydispersity 

index and zeta potential over three months at 4 °C as methods described in the previous section.  
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2.9 Lovastatin in vitro release study 

In vitro LOV release from the LMH, liposome and micelle systems were estimated by a 

dynamic dialysis membrane diffusion technique using cellulose membrane dialysis tubing 

(MWCO 14,000; Sigma Aldrich, St. Louis, MO, USA). The dialysis bag was soaked for 2 h 

before being filled with 10 mL of sample and dipped in a beaker containing the release medium 

(90 mL) under magnetic stirring (100 rpm). Two release media were investigated, PBS (pH 

7.4) - PEG-400 (0.5%) and PBS (pH 7.4)-PEG-400 (0.5%) plus 20% ethanol, both maintained 

at 37 °C. At predetermined time intervals, a 1 mL aliquot sample was withdrawn from the 

beaker and replaced with the same volume of fresh release medium. The samples were treated 

with an equal volume of methanol and sonication (5 min) and then centrifuged at 10,000 rpm 

(5000 x g) for 10 min to separate the supernatant (LOV). LOV content in the supernatant was 

determined by diluting 100 μL of each sample with 900 μL of methanol and analysed using 

HPLC.  

2.10 Assessment of cell viability by Alamar Blue method  

The cytotoxicity of free drug and LOV-loaded LMH were assessed using a modified Alamar 

Blue assay. Caco-2 cells were routinely maintained in DMEM with 10% v/v FBS and allowed 

to grow in a culture flask in an incubator at 37 °C with a controlled atmosphere containing 5% 

CO2 and at 95% relative humidity. Cells were passaged at 80–90% confluency at a split ratio 

of 1:3 using 0.25% trypsin. The cells were seeded into 96-well tissue culture plates at a density 

of 1 × 104 cells per well in 100 μL of DMEM medium and allowed to attach overnight. LOV-

loaded LMH were prepared by dissolving 20 mg of freeze-dried LMH powder (LOV 1.5 mg) 

with 0.1% DMSO and diluted to the final concentrations of 1.0, 0.5, 0.10, 0.05, 0.01, 0.005 and 

0.0001 mg/mL with DMEM + 10% FBS. After 24 h incubation, the cytotoxicity of the LMH 

system was determined. Alamar Blue® solution was directly added to the medium to prepare a 

final concentration of 10% in each well. After 4 h of incubation, the absorbance was measured 

at 570 nm and 596 nm using a Multiskan Ascent plate reader (Thermo Fisher, Waltham, MA, 

USA). Results were expressed as % cell viability calculated as the absorbance ratio between 

sample and control (100% viable), which was obtained by incubating cells without any drug.  
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2.11 Permeability assessment of LOV-LMH in Caco-2 monolayers 

To prepare a Caco-2 monolayer suitable for permeability assessment, the cells were seeded at 

a cell density of approximately 40,500 cells/cm2 on polycarbonate transwell filters in 24-well 

polystyrene plates and routinely maintained in DMEM at 37 °C with controlled atmosphere 

containing 5% CO2 and 90% relative humidity for 21 d. The culture medium was changed on 

alternate days, firstly in the basolateral and then in the apical compartment (400 and 600 µL, 

respectively). At the end of 14 and 21 d of differentiation, integrity of the monolayers was 

assessed by measuring the transepithelial electrical resistance (TEER) in culture medium using 

a Millicell ERS-2 Voltohmmeter (Millipore Co., Bedford, MA). TEER measurement is 

routinely used as an index of monolayer confluence and integrity in cell culture experiments. 

The final TEER values, expressed as resistance per unit area Ω·cm2, were calculated by 

subtracting the blank (filter without cells) resistance from the total resistance and then 

multiplied with effective membrane area 0.49 cm2. The control TEER value was taken from 

the media (DMEM + FBS-10%) without cells; it was < 200 Ω·cm2 and remained constant for 

the duration of the experiment. The average TEER value in Caco-2 cell monolayers (CCM) 

containing media was found to be 1435 ± 139 Ω·cm2 on the 14th day and 1320 ± 196 Ω·cm2 on 

the 21st day. These indicated cells were growing and a complete monolayer was developed by 

14 d; at further time points the TEER values plateaued (the 8% decrease observed was not 

statistically different (ANOVA, p>0.05). All the TEER values were persistently above 305 

Ω·cm2, indicating the integrity of the cell monolayers, as 305 Ω·cm2 is the minimum limit 

reported by most previous reports of permeability studies [28]. 

LOV (100 µM) and LOV containing nanocarriers (100 µM LOV) were dissolved in 0.5% v/v 

of DMSO and HBSS to prepare experiment samples. After 21 d, the cell culture media 

(DMEM) were replaced and equilibrated with HBSS buffer (400 µL in the apical wells and 

600 µL in the basal wells) for 30 min. HBSS buffer was replaced by samples in the apical (400 

µL) or basal (600 µL) wells. Incubation was undertaken for 2 h. After incubation 500 µL of 

samples were taken from the appropriate wells, depending on the direction of transport (i.e., 

from the basal well for A-to-B transport or the apical well for B-to-A transport), for an efflux 

ratio (ER) determination as described in Equation 2.  

After treatment, the treating solution was withdrawn, and the cells were washed three times 

with PBS and lysed using methanol. Samples were quantitatively analysed by HPLC for LOV 
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content. These quantitative determinations of LOV were required prior to the determination of 

the Papp value (Equation 1) and efflux ratio (Equation 2). 

Analysis then proceeded to determination of the Papp value  ER and % permeability of LY from 

equations 1 and 2  [29]. 

The apparent LOV permeability (Papp x 10-6 cm/s) was calculated as follows:  

𝑃𝑎𝑝𝑝 =
𝑉𝑅

𝐴∙𝐶0 
∙

𝑑𝑀𝑡

𝑑𝑡
   ……………………………………Eq. (1) 

 

Where VR is the volume of the receiving chamber, A the monolayer filter area (cm2), Co the 

concentration of the compound initially in the donor compartment and dMt/dt is the rate of 

drug permeation across the cells. 

The efflux ratio (ER) was calculated as the ratio of Papp determined in the A-to-B direction to 

Papp determined in the B-to-A direction: 

 

ER =  (Papp B-A) / (Papp A-B) ………………………………………….Eq. (2) 

 

 

Where the ratio of the basolateral–apical (secretion) component Papp B-A to the apical-

basolateral (absorption) component Papp A-B was assessed. Theoretically, an ER > 1 suggests 

the presence of one or various efflux transporters affecting the specific drug tested.  

2.12 Evaluation of the Caco-2 cell monolayer integrity using Lucifer Yellow 

Integrity of the Caco-2 cell monolayers was evaluated using LY. After removing samples for 

LOV analysis, the remaining liquid was aspirated from the apical and basal wells. 500 µL of 

0.1 mg/mL LY solution was added to the apical wells and 1,000 µL of HBSS to the basal wells, 

these were then incubated at 37 °C for 60 min. 200 µL aliquots of samples were transferred 

from the basal wells to a 96 well plate and absorbance measured in a spectrofluorometer with 

excitation wavelength at 570 nm and emission at 585 nm. The fluorescence for HBSS buffer 

(as blank to deduct the background value used as a media to prepare the samples) and a 0.1 

mg/mL LY solution were also measured. The fluorescence intensity of LY was analysed with 

a Microplate Fluorescence Reader (Tecan i-control FL600, Bio-Tek, Winooski, VT, USA) 

using a fluorescence excitation wavelength of 540–570 nm (peak excitation is 570 nm) and 
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fluorescence emission at 580–610 nm (peak emission is 585 nm). A standard curve was 

prepared from 0.5 to 100 µM LY.  

2.13 Transportation and cellular uptake of LOV 

For transportation and uptake studies, cells were plated at a density of 40,450 cells/cm2 onto a 

24 mm polycarbonate Transwell filter with 0.4 μm pores and a surface area of 0.7 cm2. At the 

beginning of each experiment, the monolayer was washed twice with PBS and pre-equilibrated 

for 30 min with buffer (HBSS). The LOV, liposomes, micelles and LMH solutions of 400 µL 

(drug content 100 µM) were added to the apical chambers of the monolayers inserted in each 

well containing 600 µL HBSS (pH 7.4). The pH conditions were chosen in order to reproduce 

the physiological pH gradient existing in vivo across the small intestinal mucosa. The plate was 

placed in the incubator at 37 oC and a 500 μL aliquot sample was taken from the basolateral 

side at fixed time intervals and replaced by the same amount of transport buffer. At the end of 

the transport experiment (8 h), samples (100 μL) were also taken from the apical chamber. 

LOV content was measured by HPLC assay.  

Intracellular uptake and accumulation of LOV were assessed at the end of the LOV transport 

experiment, the treated sample solution was withdrawn, and the cells were washed three times 

with PBS. Cells of each transwell filter were trypsinized, lysed and diluted with 1 mL of 

methanol and kept for 24 h at room temperature. The solution was then centrifuged at 10,000 

rpm for 10 min and the supernatant analysed for LOV with HPLC.  

2.15 Statistical analysis 

Statistical analysis was performed using the statistical software package SPSS. Data were 

expressed as mean ± standard deviation (SD). ANOVA was performed using Microsoft Excel. 

To identify significant differences, a multiple range test was used to compare each group, and 

the resulting P values for each group indicated in the figures. 
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3. Results and Discussion  

3.1. Preparation and characterisation of the nanocarriers 

3.1.1. Micelles 

Micellar suspensions (with and without LOV) were prepared using vitamin E d-α-tocopheryl 

polyethylene glycol 1000 succinate (TPGS), which has been shown to influence Caco-2 cells 

monolayer permeability by inhibiting P-gp [30]. TPGS micelles showed a diameter of 13 ±1 

nm (Table 1) and exhibited no significant change in particle size distribution over time, 

demonstrating the system stability. After loading with LOV, a small reduction in size was 

observed, in agreement with previous observations of drug loading in micelles [31]. Zeta 

potential of the micelles (both blank and LOV-loaded) were close to zero as TPGS is a non-

ionic surfactant.  

Table 1. Characterisation of TPGS micelles, liposomes and LMH (mean ± SD, n = 3) in 

the presence or absence of LOV loading 

Nanocarriers Particle 

size (nm) 

Polydispersity 

index (PDI) 

Zeta 

potential 

(mV) 

Drug 

loading (% 

w/w) 

Encapsulation 

efficiency (%) 

TPGS 

Micelles 

Blank 13.0 ± 1 0.25 ± 0.05 -1.41 ± 1.9  

2.05± 0.08 

 

72 ± 19 Loaded 11.0 ± 0.2 0.13 ± 0.02 -1.26 ± 1.5 

PC/CHO/ 

DSPG 

Liposomes 

Blank 107 ± 4 0.229 ± 0.01 -33.0 ± 8.9  

5.04 ±0.29 

 

92 ± 4 Loaded 94.0 ± 2 0.264 ± 0.01 -42.3 ± 1.1 

LMH (TFH)  149 ± 2 0.246 ± 0.01 - 46.3 ± 1.9 5.58±0.03 79 ± 5 

3.1.2. Liposomes 

Liposomes with and without LOV were prepared from a combination of phosphatidylcholine 

(PC), cholesterol (CHO) and DSPG (1,2-distearoyl-sn-glycero-3-phospho-1'-rac-glycerol, 

sodium-salt) (molar ratio PC/CHO/DSPG 7:3:2). The negatively charged phospholipid DSPG 

is commonly used to prepare anionic liposomal formulations and contributes to the negative 

zeta potential observed for DSPG/PC/CHO liposomes (-33 mV). Zeta potential values higher 

than 25 mV (either positive or negative), are considered necessary to provide colloidal stability 

due to electrostatic repulsion [32]. The liposomes remained negatively charged after LOV 

loading. 
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The diameter of LOV loaded PC/CHO/DSPG liposomes (94.0 nm) was smaller compared to 

blank liposomes (107.0 nm) (Table 1). When LOV is dissolved together with the lipid mixture, 

it is located within the liposomal bilayer, where the acyl chains of DSPG provide a favorable 

environment. Intercalation of LOV into the bilayer leads to a re-arrangement of the membrane 

structure and a decrease in ordering of the bilayer. This hypothesis is supported by previous 

studies [33, 34] where reduction of the liposomal membrane organization order and reduced 

average particle size of the liposomes was reported. De Paula et al. showed decreased bilayer 

organization with increased local anesthetic concentration, reaching a maximum at the drug 

water solubility, indicating that partitioning in the membrane is limited by saturation of the 

aqueous phase [35]. The diameter of PC/CHO/DSPG liposomes was within the small 

unilamellar vesicles size range (SUV < 200 nm), suggested to be suitable for drug delivery 

applications [36, 37].  

3.1.3. Liposome Micelle Hybrid.  

LMH were prepared by combining micelles into liposomes using thin film rehydration (TFH). 

When the TPGS micelles were assembled into the liposome aqueous core, the LMH diameter 

increased from 94.0 ± 2 nm to 149 ± 2 nm. LMH are considered to be monodispersed (PDI < 

0.3) [38] with a zeta potential of - 46.3 mV (Table 1), suggesting an increase in the fraction of 

DSPG in the liposome’s outer membrane upon incorporation of the micelles. LOV loading was 

highest for LMH, achieving 5.6%, compared to 2.1% for micelles and 5.0% for liposomes. 

Cryo-transmission electron microscopy (Cryo-TEM) images of LMH and liposomes (Fig. 1) 

displayed a spherical shape surrounded by a lipid bilayer (unilamellar) with an average 

diameter around 100 nm, in good agreement with dynamic light scattering. Notably, there were 

some micelles (“worm-like”) scattered inside the inner aqueous core of the LMH (Fig. 1b), that 

were not observed inside the blank liposomes (Fig. 1a).  
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Fig. 1. Cryo-TEM images of a) DSPG/PC/CHO liposomes and b) LMH. 

3.2. Physical stability of nanocarriers  

Upon storage, liposomes tend to degrade or aggregate and fuse [39], which may lead to drug 

leakage during storage or after administration. With this in mind, we investigated the stability 

of LOV-loaded micelles, liposomes and LMH in aqueous dispersions over 3 mos at 4 °C (1 

mM NaCl). For LOV-loaded micelles, a slight increase in diameter was observed from 11 to 

14 nm over the course of time (Table S1). The size of liposomes also increased from 94 to 158 

nm. Interestingly, for LMH the size decreased from 168 ± 2 to 134 ± 0.7 nm during storage. 

The combination of lipids and TPGS demonstrated improved stability, as has been observed 

for mixed micelles [40]. 

3.3. LOV release studies 

The release kinetics of LOV from micelles, liposomes and LMH were determined in vitro at 

37 °C using the dialysis bag method [41] and 0.5% PEG400 in PBS as release medium (Fig 2.) 

(31.63 µg/mL drug dissolved in this buffer).  

For micelles, sustained release characteristics were observed, with 40% LOV released within 

12 h, followed by a more gradual release to 90% over 240 h (Fig. 2a). This is attributed to 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 

 

micelles restricting the release of LOV, with their hydrophobic core interacting with the 

hydrophobic LOV. Similar sustained release properties have been reported in the literature for 

doxorubicin loaded linoleic acid-chitosan copolymer micelles [42]. 

 

Fig. 2. LOV release from a) micelles and LMHIN (blank lipid bilayer + loaded aqueous inner 

core) for 24 h (inset graphs) and up to 10 d with (PBS + PEG-400 (0.5%), b) liposomes and 

LMHEX (loaded lipid bilayer + blank aqueous inner core) at 37 °C in dialysis bag ( mean ± SD, 

n = 3). 

 

From LMHIN (LOV-loaded only within the micelles) (Fig. 2a), the LOV release was sustained 

over 10 d and noticeably slower compared to the micelles. Only 17 % (compared to 40% for 

micelles) of LOV was released within 12 h, followed by sustained release to almost 56% at 

240 h (compared to 90% from micelles). In the case of LMHIN, the LOV loaded in micelles 

has to escape the hydrophobic micellar core and then the liposome bilayer. Therefore, the 

release rate is slower than for the micelles alone. Moreover, TPGS molecules may affect 

physicochemical properties and thus stabilize and modify the liposome bilayer structure, which 

may control the release of the drug. 

LOV released from liposomes relatively fast in the first 12 h, with 75% of LOV released at 24 

h before plateauing and reaching 85% LOV released after 72 h (Fig. 2b). When LOV was 

loaded in the lipid bilayer of LMH containing blank micelles (LMHEX), the LOV release profile 

was similar to that of liposomes. Within 12 h, 67% of LOV was released before plateauing 

around 73% LOV released at 24 h. The observed retarded LOV release may also be due to 

TPGS molecules inserting into the liposome bilayer, which has been demonstrated previously 

for TPGS modified liposomes [43].  
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Release studies of LOV from micelles, liposomes and LMH (LOV loaded in micelles and lipid 

bilayer) were performed with the release media of 20% ethanol in water in addition to Tween-

80 (0.2% w/v) (Fig. 3). A similar LOV release profile was observed from micelles and 

liposomes, with approximately 95 % LOV release within 48 h from both nanocarriers (Fig. 3). 

In comparison, retarded release was observed from LMH, with 48% LOV release within 48 h 

demonstrating a controlled release profile from the hybrid system (Fig. 3). Here, LOV loaded 

in micelles within the liposome core has provided controlled drug release. 

 

 

Fig 3. LOV release from micelles, liposomes and LMH (lipid bilayer and aqueous inner core) 

in release media (PBS with 0.2% of tween 80) and 20 % ethanol at 37 °C in dialysis bag (mean 

± SD, n = 3). 

Altered LOV release from the nanocarriers was observed in Fig. 3 compared to Fig. 2a and b, 

due to the different release buffer. It has been reported that the presence of ethanol destabilises 

the liposomes by penetrating into the liposome lipid bilayer to reversibly decrease its barrier 

properties [44]. Effect of ethanol in drug release from micelles has not been reported. However, 

ethanol is reported to have surface active properties that help to swelling the micelles, where 

for liposomes and hybrid presence of ethanol increases membrane fluidity. Combined with 

these results suggest that ethanol can lead to increased LOV release from both micelles and 

liposomes. 
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3.4. In vitro drug release kinetics 

To determine the release mechanism of LOV from micelles, liposomes, and LMH, the 

Korsmeyer–Peppas [45] model was used (equation (4)).  

Mt/M∞= Ktn     Eq. (4) 

This model generally describes release the fractional release of drug, Mt/M∞, with time (t) from 

a drug delivery system where K is a characteristic kinetic constant and n, an exponent 

coefficient that characterises the mechanism of release. The value of exponent n indicates the 

different diffusion controlled drug release mechanisms [46]. 

In order to access more details of the release mechanism, the diffusion coefficient (D) of LOV 

from each of the nanocarriers was derived using the non-steady-state diffusion model equation 

(Equation 5) [47]; 

Mt/M∞= 4(Dt/πλ
2)1/2    Eq. (5) 

Where, D drug diffusion coefficient at time t, λ is the thickness of the nanocarriers (the value 

is too small, so it was considered negligible) and t is the time of the measurement.  

Table 2: The exponent value (n) used to characterise the LOV release mechanism and the 

diffusion coefficient (D) from the LOV release data for micelles, liposomes and LMH (release 

media PEG-400, 0.5% and 0.2 % Tween 80 + ethanol).  

Nanocarriers 

Type 

PEG400, 0.5%  Tween 80 + ethanol 

n R2 D (m2/s) x 10-10 n R2 D (m2/s) x 10-10 

Liposome 0.22 

 

0.941 7.96 0.296 0.959 5.79 

Micelle 0.347 0.993 3.82 0.337  0.981  5.12 

LMHEX  0.528  0.930  5.39 -- -- -- 

LMHIN 0.286 

 

0.972 1.28 -- -- -- 

LMH -- -- -- 0.286 0.977 3.18* 

 *double loaded LMH 

According to Korsmeyer and Peppas [45] a value for n < 0.5 suggests that the overall diffusion 

mechanism is Fickian. Here, the values of n were below 0.5 for LMH and other nanocarriers, 

suggesting the mechanism of LOV release from nanocarriers is Fickian diffusion. 
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If we consider D (see Table 2) for LOV release in the PBS with PEG400 (0.5%, v/v) media, it 

was observed that Dliposome > Dmicelle, reinforcing the hypothesis that the LOV is interacting with 

the hydrophobic micellar core and therefore retarding its release. Interestingly, Dliposome > 

DLMHex, suggesting that there is material transfer between the micelles and the liposomes, 

reducing the LOV mobility within the lipid bilayer of the LMHEX. Not surprisingly, DLMHin < 

Dliposome/ Dmicelle, as the LOV must diffuse from the micelles before also having to transit across 

the liposome bilayer before reaching the release media. 

Next, if we consider D (Table 2) for LOV release in the Tween 80/ethanol media, we observe 

a reduction in Dliposome (compared to LOV release in the PEG400 media). This may be due to 

the interaction of the Tween 80 with the liposome surface, thereby decreasing LOV release. In 

contrast, we observe an increase in Dmicelle (again, compared to LOV release in the PEG400 

media), which may be due to the ethanol in the media acting as a permeation enhancer. Finally, 

we observe DLMH < Dliposome  Dmicelle, which is attributed to the additional barrier to LOV 

release from micelles within the liposomes to LOV released from reaching the external media 

(the Tween 80 may also play a role here). 

3.5. Caco-2 cell monolayer permeability studies  

Biocompatibility of the nanocarriers was tested on Caco-2 cells by an Alamar Blue assay prior 

to commencement of the permeability assessment. As shown in Fig. S1. LOV-LMH showed 

no toxic effect on Caco-2 cells at LOV concentrations from 0.0001 to 1 mg/mL, i.e. cell 

viability was ~100%.  

Permeability analysis on Caco-2 cell monolayers was performed on day 21, when they are 

reported to have well-differentiated and polarized columnar cells with tight junctions and 

microvilli expression organised as a brush border [48, 49, 50]. TEER values were measured in 

the presence of LOV encapsulated in micelles, liposomes and LMH as well as free LOV 

solutions, and ranged from 687 to 1497 Ω·cm2 (after background resistance was subtracted) in 

HBSS buffer. At the end of the permeation studies (120 min), these values ranged from 446 to 

663 Ω·cm2 which indicates integrity of the cell monolayer was retained as reported previously 

[48]. 

After 2 hours of treatment, the TEER values of cell monolayers was decreased in the presence 

of micelles, liposomes, LMH and LOV to 55 %, 46 %, 34 % and 90 % of the initial value, 
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respectively (Fig.4). Thus, a greater reduction was observed for LMH than liposomes and 

micelles. The change in permeability for all nanocarriers was significant compared to LOV 

(ANOVA, p<0.05). From this drop in resistance, we concluded that the nanocarriers were able 

to open the tight junctions (TJ), increasing paracellular permeability of the Caco-2 cells, as 

reported by Ward et al [51]. The TEER did not change significantly for the control system (no 

treatment) in HBSS buffer and cells. The findings here correlate with similar decreased TEER 

values for docosahexaenoic acid and eicosapentaenoic acid-enriched phosphatidylcholine 

liposomes [52] and risperidone loaded mmePEG750 P(CL-co-TMC) micelles [53].       

 

 

Fig. 4: Effect of 100 µM LOV encapsulated in micelles, liposomes, LMH and free LOV on the 

TEER in Caco-2 cell monolayers (21 d old) in HBSS over the 2 h treatment period. Control 

without treatment (cells and buffer only). The data are presented as mean ± SD (n = 4). One-

way ANOVA analysis indicates statistically significant (p< 0.05) difference between control 

and nanoparticles was 0.006.  

 

The permeation coefficient, or Papp, was quantified for bidirectional transport of LOV across 

the CCM. The Papp of LOV across CCM’s in the absorptive (apical-to-basolateral; A→B) 

direction increased by 1.34, 1.23 and 1.14-fold and in the secretory (basolateral-to-apical; 

B→A) direction by 2.46, 3.53 and 3.33-fold, for LOV encapsulated in micelles, liposomes, and 

LMH, respectively (Fig. 5). Statistically significant (p < 0.020) differences between A→B and 

B→A permeability for all nanocarriers were observed from single factor ANOVA data 

analysis. Thus, all the nanocarriers modified the permeability of LOV through the CCM. The  
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enhanced B→A transport vs A→B for in vitro permeability of LOV observed here, correlates 

with previous studies of cerivastatin (3 fold) and of atorvastatin (7 fold higher) (Kivisto et al. 

[54] and Wu et al. [55]). It has also been reported by Li et al. that statin drugs atorvastatin, 

LOV, and rosuvastatin, displayed low A→B transport as a result of their low solubility and, as 

P-gp substrates, they restrict diffusion and transport in the A→B direction compared to the 

B→A transport [56]. 

 

  

Fig. 5: The A→B and B→A fluxes of LOV and LOV loaded nanocarriers (100 µM) were 

determined at pH 7.4 as a function of time (2 h at 37°C) and B) Transepithelial efflux of LOV 

across CCM. Each point represents the mean (4 S.E.M.) of 4 determinations (CCM). One-way 

ANOVA analysis indicates statistically significant (P < 0.05) differences between A→B and 

B→A permeability was 0.02. 

 

The efflux ratio (ER) is another important parameter used to describe possible mechanisms of 

drug and nanocarrier permeability. The net flux of LOV was observed in the secretory direction 

(Papp B→A) in CCM (Fig. S2). Theoretically, an ER greater than unity implies the presence of 

one or various efflux transporters. [57] However, an ER close to 1.0, indicates intestinal 

absorption to be dominated by passive diffusion [58]. Micelles, liposomes, LMH and free LOV 

showed an ER ≥ 1 (1.84, 2.90, 2.95, and 1.44, respectively), which confirms transporter 
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mediated diffusion by slowing apical transport and a relative enhancement of the basal 

pathway.  

After the permeability experiments, evaluation of CCM permeability characteristics was 

performed by measuring the passive passage of LY [52]. LY is a small hydrophilic compound 

which diffuses through the monolayer mainly via the paracellular space of the tight junctions, 

[59] and is used as a fluorescent permeability marker with very low permeability (Papp < 0.4 X 

10-6 cm/s) [56]. The results demonstrate that micelles, liposomes, LMH and free LOV were 

able to increase LY permeability significantly compared to control (buffer and cells only) (Fig. 

S3) and the difference in LY permeability was not varied among the nanocarriers. This data 

closely correlates with Papp A→B as this study was performed in the A→B direction.  

3.6. Cellular transport, intracellular uptake and accumulation 

Monitoring the transport of LOV across the CCM, after 8 hours of incubation time, the A→B 

permeability of LOV loaded in micelles, liposomes and LMH increased approximately 2-fold 

compared to free LOV (Fig. 6a). In all cases, the transport was biphasic with respect to 

incubation time: slow transport was detected during the first 2 h of contact (where permeability 

was assessed, Section 3.5), followed by a steeper increase in transport upon prolonged 

incubation in the next 6 hours. The transport data showed sigmoidal characteristics over 8 hours 

for all LOV-nanocarriers including the free LOV and demonstrate the ability of the 

nanocarriers to enhance LOV transport.  
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Fig. 6: a) LOV transported across Caco-2 monolayers after 8 hours of incubation in the A→B 

direction at 37°C in the presence of micelles, liposomes and LMH containing 100 µM of LOV 

and free LOV 100 µM, expressed as a percentage of the initial concentration of 100 µM LOV, 

added to the apical compartment, as a function of time, mean ± SD (n=4).b) Caco-2 cell uptake 

of LOV and LOV loaded nanocarriers (all containing 100 µM LOV). The average size and 

charge of the nanocarriers, micelles, liposomes, and LMH are shown above the standard 

deviation bars.  

 

The sigmoidal curve of LOV transport could be explained in the first 2 h of the transport as P-

gp mediated at the apical side (A-B) has been shown to limit the transport of LOV through the 

apical membrane (Fig. 6a). After 2 h, LOV transport increased significantly which may result 

from the saturation of the P-gp present in the apical membrane of the CCM [60] allowing LOV 

transport to increase. Wang et al. reported LOV, atorvastatin and simvastatin are very potent 

and effective inhibitors of P-gp transport due to their similar molecular structure as well as 

similar physical and chemical properties [10]. The paracellular mechanism of absorption that 

improved the permeability of LOV by assisting its transport through the CCM may be 

explained by the ability of nanocarriers to open up the tight junctions, thus allowing the 

released drug to permeate via the paracellular route [61]. For micelles, TPGS molecules have 

been described to be capable of inhibiting the biological activity of P-gp [62] therefore, greater 

transport was found for micelles as reported by Chen et al. [30] and Dintaman et al. [63]. 

At the end of the LOV transport experiment (8 h), the intracellular uptake and accumulation of 

LOV were assessed to determine which carriers promoted the greater transportation and 

accumulation of drug molecules inside the cells (Fig. 6b). The Caco-2 cell uptake of LOV 

encapsulated in micelles, liposomes and LMH were 1.14-fold, 2.03-fold, and 2.88-fold higher 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



24 

 

than that of LOV at the same concentration (100 µM), respectively, indicating that LOV 

nanocarriers had a strong influence on uptake and accumulation of LOV in the Caco-2 cell 

monolayers.  

4. Conclusion 

A novel LMH system consisting of TGPS micelles encapsulated in liposomes has been 

developed for delivery of LOV. Compared with the individual micelles and liposomes, LMH 

has improved LOV loading and aqueous solubility, sustained LOV release, increased 

permeability and enhanced transport across an epithelial cell monolayer by inhibiting the P-gp 

that limits absorption of the poorly soluble LOV. The straightforward preparation method of 

LMH may be amenable to further scale-up. The results highlight the significance of LMH to 

enhancing oral bioavailability and could open alternative formulation opportunities for oral 

delivery of poorly soluble drugs. Overall, these results describe a unique hybrid particle system 

with advanced, controlled drug release properties, which are a promising drug delivery vehicle 

for further in vivo studies and clinical evaluation. 
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Supplementary Figures 

 

 

Fig. S1. Caco-2 cell viability as a function of various levels of LOV-LMH inclusion. 

Viability determined after 48 hours of treatment by Alamar Blue assay. Data presented as the 

mean ± SD (n = 4) from two individual experiments in quadruplicate. **control without the 

drug.  
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Fig. S2. Efflux ratio of LOV, and LOV incorporated in micelles, liposomes and LMH. as 

calculated as the ratio of Papp measured in the B→A direction divided by the Papp in the 

A→B direction. 

 

 

 

Fig. S3. Percent permeability of LY (100 µM) from A→B; added to the apical chamber of 

CCM treated with 100 µM LOV and 100 µM LOV incorporated into each nanocarrier; 

micelles, liposomes, and LMH; were incubated for 1 h with LY. After 1 h samples were 

collected from the basal chamber. Results are mean ± SD (n = 4).  
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