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Abstract: The study aims to develop and optimise lipid-based colloidal carriers (LBCC) for enhancing 

solubilisation and reducing fed/fasted variation for the poorly water-soluble danazol (DAN). Oil-based and 

self-microemulsifying delivery systems (SMEDDS) were developed, and the effect of solidification was in-

vestigated. Liquid SMEDDS (L-SMEDDS, Capmul MCM:Tween 80:Transcutol HP 1:2:1, w/w) and emul-

sion (Capmul MCM:soya lecithin 100:0.6, w/w) were developed. Solid-state formulations were prepared via  

(i) physical adsorption of L-SMEDDS (P-SMEDDS) or (ii) spray drying of emulsion (silica-lipid hybrid, SLH) and  

L-SMEDDS (spray-dried SMEDDS, S-SMEDDS) using Aerosil 380 silica nanoparticles as the solid carrier. In vitro lipid 

digestion and drug solubilisation under simulated intestinal conditions in both fasted and fed states were investigated. 

Solubilisation of unformulated DAN under both fasted and fed conditions was low, and a large fed/fasted variation was 

observed, i.e. 6.6-fold difference. All LBCC formulations provided enhanced drug solubilisation and significantly reduced 

the fed/fasted variation. For self-emulsifying LBCC, the fasted state drug solubilisation was ranked as L-SMEDDS > P-

SMEDDS > S-SMEDDS, suggesting that solidification reduced the capability of SMEDDS in presenting DAN to the 

aqueous phase. However, in the case of oil-based LBCC, improved drug solubility was observed with the solid form SLH 

under both fasted and fed state in comparison to that of the equivalent liquid form. Overall, the SLH, which provided the 

highest drug solubilisation in the fasted state (i.e. 10-fold higher than the pure DAN) and the smallest fed/fasted variation, 

was considered an optimised solid LBCC to enhance the solubilisation of DAN and reduce the fed/fasted variation.  

Keywords: Colloidal carriers, fasted state, fed state, food effect, in vitro lipolysis, lipid-based, self-microemulsifying, silica-
lipid hybrid. 

1. INTRODUCTION 

 Solubilisation of pharmaceutical compounds in gastro-
intestinal (GI) fluids is a prerequisite of oral drug absorption. 
Drug solubilisation in the GI tract is a complex process, and 
is determined by physicochemical properties of the com-
pound (e.g. water solubility and particle size) as well as 
physiological factors (e.g. presence of food within the GI 
tract) [1]. For BCS class II drugs (i.e. low water solubility 
and high permeability), a positive food (or post-prandial) 
effect takes place when co-administered with a fat-rich meal 
and can significantly improve the oral bioavailability, i.e. by 
at least 25% [2]. Enabling lipid-based colloidal carriers 
(LBCC) have been developed to mimic the positive food 
effect and optimise the oral bioavailability of BCS class II 
compounds [3]. It was suggested that the ingested lipid ex-
cipients can enhance the drug solubility capacity in the GI 
tract by creating a lipophilic microenvironment and generate 
a concentration gradient favouring drug transport towards the 
intestinal absorptive sites [2c, 4].  
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 A majority of the excipients used to construct LBCC are 
liquid or semi-solid at ambient temperature, and the mar-
keted oral LBCC are typically filled in soft or hard capsules, 
such as Neoral® cyclosporine soft gelatin capsules and 
Solufen® ibuprofen hard gelatine capsules [5]. Whist the 
capsule liquid-filling approach generally enables high drug 
loading potential, the risk of incompatibility between the fill 
component and the shell as well as the potential leakage or 
migration of liquid excipients into the capsule shell represent 
a major challenge. An alternative approach to convert liquid 
LBCC to the solid state involves the adsorption or encapsula-
tion of liquid dosage forms onto/within inert porous solid 
carriers with high specific surface area, such as colloidal 
silicon dioxide (Aerosil®) [6], and magnesium aluminometa-
silicate (Neusilin®) [7]. Liquid-loaded powders are free flow-
ing and can be easily compressed into tablets to allow con-
venient oral dosage [8]. However, literature data on the ef-
fect of such an adsorption or encapsulation process on the 
ability of the formulation to present the poorly water-soluble 
drug in a solubilised state has been sparse and contradictory. 
Speybroeck et al. reported the adsorption of liquid SMEDDS 
to Neusilin® US2 limited the release of danazol and provided 
a reduced oral bioavailability in comparison to the liquid 
SMEDDS in a fasted rat model [7a]. In contrast, Shanmugam 
et al. demonstrated comparable pharmacokinetic profiles for 



Impact of Solidification on the Performance of Lipid-based Colloidal Carriers Current Drug Delivery, 2015, Vol. 12, No. 1    17 

lutein-encapsulated liquid and solid SNEDDS following the 
oral administration to fasted rabbits [9]. In addition, solid-
state silica-lipid hybrid (SLH) systems have shown improved 
oral bioavailability for a range of poorly water soluble com-
pounds in comparison to the equivalent liquid oil-based or 
self-emulsifying formulations [6b, 10]. Furthermore, most of 
the literature data were focusing on the intestinal fasted state, 
little is known regarding the formulation factors that may 
affect the fed state solubilisation of poorly water soluble 
compounds and the fed/fasted state variation.  

 The current study therefore sought to assess the impact of 
solidification on the performance of LBCC under simulated 
intestinal digesting conditions in both fasted and fed states. 
A dynamic in vitro lipolysis model which simulates the 
physiological intestinal fed/fasted condition was used for the 
assessment. Danazol (DAN, water solubility = 0.42 μg/ml, 
logP = 4.53 [11]), for which food intake increases the oral 
bioavailability by more than three-fold over the fasted condi-
tion in healthy human subjects, was selected as the model 
BSC class II compound [12]. Two types of LBCC were 
compared, Lipid Formulation Classification System (LFCS) 
Type I oil-based formulation (i.e. only comprised of triglyc-
erides or mixed glycerides surfactants) and Type IIIB 
SMEDDS formulation (i.e. comprising ≥ 80%, w/w of hy-
drophilic components) [13]. Together, the study provides 
important information on the role of solidification in enhan-
cing or preserving the biopharmaceutical performance of 
various liquid-state LBCC, which will contribute to the fu-
ture optimisation of solid-state lipid-based formulations for 
the oral delivery of poorly water-soluble drugs.  

2. MATERIALS AND METHODS 

 Danazol powder and Tween 80 (Polysorbate 80) were 
supplied by Chem-supply (Gillman, SA, Australia). Capmul 
MCM (C8/C12 mono/diglyceride blend) and Transcutol HP 
were gifts from Abitech Corporation (Columbus, OH, USA) 
and Gattefossé (Lyon, France), respectively. Soybean leci-
thin (>94% phosphatidylcholine and <2% triglycerides) was 
purchased from BDH Merck (Kilsyth, VIC, Australia). Hy-
drophilic fumed silica (Aerosil® 380) with a primary average 
diameter of 7 nm and a specific surface area of 380±30 m2/g 
was purchased from Evonik Degussa (Essen, Germany). 
Sodium taurodeoxycholate (NaTDC) 99%, Trizma maleate, 
lecithin (60% pure phosphatidylcholine, from dried egg yolk), 
porcine pancreatin extract (activity equivalent to 8 × USP 
specification), 4-bromophenylboronic acid (4-BBB), calcium 
chloride dehydrate and sodium hydroxide pellets were pur-
chased from Sigma-Aldrich (Sydney, NSW, Australia). All 
other chemicals were of analytical grade and used as received. 
High purity (Milli-Q) water was used throughout the study. 

2.1. HPLC Analysis of DAN 

 DAN was assayed using a HPLC system (Shimadzu Cor-
poration, Japan) consisting of a series of LC-20ADXR 
pumps, SIL-20ACXR auto sampler, CTO-20AC column 
oven, and SPD20A variable UV detector set at 286 nm, and a 
LiChrospher C18 analytical column (RP-18, 5 µm, 4.6 mm 
ID ×250 mm, Alltech, Grace Davision Dicocvery sciences, 
Columbia, MD, USA). The mobile phase was a mixture of 
acetonitrile and water (75:25 v/v), eluted at a flow rate of 1 

ml/min. The limit of quantification (LOQ) of this analytical 
method was 50 ng/ml. The intra- and inter-day assay preci-
sion was assessed by coefficient of variance (≤ 10%) and the 
accuracy was assessed as percentage bias (≤ 10%). Linear 
calibration curve (R2 ≥ 0.99) was plotted for chromato-
graphic peak areas against DAN concentrations (in mobile 
phase solution) over the range of 0.1–20 µg/ml, without the 
addition of an internal standard. All analytes were diluted 
suitably to meet the calibration concentration range. 

2.2. Preparation of SMEDDS Formulation 

 Capmul MCM was selected as the lipid candidate, given 
its relatively higher solubility for DAN (21.6±1.2 mg/g at 37 
°C) in comparison to other glycerides [14]. Tween 80 (Hy-
drophilic-Lipophlic Balance, HLB= 15) and Transcutol HP 
were selected as the surfactant and co-solvent, respectively. 
The lipid: surfactant: co-solvent ratio was optimised based 
on the solubility test and visual assessment of the propensity 
to self-emulsify as described below. The liquid SMEDDS 
(L-SMEDDS) were prepared by weighing the appropriate 
amount of DAN and excipient in glass vials, and mixed by 
magnetic stirring and sonication until DAN was completely 
dissolved.  

 To determine DAN equilibrium solubility, an excess 
amount of DAN was added into each L-SMEDDS pre-
concentrate. The mixtures were covered with aluminium foil 
to avoid the exposure to light. The mixtures were sonicated 
(Bransonic® Model 2510, USA) for 90 minutes, and equilib-
rated by rotation at room temperature for 3 days. The mix-
ture was then centrifuged (Hermle high speed table top cen-
trifuge Z36HK, Germany) at 20,000 rpm (29,074 x g) for 20 
minutes to precipitate the undissolved drug. The content of 
DAN in the supernatant, defined as the solubility, was quan-
tified following drug exaction with methanol and sample 
analysis by HPLC as described above.  

 The self-emulsifying properties were assessed using a 
visual test, whereby 1 part of L-SMEDDS was added to 100 
parts of water at room temperature (v/v), and the tendency to 
form bluish or transparent emulsion spontaneously was ob-
served. Samples were gently agitated and the ease of emulsi-
fication was noted. 

2.3. Preparation of Solid-SMEDDS 

 Two solidification approaches were investigated for the 
formation of solid SMEDDS, i.e. i) physical adsorption via 
blending the optimised L-SMEDDS with the solid carrier, 
and ii) bulk self-assembly and spray drying. Aerosil® 380 
silica was selected as the solid carrier in both cases.  

 To prepare the spray-dried solid SMEDDS (S-SMEDDS), 
water was added to the prepared DAN-loaded L-SMEDDS 
(3%, w/w) as the continuous phase to form the o/w micro-
emulsion (L-SMEDDS: water 1:10 w/w); after sonication for 
10 min, the microemulsion was mixed with an equal volume 
of silica aqueous dispersion (5% w/v) via magnetic stirring 
for overnight; final S-SMEDDS was obtained following 
spray drying the mixture under the following conditions: 
inlet temperature 160 °C, outlet temperature 65 °C, flow rate 
7 mL/min, aspiration setting 10 (BÜCHI Mini Spray Dryer 
B-290, Switzerland).  
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 To prepare the physically adsorbed SMEDDS (P-
SMEDDS), L-SMEDDS was physically mixed with silica 
using a spatula until the formation of a homogeneous and 
free-flowing powder. The ratio between L-SMEDDS and 
silica was kept at 2:1 (w/w). Prior to the physical mixture 
process, the silica particles were obtained following spray 
drying the silica dispersion (5%) under the same conditions 
as that described for the formation of S-SMEDDS to remove 
the excess of water adsorbed onto/within the porous silica 
particles.  

2.4. Preparation of SLH Microparticles 

 SLH microparticles were prepared following a three-step 
preparation process as described previously [10c]. Capmul 
MCM and soybean lecithin were selected as the oil phase 
and emulsifier, respectively. Briefly, soybean lecithin (0.6 % 
w/v) was solubilised in Capmul MCM by sonication for 10 
min. DAN (3%, w/w) was dispersed in the oil mixture by 
sonication for 10 min, after which Milli-Q water was added 
to the drug-loaded oil mixture. A coarse o/w emulsion was 
formed following sonication (1 hour), overnight stirring, and 
homogenisation (Avestin® EmulsiFlex-C5 Homogenizer) 
under a pressure of 1000 bar for 5-10 cycles. The coarse em-
ulsion was then mixed with Aerosil® 380 silica dispersion 
(5% w/w) via magnetic stirring overnight. The final SLH 
formulation was obtained following water removal from the 
mixture by spray drying following the same conditions as 
that used for the preparation of S-SMEDDS.  

2.5 Physicochemical Characterisation of LBCC 

2.5.1. Particle Size 

 The particle sizes of solid formulations were character-
ised using laser diffraction (Malvern Mastersizer 2000, UK). 
Water (refractive index=1.33) was used as the dispersant, 
and the particle refractive index was pre-set as 1.45 for me-
dium-chain lipids and silica particles. 

 In addition, the particle size and polydispersity index 
(PDI) of dispersions of liquid or solid formulations in aque-
ous medium were determined by dynamic light scattering 
technique (Malvern Nano-ZS Zetasizer, UK). Formulations 
were dispersed in water (25 °C) by hand-held shaking at a 
concentration equivalent to that obtained in the digestion 
medium. For solid formulations, the dispersions were centri-
fuged at low speed (450 g, 25 °C) for 5 min to avoid the 
interference of large silica particles prior to the size meas-
urement of the redispersed lipid colloids [7a].  

2.5.2. Lipid Content 

 Lipid content of solid formulations was determined using 
thermogravimetric analysis (Hi-Res Modulated TGA 2950, 
TA Instruments Australia). Approximately 10 mg of each 
formulation was accurately weighed. The sample was heated 
in an aluminum pan at a rate of 10 °C/min from 20 °C to 600 
°C under a nitrogen gas purge. The lipid excipients were 
evaporated within the range of 200-500 °C, and the silica 
component remained thermally stable. After correction for 
the water content, the weight loss after heating was computed 
using the associated TA Universal Analysis software, and 
this corresponds to the lipid content of the microparticles.  

2.5.3. Drug Loading  

 The amount of DAN loaded into solid-SMEDDS and 
SLH carriers was determined using a solvent extraction 
method. 10 mg of formulation was dissolved in 10 mL 
methanol and sonicated for one hour. The mixture was then 
centrifuged at 20,000 rpm for 10 min. The supernatant was 
collected and diluted with mobile phase prior to HPLC an-
alysis for DAN content.  

2.5.4. Solid State Characterisation 

 The degree of crystallinity of the encapsulated DAN was 
monitored using differential scanning calorimetry (DSC) 
technique (TA instruments Q100 DSC). Each sample (ap-
proximately 5 mg) was heated in an aluminum pan at a rate 
of 10 °C/min over a temperature range of 25-200 °C, under a 
flow of dry nitrogen gas (80 ml/min). The heat flow required 
to maintain an equal temperature between the sample and a 
plain reference was recorded using the associated Universal 
Analysis software. A DAN (2%, w/w)-silica physical mix-
ture was prepared via mixing DAN with Aerosil® 380 silica 
particles at the mass ratio of 2:98 by overnight magnetic stir-
ring. DSC analysis of the physical mixture was conducted to 
study the sensitivity of DSC for DAN in the presence of 
silica.  

2.6. Lipolysis Study 

2.6.1. Preparation of Digestion Medium 

 Fed/fasted state digestion media simulating human intes-
tinal conditions were prepared according to protocols devel-
oped in previous research [15]. Standard buffer solution (pH 
7.35-7.45) consisting of 50 mM Trizma maleate (pH 7.5), 
150 mM NaCl, and 5 mM CaCl2·2H2O was prepared.  

 The fasted and fed state mixed micellar solutions consist-
ing of bile salt (BS): phospholipids (PL) at the concentra-
tions of 5 mM BS:1.25 mM PL (Fasted) and 20 mM BS: 
5mM PL (Fed) were prepared, which resemble the levels of 
endogenous BS and PL in the fasted and post-prandial hu-
man intestine [2a]. Egg lecithin was weighed into a round-
bottom flask and dissolved in 3-4 mL chloroform. The 
chloroform was then evaporated off under vacuum (BÜCHI 
Rotavapor-RE, Switzerland), forming a thin film of lecithin 
on the walls of the flask. NaTDC was weighed into the flask, 
and standard buffer was added. The resulting mixture was 
then covered with foil, and stirred overnight to form clear 
micelles. The fasted and fed state mixed micellar solutions 
were stored in the fridge (covered with foil) and used within 
two weeks of preparation.  

2.6.2. In vitro Lipolysis Studies 

 The progress of lipid digestion was monitored for 60 min 
by using a TitraLab® 854 pH-stat titration apparatus (Radi-
ometer Analytical, France) according to a previously estab-
lished lipolysis model [16]. A known quantity of lipid for-
mulation was dispersed in the digestion medium (37 °C), and 
the dosage of lipid was fixed at 200 mg/ 20ml digestion me-
dium. The pH was re-adjusted to 7.50±0.01 with 0.1 M 
NaOH or HCl solution prior to the start of lipolysis. Lipoly-
sis was initiated by adding 1 ml of pancreatin extract per 10 ml 
of lipolysis volume to produce a final lipase concentration of 
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~1000 TBU per ml of lipolysis volume. Free fatty acids 
(FFA) as a product of the lipolysis were titrated with 0.6 M 
NaOH via an auto-burette to maintain a constant pH at the 
pre-set value. The consumption of NaOH (after background 
correction with the blank micellar solutions) was used to 
calculate the number of moles of FFA liberated. It should be 
mentioned that oleic acid, which is the digestion product  
of Tween 80, is expected to be around 50% deprotonated at 
pH 7.5. Therefore, only 50% of the released oleic acid was 
detectable. 

2.6.3. In vitro Solubilisation Studies 

 The solubilisation level of DAN in the aqueous phase 
under fed/fasted state digesting condition was examined for 
pure DAN and the lipid based formulations. At 1, 5, 15, 30 
and 60 min, aliquots of 1 ml of lipolysis samples were col-
lected into individual 1.5 ml Eppendorf® centrifuge tubes 
prefilled with 10 μl of 4-BBB (0.5 M in methanol) as an en-
zyme inhibitor to stop the lipolysis process in the collected 
samples. Each collected sample was separated into an upper 
aqueous phase and a pellet phase by centrifugation at 22,000 
rpm for 45 min (37 °C). The aqueous phase was collected, 
extracted with acetonitrile, diluted with mobile phase, and 
analysed by HPLC for the DAN content.  

3. RESULTS AND DISCUSSION 

3.1. LBCC: Development and Physicochemical Charac-
terisations 

3.1.1. Development of L-SMEDDS 

 The solubilisation capacities of SMEDDS compositions 
for DAN and the propensity to self emulsify are presented in 
(Fig. 1). All SMEDDS formulations provided comparable 
solubility at room temperature, whilst the SMEDDS consist-
ing of the highest proportion of Tween 80 provided the 
greatest solubility (34.54 mg/g in Formulation 2), and that 
consisting of the highest proportion of Transcutol HP was 
the least soluble (30.01 mg/g in Formulation �). According 
to the visual assessment, it is apparent that the efficacy of 
emulsification increased as the % of Tween 80 increased in 
the composition. Upon 100-times dilution with water, the 
formulation composed of 25% Tween 80 (Formulation �) 
provided a cloudy dispersion, and the formulation composed 
of 50% Tween 80 (Formulation 2) was clear in appearance. 
Therefore, SMEDDS formulation consisting of Capmul 
MCM: Tween 80: Transcutol HP at the mass ratio of 1:2:1 

was selected as the optimised L-SMEDDS formulation for 
the following studies.  

3.1.2. Physicochemical Characterisation of Solid LBCC 

 Two types of solid SMEDDS of essential similar theo-
retical compositions were fabricated via different drying 
methods. Each formulation was comprised of approximately 
60% (w/w) lipids (including all the oil, surfactant and co-
solvent fraction) encapsulated by or embedded in a porous 
silica-based matrix at a L-SMEDDS:silica mass ratio of ap-
proximately 1:0.5 (Table 1). The lipid and drug loading effi-
ciency were above 88% and 100%, respectively, indicating 
the efficient loading of SMEDDS and drug encapsulation via 
either physical mixture or spray drying. 

 

 
 
Fig. (1). Solubility of danazol in different SMEDDS pre-

concentrates (bars). The top photos illustrate the dispersions of 

SMEDDS after 100 times dilution with water (the solubility data 

are expressed as the mean of three replicates, standard deviations 

are within 10% of the mean values; all studies were conducted at 

room temperature). 

 
 The SLH was characterised with 63.8% (w/w) lipid load-
ing, rendering a near complete lipid loading following the 
spray drying process. The experimental drug loading level of 
SLH was approximately two thirds of the initial loading level 
as the drug was added in excess compared to the maximum 
drug solubility in the lipid. In all cases, the final drug loading 
in the solid formulations was equivalent to the maximum 
solubility in the lipids (i.e. 21 mg/g of DAN in Capmul 
MCM [14, 17] and 34.54 mg/g in the L-SMEDDS), which 

Table 1. The lipid and drug loading level and encapsulation efficiency of different solid lipid based colloidal carriers (results are 

expressed as the mean of three replicates, standard deviations are within 10% of the mean values). 

Lipids 
*
 Drug 

Compositions  

Formulation 
Content (% w/w) Efficiency (%) Content (% w/w) Efficiency (%) 

P-SMEDDS 63.4 97.0 2.0 100.0 

S-SMEDDS 57.9 88.6 2.2 110.0 

SLH 63.8 97.6 1.3 65.0 
*The lipids include all fractions of oil, surfactant and co-solvent in the formulation. 
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indicates that the drug was encapsulated within the lipid 
phase after the solidification process.  

 Fig. (2) illustrates the DSC profiles of pure DAN, DAN 
(2%, w/w)-silica physical mixture, DAN-loaded S-SMEDDS 
and SLH. Pure DAN powder showed a sharp endothermic 
peak at 229 °C, which corresponds to its melting point and 
confirms its crystalline nature [18]. The sensitivity of DSC 
for DAN in the presence of silica was confirmed as the melt-
ing peak was retained at approximately 200-230 °C. DSC 
profiles of S-SMEDDS and SLH were found to exhibit no 
endothermic peak, indicating that DAN was non-crystalline 

and either solubilised in the lipid excipients or molecularly 
adsorbed on the surface of silica nanoparticles. 

3.1.3. Solid-State Morphology and Redispersed Colloidal 
Properties 

 All solid formulations appeared to be white agglomerated 
and free-flowing powders. Microscopic observation by SEM 
showed that both S-SMEDDS and SLH consist of well-
separated spherical structures with heterogeneous size distri-
butions ranging from 1 to 19 μm in the solid state (Table 2). 
Particle sizing by laser diffraction indicates a comparable 
redispersed particle size for DAN-loaded S-SMEDDS and 
SLH.  

 
 

Fig. (2). Differential scanning calorimetric thermogram for pure 

danazol (DAN) powder, DAN (2% w/w)-silica physical mixture 

and DAN-loaded solid lipid-base colloidal carriers. 

 
 The average particle size and PDI of microemulsions 
generated by dispersing the solid or liquid-state LBCC in 
water were measured by dynamic light scattering. Ideally, 
the solid formulations should be able to readily disperse in 
the aqueous media and reform colloidal dispersions with 
comparable droplet size as the liquid formulations. As shown 

Table 2. Physicochemical properties of DAN-loaded S-SMEDDS and SLH: redispersed particle size and solid state surface mor-

phology (particle size are expressed as the mean of three replicates, standard deviations are within 10% of the mean 

values). 

Colloidal Properties (in water) Solid State SEM Images 

S-SMEDDS Diameter (µm) 

D (v, 0.1) 6.25 

D (v, 0.5) 10.93 

D (v, 0.9) 18.58 

 

SLH Diameter (µm) 

D (v, 0.1) 6.21 

D (v, 0.5) 10.98 

D (v, 0.9) 18.93 
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in (Fig. 3), L-SMEDDS self-emulsified rapidly in the aque-
ous media and formed fine micro-emulsions (188 nm). The 
droplet size of microemulsions formed by dispersion of the 
equivalent solid SMEDDS formulations (and subsequent 
removal of silica particles by low-speed centrifugation) were 
significantly larger (317.7 nm for S-SMEDDS and 329.7 nm 
for P-SMEDDS, respectively), indicating a reduced emulsi-
fication efficiency after solidification. This is in line with 
previous literature data which illustrate that solidification of 
SMEDDS formulations led to larger droplet size of the re-
dispersed colloids [7a, 19]. A proposed explanation was the 
incomplete desorption of Tween 80 from the porous silica, as 
supported by the data showing a decreased capability of em-
ulsification when the proportion of Tween 80 in the 
SMEDDS formulation was reduced (Fig. 1). Self-
emulsifying is thought to occur via fracture of liquid crystals 
leading to formation of nanosized droplets, and the presence 
of hydrophilic surfactants enhances the penetration of the 
aqueous phase into liquid crystals and consequently facili-
tates self-emulsification [20]. 

 By contrast, in the case oil-based systems, the micro-
emulsions formed by the dispersion of SLH (and subsequent 
removal of silica particles by low-speed centrifugation) were 
significantly smaller than that of the equivalent Capmul em-
ulsion (437.6 nm and 383.7 nm, respectively). It thus sug-
gests a favourable increase in the emulsification capacity via 
the adsorption or entrapment of oil-based LBCC to the high 
surface area silica particles in SLH carriers.  

 

 
 

Fig. (3). Z-average diameter (bar, left axis) and polydispersity in-

dex (PDI, dot, right axis) of microemulsions generated by the dis-

persion of DAN formulations in water at 25 °C (results are ex-

pressed as the mean of three replicates, standard deviations are 

within 10% of the mean values). 

 

3.2. In vitro Lipid Digestion Performance: Effect of So-
lidification 

 Fig. (4) shows the lipolysis-time profiles for DAN-loaded 
LBCC under simulated fasted and fed intestinal conditions. 
The time taken for approximately 66% fatty acid release 
from the lipid was calculated [21]. Considering the fasted-
state lipolysis, for both oil-based and self-emulsifying 
LBCC, the solid formulations produced faster and more 

complete lipolysis than the equivalent liquid formulations 
(Fig. 4). The values of T66% can be ranked as S-SMEDDS (14 
min) = SLH (16 min) > P-SMEDDS (24 min) > L-SMEDDS 
(36 min) = Emulsion (39 min). It thus suggests a possible 
role of silica nanostructured network in providing larger sur-
face areas to facilitate the hydrolytic activity of interfacial 
active enzymes [3c]. Furthermore, it was also suggested that 
the lipolytic products that may interfere with the lipase ac-
tion can be rapidly removed from the silica matrix due to the 
electrostatic charge repulsion between the negative charged 
silica surface and free fatty acids [22]. Differences in the 
lipolysis profiles, however, was observed between P-
SMEDDS and S-SMEDDS, which is mostly likely due to the 
different solid-state structures and surface areas [6c]. Whist 
solid formulations produced via physical mixing are gener-
ally characterised with irregularly shaped mixtures [22], 
spray-drying which involves atomisation of lipid dispersions 
followed by instantaneous evaporation of the water phase 
often results in well separated, spherical particles (Table 2). 
Therefore, it indicates that structural and geometrical differ-
ences have a significant impact on the enzyme accessibility 
and lipolytic product removal, and consequently control the 
lipid digestion of solid-state LBCC. Furthermore, the faster 
and improved extent of lipolysis observed with solid 
SMEDDS may also be attributed to the limited release of 
Tween 80 from the silica matrix [7a], and thus resulting in a 
reduced level of free Tween 80, which can have an inhibitory 
effect on lipid digestion [23].  

 Introducing the LBCC’s to the intestinal fed condition 
resulted in less significant differences in the lipolysis profiles 
between liquid and solidified formulations in comparison to 
that in the fasted condition. The T66% for all SMEDDS for-
mulations was approximately 30 min, and those for emulsion 
and SLH were 50 min and 40 min, respectively. Except for 
the L-SMEDDS, the fed state produced a decreased rate and 
extent of lipolysis than that in the fasted state. A proposed 
explanation was that the increased levels of bile salt, phos-
pholipid, and pancreatic lipase may have an impact on the 
intermediate lipolytic products and the colloidal phases, and 
consequently reduces the rate and extent of lipolysis [24]. 
Furthermore, these surface active agents at increasing levels 
may also impart competitive adsorption of lipase at the lipid 
substrate surface, and thus interfere with the process of lipid 
digestion [25]. Further studies are required to fully under-
stand the food effect on lipid digestion. The current study 
mainly focuses on the impact of these changes on the drug 
solubilisation capacities. 

3.3. In vitro Solubilisation Enhancement of DAN by 
LBCC: Effect of Solidification 

 Fig. (5) illustrates the aqueous solubility of DAN under 
simulated fasted and fed intestinal conditions for pure DAN 
(a) and different types of LBCC (b, c). The solubilisation 
level of pure DAN during the 1-h lipolysis process was rela-
tively constant, and the amount of drug solubilised was 11-
14 µg/ml and 82-89 µg/ml in the fasted and fed condition, 
respectively. The solubilisation level was significantly im-
proved when DAN was dosed in the form of LBCC. In all 
cases of LBCC, the drug was dosed at the same proportion of 
saturated solubility (i.e. 100%) in the lipid phase to ensure 
the same thermodynamic activity. 
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Fig. (4). Digestion profile of a. L-SMEDDS (�� ), S-SMEDDS (� ) 

and P-SMEDDS (�), b. Capmul emulsion (�) and SLH (▬) 

under simulated fasted (filled) and fed (unfilled) intestinal condi-

tions (dosage of lipid was fixed at 10 mg/ml in all cases; results are 

expressed as the mean of two replicates, error was within 10%). 

 

3.3.1. Performance of Self-emulsifying LBCC 

 The SMEDDS formulations provided significantly im-
proved drug solubilisation in comparison to that of the pure 
DAN (Fig. 5b). In the fasted state, approximately 100 µg/ml 
DAN was solubilised 1 min after the lipolysis of L-
SMEDDS, and nearly 125 µg/ml was solubilised at 5 min 
(Fig. 5a); in the fed state, approximately 220 µg/ml DAN 
was solubilised within the first 5 min (Fig. 5b). In both 
cases, the drug solubility reached the peak level at 5 min and 
then levelled off for the rest 55 min. The solubilised level of 
DAN was, however, significantly lower than the initial 
dosage, 450 µg DAN/ml. Together, the data indicate that the 
solubilising power of SMEDDS has been diluted off by the 
digesting medium, and the lipolysis of SMEDDS may have 
negligible effect on the solubilisation of DAN. In accordance 
with the previous findings, it was suggested that the type 
IIIB SMEDDS formulation containing a large proportion of 
hydrophilic surfactant (HLB > 12, i.e. 50%) and co-solvent 
(i.e. 25%) has the risk of losing solubilisation capacity upon 
dispersion in aqueous medium [26] and that the lipid hy-

drolysis may not affect the solubilisation of DAN for such 
formulations [13]. 

 

 

 

 
 

Fig. (5). The solubility of danazol (DAN) for unformulated drug 

(a), SMEDDS formulations (b), and oil-based LBCC lipid-based 

formulations (c) under simulated fasted (solid line) or fed (dashed 

line) intestinal conditions digestion (dosage of DAN was fixed at 

450±50 µg/ml in all cases; results are expressed as the mean of two 

replicates, error was within 10%; MG= mono-glycerides, DG= di-

glycerides, FA= fatty acids). 
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 Solid SMEDDS formulations showed a comparable trend 
in the drug solubilisation profiles as L-SMEDDS under both 
fasted and fed states. However, the magnitude of drug solu-
bilisation varied for the different SMEDDS formulations. 
The drug solubilisation level can be ranked as L-SMEDDS > 
P-SMEDDS > S-SMEDDS, thus indicating a reduced ability 
to present DAN in the solubilised state on digestion after 
solidification. This result is consistent with the previous ob-
servation that a Neusilin-loaded solid SMEDDS provided 
lower solubility of DAN in comparison to the equivalent 
liquid SMEDDS [7a], which suggested that solidification of 
self-emulsifying formulations via a high surface area carrier 
may limit the release of surfactant or co-solvent and com-
promise the drug solubilisation performance. Comparing 
physical adsorption and spray drying, it was found that phys-
ical adsorption may represent a more efficient solidification 
approach to retain the in vitro biopharmaceutical perform-
ance of liquid SMEDDS.  

3.3.2. Performance of Oil-based LBCC 

 For the oil-based emulsion, approximately 69 μg/ml 
DAN was solubilised within the first 1 min under the fasted 
digesting condition, and this was gradually decreased to 26 
μg/ml at 60 min. In the fed state, 158 μg/ml DAN was solu-
bilised at 1 min, and 102 μg/ml at 60 min (Fig. 5c). The ad-
verse effect of solidification on the in vitro solubilisation of 
DAN was absent when converting the oil-based emulsion to 
the solid SLH form. In fact, the SLH provided a higher drug 
solubilisation level than all other tested formulations in both 
fasted and fed states. Up to 209.5 µg/ml DAN from the SLH 
was solubilised at 1 min post-digestion in the fasted state, 
which is more than 15-fold higher than that of the pure DAN 
and approximately 3 times than the emulsion. In the fed 
state, up to 318.7 μg/ml DAN was solubilised, and this is 
nearly 4-times higher than that of the pure drug, and twice 
that of the emulsion. Correlating the enhanced solubility of 
SLH with the more efficient dispersion of SLH than the em-
ulsion (Fig. 3), it suggests a significant role of silica in en-
hancing the dispersion of Capmul in the aqueous digesting 
medium to form microemulsions, which retain the drug in 
the solubilised state. Furthermore, the decreasing trend ob-
served in the solubilisation profiles of the emulsion and SLH 
was likely due to that the dynamics of DAN solubilisation 
from the type I Capmul-based formulation is greatly influ-
enced by the progress of lipolysis and thus the phase changes 
of the colloidal species (e.g. mixed micelles or vesicles) in 
the lipolysis media [14, 27]. Optimised drug solubilisation 
level can be achieved via optimising the digestion kinetics of 
the type I formulation. 

3.4. Fed/Fasted Variation of the Drug Solubilisation Per-
formance 

 It is well known that the intake of food can impact the 
pharmacokinetics and pharmacodynamics of concomitantly 
administered drugs. A three-fold increase in bioavailability 
of the commercial formulation of DAN has been reported 
after food intake [12]. Although improved absorption might 
generally be desirable, the situation is different for com-
pounds with a narrow therapeutic window and requires care-
ful monitoring of the patient to avoid under or over dosage.  

 Fig. (6) illustrates the area under the curve of the solubi-
lisation profile (AUC0→60) in the fasted or fed state of each 
formulation. For the unformulated DAN, the increased levels 
of bile salts and fatty acids in the fed state which simulates 
the physiological intestinal condition after food intake, led to 
a 6.6-fold increase in the solubility over that in the fasted 
state, indicating a significant food effect of DAN solubilisa-
tion. Comparing the AUC0→60 of LBCC in the fasted state 
with that of the pure DAN in the fed state, it demonstrates 
that the LBCC were capable of mimicking the positive food 
effect and enhancing drug solubilisation capacity, which is 
consistent with the previous clinical data that DAN-
encapsulated mono-glycerides emulsion produced compa-
rable bioavailability as that of the pure drug co-administered 
with food [12].  

 

 
 

Fig. (6). The area under the curve of the in vitro solubilisation pro-

file (AUC0→60) in the fasted or fed state of each DAN formulation. 

The data labels represent the ratio of the AUC0→60 between the fed 

and fasted state for each formulation. 

 
 Furthermore, the ratio of the AUC0→60 in the fed and 
fasted state (Rfed/fasted) was calculated for each formulation 
and presented in Fig. (6). Whilst a substantial fed/fasted 
variation in the solubilisation of pure DAN was observed 
(i.e. Rfed/fasted = 6.6), the Rfed/fasted is 3.7 in the case of S-
SMEDDS, and approximately 2 for L-SMEDDS and P-
SMEDDS. This thus indicates the potential of SMEDDS in 
reducing the effect of food intake on the absorption of DAN. 
A proposed mechanism to explain the reduced fed/fasted 
response of SMEDDS is that diffusion of poorly water-
soluble compounds to the absorptive regions occurs directly 
from the fine o/w microemulsions formed upon dispersion of 
SMEDDS in aqueous medium, and this process occurs inde-
pendently of the concentration of the bile salt [28]. Solidifi-
cation of SMEDDS via the physical adsorption to Aerosil 
showed no influence on the fed/fasted variation. However, a 
larger fed/fasted variation was observed with the S-
SMEDDS prepared via spray-drying, consequently indicat-
ing that caution is required in converting self-emulsifying 
LBCC to the solid state to preserve the capability to reduce 
the food effect.  
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 In comparison to the SMEDDS, the solid form of the oil-
based LBCC, SLH microparticles, outperformed the equiva-
lent liquid form, Capmul emulsion, in providing a higher 
solubilisation capacity for DAN in both fasted and fed states 
and a lower Rfed/fasted value, i.e. 1.6, confirming a small 
fed/fasted variation in the solubilisation of DAN. The SLH, 
thus, can be considered as an optimal solid-state delivery 
approach to improve the oral bioavailability and reduce the 
food effect of DAN.  

4. CONCLUSION 

 The physicochemical properties of DAN-encapsulated 
LBCC and the in vitro solubilisation performance under 
simulated fasted and fed intestinal digesting conditions were 
studied. Whist all solid-state LBCC were free flowing and 
may allow convenient oral administration, the impact of so-
lidification on drug solubilisation capacity was different in 
the case of type IIIB self-emulsifying and type I oil-based 
LBCC. Solidification of self-emulsifying LBCC was found 
to limit the release of lipid excipient and drug and conse-
quently reduce the in vitro solubilisation performance. Phys-
ical adsorption was found to be an easy and more efficient 
method of SMEDDS solidification in comparison to spray 
drying. On the contrary, converting oil-based type I LBCC to 
the SLH form via spray drying enhanced the solubilisation 
capacity for DAN and reduced the food effect. In particular, 
the SLH provided 10-fold and 2.4-fold improvement in the 
AUC0→60 in the fasted and fed state, respectively, in com-
parison to that of the pure DAN. The fed/fasted solubilisa-
tion variation ratio was reduced from 6.6 to 1.6 when DAN 
was formulated as SLH, and this is significantly better than 
solid-SMEDDS (i.e. 2.2-3.7). This thus renders the SLH as a 
promising solid-state LBCC for the oral delivery of DAN. 
To this end, subsequent studies employing drug models of 
varying lipophilicity and acid-base properties will be con-
ducted to further enhance our understanding on the devel-
opment and optimisation of solid-state lipid-based formula-
tions for poorly water-soluble compounds.  
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