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Abstract Clinical trials addressing the viability of lipid and
nanoparticle-based solid dosage forms for the oral delivery of
poorly water-soluble drugs are limited to date. This Phase I
study aimed to assess the comparative tolerability and oral
pharmacokinetics of a novel silica nanoparticle–lipid hybrid
formulation encapsulating ibuprofen (i.e., Lipoceramic-IBU)
with reference to a commercial tablet (i.e., Nurofen®). The test
(Lipoceramic-IBU) and reference (Nurofen®) ibuprofen for-
mulations were characterised for physicochemical properties
and in vitro solubilisation performance prior to the clinical
study. A randomised, double-blinded, one-period single oral
dose (20 mg ibuprofen) study was performed in 16 healthy
male subjects under fasting conditions. Encapsulation of ibu-
profen in a molecularly dispersed form in the Lipoceramic
nanostructured silica–lipid matrices was shown to produce
superior drug solubilisation in comparison to Nurofen® and
the pure drug during a two-step dissolution (or solubilisation)
study in aqueous buffers of pH 1.2 followed by pH 6.5.
Pharmacokinetic profiles revealed an approximately 1.95-fold
increased bioavailability (p=0.02) and a 1.5-fold higher max-
imum plasma concentration (p=0.14) for Lipoceramic-IBU
with reference to Nurofen®. Review of the safety assessments,
including physical examinations, clinical laboratory tests and
reports of adverse events, confirmed negligible acute side
effects related to the administration of blank and ibuprofen-
loaded Lipoceramic formulations. This first in man study of a
dry lipid and nanoparticle-based formulation successfully
demonstrated the safe use and effectiveness of the nanostruc-
tured Lipoceramic microparticles in mimicking the food

effects for optimising the oral absorption of poorly water-
soluble compounds.
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Introduction

There has been substantial pre-clinical and clinical evidence that
lipid and surfactant-based colloidal carriers are effective in
mimicking the post-prandial solubilising effects of dietary fats
for enhancing the oral bioavailability of drugs with limited
aqueous solubility (i.e., dose/solubility ratio of >250ml or water
solubility of <100μg/ml) [1–3]. At present, commercialised oral
lipid-based formulations are mostly formulated based on liquid
or semisolid lipid excipients. To facilitate unit dosing, these
products are typically administered in the form of solutions
(e.g., Natopherol® vitamin E and Advil Liqui-Gels® ibuprofen)
or self-emulsifying pre-concentrates (e.g., Neoral® cyclosporine
A and Norvir® ritonavir) encapsulated in soft or hard gelatin
capsules [4, 5]. The technology of capsule liquid-filling is
known to be associated with a number of practical and stability
challenges, particularly high-cost and stringent process control,
as well as possible leakage and partitioning of fill materials into
the shell component [6]. As a more attractive strategy to confer
manufacturing convenience and less demanding handling pro-
cesses, transformation of liquid lipid precursors into solid forms
(i.e., powders, granules, pellets) has recently formed a new
frontier in the research area of lipid-based formulations [7, 8].

The conversion of liquid to solid forms often involves the
use of a chemically inert solid carrier for adsorbing or encap-
sulating the liquid or semisolid lipid matrices prior to a drying
process. Porous, silica-based adsorbents, such as Aerosil®
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fumed silica, Syloid® micronised silica gels and Neusilin®
magnesium aluminometasilicate, are among the most com-
monly used solid carriers for lipid colloids [9–13]. By virtue
of their relatively high specific surface area (i.e., typically
100–400 m2/g), these silica-based carriers potentially enable
extremely high adsorption capacity of liquid lipids at more
than twice the weight of the corresponding carriers. Advances
in various solidification techniques has led to the emergence
of various free-flowing, powdery lipid-based formulations
suitable for hard capsule filling or tablet compression using
conventional equipment [7, 14]. Although full mechanisms
have yet to be elucidated in the aspect of controlling the
adsorption/desorption of lipids loaded onto solid carriers,
promising bioavailability enhancement assessed using animal
models have been reported for a wide range of transformed
solid-state lipid-based formulations. Some key examples are
dry emulsions [15, 16], solid self-(micro/nano)emulsifying
drug delivery systems [17, 18], and silica–lipid hybrid
(Lipoceramic™) microparticles [9, 19]. Despite the fact that
most of the solid carriers employed, including colloidal silica,
are generally regarded as orally biocompatible with relatively
lenient daily intake limits [20], the clinical acceptability of
combined lipid and nanoparticle-based formulations remains
to be evaluated.

To the best of our knowledge, the current work represents
the first in human Phase I study to assess the oral tolerability
and pharmacokinetics of a silica nanoparticle–lipid hybrid
(Lipoceramic™) formulation encapsulating ibuprofen (IBU)
as a model Biopharmaceutics Classification Scheme (BCS)
Class II drug (i.e., poor solubility, high permeability). IBU, a
propionic acid derivative (log P≈4, pK a≈4.4), is a well-known
non-steroidal anti-inflammatory drug (NSAID) that exhibits
pH-dependent solubility in water [21]. The equilibrium solu-
bility of IBU racemate in water (at 25 °C) has been reported to
be ~46 μg/ml at pH 1.5, and this increases to >300 μg/ml
above pH 7 [22]. For this property, IBU has been employed as
an excellent model drug in lipid or polymer-based formulation
research studies aiming for enhanced immediate release and
solubilisation, as well as for enteric-targeted release or sustained
absorption/efficacy. Examples of formulation approaches that
have been evaluated in vivo include a multiple-unit
polystyrene-based microparticle formulation [23], pegylated
lipid-based nanocapsules [24], cubic phase nanoparticles [25]
and a myriad of other in vitro investigations [26–28].

As a continuation to explore the bench-top to clinic trans-
lation of the Lipoceramic™ formulation technology, this pilot
study was performed in 16 healthy volunteers with a primary
aim of determining any toxicology concerns associated with
the test Lipoceramic formulation, and secondarily to compare
the oral pharmacokinetics of IBU when formulated as
Lipoceramic-IBU microparticles in comparison with a refer-
ence commercial tablet (i.e., Nurofen®, Reckitt Benckiser).
The powdery Lipoceramic microparticles have previously

been well characterised for physicochemical and biopharma-
ceutical properties through a number of proof-of-concept
studies using both acidic (e.g., indomethacin [29, 30]) and
basic model drugs (e.g., celecoxib [19, 31, 32], albendazole
[33]). A series of systematic oral bioavailability and efficacy
studies in rats and dogs have revealed significantly in-
creased oral drug bioavailability (by 2- to 6-fold) from the
Lipoceramic formulations in comparison with pure drugs and
simple lipid solutions under fasted and/or fed conditions.
These Lipoceramic microparticle prototypes, featured by their
highly porous and nanostructured internal matrices (with pore
widths of 3–20 nm), effectively facilitate greater drug encap-
sulation efficiencies via solubilisation in lipids in conjunction
with adsorption onto the amorphous silica matrices [33]. It has
been shown feasible to enhance and control digestibility of
lipid droplets embedded in the Lipoceramic microparticles by
engineering them with different internal nanostructures based
on silica nanoparticles of different porosity and sizes [34]. The
Lipoceramic powder is different from conventional liquid/
semisolid lipid-based formulations that the microparticles
exhibited acceptable compressibility for tabletisation when
further enhanced for their flowability and mechanical strength
in the presence of silica nanoparticle–mannitol–lipid mixtures
[35]. In this investigation, insights gained from the established
fabrication and characterisation techniques were extrapolated
towards the development of a clinical batch of Lipoceramic-
IBU microparticle formulation for undertaking the Phase I
study.

Materials and methods

Materials

Ibuprofen (USP grade) and soybean oil were purchased from
Sigma-Aldrich (Australia). Captex 300 (glyceryl tricaprylate/
tricaprate) and CapmulMCM (glyceryl caprylate/caprate) were
generous gifts obtained from Abitech Corporation (USA).
Soybean lecithin (>94 % phosphatidylcholine and <2 %
triglycerides) was supplied by BDH Merck (Australia).
Aerosil 380 fumed silica (with a primary average diameter of
7 nm and a specific surface area of 380 m2 g−1) was obtained
from Evonik Degussa (Germany). All other chemicals and
reagents were of analytical grade and used as received. High-
purity (Milli-Q) water was used throughout the study.

Preparation of Lipoceramic-IBU microparticles

The Lipoceramic-IBU microparticle formulation was pre-
pared from submicron lipid emulsions consisting of medium
chain triglycerides (MCT, Captex 300), medium chain mono/
diglycerides (MG/DG mixture, Capmul MCM), and long
chain triglycerides (LCT, soybean oil), using soybean lecithin
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as an emulsifier. IBU was pre-dissolved in the lipid mixtures
according to the equilibrium solubility pre-determined using
the conventional shake-flask method (Table 1). Adopting the
previously established method [31], the oil-in-water emul-
sions were first homogenised (Avestin EmulsiFlex-C5) under
a pressure of 1,000 bar for five volume cycles, followed by
stabilisation with dispersed silica nanoparticles for 12 h. The
silica nanoparticle-stabilised emulsions were then spray-dried
using a BÜCHI Mini Spray Dryer B-290 to produce powdery
Lipoceramic-IBU microparticles under the following condi-
tions: emulsion flow rate 6 ml/min, aspirator setting 100%, air
flow rate 0.6 m3/min, inlet and outlet temperature 160 °C and
85 °C, respectively. Blank Lipoceramic microparticles were
prepared in the same way without the addition of drug.

Physicochemical characterisation of Lipoceramic-IBU
formulations

Solid-state imaging

The solid-state surface morphology of the Lipoceramic-IBU
microparticles was examined by high resolution analytical
scanning electron microscopy (SEM, CamScan CS44FE). A
microparticle sample was mounted on double-faced adhesive
tape and sputter-coated with gold/palladium (60 %:40 %) pri-
or to imaging at an accelerating voltage of 10 kV, spot size
10 μm, and an aperture of 50 μm.

Redispersed properties

Particle sizes of the precursor lipid emulsions and the spray-
dried Lipoceramic-IBU microparticles were characterised
using dynamic light scattering (Malvern Zetasizer Nano ZS)
and laser diffraction (MalvernMastersizer 2000), respectively.
Water (refractive index=1.33) was used as the dispersant. The
particle refractive index was pre-set at 1.45 for lipids and silica
particles. Zeta potentials were measured using phase analysis
light scattering (Malvern Zetasizer Nano ZS) for the emul-
sions and microparticles redispersed in phosphate buffer
(0.05 M, pH 7.2). The samples were diluted 100-fold with
water prior to measurement at 25°C.

Lipid content

Lipid content of the Lipoceramic-IBU microparticles was deter-
mined by thermogravimetric analysis (Hi-Res Modulated TGA
2950, TA Instruments). Approximately 10 mg sample was
heated from 25 °C to 600 °C at a scanning rate of 10 °C/min
under nitrogen gas purging. The lipid content was evapo-
rated in the range of 140–450 °C while the silica component
remained thermally stable. After subtraction for the water
content of spray-dried silica (determined to be 1.5±0.0 %)
and the encapsulated drug content, the subtracted weight loss
computed by using the TA Universal Analysis software cor-
responds to the lipid content of the microparticles.

Drug content

IBU content of the spray-dried Lipoceramic-IBU formulation
and Nurofen® tablets (six tablets crushed with mortar and
pestle) was determined by using solvent extraction and high-
performance liquid chromatography (HPLC) analysis
(Shimadzu UFLC-XR Prominence System). The encapsulat-
ed IBU was extracted by dissolving 10–15 mg of the formu-
lation powder in 10 ml methanol (which has been shown to
give >98 % extraction efficiencies), followed by centrifuga-
tion at 9,400×g for 10 min to remove the undissolved excip-
ients. The supernatant was taken and diluted suitably with the
mobile phase solution prior to HPLC quantification for IBU
content. An isocratic elution method employing UV detection
at 225 nm and a mobile phase consisting of 80:20 (v/v)
methanol/water (containing 0.2 % glacial acetic acid) was
performed at a flow rate of 1 ml/min using an Alltima™
reverse-phase C-18 analytical column (5 μm, 4.6 mm ID ×
250 mm). Linear calibration curves (R2=0.99) were plotted for
chromatographic peak areas against concentrations of IBU over
the range of 1–100 μg/ml with a retention time of approximate-
ly 5.9 min. The intra- and inter-day assay precision and accu-
racy were acceptable based on the relative standard deviations
(i.e., <1 %) and percentage bias (i.e., <5 %), respectively.

The state of crystallinity of the IBU content was monitored
by using a differential scanning calorimeter (TA Instruments
Q100 DSC) calibrated based on an indium standard.
Approximately 5 mg of each sample was heated in a hermet-
ically sealed aluminium pan at a rate of 5 °C/min over a
temperature range of 25–200 °C, under a flow of dry nitrogen
gas at 70 ml/min.

Dissolution/solubilisation study

A two-step dissolution test (for pure IBU and the Nurofen®
tablet materials) or dispersion/solubilisation study (for the
Lipoceramic-IBU formulation) was performed in 0.1 N HCl
(pH 1.2, 500 ml) for 1.5 h followed by adjustment with
phosphate buffer to pH 6.5 (900 ml), using USP 23 type II

Table 1 Equilibrium solubility of ibuprofen in different oils at 25 °C

Types of lipids IBU solubility (% w/w)

Medium chain MG/DG mixture 15.1

MCT 6.6

MCT + lecithin (1:0.05) 7.3

LCT 5.9
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apparatus operating at 50 rpm. Each sample equivalent to
20 mg IBU was added into the dissolution medium
maintained at 37±0.5 °C. Aliquots of 4 ml were drawn at
fixed time points and replaced with an equal volume of blank
dissolution medium. The drawn samples were centrifuged at
9,400×g for 15 min to remove undissolved materials and the
supernatant was diluted with the mobile-phase solution prior
to HPLC analysis as described previously.

Clinical study

Treatment protocol and procedure

This Phase I clinical trial was approved by the Bellberry
Human Research Ethics Committee and was conducted at
one clinical research facility (Clinical Medical and Analytical
eXellence, Adelaide, Australia) in accordance with the
Therapeutic Goods Administration (TGA) Note for Guidance
on Good Clinical Practice, the ethical rules contained in the
National Statement on Ethical Conduct in Human Research,
and the Declaration of Helsinki (1964).

A randomised, double-blinded, one-period single oral dose
study was performed in 16 clinically healthy men aged from
18 to 52 years under fasting conditions. The participants were
selected based on the study inclusion/exclusion criteria and
randomised into four treatment groups, each receiving one of
the following formulations filled into a size AA hard gelatin
capsule: (1) Lipoceramic-IBU equivalent to 20mg IBU (n=6);
(2) blank Lipoceramic microparticles (n=6); (3) Nurofen®
tablet ground to fine powder equivalent to 20 mg IBU (n=2);
and (4) blank placebo without any active ingredient and silica/
lipid excipients (n=2). Each dose was swallowed whole with
240 ml of room temperature water following an overnight fast
of at least 10 h. Each participant was instructed to abstain from
fluid intake within 1 h before and 2 h after dosing; and fasting
was continued for another 4 h following dosing. During the
study period, each participant was kept seated upright for the
first 4 h and prohibited from strenuous activity. Blood samples
(8 ml) were collected via the cannulated arm vein at pre-dose
(i.e., within 1 h prior to dosing), 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4 and
6 h following dose administration. The blood plasma samples
were subjected to pharmacokinetic analysis using a validated
HPLC assay method at TetraQ, University of Queensland
(Brisbane, Australia).

Pharmacokinetic and statistical analysis

The pharmacokinetic parameters were computed based on the
standard non-compartmental model using WinNonlin version
5.2 software (Pharsight Corporation). Themaximum observed
plasma concentration (Cmax) and the time at which Cmax

occurred (tmax) were obtained directly from the individual
plasma concentration–time curves. The area under the plasma

concentration versus time curve from time zero to the last
measured concentration at 6 h (AUC0→6 h), calculated using
the linear trapezoidal rule, was used to estimate the relative
bioavailability (F rel) of the test formulation with reference to
that of the Nurofen® tablet materials:

F rel: ¼ AUC0→6 h testð Þ
AUC0→6 h referenceð Þ �

Dose referenceð Þ
Dose testð Þ

All values are expressed as the arithmetic mean ±
standard deviation (SD) or alternatively, arithmetic mean ±
error in the control groups comprised of duplicated data (i.e.,
n=2 in Nurofen® reference and blank placebo groups).
Pharmacokinetic data of the test versus reference formulations
were analysed statistically using a two-tailed, unpaired
Student t -test. The level of statistical significance was set at
p<0.05. The current study is limited by the low number of
subjects included in the Nurofen® and placebo control groups,
therefore statistical methods typically used in clinical trials or
bioequivalence assessments (e.g., 90 % confidence interval
approach) were not adopted.

Clinical examination

Physical examination and clinical laboratory tests, including
biochemistry (e.g., sodium, potassium, glucose, urea),
haematology (e.g., haemoglobin, red blood cell count, plate-
lets, white cell count), HIV/HbsAg/HCV screening, urinalysis
(e.g., pH, blood, ketone, glucose), urine drug screening and
alcohol breath test, were performed during the pre-study
screening phase and in the follow-up visit within 5–8 days
after completion of the dosing period. During the study period,
seated vital signs (i.e., blood pressure, radial pulse rate, aural
temperature and respiratory rate) and electrocardiograms
(ECGs) were monitored. Abnormal laboratory findings or
clinically significant deviations from the baseline values were
recorded as adverse events (AEs). Each participant was spe-
cifically questioned with regard to AEs. The nature, time of
onset, duration and severity of all AEs reported were docu-
mented and assessed for the relationship to drug and/or for-
mulation administration.

Results and discussion

Physicochemical properties of Lipoceramic-IBU
microparticles

The Lipoceramic formulations were fabricated based on sub-
micron lipid emulsions (282±8 nm) as the drug solubilising
vehicles, and fumed silica nanoparticles (~50 nm) as an amor-
phous stabiliser and solid carrier. Following optimisation from
several trial batches, a clinical batch of nanostructured
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Lipoceramic microparticles encapsulating 5.6 % IBU and
58 % lipids (i.e., a mixture of Captex 300, Capmul MCM
and soybean oil) was produced (Fig. 1). This is equivalent to
approximately 80% of the equilibrium solubility of IBU in the
selected lipid mixtures and approximately 95 % of lipid en-
capsulation efficiency. Similar to previously reported obser-
vations [30–32], SEM examination confirmed that the spray-
dried Lipoceramic-IBU microparticles were consisted of well
separated, enclosed spherical structures. It is thus confirmed
that the established silica/lipid mass ratio of 1:2 is effective in
encapsulating lipid droplets of different acyl chain lengths,
resulting in lipid load and encapsulation efficiency compara-
ble to our previously reported values for Lipoceramic systems
encapsulating only medium chain lipids (i.e., 42–62 % lipid
load corresponding to 92–100 % encapsulation) [30–32].
Laser diffraction particle sizing and zeta potential measure-
ments showed that the microparticles were readily redispersed
in water to form negatively charged particles (average zeta
potentials of negative 46±15 mV) with a median volumetric
diameter of 15±9.6 μm. Owing to the presence of a long chain
lipid (i.e., soybean oil), the clinical batch is relatively larger in
the particle sizes as compared to previous prototypes prepared
using medium chain lipids (typically <10 μm). While it re-
mains challenging to establish a direct correlation between
particle size and drug composition, it is generalised that the
drug content of each microparticle is dependent on the drug
solubility in the lipid phase, and the amount of lipid adsorbed
onto the microparticles is likely to depend on the carrier
porosity. The analysis of drug and lipid content for the current
clinical and several trial batches have shown an acceptable
range of deviations, which is within 5 % of the experimental
average values. These composition analyses were performed
in triplicates based on random sampling. Therefore, it can be
inferred that the microparticles are homogenously distributed
in the bulk sample.

Chemical stability of the Lipoceramic-IBU formulation
was assessed based on its IBU content when stored at ambient

conditions (i.e., in airtight glass vials at 25–30 °C). The
Lipoceramic-IBU formulation was found to be well preserved
with negligible changes in its composition levels over a period
of 12 months (Fig. 2). DSC crystallinity analysis was
performed for a control system containing the USP grade pure
ibuprofen powder physically mixed (but not loaded) with
silica particles to achieve 6 % content (equivalent to the
Lipoceramic-IBU formulation), Nurofen® tablet materials
and the Lipoceramic-IBU powder. The DSC thermograms
show that the IBU–silica physical mixture as well as the
reference Nurofen® tablet materials exhibited a clear melting
peak at approximately 73 °C (Fig. 3). This endothermic peak,
which corresponded to the presence of crystalline IBU, was
not detected for the Lipoceramic-IBU formulation even when
re-analysed at 12 months after preparation. It is thus con-
firmed that the drugs were retained in a molecularly dispersed
state in the silica–lipid hybrid matrices, most likely attributed
to the drug content below its equilibrium solubility in the
selected lipids; it could also be the stabilising effect of silica
nanoparticles in preserving the drug in its amorphous state via
confinement in the nanostructured pores [36, 37].

The Lipoceramic microparticles could be handled as nor-
mal pharmaceutical powders to facilitate filling into hard
gelatine capsules. Using a powder gun which compresses
powder materials into pellets, a mass of up to 400 mg of
Lipoceramic-IBU microparticles was fillable into a size AA
hard gelatine capsule (volume capacity=0.94 ml, internal
diameters=9.08 mm), which is commonly used in clinical
trials and slightly larger than a size 00 capsule (volume
capacity=0.95 ml, outer diameters=8.53 mm). This enabled
feasible oral dosing of Lipoceramic-IBU formulation in the
form of filled capsules for comparison with that of the pure
drug and commercial tablet materials. The total mass of
Lipoceramic formulation administered to the clinical study
volunteers was approximately 355 mg for a 20-mg ibupro-
fen dose based on the current clinical batch encapsulating
~5.6 % IBU.

Submicron o/w emulsions

Particle size : 282 8 nm
PDI : 0.54 ± 0.09

Zeta potential : -(35.5 ± 3.0) mV
SD : 10.9 0.5 mV

SPRAY-
DRYING

Oil

Water

Silica 
nanoparticles

Ibuprofen

Lecithin

Silica-lipid hybrid (Lipoceramic) microparticles

Lipid content : 58 3 % w/w

IBU content : 5.64 0.18 % w/w

Redispersed size [D(v,0.5)] : 15.2 ± 9.6 µm
Span : 3.5 ± 1.7

Zeta potential : -(45.8 ± 14.5) mV
SD : 22.9 3.5 mV

nano-
pores

10 kV        00000        10 µm  

Fig. 1 Formation of silica–lipid
hybrid (Lipoceramic)
microparticles with internal
nanoporous matrix structures
from submicron o/w emulsions
stabilised by dispersion of silica
nanoparticles via spray-drying
(n=3, mean ± SD)

216 Drug Deliv. and Transl. Res. (2014) 4:212–221



Solubilisation properties of Lipoceramic-IBU microparticles

Compendial dissolution (or solubilisation) tests, as officially
adopted by the Food and Drug Administration since 1970
[38], were employed as a pre-clinical in vitro tool for probing
the biopharmaceutical performance of the Lipoceramic-IBU
formulation in comparison with Nurofen® tablet materials and
the pure drug. Initially, the test was performed at a dose of 20mg
IBU in 500 ml of the USP recommended medium, i.e., 0.05 M
phosphate buffer (pH 7.2) at a paddle rate of 50 rpm. This
dissolution method demonstrated comparable solubilisation pro-
files among the three investigated systems, including pure IBU,
Nurofen® tablet materials and Lipoceramic-IBU microparticles,
with >90 % drug solubilisation achieved within the first 5 min.
Although meeting the immediate release criterion for IBU tab-
lets, specifically not less than 80 % of the labelled amount of
IBU dissolved in 60 min, the solubilisation outcome was poorly
discriminating mainly ascribable to the high solubility of IBU at
pH of 7 and above.

In order to better simulate the gastrointestinal transit, a
stepwise dissolution (or solubilisation) test was performed
commencing from acidic environment in which IBU exists
in the unionised and poorly soluble form, followed by more
solubilising intestinal pH conditions. This demonstrated dis-
tinguishable dissolution kinetics where the Lipoceramic-IBU
microparticles produced higher rate and degree of drug
solubilisation in comparison with the tablet material and pure
drug, particularly within the first hour under acidic environ-
ment (Fig. 4). The major contributing factor for the superior
solubilisation level is that IBU was fully pre-dissolved or
molecularly dispersed within the Lipoceramic matrices as
previously confirmed by the DSC analysis. Encapsulation in
the solubilised form inherently eliminates the steps of wetting
and solid-to-liquid dissolution transition in the stomach fluids,
i.e., the biggest obstacle to the absorption of acidic drugs such
as IBU. The relatively incomplete drug solubilisation or dis-
persion in the acidic fluids as observed for the Lipoceramic-
IBU formulation is likely to result from preferential drug
partitioning in the lipid cores; when the aqueous medium was
adjusted to pH 6.5, immediate burst drug partition to the
aqueous phase was observedmainly due to increased ionisation
degree of the drug molecules (pKa≈4.4). Correlation between
the solubilisation profiles and the in vivo pharmacokinetic
properties is further elucidated in the following section.

Oral pharmacokinetics of Lipoceramic-IBU microparticles

All 16 recruited subjects completed the clinical study and are
included in the pharmacokinetics evaluation of IBU at a single
oral dose of 20 mg in the form of filled hard capsules. The
dosing regimen was chosen on the basis that 20 mg IBU
(rather than the typical therapeutic range of 200–400 mg in a
single oral dose) would allow adequate pharmacokinetics
determination while minimising its interference with the as-
sessment of AEs related to the formulation excipients under
fasting conditions. The mean plasma concentration versus
time profiles of each investigated formulation is presented in
Fig. 5. The corresponding non-compartmental pharmacoki-
netic data are summarised in Table 2.

Overall, the relative bioavailability (AUC0→6 h) of the
Lipoceramic-IBU treatment group was computed to be 1.95-
fold greater than the Nurofen® reference group (p=0.02).
Subjects who received the test Lipoceramic-IBU formulation
demonstrated a relatively rapid, early absorption phase
(tmax=1.2±0.9 h) with prolonged plasma concentrations of
IBU in comparison to the reference group (tmax=2.0±1.0 h),
although statistical significance is limited due to the low num-
ber of subjects included and large variation in the reference
group data. Throughout the 6-h study period, Lipoceramic-IBU
treatment group appeared to display higher plasma levels of
IBU (Cmax=2.79±0.77 μg/ml) as compared to the reference
group (Cmax=1.81±0.28 μg/ml) (p=0.14). It is of note that ten
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Fig. 2 Drug content of Lipoceramic-ibuprofen microparticles stored in
transparent, airtight glass vials at ambient conditions (25–30 °C) for up to
12 months (n=3, mean ± SD)
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materials (Nurofen®), and Lipoceramic-IBUmicroparticles (drug contents
are approximately 6 %, 44 %, and 6 %, respectively)
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of 16 pre-dose levels (including the placebo group) had shown
detectable IBU peaks but at concentrations below the limit of
quantification (i.e., <0.01 μg/ml). The detectable pre-dose
‘IBU content’ was likely to result from the analytical back-
ground interference or from endogenous plasma contents. The
interference did not show a clear trend in any particular group.
Thus, the influence of the low pre-dose IBU levels is regarded
as minimal in affecting the bioavailability comparison across
the treatment and reference groups.

As a further evidence to previous pre-clinical studies
using rodent and dog models [19, 29–32], the current human
clinical trial successfully demonstrated the feasibility of the
Lipoceramic formulation in enhancing the oral pharmacoki-
netics of IBU, a weak acid BCS Class II drug. Weak acid
compounds are predominantly unionised under gastric condi-
tions and prone to precipitation before reaching the more
solubilising duodenal environment. The major concept by

which the Lipoceramic (silica–lipid hybrid) formulation
works for IBU is based on preservation of the lipid–drug
solubilised phases in a solid-state, nanoporous network com-
posed of hydrophilic silica nanoparticles (Fig. 6). Such a
nanoporous matrix is endowed with relatively high specific
surface area which plays an important role in facilitating
dispersion and release of the oil droplets and drugs into the
aqueous surroundings. It is plausible that the nanoporous
carriers have an effect in minimising drug re-crystallisation
or precipitation based on the fact that porous silica adsorbents
have been commonly used for direct loading of fully dissolved
drugs via physical adsorption, and that drug re-adsorption
from solution to the dispersed porous silica carriers is not
impossible although the re-adsorption affinity may be quite
low (i.e., less than 4% as reported for danazol) [39]. According
to the pre-determined lipid solubility data (Table 1), it is envis-
aged that post-digestive lipid products (particularly MG/DG)
are efficient in creating a increasingly lipophilic microenviron-
ment in the GI lumen to sustain IBU solubilisation, thereby
promoting greater and prolonged absorption in comparison to
the crystalline tablet product.
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Fig. 4 Mean dissolution/
solubilisation profiles of 20 mg
ibuprofen in 0.1 N HCl (pH 1.2,
500 ml) for the first 1.5 h (left),
followed by adjustment to pH 6.5
(900 ml) with phosphate buffer
(right) at 37 °C: Pure IBU
(empty circle), reference IBU
tablet materials, Nurofen® (filled
diamond) and Lipoceramic-IBU
microparticles (red filled triangle)
(n=3, mean ± SD)

Table 2 Non-compartmental pharmacokinetic parameters of ibuprofen
following a single oral administration of various formulations to 16
healthy, male human subjects at a dose of 20 mg ibuprofen under fasting
conditions (mean ± SD)

PK parameters IBU formulations

Test:
Lipoceramic-IBU

Reference:
IBU tablets

Placebo:
Lipoceramic-blank

tmax (h) 1.2±0.9 2.0±1.0 NA

Cmax (μg/ml) 2.79±0.77 1.81±0.28 0.02±0.02

AUC0→6 h

(h. μg/ml)
9.84±2.08* 5.04±0.46 0.11±0.13

F rel (%) 195* 100 NA

*p<0.05 when compared to the reference group
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Fig. 5 Plasma concentration versus time profiles of ibuprofen in healthy,
male subjects following a single oral administration of various formula-
tions filled in hard gelatine capsules equivalent to 20 mg ibuprofen:
Lipoceramic-IBU microparticles (n=6, red filled triangle), reference
IBU tablet materials, Nurofen® (n=2, filled diamond), blank Lipoceramic
microparticles (n=6, empty circle) and placebo (n=2, ) (mean ± SD)
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Given that the current loading content of IBU is mainly
limited by its solubility in the lipid phase, the clinical appli-
cability of the Lipoceramic formulation technology may be
limited to high potency drugs that are prescribed in low doses.
However, one could also infer from the pharmacokinetic
results that the Lipoceramic formulation has produced an
approximately 2-times higher drug bioavailability than the
commercial capsules; therefore, it is possible to significantly

reduce the administration dose of a drug with the Lipoceramic
encapsulation technology (assuming that there is a proportion-
al correlation between the bioavailability and efficacy).

Oral tolerability of Lipoceramic-IBU microparticles

This Phase I study essentially demonstrated the safety and
tolerability of the Lipoceramic formulation for administration
as a single oral dose. Each formulation component employed,
including lipids (Captex 300, Capmul MCM and soybean oil),
emulsifier (soybean lecithin), and colloidal silica (Aerosil silica
nanoparticles), is classed as non-hazardous substance by the
Occupational Safety and Health Administration (OSHA).
These materials are permitted for use as additives in food
processing in addition to pharmaceutical use as inactive ingre-
dients by the Australian TGA. Each excipient was incorporated
at a dose of at least 100-fold below the allowed daily quantities
while colloidal silica particles are generally regarded as safe for
oral administration without specific restriction on the daily oral
dose [20].

Review of the frequency, severity, and relationship of the
AEs documented shows no trends related to the investigation-
al formulations. Overall, there was no report of any serious
AEs. A total of three AEs were reported during the study
period by two subjects randomised to the placebo group
(i.e., 12.5 % of the total number of subjects) (Table 3). On
the day of dosing, one subject experienced mild, transient
vasovagal presyncope which was resolved in the first hour
after the placebo dosing without any medical intervention.
This AE was considered by the medical investigator to be
unlikely related to the placebo product. During the follow-up
visit performed within 5–8 days after completion of the dosing
period, the same subject has reportedly contracted mild viral
pharyngitis which was resolved in the next 5 days; another
subject who administered the same placebo capsule had ex-
perienced moderate toothache for a day. These two AEs were
evaluated to be unrelated to the placebo product. All physical
examination, ECG monitoring and clinical laboratory tests

Lipoceramic-IBU IBU tablet materials

(IBU molecularly dispersed) (IBU crystals)

(Dispersed IBU-lipid nano-
droplets & micelles)

(Partially dissolved 
IBU)

(Gastric phase)

(Intestinal phase)

(Readily solubilised phase) (Dissolution step required)

Oil

Micelles

Fig. 6 Schematic representation of possible gastrointestinal fate of ibu-
profen when formulated as the Lipoceramic-IBU (solubilised) micropar-
ticles and the conventional (crystalline) tablet (not drawn to scale).
Formation of mixed micelles from the endogenous and exogenous lipids
is critical towards adequate solubilisation of ibuprofen molecules prior to
absorption

Table 3 Number and severity of reported adverse events (AEs) following a single oral administration of various formulations to 16 healthy, male human
subjects at a dose of 20 mg ibuprofen under fasting conditions

Adverse events (AEs) IBU formulations

Test: Lipoceramic-IBU
(n=6)

Test: Lipoceramic-blank
(n=6)

Reference: IBU
tablets (n=2)

Placebo: Blank
capsules (n=2)

Subjects with at least one AE 0 0 0 2

Nervous system disorders
Vasovagal presyncope

0 0 0 1
(mild)

Infections and infestations
Viral pharyngitis

0 0 0 1
(mild)

Gastrointestinal disorders
Toothache

0 0 0 1
(moderate)
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have shown negligible deviations from the individual baseline
values. Taken together, the tolerability data have supported the
safe use of Lipoceramic microparticles for the oral adminis-
tration of IBU and placebo in healthy human subjects under
fasting conditions, with negligible acute adverse effects or
toxicology concerns. This provides an impetus for a multiple
dose study which may provide further insights into the longer
term safety of the Lipoceramic formulation.

Conclusion

This Phase I clinical trial provides important insight into the
effectiveness and tolerability of a powderised lipid-based formu-
lation, specifically silica nanoparticle–lipid hybrid (Lipoceramic)
microparticles, for the oral delivery of poorly water-soluble
drugs. Using ibuprofen (a weak acid) as a model BCS Class II
drug, the Lipoceramic formulation (composed of a mixture of
medium and long chain lipids) was shown to enhanced drug
dispersion and solubilisation in comparison with a commercial
tablet product (Nurofen®) and the pure drug powder in a se-
quential gastric-to-intestinal dissolution (or solubilisation) study.
It was further evidenced in the randomised, single oral dose
study performed under fasting conditions that the Lipoceramic
formulation effectively increased the oral bioavailability of ibu-
profen to 1.95-fold greater than the reference crystalline tablet
product. Comprehensive review of the physical examination,
clinical laboratory tests and reports of AEs essentially supported
the tolerable use of the nanostructured Lipoceramic microparti-
cles for oral drug administration in healthy human subjects. The
current investigation clearly elucidated the food-mimicking
solubilisation effects of the Lipoceramic microparticles in pro-
moting more complete drug absorption with negligible acute
adverse effects, and potentially fosters the likelihood of bench-
to-clinic translation of a powderised lipid-based formulation.
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