
RESEARCH PAPER

Silica-Lipid Hybrid (SLH) Versus Non-lipid Formulations
for Optimising the Dose-Dependent Oral Absorption
of Celecoxib

Angel Tan & Andrew K. Davey & Clive A. Prestidge

Received: 20 January 2011 /Accepted: 23 February 2011 /Published online: 11 May 2011
# Springer Science+Business Media, LLC 2011

ABSTRACT
Purpose To investigate the dose linearity of celecoxib (CEL)
pharmacokinetics from various non-lipid and lipid-based
formulations; to probe the mechanisms of CEL absorption
from a nano-structured silica-lipid hybrid (SLH) microparticle
dosage form.
Methods Single-dose pharmacokinetic parameters of CEL were
determined in fasted rats at dose levels of 5, 20 and 50 mg/kg in
aqueous suspensions of pure CEL, Celebrex® and CEL-SLH
microparticles formulated using medium-chain lipids (Miglyol 812
or Capmul MCM) and Aerosil® silica nanoparticles. An in vitro
lipolysis model was used to characterise the dynamic solubilisation
state of CEL under digesting conditions.
Results CEL-SLH formulations and Celebrex® consistently
produced a 2-fold higher maximum plasma concentration
(Cmax) and bioavailability (AUC0→∞) than pure CEL in a dose-
linear manner within the dose range of 5–50 mg/kg CEL (R2>
0.8). Lipolysis drug phase partition data indicate a 2.5–7.5-fold
higher CEL solubilising capacity resulting from the digestion of
SLH microparticles as compared to the simulated fasted state
endogenous micelles. Strong correlations were obtained

between maximum CEL solubilisation levels during lipolysis
and in vivo pharmacokinetic parameters (R2>0.9).
Conclusions Collectively, the results highlight the potential of the
SLH microparticles in enhancing the bioavailability of CEL in a
dose-linear manner as facilitated by supersaturated solubilisation
of CEL in the intestinal milieu.
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INTRODUCTION

Celecoxib (Celebrex®, Pfizer/Pharmacia), chemically des-
ignated as 4-[5-(4-methylphenyl)-3-trifluoromethyl)-1
H-pyrazol-1-yl] benzenesulfonamide, is used primarily
for the management of rheumatism, osteoarthritis and
dysmenorrhea, as well as an adjuvant for treating familial
adenomatous polyposis (1). Celecoxib (CEL) selectively
inhibits the COX-2 enzyme and thus is regarded to be
relatively safer than traditional non-steroidal anti-
inflammatory drugs (NSAIDs) because of its minimal
gastrointestinal side effects. Despite safety concerns with
some COX-2 inhibitors, such as rofecoxib (Vioxx®,
Merck) and valdecoxib (Bextra®, Pfizer), which were
withdrawn by the drug companies due to increased risk
of myocardial infarction (2), and the cancellation of
registration of lumiracoxib (Prexige®, Novartis) by the
Australian Therapeutic Goods Administration due to
serious liver side effects (3), CEL does not appear to have
the toxicities associated with other drugs in its class.

Although CEL is generally well tolerated, it is poorly
absorbed when administered orally in its original form. The
bioavailability of CEL ranged between 64–88% when
administered as aqueous solutions and 20–40% in its solid
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form in dogs (4). CEL, a weak acid (pKa≈11), is classified as
a Biopharmaceutics Classification Scheme (BCS) Class II
drug (i.e. poor water solubility and high lipophilicity) with
an aqueous solubility of 3–7 μg/ml (at pH 7.0, 40°C) and
an intermediate lipophilicity (log P≈3.5) (5). As such, CEL
exhibits a lack of linearity in its dose-pharmacokinetic
profiles, particularly at doses above 200 mg in humans
under fasting conditions, mainly due to erratic absorption
via the oral route (1,6,7). While the bioavailability of CEL
has been shown to increase up to five-fold in dogs in the fed
state, high fat meals did not appear to increase CEL
absorption to a clinically significant degree in humans,
where co-administration of 200 mg CEL capsules (filled
with water-soluble diluents) with a meal containing 75 g fat
resulted in only a 10–20% increase in its absorption (4).

Lipid-based formulations are developed to mimic the
post-prandial effect on the basis that lipid-based carriers
potentially present the drugs in a molecularly dispersed or
dissolved state during gastrointestinal transit, as well as
inducing a series of physiological responses (e.g. increased
biliary secretions) and biochemical changes (e.g. increased
intestinal permeability) which favour drug absorption (8).
Specific investigations that illuminate the precise role of
various formulation lipids (e.g. tri/ di/ monoglycerides with
different acyl chain length) in enhancing the oral absorption
of CEL at various dose strengths have yet to be reported.
There are several challenges that potentially compromise
the therapeutic use of many lipid-based formulations,
including the need to employ synthetic surfactants to
facilitate dispersibility of some oily vehicles, the use of
organic solvents in the manufacturing process, as well as the
lack of solid dosage forms that normally gain better patient
compliance and have a reasonably long shelf-life (9). Not
withstanding these problems, the availability of the 3–4%
oral lipid-based products in the pharmaceutical market
worldwide has supported the use of lipid-based technology
in addressing the low bioavailability issue of BCS Class II
drugs (10).

Lipid hybrid systems stabilised by silica nanoparticles have
previously been shown to offer attractive physicochemical and
biopharmaceutical advantages, including prolonged storage
stability of lipid-based systems (11), protection of photo-
sensitive drugs (12,13), as well as improved oral and dermal
drug delivery (14–17). This paper describes for the first time
the use of a nano-structured, porous silica-lipid hybrid (SLH)
carrier as a novel solid-state lipid-based formulation to
enhance the oral bioavailability of CEL in a dose-linear
manner. This formulation originates from a simple oil-in-
water emulsion (consisting of a dispersed oil phase in the
presence of an emulsifier) which is subsequently encapsulated
by a solid carrier prior to transformation into the dry
microparticle form (14,15). Silica-based materials are effec-
tive in enhancing the dissolution and absorption of BCS

Class II drugs, mainly via preservation of the drug
amorphous or molecularly dispersed form, as well as
increased drug wettability in the aqueous medium (18–21).
Importantly, the maintenance of a supersaturated state in
the GI fluids also presents a driving force for enhanced drug
absorption (22,23). This study extends our previous inves-
tigations on the CEL-SLH formulations and provides a
detailed assessment on the dose-dependent absorption of
CEL when delivered orally from various non-lipid and lipid-
based formulations in a fasted rat model. The major aim was
to determine if the SLH microparticle system produces a
linear dose-pharmacokinetic response which renders a more
predictable absorption for CEL in comparison with its
original form. To examine the significance of post-lipolysis
solubilisation on the absorption of CEL, a systematic in vitro-
in vivo correlation was undertaken based on CEL phase
partition under lipase-mediated digesting conditions. This
provides an improved understanding of the mechanisms of
drug release, solubilisation, and absorption from the SLH
formulations.

MATERIALS AND METHODS

Materials

Celecoxib powder (≥99.0% purity) and Celebrex®

capsules (100 mg celecoxib) were purchased from Chem-
Pacific (USA) and Australian Pharmaceutical Industries
(Australia), respectively. Miglyol 812, a mixture of
saturated caprylic/capric (C8/C12) triglycerides, was
supplied by Hamilton Laboratories (Australia). Capmul
MCM, a C8/C12 mono-diglyceride blend, was a generous
gift obtained from Abitech Corporation (USA). Soybean
lecithin (>94% phosphatidylcholine and <2% triglycer-
ides) was purchased from BDH Merck (Australia).
Hydrophilic 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
(Germany). Sodium taurodeoxycholate (NaTDC) 99%,
Trizma maleate, type X-E L-α-lecithin (60% pure
phosphatidylcholine, from dried egg yolk), porcine pan-
creatin extract (activity equivalent to 8 × USP specifica-
tion), 4-bromophenylboronic acid (4-BPB), calcium
chloride dehydrate and sodium hydroxide pellets were
purchased from Sigma-Aldrich (Australia). All other chem-
icals were of analytical grade and used as received. High
purity (Milli-Q) water was used throughout the study.

Preparation of CEL-SLH Microparticles

Different types of CEL-SLH microparticles, designated as
SLH-M (containing Miglyol 812) and SLH-C (containing
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Capmul MCM), were fabricated as previously described
(Fig. 1) (14). The equilibrium solubility of CEL in Capmul
MCM and Miglyol 812 was pre-determined to be 1.1±
0.0 and 9.3±0.1% (w/w), respectively, using the conven-
tional shake-flask or batch agitation method (24). First,
submicron oil-in-water emulsions (containing CEL in
excess of its equilibrium solubility in lipids) were prepared
by high pressure homogenisation (Avestin® EmulsiFlex-C5
Homogeniser, Canada) under a pressure of 1000 bar for
5–6 cycles. An aqueous dispersion of 5% (w/v) silica was
added to the homogenised emulsions and tumbled for
12 h. The silica-stabilised emulsions were spray-dried
(BÜCHI Mini Spray Dryer B-290, Switzerland) to
produce powdery CEL-SLH microparticles under the
following conditions: emulsion flow rate 5 ml/min,
aspirator setting 10, air flow rate 0.6 m3/min, inlet and
outlet temperature 160°C and 65°C.

Physicochemical Characterisation of CEL-SLH
Microparticles

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

The particle sizes of the CEL-SLH microparticles
were characterised 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 medium-chain lipids and
silica particles. The zeta potentials of the CEL-SLH
microparticles (5 mg/ml redispersed in phosphate buffer

0.05 M, pH 7.2) were characterised using phase analysis
light scattering (PALS) (Malvern Zetasizer Nano ZS,
UK). The samples were diluted 100-fold with water prior
to measurement at 25°C.

The lipid content of the CEL-SLH microparticles was
determined by thermogravimetric analysis (Hi-Res Mod-
ulated TGA 2950, TA Instruments Australia). Each
microparticle sample (approximately 10 mg) was heated
at a scanning rate of 10°C/min from 20°C to 600°C
under a nitrogen gas purge. The lipid content (both oils
and lecithin) was evaporated in the range of 240–350°C,
and the silica component remained thermally stable.
After correction for the water content of spray-dried
silica (previously determined to be 1.5±0.0%), the
subtracted weight loss was computed by using the
associated TA Universal Analysis software, and this
corresponds to the lipid content of the microparticles.

The amount of CEL loaded into the SLH microparticles
was determined by a solvent extraction method. The
encapsulated CEL was extracted by dissolving 10 mg of the
formulation powder in 4 ml methanol (which has been tested
to give a 100±1% extraction efficiency). The supernatant
(0.5 ml) was taken, and the solvent was completely evaporated
under a dry nitrogen stream at 30°C (Pierce Reacti-ThermTM

Heating Module, US). The resulting residue was re-dissolved
in 10 ml of the HPLC mobile phase solution by vortex-
mixing for 1 min, and centrifuged at 9400g for 15 min prior
to HPLC analysis for CEL content. The degree of
crystallinity of CEL was monitored by X-ray diffraction
(XRD, Philips PW 1050/25, Netherlands). The CEL
formulation samples were scanned between 10 and 50° (2θ)
at 0.02° intervals at a rate of 0.05°/min. Co-K-α radiation
(60 kV, 30 mA, 1.7902Å) were used with a 1/12°
collimation slit. Peak analysis was performed using the
SIROQUANT V3 software.
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Fig. 1 Schematic representation of the formation of nano-structured, porous SLH microparticles from precursor submicron emulsions encapsulated by
silica nanoaparticles (drawing not according to scale).
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In Vitro Lipolysis Study

Preparation of Lipid Digestion Medium

The fasted-state mixed micellar solution was prepared in the
following sequence for producing a bile salt:phospholipids
concentration of 5 mM:1.25 mM in the reaction mixture after
enzyme additions: egg lecithin was first dissolved in chloroform
(20 mg/ml), and the chloroform was evaporated under
vacuum (BÜCHI Rotavapor-RE, Switzerland) to form a thin
film of lecithin on the walls of a round-bottom flask; bile salt (i.e.
NaTDC) and digestion buffer (consisting of 50 mM Trizma
maleate (pH 7.5), 150 mM NaCl, and 5 mM CaCl2.2H2O)
were added, and the mixture was stirred for ~12 h to produce
a transparent (light yellow) micellar solution. The mixed
micellar solutions were kept refrigerated (2–8°C) and used
within 2 weeks of the day of preparation. Pancreatin extracts
(containing pancreatic lipase, colipase and other non-specific
lipolytic enzymes such as phospholipase A2) were freshly
prepared each day by stirring 1 g of porcine pancreatin
powder in 5 ml of digestion buffer for 15 min, followed by
centrifugation at 1600g (5°C) for 15 min. The supernatant
phase was collected and stored on ice until use.

Digestion Experimental Procedure

The progress of lipid digestion was monitored for 60 min
by using a TitraLab® 854 pH-stat titration apparatus
(Radiometer Analytical, France) according to a previously
established lipolysis model (25). A known quantity of lipid
formulation (at a dose of 100 mg oil per 10 ml lipolysis
volume) was initially dispersed in the buffered micellar
solution (37°C), and the pH was re-adjusted to 7.50±0.01
with 0.1 M NaOH or HCl solution. Lipolysis was initiated
by adding 1 ml of pancreatin extract per 10 ml of lipolysis
volume to produce a final lipase concentration of ~1000
TBU per ml of lipolysis volume. Free fatty acids (FFA)
produced in the reaction vessel were titrated with 0.6 M
NaOH via an auto-burette to maintain a constant pH in
the lipolysis medium at the pre-set value. Blank lipolysis
experiments (for micellar solutions) were performed in the
same way without the addition of formulation lipids to
compensate for the background FFA produced by compo-
nents other than the studied lipid vehicles. The titrant
volume for micelle samples was subtracted from that of the
studied lipid formulation samples. The consumption of
NaOH (after background correction) was used to calculate
the number of moles of FFA liberated based on a 1:1
stoichiometric (acid-base) reaction ratio, which were then
used to quantify the magnitude of lipolysis.

The phase distribution of CEL was examined for the
SLH microparticles and the blank micelle samples under
digesting conditions. At times 1, 5, 15, 30 and 60 min,

aliquots of 1 ml of lipolysis samples were collected into
individual Beckman polyallomer tubes prefilled with 10 μl of
4-BPB (0.5 M in methanol) equilibrated at 37°C, which acts
as an enzyme inhibitor to stop the lipolysis process in the
collected samples. Each collected sample was separated into
an upper undigested oil layer, a dispersed aqueous phase and
a pellet phase by ultracentrifugation (Beckman XL-80
Ultracentrifuge coupled with a 50 Ti rotor, USA) at
181,000g for 45 min (37°C). The aqueous phase was diluted
with acetonitrile (to meet the CEL calibration concentration
range) and centrifuged at 1600g for 15 min prior to HPLC
analysis as described previously; the pellet fraction was
dissolved in a chloroform:methanol (2:1 v/v) mixture and
acidified with 100 μl of 1 M HCl prior to the same dilution
and centrifugation steps, followed by HPLC analysis. It is
noted that isolation of the undigested oil film was not
practically feasible due to the low oil content of <10 mg per
ml of the collected digestion sample; therefore, the drug
content in the oil phase was not determined.

In Vivo Dose-Dependent Absorption Study

Animal Procedures and Formulation Administration

All animal experiments were approved by the Animal
Ethics Committee, Institute of Medical and Veterinary
Science, IMVS (Australia). Groups of five healthy male
Sprague-Dawley rats weighing from 300 to 360 g were used
for each treatment in the single oral dose study. One to
two days prior to CEL dosing, each rat was cannulated in
the right jugular vein under inhaled isoflurane and allowed
to recover. The rats were fasted overnight (14±1 h) prior to
the day of dosing and were given access to food 4 h post-
dose. Water was accessible to all treatment groups
throughout the study.

The CEL formulations tested at various doses (i.e. 5, 20
and 50 mg/kg) and the corresponding formulation compo-
sitions are listed in Table I. Pure CEL powder and the
Celebrex® powder materials were suspended in 0.25%w/v
sodium carboxymethylcellulose by ultrasonication (for
30 min). The CEL-SLH microparticles were redispersed
in Milli-Q water by brief vortex-mixing (10–20 s) and hand-
held shaking to form suspensions. Each cannulated and
fasted rat was administered one of the listed formulations
via oral gavage under light inhaled isoflurane. Blood
samples (0.2 ml) were collected from the jugular vein at
designated time points (i.e. 0, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 10
and 24 h after dosing) and centrifuged at 9,400g for 5 min.
Each aliquot of 100 μl plasma was vortex-mixed with
100 μl acetonitrile and centrifuged at 3,500g for 10 min to
remove proteins, prior to HPLC analysis as described
before. CEL content in the plasma samples was computed
from the same calibration curve (CEL in mobile phase) due
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to high extraction recovery (~100%) of CEL from rat
plasma samples.

Pharmacokinetic and Statistical Analyses

The CEL plasma concentration (Cp) values obtained
were dose-normalised to 5, 20 and 50 mg/kg accordingly
in order to eliminate minor dose discrepancies and
facilitate comparison between rats. The mean Cp-time
curves were constructed based on the mean dose-
normalised data. The pharmacokinetic parameters were
determined using the PC software, WinNonlin® Standard
Edition Version 4.1 (Pharsight Corporation, CA), based
on a non-compartmental model. The maximum plasma
concentration (Cmax) and the time at which Cmax is
reached (tmax) were obtained from the individual Cp-time
profiles. The area under the Cp-time curve from time zero
to infinity (AUC0→∞), calculated using the linear trape-
zoidal rule, was used to estimate the relative bioavailabil-
ity (Frel.) of the test formulations with reference to that of
the pure CEL, according to Eq. 1 (26):

F rel: ¼ AUC0!1ðtestÞ
AUC0!1ðreferenceÞ �

Dose ðreferenceÞ
Dose ðtestÞ ð1Þ

All values are expressed as the mean ± standard error
of the mean (SEM). The pharmacokinetic data were
evaluated by one-way analysis of variance (ANOVA)
with a Least Significant Difference (LSD) post-hoc test
using the statistical package for social sciences (SPSS
version 15.0) software, with the level of significance set
at p<0.05.

RESULTS

Physicochemical Properties of CEL-SLH
Microparticles

Three types of SLH microparticles with varying CEL loading
levels were fabricated: SLH-M-1 (0.6% CEL), SLH-M-2
(1.8%CEL) and SLH-C (3.8%CEL) (Table II). Each SLH
formulation is comprised of 52 to 62% (w/w) of lipids
encapsulated by or embedded in a porous silica-based matrix
at an oil:silica mass ratio of approximately 1:0.5 (w/w). The
SLH-M-2 formulation is essentially similar to the SLH-M-1
formulation in their compositions except for a higher lecithin
level, i.e. oil:lecithin mass ratio of 1:0.5 vs. 1:0.06. This
renders an increased CEL loading level in the SLH-M-2
system, as lecithin tends to self-assemble into reversed
spherical micellar structures in non-aqueous media (27),
thereby improving the solubility of CEL in Miglyol oil.
SLH-C contains the highest CEL loading level, mainly
due to the higher CEL intrinsic solubility in Capmul
MCM, which is an amphiphilic lipid widely used as a
surfactant/ emulsifier for oil-water systems (28–30).

The CEL-SLH microparticles were compared in terms
of solid-state morphology and redispersed-state colloidal
properties as a key indicator of the formulation stability.
The CEL-SLH formulations were readily redispersible in
water and demonstrated excellent physicochemical stability
(CEL in non-crystalline state as shown by XRD) at ambient
conditions for a study period of at least 6 months (Fig. 1).
Microscopic observation by SEM shows that the SLH
microparticles prepared from either Miglyol 812 (i.e.
SLH-M-1 and SLH-M-2) or Capmul MCM (i.e. SLH-C)

CEL formulation Compositions (mg)a Total powder mass
administered (mg)a

Total volume
administered (ml)

CEL Lipid

Low dose: 5 mg/kgb

Pure CEL 1.75 – 1.75 1.75

Celebrex® 1.75 – 4.7 2

SLH-M-1 1.75 168 324 2

Medium dose: 20 mg/kgc

Pure CEL 7.0 – 7.0 3

Celebrex® 7.0 – 18 3

SLH-M-1d 7.0 409 787 3

SLH-M-2 7.0 241 387 3

SLH-C 7.0 111 182 3

High dose: 50 mg/kgc, d

Pure CEL 17.5 – 17.5 3

Celebrex® 17.5 – 47 3

SLH-C 17.5 278 455 3

Table I The Compositions of
CEL Formulations Tested in Rats
(n=5 Unless Otherwise
Specified)

a The total powder mass includes
the active drug, lipid excipients
(if any) and other non-lipid inactive
ingredients; each total mass of
powder administered was
estimated based on a rat weighing
350 g.
b The rats used for the low dose
experiments were supplied by the
IMVS.
c The rats used for the medium
and high dose experiments were
supplied by the Lab Animal
Services, University of Adelaide.
d n=4.
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consist of well-separated spherical structures with hetero-
geneous size distributions ranging from 1 to 15 μm in
the solid state (Table II). Particle sizing by laser diffraction
indicates a relatively larger D(v,0.9) value for Capmul-
based microparticles (4–5 μm) compared to that of
Miglyol-based microparticles (2–4 μm), yet the D(v,0.1)
and D(v,0.5) diameters are comparable for all formula-
tions (<1 μm). The time-dependent changes in the
particle sizes are considered to be modest for the SLH
microparticle systems examined in this study. Impor-
tantly, the presence of particles larger than 10 μm was
confirmed to be negligible in all types of microparticle
systems. The zeta potentials (ζ) of the anionic emulsion
systems remained at >40 mV in magnitude before and

Table II Physicochemical Properties of Various CEL-SLH Microcapsules Fabricated from Medium-Chain Lipids: Lipid and CEL Content, Solid State
Surface Morphology, Redispersed Particle Size and Zeta Potential (Mean ± S.E.M., n=3)

a
The lipid content refers to a oil:lecithin mass ratio of 1:0.06.

b
The content of silica is an estimation resulting from subtraction of the content of lipid and CEL.

c
The lipid content refers to a oil:lecithin mass ratio of 1:0.5.
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after spray-drying. Taken together, the SLH micro-
particles showed reproducible reconstitution properties
in simulated intestinal medium (pH 7.2).

In Vitro Solubilisation of CEL Under Digesting
Conditions

Lipolysis-time profiles for the CEL-SLH microparticles are
presented in Fig. 2. SLH-M-1 and SLH-C formulations,

which contain low levels of lecithin, produced a relatively
faster and more complete lipolysis (~100% at 60 min) than
the SLH-M-2 formulation, which contains a higher level of
lecithin (~70% lipolysis at 60 min). This highlights the
inhibitory role of lecithin on the digestion of mixed
glyceride-lecithin systems where lecithin presumably forms
a competitive binding site for the lipid-digesting enzymes,
thereby reducing the accessibility of enzymes to the
glyceride components during lipolysis (31).
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The percentage of CEL present in the aqueous and
pellet phases during lipolysis (Fig. 3a) shows that continuous
lipolysis of the SLH microparticles provides a significantly
higher solubilising environment for CEL (30–100% CEL
solubilised) in comparison to the fasted-state blank micellar
solution (<10% CEL solubilised). In this study, the lipid dose
was fixed at 10 mg/ml in the lipolysis medium; this
corresponds to a maximum achievable CEL concentration
of approximately 100 μg/ml, 370 μg/ml and 620 μg/ml for
SLH-M-1, SLH-M-2 and SLH-C, respectively. The partition
results (Fig. 3a) show that there is a higher percentage of
CEL solubilised into the aqueous phase than precipitated for
both types of Miglyol-based microparticle systems, but there
is a higher tendency of drug precipitation than solubilisation
for the Capmul-based microparticles, most probably due to
the much higher CEL dose in the latter case. Therefore, it is
more appropriate to compare the solubilisation results in
terms of the absolute concentrations (Fig. 3b) rather than the
percentage of CEL solubilised.

Based on the lipolysis-time profile in Fig. 2, a complete
lipolysis of a 10 mg/ml lipid dose could produce a final
solubilised CEL concentration of 115 μg/ml for SLH-
M-1, which is approximately 2.5-fold higher than that of
the blank micelle medium (44 μg/ml) and 16-fold greater
than the solubility of CEL in water (i.e. 7 μg/ml (32)).
When compared to the SLH-M-2 microparticles, even
though the lipid digestion was slower and incomplete
(~70% lipolysis at 60 min), the solubilisation curve
(Fig. 3b) reveals a significantly higher concentration of
CEL dissolved ranging from 250 to 330 μg/ml. Whilst the
equilibrium solubility of CEL in Capmul MCM (9.3%)
was determined to be significantly higher than that in
Miglyol oil (1.1%), the lipolytic products of SLH-C
microparticles were found to provide less solubilising
capacity than the SLH-M-2 system, as evidenced by a
lower concentration of CEL solubilised (218 μg/ml) after a
complete lipolysis. The in vitro AUC values of CEL

solubilised in the lipolysis aqueous phase, derived from
the drug solubilisation curve (Fig. 3b), are summarised in
Table III. These in vitro AUC values are used for
developing correlations with the in vivo AUC values in
the later section on in vitro-in vivo correlations.

In Vivo Absorption of Various Celecoxib Formulations

The dose-dependent absorption of CEL was systemati-
cally evaluated for various oral formulations at three
dosage levels (i.e. 5, 20 and 50 mg/kg CEL) in a fasted
rat model. The formulations of interest include pure
CEL, Celebrex® capsule materials and the CEL-SLH
microparticles, all dosed in the form of an aqueous
suspension. The mean Cp-time profile of each studied
formulation is presented in Fig. 4. The corresponding non-
compartmental pharmacokinetic data are summarised in
Table IV.

At the lowest dose level of 5 mg/kg CEL, pure CEL
produced the lowest Cmax and AUC0→∞ values among the
tested formulations. A modest (but not statistically significant)
improvement in the bioavailability was observed for the
suspended Celebrex® materials, which showed an increased
Cmax and Frel. (133%) in comparison with pure CEL.
Interestingly, SLH-M-1 exhibited a statistically higher Cmax

and Frel. (150%) as compared to pure CEL (p<0.05). The
tmax values remained constant (i.e. 2–3 h) across the various
treatment groups.

When CEL was administered at higher doses (i.e. 20–
50 mg/kg), both Celebrex® and the CEL-SLH formula-
tions exhibited a 2–2.5-fold higher bioavailability (i.e.
Frel.=191–244%) compared to pure CEL (p<0.05).
Considering that the bioavailability is comparable
between SLH-M-1, SLH-M-2 and SLH-C at the dose of
20 mg/kg, as well as a reasonable total feed dose size (i.e.
total mass of administration <1 g per rat), the ‘high dose’
experiments conducted at 50 mg/kg CEL were undertak-
en for the SLH-C formulation because of its higher CEL
loading level and, hence, lower mass of administration
required. From Table IV, the pharmacokinetic data
indicate that SLH-C is capable of increasing the absorp-
tion of CEL at both medium and high doses, in which the
absorption profiles are comparable to that of the
suspended Celebrex® materials.

In order to clearly illustrate the dose-pharmacokinetic
relationships, the values of AUC0→∞ and Cmax obtained
for pure CEL, Celebrex® and the CEL-SLH micro-
particles are plotted against the dose of CEL administered
(Fig. 5). The formulations of SLH-M-1, SLH-M-2 and
SLH-C were regarded as the same treatment group
because only subtle differences have been observed in
their bioavailability. Interestingly, the AUC0→∞ and Cmax

values increase linearly with the selected CEL doses (i.e. 5,

Table III The Values of Area-Under-the Curve (with the Number of
Fold of Increment Compared to Blank Micelles) Derived from the CEL
Solubilisation Plots for Various CEL Formulations During Digestion
Under Fasted-State Intestinal Conditions at 37°C (n=2)

Lipid systems AUC1→t (min.mg/ml)a

t=5 min t=15 min t=30 min t=60 min

Blank micelles 0.190 0.688 1.43 2.84

SLH-M-1 0.270 (1.4) 1.11 (1.6) 2.55 (1.8) 5.87 (2.1)

SLH-M-2 1.17 (6.2) 3.98 (5.8) 8.56 (6.0) 18.0 (6.3)

SLH-C 1.22 (6.4) 3.66 (5.3) 6.91 (4.8) 13.2 (4.6)

a The standard deviations of the reported mean values are less than 2%

2280 Tan, Davey and Prestidge



20 and 50 mg/kg) for all three studied formulations. The
dose-pharmacokinetic relationships are reasonably linear
in all scenarios (R2≥0.99), except for the Cmax increment
for pure CEL (R2=0.82).

In Vitro-In Vivo Correlations (IVIVC)

Single-Point Correlations

Single-point correlations were established to rank the in
vivo performance of the studied CEL formulations (regard-
less of the statistical significance of bioavailability data).
Correlations were established using the in vitro CEL
solubilisation data and the pharmacokinetic results
obtained at a CEL dose of 20 mg/kg, considering that
the amount of CEL administered to the rats (i.e.6–7.2 mg
CEL per rat) is within the range of the CEL dose
incorporated into the in vitro lipolysis studies (i.e. 2–
12.4 mg CEL in a 20 ml lipolysis medium). The in vivo
AUC0→∞ or Cmax values were correlated with (i) the final
concentration of CEL solubilised in the post-lipolysis
aqueous phase at 60 min, i.e. [CEL]aq (60 min) and (ii)
the maximum concentration of CEL solubilised in the
aqueous phase during lipolysis, i.e. [CEL]aq (max). Fig. 6a
and b clearly depict a linear IVIVC for pure CEL, SLH-
M-1 and SLH-M-2 (R2>0.9 with a zero intercept), in
which case the [CEL]aq in the post-digestive state (i.e. after
60 min of lipolysis) was considered. However, SLH-C was
not fitted into the correlations. On the other hand, when
the values of [CEL]aq(max) were taken to correlate with the
AUC0→∞ or Cmax values, a strong correlation was obtained
between these parameters for all four studied formulations:
pure CEL < SLH-M-1 < SLH-M-1 < SLH-C (R2>0.9 with
a zero intercept in both plots) (Fig. 6c and d).

Multiple-Point Correlations

Multiple-point correlations were established for each
formulation based on the in vitro AUC values of drug
solubilised in the lipolysis aqueous phase and the in vivo
AUC values derived from the Cp-time profiles at various
time points (for rats dosed at a 20 mg/kg CEL dose).
Specifically, the percentage of lipolysis at time (tin vitro)=1,
5, 15, 30, and 60 min was correlated with the plasma
concentration of CEL determined at time (tin vivo)=15,
30, 60, 120, and 180 min, when the absorption rate
was greater than the elimination rate (i.e. at times
prior to reaching Cmax). As depicted in Fig. 7, linear
IVIVCs were obtained for pure CEL (in the absence of
formulation lipids), SLH-M-1, SLH-M-2 and SLH-C
(R2>0.9 with a zero intercept). When the selected time
points for both in vitro and in vivo data are plotted against
one another according to the concept of a Levy plot
(i.e. tin vivo vs. tin vitro) (33), it yields a slope of approxi-
mately three (Fig. 8). This slope value can be used to infer
that the in vivo absorption occurs three-fold slower than
the in vitro lipolysis under the simulated intestinal
conditions.
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Fig. 4 Plasma concentration-time profiles of CEL in fasted, male Sprague-
Dawley rats following a single oral dose of various formulations equivalent
to a CEL dose of (a) 5 mg/kg (n=5), (b) 20 mg/kg (n=5), and (c) 50 mg/
kg (n=4) (mean ± S.E.M.).

Silica-Lipid Hybrid (SLH) Versus Non-lipid Formulations 2281



DISCUSSION

Solubilisation of CEL from Post-Digested SLH
Microparticles

SLH microparticles, originated from oil-in-water emulsion
templates, were formulated based on medium-chain glycer-
ides (either TG or a MG/DG blend) as the oil phase, soybean
lecithin as the emulsifier, and Aerosil silica nanoparticles as
the stabiliser and solid carrier, all of which are GRAS-listed
substances. The formation of macro-porous (50–200 nm),
homogenous silica-lipid matrices has been illustrated by a
previous ion beam-induced SEM analysis (15,34). The highly
porous matrix structure of the SLH microparticles (BET
surface area=184 m2/g) has been shown to contribute
towards an enhanced lipid digestibility and, hence, in vivo
drug bioavailability as compared to conventional lipid
solutions and submicron emulsions (34). Significantly, the
current study provides a full characterisation of the dynamic
solubilisation state of the encapsulated drugs before, during,
and after enzymatic digestion of the SLH microparticles.

A parallel analysis of the lipolysis kinetics and drug phase
partitions provides an important insight into the mechanisms
of drug release and solubilisation resulting from the SLH
microparticle systems. The lipolysis profiles show that the
nano-structured SLHmicroparticles are effective in enhancing
complete digestion of Miglyol 812 (TG) and Capmul MCM
(MG/DG blend) in the presence of low lecithin levels (oil:
lecithin=1:0.06 w/w). Interestingly, lecithin has played a dual
role in the formulation of SLH microparticles—it acts as a
solubiliser (or termed ‘biosurfactant’ (35)) for improving the
lipid solubility of CEL but, on the other hand, exerts an
inhibitory effect on the digestion of lipid oils. This is an

attractive mechanism in which the inhibitory role of lecithin
dominates the positive porosity effect of the SLH micropar-
ticle systems in producing a more controllable rate and extent
of lipolysis.

To verify the role of lipid digestibility on drug solubilisa-
tion, the distribution of CEL between the aqueous and pellet
phases during lipid digestion was determined for CEL in
blank micelles (without the addition of exogenous lipids), as
well as for various SLH formulations. The lipolysis phase
partition data indicate a 2.5–7.5-fold higher solubilising
capacity in the lipolysis medium resulting from the digestion
of SLHmicroparticles encapsulating themedium-chain lipids,
as compared to the simulated fasted-state endogenous
micelles. The initial solubility of the CEL in the lipid vehicles
does not directly correlate to the medium solubilisation
capacity after lipolysis. It is proposed that the types of the
end lipolysis products, either in the partially digested but
absorbable forms (i.e. MG and DG) or in the completely
hydrolysed and titratable form (i.e. FFA), significantly
influence the solubilising power of a lipolysis medium.
According to one of the original papers describing the lipolysis
model developed by Sek et al. (36), medium-chain TG is
expected to be hydrolysed to form MG (15%) and FA (70%)
in the aqueous phase, with some FA (15%) pelleted out after
30 min; DG is also possibly accumulated in the first 5 min of
lipolysis. In contrast, medium-chain MG/DG mixture is
completely hydrolysed in 30 min to produce only FA as the
end products, in which 80% is present in the aqueous phase
and the remaining 20% in the pellet phase. Based on this
information, we deduced that the partially digested glyceride
forms, specifically MG and DG, are important solubilising
colloidal species that prevent precipitation of the unionised
CEL molecules. Full lipid hydrolysis may not be necessary to

CEL formulation Pharmacokinetic parameters

tmax (min) Cmax (μg/ml) AUC0→∞ (min.μg/ml) Frel. (%)

Low dose: 5 mg/kg

Pure CEL 202±28 0.50±0.08 167±11 100±7

Celebrex® 162±20 0.63±0.08 223±16 133±9

SLH-M-1 174±15 1.00±0.07 a, b 250±15a 150±9a

Medium dose: 20 mg/kg

Pure CEL 270±30 2.92±0.37 951±153 100±16

Celebrex® 252±29 4.18±0.28 1882±177a 198±19a

SLH-M-1* 560±40a, b 2.16±0.29 1859±109a 195±12a

SLH-M-2 456±59a, b 3.21±0.44 2036±187a 214±20a

SLH-C 264±24 4.33±0.89 2316±259a 244±27a

High dose: 50 mg/kg

Pure CEL* 285±66 3.88±0.96 3089±546 100±18

Celebrex®* 300±60 8.83±0.85a 5975±525a 193±17a

SLH-C* 360±69 9.10±0.74a 5895±565a 191±18a

Table IV Dose-Dependent Phar-
macokinetic Parameters of CEL
Following a Single Oral Dose of
Various CEL Formulations to
Fasted, Male Sprague-Dawley Rats
Based on Non-Compartmental
Calculation (Mean ± S.E.M., n=5
Unless Otherwise Specified)

* n=4
a statistically higher than aqueous
suspension (p<0.05)
b statistically higher than Celebrex®

(p<0.05)
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induce drug release and solubilisation. This inherently
elucidates the higher initial concentration of CEL
solubilised for the SLH-C system because of the presence
of a MG/DG mixture. As lipolysis progresses, the
concentration of the MG/DG species declines rapidly
because they are efficiently digested by the lipase/
colipase complexes, producing the titratable FFA mono-
mers which do not favour solubilisation of the CEL

molecules. Hence, a declining solubilisation curve was
observed for the SLH-C microparticles under digesting
conditions. In the case of SLH-M-2 microparticles, the
continuous gain of the MG and DG species with
incomplete conversion into the titratable FFA has
adequately maintained CEL dispersion in the lipolysis
aqueous phase.

Dose-Dependent Absorption of CEL

The dose-dependent absorption profiles of CEL resulting
from various oral formulations were determined in a
fasted rat model: pure CEL, Celebrex® (which is
‘surfactant-based’ (1)) and the lipid-based SLH micropar-
ticle systems. The lowest CEL dose employed (i.e. 5 mg/
kg) is equivalent to the efficacious anti-inflammatory dose
of 400 mg daily in humans, assuming an average weight of
70–80 kg; the higher doses employed (i.e. 20 and 50 mg/
kg) are useful for the evaluation of dose-pharmacokinetic
linearity as well as for potential translation into anti-
cancer uses (37). To date, there have been few studies
reporting dose proportionality assessment of CEL when
administered in various dosage forms; Mamidi et al. (6)
have reported linear dose-pharmacokinetic responses in
rats for their CEL prodrug formulation, but not for the
conventional CEL formulation (suspension) over the dose
range of 10–100 mg/kg.

The current single-dose absorption studies have shown
reasonably linear dose-pharmacokinetic relationships for
both non-lipid (pure CEL and Celebrex®) and lipid-based
(CEL-SLH microparticles) formulations (Fig. 5). It appears
that the R2 values are close to unity (R2=0.99) except for
the Cmax increment observed for pure CEL (R2=0.82). This
is considered to be a result of slower dissolution and
absorption taking place in the gut, which subsequently leads
to a slower increase in Cmax for pure CEL at higher doses;
surfactant-based and lipid-based formulations have better
intraluminal solubilising capacity; therefore, the increment
inCmax is rather linear within 5–50 mg/kg CEL doses.
Since the slope of each plot in Fig. 5 represents the change
in AUC0→∞ or Cmax values as a function of CEL dose, the
slope results obtained for Celebrex® and the CEL-SLH
formulations imply that these formulations consistently
provide a two-fold higher CEL bioavailability or Cmax than
pure CEL within the dose range of 5–50 mg/kg. Such
bioavailability improvements (i.e. >20%) are regarded as
clinically significant (26).

A parallel examination of the SLH-M-1, SLH-M-2
and SLH-C formulations at the same CEL dosage level
(viz. 20 mg/kg) allows determination of the effect of
different lipid dose and lipid type on the absorption of
CEL. The mass ratios of lipid:CEL for SLH-M-1, SLH-M-2
and SLH-C are 58:1, 34:1 and 16:1, respectively. From
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Fig. 5 Linearity in pharmacokinetics of CEL over the dose range of 5–
50 mg/kg following a single oral administration of various CEL formulations
to fasted, male Sprague-Dawley rats: AUC0→∞ (grey bars) and Cmax

(closed circles).

Silica-Lipid Hybrid (SLH) Versus Non-lipid Formulations 2283



Table IV, it can be seen that both SLH-M-1 and SLH-M-2
formulations produced a significant delay in the absorp-
tion process as evidenced by the statistically higher tmax

values (7–9 h), presumably resulting from the higher lipid

mass of ~400 mg and ~240 mg Miglyol oil administered,
respectively (as summarised in Table I). In contrast, SLH-
C, which contains ~110mg Capmul oil per dose, showed a tmax

value of ~4 h, which is similar to that observed for pure CEL
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for various CEL formulations in-
cluding pure CEL (●), SLH-M-1
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(×). The final concentration of
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lised in the in vitro lipolysis aque-
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and Celebrex®. Such findings indicate that co-administration
of a high amount of TG (i.e. ≥240 mg Miglyol oil in the
present case) potentially extends CEL absorption. However,
the overall bioavailability of CEL was not affected, in which
the AUC0→∞ values of SLH-M-1 and SLH-M-2 are
statistically higher than that of pure CEL suspension and
comparable to other tested formulations, including Cele-
brex® and SLH-C. Previously, Friedman et al. (38) have
demonstrated that fat emulsions (e.g. Intralipid) tend to
partition in the stomach into an aqueous phase, which
empties much faster than the retained oil phase. The
delayed/ extended CEL absorption observed for SLH-
M-1 and SLH-M-2 may be caused by several mecha-
nisms: (i) a delay in gastric emptying (38), (ii) an extended
intestinal transit time (33,39), or (iii) simply a longer
digestion time required for the higher amount of lipids
prior to drug absorption. It is noted that there is no
significant delay in the tmax for SLH-C even though the
mass of lipid administered is considered high (~280 mg
MG/DG) at the dose level of 50 mg/kg CEL. The
unchanged rate of absorption for the SLH-C formulation
may be rationalised by the composition of Capmul oil,
which consists primarily of MG (58%) that is readily
absorbable across the intestinal membrane, and DG (36%)
that hydrolyses quickly into the absorbable forms (MG
and FA) (40).

Correlations Between In Vitro Solubilisation
and In Vivo Bioavailability

Our previous work has illustrated the use of lipolysis kinetics to
interpret, to some extent, the in vivo drug absorption profiles
resulting from various lipid-based systems, including simple
lipid solutions, emulsions, and SLH microparticles (34).
The current phase partition results further elucidate the
capability of the resultant digestion products in keeping the

released drugs solubilised during and after lipolysis. It is
emphasised that the in vivo bioavailability of the tested CEL
formulations are more accurately represented by the
maximum solubilisation level (i.e. [CEL]aq (max)) than the
post-lipolysis solubilisation level (i.e. [CEL]aq (60 min)). This
correlation approach was developed based on the concept of
the drug supersaturation effect as suggested by Guzman et al.
(23) and Brouwers et al. (22). The authors proposed that the
creation of a highly supersaturated environment in the GI
lumen (even for a limited period of time) is an important
mechanism that facilitates the intestinal absorption of highly
permeable drugs, such as CEL. The linear correlations
obtained between the maximum achievable aqueous solubi-
lisation level in the lipolysis medium and the in vivo
bioavailability of CEL for all four studied formulations
(R2>0.9 with a zero intercept in both plots) strongly support
the ‘supersaturation’ concept. Time-dependent drug precip-
itation observed in the in vitro lipolysis model may not be
reflective of the in vivo situation. This argument strongly holds
particularly for drugs that are highly permeable to the
intestinal membrane, in which the drugs potentially undergo
rapid absorption once they are solubilised in a supersaturat-
ed state. The correlation approaches reported in this paper
represent a significant novelty in the studies of lipolysis-based
IVIVC and, therefore, will be further investigated in our
laboratory using different types of lipid excipients and model
lipophilic drugs.

CONCLUSION

The oral absorption profiles of CEL were determined in a
dose-dependent manner in a fasted rat model following a
single administration of various non-lipid (pure CEL and
Celebrex®) and lipid-based formulations (SLH microparticles
encapsulating medium-chain lipids). Dose linearity in the
AUC0→∞ and Cmax values (R

2=0.82–0.99) was confirmed for
all three studied formulations at CEL dose levels of 5, 20 and
50 mg/kg. The CEL-SLH formulations and Celebrex®

consistently produced 2-fold higher AUC0→∞ and Cmax values
than the pure drug within the dose range of 5–50 mg/kg
CEL. A parallel analysis of the in vitro lipolysis kinetics and
drug phase partitions reveals that glycerides in the partially
digested forms (i.e. MG and probably DG), rather than the
completely hydrolysed form (i.e. FFA), are the important
colloidal species determining the solubilising power of a
lipolysis medium for CEL. The improved oral absorption of
CEL delivered using the SLH microparticles is likely to be
facilitated by an enhanced lipid digestibility and subsequent
supersaturated solubilisation of CEL by the partially digested
but absorbable glyceride species, which eventually leads to an
enhanced bioavailability of the highly permeable drug
molecules.
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the development of IVIVC (resembling the Levy plot).
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