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Abstract: We report on the fabrication and characterization of dry hybrid lipid-silica nanoparticle based
microcapsules with an internal porous matrix structure for encapsulation of poorly soluble drugs, and
their delivery properties (in vitro release and lipolysis and in vivo pharmacokinetics demonstrated for
indomethacin as a model drug). Microcapsules were prepared by spray drying of Pickering o/w emulsions
containing either negatively or positively charged lipophilic surfactant in the oil phase and hydrophilic
silica nanoparticles in the aqueous phase. Effective microcapsule formation is critically dependent on
the interfacial structure of the nanoparticle containing emulsions, which are in turn controlled by the
surfactant charge and the nanoparticle to lipid ratio. Microcapsules (containing 50-85% oil) can be
prepared with 10 times fewer silica nanoparticles when a droplet-nanoparticle charge neutralizing
mechanism is operative. Cross-sectional SEM imaging has confirmed the internal porous matrix structure
and identified pore sizes in the range 20-100 nm, which is in agreement with BET average pore diameters
determined from gas adsorption experiments. Differential scanning calorimetry and X-ray diffraction
analysis have confirmed that the model drug indomethacin remains in a noncrystalline form during storage
under accelerated conditions (40 °C, 75% RH). Dissolution studies revealed a 2-5-fold increase in
dissolution efficiency and significantly reduced the time taken to achieve 50% of drug dissolution values
(g2- or 10-fold) for indomethacin formulated as microcapsules in comparison to o/w submicron emulsions
and pure drug, respectively. Orally dosed in vivo studies in rats have confirmed superior pharmacokinetics
for the microcapsules. Specifically, the fasted state absolute bioavailability (F) was statistically higher
(93.07 ( 5.09%) (p < 0.05) than for aqueous suspension (53.54 ( 2.91%) and o/w submicron emulsion
(64.57 ( 2.11%). The microcapsules also showed the highest maximum plasma concentration (Cmax)
among the investigated formulations (p < 0.05). In vitro lipolysis showed statistically higher (p < 0.05)
fasted digestion (75.8% after 5 min) and drug solubilization (98% after 5 min) in digestive products for
microcapsules than o/w emulsions. The hybrid lipid-silica microcapsules improve oral absorption by
enhancing lipolysis and drug dissolution.
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Introduction
Various approaches have been used for improving the

solubility of poorly soluble drugs. A significant effort has been

directed toward optimizing the therapeutic application of drug
delivery systems based on lipids. Lipid-based formulations have
evolved from simple lipid solutions of drugs to more advanced
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oral delivery systems, including self-microemulsifying delivery
systems (SEDDS/SMEDDS),1 solid lipid nanoparticles (SLNs),2

lipid-based liquid crystalline systems,3 and dry emulsions.4-7

Recent reports8-10 demonstrate that the dissolution rate is not
a sufficient parameter for assessment of lipid based formulations.
It has been shown that colloid structures formed during the
digestion of lipids provide a series of lipophilic phases within
which a lipophilic drug may reside during intestinal transit,
thereby preventing precipitation and promoting absorption.8 As
digestion products can decisively influence the rate and extent
of absorption and hence bioavailability, it is critically important
to consider the rate and extent of lipid digestion when
formulating lipid based delivery systems for poorly soluble
drugs.

Dry emulsions are a new lipid delivery form under
exploration for their biopharmaceutical prospects. The
procedure for their preparation includes spray drying, lyo-
philization or rotary evaporation to remove the water phase
from liquid o/w emulsion containing solid carriers. Dry
emulsions have the ability to (i) increase the dissolution rates
and bioavailability of poorly water-soluble drug compounds,
(ii) protect the drug against light7,11 or oxidation12 and (iii)
eliminate the shortcomings of conventional liquid emulsions,

in particular physical instability.4-7,11,12 Published work to
date defines dry emulsions as powdery, lipid based formula-
tions from which an o/w emulsion can readily be reconsti-
tuted in Vitro and in ViVo.4-7,11,12 Consequently, the stability
of dry emulsions is improved while the delivery performance
for poorly soluble drugs is regarded as equivalent to emulsion
oil droplets.

In this article, we demonstrate that dry lipid capsules
stabilized by silica nanoparticles can be engineered not only
as a delivery system with properties equivalent to emulsion
droplets reconstituted in Vitro and in ViVo, but rather as a
complex porous nanostructured material with specific proper-
ties that enhance the delivery of poorly soluble drugs in
comparison with equivalent emulsion droplets. The aim of
the study was 2-fold: (i) to present a general strategy for the
preparation of dry hybrid lipid-silica microcapsules with a
highly porous internal matrix structure from nanoparticle
stabilized Pickering emulsions, and (ii) to demonstrate the
advantages of such microcapsules and the mechanisms
whereby the delivery of poorly soluble drugs are enhanced,
namely, optimized encapsulation/loading, the effect of li-
polysis on the rate and extent of drug release and in ViVo
bioavailability using a rat model.

Pickering emulsions have attracted extensive attention, not
only because of their greater stability in comparison to
surfactant-stabilized analogues13 but also as templates for
fabrication of new encapsulation materials with complex
hierarchical structures, e.g. filters and catalysts,14 colloido-
somes15 and hollow spheres.16 Porous silica materials have
a long history of successful use as catalysts,14 so it is
reasonable to propose that similar biocompatible materials
will catalyze lipolysis of oils and improve bioavailability of
poorly soluble drugs. Furthermore, in recent years nano-
structured mesoporous amorphous silica materials have been
intensively investigated for biomedical applications and
controlled release.17 Such materials are derived from su-
pramolecular assemblies of surfactants which template
amorphous silica during synthesis. Upon removal of surfac-
tants by pyrolysis or dissolution, silica mesoporous matrices
are formed and are effective drug carriers due to a pore

(1) Hong, J. Y.; Kim, J. K.; Song, Y. K.; Park, J. S.; Kim, C. K. A
new self-emulsifying formulation of itraconazole with improved
dissolution and oral absorption. J. Controlled Release 2006, 110
(2), 332–338.

(2) Luo, Y.; Chen, D.; Ren, L.; Zhao, X.; Qin, J. Solid lipid
nanoparticles for enhancing vinpocetine’s oral bioavailability. J.
Controlled Release 2006, 114 (1), 53–59.

(3) Kossena, G. A.; Charman, W. N.; Boyd, B. J.; Porter, C. J. H. A
novel cubic phase of medium chain lipid origin for the delivery
of poorly water soluble drugs. J. Controlled Release 2004, 99
(2), 217–229.

(4) Shively, M. L.; Myers, S. Solid-state emulsions: The effects of
process and storage conditions. Pharm. Res. 1993, 10, 1071–1075.

(5) Shively, M. L. Characterisation of o-w Emulsions Prepared from
Solid-State Emulsions: Effect of Matrix and Oil phase. Pharm.
Res. 1993, 10, 1153–1156.

(6) Christensen, K. L.; Pedersen, G. P.; Kristensen, H. G. Preparation
of redispersible dry emulsions by spray drying. Int. J. Pharm.
2001, 212, 187–194.

(7) Jang, D. J.; Jeong, E. J.; Lee, H.-Mi.; Kim, B.-C.; Lim, S. J.;
Kim., C. K. Improvement of bioavailability and photostability of
amlodipine using redispersible dry emulsion. Eur. J. Pharm. Sci.
2006, 28, 405–411.

(8) Porter, C. J. H.; Trevaskis, T N.; Charman, W. N. Lipids and
lipid-based formulations: optimizing the oral delivery of lipophilic
drugs. Nat. ReV. Drug DiscoVery 2007, 6 (4), 231–248.

(9) Porter, C. J. H.; Pouton, C. W.; Cuine, J. F.; Charman, W. N.
Enhancing intestinal drug solubilization using lipid -based delivery
systems. AdV. Drug DeliVery ReV. 2008, 60 (6), 673–691.

(10) Dahan, A.; Hoffman, A. Rationalizing the selection of oral lipid
based drug delivery systems by an in vitro dynamic lipolysis
model for improved oral bioavailability of poorly water soluble
drugs. J. Controlled Release 2008, 129 (1), 1–10.

(11) Takeuchi, H.; Sasaki, H.; Niwa, T.; Hino, T.; Kawashima, Y.;
Uesugi, K.; Ozawa, H. Improvement of photostability of ubide-
carenone in the formulation of a novel powdered dosage form
termed redispersible dry emulsion. Int. J. Pharm. 1992, 86, 25–
33.

(12) Heinzelmann, K.; Franke, K. Using freezing and drying techniques
of emulsions for the microencapsulation of fish oil to improve
oxidation stability. Colloids Surf. B 1999, 12, 223–229.

(13) Binks, B. P.; Rodrigues, J. A. Double inversion of emulsions by
using nanoparticles and a di- chain surfactant. Angew. Chem., Int.
Ed. 2007, 46, 5389–5392.

(14) Binks, B. P. Macroporous silica from solid-stabilized emulsion
templates. AdV. Mater. 2002, 14 (24), 1824–1827.

(15) Dinsmore, A. D.; Hsu, Ming F.; Nikolaides, M. G.; Marquez,
Manuel; Bausch, A. R.; Weitz, D. A. Colloidosomes: Selectively
Permeable Microcapsules Composed of Colloidal Particles. Sci-
ence 2002, 298 (5595), 1006–1009.

(16) Chen, T.; Colver, P. J.; Bon, S A. F. Organic-inorganic hybrid
hollow spheres prepared from TiO2-stabilized pickering emulsion
polymerization. AdV. Mater. 2007, 19, 2286–2289.

(17) Vallet-Regi, M.; Balas, F.; Arcos, D. Mesoporous materials for
drug delivery. Angew. Chem., Int. Ed. 2007, 46 (40), 7548–7558.

articles SimoVic et al.

862 MOLECULAR PHARMACEUTICS VOL. 6, NO. 3



network with high surface area that controls drug loading
and release kinetics.17

In this work we argue that the high surface area of
amorphous silica can be beneficial not only for drug release
but also for the catalytic effect of silica matrices on the
lipolysis of adsorbed triglycerides and phospholipids. It is
also important that our novel lipid based microcapsule
delivery system for poorly soluble drugs does not include a
high concentration of surfactant(s). Current SEDDS/SMEDDS
delivery systems that improve bioavailability by enhancing
release and subsequent lipolysis contain at least 25%
surfactants.1,9,18 This raises health safety issues since they
act as irritation and sensitizing agents and are clearly not
recommended for chronic therapies.19,20 It is therefore of
interest to develop alternative, surfactant-free systems with
equivalent efficiency and greater economical viability.

Experimental Section
Materials. High-purity water (Milli-Q) was used through-

out the study. Lecithin and oleylamine were supplied by
Aldrich (Milwaukee, WI). The oil phase used was fraction-
ated triglyceride coconut oil (Miglyol 812 N) supplied by
Hamilton Laboratory (Australia). Pancreatin (porcine) and
bile extract (porcine) were purchased from Sigma-Aldrich,
USA. 4-Bromobenzeneboronic acid (BBBA) was purchased
from Lancaster, Germany. Phosphatidylcholine Epikuron 200
(purity, minimum 92%) was purchased from Degussa,
Germany. Fumed silica nanoparticles Aerosil 380 (Degussa,
Germany) have a BET surface area of 380 ( 30 m2 g-1, 2.5
Si-OH groups nm-2 (determined from Li-Al-hydride method)
and an average primary particle size of 7 nm. Contact angles
estimated from enthalpy of immersion data are reported21

to be 14° (water/air) and 0° (toluene/water). Indomethacin
(Sigma Aldrich) was used as a model lipophilic drug; it has
a water solubility (pH ) 7.2) of 0.768 mg/mL, pKa of 4.5
and log P of 3.6.

Preparation and Characterization of Pickering Emul-
sions. Lecithin or oleylamine (0.6 or 1 wt %, respectively)
was dissolved in the oil phase (with or without 10 wt %
indomethacin), added into the silica nanoparticle aqueous
dispersion prepared using an ultrasonic bath (Labec, model
J-LTB3) (300W for 2 h) under hand mixing and passed

through a high pressure homogenizer (Avestin EmulsiFlex,
C50 high pressure homogenizer) for 5 cycles under pressure
5 mbar. Diluted Pickering emulsions were analyzed for size
and zeta potential using a Malvern Zetasizer Nano ZS. A
freeze-fracture SEM technique (Philips XL 30 FEG scan-
ning electron microscope with Oxford CT 1500 cryotransfer
system) was used to image the nanoparticle coated emulsions
prior to drying. The methodology, which has been reported
previously22,23 consisted of emulsion cryofixation, fracturing,
etching, platinum coating and imaging. Emulsion samples
(50 µL) were deposited on a flat copper substrate holder and
cryofixed by rapid cooling with liquid nitrogen (-196 °C)
in order to reach the vitreous state. Frozen samples were
then mounted on a cold table under liquid nitrogen and then
inserted into the freeze-fracture equipment at -150 °C and
10-6 Torr. A single-edge scalpel blade precooled to -150
°C was then used to induce the fracture. Surface ice was
removed during a sublimation step, i.e. by increasing the
sample temperature to either -92 or -100 °C for a period
of 2-5 min. Great care is necessary during this step in order
to avoid droplet disintegration. The fractured and etched
sample was then sputter-coated with platinum (∼2 nm), prior
to SEM imaging. Energy dispersive analysis of X-rays
(EDAX) was used during imaging to elucidate the chemical
nature of the observed features.

Preparation and Characterization of Dry Hybrid
Lipid-Silica Microcapsules. Nanoparticle containing emul-
sions (in the absence and presence of encapsulated in-
domethacin (10 wt % in the oil phase) were spray-dried
(Buchi 190 mini spray dryer) at a flow rate of 5 mL/min,
aspirator setting 10, air flow 0.6 m3/min, inlet temperature
160 °C and outlet temperature 85 °C. The XPS spectra of
dry microcapsules were recorded using a Kratos AXIS Ultra
DLD spectrometer with a monochromated Al KR radiation
source (hν ) 1486.7 eV) operating at 15 kV and 10 mA.
The pressure in the vacuum chamber during the analysis was
less than 10-10 bar, and the takeoff angle of the photoelec-
trons was perpendicular to the sample. The areas under
selected photoelectron peaks in the spectrum were used to
calculate the atomic concentrations. High-resolution (0.1 eV)
spectra were then recorded for pertinent photoelectron peaks
at a pass energy of 20 eV to identify the chemical state of
each element. All the binding energies (BEs) were referenced
to the C1s neutral carbon peak at 285 eV, to compensate for
the effect of surface charging. The processing and curve-
fitting of the high resolution spectra was performed using
CasaXPS software. The analysis area was 700 × 300 µm.
The oil encapsulation, i.e. oil level within the microcapsules,
was determined using thermogravimetric analysis (TA
Instruments). Dry microcapsules were heated from 20 to 600
°C at a scanning rate of 10 °C min-1 in nitrogen. The oil

(18) Cuine, J. F.; McEvoy, C. L.; Charman, W. N.; Pouton, C. W.;
Edwards, G. A.; Benameur, H.; Porter, C. J. H. Evaluation of the
impact of surfactant digestion on the bioavailability of danazol
after oral administration of lipidic self-emulsifying formulations
to dogs. J. Pharm. Sci. 2007, 97 (2), 995–1012.
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-induced membrane permeability enhancement. Pharm. Res. 2000,
17 (5), 612–618.

(21) Yan, N.; Maham, Y.; Masliyah, J. H.; Gray, M. R.; Mather, A. E.
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Using Enthalpy of Immersion Data. J. Colloid Interface Sci. 2000,
228, 1–6.

(22) Simovic, S.; Prestidge, C. A. Colloidosomes from the Controlled
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the PDMS Droplet-Water Interface. Langmuir 2003, 19 (9), 3785–
3792.
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evaporated at 346 °C, and the silica remained thermally
stable. After correction for the water content of silica and
spray dried silica, the observed weight loss corresponded to
the oil content of the dry microcapsules. Oil entrapment
efficiency was calculated based on the initial oil:silica weight
ratio. The surface structure of the hybrid lipid-silica
microcapsules was examined by scanning electron micros-
copy (JMS-5310LV, JEOL) at an accelerating voltage of 15
kV. The samples were mounted on a double-faced adhesive
tape, and sputtered with gold before imaging. An FEI FIB201
focused ion beam instrument was used for sectioning and
high-resolution imaging. The instrument is capable of
producing a gallium ion beam of between 7 nm (at 1 pA
beam current) and 300 nm (at 12 nA) in diameter at 30 keV
energy. A platinum organometallic gas injector allows ion
beam assisted deposition of platinum over selected areas of
the sample, and this facility was used prior to the sectioning
in order to alleviate sample charging from the insulating
specimens. For sample sectioning, a large ion current (12
nA) was used initially to remove material by sputtering. A
finer beam of lower current was then used to “polish” the
vertical face of the sample by scanning the beam in a line
and moving it progressively up to remove further material.
The sample was then tilted to 45° and the polished face
imaged using the same ion beam, at a much lower beam
current to achieve the high-resolution ion beam induced
secondary electron images shown here. BET surface area
and pore volume of spray dried microcapsules after oil
removal by hexane extraction were determined by N2

adsorption using a Micrometrics ASAP 2010 porosimeter.
Drug Encapsulation, in Vitro Dissolution Tests and

Digestion Experiments. The degree of crystallinity of
indomethacin after preparation and 6 months storage under
accelerated conditions (40 °C and 75% RH) was determined
by differential scanning calorimetry (DSC) and X-ray powder
diffraction (XRD). DSC was performed using a TA Instru-
ments Q100 differential scanning calorimeter. A 15 mg
sample was heated in an aluminum pan at a rate of 278.15
K/min over a temperature range of 25-200 °C, under a flow
of dry nitrogen gas (80 mL/min). Instrument calibration was
undertaken using an indium standard. Powder XRD patterns
were obtained using a Philips (PW 1050/25) X-ray diffrac-
tometer with Co KR radiation (45 kV, 35 mA). The samples
were scanned between 10 and 50° (2θ) at a rate of 1.0 °/min.
The amount of indomethacin in the microcapsules was
determined using a HPLC method (based on a modified
previous study24). The HPLC system (Hewlett-Packard 1100)
consisted of a series G1310A isopump, G1313A auto sampler
and G1314A variable UV detector (Shimadzu Corporation,
Japan). Separation was achieved using a LiChrospher 100
RP-18 analytical column (5 µm, 100 mm × 4.6 mm i.d.).
The isocratic mobile phase consisted of acetonitrile:water

(65:35, v/v) containing 0.1% acetic acid. All chromatographic
separations were performed at room temperature at a flow
rate of 1 mL/min. The column eluent was monitored at a
wavelength of 320 nm. The run time of each injection was
set at 10 min, and the injection volume was 50 µL. The
dissolution tests under sink conditions were performed using
a USP paddle system (Vankel) and kept at a controlled 37
°C. Twenty-five milligrams of pure indomethacin powder
and dry microcapsules containing 25 mg of pure indometha-
cin were used for dissolution tests. The dissolution vessel
contained 900 mL of phosphate buffer at pH 7.2 to simulate
intestinal fluid. The paddle was rotated at 50 rpm. Samples
(5 mL) were taken every 15 min for 3 h. The 5 mL removed
was replaced using fresh phosphate buffer at 37 °C. Five
hundred microliters of the sample was added to an Eppendorf
tube and centrifuged (Sigma 1-15 centrifuge, Quantum
Scientific) at 8000 rpm for two minutes. Supernatant (200
µL) was removed and placed in another tube. 200 µL of
HPLC grade acetonitrile was added. The samples were
measured using HPLC.

In Vitro digestion experiments were performed as previ-
ously described.25,26 Briefly, 0.1 g of lipid (indomethacin
solution in miglyol containing 0.6% lecithin, equivalent
submicron emulsion and microcapsule) was dispersed in 20
mL of digestion buffer (50 mM TRIS maleate, 150 mM
NaCl, 5 mM CaCl2 ·2H2O, pH 7.5) containing 5 mM NaTDC
and 1.25 mM PC (conditions broadly representative of fasted
state intestinal conditions26,27). Experiments were performed
at 37 °C in a stirred and thermostatted glass vessel and were
initiated by the addition of 3 mL of pancreatin extract
containing 40000 tributyrin units (TBU) of pancreatic lipase
(final lipase concentration of 1000 TBU per mL digest).
Lipolysis was followed over 60 min using a pH-stat titration
unit (Radiometer, Copenhagen, Denmark), which maintained
the pH at 7.5. The fatty acids produced on lipolysis were
titrated with 0.6 M NaOH. Aliquots (1.4 mL) were taken
from the digestion medium at 5, 10, 15, 30, 45, and 60 min
and a lipolysis inhibitor (0.5 M 4-BPB in methanol, 9 µL/
mL digestion medium) immediately added to each sample
to prevent further lipolysis. Samples were subsequently
ultracentrifuged for 30 min at 37 °C and 334000g (Optima
XL-100K centrifuge, SW-60 rotor, Beckman, Palo Alto, CA)
in order to separate the digests into an aqueous phase and a
pellet phase. Samples obtained from each separated phase

(24) Zarghi, A.; Shafaati, A.; Foroutan, S. M.; Khoddam, A. Simple
and rapid high-performance liquid chromatographic method for
determination of celecoxib in plasma using UV detection: Ap-
plication in pharmacokinetic studies. J. Chromatogr., B: Anal.
Technol. Biomed. Life Sci. 2006, 835, 100–104.

(25) Fatouros, D. G.; Deen, G. R.; Arleth, L.; Bergenstahl, B.; Nielsen,
F. S.; Pederson, J. S.; Mullertz, A. Structural Development of
Self Nano Emulsifying Drug Delivery Systems (SNEDDS) During
In Vitro Lipid Digestion Monitored by Small-angle X-ray Scat-
tering. Pharm. Res. 2007, 24 (10), 1844–1853.

(26) Cuine, J. F.; McEvoy, C. L.; Charman, W. N.; Pouton, C. W.;
Edwards, G. A.; Benameur, H.; Porter, C. J. H. Evaluation of the
impact of surfactant digestion on the bioavailability of danazol
after oral administration of lipidic self-emulsifying formulations
to dogs. J. Pharm. Sci. 2008, 97 (2), 995–1012.

(27) Kutuzov, S.; He, J.; Tangirala, R.; Emrick, T.; Russell, T. P.;
Boeker, A. On the kinetics of nanoparticle self-assembly at liquid/
liquid interfaces. Phys. Chem. Chem. Phys. 2007, 9 (48), 6351–
6358.

articles SimoVic et al.

864 MOLECULAR PHARMACEUTICS VOL. 6, NO. 3



were assayed for indomethacin content by HPLC as described
previously. Blank digestion experiments were also performed
to account for the fatty acids produced on digestion of the
lecithin present in the digestion media. Lecithin samples
typically contained small quantities of glycerides (1% w/w
triglyceride; 6% w/w diglyceride, <1% w/w fatty acids) and
PC which is hydrolyzed by phospholipase A2 (present in
pancreatin) to produce fatty acids and lyso-PC. Blank
digestion experiments were therefore performed in the same
manner as that described above, but in the absence of the
added formulation. The digestion data obtained for the
experimental formulations were subsequently corrected for
background fatty acid production (i.e., fatty acids derived
from the lecithin present in the digestion media) by subtrac-
tion of the fatty acids produced during blank digestion
experiments.

After dissolution tests for 4 h and lipolysis for 1 h, filtered
and air-dried microcapsules were imaged by SEM method
described in the previous section. The oil content in dried
and filtered macrocapsules after 10 min was determined by
TGA (see previous section).

In ViWo Bioavailability Studies. All animal experiments
were approved by the Animal Ethics Committee, Institute
of Medical and Veterinary Science (Australia). Groups of 5
male Sprague-Dawley rats weighing 320 ( 20 g were used
for the absorption study. One group was dosed intravenously
with 1 mL of 1.78 mg/kg indomethacin in PEG 400/saline
(2:1 v/v) solution, while the other groups were administered
orally with one of the following formulations at the same
dose by oral gavage (1 mL): indomethacin aqueous suspen-
sion, indomethacin o/w liquid lecithin based submicron
emulsion and indomethacin microcapsules. Pure indometha-
cin powder was suspended in 0.25% (w/v) sodium car-
boxymethylcellulose, while microcapsules were redispersed
in Milli-Q water at a suitable concentration. The cannulated
rats were fasted overnight (14 ( 1 h) prior to each oral dosing
and were given access to food 4 h postdose, with water
accessible at all times. Blood samples (0.2 mL) were
collected from the jugular vein at designated time intervals
0.083, 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 24 h postdose, and
the cannula was flushed with an equal volume of heparinized
normal saline (50 units/5 mL) to prevent blood clotting.
Blood samples (about 200 µL) were collected in heparinized
1.5 mL polythene tubes immediately at different times after
dosing, and centrifuged at 800 rpm for 10 min at 4 °C. An
aliquot of 100 µL of plasma sample, 10 µL of acemetacin
as an internal standard (IS, 20 µg/mL) was mixed for 30 s.
After addition of 200 µL of acetonitrile with 0.1% acetic
acid, the mixture was vortex-mixed for 1min and centrifuged
at 10000g for 10 min to remove proteins. Indomethacin
content in the supernatant was determined by HPLC. The
chromatographic separation was performed using an Alltech
Lichrospher 100 RP-18 (4.6 mm × 250 mm, 5 µm) analytical
column. The mobile phase consisted of a mixture of 0.1%
(v/v) acetic acid in methanol: acetonitrile:distilled water (60:
20:20 v/v), ultrasonically degassed prior to use. The mobile
phase was delivered at a flow-rate of 1.0 mL/min, the

detection wavelength was 320 nm, the attenuation was 0.001
and the injection volume was 20 µL. The pharmacokinetic
parameters were determined using the PC software, Win-
Nonlin Standard Edition Version 4.1 (Pharsight Corp.),
employing a noncompartmental model. The maximum
plasma concentration (Cmax) and the time at which Cmax is
reached (tmax) were obtained from the individual plasma
concentration-time curves. The area under the plasma
concentration-time curve from time zero to infinity
(AUC0f∞) was calculated using the linear trapezoidal rule.
The values of AUC0f∞ obtained were used to estimate the
absolute bioavailability (F) according to eq 1:

F )
AUCoral(h × mg/mL)

AUCIV(h × mg/mL)
×

doseIV(mg)

doseoral(mg)
(1)

The experimental data from different formulations were
analyzed statistically by one-way analysis of variance
(ANOVA) coupled with the least significant difference (LSD)
t test using the statistical package for social sciences (SPSS
version 15.0) software, with the level of significance set at
p < 0.05.

Results and Discussion
Formation of Hybrid Lipid-Silica Microcapsules. A

schematic for the fabrication of hybrid lipid-silica micro-
capsules is shown in Scheme 1. First, the oil/lipid phase (e.g.,
a medium chain triglyceride) containing either a negatively
or positively charged lipophilic surfactant with HLB < 10
(e.g., lecithin or oleylamine, respectively) is emulsified with
an aqueous dispersion of hydrophilic silica nanoparticles
(average diameter of 50 nm). The nanoparticle containing
emulsions are then spray dried to obtain micron-sized
microcapsules with a porous matrix structure and a number
of novel pharmaceutical properties.

Effective microcapsule formation is critically dependent
on the interfacial structure of the nanoparticle containing
emulsions, which is in turn controlled by the surfactant
charge and nanoparticle to lipid ratio. Lecithin confers
negative charge to the emulsion droplets, and the presence
of silica nanoparticles (zeta potential, � ) -27 ( 2 mV)
has no significant effect on the droplet size and � (Figure
1). Investigations23 on droplet-nanoparticle attachment
indicate the presence of bare and partially coated negative
droplets even if the silica nanoparticles are present in amounts
that are well above the level for monolayer formation. A
typical image of a negative droplet in the presence of 50 wt
% silica is included in Scheme 1. By contrast, positive
droplets (oleylamine containing) are electrostatically coated
by oppositely charged silica nanoparticles (Figure 1). The
interaction is dependent on the nanoparticle-to-lipid ratio:
(i) droplets are positively charged up to 5 wt % silica, (ii)
droplets are neutralized and aggregated (to ∼4.5 µm) at 6-10
wt % silica and (iii) droplets are charge reversed and slightly
aggregated (to ∼1.5 µm) at g10 wt % nanoparticles.
Freeze-fracture SEM images (Scheme 1) reveal partial,
monolayer and multilayer coatings on the droplets at 5, 10,
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and 30 wt % silica, respectively. Theoretically, 40 wt % of
silica nanoparticles (∼50 nm) is required for a hexagonally
close packed monolayer at the interface of ∼0.5 µm
droplets.22 Droplet flocculation occurs in the neutralized
region due to the bridging between oppositely charged
patches on partially coated droplets. Multilayer coatings in
the charge reversed region reduce the level of size enlargement.

It is significant that free-flowing dry microcapsules with
good redispersibility properties can be prepared from both

negative and positive droplets. However, positive droplets
form microcapsules at 10 times lower levels of silica, i.e.
positive droplets require at least 5 wt % silica relative to
droplets, whereas negative droplets require a minimum of
50 wt % silica. This difference in behavior is a consequence
of the different nanoparticle coating levels of negative and
positive droplets. The exact boundary between barrier-
controlled and barrierless nanoparticle adsorption (and hence
three phase wetting) depends not only on particle and droplet
size, surface potentials, Hamaker constant, and hydration
forces but also on the hydrodynamic force applied during
mixing. For instance, the intensity of stirring has a significant
impact on the concentration of particles required to obtain
stable emulsions,27 i.e. higher particle concentrations are
required to obtain stable emulsions by mild stirring in
comparison with jet-homogenization, where hydrodynamic
forces are sufficient for particles to scale the energy barrier
to adsorption. In the current study the hydrodynamic forces
experienced by droplet-nanoparticle mixtures during high
pressure homogenization and spray drying are considered
to promote adsorption and facilitate silica nanoparticle
transport into the oil phase and hence the establishment of a
three-dimensional matrix structure.

Microcapsules from both negative and positive droplets
(see SEM images in Figure 2) have diameters in the range
1 to 5 µm. However, the external texture of the microcapsule
is dependent on the droplet type and mirrors the emulsion’s
interfacial structure. That is, negative droplets form micro-
capsules with smooth surfaces and positive droplets and silica
form microcapsules with rough surfaces (i.e., structured
nanoparticle surface layers are visible); this is considered a

Scheme 1. Schematic Illustration of the Fabrication of Hybrid Lipid-Silica Microcapsules Using Pickering Emulsionsa

a (A) Oil phase: meduim chain tryglicerides (10 wt %) with dissolved lipophilic emulsifiers, lecithin (0.5 wt %) or oleylamine (1 wt %) and silica nanoparticles
(5-50 wt % relative to oil) are dispersed in water by using sonication. (B) Silica stabilized Pickering emulsions are formed by using Avestin high pressure
homogenizer 5 cycles at 5 mbar; negatively charged emulsion droplets are weakly covered by silica and positively charged droplets undergo coating by
electrostatics. (C) Lipid hybrid dry microcapsules with internal porous matrix structure are obtained.

Figure 1. (A) � potentials and (B) z-average size of
negative (open symbols) and positive (closed symbols)
Pickering emulsion droplets as a function of silica
nanoparticle addition.
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consequence of the strong electrostatic attraction between
the positive droplets and nanoparticles, hence greater stability
of aggregate structures. Cross-sectional SEM imaging (Figure
3) has confirmed the internal porous matrix structure for
microcapsules prepared from both negative and positive
droplets. In general, the pore size range for microcapsules
from negative droplets is in the range from 100 to 500 nm
(Figure 3Ab), whereas microcapsules from positive droplets
have a higher proportion of 25-100 nm pores (Figure 3Bb).
Average pore diameter determined by BET gas adsorption
was 20 nm for both spray dried silica nanoparticles and
microcapsules after oil extraction. BET surface area for spray
dried silica nanoparticles without oil is 311 m2/g and for
microcapsules after oil extraction with hexane 184 m2/g; the
difference in surface areas may be regarded as a consequence
of oil entrapment. Considering our previous work28 which
demonstrated a significantly increased contact angle for
hydrophilic nanoparticles at the triglyceride-water interface

in the presence of lecithin or oleylamine, it is reasonable to
propose that the porous structures are formed during spray
drying as a result of silica nanoparticles penetrating into the
droplets or, alternatively, lipid adsorption by the silica. This
is considered to be a consequence of the combination of an
increased contact angle at the interface due to the lipophilic
surfactant and hydrodynamic forces introduced by spray
drying. The three phase contact angle for Miglyol812-
water-silica increases from ∼110° to 159° ( 1° and 162°
( 3.4° in the presence of lecithin and oleylamine, respec-
tively.28 In addition, we also prepared microcapsules from
Pickering emulsions that contain 5 wt % silica nanoparticles
in the oil phase, and such microcapsules have equivalent
internal structures.

Hydrophilic nanoparticles do not generally adsorb at the
surface of emulsion droplets and consequently do not
stabilize emulsions.29-32 Hydrophilic silica nanoparticles are
an attractive encapsulating material especially for drug
delivery purposes due to their high level of biocompatibility;

(28) Ghouchi Eskandar, N.; Simovic, S.; Prestidge, C. A. Synergistic
effect of silica nanoparticles and charged surfactants in the
formation and stability of submicron oil-in-water emulsions. Phys.
Chem. Chem. Phys. 2007, 9 (48), 6426–6434.

(29) Binks, B. P.; Rodrigues, J. A.; Frith, W. J. Synergistic Interaction
in Emulsions Stabilized by a Mixture of Silica Nanoparticles and
Cationic Surfactant. Langmuir 2007, 23 (7), 3626–3636.

Figure 2. SEM images of hybrid lipid-silica microcapsule prepared by spray drying from (A) negative droplets and 50
wt % silica; (B) positive droplets with 5 wt % silica; (C) charge reversed droplets with 10 wt % silica.

Figure 3. Ion beam induced secondary electron images of hybrid lipid-silica microcapsule cross sections: (A) lecithin
based microcapsules with 50 wt % silica relative to oil and (B) oleylamine based microcapsules with 10 wt % silica
relative to oil.
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however they cannot be used for encapsulation of emulsion
droplets unless an additional driving force for attachment is
provided. The reduction of the electrostatic repulsion and
hydration interactions between the particles and droplets has
been reported as one of the attachment strategies.33,34

Electrostatic droplet coatings have been explored by Bausch
et al.35 Addition of oppositely charged hydrophilic surfactant
may promote particle adsorption at the surface of the oil
droplets, but only in the narrow region where droplets and
particles are oppositely charged. A surplus of hydrophilic
surfactant causes its adsorption at the surface of both droplets
and particles and, consequently, diminishes electrostatic
droplet-particle electrostatic attraction. The strategy em-
ployed here for nanoparticle coating of droplets based on
electrostatics uses lipophilic molecules, initially added in the
oil phase and located exclusively at the interface36 so that

competitive adsorption at oil-water and nanoparticle-water
interfaces is avoided. It should be emphasizes that in our
previous work22 we found that negatively charged silica
nanoparticles ∼20-50 nm do not spontaneously self-
assemble onto the surface of lecithin stabilized droplets due
to electrostatic and hydration forces, whereas positively
charged droplets are strongly electrostatically coated by
oppositely charged nanoparticles.

X-ray photoelectron spectroscopy (Table 1) shows that the
microcapsule surfaces are composed of both silica and carbon
from the oil phase and emulsifiers. Thus, the microcapsule
surface has a dual hydrophilic-lipophilic character. The
carbon surface coverage is dependent on the oil:silica ratio
for microcapsules based on positive droplets (Table 1).
Furthermore, the positions of the Si 2p photoelectron peaks
(Table 1) show chemical changes in the surface silica form,
i.e. both SiO2 and silicate are present for microcapsules
composed of 5-10 wt % silica, whereas for >10 wt % silica
only SiO2 is observed; these differences are considered to
be due to a greater proportion of charge neutralization
between silica and the amino groups from oleylamine at
lower silica levels (small surface nitrogen XPS signal are
also observed).

The oil content (from thermogravimetric analysis) is ∼50
wt % for negative and significantly greater (75-85 wt %)
for microcapsules prepared from positive droplets (in com-
parison the spray dried product from hydrophilic silica
nanoparticles and oil without emulsifiers which contained
∼5 wt % oil). The microcapsules show excellent redispers-
ibility in acidic (pH ) 2) and neutral (pH ) 7) aqueous
media (Table 1); this is equivalent to the redispersion
behavior of spray dried silica. In general, the microcapsules
redisperse to smaller sizes at pH 2 in comparison to pH 7.
The redispersibility of dry microcapsules prepared from

(30) Binks, B. P.; Rodrigues, J. A.Enhanced Stabilization of Emulsions
Due to Surfactant-Induced Nanoparticle Flocculation. Langmuir
2007, 23 (14), 7436–7439.

(31) Simovic, S.; Prestidge, C. A. Adsorption of Hydrophobic Silica
Nanoparticles at the PDMS Droplet-Water Interface. Langmuir
2003, 19 (20), 8364–8370.

(32) Prestidge, C. A.; Simovic, S. Nanoparticle encapsulation of
emulsion droplets. Int. J. Pharm. 2006, 324 (1), 92–100.

(33) Velev, O. D.; Furusawa, K.; Nagayama, K. Assembly of Latex
Particles by using Emulsion Droplets as Templates. 1. Micro-
structured Hollow Spheres. Langmuir 1996, 12 (10), 2374–2384.

(34) Velev, O. D.; Furusawa, K.; Nagayama, K. Assembly of Latex
Particles by using Emulsion Droplets as Templates. 2. Ball-like
and Composite Aggregates. Langmuir 1996, 12 (10), 2385–2391.

(35) Bausch, A.; Dinsmore, A.; Hsu, M.; Nikolaides, M.; Weitz, D.
PCT Int. Appl., 2002.

(36) Rabinovich-Guilatt, L.; Couvreur, P.; Lambert, G.; Goldstein, D.;
Benita, S.; Dubernet, C. Extensive surface studies help to analyze
zeta potential data: the case of cationic emulsions. Chem. Phys.
Lipids 2004, 131 (1), 1–3.

Table 1. Characteristics of Dry Hybrid Lipid Microcapsules

redispersibility

pH ) 2 pH ) 7

samplea Si2p (%)b
N1s (%)

398.59 eV
C1s (%)

283.39 eV oil loadingc
z-average size

(µm)
zeta potential

(mV)
z-average size

(µm)
zeta potential

(mV)

L50% 11.35
100 0 0 53.45 50.67 1.6 -18.3 ( 8.76 3.05 -28.7 ( 10.7

OA5% 5.19
91.9 8.03 0.16 72.69 80.44 1.74 +72.5 ( 9.8 3.71 +11.6 ( 14.1

OA10% 11.14
96.8 3.12 0.082 56.76 78 0.603 +71.7 ( 15.4 2.15 -8.11 ( 6.26

OA15% 11.53
100 0 0 52.49 74.5 1.2 +68.8 ( 15 2.3 5 ( 6.2

OA20% 15.5
100 0 0 48.85 84.27 1.47 +65.9 ( 27.4 3.14 6.02 ( 7.44

SDS 27
100 0 0 4.87 1.5 -5.42 ( 3.28 2.5 -25 ( 8.6

HS 27.33
100 0 0 3.67

a Sample labels: L, lecithin based; OA, oleylamine based; SDS, spray dried silica; HS, heated silica to 160 °C and cooled to room
temperature; numbers denote wt % silica relative to droplets in the aqueous phase. b Numbers on left-hand side, SiO2 matrix at 102.92 eV;
right-hand side, silicates at 101.63 eV. c Determined by thermogravimetric analysis.
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positive droplets mirrors their coating level in the initial
Pickering emulsions, i.e. due to surface expression of amino
groups. At pH 7 microcapsules prepared from partially
neutralized emulsions remain positively charged, whereas
those prepared from charge reversed Pickering emulsions are
negatively charged when redispersed (Table 1). In acidic
media all oleylamine microcapsules are positively charged,
with the highest positive value for microcapsules prepared
from partially neutralized microcapsules.

Pharmaceutical Properties of Hybrid Lipid-Silica
Microcapsules. Solid State Stability. The hybrid lipid-silica
microcapsules show many properties that are attractive for
pharmaceutical application. First, they can encapsulate li-
pophilic compounds in amounts well above their solubility
in the pure oil phase, e.g. the lipophilic drug compound
indomethacin has been encapsulated into microcapsules at
concentrations several times higher than its solubility in the
oil phase. Figure 4 shows the DSC thermograms of the pure
drug and encapsulated indomethacin. Indomethacin exhibited
a sharp endothermic peak at 159.4°C for the melting of the
stable γ-form.37 The absence of an endothermic peak for
microcapsules suggested that the encapsulated drug was
molecularly dispersed in the lipid matrices, and no crystalline
drug was detected even after 6 months storage under
accelerated conditions (75% RH and 40 °C). Considering
the limitations of DSC to detect small crystals, we also
conducted XRD analysis (Figure 5), which is considered to
be more sensitive to the presence of small crystals.38 XRD
analysis clarified the presence of the stable γ-form in physical
mixtures39 and no crystalline drug in the microcapsules after
accelerated storage conditions (Figure 5). It is well docu-
mented that indomethacin in the stable γ-form is partially

transformed into the metastable R-form upon spray drying
and is then recrystallized back into the stable γ-form upon
storage.39

Drug Dissolution in Vitro. The dissolution profiles of
indomethacin from o/w emulsions and hybrid lipid-silica
microcapsules are illustrated in Figure 6. The pattern of
dissolution was found to be consistent for microcapsules with
an initial fast release and complete dissolution after 15 min.
Pure indomethacin demonstrated the lowest rate of dissolu-
tion at all times over a 4 h period. Two parameters were
evaluated: the dissolution efficiency (% DE) and the time
taken to achieve 50% of drug dissolution (t50%). % DE is
the area under the dissolution curve between two specified
time points expressed as a percentage of the area of the
rectangle described by 100% dissolution in the same time
intervals, which can be calculated using eq 2:40

% DE )
∫t1

t2 y dt

y100(t2 - t1)
× 100% (2)

where y is the percentage of drug dissolved at time t. Taking
pure indomethacin as the reference, microcapsules produced
a 2-5-fold improvement in % DE at the initial stage (i.e.,
the first 5-15 min). The value of t50% was substantially

(37) Makhlof, A.; Miyazaki, Y.; Tozuka, Y.; Takeuchi, H. Cyclodex-
trins as stabilizers for the preparation of drug nanocrystals by the
emulsion solvent diffusion method. Int. J. Pharm. 2008, 357, 280–
285.

(38) Shah, B.; Kakumanu, V. K.; Bansal, A. K. Analytical techniques
for quantification of amorphous/crystalline phases in pharmaceuti-
cal solids. J. Pharm. Sci. 2006, 95 (8), 1641–1665.

(39) Takeuchi, H.; Nagira, S.; Yamamoto, H.; Kawashima, Y. Solid
dispersion particles of amorphous indomethacin with fine porous
silica particles by using spray-drying method. Int. J. Pharm. 2005,
293 (1-2), 155–164.

(40) Khan, K. A. The concept of dissolution efficiency. J. Pharm.
Pharmacol. 1975, 27 (1), 48–49.

Figure 4. DSC thermograms for pure and encapsulated
drug (crystalline drug peak disappears in hybrid lipid-silica
microcapsules and is absent during storage under acceler-
ated conditions).

Figure 5. XRD patterns of indomethacin in (i) indometha-
cin containing hybrid lipid-silica microcapsules after 6
months storage; (ii) indomethacin microcapsules after
preparation; (iii) drug free microcapsules; (iv) physical
mixture indomethacin:microcapsules 0.01:1.

Figure 6. Mean dissolution profiles of indomethacin (25
mg) in phosphate buffer (0.05 M, pH 7.2) under sink
conditions: (]) pure indomethacin; (∆) o/w lecithin stabi-
lized submicron emulsion; (O) hybrid lipid-silica micro-
capsules.
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reduced by microcapsules (5.0 ( 0.5 min) compared to pure
indomethacin (58.8 ( 0.5 min) and o/w emulsion (12 ( 1
min). With the conventional assumption that the rate and
extent of drug dissolution directly reflects the concentration
of readily absorbable drug in the intestinal lumen, it was
proposed that microcapsules have the potential to enhance
the oral absorption process. Thus, microcapsules attained
more than 85% of drug dissolution within 30 min under
appropriate sink conditions, hence meeting the FDA criteria
for classification as immediate-release dosage forms.41 It
should be emphasized that the surface area of o/w submicron
emulsions, spray dried silica and microcapsules is in good
agreement with dissolution profiles (Figure 6). The dissolu-
tion kinetics can be fitted into Peppas model:42

Mt/M0)atn (3)

where M0 is the initial amount of drug in the pharmaceutical
dosage form, Mt is the amount of drug at time t, a is a
constant incorporating the structural and geometric charac-
teristics of the drug dosage form and the n value is 0.5 for
Fick diffusion, i.e. the Higuchi drug release mechanism is
applicable if (i) the initial concentration of drug in a
molecular form in the system is much higher than the matrix
solubility; (ii) perfect sink conditions are maintained; (iii)
the diffusivity of the drug is constant and (iv) the swelling
of the matrices is negligible. The sink conditions are achieved
by ensuring the concentration of the released drug in the
release medium reaches no more than 10% of its saturation
solubility.42 Release behavior presented in Figure 6 can be
well fitted into diffusion model with n ) 0.5 (r ) 0.99).
Higuchi release rate constants were calculated to be 12.4,
23.7, and 43.8 min-1 for oil/phospholipid solution, o/w
submicron emulsion and microcapsules, respectively. BET
surface area of the microcapsules after oil extraction (184
m2/g) and interfacial area of submicron droplets (5.68 m2/g)
can be directly correlated to the release kinetic data.

In ViVo Pharmacokinetics. The oral absorption of in-
domethacin from the aqueous suspension, o/w submicron
emulsion and silica lipid hybrid microcapsules was studied in
a fasted rat model, and the corresponding pharmacokinetic data
is summarized in Table 2. Indomethacin aqueous suspension
gave the lowest bioavailability in fasted rats (53.5%). The
pharmacokinetic profile for the o/w submicron emulsion (64.6
( 2.1%) was not significantly different from that of the aqueous
suspension (53.5 ( 2.9%) (Table 2). The microcapsules
demonstrated a significant increase in the fasted state bioavail-
ability (93.1 ( 05.1%) as compared to indomethacin aqueous
suspension and o/w emulsion (p < 0.05). This is different from
previous reports43,44 showing insignificant differences in the
AUC, Cmax and tmax of vitamin E acetate formulated in lipid
solution, o/w emulsion and a dry emulsion system43 and
nimodipine formulated in liquid and solid dry emulsions.44

Statistical analysis showed that microcapsules resulted in a
superior Cmax compared to the aqueous suspensions and o/w
submicron emulsions (p < 0.05). It is apparent that differences
in the size (submicron emulsion vs microcapsules) did not have
a pronounced effect on the extent of indomethacin absorption,
although some previous studies45,46 have reported that reduced
droplet sizes can lead to increased bioavailability. It is clear

(41) Subramanian, N.; Ray, S.; Ghosal, S. K.; Bhadra, R.; Priya, S.
Formulation design of self- microemulsifying drug delivery
systems for improved oral bioavailability of celecoxib. Biol.
Pharm. Bull. 2004, 27 (12), 1993–1999.

(42) Peppas, N. A. Analysis of Fickian and non-Fickian drug release
from polymers. Pharm. Acta HelV. 1985, 60, 110–111.

(43) Takeuchi, H.; Sasaki, H.; Niwa, T.; Hino, T.; Kawashima, Y.;
Uesugi, K.; Ozawa, H. Redispersible dry emulsion system as novel
oral dosage form of oily drugs: in vivo studies in beagle dogs.
Chem. Pharm. Bull. 1991, 39 (12), 3362–3364.

(44) Tao, Y.; Jiangling, W.; Huibi, X.; Xiangliang, Y. A new solid
self-microemulsifying formulation prepared by spray-drying to
improve the oral bioavailability of poorly water soluble drugs.
Eur. J. Pharm. Biopharm. 2008, 70 (2), 439–444.

(45) Tarr, B. D.; Yalkowsky, S. H. Enhanced intestinal absorption of
cyclosporin in rats through the reduction of emulsion droplet size.
Pharm. Res. 1989, 6 (1), 40–43.

Table 2. Pharmacokinetic Data for Rats after
Administration of 1.78 mg/kg Indomethacin

PK parameters

indomethacin
formulations tmax (min)

Cmax
(µg/mL)

AUC0f
(min ·µg/mL) F (%)

iv injection 66.92 ( 6.74

oral control
systems

aqueous
suspension

2.75 ( 0.65 2.48 ( 0.38 35.83 ( 1.95 53.54 ( 2.91

o/w emulsion 1.13 ( 0.25 3.16 ( 1.03 43.22 ( 1.41 64.57 ( 2.11

oral
microcapsules

1.83 ( 0.29 4.17 ( 0.75a 62.29 ( 3.40a 93.07 ( 5.09a

a Statistically higher than aqueous suspension and o/w
emulsion (p < 0.05).

Figure 7. (A) Lipid degradation of 9 lecithin stabilized
hybrid lipid-silica microcapsules; 2 equivalent o/w sub-
micron emulsions; b lipid solutions. (B) Indomethacin
content in the supernatant during lipolysis: black bar,
lecithin stabilized microcapsules; gray bar, equivalent
o/w submicron emulsions; white bar, lipid solutions.
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that a novel delivery mechanism is operative for the hybrid
lipid-silica microcapsules.

Microcapsules were shown to exhibit a statistically higher
Cmax (4.17 ( 0.75 µg/mL) in comparison to all other tested
formulations (p < 0.05) (2.48 ( 0.38 µg/mL for aqueous
suspension and 3.16 ( 1.03 µg/mL for o/w submicron
emulsion). The higher Cmax and bioavailability provide an
opportunity to lower the dose of drugs such as indomethacin
that can cause local irritation in the GIT at high doses, hence
the incidence of GI bleeding and ulceration would be
reduced.47,48 Our additional studies have shown improved
in ViVo oral bioavailability of celecoxib49 in comparison to
an o/w emulsion and dry emulsions containing maltodextrin
as a solid carrier.

Drug DeliVery Mechanism of Hybrid Lipid-Silica
Microcapsules. It is well established that the in Vitro
dissolution rate is not a sufficient parameter for assessment
of lipid based formulations.8-10 Lipolysis experiments have
enhanced the understanding of the changes to solubilization
capacity that might occur on lipid digestion, with a series of
colloidal structures, including multilamellar and unilamellar
vesicles, mixed micelles and micelles. Recent data25 suggest
that lipolysis is a dynamic process of exchange between a
lamellar phase formed immediately after initiation of lipolysis
and hexagonal phase. The formation of liquid crystalline
phases is governed by hydrolytic degradation of oil droplets
to mono- and diglycerides and fatty acids. Moreover, it is
suggested8,50,51 that the in ViVo performance of lipid-based
systems is more dependent on the interaction between
formulation lipids and lipid digestion products with the

secreted bile contents in the intestinal lumen. Three major
mechanisms have been described to rationalize how lipid-bile
interaction can facilitate drug absorption.50,51 First, the
formation of colloidal and liquid crystalline structures
resulting from bile, lipids and other endogenous secretions
keeps the poorly soluble drug solubilized in the intestinal
fluid with reduced precipitation. Drugs solubilized in the
mixed micellar phases can then diffuse easily through the
pre-epithelial unstirred aqueous layer to the absorptive site.
The third mechanism involves an alteration in the intestinal
permeability induced by the lipid-bile interaction in which
the solubilized drug molecules can be absorbed via the
paracellular or the transcellular routes. Some highly lipophilic
drugs (i.e., log P g 5 or long chain triglyceride solubility g
50 mg/g) were proposed to be transported into the blood-
stream via the lymphatic pathway, hence increasing the oral
bioavailability by avoiding the hepatic first pass metabolism.8

It should be noted that rats do not possess a gallbladder as
do humans, therefore there is always a continuous secretion
of bile salts into the gastrointestinal tract even without
stimulation by lipids or food.52 This may explain the
negligible effect of o/w emulsions in improving the bio-
availability of indomethacin in rats.

To further explore the mechanisms of lipid-silica hybrid
microcapsule drug delivery, we performed in Vitro lipolysis in
conjuction with drug content analysis. Our data suggest that
lipolysis rate and extent of lipolysis are much higher for
microcapsules than equivalent submicron droplets or lipid
solutions (Figure 7A). Partial lipolysis of submicron lecithin
stabilized droplets and lipid lecithin solutions may be explained
by formation of viscous liquid crystalline phases at the droplet
surfaces that prevent further lipolysis. Moreover, indomethacin
content in supernatant soluble phases is significantly higher for
microcapsules in comparison with o/w submicron droplets and
lipid solutions (Figure 7B). Microcapsules were imaged after
4 h of dissolution and 1 h of lipolysis (Figure 8). It can be seen
that capsules retain their structural integrity, so it is reasonable
to assume silica nanoparticles do not penetrate into enterocites,
i.e. they are considered inert porous structures. Furthermore,
thermogravimetric lipid content measurements showed that
microcapsules completely lose their lipid content after 10 min
of dissolution and lipolysis. This is a confirmation that hybrid

(46) De Smidt, P. C.; Campanero, M. A.; Trocóniz, I. F. Intestinal
absorption of penclomedine from lipid vehicles in the conscious
rat: contribution of emulsification versus digestibility. Int. J. Pharm.
2004, 270 (1-2), 109–118.

(47) Forsyth, S. F.; Guilford, W. G.; Haslett, S. J.; Godfrey, J.
Endoscopy of the gastroduodenal mucosa after carprofen, meloxi-
cam and ketoprofen administration in dogs. J. Small Anim. Pract.
1998, 39 (9), 421–424.

(48) Wolfe, M. M.; Lichtenstein, D. R.; Singh, G. Gastrointestinal
toxicity of nonsteroidal antiinflammatory drugs. New Engl. J. Med.
1999, 340 (24), 1888–1899.

(49) Tan, A.; Simovic, S.; Davey, A. K.; Rades, T.; Prestidge, C. A.
Silica nanoparticle-lipid hybrid microcapsules: a novel oral
delivery system for poorly soluble drugs. J. Controlled Release
2009, 134 (1), 62–70.

(50) Boyd, B. J.; Khoo, S. M.; Whittaker, D. V.; Davey, G.; Porter, C. J. H.
A lipid-based liquid crystalline matrix that provides sustained release
and enhanced oral bioavailability for a model poorly water soluble
drug in rats. Int. J. Pharm. 2007, 340 (1-2), 52–60.

(51) Humberstone, A. J.; Charman, W. N. Lipid-based vehicles for
the oral delivery of poorly water soluble drugs. AdV. Drug
DeliVery ReV. 1997, 25 (1), 103–128.

(52) O’Driscoll, C. M. Lipid-based formulations for intestinal lymphatic
delivery. Eur. J. Pharm. Sci. 2002, 15 (5), 405–415.

Figure 8. SEM images of dry lipid-silica microcapsules A. before dissolution and lipolysis; B. after dissolution for 4 h;
C. after lipolysis for 1 h.
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lipid-silica microcapsules represent a novel delivery system
for poorly soluble drugs and that they are not equivalent to
simple mixtures of submicron droplets and silica matrices. If
this were the case, the lipolytic profile would be the same for
submicron droplets and microcapsules. Based on the presented
results we may hypothesize that oil and phospholipid are
adsorbed within the silica amorphous matrix structure and upon
contact with dissolution/digestion medium nanodroplets are
released and undergo faster lipolytic degradation than submicron
droplets, and hence improved adsorption in ViVo.

Conclusion
A new class of hybrid lipid-silica microcapsules based

on Pickering emulsions as the initial templates is reported.
The microcapsules exhibit an internal porous matrix structure
composed of oil attached to a silica matrix by lipophilic
negatively or positively charged surfactants. Surfactant

charge has a profound effect on microcapsule formation, as
microcapsules can be fabricated with ten times fewer
nanoparticles when a charge neutralization mechanism is
operative. The model drug indomethacin exhibited excellent
storage stability under accelerated storage conditions of 6
months. In ViVo studies in orally dosed rats confirmed
statistically higher (p < 0.05) bioavailability and Cmax in
comparison with o/w submicron emulsions and an aqueous
drug suspension. Enhanced drug release due to the high
surface area of amorphous silica matrices and enhanced
lipolysis are the principal drug delivery mechanisms.
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