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ABSTRACT

Purpose A novel mesocellular carbon foam (MSU-FC) with a
large pore size and a three-dimensional porous structure for the
oral delivery of poorly water-soluble drugs was prepared. The
goal of this study was to improve in vitro dissolution and in vivo
absorption of celecoxib (CEB), a model drug, by means of novel
carbon-based nanoparticles prepared from the MSU-FC matrix.
Methods The MSU-FC matrix was synthesized by an inverse
replica templating method using mesocellular silica template. A
solvent immersion/evaporation method was used to load the
drug molecules. The drug-loaded nanoparticles were character-
ized for morphology, surface area, particle size, mesoporous
structure, crystallinity, solubility and dissolution. The effect of
MSU-FC on cell viability was measured using the MTT conversion
assay. Furthermore, the oral bicavailability of CEB-loaded MSU-FC
in fasted rats was compared with that of the marketed product.
Results Our results demonstrate that CEB incorporation into the
prepared MSU-FC resulted in an approximately 9-fold increase in
aqueous solubility in comparison with crystalline CEB. MSU-FC
produced accelerated immediate release of CEB in comparison with
crystalline CEB (pure CEB powder or marketed formulation) and the
drug-loaded conventional mesoporous carbon particles. The relative
bicavailability of CEB for CEB-loaded MSU-FC was 172%. In
addition, MSU-FC nanoparticles exhibited very low toxicity.
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Conclusions The MSU-FC nanomatrix has been shown to be a
promising drug delivery vehicle for improving the dissolution and
biopharmaceutical characteristics of poorly water-soluble drugs.
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INTRODUCTION

The application of combinatorial chemistry and high-
throughput screening has led to the discovery of numerous
new chemical entities (NCE) as potential therapeutic agents.
However, problems of poor solubility in the gastrointestinal
(GI) fluid, insufficient dissolution in the GI tract and poor oral
bioavailability are often causes that result in the rejection of
potentially valuable drug candidates as pharmaceutical
products (1,2). At present it is estimated that as much as 70%
of NCE are poorly soluble in aqueous media and many even
in organic media, and as much as 40% of commercial
immediate-release oral formulations are considered practical-
ly insoluble in water (3). Without a sufficiently high level of
active pharmaceutical ingredient (API) in the GI fluid, the API
may not be effectively transported via the epithelia present
along the GI tract, resulting in low systemic absorption (4).
Hence, one of the major challenges of the pharmaceutical
industry 1s to develop strategies to improve the aqueous solu-
bility and dissolution rate of poorly water-soluble drugs. This
is particularly pertinent to drug candidates within class II of
the Biopharmaceutics Classification System (poorly water-
soluble but highly permeable), where dissolution velocity is
the rate-limiting step for absorption (5,6). As a result, much
research has been conducted into methods of improving the
solubility and dissolution rate to increase the oral bioavailabil-
ity of poorly water-soluble drugs (7,8).

Over recent decades, nano-strategies have been employed
to improve the delivery efficiency of poorly water-soluble
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drugs (9,10), such as drug nanocystals (11), nanosuspension
(12), nanoemulsions (13), solid lipid nanoparticles (14) and
polymeric nanoparticles (15). These formulation approaches
have been proven to play a vital role in the whole process of
drug development and have provided opportunities for revi-
talizing marketed products with suboptimal delivery. The use
of mesoporous matrices to form stable nanometer-sized drug-
loaded particles is a relatively newer formulation strategy
(16,17). Mesoporous nanomatrices offer several advantages
for drug delivery over polymeric nanoparticles, including
unique ordered porosity at the nanoscale, tunable morpholo-
gy and pore size, a large surface area to highly disperse the
drug molecules, a high drug loading capacity, and good
thermal stability (18—20). During the past few years, the ap-
plication of mesoporous silica materials as prospective vehicles
for oral drug delivery has been widely studied to improve the
dissolution properties of poorly water-soluble drugs (21-23).
The ability of mesoporous materials to enhance the solubility
and dissolution rate of the incorporated drug is due to their
small nanopores (usually 2-50 nm in diameter), which can
change the crystalline drug to an amorphous state and reduce
the particle size of the drug to the low nanometer range
(21,24). Carbon-based mesoporous matrices, synthesized by
an inverse replica templating method using inorganic tem-
plates, are nanostructured materials that have a larger pore
volume (25), greater adsorption capacity (26) and a higher
surface area compared with other mesoporous materials and,
so, they should provide a higher drug loading capacity (27). All
of these properties demonstrate the potential and advantages
of using mesoporous carbon matrices in drug delivery systems.
However, there are still few reports about the enhancement of
the dissolution of poorly aqueous-soluble drugs using synthetic
mesoporous carbon materials (28,29).

Regarding the application of mesoporous carbon matrices,
several properties of the materials affect the loading degree
and release rate of the incorporated drug, such as the surface
area, pore size, pore volume, pore geometry, particle mor-
phology and primary particle size (30-32). Although conven-
tional mesoporous carbon matrices have very large surface
areas and large pore volumes, and have been proved to
efficiently incorporate drugs with a small molecular weight,
they are not suitable for fast release of the incorporated drug
in the nanopore channels (28,33,34). This is mainly due to
their small mesopore size (below 5 nm), which limits the rapid
and easy diffusion of the drug molecules into the dissolution
medium. Notably, MSU-FC with a large pore size (above
20 nm) and three-dimensional porous structure is thought to
have advantages over other carbon matrices having two-
dimensional arrays of small pores (25,26,35,36), mainly be-
cause it facilitates the transport of drugs from the inner pores
to the outer dissolution medium, thus leading to faster drug
release. To the best of our knowledge, this three-dimensional
large-pore mesoporous carbon matrix has not been reported
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yet as a potential vehicle for the oral delivery of poorly water-
soluble drugs.

In this paper, we describe the successful synthesis of a three-
dimensional large-pore MSU-FC nanomatrix as an oral drug
carrier and loaded a model drug into its pore channels. CEB
(Fig. 1), a selective cyclo-oxygenase-2 enzyme inhibitor, is
widely used for the treatment of osteoarthritis, rheumatoid
arthritis and acute pain. CEB is weakly acidic with a pRa of
11.1. Tt is classified in the BCS system as a class II drug with
low aqueous solubility (about 5u g/ml) and high permeability
(37). It has been reported that the oral bioavailability of the
conventional CEB capsule ranges from 22 to 40% in dogs and
the extent of drug absorption is limited by the dissolution rate
(38). GEB was used as a model drug in the present study due to
its low aqueous solubility and poor oral bioavailability. The
aim of the present study was to improve i vitro dissolution and
in vivo absorption of CEB by means of novel carbon-based
nanoparticles prepared using the three-dimensional large-
pore MSU-FC nanomatrix. The physicochemical properties
of the drug-loaded nanoparticles were systematically studied
using nitrogen adsorption, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), differential
scanning calorimetry (DSC), powder X-ray diffraction
(PXRD), high performance liquid chromatography (HPLC)
and solubility measurements. Furthermore, the i vitro drug
dissolution and i vwo drug absorption were confirmed and
the possible mechanism of enhancement of the dissolution and
oral bioavailability was investigated.

MATERIALS AND METHODS
Materials

Furfuryl alcohol, aluminium chloride and sodium lauryl sulfate
(SLS) were obtained from Nanjing Reagent Co., Ltd. (Nanjing,
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Fig. I Chemical structure of CEB.
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China). Pharmaceutical-grade CEB (purity >98%) and triam-
cinolone acetonide (purity >98%) were kindly donated
from Hengrui Pharmaceutical Co., Ltd. (Jiangsu, China).
Poloxamer 188 was purchased from BASF (Ludwigshafen,
Germany). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) and Dulbecco’s modified Eagle’s medi-
um (DMEM) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Sodium carboxymethyl cellulose was pur-
chased from FMC BioPolymer (Philadelphia, PA, USA).
Commercial Celebrex® capsules (Pfizer) containing 50 mg of
active drug were purchased from a local pharmacy. Water
was obtained from a Millipore Milli-Q filtration/purification
system (Billerica, MA, USA) and all other reagents were of
analytical or chromatographic grade.

Preparation of MSU-FC and CMK-3 (Carbon Molecular
Sieve-3) Mesoporous Matrices

The ordered mesoporous carbon matrix was prepared using
furfuryl alcohol as a carbon source and mesoporous silica as a
hard template, as reported by An and co-workers (35) with
some modifications. Mesostructured cellular foam silica
(MCF) and Santa Barbara amorphous-15 silica (SBA-15) were
synthesized as described in the literature (39). To prepare
MCF matrix, 3.6 g Pluronic 123 was dissolved in 135 ml
1.6 M hydrochloric acid solution. Then, 0.6 g cetyltrimethyl
ammonium bromide, 2.4 ml 1,3,5-trimethylbenzene and
0.038 g ammonia tetrafluoride were added to the Pluronic
123 solution, the mixture was stirred for 120 min, and 7.5 g
tetracthyl orthosilicate was added to this solution. After 5 min
stirring, the reaction mixture was kept under static conditions
at 38°C for 20 h. The resulting colloidal mixture was crystal-
lized at 120°C: for over a day. The resulting white precipitate
was filtered, washed, and calcined at 600°C for 5 h. To
prepare SBA-15 matrix, 4.0 g Pluronic 123 was dissolved in
150 ml 1.6 M hydrochloric acid solution. Subsequently, 8.6 g
tetraethyl orthosilicate was added to this solution with stirring
at 40°C. After 24 h stirring, the obtained white precipitate was
filtered, washed, and calcined at 600°C: for 5 h.

For the synthesis of the MSU-FC matrix, 2.0 g MCF was
suspended in 16 ml of a 0.1 M ethanolic solution of aluminium
chloride, and ultrasonicated for 30 min. After the solvent was
completely evaporated in a N1000 rotary evaporator (Eyela,
Japan) at 60°C, the resulting powder was calcined at 600°C in
air for 4 h to obtain the aluminated MCF template. Then,
500 mg of the aluminated MCF was infiltrated with 0.6 ml
furfuryl alcohol by the incipient wetness technique at room
temperature. The reaction mixture was then heated to 90°C
in a DGT-10 drying oven (Haier, China) for 24 h to allow the
aluminium-catalyzed polymerization of furfuryl alcohol. The
obtained composite was filtered, rinsed thoroughly with etha-
nol, and heated at 900°C: for 5 h to carbonize the polymer in
an argon atmosphere. The carbonized sample was stirred in a

5% hydrofluoric acid solution at room temperature for 4 h to
completely remove the aluminated MCF template. Finally,
the resulting product was impregnated with a mixture of
concentrated sulfuric and nitric acids for 12 h, filtered with a
0.45 pm Millipore filter membrane (Billerica, MA, USA),
washed with ethanol, and dried under vacuum. CMK-3 was
synthesized in the same way as MSU-FC, except for the use of
500 mg SBA-15 as a hard template and 0.45 ml furfuryl
alcohol.

Loading CEB into the MSU-FC and CMK-3 Matrices

A solvent immersion/evaporation method was used to load
the drug molecules into the pores of the MSU-FC and CMK-
3 matrices. Typically, 600 mg MSU-FC was immersed in
40 ml 0.27 M CEB solution in ethanol (containing 0.3%
poloxamer 188) in a stoppered flat-bottom flask. Then, the
particle suspensions were ultrasonicated for a few minutes and
stirred for 24 h using a HJ-A6 magnetic stirring plate (Runhua,
China) to achieve maximum loading of MSU-FC in the pore
channels. Subsequently, the obtained CEB-impregnated MSU-
FC particles were vacuum filtered from the solution using a
0.45 um syringe-driven filter unit (Sartorius, AG, Germany).
The moist powder was then dried at 50°C under reduced
pressure (10~ bar) for over a day in order to remove the solvent
completely. The dried composite samples were referred to as
CEB-MSU-FC. The procedure for CEB loading into CMK-3
was similar to that used for loading MSU-FC.. The CEB-loaded
samples were referred to as CEB-CMK-3.

Measurement of Size and Morphology

Representative TEM images of the particles were recorded on
a JEM-100CX II microscope (JEOL, Japan) operated at a
voltage of 200 kV. Prior to imaging, each sample was dis-
persed in water by sonication and then deposited on a carbon-
coated copper grid. SEM images of the unloaded and CEB-
loaded particles were acquired with a SUPRA 35 microscope
(Carl Zeiss, Germany). Prior to imaging, the samples were
deposited on a sample holder using an adhesive carbon tape
and then sputter-coated with a thin layer (~ 10 nm thick) of
platinum. The particle size of the prepared MSU-FC particles
was determined using a Nicomp 380 dynamic light scattering
(DLS) instrument (PSS, USA). The samples were dispersed in
water and measured at scattering angle of 90° at 25°C.

Measurement of Specific Surface Area and Pore
Volume

Nitrogen adsorption—desorption isotherms and pore charac-
terizations of the prepared samples were recorded at —196°C
over a wide relative pressure range from 0.01 to 0.995 atm
using an ASAP 2020 gas adsorption analyzer (Micromeritics,
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USA). Before measurement, the CEB-loaded particles and the
pure CEB powder were degassed at 50°C. overnight under
high vacuum. The total surface area was calculated using the
Brunauer—-Emmett—Teller equation from nitrogen adsorption
data over the relative pressure range between 0.05 and 0.2.
The average pore diameter was obtained from the adsorption
branch of the isotherm using the Barrett-Joyner—Halenda
(BJH) method. The total pore volume was determined from
the volume adsorbed at a relative pressure of 0.98.

Solid-State Characterization by PXRD and DSC

The crystallinity of the CEB-loaded samples and also the pure
CEB was assessed by PXRD. PXRD profiles of the prepared
samples were recorded on an AXS D8 Advance diffractome-
ter (Bruker AXS GmbH, Germany), equipped with a Cu-Ka
radiation point source (A=1.7902 A). The equipment was
operated at a voltage of 40 kV and a current of 30 mA. The
powder samples were gently consolidated in an aluminium
holder and measured over a 26 angle range from 5 to 40°.
The scanning rate was 4°/min using a sampling step of 0.02°.
Each formulation was analyzed in duplicate.

In addition to PXRD measurements, DSC was performed
to characterize the physical state of the pure CEB and CEB-
loaded samples. Measurements were performed on a modu-
lated temperature DSC 1 Stare apparatus equipped with a
refrigerated cooling system (Mettler Toledo, Switzerland).
The temperature scale and heat flow were calibrated with
indium. A sample of approximately 5 mg was accurately
weighed, placed in an aluminum pan, and crimped with an
aluminum lid. Testing was performed at temperatures in-
creasing from 50 to 200°C at a rate of 10°C/min. Dry
nitrogen at a flow rate of 50 ml/min was used as the purge gas.

In Vitro Quantification of CEB

All samples from the i vitro experiments (drug loading capac-
ity, solubility measurements and  vitro dissolution study) were
assayed using an Agilent 1100 Series instrument (Agilent
Technologies, USA). The chromatographic system consisted
of a binary pump (G1312A), a temperature-controlled col-
umn compartment (G1316A), an autosampler (G1313A), and
a variable spectrophotometric detector (G1314B). The analy-
sis of CEB was performed on a 200%x4.6 mm Zorbax Cig
analytical column (Agilent Technologies, USA) at 40°C,
eluting with acetonitrile and 10 mM phosphate buffer solution
(55/45%, v/v) at a flow rate of 1.0 ml/min. The variable
spectrophotometric detector was set at a wavelength of
252 nm. The data were collected and processed using
HPLC 1100 ChemStation software. The calibration curve
of CEB was linear (*=0.99) over the concentration range
0.5-40 pg/ml. Parameters validated included precision
(intra-day and inter-day) and accuracy. Both the intra- and
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inter-day relative standard deviations (RSD) of the quality
control (QC) standards were less than 4% over the selected
range. The high accuracy of the method was confirmed with
recovery values of 98—102%.

Drug Loading Capacity Study

The CEB content of the carbon-based formulation was deter-
mined by dissolving an accurately weighed amount of CEB-
loaded composites (about 10 mg) in 200 ml methanol. These
suspensions were ultrasonicated for 30 min and subsequently put
in a rotary mixer for 24 h. Afterwards, the carbon matrix was
separated from the CEB solution by centrifugation (5,600 % g,
10 min). The supernatant layer was taken, suitably diluted with
mobile phase and then the drug concentration was determined
by HPLC. All measurements were performed in triplicate. The
drug loading was calculated using the following Eq. (1):

Drug loading (%) = (weight of drug incomposites/weight ofcomposites )

x 100 (1)

Aqueous Solubility Study

The saturation solubility of CEB in deionized water and phos-
phate buffer solution (PBS, pH 6.8) was determined using the
shake-flask method. Briefly, excess amount of CEB was added
to 40 ml capped vials containing 20 ml deionized water and
PBS. The capped vials were vortexed and then placed in an
NRV-200 shaker incubator (Nanrong Lab-Line Instrument,
China) at 37+0.5°C, 100 rpm for 72 h. After equilibrium
was reached, 5 ml suspension was passed through a 0.45 um
syringe driven filter unit. The concentration of CEB in the
filtrate was determined by HPLC as described above.

In Vitro Dissolution Study

The dissolution test under sink conditions was performed
using a USP II paddle method with an AT7 Smart offline
dissolution tester (Sotax, Switzerland). The rotational speed
for the paddles was set at 50 rpm, 900 ml PBS (pH 6.8,
containing 1.0% SLS) or hydrochloric acid solution (pH 1.2,
containing 1.0% SLS) was used as the dissolution medium in
each of the vessels and the temperature was kept constant at
37°C. The CEB-loaded samples (equivalent to 50 mg CEB)
and 50 mg pure CEB powder were exposed to the dissolution
medium. Then, 4 ml samples were taken and immediately
replaced with fresh dissolution medium after 5, 10, 15, 20, 30,
45, 60 and 120 min. The withdrawn samples were passed
through a 0.45 pm syringe driven filter unit discarding the first
1-2 ml of filtrate. The rest of the filtrate was diluted with
mobile phase and subsequently analyzed using a reversed
phase HPLC system with UV detection.



A Novel Mesoporous Carbon Matrix as a Nanovehicle

1063

In Vitro Cytotoxicity Assay

The effect of MSU-FC (or CMK-3) on cell viability was
measured at selected concentrations using the MTT conver-
sion assay. Caco-2 cells (American Type Culture Collection,
Manassas, VA, USA) were seeded into 96-well plates at a
density of 1x10* cells per well and incubated for about 72 h
to reach confluence. The culture was maintained at 37°Ciin a
5% COq atmosphere and 95% relative humidity (BBD 6220
COy Incubator, Thermo Scientific, Germany). Then, the
culture medium (DMEM) was removed from the wells and
replaced with 100 pl fresh DMEM containing different con-
centrations of MSU-FC (or CMK-3) matrix (10, 20, 50, 75,
100 and 150 pg/ml). Caco-2 cells cultured in the absence of
carbon matrix acted as controls. After incubation for 24 h, the
wells were washed three times with PBS (pH 7.4) to remove
particle suspensions (for test cells) or blank culture medium
(for control cells), and the plates were equilibrated at room
temperature for about 30 min. Then, 10 ul MTT solution
(5 mg/ml) was added to each well and the cells were further
incubated for 6 h. Subsequently, the MTT medium was
removed and 100 pl DMSO was added to each well to
dissolve the formazan crystals. Finally, the absorbance of the
resulting formazan solution was measured at 570 nm using a
Synergy'™ HT microplate reader (BioTek Instruments Inc,
USA), and the cell survival (%) was calculated as follows:

x 100

(2)

Cell survival (%) = (Absorbance oftest/Absorbance of control)

Solid-State Stability Study

To assess the solid-state stability of drug-loaded MSU-FC, the
accelerated stability test was performed at 40°C and 75%
relative humidity. Each sample was put into a glass vial and
sealed, which was then placed in a LHH-SGG constant tem-
perature and humidity chamber (Guangjun, China). The
samples were obtained at designated time points (1, 2, 3 and
6 months), and the crystallinity of drug-loaded MSU-FC was
monitored by PXRD.

Oral Bioavailability Studies
Animal Procedures and Sample Collection

The i vivo experiment was performed using male Sprague—
Dawley rats (body weight about 300-350 g, the Experimental
Animal Center of Nanjing University, Nanjing, China).
The rats were kept in ventilated cages and maintained on a
standard diet with free access to water. All animal experiments
were performed according to the institutional animal protocol
guidelines approved by Nanjing University. The animals were

divided randomly into 3 groups of 6 animals each. Prior to the
experiment, the rats were deprived of food but provided with
free access to water for 12 h. The powder from commercial
CEB capsules, pure CEB powder and CEB-loaded samples
were suspended in 2 ml 0.3% sodium carboxymethyl cellulose
solution and given intragastrically at a dose of 10 mg/kg.
Blood samples (approximately 0.2 ml) were collected from
the orbital sinus into tubes containing potassium EDTA anti-
coagulant pre-dosing and 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 24
and 48 h post-dosing. Plasma was separated by centrifugation
at 3,000 X g for 10 min and stored at approximately —70°C until
required for further analysis. Triamcinolone acetonide was
used as an internal standard during the sample preparation.
Then, 100 pl plasma samples were pipetted into 7 ml centrifuge
tubes and spiked with 10 pl internal standard (20 pg/ml triam-
cinolone acetonide in methanol). Subsequently, each sample
was extracted with 5 ml ethyl acetate by vortex mixing for
4 min. After centrifugation at 6,000 X g for 10 min, the upper
organic layer was transferred to a clean centrifuge tube and
dried under nitrogen at 40°C in a water bath. The residue was
reconstituted in 200 pl mobile phase and then centrifuged
at 6,000 X g for 5 min. The supernatant of each sample was
transferred to an autosampler vial and a 20 pl aliquot was
mjected into the HPLC system for CEB quantification.

HPLC Plasma Assay for CEB

All samples from the @ vivo experiment were assayed using a
Shimadzu LC-10AT Series instrument (Shimadzu Scientific
Instruments, Japan). The HPLC system consisted of a LC-
10ATvp binary pump, a SCL-10Avp system controller, a CO-
IV column oven and a SPD-10Avp UV/VIS detector. The
HPLC separation was performed using a 200%x4.6 mm
reversed-phase Shim-pack VP-ODS Cg column (Shimadzu,
Japan) with a 4x3.0 mm security guard C;g column
(WondaGuard, Shimadzu, Japan) at 40°C, eluting with meth-
anol and 10 mM potassium dihydrogen phosphate solution
(adjusted to pH 3.0 with phosphoric acid) in a volume ratio of
70/30 (v/v) at a flow rate of 1.0 ml/min. The UV/VIS
detector was set at a wavelength of 252 nm. The data were
collected and processed using Shimadzu CLASS-VP software.
The internal standard triamcinolone acetonide and CEB had
retention times of 6.2 and 11.7 min, respectively. The limit of
detection (LOD) and the limit of quantification (LOQ) of this
analytical method was 10 ng/ml and 20 ng/ml, respectively. A
linear calibration curve over the concentration range 0.04—
5 ng/ml was constructed with recovery of the standard within
an acceptable range of 90.0-110.0%.

Pharmacokinetic Analysis

The area under the plasma concentration versus time curve
from time zero to time t h (AUCy_) was calculated using
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noncompartmental analysis (DAS 2.1.1; Mathematical
Pharmacology Professional Committee of China). The max-
imum plasma concentration of the drug (C\,,,) and the time
taken to reach the maximum plasma concentration (7.,
were directly obtained from the plasma data. The relative
bioavailability (Fr) was estimated by dividing the AUC(_ of
the test formulation by that of the commercial formulation.

Statistical Analysis

Statistical analysis was performed using the statistical package
for social sciences (SPSS version 17.0). All values were expressed
as the means £ SD. The statstical differences between two
groups were evaluated by Student’s independent sample ¢-test
and expressed as a one-way p value. Statistical probability (p)
values less than 0.05 were considered significantly different.

RESULTS AND DISCUSSION

Morphology and Porous Structure of the Prepared
Samples

The morphology, particle size and mesoporous structure of the
prepared MSU-FC matrix were investigated by TEM. The
MSU-FC nanoparticles were spherical in shape with an aver-
age particle size of about 800-900 nm (Fig. 2a). The average
particle size was also determined by DLS (830+ 116 nm) and
was in reasonable agreement with the values determined by

Y

. ) ":-.‘ "\
Fig. 2 TEM micrographs of (@) MSU-FC, (b) MSU-FC (enlarged) and (c)
CEB-MSU-FC; SEM micrograph of (d) CEB-MSU-FC.
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TEM. Figure 2b shows the details of the organization of the
porous system. The MSU-FC matrix had a three-dimensional,
interconnected pore structure and consisted of randomly ori-
ented spherical cells, similar to that of the mesoporous silica
MCEF template. Significantly, the TEM images also showed
that the pore diameter (approximately 25 nm) of MSU-FC was
much larger than that of conventional mesoporous carbon
materials (with an average nanopore diameter of 2—6 nm),
which is consistent with the average pore diameters obtained
from the nitrogen adsorption measurements (Table I). The
larger pore diameter of MSU-FC could be attributed to
MCF was used as the template. A similar three-dimensional
continuous mesopore structure in Fig. 2¢, demonstrates that
the mesoporous structure of MSU-FC was substantially
maintained after drug loading. As shown by the SEM analy-
ses, the morphology of the drug-loaded MSU-FC was the
same as the MSU-FC matrix, and no separated particles of
drug were observed (Fig. 2d). The SEM and TEM images of
drug-loaded MSU-FC indicate that the drug was largely
amorphous and molecularly dispersed into the MSU-FC ma-
trix, as confirmed by the PXRD, DSC and nitrogen adsorp-
tion studies. As seen in Fig. 3a, CMK-3 was aggregated with a
wheat-like macrostructure consisting of many tube-like struc-
tures with a length of 1-2 pm and a diameter of about 0.4 pm.
The representative TEM micrograph shown in Fig. 3b shows
that CMK-3 had a highly ordered mesoporous structure with
rodlike walls; in particular, highly two-dimensional ordered
pore channels were arrayed along the walls, which is the
reverse hexagonal structure of SBA-15. The average pore
diameter of CMK-3 was approximately 5 nm. The SEM
micrograph (Fig. 3c) shows that pure CEB consisted of pre-
dominantly needle-shaped crystals between 2 and 50 pm in
size. It can be seen that the drug-loaded CMK-3 also had the
tube-type morphology of the CMK-3 matrix, and no crude
drug crystals were present (Fig. 3d).

Specific Surface Area and Pore Size Distribution
of the Prepared Samples

The nitrogen adsorption-desorption isotherms of the pre-
pared CMK-3 and MSU-FC materials are presented in
Fig. 4, along with their corresponding pore size distributions
calculated using the BJH method. The measured isotherms
for both samples are Type IV isotherms according to the
TUPAC classification, with H1 hysteresis loops, characteristic
of mesoporous materials. As seen in Fig. 4d, only one peak
appeared in the range 4—6 nm of the pore size distribution
curve of CMK-3, and no large mesopores were present,
suggesting that small mesopores must be predominant in
this porous system. For the MSU-FC samples, the cellular
pore sizes were determined from the adsorption branches of the
1isotherms and window sizes were determined from the desorp-
tion branches (35,40). As shown in the pore size distribution
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Table I Pore Properties and Drug

Loading of the Samples (n =3) Sample SBET (m%g) Vt (@m’fg) wBJH (nm) Wall thickness (nm) Drug loading (%)
MSU-FC 1257.1 £10.6 1.94=0.12 26.8+3.1 3.6x1.2 -
CMK-3 16235+ 15.7 1.53+0.07 49+15 24=+07 -

SBET BET specific surface area; Vt CEB-MSU-FC 271.8%£9.5 0.38=0.04 204=2.8 49=18 429=1.1

total pore volume; wBJH BJH pore  CEB-CMK-3 161.0+23.7  029+0.11 16+03  39=16 36.5+04

diameter

curves of MSU-FC in Fig. 4¢ and f, the peaks at 26.8 and
17.4 nm could be ascribed to the cellular pore diameter and the
window size of the MSU-FC matrix, respectively. The textural
properties of CMK-3 and MSU-FC are listed in Table I. The
larger pore volume and surface area (compared with those of
other mesoporous materials, such as aluminum oxide, silica)
indicated that the obtained MSU-FC matrix would be excellent
if used as a host for storing more drug molecules in the drug
delivery system (33,35). In addition, the successful incorporation
of CEB into the pores of the carrier was also confirmed by
nitrogen adsorption measurements. After drug loading, the
pore diameter decreased to 20.4 nm and 1.6 nm for MSU-
FC and CMK-3, respectively. The incorporation of CEB also
decreased the BET specific surface area and total pore volume,
which indicated that CEB was successfully incorporated into
the pore channels of CMK-3 and MSU-FC. The drug loading
capacity of MSU-FC was significantly higher than that of
CMK-3 due to its relatively larger pore volume (the pore
volume of MSU-FC was almost 1.3-fold greater than that of
CMK-3). It is well known that the relatively high pore volume

Fig. 3 SEM micrographs (a) CMK-3, (c) pure CEB and (d) CEB-CMK-3;
TEM micrograph of (b) CMK-3.

of mesoporous material enables it to achieve a high drug
loading efficiency (16,33).

Solid-State Characterization

Solid state characterization with PXRD is a valuable analyt-
ical tool for understanding the amorphous and microcrystal-
line nature of complex structures. Figure 5 shows comparative
diffractograms for pure CEB, the physical mixture (the mass
ratio of CEB: MSU-FC was 1:1) and CEB-loaded samples. In
the diffractogram of pure CEB, sharp peaks at a different 26
angle of 14.6, 16.1, 19.5, 21.3 and 22.3° revealed the crystal-
line nature of CEB (Fig. 5a). For the physical mixture, diffrac-
tion peaks of CEB were also clearly visible which shows that
there was no crystal change in CEB (Fig. 5d). However, no
crystalline CEB was detected in both CEB-loaded samples
(Fig. 5e and f). The absence of diffraction peaks owing to CEB
in the PXRD analysis is evidence that the encapsulated drug
CEB was molecularly well dispersed in both carbon matrices,
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Fig. 4 Nitrogen adsorption/desorption isotherms of (a) MSU-FC, (b) CMK-
3 and (c) CEB-MSU-FC. (a) was offset vertically by 500 (cm®/g STP). Pore
size distributions of (d) CMK-3, (e ) MSU-FC (determined from the adsorption

branch of the isotherm) and (f) MSU-FC (determined from the desorption
branch of the isotherm).
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after 6 months of storage.

and complete drug amorphization was attained. It should be
noted that CEB-loaded MSU-FC showed no sign of recrys-
tallization during the storage time of 6 months (Fig. 5g). This
can be largely attributed to the nanoscale pore channels of
carbon matrix may effectively restrict drug recrystallization.
The presence or absence of crystalline drug was also con-
firmed by DSC analysis using the drug melting peak in the
thermograms as an indication that CEB in crystalline form
was present in the sample. The DSC thermograms of CEB,
the physical mixture and CEB-loaded MSU-FC are shown in
Fig. 6. Pure CEB showed a single sharp endothermic peak at

(a)
161.5 °C
/
5
H (b)
S
3
L
= (©
[
T
(d)
50 75 100 125 150 175 200

Temperature (°C)

Fig. 6 DSC thermograms of (a) pure CEB, (b) physical mixture, (c) CEB-
CMK-3 and (d) CEB-MSU-FC.
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161.5°C (Fig. 6a, the enthalpy of fusion was 89.53+1.40 J/g,
n=3), corresponding to its melting point and indicating its
crystalline nature. A similar endothermic peak at 159°C (the
enthalpy of fusion was 86.27+2.11 J/g, n=3) was also detect-
ed on the DSC curve of the physical mixture (Fig. 6b), sug-
gesting that the drug was present in an unchanged crystalline
state in the physical mixture. In contrast, the no endothermic
peak of crystalline CEB was present in the DSC thermograms
of both CEB-loaded samples (Fig. 6¢ and d), which indicated
that the CEB entrapped in both carbon matrices was in an

amorphous state. These results are in agreement with the
PXRD results.

Solubility Study

Table II shows the saturation solubility measured for the pure
CEB and CEB-loaded samples. The saturation solubility of
pure CEB was about 4.2+0.2 ng/ml in deionized water and
6.0£0.2 pg/ml in PBS (pH 6.8), indicating that this drug is
naturally poorly water-soluble. In contrast, both CEB-loaded
samples significantly increased the CEB aqueous solubility
compared with pure CEB. CEB-loaded MSU-FC demon-
strated a saturation solubility of 36.51 1.2 pg/ml in deionized
water, about nine times higher than that of pure CEB. The
differences in saturation solubility were mainly due to the
differences in the solid state and particle size of CEB. On
one hand, after CEB nanosizing by the pore channels of the
two carriers, the state of the drug changed from a crystalline
form to an amorphous form. It is well known that the amor-
phous state is the highest energy form of a solid material with
no long-range molecular order (8,41). As a result of their high
internal energy, amorphous materials generally have greater
molecular motion and enhanced thermodynamic properties
compared with the crystalline state (leading to a higher ap-
parent solubility and dissolution rate). On the other hand, the
particle size of the amorphous drug incorporated in the pore
channels (nano-scale) was significantly reduced compared
with that of pure CEB (micro-scale, as confirmed by SEM).
A significantly reduced drug particle size increases the surface
areca and then the solubility according to the Ostwald—
Freundlich and the Kelvin equations (10,11,42).

Table Il Saturation Solubilities of Different CEB Formulations in Aqueous
Media (n =3)

Sample Deionized water (ug/ml) pH 6.8 PBS (ug/ml)
Pure CEB 42+02 6.0=02
Physical mixture 4.0=x0.1 57+04
CEB-MSU-FC 36.5 =1.2% 525 £3.1*
CEB-CMK-3 33.7 £2.9% 540 £2.6*

* P <0.05 compared with the pure CEB. There was no significant difference
in saturation solubility between CEB-MSU-FC and CEB-CMK-3
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In Vitro Drug Dissolution Study

Figure 7 shows a comparison of the dissolution profiles of pure
CEB powder, the physical mixture, CEB-loaded samples and
the commercial product in PBS (pH 6.8, containing 1.0%
SLS). The dissolution of formulations was evaluated at
pH 6.8 because this more closely simulates fasting conditions
in the small intestine, where absorption of the model drug is
primarily expected to occur. The observed dissolution rate of
pure CEB was considerably lower because of its poor aqueous
solubility and large particle size. As seen from the dissolution
profile, only about 43% of the pure CEB dissolved within
45 min compared with 82% for the commercial product. The
simple mixture of CEB and MSU-FC showed no significant
improvement in the dissolution rate of CEB compared with
the pure CEB. However, the CEB-loaded MSU-FC formu-
lation showed a significant improvement in the dissolution
rate of CEB compared with the pure CEB or the commercial
product. Remarkably, approximately 100% of the drug
dissolved from CEB-loaded MSU-FC formulation within
20 min, as opposed to only 24% and 61% for the pure CEB
and commercial product. This outstanding increase in drug
dissolution may be largely attributed to the marked dispersing
effect of the pores of MSU-FC transforming the crystalline
state of CEB into an amorphous state (as confirmed by DSC
and XRPD studies). Meanwhile, a high specific surface area of
CEB-loaded MSU-FC was also beneficial for drug release.
According to the Nernst—Brunner/Noyes—Whitney equation,
the dissolution rate is proportional to the surface area avail-
able for dissolution (6,21,43). The specific surface area of
drug-loaded MSU-FC! (271.8 m*/g) was approximately 298-
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Fig. 7 Dissolution profiles of CEB from (@) pure CEB, (V') physical mixture,

(V) Celebrex® capsule, (A) CEB-MSU-FC and (V) CEB-CMK-3 in PBS

(pH 6.8, containing 1.0% SLS). Each data point represents the mean = SD of
three determinations.

100 -

80 4

60

40

Dissolution(%)

20

0 15 30 45 60 75 90 105 120
Time (min)
Fig. 8 Dissolution profiles of CEB from () pure CEB, (B) physical mixture,

(®) Celebrex® capsule, () CEB-MSU-FC and (») CEB-CMK-3 in PBS
(pH 1.2, containing 1.09% SLS). Each data point represents the mean =+ SD of
three determinations.

fold higher than that of pure CEB powder (0.91 m?/g). In
addition, the particle sizes of the amorphous drug incorporat-
ed in the pore channels (nano-scale) were significantly reduced
compared with that of pure crystalline CEB. It is obvious that
drug particles in the nanometer size range will dissolve more
rapidly than bulk drug (14,24,33). However, the CEB-loaded
samples prepared by different carriers can also exhibit differ-
ences in their manner of dissolution. It was found that the
dissolution rate of CEB from MSU-FC was faster than that
from CMK-3. The CEB-loaded CMK-3 exhibits a typical
sustained-release pattern in dissolution medium. As seen from
the dissolution profile, only about 67% of the drug dissolved

100+ B VSU-FC Y CMK-3
80
601

40

Cell Survival (%)

20

O T T
10 20 50 75 100 150
Concentration (pg/mil)

Fig. 9 Effect of MSU-FC and CMK-3 on the Caco-2 cell survival at various
concentrations.
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from CEB-loaded CMK-3 within 120 min compared with
100% for the CEB-loaded MSU-FC. The difference in the
matrix architecture, including the pore diameter, the pore
connectivity and geometry, may be responsible for the differ-
ence in the drug dissolution rate of the two different types of
the CEB-loaded particles (25,30,44). MSU-FC possesses a
highly accessible, three-dimensional pore network and a rela-
tively larger pore diameter (26.0 nm) compared with CMK-3
(as confirmed by TEM and nitrogen adsorption studies). CEB
molecules loaded into three-dimensional pore systems had a
greater chance of escaping from pore channels and diffusing
into the dissolution medium. In contrast, CMK-3 exhibited
steric diffusion hindrance caused by the two-dimensional or-
dered channels and smaller pore entrance, thus preventing the
easy diffusion of CEB molecules into the dissolution medium
(21,28). In addition, the particle size of mesoporous carbon
also has a great impact on the drug release characteristics.
Monodispersed MSU-FC (~800 nm) with a smaller particle
size possesses short pore channels and more pore entrances to
release drug than agglomerated CMK-3 (1-4 um) with a
larger particle size (shown in Fig. 3). The relatively small
particle size significantly reduced the pathway CEB needed
to escape from the inner pores, thus contributing to the fast
drug release profile (45). The effect of the CEB-loaded MSU-
FC formulation on the CEB dissolution rate in hydrochloric

acid solution (pH 1.2, containing 1.0% SLS) is shown in Fig. 8.
The dissolution rate of CEB from the CEB-loaded MSU-FC
formulation was significantly faster compared with that of
pure CEB and other CEB formulation. As seen from the
dissolution profile, only about 21% of the pure CEB dissolved
within 20 min compared with approximately 100% for the
CEB-loaded MSU-FC. Therefore, it is anticipated that MSU-
FC is an excellent drug delivery vehicle for the fast release of
poorly water-soluble drugs.

In Vitro Cytotoxicity Assay

Figure 9 shows the percentage survival of Caco-2 cells after
continuous (24 h) exposure to different concentrations of
carbon matrices. The cytotoxicity of both carbon matrices
was found to be slightly concentration-dependent. However,
both MSU-FC and CMK-3 matrices showed, at the concen-
trations tested (from 10 to 150 pg/ml), no significant cytotoxic
effect on Caco-2 cells. Particularly, the percentage surviving
cells did not fall below 90% even after incubating the cells with
100 pg/ml MSU-FC, indicating that the prepared MSU-FC
nanomatrix is biocompatible. As evident from the cell survival
data, there was no significant difference in cytotoxicity be-
tween MSU-FC and CMK-3 at the tested concentrations.

In Vivo Absorption Study

The observations on the rapid dissolution and increased satu-
ration solubility properties of the CEB-loaded MSU-FC for-
mulation prompted us to clarify the possible improvement in
absorption of CEB, and so the pharmacokinetic behaviors of
CEB-loaded MSU-I'C, the commercial Celebrex® capsules
and the pure CEB were assessed in Sprague—Dawley rats
under the fasting condition. Plasma drug concentrations as a
function of time were plotted and are shown in Fig. 10. The
three plasma drug concentration profiles showed that CEB
was completely eliminated from the plasma within 48 h, which
indicated that the experimental time period selected was suf-
ficient to assess the absorption characteristics of the different
preparations. It is obvious from Fig. 10 that the drug absorp-
tion was highest from the CEB-loaded MSU-FC particles. The
maximum plasma concentration (Cy,,) for this preparation
was significantly higher (p <0.05) than that of the other two
preparations (4.5210.93 pg/ml versus 2.81+1.02 ug/ml for

Table Il Mean and Standard De-

viation Values of the Pharmacoki- Parameter CEB-MSU-FC Pure CEB Celebrex Capsule

netic Parameters of CEB Formula-

tions After Oral Administration to Tirax () 175023 * 3.83x041% 2.92+0.58

Sprague-Dawley rats (n = 6) C e (Ug/rl) 452+0.93* 1.19+0.67* 281 +1.02
AUCq_ 481, (Ugh/ml) 26.38+5.07* 7.86 +£2.04* 15.42+3.90

* P <0.05 compared with the Relative bioavailability (%) 172.31+36.8 50.46 + 14.33 -

Celebrex capsule
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Celebrex® and 1.1940.67 pg/ml for pure CEB). Meanwhile,
the time to reach the maximum plasma concentration (7 .,
for this preparation was significantly shorter than for the
other two preparations. The pharmacokinetic parameters
of CEB obtained by the non-compartmental method are
listed in Table III. The total area under the plasma
concentration—time curve (AUCy_,) which reflects the total
amount of drug absorbed over the 48 h time period was
also found to be significantly higher (p <0.05) for the CEB-
loaded MSU-FC preparation than for the other two prep-
arations (26.38+5.07 pg-h/ml compared with 1542+
3.90 pg-h/ml for Celebrex® and 7.86%£2.04 ug-h/ml for
pure CEB). Both the AUC(_, and (., values of the
CEB-loaded MSU-FC preparation were markedly higher
than those of the Celebrex® preparation, while the 7.
was shorter, indicating a higher rate and extent of absorp-
tion. Compared with the commercial formulation, the
relative bioavailability judged from the AUCq_4g, of
CEB was found to be 172.31£36.8% (p<0.05). The rel-
ative oral bioavailability of the CEB-loaded MSU-FC re-
flects the greatest i vitro drug dissolution from this formu-
lation (Fig. 7). This indicates that the improvement in the
relative oral bioavailability of CEB-loaded MSU-FC may
be due to a higher drug dissolution rate in the GI tract
following oral administration.

CONCLUSION

In the current study, a novel mesoporous carbon matrix,
MSU-FC, with a large pore size (about 26 nm) and a three-
dimensional porous structure was successfully prepared and
used as a drug delivery vehicle. Characterization demonstrat-
ed the outstanding features of MSU-FC, including a high
surface area, large pore volume, a well defined pore size
distribution, making it an excellent drug carrier. CEB incor-
poration into the prepared MSU-FC resulted in an approxi-
mately 9-fold increase in aqueous solubility in comparison
with crystalline CEB. The i vitro dissolution study showed
that MSU-FC produced accelerated immediate release of
CEB in comparison with crystalline CEB (pure CEB power
or marketed formulation) and the drug-loaded CMK-3. The
in vwo absorption study in fasted rats demonstrated that drug-
loaded MSU-FC nanoparticles could improve the absorption
of CEB, that 1s, 1.72-fold higher than the CEB commercial
product. In addition, both MSU-FC and CMK-3 exhibited
very low toxicity in the cytotoxicity assays, confirming the
safety of mesoporous carbon when used as a drug delivery
vehicle. Therefore, the MSU-FC nanomatrix has been shown
to be a promising drug delivery vehicle for improving the
dissolution and biopharmaceutical characteristics of poorly
water-soluble drugs.
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