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Nanoparticle Processing in the Solid State Dramatically
Increases the Cell Membrane Permeation of a
Cholesterol-Lowering Drug, Probucol
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Abstract: High cholesterol levels (or hypercholesterolemia) are linked with many diseases,
particularly with the risk of coronary heart diseases. Probucol is commonly used to reduce
cholesterol in blood. While the effectiveness of this drug highly depends on its solubility,
unfortunately, it is nearly insoluble (solubility is 5 ng/mL in water). Therefore, it is essential to
develop approaches to increase its solubility and bioavailability and to enhance the efficiency
of the drug. Here we show that a new method increases the solubility of probucol in water and
its ability to permeate cell membranes. This new method of processing the drug in a nanoparticle
utilizes the grinding of PBC probucol together with sodium dodecylsulfate and methacrylic
copolymer. Solid-state NMR experiments reveal the polymorphic state of probucol and the
conversion of this drug from crystalline to the amorphous state, and determine its nearness to
the copolymer due to the grinding process that enables the formation of nanoparticles.
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Introduction caused by these drugs have been reported.’ > Therefore,
there is significant current interest in developing alternative
compounds to overcome these difficulties.

Probucol (PBC) is commonly used to reduce cholesterol
in blood. The main advantages of using PBC over other drugs
are its better acceptance and tolerance by patients and ease
of administration. It is also very less expensive than other
antihypolipidemic drugs available in the market. PBC lowers
serum cholesterol level by increasing the fractional rate of
low density lipoprotein (LDL) catabolism in the final
metabolic pathway for cholesterol elimination from the
body.®” Studies have shown that PBC inhibits dietary
cholesterol absorption, biosynthesis of cholesterol, and

High cholesterol levels (or hypercholesterolemia) are
linked with many diseases, particularly with the risk of
coronary heart diseases.'” Antihypolipidemic drugs based
on statin are commonly used to inhibit cholesterol synthesis
and lower its serum level. However, a number of side effects,
such as hepatic failure, thrombocytopenia and skeletal muscle
abnormalities including myopathy and rhabdomyolysis,
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Figure 1. A schematic representation of the preparation of
particles.

oxidation and tissue deposition of LDL cholesterol.®’

However, unfortunately, its extremely poor solubility con-
siderably lowers its efficiency to suppress cholesterol,'®!!
and therefore development of new approaches to increase
the solubility of PBC would be valuable. Since PBC
functions via a different mechanism than the antihyperlipi-
demic agents based on statin, such new approaches would
enable PBC and its derivatives to suppress the level of
degenerate pathogenic LDL in blood. In this study, we show
that a nanoparticle processing approach enhances the bio-
availability of PBC, and design a solid dosage form for
practical use. This concept is schematically shown in Figure
1.

Experimental Section

Materials. Probucol (MW 516.84), 4,4’-{(1-methyleth-
ylidene)bis(thio) }-bis{2,6-bis(1,1-dimethylethyl) }phenol, was
supplied by Dai-ichi Sankyo Co., Ltd. (Tokyo, Japan).
Methacryclic acid-methylmethacrylate copolymer (1:1) (MMC,
MW ca. 135000) was provided from Evonik Degussa Japan
Co., Ltd. (Tokyo, Japan). Sodium dodecyl sulfate (SDS, MW
288.38) was purchased from Sankyo Co., Ltd. (Tokyo,
Japan). Ammonium hydroxide, triethyl citrate, Tween 80,
and glycerol monostearate were purchased from Wako Pure
Chemical Industries Ltd. All other chemicals used in this
study were of reagent grade.

Preparation of Coground Mixture (GM). Blends of
PBC, MMC and SDS (weight ratio was expressed as 1:X:Y)
were physically mixed at a desired ratio in a glass vial using
a vortex mixer for 5 min. A physical mixture (PM) of 2.5 g
was ground in a vibrational rod mill (TT-200, CMT Co., Ltd.,

(3) Kobayashi, M.; Chisaki, I.; Narumi, K.; Hidaka, K.; Kagawa, T.;
Itagaki, S.; Hirano, T.; Iseki, K. Association between risk of
myopathy and cholesterol-lowering effect: A comparison of all
statins. Life Sci. 2008, 82, 969-975.

(4) Hanai, J.; Cao, P.; Tanksale, P.; Imamura, S.; Koshimizu, E.; Zhao,
J.; Kishi, S.; Yamashita, M.; Phillips, P. S.; Sukhatme, V. P.;
Lecker, S. H. J. The muscle-specific ubiquitin ligase atrogin-1/
MAFbx mediates statin-induced muscle toxicity. Clin. Invest.
2007, 117, 3940-3951.
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Fukushima, Japan, see Figure S1 in the Supporting Informa-
tion) for 10 min under ambient conditions. Grinding the
ternary mixture for 10 min resulted in a maximum fraction
of nanoparticles (Figure S9 in the Supporting Information).
The grinding cell and rod were made of aluminum oxide.

Particle Size Analysis. The GM was dispersed into
distilled water, and then sonicated for 5 min to make the
suspension. The particle size was determined by the dynamic
light scattering method using NICOMP 380ZLS (Agilent
Technologies Inc., Santa Clara, CA) under the following
conditions: 532 nm wavelength, 25 °C temperature, 0.89 cp
viscosity, and 1.333 diffractive index.

(5) Schech, S.; Graham, D.; Staffa, J.; Andrade, S. E.; Grenade, L. L.;
Burgess, M.; Blough, D.; Stergachis, A.; Chan, K. A.; Platt, R.;
Shatin, D. Risk factors for statin-associated rhabdomyolysis.
Pharmacoepidemiol. Drug Saf. 2007, 16, 352-358.
Sawayama, Y.; Shimizu, C.; Maeda, N.; Tatsukawa, M.; Kinuka-
wa, N.; Koyanagi, S.; Kashiwagi, S.; Hayashi, J. Effects of
probucol and pravastatin on common carotid atherosclerosis in
patients with asymptomatic hypercholesterolemia - Fukuoka
Atherosclerosis Trial (FAST). J. Am. Coll. Cardiol. 2002, 39, 610—
616.
Adlouni, A.; Messalb, M. E.; Sailea, R.; Parrac, H.; Fruchartd,
J.; Ghalim, N. Probucol promotes reverse cholesterol transport
in heterozygous familial hypercholesterolemia. Effects on apoli-
poprotein Al-containing lipoprotein particles. Atherosclerosis
2000, 752, 433-440.
Braun, A.; Zhang, S.; Miettinen, H. E.; Ebrahim, S.; Holm, T. M.;
Vasile, E.; Post, M. J.; Yoerger, D. M.; Picard, M. H.; Krieger,
J. L.; Andrews, N. C.; Simons, M.; Krieger, M. Probucol prevents
early coronary heart disease and death in the high-density
lipoprotein receptor SR-Bl/apolipoprotein E double knockout
mouse. Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 7283-7288.
Hong, S. C.; Zhao, S. P.; Liu, Q.; Wu, Z. H. Effect of the anti-
oxidant probucol on soluble thrombomodulin (STM) in hyperc-
holesterolemic rabbits. Int. J. Cardiol. 2008, 123, 180-182.
(10) Yagi, N.; Terashima, Y.; Kenmotsu, H.; Sekikawa, H. Dissolution
behavior of probucol from solid dispersion systems of probucol-
polyvinylpyrrolidone. Chem. Pharm. Bull. 1996, 44, 241-244.
(11) Betge, S.; Lutz, K.; Roskos, M.; Figulla, H. R. Oral treatment
with probucol in a pharmacological dose has no beneficial effects
on mortality in chronic ischemic heart failure after large myo-
cardial infarction in rats. Eur. J. Pharmacol. 2007, 558, 119—
127.
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Film Coating. Formulation of suspension for film coating
is outlined in Table S1 in the Supporting Information. A
fluidized bed coater (FL-Mini, Freund Corporation, Tokyo,
Japan, Figure S2 in the Supporting Information) was used
to prepare the film-coated pharmaceutical fine granules. Core
particles (Nonpareil 103, 355—500 ym, Freund Corporation,
Tokyo, Japan) were used as carrier particles. The processing
parameters were as follows: batch size, 100 g; inlet air
temperature, 28—30 °C; outlet air temperature, 28—30 °C;
inlet air volume, 0.6 m’/min; spray rate, 0.5 g/min; and
atomizing air pressure, 0.1 MPa.

Caco-2 Permeability Experiments.'*'* The permeability
of presuspended PBC in PM and GM was studied across
Caco-2 cell monolayers in an apical-to-basolateral (AP—BL)
direction at an apical pH of 6.8, and basolateral pH of 7.4.
Transepithelial electrical resistance (TEER) was measured
using a Millicell ERS voltohmmeter (Millipore Corp.,
Bedford, MA). Powder samples (0.25 mg of PBC per
monolayer) were suspended immediately in HBSS prior to
experiments and then applied to apical buffer solution.
Basolateral samples were withdrawn from the receiving
chamber with designed interval and immediately replaced
by an equivalent volume of fresh HBSS. The permeated
amount of PBC was quantitatively determined by HPLC.

Solid-State NMR. Solid-state NMR experiments were
initially performed on a 400 MHz Chemagnatics/Varian
spectrometer at the University of Michigan and a 900 MHz
Bruker (Lansing, MI) spectrometer was used to obtain final
spectra presented in this paper. A 4 mm triple-resonance
MAS probe was used. Experimental parameters, conditions,
sample conditions, and other details are given in the
Supporting Information. Resonance assignments were aided
by previous 1D NMR studies on some of the components'*
and by the 2D NMR data given in Figures S3, S4, S5 and
S6 in the Supporting Information.

Results and Discussion

The solubility, bioavailability and efficiency of a drug
could be enhanced by reducing the particle size and also by
formulating the drug in lipids or detergents.'>~'7 In this
study, nanoparticles were prepared by cogrinding PBC, a

(12) Shah, P.; Jogani, V.; Bagchi, T.; Misra, A. Role of Caco-2 cell
monolayers in prediction of intestinal drug absorption. Biotechnol.
Prog. 2006, 22, 186-198.

(13) Brown, J. R.; Collett, J. H.; Attwood, D.; Ley, R. W.; Sims, E. E.
Influence of monocaprin on the permeability of a diacidic drug
BTA-243 across Caco-2 cell monolayers and everted gut sacs.
Int. J. Pharm. 2002, 245, 133-142.

(14) Pongpeerapat, A.; Higashi, K.; Tozuka, Y.; Moribe, K.; Yama-
moto, K. Molecular interaction among probucol/PVP/SDS mul-
ticomponent system. Pharm. Res. 2006, 23, 2566-2574.

(15) Jiang, W.; Kim, B. Y. S.; Rutka, J. T.; Chan, W. C. W.
Nanoparticle-mediated cellular response is size-dependent. Nat.
Nanotech. 2008, 3, 145-150.

(16) Kesisoglou, F.; Panmai, S.; Wu, Y. Nanosizing - Oral formulation
development and biopharmaceutical evaluation. Adv. Drug De-
livery Rev. 2007, 59, 631-644.

methacrylic acid-methyl methacrylate copolymer (1:1) (MMC)
and sodium dodecyl sulfate (SDS) detergent (Figure S7 in
the Supporting Information). Our results show that the
particle size depends on the weight ratios of these three
compounds (Figure S8 in the Supporting Information).
Analysis of the particle size distribution revealed the exist-
ence of drug nanoparticles. Our results also infer that a
maximum number of nanoparticles was obtained for a
combination of 1:5:1 PBC:MMC:SDS (Figure S9 in the
Supporting Information), which after cogrinding for 10 min
resulted in only two different types of particles as indicated
by the two peaks around 72 and 290 nm (Figure 2a). Since
the larger peak ~290 nm was similar to the mean particle
size of MMC (Figure S8 in the Supporting Information), the
smaller size particles (~72 nm) are considered as drug
nanoparticles generated by the cogrinding process. A pro-
cedure to filter out the large (~290 nm) particles from the
mixture is outlined in the Supporting Information. These
results suggest that PBC exists as colloidal nanoparticles of
~72 nm size in water. We have also confirmed that a two-
component mixture does not produce nanoparticles (Figure
S10 in the Supporting Information).

The solubility in water and in buffer and the membrane
permeation of the nanoparticles were examined as described
below. While ground nanoparticles were directly used in
these experiments, they are sticky and difficult to handle for
practical use by patients. Therefore, care was taken to
uniformly coat the carrier particle with the nanoparticle
mixture for oral administration as outlined in the Supporting
Information. Scanning electron micrographs showed the
formation of a polymeric nanoparticle film on the surface
of the carrier particle (Figure S11 in the Supporting Informa-
tion), and a polarized micrograph indicated that the crystalline
component, consisting of PBC and/or SDS, was contained
in the film due to the colored area by refraction of polarized
light (Figure 2b and Figure S11 in the Supporting Informa-
tion). In addition, excellent fluidity of the fine carrier particles
was achieved by preparing pharmaceutical granules which
were coated with polymer film containing drug nanoparticles
as shown in Table S2 in the Supporting Information.

As mentioned earlier, the solubility of the drug plays an
important role in the efficiency of the drug. Therefore, the
dissolving behavior of nanoparticles was examined in buffer
at different pH values. Results given in Figure 2c suggest
that the solubility of nanoparticles is higher at neutral pH
and low in acidic pH. Therefore, the nanoparticles will be
quite stable in acidic conditions like in stomach while rapid
drug release can be expected in intestine for better absorption
(Figure 2c¢). On the other hand, no drug release was observed
from physically mixed ternary components without grinding
(Figure S12 in the Supporting Information). These results
suggest that the grinding process is crucial in promoting

(17) Gao, P.; Rush, B. D.; Pfund, W. P.; Huang, T.; Bauer, J. M.;
Morozowich, W.; Kuo, M.; Hageman, M. J. Development of a
supersaturable SEDDS (S-SEDDS) formulation of paclitaxel with
improved oral bioavailability. Pharm. Sci. 2003, 92, 2386-2398.
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Figure 2. Formation of drug nanoparticles and encapsulation of carrier particles into polymer coated nanoparticles for
an oral administration. (a) Particle size distribution of coground 1:5:1 PBC:MMC:SDS mixture suspended in water
measured by dynamic light scattering experiment. (b) Cross-sectional polarized micrograph showing a layer of the
carrier particle containing crystalline components (such as SDS and PBC) due to their refraction. (c) pH dependence
of the drug release in the dissolution test. Drug nanoparticles were released in pH 6.8 buffer depending on the
erosion of MMC copolymer, which was coated over the surface of the carrier particle, whereas it was not released in
an acidic condition (pH 1.2). (d) Permeation of PBC drug across one layer of living Caco-2 cells at 37 °C at pH 6.8.

intermolecular interactions, leading to the formation of
nanoparticles, and increasing the solubility of nanoparticles
containing PBC.

Since the cholesterol-lowering efficiency of PBC is directly
correlated with its ability to permeate membranes, it is
important to examine the ability of the newly developed
nanoparticles to permeate cell membranes. In this study
Caco-2 cells were used to accomplish this task as explained
in the Supporting Information. These cells are of colonic
origin, but, unlike normal colonocytes, they show similar
drug transport to the human small intestine.'*'* Because of
these reasons Caco-2 cells are commonly used to test the
absorption of drugs in human. Permeated amounts of PBC
from a mixture of 1:5:1 PBC:MMC:SDS with (i.e., nano-
particles of size ~72 nm) and without grinding were
measured (Figure 2d). Our experimental results suggest that
nanoparticles permeate the cell membrane while the drug
PBC alone or a physical mixture of 1:5:1 PBC:MMC:SDS
without grinding did not permeate the cell membrane even
after an hour. The detergent SDS perhaps opens the junction
between Caco-2 cells, and the drug can transit from between
cells. Indeed, the TEER value decreased to ca. 70% from
the initial condition after the examination (Figure S13 in the
Supporting Information). Current studies in our laboratories
are being carried out to address the effect of SDS on the
transmembrane permeation of PBC and in vivo study to
investigate the drug absorption.

Since our results suggest that grinding the 1:5:1 PBC:
MMC:SDS mixture is absolutely essential for membrane
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permeation and for the function of PBC, it is important to
understand the underlying molecular interactions in the
formation of nanoparticles. Solid-state NMR experiments
were performed on nanoparticles in ground mixture (GM),
physical mixture (PM) without grinding, and the pure forms
of all three individual components of the mixture. Spectra
of PBC-I and PBC-II are different, and differences in the
spectra of GM and PM can be noted (Figure 3). A com-
bination of 'H and '3C chemical shift spectra (Figure 3), 2D
'H/'H chemical shift correlation under MAS (Figure 4), and
2D 'H/"C chemical shift correlation under MAS (Figure S5
in the Supporting Information) was used to assign spectral
lines from individual chemical components as well as
nanoparticles. "H and '3C spectra suggest that grinding of
pure PBC-I results in PBC-II. The spectra of GM and PM
samples were dominated by PBC and MMC components as
shown in Figure 3a. 'H and '*C spectra reveal that PBC exists
in the PBC-I form in PM while it converts to the PBC-II
form in GM.

2D 'H/'H correlation experiments (similar to 2D NOESY)
were performed under MAS using a pulse sequence shown
in Figure S6 in the Supporting Information. A spin echo was
applied before the signal acquisition to filter out peaks that
have short T, values. 2D 'H/'H correlation spectra of PM
and GM samples are given in Figure 4; 2D correlation spectra
of pure PBC-I and PBC-II are also shown in the same figure
for comparison with the spectra of PM and GM. All spectra
exhibited relatively high-resolution in both frequency dimen-
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Figure 3. The 'H and '®C NMR spectra: (a) '*C NMR spectra of SDS, MMC, PBC-Il and PBC-I were recorded using a
ramped-CP pulse sequence under 18 kHz MAS. (b) 'H NMR spectra were recorded using a solid-echo pulse
sequence under 18 kHz MAS at room temperature. Different refocusing times were used for different samples: 1 ms
(SDS), 40 us (MMC), 2 ms (PM), 2 ms (GM), 1 ms (PBC-I) and 1 ms (PBC-II).

sions. Peaks in 2D spectra were assigned based on the
connectivity of proton resonances shown in the spectra
(Figure 4). The presence of cross peaks between PBC and
MMC in the 2D 'H/'H spectra of GM (indicated by a circle)
and their absence in PM suggest that these two molecules
are nearer in space in GM than in PM (see the experimental
details in the Supporting Information). Specifically, CH; of
PBC and CH, of MMC are within ~6 A distance. This
suggests that the hydrophobic interaction between the drug
and the polymer plays an important role in the binding
between MMC and PBC and thus in the formation of
nanoparticles. An increase in the line width observed
(particularly in 'H spectra) in spectra of GM suggests that
the cogrinding of the physical mixture changes the crystalline
PBC to an amorphous state. This observation is in excellent
agreement with our measurements using XRD and FTIR
experiments (Figures S14 and S15 in the Supporting
Information).

The reduction of particle size leads to a significant
increase in the dissolution rate of the API (active
pharmaceutical ingredient), which in turn can lead to a
substantial increase in drug absorption.'®!” There are
several techniques to reduce the particle size to nano order,
such as precipitation, supercritical fluid processing,'®
freeze-drying,'® high pressure homogenization®® and
cogrinding.?'** The dry-cogrinding process has environ-
mental and cost-effective advantages for production of

(18) Pathak, P.; Meziani, M. J.; Desai, T.; Sun, Y. P. Nanosizing Drug
Particles in Supercritical Fluid Processing. J. Am. Chem. Soc.
2004, 126, 10842-10843.

(19) Zhang, H.; Wang, D.; Butler, R.; Campbell, N. L.; Long, J.; Tan,
B.; Duncalf, D. J.; Foster, A. J.; Hopkinson, A.; Taylor, D.; Angus,
D.; Cooper, A. I.; Rannard, S. P. Formation and enhanced biocidal
activity of water-dispersable organic nanoparticles. Nat. Nanotech.
2008, 3, 506-511.

solid pharmaceutical applications due to its simple pro-
cedure and freedom from the use of organic solvents. In
addition, formulating a solid dosage form such as tablets
or granules with or without capsules is quite important
for the convenience of patients. Grinding has been shown
to alter the structure of polypeptides®® and pharmaceutical
compounds.’>*? In this study, we have applied MMC as
a copolymer in the ternary cogrinding system.?®?” MMC
has been used as a coating material for oral pharmaceutical
forms.?®?° Its enteric property, which means the MMC
dissolves in the neutral pH region but not in acidic
conditions, is expected to protect nanoparticles as well
as increase the solubility of hydrophobic drugs. To the
best of our knowledge, this is the first study that
successfully combines dry-cogrinding and film-coating to

(20) Keck, C. M.; Miiller, R. H. Drug nanocrystals of poorly soluble
drugs produced by high pressure homogenisation. Eur. J. Pharm.
Biopharm. 2006, 62, 3—16.

(21) Wongmekiat, A.; Tozuka, Y.; Oguchi, T.; Yamamoto, K. Forma-
tion of fine drug particles by cogrinding with cyclodextrins. I.
The use of beta-cyclodextrin anhydrate and hydrate. Pharm. Res.
2002, 79, 1867-1872.

(22) Fukami, T.; Mugishima, A.; Suzuki, T.; Hidaka, S.; Endo, T.;
Ueda, H.; Tomono, K. Enhancement of water solubility of
fullerene by cogrinding with mixture of cycloamyloses, novel
cyclic alpha-1, 4-glucans, via solid-solid mechanochemical reac-
tion. Chem. Pharm. Bull. 2004, 52, 961-964.

(23) Henzler Wildman, K. A.; Lee, D. K.; Ramamoorthy, A. Deter-
mination of effect of a-helix and S-sheet stability in the solid-
state. A solid-state NMR investigation of poly (L-alanine).
Biopolymers 2002, 64, 246-254.

(24) Chikhalia, V.; Forbes, R. T.; Storey, R. A.; Ticehurst, M. The
effect of crystal morphology and mill type on milling induced
crystal disorder. Eur. J. Pharm. Sci. 2006, 27, 19-26.

(25) Zhang, G. G.; Gu, C.; Zell, M. T.; Burkhardt, R. T.; Munson,
E. J.; Grant, D. J. Crystallization and transitions of sulfamerazine
polymorphs. J. Pharm. Sci. 2002, 91, 1089-1100.
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Figure 4. 2D H/H correlation spectra of PM (a), PBC-I (b), GM (c) and PBC-Il (d) obtained using the pulse sequence
given in Figure S6 in the Supporting Information. r = 1 ms, an 11.11 ms mixing time, 16 scans and 62 t1 increments
were used. The spinning frequency of the sample was synchronized with the mixing time of the pulse sequence.
States et al. method was applied to achieve quadrature detection in the indirect frequency dimension.

prepare the polymeric dosage of drug nanoparticle. In this
study, we have successfully accomplished the following
tasks: (i) preparation of PBC nanoparticle by ternary
cogrinding, (ii) formulation of pharmaceutical fine granule
for easy handling by patients, (iii) increase in the solubility
of PBC, (iv) increasing the permeation of PBC-nanopar-

(26) Itoh, K.; Pongpeerapat, A.; Tozuka, Y.; Oguchi, T.; Yamamoto,
K. Nanoparticle formation of poorly water-soluble drugs from
ternary ground mixtures with PVP and SDS. Chem. Pharm. Bull.
2003, 57, 171-174.

(27) Shudo, J.; Pongpeerapat, A.; Wanawongthai, C.; Moribe, K.;
Yamamoto, K. In Vivo Assessment of Oral Administration of
Probucol Nanoparticles in Rats. Biol. Pharm. Bull. 2008, 31, 321—
325.

(28) Young, C. R.; Dietzscha, C.; Cereab, M.; Farrellc, T.; Fegelyc,
K. A.; Rajabi-Siahboomic, A.; McGinity, J. W. Physicochemical
characterization and mechanisms of release of theophylline from
melt-extruded dosage forms based on a methacrylic acid copoly-
mer. Int. J. Pharm. 2005, 301, 112-120.

(29) Galindo-Rodriguez, S.; Allemann, E.; Doelker, E.; Fessi, H.
Versatility of three techniques for preparing ibuprofen-loaded
methacrylic acid copolymer nanoparticles of controlled sizes. J.
Drug Delivery Sci. Technol. 2005, 15, 347-354.
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ticle across a model membrane that mimics the human
intestinal cell membrane, and (v) elucidation of intermo-
lecular interactions in ternary component that lead to the
formation of nanoparticles.

Conclusions

Recent research in this field is also focused on the
diversity of pharmacological action of PBC, such as
antioxidation and inflammatory effects.”'® These effects
are expected to be important in treating myocardial
infarction by inhibiting oxidation of LDL and its ac-
cumulation in coronary artery. Since this is an important
requirement of cholesterol-lowering drugs, our approach
presented in this paper will enable PBC to efficiently
function wvia multiple routes in the human body. In
addition, ongoing investigations include exploring the
possibility that our approach could be useful for more
general applications to formulate other hydrophobic drugs
or organic compounds which are poorly soluble in water.
Therefore, this study has broad implications in pharma-
ceutical research.
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