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Abstract: A low absorption in the gastrointestinal tract of hydrophobic pharmaceutical
compounds in use today considerably limits their bioavailability, and therefore they are taken in
large doses in order to reach the therapeutic plasma concentration, which inevitably results in
undesired side effects. In this study, we demonstrate a new nanoparticle approach to overcome
this problem, and our experimental results show that this approach has a high efficiency of
drug loading and is easily adaptable to industrial scale. Characterization of nanoparticles
containing a cholesterol-lowering hydrophobic drug, probucol, using a variety of biophysical
techniques revealed higher homogeneity of these particles compared to those prepared using
other approaches. Intermolecular interactions of these nanopatrticles are probed at high resolution
by magic angle spinning solid-state NMR experiments.
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Introduction

Poor solubility and therefore a low absorption in the
gastrointestinal tract of >40% of the pharmaceutical com-
pounds in use today considerably limit their bioavailability
after being administered.'? As a result, these hydrophobic
drugs must be taken in large doses in order to reach the
therapeutic plasma concentration, which inevitably results
in undesired side effects.® Therefore, it is essential to develop
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novel techniques to enhance the effectiveness of hydrophobic
drugs. Recent studies have shown that nanoparticle formula-
tion by wet-grinding* ¢ or cogrinding’ ' is one of the

(1) Yin, S. X.; Franchin, M.; Chen, J.; Hsieh, A.; Jen, S.; Lee, T.;
Hussain, M.; Smith, R. Bioavailability enhancement of COX-2
inhibitor, BMS-347070, from a nanocrystalline dispersion prepared
by spry-drying. J. Pharm. Sci. 2006, 94, 1598-1607.

(2) Douroumis, D.; Fahr, A. Nano- and micro-particulate formulations
of poorly water-soluble drugs by optimized technique. Eur.
J. Pharm. Biopharm. 2006, 63, 173-175.

(3) Sugimoto, M.; Okagaki, T.; Narisawa, S.; Koida, Y.; Nakajima,
K. Improvement of dissolution characteristics and bioavailability
of poorly water-soluble drugs by novel cogrinding method using
water-soluble polymer. Int. J. Pharm. 1998, 160, 11-19.

(4) Kipp, J. E. The role of solid nanoparticle technology in the
parenteral delivery of poorly water-soluble drugs. Int. J. Pharm.
2004, 284, 109-122.

(5) Jinno, J.; Kamada, N.; Miyake, M.; Yamada, K.; Mukai, T.;
Odomi, M.; Toguchi, H.; Liversidge, G. G.; Higaki, K.; Kimura,
T. Effect of particle size reduction on dissolution and oral
absorption of a poorly water-soluble drug, cilostazol, in beagle
dogs. J. Controlled Release 2006, 111, 56-64.
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Figure 1. A schematic representation of the preparation of pharmaceutical fine particles containing probucol

nanoparticles.

promising methods to increase the solubility of hydrophobic
drugs. However, the wet-grinding approach typically results
in submicrometer size drug particles which aggregate when
dried for the preparation of solid dosage forms.'"'* While
the cogrinding approach resulted in nanoparticles (<100 nm),
they are unfortunately heterogeneous in size and therefore
less effective. In this paper, we demonstrate a new approach
by integrating cogrinding and spray-drying to enable hydro-
phobic pharmaceutical compounds to maintain a fully soluble
state and at the same time increase the rate of absorption to
reach the therapeutic plasma concentration. Our results on
the nanoparticle formation of a hydrophobic cholesterol-

(6) Lee, J.; Choi, J.-Y.; Park, C. H. Characteristics of polymers
enabling nano-comminution of water-insoluble drugs. Int. J. Pharm.
2008, 355, 328-336.

(7) Fukami, T.; Ishii, T.; Io, T.; Suzuki, N.; Suzuki, T.; Yamamoto,
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permeation of a cholesterol-lowering drug, probucol. Mol. Phar-
maceutics 2009, 6, 1029-1035.

(8) Vogt, M.; Kunath, K.; Dressman, J. B. Dissolution improvement
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used excipients. Eur. J. Pharm. Biopharm. 2008, 68, 330-337.
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(10) Pongpeerapat, A.; Wanawongthai, C.; Tozuka, Y.; Moribe, K.;
Yamamoto, K. Formation mechanism of colloidal nanoparticles
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J. Pharm. 2008, 352, 309-316.
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25, 2302-2308.

(12) Zhang, G.; Wang, D.; Bulter, 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
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lowering drug, probucol (PBC), demonstrate that this one-
step continuous process of nanoparticle formation approach
has a high efficiency of drug loading and is easily adaptable
to industrial scale.'*” ' This concept is schematically shown
in Figure 1.

Experimental Section

Materials. Probucol (MW 516.84, crystalline powder of
PBC-I form), 4,4’-{(1-methylethylidene)bis(thio) }-bis{2,6-
bis(1,1-dimethylethyl) }phenol, was supplied by Dai-ichi
Sankyo Co., Ltd. (Tokyo, Japan). Methacrylic acid-methyl
methacrylate 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). Am-
monium hydroxide, triethyl citrate, Tween 80, 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) and PBC-II
Form. In the ternary system, a blend of PBC, MML and
SDS (weight ratio of 1:5:1) was physically mixed in a glass
vial using a vortex mixer for 10 s. A physical mixture of
2.5 g was ground in a vibrational rod mill (TI-200, CMT
Co., Ltd., Fukushima, Japan, see Figure S1 in the Supporting
Information) for 10 min under ambient condition. PBC was

(13) Jain, R. A. The manufacturing techniques of various drug loaded
biodegradable poly(lactide-co-glycolide) (PLGA) devices. Bio-
materials 2000, 21, 2475-2490.

(14) Rattes, A. L. R.; Oliveira, W. P. Spray drying conditions and
encapsulating composition effects on formation and properties of
sodium diclofenac microparticles. Powder Technol. 2007, 171,
7-14.

(15) Tajber, L.; Corrigan, D. O.; Healy, A. M. Spray drying of
budesonide, formoterol fumarate and their composites—I. Phys-
icochemical characterisation. Int. J. Pharm. 2009, 367, 79-85.
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alone ground under the same conditions mentioned above
to obtain the crystalline powder of PBC-II form and used
for solid-state NMR experiments.

Preparation of Spray-Dried (SD) Particles. Preparation
of Suspension. The formulation of spray-drying suspension
was summarized in Table S1 in the Supporting Information.
GM was dispersed in water, and then 1.7% ammonium
hydroxide was gradually added and equilibrated with slow
agitation via magnetic stirrer for 60 min. Polysorbate 80,
triethyl citrate and glycerol monostearate were dispersed in
hot water (80 °C) and left until the ambient temperature had
decreased with stirring. This glidant suspension was poured
into GM suspension for a further agitation overnight.

Spray-Drying Process. A desktop spray-dryer (SD-1,
Tokyo Rika Corp., Tokyo, Japan, Figure S2 in the Supporting
Information) was used to prepare the spray-dried particles.
The processing parameters were as follows: inlet air tem-
perature, 85—120 °C; outlet air temperature, 75 °C (SD75),
90 °C (SD90) and 105 °C (SD105); blow flow, 0.6 m*/min;
spray rate, 2.0 g/min; and atomizing air pressure, 0.8 kg/
cm® (see Table S2 in the Supporting Information).

Particle Morphology. Spray-dried particles were viewed
by scanning electron microscope (SEM) measurements, JSM-
6360LV (JEOL, Tokyo, Japan), and samples were adhered
to a sample stage using an adhesive tape. A sputter coater,
JEC-1600 (JEOL Ltd., Tokyo, Japan), was used to coat the
samples with gold/platinum at 20 mA for 30 s. ES00 POL
polarized microscope (Nikon, Tokyo, Japan) was used to
observe the crystalline components in a polymeric film.
Optical images of samples were captured using a digital sight
camera system DS-5M-L1 (Nikon Co., Tokyo, Japan).

Caco-2 Permeability Experiments.'®'” Cell Culture. The
Caco-2 cells (ATCC, Rockville, MD) were seeded at 3 x
10°cells onto polycarbonate filter membranes (pore size 3.0
um, growth area 4.67 cm?) in clusters of 6 wells (Transwell,
Corning Costar Corp., Cambridge, MA). The cells were
grown in a medium consisting of DMEM (4.5 g/L glucose)
supplemented with 10% FBS, 1% NEAA, 1% L-glutamine,
penicillin (100 IU/mL), and streptomycin (100 g/mL). The
cultures were maintained at 37 °C (CO, incubator, SANYO,
Japan) in an atmosphere of 5% CO, and 95% air, at 95%
relative humidity. The growth medium was changed three
times a week until time of use. Cells from passage numbers
18—21 were used in the experiments at ages ranging from
14 to 21 days.

Permeability Experiments. The permeability of presus-
pended PBC in SD particles 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. Before the
permeability experiments, the cell monolayers were rinsed

(16) 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.

(17) 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.
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Figure 2. SEM photomicrographs of powders
spray-dried at SD75 (a), SD90 (b) and SD105 (c).

twice with HBSS, pH 7.4, and equilibrated in the transport
buffers under experimental conditions for 15 min. Transepi-
thelial electrical resistance (TEER) was measured using a
Millicell ERS Voltohmmeter (Millipore Corp., Bedford, MA)
and monolayers with TEER values below 250 Q cm? were
discarded. Particle samples (0.1 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 at 15,
30, 45, 60, 75, 90, 105, and 120 min and immediately
replaced by an equivalent volume of fresh HBSS. All of the
transport experiments were conducted at least in triplicate
(n = 3).

Particle Size Analysis of PBC Nanoparticles. The SD
particles were dispersed into pH 6.8 HBSS and then sonicated
for 10 min to make the suspension. The volumetric particle
size distribution for each suspension was determined at 37
°C by the dynamic light scattering method using NICOMP
380ZLS (Agilent Technologies Inc.).

Solid-State NMR Experiments. Solid-state NMR experi-
ments were performed on a 400 MHz Varian/Chemagnetics
spectrometer (9.4 T) at the University of Michigan, and final
spectra presented in this paper were acquired using a 900
MHz Bruker spectrometer (21.1 T) at biomolecular NMR
facility, East Lansing, MI, using a 4 mm triple-resonance
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Figure 3. Particle size distributions of PBC nanoparticles after SD in pH 6.8 HBSS solution. SD75 (a), SD90 (b) and

SD105 (c).

MAS probe. All spectra were obtained under 18,000 + 5
Hz MAS at 27 °C. Experimental parameters, sample condi-
tions and other details are given in figure captions. All data
were processed using the NMR Pipe software.

3D Structural Modeling. Materials Studio (Accelrys
Software Inc., San Diego, CA) was used for the construction
of the 3D structural model based on solid-state NMR
experimental constraints.

Results and Discussion

Scanning electron microscope (SEM) photographs of
spray-dried powders prepared at 75 °C (SD75), 90 °C (SD90)
and 105 °C (SD105) are shown in Figure 2. These powder
samples are spherical shaped particles with a smooth surface
as seen in Figure 2 that are composed of nanoparticles.
Although the mean diameters of these spherical particles
were similar (~3 um, see Table S3 in the Supporting
Information) among SD75, SD90 and SD105 samples,
smaller sized particles were found abundantly in SD75 and
less in SD105 as seen in Figure 2 (see Figure S3 and Table
S3 in the Supporting Information). This means suggest that
inner water phase gradually evaporated at lower temperatures
providing smaller particles, whereas a crust was formed on
the outer surface of the spray droplets at higher temperatures,
resulting in larger particle size'® (see Figure S4 in the
Supporting Information). The dynamic-light scattering mea-
surement of the size distribution of drug nanoparticles present
in the spherical spray-dried powder revealed the presence
of ~47 nm sized nanoparticles in SD75 and SD90 samples

(18) Stahl, K.; Claesson, M.; Lillichorn, P.; Lindén, H.; Bickstrom,
K. The effect of process variables on the degradation and physical
properties of spray dried insulin intended for inhalation. Int.
J. Pharm. 2002, 233, 227-237.
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Figure 4. (a) Drug release profiles of PBC from SD75
(®), SD90 (m), and SD105 ( x) nanoparticles at pH 1.2
(red) and pH 6.8 (blue). (b) Permeation of PBC drug
across the living Caco-2 cell monolayer at 37 °C and
pH 6.8. Each error bar indicates the mean + SD (n =
3).

(Figure 3). On the other hand, the size of relatively large
(~75 nm diameter) nanoparticles observed from SD105
sample increased with time as shown in Figure 3.
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Figure 5. 'H chemical shift spectra of a ground mixture of MMC, SDS and PBC prepared with (bottom) and without
(top) spray-drying. The 1D spectra were obtained using a solid-echo pulse sequence with a 1 ms refocusing time
under 18 kHz MAS at 27 °C in a Bruker 900 MHz NMR spectrometer and 16 scans.

The percentages of the probucol drug released from SD75,
SD90 and SD105 powders at pH 1.2 and pH 6.8 buffers,
mimicking the stomach and small intestine pH environments
respectively, are given in Figure 4a. The PBC releasing
percentages from all three samples were below 2% at pH
1.2 even after 240 min. On the other hand, SD75, SD90 and
SD105 respectively released 80, 60 and 50% of PBC
immediately at pH 6.8. These data infer that SD75 had the
best enteric property and released most of the drug nano-
particles within 15 min. These results further suggest that
(a) the agglomeration of drug nanoparticles occurred during
the spray-drying process at a higher temperature as shown
in Figure S4 in the Supporting Information and (b) these
nanoparticles exhibit pH-dependent functional properties and
therefore the hydrophobic drugs can be effective in the
alkaline environment of the small intestine.

The Caco-2 cell monolayer from human intestines was
used to examine the cell membrane permeation of the
nanoparticles. Experimentally measured permeation rates of
PBC from nanoparticles are given in Figure 4b. Our results
showed the best permeation for SD75, that is ~8 ug of PBC
was transported from apical to basal side of monolayer over
120 min. The 2-fold faster permeation speed of SD75
nanoparticles compared to that of nanoparticles prepared
without the spray-drying process’ suggests that the spray-
drying process can drastically improve the efficiency of
hydrophobic drugs. This Caco-2 cell permeation test is

consistent with the dissolution study (shown in Figure 4a)
and particle size analysis (shownin Figure 3) of cogrinding —spray-
drying processed drug nanoparticles. The solubility, fraction
and size of nanoparticles correlate with the dissolution rate
according to the Noyes—Whitney equation;'® therefore
smaller-size nanoparticles would be efficient for the cell
membrane permeation.

Our results suggest that the combination of cogrinding and
spray-drying process has significantly improved the solubility
and bioavailability of the hydrophobic PBC drug. MAS solid-
state NMR experiments were performed to characterize the
structural integration of nanoparticles at high resolution. 'H
as well as '3C resonances of the coground mixture were
assigned using 2D 'H/'H NOESY and 2D 'H/"*C chemical
shift correlation experiments under MAS’ (Figure S7 in the
Supporting Information). The two types of PBC crystal forms
were distinguished based on 'H and *C spectra (Figures S8
and S9 in the Supporting Information). NMR spectra of
nanoparticles prepared using the combined cogrinding and
spray-drying process revealed the existence of the drug in
PBC-II form as shown in Figure 5 and Figure 6. 'H spectral
lines of nanoparticles prepared with this approach are
significantly narrower than that of nanoparticles prepared

(19) Abdou, H. M. Theory of dissolution; Mack Publishers: Easton,
PA, 1989; Chapter 2, p 11.
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Figure 6. (a and b) 2D 'H/'H NOESY spectra of a ground mixture of MMC, SDS and PBC prepared with spray-drying
were obtained using a pulse sequence given in Figure S7 (in the Supporting Information) with t = 1 ms and a mixing
time of 11.11 ms (a) and 55.55 ms (b) under 18 kHz MAS at 27 °C in a Bruker 900 MHz NMR spectrometer; 16
scans and 62 t; increments were used with the synchronization of the MAS spinning speed and the mixing time. (c) A
structural model based on NMR constraints depicts molecular interactions between MMC, SDS and PBC and gives an
insight for the water-soluble mechanism of PBC, a hydrophobic molecule.

without spray-drying as shown in Figure 5. This observation
suggests that the spray-drying process increased the homo-
geneity of not only the physical size of nanoparticles but
also their chemical composition. It also infers that the
intermolecular interactions that enable the nanoparticle
formation are effectively utilized in the spray-drying process.

To further probe these intermolecular interactions, NOESY
spectra of nanoparticles prepared with (Figures 6a and 6b)
and without (Figure S10 in the Supporting Information)
spray-drying were recorded. The increase in the spectral
resolution due to spray-drying further confirmed the higher
homogeneity of the intermolecular interactions in nanopar-
ticles prepared with spray-drying than that of the nanopar-
ticles prepared without spray-drying.”
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The intensity of cross peaks in the 2D 'H/'H NOESY
spectra can be used to determine the through space
distance between protons and possibly the structural
assembly of molecules that constitute the nanoparticle.
The presence of cross peaks between MMC and SDS
(indicated by a circle in Figures 6a and 6b) suggests that
these two molecules are near in space within the nano-
particle. Specifically, CH, of MMC and CH, of SDS are
within ~9 A distance. Also, CH, of MMC and CHj; of
PBC are within ~3 A distance and CH, of SDS and CH;
of PBC are within ~3 A distance. These results suggest
that the methyl groups of the PBC drug are stabilized by
hydrophobic interactions with CH, of MMC and SDS.
Therefore, it is highly likely that the optimization of the
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hydrophobic interaction among drug, SDS and MMC
could further enhance the homogeneity and the functional
efficiency of nanoparticles. Our results also demonstrate
that solid-state NMR experiments can be used to examine
the quality of nanoparticles and to provide atomic-level
resolution insights on the role of intermolecular interac-
tions toward the design of nanoparticles. While these
nanoparticles are not amenable for studies using most
commonly used high-resolution physical techniques like
X-ray crystallography and solution NMR spectroscopy,
NMR data presented in this paper suggest that the use of
a variety of MAS techniques and recently developed solid-
state NMR approaches®°~?> on nanoparticles containing
molecules labeled with specific isotopes such as '3C and
H could provide additional high-resolution insights on
the structure, intermolecular assembly, and dynamics of
individual molecules. Such information may be utilized
in the design of more effective nanoparticles.

Conclusions

In summary, our results suggest that the nanoparticles of
PBC prepared with spray-drying maintain the pharmaceutical

(20) Schmidht-Rohr, K.; Rawal, A.; Fang, X.-W. A new NMR method
for determining the particle thickness in nanocomposites, using
T2, H-selective X{1H} recoupling. J. Chem. Phys. 2007, 126,
054701.

(21) Albunia, A. R.; Graf, R.; Grassi, A.; Guerra, G.; Spiess, H. W.
Geometry of Complex Molecular Motions of Guest Molecules in
Polymers from Solid State 2H NMR. Macromolecules 2009, 42,
4929-4931.

(22) Yamamoto, K.; Ermakov, V. L.; Lee, D. K.; Ramamoorthy, A.
PITANSEMA-MAS, a Solid-State NMR Method to Measure
Heteronuclear Dipolar Couplings Under MAS. Chem. Phys. Lett.
2005, 408, 118.

(23) NMR Spectroscopy of Biological Solids; Ramamoorthy, A., Ed.;
Taylor & Francis: New York, 2006.

property, exhibit enhanced oral bioavailability under the
physiological alkaline condition (pH 6.8), and effectively
absorbed through the mucous membranes in the human small
intestine. We believe that this novel approach of cogrinding
and spray-drying could be of significant advantage for
effective use of probucol to patients who require a higher
and faster rate of mucosal absorption when taken orally. Our
method could be generally applicable for other poorly soluble
compounds on an industrial scale production. In addition this
technique may find applications in material science, particu-
larly in the design of multifunctional nanoparticles consisting
of hydrophobic compounds.
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