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Purpose. To compare Caco-2 monolayer permeability and in vivo
bioavailability of microparticle with nanoparticle 301029, a thiadia-
zole derivative, and to determine whether nanonization could im-
prove oral bioavailability of the poorly soluble compound.
Methods. The mean particle size of 301029 was reduced from 7 �m to
280 nm by pearl milling. In the ex vivo assay, both microparticle and
nanoparticle 301029 at the same concentration were separately added
to apical side and were collected from basolateral side of Caco-2
monolayer. In the bioavailability study, the two particle sizes of
301029 were orally administered to rats, respectively, and blood
samples were collected. Nanoparticle 301029 in culture medium and
rat serum was detected by a liquid chomatography-mass spectrometer
(LC/MS) coupled with atmospheric pressure chemical ionization
(APCI).
Results. Permeability rate and permeated amounts of nanoparticle
301029 across the Caco-2 monolayer were about four times higher
than those of microparticle 301029. In a pharmacokinetic study, nano-
particle 301029 showed Tmax about 1 h, whereas the microparticle
301029 showed Tmax at 4 h. The Cmax and AUC of nanoparticle
301029 were 3- to 4-fold greater than those of microparticle 301029,
resulting in a significant increase in oral bioavailability of 301029 as
compared with microparticle 301029. The ex vivo permeability and in
vivo pharmacokinetic data indicate that nanoparticle formulation im-
proves both absorption rate and absorption extent of the poorly
soluble drug.
Conclusions. Nanoparticle formulation enhances both Caco-2 mono-
layer permeability and rat oral bioavailability of the poorly soluble
301029. The result also demonstrates a close correlation between ex
vivo Caco-2 permeability model and in vivo gastrointestinal absorp-
tion.
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INTRODUCTION

301029 (Fig. 1), a representative thiadiazole derivative,
was found to be a highly effective inhibitor of bovine viral
diarrhea virus (BVDV). This drug candidate exhibits a thera-
peutic index 100-fold greater than existing approved hepatitis
C virus (HCV) inhibitor, ribavirin, based on its high efficacy
and low toxicity. Mechanistic studies revealed that 301029

inhibits intermediate steps in the virus replication cycle, re-
sulting in a significant reduction in RNA synthesis. Our re-
cent studies demonstrated that 301029 has antiviral properties
against HCV and BVDV replication (unpublished observa-
tion) that would provide advantages over existing therapies
using ribavirin. To develop this compound into a novel anti-
virus drug, we determined the pharmacokinetic profiling of
oral 301029 in mice by using a liquid chromatography/mass
spectrometer (LC/MS) method (1). The pilot study indicates
that 301029 has relatively low bioavailability most likely due
to its poor aqueous solubility (∼50 �g/ml).

At present, about 10% of drugs under investigation have
bioavailability problems due to poor solubility. It is estimated
that about 40% of newly developed drugs will be poorly
soluble in the future (2). Poor drug solubility makes it very
difficult to perform high-throughput screening of compounds
for potential drug effects. Therefore, there is a high need for
intelligent drug formulations to achieve a sufficiently high
bioavailability. Many different approaches have been devel-
oped to overcome the solubility problem of poorly soluble
drugs, including solubilization, inclusion compounds, and
complexation. An alternative to these methods developed
was the production of drug nanoparticles by pearl milling or
high-pressure homogenization. The basic principle of nanoni-
zation is the increase in surface area and concentration gra-
dient of the poorly soluble compounds, which may lead to an
increased dissolution rate of compounds according to the
Noyes-Whitney equation (3) in comparison with a micronized
product. In addition, the saturation solubility is also increased
after nanonization. All of these may benefit oral bioavailabil-
ity of poorly soluble drugs by enhancing drug transport
through the gut wall into the systemic circulation.

Although nanoparticle formulation provides a plausible
pharmaceutical basis for enhancing oral bioavailability and
therapeutic efficacy of drugs, different formulations, drug car-
riers, and disease models may affect pharmacokinetic profil-
ing and efficacy of the same drugs. For instance, liposome
formulations of mitoxantrone showed the highest antitumoral
effects in a leukemia model, but nanoparticles were least ef-
fective. In the B16 melanoma model, reversed results were
observed: nanoparticle was the most potent, whereas lipo-
somes were the least (4,5). Therefore, our initial attempts at
developing 301029 nanoparticles were to test the hypotheses
that nanonization improves oral bioavailability of poorly
soluble drugs; and that there must be a rational ex vivo and in
vivo correlation assuring that in vitro physicochemical prop-
erties and cellular permeability rate of nanoparticle 301029
will be positively proportional to the in vivo pharmacokinetic
parameters. Because Caco-2 monolayer permeability has
been widely utilized as ex vivo tools for prediction of human
intestinal drug absorption (6,7), the present study was de-
signed to determine differences between postsynthetic micro-
particle of 301029 (7 �m) and nanonized particle of 301029
(280 nm) in Caco-2 monolayer permeability and oral gastro-
intestinal absorption.

MATERIALS AND METHODS

Materials

301029 (FW 236.32) with molecular formula C9H8N4S2

(Fig. 1) was synthesized by our chemical team. The internal
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standard 2-benzimidazolyl-acetonitrile was purchased from
Aldrich (Milwaukee, WI). Acetonitrile, methanol, chloro-
form, and acetic acid of HPLC grade were purchased from
EM Science (Gibbstown, NJ.). N,N-dimethylformamide solu-
tion was bought from Allied Signal (Muskegon, MI). All rou-
tine culture mediums, including antibacterial agents, were
purchased from Mediatech Inc. (Herndon, VA).

Preparation of Nanoparticle

Initial particle size of 301029 was 7.00 ± 0.98 �m (mean
± SD) as measured by a laser scattering particle size distribu-
tion analyzer at a scattering angle of 90° (Horiba LA-910).
Microparticle 301029 powder in water was dispersed in sur-
factant poloxamer 407 (Pluronic F127; BASF, Mount Olive,
NJ) of 1.4% (w/v) by a high-speed stirrer, and was milled at
2,200 rpm in a Netzsch media mill for 2 h at room tempera-
ture. Drug suspension was recycled though the media mill
until the desired particle size was reached at 280 ± 21 nm. The
suspension was diluted with water until the appropriate con-
centration of particle was achieved to avoid multiscattering
events.

Bioanalytical Assay

Bioanalytical methods were similar to that described pre-
viously (1). Briefly, the LC/MS analysis was carried out on a
Surveyor reverse-phase LC system coupled with LCQ Duo
mass spectrometer (ThermoQuest-Finnigan, San Jose, CA) at
ambient temperature (25°C). Separation was achieved on a
3.5 � Kromasil C-8 column (150 × 2 mm I.D., Phenomenex,
Torrence, CA) eluted with a mobile phase consisting of ace-
tonitrile, water, and 0.01% acetic acid (90:10:0.01, v/v). Mo-
bile phase was isocratically pumped at 100 �l/min for 6 min
with the solvent front diverted to waste to prevent contami-
nation of the mass spectrometer from the aqueous soluble
salts. Vaporizer temperature was set at 200°C, the ion source
corona needle voltage was set at 4.5 kV, and the sheath gas
(N2) was set at 0.5 liters/min at 100 p.s.i. The signal was am-
plified by adjusting the ion electron multiplier at −695 V and
the dynode at −14.87 kV. The APCI mode was used to gen-
erate the positive ions. The mass selective detector was op-
erated in the selected-ion monitoring mode to scan the 301029
ion at 237 m/z and the internal standard at 158 m/z, respec-
tively. Quantification of 301029 was based upon ratios of peak
areas to the corresponding internal standard Triplicate serum
or culture medium calibration curves for 301029 were pro-
cessed with each batch of samples. Curves were constructed
across the concentration range of 25 to 2500 ng/ml. Quality

control samples, containing 301029 at 50, 200, and 1,000 ng/
ml, were processed in duplicate with each run.

Caco-2 Permeability Assay

Permeability assay was similar to that described previ-
ously (8). Human colon adenoma derived cell line, Caco-2,
was purchased from American Type Culture Collection
(Manassas, VA). The cells were grown in Dulbecco’s modi-
fied Eagle’s Medium (DMEM) and were maintained in flasks
at 37°C and 5% CO2 until cell confluence was reached.
Caco-2 subculture was performed at a 1:3 ratio by using a
mixture solution of 0.05% trypsin and 0.53 mM of EDTA-
4Na in Hank’s balanced salt solution. Appropriate amounts
of cells were transferred onto clear Transwell inserts (cata-
logu no. 3460; Corning Costar Inc., Cambridge, MA) at a
density of 106 cells/cm2. The inserts feature polyester mem-
brane filters with a pore size of 0.4 �m and a cell growth area
of 1.0 cm2. Both the membrane (10 �m thickness) and inside
wall were pretreated with tissue culture medium for uniform
cell attachment. Cells were maintained in a 5% CO2 incuba-
tor at 37°C for 7 to 10 days until a monolayer was formed on
the membrane. With the inserts suspended in the wells of
12-well plates, regular microparticle 301029 or nanoparticle
301029 in DMEM were added to apical chambers (total of 0.5
ml) to produce the initial 301029 concentration at 100 �M.
Basolateral chambers were filled with 1.5 ml of prewarmed
DMEM. To avoid the effects of drug-protein binding on the
permeability rate, the DMEM was prepared without fetal bo-
vine serum (8). Medium samples (60 �l) were then collected
from basolateral chambers at 0, 0.5, 1, 2, 4, and 6 h, and were
then immediately stored at −80°C until the LC/MS analysis.
Transwells without cells seeded were run concurrently as a
control to measure maximal permeation rate of 301029.

The apparent permeability coefficient (Papp) of 301029
was determined according to the following equation (8):

Papp =
�Q��t

60 � A� C0
�cm�sec�

where �Q/�t is the permeability rate (micromoles per sec-
ond) of drug across the microporous membrane, which was
calculated from the initial straight slopes. A is the surface area
of membrane (i.e., 1 cm2), and C0 is the initial 301029 con-
centration (micromoles) in the apical chamber at t � 0. Re-
sults of the experiment performed in six replicates are pre-
sented as means ± SD.

Pharmacokinetic Experiments

Rat dosing and sampling were similar to that described
previously (9,10). Briefly, Sprague-Dawley rats (135–150 g)
were selected to evaluate the pharmacokinetic profiles of mi-
croparticle 301029 and its nanoparticle 301029. The rats were
fasted overnight, with water being available ad libitum. Oral
dose solutions of microparticle and nanoparticle 301029 were
prepared in water containing 1.4% (w/v) of poloxamer 407.
The i.v. dose solution was prepared in a vehicle of polyeth-
ylene glycol 400:saline (2:1, v/v), and was administered via tail
vein. The rats were administered 301029 at 500 mg/kg and
were then euthanized by CO2 asphyxiation at the following
blood sampling schedules: 0.25, 0.5, 1, 2, 4, and 8 h after oral
doses; or 1 min and 0.25, 0.5, 1, 2, 4, and 8 h after the i.v. doses.

Fig. 1. Chemical structures of 301029 and the internal standard.

Jia, Wong, Cerna, and Weitman1092



Three rats were used for each time point. Blood samples were
collected and centrifuged at 5,000g for 10 min. The serum was
collected and stored at −80°C until analysis for concentrations
of 301029. One hundred microliters of serum was mixed with
100 �l of acetonitrile containing 510 ng/ml of the internal
standard. After protein precipitation and centrifugation at
14,000g for 10 min, 20 �l of the supernatant was directly
injected into the LC/MS system for analysis.

The 301029 serum concentration time curves after i.v.
and oral single-dose administrations were analyzed with the
WinNonlin PK software (version 3.2; Pharsight Co., Moun-
tain View, CA), which uses a noncompartmental model for
pharmacokinetic analysis (11). Calculated parameters in-
cluded: Tmax, time to maximum serum concentration; Cmax,
maximum serum concentration; t1/2, elimination half-life; and
AUC, area under the serum concentration-time curve after
each single dose calculated using the linear trapezoidal rule.
Bioavailability of orally administered 301029 and its nanopar-
ticle was calculated as (AUC oral/AUC i.v.) × 100.

Statistical Analysis

The results were expressed as mean values ± SD. The
Mann-Whitney-Wilcoxon U test was used to investigate dif-
ferences statistically when the sample size was small. How-
ever, in all statistical analysis, normality and equal variance
was passed. Therefore, the one-way analysis of variance
(ANOVA) was also applied to examine significance of dif-
ferences, and p < 0.05 was considered significant.

RESULTS

Permeability of 301029 and Its Nanoparticle across
Caco-2 Monolayer

The integrity of each batch of cell monolayer was first
verified by microscopy, and was then tested by measuring
either leakage of [14C]D-mannitol in representative cell
monolayer, or transmembrane resistance of the representa-
tive cell monolayer. D-Mannitol is a molecule known to tra-
verse epithelial sheet exclusively via the paracellular route
through tight junctions (zonula occludens) (12). The apical to
basolateral flux for this paracellular marker did not exceed
values of 0.5% penetrated per hour in this laboratory. Trans-
membrane resistance test revealed transcellular resistance of
Caco-2 monolayer was 420 to 500 � · cm2, whereas the cell-
free membrane inserts had resistance values of 13 to 17 � ·
cm2. Cell monolayer in the inserts was then confirmed as
integral across the membrane and was firmly attached to the
polystyrene side walls. The permeability of 301029 in micro-
particle and nanoparticle forms across Caco-2 monolayer is
shown in Fig. 2. When applied to the apical side of Caco-2
monolayer, 301029 (100 �M) in both regular microparticle
and nanoparticle formulation was detectable on the basolat-
eral side at a time point of 30 min, indicating that 301029 is a
permeable compound. Under well-controlled conditions, we
found the Papp (centimeters per second) for nanoparticle
301029 was 2.94 × 10−6, which was about 4-fold higher than
microparticle size of 301029 (8.08 × 10−7). Cell-free control
experiments conducted in the same Transwell plate showed
that the drug was freely permeable though the microporous
membrane and supporting matrix. Any delay in the rate of

301029 permeability was provided by Caco-2 monolayer only.
The cell-free control revealed the maximum permeation by
301029 reached a plateau of about 20 �M, which in theory was
close to the final evenly distributed concentration (25 �M) of
301029 in a Transwell. Because the experiment was con-
ducted by using the serum-free DMEM, the permeability rate
of the tested drugs are comparable with each other without
interference from plasma protein binding.

Single Intravenous and Oral Dose Studies in Rats

The mass spectrum of authentic 301029 in biometrics
showed a protonated molecular ion (MH+) at m/z 237.0.
Chromatographic peaks of 301029 in culture medium and rat
serum occurred at a retention time of 9 min (Fig. 3). The
301029 identification was confirmed by mass spectrum infor-
mation and comparison of retention time of 301029 with the
internal standard spiked in the same preparations in the pres-
ence and absence of the biologic media. After a single i.v.
injection of 301029, the serum levels of 301029 reached a
maximum within 1 min, and then declined to virtually unde-
tectable levels 8 h after the injection (Fig. 4). Maximal blood
levels of 301029 after a single oral administration were
reached in about 1 h for nanoparticle 301029, and in 4 h for
microparticle 301029. The data indicates that nanoparticle
301029 absorbed through the gastrointestinal wall faster than
microparticle 301029. In addition, nanoparticle 301029 exhib-
ited slow clearance, but high Cmax and AUC as compared
with microparticle 301029. All these resulted in the bioavail-
ability of nanoparticle 301029 reaching 99%, whereas micro-
particle 301029 exhibited 23.5%. Oral 301029 levels in rat
serum declined after Tmax with t1/2 values comparable with
those seen in rats receiving a single i.v. dose of the drug
(Table I).

DISCUSSION

In the present report, both an intestinal permeability cell
model and drug absorption in intact rats were used to evalu-
ate the influence of nanoparticle formulation on the absorp-
tion and bioavailability of poorly soluble drug. Interestingly,

Fig. 2. Cellular permeability of regular microparticle 301029 and
nanoparticle 301029 across Caco-2 monolayer. The microparticle
301029 or nanoparticle 301029 was added to the apical side of the
cells, and the permeated 301029 was determined from the basolateral
side by the LC/MS method. The data represents the mean ± SD (n �

6). *p < 0.05 compared with regular microparticle 301029 by one-way
analysis of variance (ANOVA).
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the data presented here indicates that permeability across
Caco-2 cells and oral bioavailability of nanoparticle 301029
was increased as compared with the larger microparticle size
of 301029.

Caco-2 cells achieve a high degree of enterocytic differ-
entiation and spontaneous dome formation, which make this
cell line a more relevant ex vivo model for the investigation of
intestinal absorption (6). Figure 2 demonstrates that perme-
ability rate and permeated amounts of nanoparticle 301029
across the Caco-2 monolayer were about four times higher
when compared with microparticle 301029. The relatively low

permeability of microparticle 301029 may be due to poor
solubility and slow dissolution rate of the drug in aqueous cell
medium because the parallel study conducted in the same
culture medium showed a significant increase in Caco-2 per-
meability when particle size was reduced to nanometric lev-
els. Indeed, we observed under a microscope (×100 magnifi-
cation) the undissolved 301029 particles from the micrometric
formulation on the surface of the Caco-2 monolayer, whereas
the 301029 particles after nanonization were hardly seen on
the surface of the Caco-2 monolayer. It seems probable that
the observed permeability of 301029 across the Caco-2 cells

Fig 3. Representative mass chromatograms and mass spectrums of 301029 extracted from
rat sera. (A) A mass chromatogram of blank serum. (B) A mass chromatogram of 301029
in nanometric size obtained from rat serum 4 h after oral dosing. (C) A mass chromato-
gram of 301029 in micrometric size obtained from rat serum 4 h after oral dosing. (D)
Mass spectra showing positive 301029 ion at m/z 237.
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was due to passive diffusion mechanism in the present experi-
ment because both ex vivo permeability and in vivo oral ab-
sorption 301029 was dependent on particle size and initial
concentrations of the drug.

It was agreed that there was a need for much more in
vivo pharmacokinetic data to validate ex vivo methods of
studying drug permeability. In particular, the interplay be-
tween intestinal drug absorption and permeability remains a
significant complication in interpreting data (7). Therefore,
the ex vivo permeability kinetics of 301029 were followed up
with an in vivo study in rats. There were marked differences
in the pharmacokinetic profile between the microparticle
301029 and nanoparticle 301029. Nanoparticle 301029 was
rapidly absorbed with a Tmax of 1 h. The Tmax for micropar-
ticle 301029 was prolonged for another 3 h. The faster ab-
sorption of 301029 after nanonization was likely due to in-
creases in dissolution rate and saturation solubility of the
drug, as well as an increased adhesiveness of nanoparticles to
intestinal mucosa (see the discussion below). Nanoparticle
301029 was well absorbed, with an AUC value four times
more than that of micrometric size of 301029. As can be ex-
pected, the clearance rate of nanoparticle 301029 was much
lower than microparticle 301029 because clearance is more
readily estimated by dividing dose by AUC. The large AUC
value resulted in an oral bioavailability of 99% for nanopar-
ticle 301029. In contrast, the microparticle 301029 obtained an
oral bioavailability of 23%. The present cell permeability
study supports that 301029 is a permeable drug. Therefore,
the limited absorption of 301029 as a microparticle is indica-
tive of a poorly soluble drug with bioavailability that is limited

by dissolution rate, saturation solubility, and adhesiveness to
the intestinal mucosa of the drug.

Nanoparticle formulation is an ideal tool for actively
screening newly developed compounds that are poorly
soluble. In addition, it is a tool to determine relative bioavail-
ability of poorly soluble drugs that cannot be injected as a
drug solution. Beneficial effects of drug nanonization on bio-
availability are primarily based on the fundamentals that nan-
onization increases the surface area of poorly soluble drugs.
Consequently, one can predict the following: An increase in
adhesion surface area between nanoparticles and the mucin
layer coating intestinal epithelium of villi facilitates the nan-
onized drug to traverse the mucin layer and the epithelial
cells, resulting in an increase in oral absorption of the nan-
onized drug; compared with large particles, nanoparticles in
general possess a stronger curvature of the surface, which
produces more dissolution pressure with a corresponding in-
crease in saturation solubility (13). The increase in saturation
solubility, in turn, favors increased concentration gradient be-
tween intestinal epithelial cells and the mesenteric circulation
beneath; and an increased dissolution velocity of the drug,
which overcomes this rate-limiting step in the drug absorption
process. In addition, the diffusion distance on the surface of
drug nanoparticles is decreased, causing an increased concen-
tration gradient (2). An increase in surface area and concen-
tration gradient leads to a more pronounced increase in the
dissolution rate compared with a micronized product. Satu-
ration solubility and dissolution rate are important param-
eters affecting the bioavailability of orally administered
drugs. Drug nanonization can reduce erratic drug absorption
so the adhesion process of drug nanoparticles to mucosal sur-
face would be highly reproducible and not very affected by
the nutritional and food status of patients. It has been re-
ported that smaller particles of drugs are taken up more easily
by macrophages and obtain a higher deposition rate, and
hence a better therapeutic index (14). Based on these favor-
able characteristics, nanonization has the potential to over-
come absorption limitations of poorly soluble drugs.

CONCLUSIONS

In the present study, we investigated ex vivo cell perme-
ability and in vivo oral absorption of 301029, a poorly soluble
thiadiazole derivative, by using a Caco-2 intestinal epithelial
model and intact rats to determine whether the nanonization
could improve ex vivo cell permeability and in vivo oral bio-
availability of 301029. LC/MS analysis of 301029 permeated
the Caco-2 monolayer or absorbed into the systemic circula-
tion revealed that nanonization of 301029 particle signifi-

Table I. Pharmacokinetic Parameters of Nanoparticle and Microparticle 301029 after Single i.v. or p.o.
Administration to Sprague-Dawley Rats at 500 mg/kg (n � 18–21 rats/group)

Particle sizes Nanoparticle (280 nm) Microparticle (7 �m) Microparticle (7 �m)

Dosing routes p.o. p.o. i.v.
Half-life (h) 26.6 ± 0.5 24.9 ± 0.3 23.2 ± 0.7
Tmax (h) 1.0 ± 0.2 4.0 ± 0.1 Instant
Cmax (�g/ml) 2.30 ± 0.12 0.82 ± 0.05 3.63 ± 0.23
AUC0→8 h (�g mL−1 h−1) 14.17 ± 0.03 3.36 ± 0.09 14.30 ± 0.14
Clearance (ml/min) 30.0 ± 0.7 121.0 ± 0.9 29.0 ± 0.3
Bioavailability (%) 99.1 23.5 –

Fig 4. Serum concentration-time course of regular microparticle
301029 and nanoparticle 301029 after a single i.v. or oral administra-
tion to rats. Each point represents the mean ± SD (n � 3).

Effect of Nanonization on Absorption of 301029 1095



cantly increased both the rate and amount of 301029 perme-
ated the Caco-2 monolayer or absorbed into the systemic
circulation. The present data also showed a good correlation
between the ex vivo Caco-2 model and in vivo oral absorption
of the drug. The size-dependent permeability and bioavail-
ability should be given particular consideration in the devel-
opment of potent and selective drug candidates with poor
aqueous solubility.
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