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To compare the dissolution and bioavailability for nimodipine microcrystals and nanocrystals, and to
determine the critical size range in improving the oral absorption of nimodipine. Nimodipine microcrys-
tals and nanocrystals were prepared using a microprecipitation method. The particle size was determined
with a laser diffraction method. X-ray powder diffraction was applied to inspect the potential crystal form
transition. The aqueous solubility was determined by shaking flasks, and the dissolution behavior was
evaluated using the paddle method. The pharmacokinetics was performed in beagle dogs in a crossover

Ilfgfnv(v)firiisi;e experimental design. Three nimodipine colloidal dispersions (16296.7, 4060.0 and 833.3 nm) were pre-
Particle size pared, respectively. Nimodipine had undergone crystal form transition during microprecipitation process,
Dissolution but experienced no conversion under the high-pressure homogenization. The colloidal dispersions did
Bioavailability not show any difference in aqueous equilibrium solubility. Additionally, the three formulations also dis-

played similar dissolution curves in purified water and 0.05% SDS. The AUC for dispersions of 4060.0 and
833.3 nm sizes was 1.69 and 2.59-fold higher than that for 16296.7 nm system in dogs. To sum up, the
critical particle size was found to be within the range of 833.3-4060.0 nm (average volume-weighted
particle size) in improving the bioavailability of nimodipine, and dissolution performance was not an

effective index in evaluating the bioavailability for nimodipine colloidal dispersions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

It was estimated that about 40% of the new drug entities exhib-
ited poor solubility, which hindered the bioavailability (Amidon
et al., 1995). The poor solubility remained a major hurdle in the
drug development and clinical use, and many drug candidates had
to be abandoned despite favorable pharmacological activity (Wu
and Benet, 2005). Therefore, it was necessary to develop an effec-
tive method to overcome the solubility-limitation and to improve
the bioavailability.

Nowadays, reduction of particle size was a universal strategy
for poorly soluble drugs in the pharmaceutical field (Kawabata
et al., 2011). According to Ostwald Freundlich equation and
Noyes-Whitney dissolution rate law, decreasing particle size to
the micrometer scale (micronization) (Ning et al., 2011; Sigfridsson
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et al., 2009) or even to the nanometer scale (nanonization)
(Shegokar and Miiller, 2010; Van Eerdenbrugh et al, 2008;
Sigfridsson et al,, 2011) can lead to increased saturated solubil-
ity and dissolution rate, in turn, the bioavailability was improved.
Moreover, it was believed that, within the certain size range, the
smaller the particles, the higher the in vivo exposure. Recent inves-
tigations had confirmed this viewpoint with aprepitant (Wu et al.,
2004), cilostazol (Jinno et al., 2006) and nitrendipine (Xia et al.,
2010) as model drugs.

Interestingly, particle size-dependent absorption manner was
also observed for itraconazole colloidal dispersions (Sun et al.,
2011). Compared with the coarse dispersion, the AUC of 300 nm,
750nm and 5.5 pum itraconazole dispersions was increased by
50.6, 43.9 and 6.5 times (p <0.05), respectively. But it was worth
to mention that the difference was not statistically significant
(p>0.05) in the AUC for nanocrystals of 300 and 750 nm, implying
that the bioavailability could not be further enhanced with particle
size reduction to a critical point (750 nm) or below. Thus, we pro-
posed that there might be a critical particle size in improving the
bioavailability of poorly soluble drugs. In addition, in our previous
study, we found that two nimodipine nanocrystals (148 nm and
833nm) were bioequivalent, demonstrating that bioavailability
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can be maximized by the preparation with the particle size of
833 nm and that particles smaller than the critical size were not
necessary for further bioavailability improvement (Fu et al., under
review). Accordingly, it is crucial to investigate if the bioavailability
can remain constant for the preparations with larger particle size.
Therefore, we would like to compare the in vivo performance of
microcrystals and nanocrystals to evaluate the critical particle size
in improving the bioavailability of nimodipine. Also in the same
study (Fu et al., under review), although the 148 nm preparation
was bioequivalent with 833 nm formulation, the 148 nm prepara-
tion showed a 3.42-fold increase in solubility, indicating that the
aqueous solubility and dissolution rate were not “golden standard”
in evaluating the quality of colloidal dispersions. Therefore, we
would also like to investigate whether the dissolution could really
reflect the in vivo performance of microcrystals and nanocrystals.

In this study, the nanocrystals and two microcrystals were
prepared by a microprecipitation method, respectively. The rela-
tionship between dissolution and the pharmacokinetics was
studied for the three colloidal dispersions. Finally, the critical par-
ticle size was developed, and whether dissolution could be an
effective method in evaluating the quality of colloidal dispersions
was discussed.

2. Methods
2.1. Materials

Nimodipine was purchased from Shanxi Ruicheng Pharm.
Middle Product Co. Ltd. (Ruicheng, China). Lutrol® poloxamer
407 (F127) were kindly provided by BASF Co. Ltd. (Shanghai,
China). Sodium deoxycholate was purchased from Beijing Aoboxing
Biotech Co. Ltd. (Beijing, China). Hydroxypropyl methyl cellulose
with a viscosity of 5 cps (HPMC-E5) was purchased from Huzhou
Hopetop Pharm. Co. Ltd. (Huzhou, China). Sodium dodecyl sulphate
(SDS), dimethyl sulfoxide (DMSO) and mannitol were purchased
from Tianjin Bodi Chemical Holding Co. Ltd. (Tianjin, China). Mal-
tose was purchased from Tianjin Kermel Chemical Reagent Co. Ltd.
(Tianjin, China). Methanol, acetonitrile and n-hexane of chromato-
graphic grade were purchased from Concord Technology Co. Ltd.
(Tianjin, China). Deionized-distilled water was used throughout
this study.

2.2. Preparation of the formulations

Generally, the colloidal dispersions were prepared by a micro-
precipitation method (or in combination with a high-pressure
homogenization process), with the formula component fixed but
process parameters (mixing temperature and homogenization
pressure) varied, as shown in Table 1.

Microcrystals-1: The organic feeds were prepared by dissolving
700 mg of nimodipine and 100 mg of F127 in 1.5 mL of DMSO. Then
the organic phase was injected instantaneously at a stirring rate
of 15,000 rpm using FJ200 (Shanghai Specimen and Model Factory,
Shanghai, China) into 100 mL of water phase equilibrated at 25°C,
which contained 700 mg of F127, 400 mg of HPMC-E5 and 100 mg
of sodium deoxycholate.

Table 1
The key process parameters in preparation of the colloidal dispersions.

Homogenization pressure
(bar) and cycle

Formulations Mixing zone

temperatures (°C)

Microcrystals-1 25 0
Microcrystals-2 3 0
Nanocrystals 3 1000 x 20

Microcrystals-2: The basic process was the same as
microcrystals-1, but the water phase was equilibrated at 3°C.

Nanocrystals: The nanocrystals were harvested following the
homogenization of microcrystals-2 at 1000 bar for 20 cycles.

For convenient administration, the aqueous colloidal disper-
sions were freeze-dried using FDU-1100 (EYELA, Tokyo Rikakikai
Co. Ltd., Japan) with 5% (w/v) maltose and 5% (w/v) mannitol as
cryoprotectants. The freeze-drying processes were as follows: the
samples were freezed at —70 °C in Sanyo V.L.P.® series —86 °C ultra-
low-freezers (SANYO Electric Co. Ltd., Tokyo, Japan) for 6h, and
subsequently lyophilized at a temperature of —25°C for 16 h, fol-
lowed by a secondary drying phase of 2 h at 20°C.

2.3. Characterization of the formulations

2.3.1. Particle size determination

Particle sizes were determined using the laser diffraction (LD)
method. Measurements were performed with polarization inten-
sity differential scattering technology (PIDS) for nanocrystals and
without for microcrystals. The run length was 90s for the mea-
surements with PIDS, and 60s for measurements without PIDS.
The obscuration was adjusted to 35-40% for the measurement of
nanocrystals and to 8-10% for that of microcrystals. The parti-
cle size was volume-weighted and expressed as dyg, dsg, dgg and
mean diameter (dqg, dsg and dgg indicated that 10%, 50% and 90%
of the particles were below that corresponding size, respectively).
All measurements were performed in triplicate.

2.3.2. Microscope observation

To confirm the differences of diameters for the crystals, the
Motic DMBA 450 microscope (MoticChina Group Co. Ltd., Beijing,
China) was used. The nanocrystals were investigated without being
diluted using an oil immersion with 1000-fold magnification.

2.3.3. X-ray powder diffraction (XRPD)

Diffraction patterns were determined for raw nimodipine,
blank excipients, physical mixtures and lyophilized powders of
nimodipine colloidal dispersions (microcrystals-1, microcrystals-
2 and nanocrystals) using a Bruker AXS D8 discover (Bruker AXS,
Karlsruhe, Germany) with a Cu line as the source of radiation,
respectively. Standard runs were performed over a 20 range of
3-45° with 40kV as voltage, 40 mA as current and 0.013°/min as
scanning rate.

Furthermore, the crystalline degree of the colloidal dispersions
was analyzed using the JADE XRPD pattern processing software
(Materials Data, Inc., USA).

2.3.4. Aqueous solubility of the formulations

2.3.4.1. HPLC analysis of nimodipine. A HPLC method was used to
determine the content of nimodipine and to evaluate the solu-
bility and dissolution rates of the formulations. The HPLC system
was equipped with an L-2130 pump (Hitachi High-Technologies
Corp., Tokyo, Japan) with acetonitrile-water (70:30, v/v) as mobile
phase, and the flow rate was set at 1.0 mL/min. An L-2400 ultravio-
let absorbance detector (Hitachi High-Technologies Corp., Tokyo,
Japan) was used and operated at 236 nm. 20 L of the samples
was injected into Diamonsil® ODS (5 pm, 200 mm x 4.6 mm) col-
umn (Dikma Technologies, Beijing, China) maintained at 30 °C. The
retention time was 6.7 min.

2.3.4.2. Aqueous solubility of nimodipine nanocrystals. The solubil-
ity was determined by a shake-flask method. Briefly, excess of
lyophilized powders was added in purified water, 0.05% SDS and
0.3% SDS. The suspensions were shaken at 37 °C for 72 hin the dark.
Then, aliquots were withdrawn and filtered through a 0.10 pm
ANOWP® filter (Hangzhou Anow microfiltration Co., Ltd., Hangzhou,
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Table 2

Particle sizes for the nimodipine formulations (data were expressed as mean+S.D., n=3).

Formulations dio (nm) dsp (nm) dgo (nm) daverage (NM)
Microcrystals-1 1346.7 + 52.6 8262.7 £ 369.5 47446.7 + 404 16296.7 + 161.7
Microcrystals-2 740.3 + 202.1 3106.0 + 183.6 8660.7 + 671.5 4060.0 + 31.2
Nanocrystals 157.0 + 6.1 631.0 + 7.0 2040.3 £ 189 833.3 + 20.6

China). 1 mL of the primary filtrate was discarded, and the subse-
quent filtrate was analyzed immediately by HPLC. Each sample was
prepared in triplicate.

2.3.4.3. Dissolution evaluations of the formulations. Dissolution
tests were carried out using the USP Apparatus 2 setup (ZRS-8G;
TIANDA TIANFA Technology Co. Ltd., Tianjin, China) with a pad-
dle speed of 50rpm. 900 mL of water, 0.05% SDS and 0.3% SDS
equilibrated at 37 °C were used as dissolution medium. Accurately
weighed samples (equivalent to 30 mg of nimodipine) were filled
into 00 # gelatin capsules, which were placed into sinkers for
test. At predetermined time intervals, 10 mL of samples was with-
drawn and immediately filtered through 0.10 pum ANOW?® filters,
and 10 mL of fresh medium was replaced. In order to prevent crys-
tallizing out the drug at a relative low temperature, the continuous
filtrates were mixed with equal volume of acetonitrile, and the
mixtures were analyzed by the HPLC method above.

2.4. Pharmacokinetic study

The pharmacokinetics was studied in accordance with the Guide
for the Care and Use of Laboratory Animals. Six male beagle dogs
weighing 9-13 kg were used and divided into 3 groups randomly,
and the study was carried out in a crossover experimental design
with a washout period of one week. The dogs were fasted for about
12 h prior to experiments, and were given water freely. The prepa-
rations were administered orally at a single dose of 30 mg. 3.0 mL of
blood samples was taken into a heparinized blood collection tube
via a detaining needle at pre-dose, 0.17, 0.33,0.67, 1.0, 1.5, 2.0, 3.0,
4.0, 6.0, 8.0, 10.0 and 12.0 h post-dose. Dogs were provided with a
standard lunch 4 h after dosing. The plasma fraction was obtained
by centrifuging the samples at 3500 x g for 5 min, and was stored
at —20°C until analysis.

The nimodipine concentrations in plasma were determined
by a validated liquid chromatography-dual mass spectrometry
(LC-MS/MS) method after liquid-liquid extraction by n-hexane and
anhydrous ether (1:1, v/v) with nitrendipine as internal standard.
The chromatographic separations were acquired on an ACQUITY
UPLC™ system (Waters Corp., Milford, MA) and BEH C18 column
(50mm x 2.1 mm, 1.7 wm; Waters Corp.) with a mobile phase com-
posed of 80% acetonitrile and 20% water containing 0.1%, v/v acetic
acid). The compounds were analyzed by multiple reaction monitor-
ing (MRM) of the transitions of m/z 418.9 — 343.2 for nimodipine
and m/z 360.8 — 315.2 for nitrendipine, respectively.

The maximum plasma concentration of nimodipine (Cpax) and
the time to reach Cmax (tmax) were read directly from the plasma
concentration versus time data. The area under curve (AUC) was
calculated using the linear trapezoidal rule up to the last data
point. The elimination rate constant (k) was the slope of the ter-
minal four points in plasma concentration-time curve, and the half
life of the preparation (t1,) was calculated by 0.693/k. All values
were expressed as their mean + S.E. (standard error). The relative
bioavailability values (F) were calculated using the following for-
mula with microcrystals-1 as a reference:

AUCtest

=——— x100
AUCreference

F(%)

2.5. Statistical analysis

The in vitro values (particle sizes and aqueous solubility) were
expressed as their mean +S.D. (standard deviation), and in vivo
values (pharmacokinetics parameters) as their mean + S.E. (stan-
dard error). The statistical analysis was made using the t-test. The
differences were considered significant at p <0.05.

3. Results
3.1. Particle sizes of the dispersions

The colloidal dispersions with different sizes were successfully
prepared, as shown in Table 2. Through adjustment of the pro-
cess parameters, the average diameters of particles decreased from
16296.7 nm to 4060.0 nm and further to 833.3 nm. Although the dgg
showed that some particles in the nanocrystals were in the micro-
scopic range, the dgg of microcrystals-1 and microcrystals-2 was
4.25 and 23.26-fold larger, respectively.

The microscope was used to examine the large particles in the
three dispersions and to verify the measurement results from LD.
As shown in Fig. 1, there were distinct differences in particle sizes
among the three dispersions, in an agreement with the LD results.
Only a small fraction of microcrystals could be detected in the
nanocrystal dispersion, but more and larger particles in the micro-
dispersions.

3.2. Crystal form of the colloidal dispersions

XRPD was used to evaluate the crystal form and poten-
tial polymorphic conversion during the preparing process. The
XRPD patterns of crude nimodipine, blank excipients, physical
mixtures and nimodipine colloidal dispersions are presented in
Fig. 2. The characteristic peaks of crude nimodipine (at 26 of
6.473° and 12.812°) were maintained in the profile of physi-
cal mixtures (Grunenberg et al., 1995; Cardoso et al., 2005), but
disappeared in the colloidal dispersions. Moreover, a new peak
centered on 26 of 9.180° was observed in the microcrystals-
1, microcrystals-2 and nanocrystals, demonstrating nimodipine
had undergone a polymorphism transition from a stable crystal
form to a metastable one during the microprecipitation pro-
cess. Further calculation indicated that the crystalline degree
of the microcrystals-1, microcrystals-2 and nanocrystals were
69.90 +8.81%, 65.63 +3.32% and 61.83 £ 6.70%, respectively.

3.3. Aqueous solubility study

3.3.1. Aqueous solubility of the three dispersions

Table 3 shows the equilibrium solubility of the three col-
loidal dispersions. For microcrystals-1, the solubility was about
8.15+0.28 pg/mLin purified water and 8.31 +0.13 pwg/mL in 0.05%
SDS. But the solubility remained constant (p >0.05) for the disper-
sions with varying particle size, regardless of the media used. It was
inconsistent with the conventional Ostwald Freundlich equation.

3.3.2. Dissolution for the three colloidal dispersions
The in vitro dissolution curves for nimodipine colloidal disper-
sions are shown in Fig. 3. The three formulations displayed the
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Fig. 1. Microscopes for the three nimodipine colloidal dispersions. (a) Nimodipine
microcrystals-1; (b) nimodipine microcrystals-2; (¢) nimodipine nanocrystals. The
scale bar represents for 10 um.

Table 3
Aqueous solubility for the nimodipine colloidal dispersions at 37°C (data were
expressed as mean+S.D., n=3).

Formulations Aqueous solubility (pg/mL)

Water 0.05% SDS
Microcrystals-1 8.15 + 0.28 8.31 £ 0.13
Microcrystals-2 7.48 + 0.03 7.48 + 0.05
Nanocrystals 6.99 + 0.84 7.47 + 0.64

intensity (a.u.)

10 20 30 40
20(°)

Fig. 2. XRPD patterns for (a) crude nimodipine, (b) blank excipients, (c) physical
mixtures, (d) nimodipine microcrystals-1, (e) nimodipine microcrystals-2 and (f)
nimodipine nanocrystals.

similar profiles in purified water, and the equilibrium (released
about 6.11 +0.22% of total drugs) was reached at 20 min (Fig. 3b).
As with 0.05% SDS, no significant difference was observed for the
three preparations (Fig. 3a).

3.4. Pharmacokinetics

The plasma concentration-time curves and the pharmacoki-
netic parameters are shown in Fig. 4 and Table 4, respectively. The
Cmax and the AUC were significantly increased (p < 0.05) with par-
ticle size reduced. The Cnax was increased from 142.35ngmL~!
for microcrystals-1 to 234.16ngmL~! for microcrystals-2 and

a 8-
7 -
& i
53 6
g 61
P
s 47
2 34 —+— microcrystal-1
a 2| -=-microcrystal-2
—— nanocrystal
1 4
0 10 20 30 40 50 60 70
Time (min)
b 14-
)
s
()
7]
©
i
2
o 6- —e+—microcrystal-1
g 4 -=—microcrystal-2
—i—nanocrystal
2
0 10 20 30 40 50 60 70

Time (min)

Fig. 3. Dissolution profiles for nimodipine microcrystals-1 (lavender color),
microcrystals-2 (orange color) and nanocrystals (blue color) in purified water (a)
and 0.05% SDS (b) (data are mean +S.D., n=3). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)
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Table 4

Pharmacokinetic parameters following oral administration of nimodipine colloidal dispersions (data were expressed as mean+S.E., n=6).

Parameters Microcrystals-1

Microcrystals-2 Nanocrystals

Crmax (ngmL-1) 142.35433.97

fmax (min) 50.00 +4.47
ty2 (min) 1.93+0.14

k (min~1) 0.37+0.03
AUC (ngminmL-1) 16558.08 +£1875.82
F 100.00%

234.16+42.68* 492.26 +152.40*4

55.00+9.57 65.00£11.88,
1.69+£0.25 1.86+£0.19
0.46+0.08 0.394+0.05
25577.13+2375.18* 61381.97 +£15724.05*4
154.47% 370.71%

* p<0.05 versus microcrystals-1 as controls.
4 p<0.05 vesrsus microcrystals-2 as controls.

600
= 5004
E
£ 400
5
= 3001
= ~—microcrystal-1
g 200 = microcrystal-2
g -+ nanocrystals
O 1004

400 600 800
Time (min)

0 200

Fig. 4. Plasma concentration-time curves for the three nimodipine colloidal disper-
sions following oral administrations of 30 mg of nimodipine in beagle dogs (data are
mean +S.E.,, n=6).

finally to 492.26ngmL-! for nanocrystals. The bioavailability of
the nanocrystals was about 1.54 and 3.71-fold larger than that
of microcrystals-1 and microcrystals-2, respectively. The tmax was
delayed for nanocrystals to some extent, but it was necessary
to point out that the difference was not statistically significant
(p>0.05) due to the discrete data and relative high SD. Also no
statistically significant difference (p>0.05) was found in t;;; and
k among the three formulations.

4. Discussion
4.1. Preparation and characterization of the colloidal dispersions

4.1.1. Preparation of the colloidal dispersions

The particle size was decreased by lowering the microprecipi-
tation temperature. Similar results had been reported previously.
The temperature influenced the sizes in two ways. For one thing,
the lowered temperature can lead to solubility decrease and fur-
ther to supersaturation increase. Thus, the nucleating rate (Eq. (1))
was elevated and the number of crystal nucleus was increased cor-
respondingly (Matteucci et al., 2006). Therefore, the particle size
was decreased. For another, microprecipitation performed at a low
temperature caninhibit the molecular diffusion and the subsequent
Ostwald ripening.

—167y3VinNy
By =C _ = 1
oTnEP { 3RTP[In(S) } W

where By is the nucleation rate, S is the degree of supersaturation, y
is the interfacial tension, Vy; is the molar volume, N, is Avogadro’s
constant, R is the ideal gas constant and T is the microprecipitation
temperature.

4.1.2. Crystal transformation

Undoubtedly, nimodipine had undergone crystal transition dur-
ing microprecipitation (Fig. 2), because microprecipitation was
truly a recrystallization process. Further XRPD calculation demon-
strated that the crystal form and crystalline degree were not
changed by varying the incubation temperature or passing through
the high-pressure homogenizer. It was in an agreement with the
previous report that the nanonization process could not affect the
inner crystal structure of a model drug obviously (Gao et al., 2007).

4.2. Defects in the previously reported comparative study for
microcrystals and nanocrystals

It is necessary to fix other influential factors (formulation
components, preparation processes and crystal forms) when inves-
tigating the effects of crystal sizes on bioavailability. But more than
one variable was always found in the previous studies. Firstly, the
excipients were not kept the same (Sigfridsson et al., 2011; Wu
et al., 2004). The amount of polymers or surfactants in nanocrys-
tals was always larger than that in microcrystals. What is more,
surfactants, such as SDS that could open the tight junctions of
cells, were often used in nanocrystals, but not in microcrystals.
Secondly, the microcrystals were always prepared by hammer
milling, jet milling or ultrasonic treatment simply, inconsistent
with the preparation process of nanocrystals (Wu et al., 2004; Jinno
et al., 2006). Moreover, the micronized powders obtained by harsh
milling treatment of the crude drugs will have increased tendency
for electrostatic interaction, which could make the microcrystals
agglomerate into larger ones and further block the oral absorption
in vivo (Liversidge and Cundy, 1995; Perrut et al., 2005). Thirdly,
the crystal form was sometimes different. The nanocrystals were
always in the metastable state with higher solubility, while micro-
crystals or coarse powders in the stable form with lower solubility.

In this study, we had maintained these factors constant as possi-
ble. Therefore, the effects of particle sizes on in vitro evaluations and
in vivo performances were investigated more objectively, exclud-
ing other factors, such as formulation composition, preparation
process and crystal form transition.

4.3. Aqueous solubility and bioavailability of the colloidal
dispersions

4.3.1. Invitro dissolution method was not an evaluation index for
colloidal dispersions

The in vivo condition was supersaturation dissolution follow-
ing 30 mg of nimodipine oral administration to beagle dogs (Fu
etal., underreview). Moreover, the importance of dissolution under
non-sink condition had been stressed previously (He et al., 2004),
because it could distinguish tiny differences in the quality of formu-
lations. But for the three dispersions, significant difference could be
tested neither in purified water, nor in 0.05% SDS, suggestive of the
similar in vivo dissolution performance.

Although the in vitro supersaturation dissolution did not dis-
criminate the differences, the in vivo pharmacokinetic study had
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Fig.5. Relative values of the solubility (in purified water and 0.05% SDS) and relative
bioavailability for the dispersions with sizes of 4060.0, 833.3, 491.3 and 148.7 nm,
with 16296.7 nm formulation as a reference (data are mean +S.E.).

tested the differences among the three preparations. It was clear
that the reduction of particle size leads to improvements in oral
absorption of nimodipine, up to 1.54 and 3.71-fold increase in AUC
(p<0.05). Thus, the in vivo performance could not be correlated
with the in vitro dissolution. In other words, the in vitro dissolu-
tion method was not an evaluation index for colloidal dispersions.
The previous dissolution profile and pharmacokinetic study further
confirmed this finding (Fu et al., under review).

4.3.2. Discrepancies in the trend of solubility and bioavailability

Generally, we could observe two different trends for aqueous
solubility and bioavailability with particle size reduction, as shown
in Fig. 5. In particular, the aqueous solubility remained constant
with particle size reduction from 16296.7 nm to 833.3 nm, but
then increased markedly for further reduction regardless of the
medium. Instead, the bioavailability increased evidently for the
initial decrease in particle sizes, but stayed constant for the sub-
sequent decrease.

As we know, saturated solubility is a compound specific con-
stant depending on the temperature and the aqueous medium.
This is the reason why solubility was not increased despite the
19.6-fold reduction in particle size. But the Ostwald Freundlich
equation could explain the subsequent increase in solubility by
further downsizing the nanocrystals: with the particle size below
1 wm, decrease in size can improve the intrinsic solubility or satu-
rated solubility (Patravale et al., 2004).

The discrepancy in the trends of solubility and bioavailability
may result from the special membrane transporting mechanism
of the nanocrystals, because solubility and permeability were two
dominant factors affecting the oral bioavailability of a drug. In our
previous study, we had found out that the nimodipine nanocrys-
tals gained access into the mesenteric lymphatic systems by being
taken up into enterocytes via macropinocytosis and caveolin-
mediated endocytosis pathways. Moreover, some clues in this
study could further confirm this finding: (1) as shown in Fig. 4,
the error bars in the profile of nanocrystals were a bit larger than
that of the microcrystals, and it could be attributed to the vari-
ous expression levels for the proteins on the gut cell membranes
of the six dogs (Bernatchez et al., 2011); (2) previous studies had
demonstrated that a lag-time was prolonged and the absorption
was delayed when drugs absorbed via lymphatic transport because
of the initial hydrolysis of the triglycerides (Charman and Stella,
1986; Lind et al., 2008). In this study, the tmax was prolonged to

some extent, although the differences were not statistically signifi-
cant. In summary, the special mechanisms were probably involved
in the absorption of nimodipine nanocrystals.

In addition, two review articles published recently empha-
sized the significance of particle size on the endocytosis of
nanomedicines, and particles smaller than 1 wm could be internal-
ized by macropinocytosis (Sahay et al., 2010; Roger et al., 2010).
The variation in AUC (for microcrystals-1, microcrystals-2 and
nanocrystals) was due to the particle size-dependent membrane
transporting mechanism (avoiding first-pass metabolism). Further
reduction of particle sizes to 148.7 nm did not show increasing lin-
earity in the bioavailability due to the saturation for the proteins
involved in the vesicle trafficking. Thus, a critical point of particle
size-bioavailability was formed, namely the critical particle size in
improving the bioavailability (Kaneniwa et al., 1978).

It is necessary to perform nanonization for drugs belonging to
BCS 1, at least for nimodipine. When the diameters come to the
nanoscopic level, however, we need to redefine the critical particle
size based on the pharmacokinetic properties of the colloidal dis-
persions, below which the bioavailability would not be improved.

5. Conclusions

In the present study, it was demonstrated that the in vivo expo-
sure was improved by reducing the particle size to nanoscale. Thus,
it is necessary to nanosize nimodipine, a poorly soluble drug. But
the aqueous solubility and the supersaturation dissolution could
not discriminate the difference in vitro, and dissolution was not an
effective index in evaluating the bioavailability of colloidal disper-
sions, because special mechanisms were involved in the absorption
of nimodipine nanocrystals, as previously investigated. Combining
the above results, the critical particle size was ascertained to be
within the range of 833.3-4060.0 nm (average volume-weighted
particle size) in improving the bioavailability of nimodipine.
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