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Abstract

In Sigfridsson et al. (2011, Drug Dev Ind Pharm, 37:243-251), there was no difference in plasma concentration of BA99
when administering the drug as nanosuspension or microsuspension and analyzing the blood samples by liquid
chromatography-mass spectrometry. This was related to the dissolved amount of drug in the gastric tract, which
was high enough to support fast absorption when the drug reached the small intestine. One single physicochemical
property (pK , about 3 for BA99) abolished the benefit of small particles. These results were further confirmed in the
present study, where a proton pump inhibitor, AZD0865, was used to elevate the gastric pH and then drastically
decreased the gastric solubility. In this way, BA99 could be considered as a model compound for a neutral substance.
By increasing the gastric pH to 5-6 and 8-9, respectively, in rats, the plasma concentrations of BA99, after administering
nanosuspensions, were unchanged compared with untreated (i.e. no AZD0865) animals. For microsuspensions
of the test compound, on the other hand, the exposure of BA99 was 2- to 3-fold lower than for nanosuspensions
at both pHs. Moreover, the blood concentrations of BA99 administered as microsuspension were also 2- to 3-fold
lower compared with untreated (no AZD0865) individuals receiving both nanoparticles and microparticles of BA99.
Obviously, for neutral compounds, with similar physicochemical properties as the present compound, size reduction
will be crucial for increased plasma exposure. For basic compounds, with similar physicochemical properties as the
present compound, the crucial step for absorption is the dissolution and solubility in the gastric tract.
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Introduction . .
drugs, one could often improve the in vivo performance

Drug Development and Industrial Pharmacy Downloaded from informahealthcare.com by Xavier University on 01/31/12
For personal use only

Insufficient exposure of poorly water-soluble drugs such
as BCS class II (Biopharmaceutical Classification System,
where class II means low-soluble-high-permeable drugs
as defined by the Food and Drug Administration)'
compounds after oral administration, due to a lack of
or nonlinear drug absorption, is a more and more com-
mon challenge in the pharmaceutical industry today.
This property often makes it difficult to evaluate drug
efficacy and safety in both the preclinical and the clinical
stage of development. By reducing the particle size of the

of poorly soluble drugs, since smaller particles lead to
increased saturation solubility, enlarged surface area,
and an increased dissolution rate*’. A higher dissolu-
tion rate and the resulting higher concentration gradient
between the gastrointestinal tract and blood increase
the absorption and, consequently, increase the oral
bioavailability. The process of milling is one of the most
commonly used operations in pharmaceutical manufac-
turing, producing particles in the micrometer size or in
the nanometer range, all depending on equipment used
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and milling conditions. One obvious advantage with
producing nanoparticles is that the same formulation
approach, that is, nanosuspensions, can be used for all
intended administration routes®.

Our previous work described the exposure in plasma
after administration of nanosuspensions and microsus-
pensions of a poorly soluble base and a poorly soluble
acid to rats®. Both compounds had many similar physico-
chemical properties, for example, lipophilicity, solubility
(about 3 uM) at intestinal pH, mass, and permeability
(high). Besides, the particle sizes of the formulations
for the different compounds were similar. For the acidic
compound, there was an obvious effect of particle size,
where smaller particles resulted in higher systemic expo-
sure. However, for the basic compound (with a basic pK,
of 3), there was no difference in exposure (Figure 1). The
explanation was that independent of particle size, the
suspensions were dissolved to a large degree in the gas-
tric tract and then rapidly absorbed when it reached the
small intestine.

In the present study, we continue to work with the
base, BA99, but convert its behavior to one of the neu-
tral compounds in the physiological interval (pH 1-7) by
pre-administering a proton pump inhibitor, AZD0865°,
increasing the gastric pH to 5-6 and 8-9, respectively,
depending on the dose of AZD0865 administered. With
this approach, the intention was to confirm the impor-
tance of small particles for absorption of a neutral com-
pound (with similar small intestinal solubility) and also
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Figure 1. The mean (+SD) plasma levels of BA99 versus time after
oral administration (and i.v. administration, as nanosuspension
5 umol/kg, dotted line) of BA99, as nanosuspension () and
microsuspension (A) at 5 pmol/kg to rats. At a higher dose, 500
pmol/kg, a nanosuspension (M) and a microsuspension (=) were
administered. In all cases, 5mL/kg were administered. N=4 for
each formulation, except for the i.v. administration, where n=2
(taken from ref. 8).
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to confirm the importance of pre-dissolved compound in
the gastric tract before the subsequent, optimal, absorp-
tion in the small intestine for class II basic compounds.
Besides, a brief discussion around possible dissolution
rate and solubility limitations affecting the subsequent
plasma exposure is performed, utilizing the present
data.

Materials and methods

Test compounds

The base, BA99, has a molecular mass of about 380 g/mol.
The substance is a crystalline compound with a melting
point of about 130°C. The basic pK, was measured (by
CE-MS) to 3. There is also an acidic pK at 7.2. Estimated
log D (the distribution coefficient between octanol/
water) at pH 6.8 (from k' =13.1, obtained by LC-MS) is 5.
The solubility in a water solution is about 3 pM, at 22°C
(measured from solid crystals, pH 6.8). The model drug
used in this study was classified as a BCS class II because
the proposed dose (>3 mg/kg) will not be dissolved in the
whole gastrointestinal tract (pH 1-7) and permeability
through the Caco-2 monolayer is higher than metoprolol
and considered high and not limiting.

AZDO0865 is an efficient acid secretion inhibitor that
was discovered and developed by AstraZeneca. The
compound was discontinued for toxicological reasons.
An anti-secretory effect in the rat was achieved within 2h
after an oral dose of 1 pmol/kg. The maximum effect was
reached after 3.5h. The in vivo pH after different doses
were carefully evaluated (ref. 9, and references therein).

Chemicals

Hydroxypropylmethylcellulose (HPMC; 15,000 cP)
was bought from Shin-Etsu Chemicals (Tokyo, Japan).
Polyvinylpyrrolidone (PVP) K30 is a nonionic polymer,
which was bought from BASF (G6teborg, Sweden). PVP
is a stabilizer and is expected to cover the surface of the
pure drug when dispersed in water. The disodium salt of
aerosol OT (AOT) from Cytec Industries Inc. is a surface-
active agent with similar function as PVP. Mannitol was
bought from Sigma (Stenhein, Germany) and used as a
tonicity modifier.

Preparation of microsuspensions

Drug substance was weighed into a sample vial and
stabilizer solution of 0.5% (w/w) HPMC was added. The
slurry obtained was treated with ultrasound for 10 min
and stirred overnight. The particle size (diameter) of the
suspensions was measured by laser diffraction (Malvern
Mastersizer 2000).

Preparation of crystalline nanosuspensions

Typically about 60mg of the drug was weighed and
brought into a 4-mL vial together with 510 pL stabilizer
solution of 1.33% PVP/0.066% AOT in water. The 10%
(w/w) crude suspension was stirred and treated with
ultrasound for 10 min, which gave a well-dispersed slurry.
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The 510 pL of the slurry was added to a milling vessel
(1.2mL) together with 2.4 g milling beads (0.6-0.8 mm)
of zirconium oxide. The vessel was sealed and the slurry
milled at 700rpm, 4 x30min with intermediate pauses
of 15min, using the Fritsch Planetary Micromill P7. The
milled suspension was collected and the milling beads
were rinsed with water. The particle size (diameter) of the
crystalline suspensions was measured by laser diffraction
(Malvern Mastersizer 2000). The suspension was diluted
with 5% mannitol.

Formulation analysis

BA99 concentrations in suspensions were evaluated
using a reverse-phase liquid chromatography gradient
system with UV detection. An XBridge Shield RP18 col-
umn (3.5um, 3.0x50mm; Waters, En Yvelines Cedex,
France) was used with a mobile phase of water (90% v/v)/
acetonitrile (10% v/v) with 0.03% (v/v) trifluoroacetic
acid. The detection wavelength was 280 nm.

Animal handling

The test system consisted of female Sprague Dawley rats
(Harlan, The Netherlands), ~11 weeks old on the day of
arrival at AstraZeneca R&D Molndal (Sweden). After
arrival, the rats were allowed to acclimatize for at least
5 days before surgery. The rats were housed in Macrolon
111 cages (two animals/cage during acclimatization) with
aspen wood-chips (TapVei, Estonia) as bedding mate-
rial. They were kept at room temperature, 20 +2°C, and
at arelative humidity of 45 + 15% during a 12-h light/dark
cycle and had free access to food (R3, Lantmédnnen AB,
Vadstena, Sweden) and tap water. The weight of the rats
was 200-240g. All animals were euthanized, by an over-
dose of pentobarbital sodium (i.p.), after the last blood
sample had been collected.

Administration
The oral doses were given as single doses directly into the
stomach, using gavage. The dose volumes were 5 mL/kg.

Blood sampling

The blood samples were taken after 0, 15, and 30 min and
after 1, 2, 3, 5, 8, 20, 24, 26, and 28h after oral adminis-
tration. After i.v. administration, the blood samples were
taken after0, 2, 10, and 30 min and after 1, 3, 5, 8, 14, 20, 24,
and 26 h. Blood samples of about 0.12 mL were collected
from the aortic bow via the arterial cannula. The cannula
was kept open and clean with flushing with physiologi-
cal saline containing heparin (20 IE/mL) between blood
sampling. The blood samples were collected into hepa-
rinized plastic tubes (Microvette®, Sarstedt) and kept
cold until plasma separation (5min, 10,000 g, +4°C). Fifty
microliters of the plasma was transferred to 96-deep well
plates and stored at about —20°C until analysis.

Bioanalytical methods
Plasma samples were analyzed by liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS), with a

method described in a documented internal method.
An Agilent 1200 SL LC pump was used with gradient elu-
tion using a flow rate at 0.6 mL/min. The mobile phase
consisted of (A) 2% acetonitrile and 0.2% formic acid in
water and (B) 0.2% formic acid in acetonitrile. Separation
was performed on a 30x2.1 mm C18 Zorbax Eclipse Plus
column with 1.8 um particle size (Agilent Technologies
Inc., Wilmington, DE) using a linear gradient of 5-95%
B in 1.8min, held at 90% for 0.7min, and returned to
initial conditions in one step. The front, containing salt
and highly polar compounds, was diverted to waste and
after 0.5min the effluent entered the MS without split-
ting. Sample storage and injection was performed with a
Agilent ALS SL autosampler (Agilent Technologies Inc.).
Before injection to the LC-MS, 50 pL of plasma sample
was protein-precipitated in 96-deep well plates using a
robot(GenMate, Tecan, Mannedorf, Switzerland) by addi-
tion of 150 pL acetonitrile containing internal standard.
After vortexing, the plasma samples were centrifuged for
20min at 2900 g and 4°C. Seventy-five microliters of the
supernatant was diluted with 75 pL of 0.2% formic acid
in water. Detection was performed with positive electro-
spray ionization mode by multiple reactions monitoring
(MRM) using a Agilent 6410 triple quadrupole (Agilent
Technologies Inc.). Instrument control, data acquisi-
tion, and data evaluation were performed using Agilent
MassHunter.

Pharmacokinetic evaluation

The pharmacokinetic calculations are based on indi-
vidual plasma concentration-time data. The calculations
were made with the computer program WinNonlin™
Professional version 3.1 (Pharsight Corporation,
Mountain View, CA). The maximum plasma concentra-
tion (C__) and the time at which it occurred (¢__) were
determined. The area under the plasma concentration-
time curve, AUC, was calculated by the linear/log trap-
ezoidal rule. The AUC was extrapolated to infinity.

The residual area was calculated by integration, Cp/k,
where C_is the predicted plasma concentration at the last
measurable sampling point and k is the terminal slope of
the logarithmic plasma concentration-time curve. The
apparent terminal half-life (¢, ,) was calculated by In2/k
where k is the apparent terminal slope calculated by lin-
ear regression of logarithmic concentration-time data.
The bioavailability (F) was determined by AUC__/AUC, ,
corrected for the dose. Each individual per oral exposure
was compared with the AUC obtained with the i.v. dose.

Statistical analysis
A P-value <0.05 was deemed to be statistically significant
using a t-test approach.

Results

The in vivo oral administration study with different-sized
BA99 particles (Figure 1) showed that the AUC values
of plasma concentrations after the administrations of
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smaller particles (280 nm) were similar to that of larger
particles (12 um)®. In the present study, the same bulk
batch of the drug was used and the particle sizes of the
formulations were similar. Figures 2 and 3 show the
blood concentration-time profiles of BA99 in rats after
oral administration of freshly prepared BA99 formula-
tions (500 pmol/kg, both suspensions administered as
5mL/kg). Before BA99 was administered, 5mL/kg, 0.5
pmol/kg, or 1.0 pmol/kg of AZD0865 was administered
per oral, 3.5h prior to BA99 to adjust the gastric pH to
5-6 and 8-9, respectively. The relevant pharmacokinetic
parameters including Coliw by 2 AUC, and bioavail-
ability (F) are listed in Table 1. Oral administration of
BA99 and AZD0865 resulted in an elevation of BA99 lev-
elsup to C_ _70-80 umol/L and 140-160 umol/L, using
microsuspensions and nanosuspensions, respectively, as
formulations. The AUC/dose values were calculated to be
0.9-1.0 h-kg/L and 2.3-2.8 h-kg/L, respectively. ¢ _and
t,,, between the trials were not further evaluated due to
broad and flat peaks. These results (and inref. 8) indicated
that the effect of particle size on oral absorption varies
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Figure 2. The mean (+SD) plasma levels of BA99 versus time after
oral administration of BA99, as nanosuspension (filled symbols)
and microsuspension (open symbols) at 500 pmol/kg to rats. In
all cases, 5mL/kg were administered. N=4 for each formulation.
Rats were orally treated with 0.5 pmol/kg AZD0865 to maintain
high gastric pH (5-6) before administration of BA99.

depending on the physiological environment. The com-
pound, as well as the combination of BA99 and AZD0865,
was well-tolerated by the animals at high doses when
administering suspensions. As shown in Table 1, the bio-
availabilities of BA99, for each formulation and amount
AZD0865 pre-administered, were calculated to be 6-7%
and 15-18% (similar as in ref. 8) for administering micro-
suspensions and nanosuspensions of BA99, respectively.
The calculations were performed on the basis of the AUC
value obtained after i.v. administration of BA99 (5mg/kg,
5mL/kg, as nanosuspension, Figure 1). Upon these find-
ings, nanosuspension formulations of BA99 (acting as a
substitute for a neutral compound) could provide wider
therapeutic safety margins when compared with formu-
lations with larger particle sizes.

The plasma concentrations from nanosuspensions of
the drug were higher than those from the formulations
of larger particles, indicating a limit of absorption from
larger solid particles. The plasma exposure after admin-
istering nanosuspensions of BA99 was only 10 times
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Figure 3. The mean (+SD) plasma levels of BA99 versus time after
oral administration of BA99, as nanosuspension (filled symbols)
and microsuspension (open symbols) at 500 pmol/kg to rats. In
all cases, 5mL/kg were administered. N=4 for each formulation.
Rats were orally treated with 1.0 umol/kg AZD0865 to maintain
high gastric pH (8-9) before administration of BA99.

Table 1. Mean values of the pharmacokinetic parameters following oral administration of BA99 in different formulations as 500 pmol/kg

doses (5mL/kg) to rats (n=4, mean + SD).

Dose C. .. o L, AUC/dose F
Formulation (pmol/kg) (umol/L) (h) (h) (h-kg/L) (%)
Nanosuspension + 0.5 pmol/kg AZD0865 500 141+23 4.3%1.5 7.4+14 2.8+£0.2 18+2
Microsuspension + 0.5 pmol/kg AZD0865 500 69+8 1.3+0.5 4.5+0.3 1.0+£0.1 69+1.1
Nanosuspension + 1.0 umol/kg AZD0865 500 158+16 1.8+0.9 4.7+0.7 2.3%£0.2 15+2
Microsuspension + 1.0 pmol/kg AZD0865 500 77+6 1.5+0.6 5.1+1.0 0.9+0.1 5.8+£0.5

The animals were pretreated, per oral (3.5h prior BA99), with AZD0865 to obtain high gastric pH before administration of BA99. The
parameters presented are AUC (area under individual plasma time curve, presented as AUC/dose), C__ (peak concentration), £ (time
to reach peak concentration), ¢, , (apparent terminal half-time), and F (bioavailability). The statistical analysis was performed of AUC,
C__, and Ffor nanoparticles versus microparticles. The values were significantly higher when administering nanoparticles compared

‘max

with the values after dosing microparticles (P<0.05).
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greater after the 500 umol/kg dose compared with the 5
pmol/kg dose (Figure 1), thus exhibiting dose nonlinear
absorption.

Discussion

Our previous work described the exposure in plasma after
administration of nanosuspensions and microsuspen-
sions of a poorly soluble base (BA99) and a poorly soluble
acid (AC88) administered to rats®. Both compounds had
many physicochemical propertiesin common and similar
particle sizes. For both substances, the milling approach
was used to prepare the nanosuspensions. For the acidic
compound, there was an obvious effect of particle size,
the smaller particles resulting in higher systemic expo-
sure. For the basic compound, on the other hand, with
the present properties and doses, a nanosuspension did
notincrease the exposure (Figure 1). The higher solubility
at gastric pH limits the need for particle size reduction. A
significant part of the microsuspension was dissolved in
the stomach, then reducing the differences in exposure
between micronized and nanosized particles. The aim in
the present report was to find out if there was a differ-
ence in plasma exposure, due to different particle sizes,
when the present compound was treated as a neutral
compound in the gastrointestinal tract, that is, if the
compound was able to respond to the physiological envi-
ronmental as a neutral compound was supposed to do.
Another goal was to further confirm the advantage of dis-
solved drug when it reaches the small intestine to achieve
maximal plasma exposure for a poorly soluble base®. One
way to create a neutral compound is to remove the basic
part of the compound and then form another chemical
identity. However, the chemical structure of BA99 plays a
pivotal role in its biological activity. Thus, a modification,
like modulating the aromatic nitrogroup (responsible for
the basic pK)) to create a structure analog to BA99, may
hamper the already optimized pharmacological effica-
cies. The other possibility is to change the physiological
environment for the compound. In the present report,
the latter approach was used. A proton pump inhibitor,
AZD0865% developed at AstraZeneca, was administered
before BA99 to adjust the gastric pH to 5-6 and 8-9,
respectively. In this way, BA99 was exposed to an envi-
ronment treating the compound as a “neutral-like” com-
pound during the gastrointestinal journey.

Absorption of a drug from a suspension vehicle is con-
sidered to involve a dissolution step of the drug from the
formulation into the aqueous luminal fluid followed by
transport across the gastrointestinal epithelium. The dis-
solution rate and/or the low solubility may become the
rate-limiting process in the bioavailability pathway®*'.
The dissolution rate is supposed to be slower for larger
particles, that is, at a specific concentration (and above it)
the dissolution rate (and/or the solubility) is supposed to
be rate-limiting, resulting in a better exposure for nano-
particles compared with microparticles (see below). For
BA99, the larger surface area of the nanosuspensions in

contact with the liquid environment in combination with
the gastric pH favorable to dissolution was supposed to
give optimal prerequisites for systemic exposure of BA99.
A certain amount of the substance was dissolved when
it entered the small intestine and ready for fast absorp-
tion, due to good permeability. The presence of bile salts
ensured continued dissolution and absorption' (how-
ever, in the large intestine, there was less liquid and less
substance will be dissolved and absorbed, resulting in
less F, see below). Also, a significant part of the micro-
suspension was dissolved in the stomach, reducing the
differences in exposure between micronized and nano-
sized particles. By adding AZD0865, the solubility in the
gastric tract was abolished and the solubility decreased
to <3 pM. By manipulating the surrounding pH for the
substance, the environmental pH in the gastrointestinal
tract was 5-6 and 8-9, respectively, and the basic prop-
erties were “lost” The behavior mimics the one for a
neutral compound, and the particle size of the suspen-
sion become important. The larger particles do dissolve
slower compared with the smaller ones, at both pHs (5-6
and 8-9). pH in the small intestine and colon is not sup-
posed to be affected by the increase in gastric pH. When
chyme (the stomach content) enters the upper part of the
small intestine, it is quickly neutralized by the alkaline
secretion of the Brunner's glands and by the pancreatic
bicarbonate output. In the present case, where the gastric
pH was elevated, no influence on the intestinal pH was
expected'?. Then the data can be explained, discussed,
and understood in terms of the classical theory of Noyes
and Witney. Noyes and Witney’s law can be used to
evaluate the rate of dissolution' for preferable neutral
compounds and acids:

dC/dt=DA(C, —C)/h

where dC/dt is the rate of dissolution of the drug par-
ticles, D is the diffusion coefficient of the drug in the
gastrointestinal fluids, A is the effective surface area of
the drug particles in contact with the gastrointestinal
fluids, h is the thickness of the diffusion layer around
each drug particle, C_is the saturation solubility of
the drug in solution in the diffusion layer, and C is the
concentration of the drug in the gastrointestinal fluids.
These parameters in the equation can be considered as
constant, except for A and C. Increasing A allows, to a
first approximation, an improvement in the rate of dis-
solution. A can be increased by reducing the particle
size'*'%, Besides, the solubility is an important param-
eter and the relationship between these two properties,
dissolution rate and solubility, will be further discussed
below.

The oral absorption of neutral drugs such as dana-
zol and naproxen largely depends on dissolution*'’
in the intestine because neutral drugs (and acids)
mainly dissolve in the intestine, not in the stomach. For
compounds with the solubility in the low pM range,
like danazol, naproxen, and BA99 (“neutral” during
the present conditions), the presence of bile salts will
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probably become necessary. The results from different
simulated dissolution media clearly show that solubili-
zation with bile salts is important in the oral absorption
of poorly soluble drugs'®-?°. This is especially true in vivo
for rats that lack a gall bladder, where the bile is stored
and concentrated!?. Instead, bile enters the small intes-
tine continuously as it is produced. The amounts of
bile solutions in rats (48 mL bile/kg body weight each
day?!) exceed the amounts in humans (2-22 mL bile/kg
body weight each day??), the latter released only when
chyme is present. Another way to increase the plasma
exposure of microsuspensions of BA99 is to utilize the
basic pK, and increase the solubility of the drug in the
gastric tract. That is, for a poorly soluble basic class II
compound (with high permeability), the solubility in
the stomach is of outmost importance for the subse-
quent optimal plasma levels.

Low solubility might lead to nonlinear
dose-dependent oral absorption; that is, the fraction
of dose absorbed decreases as dose increases. In pre-
clinical studies, variable and nonlinear absorption
from a low-solubility compound makes it difficult to
evaluate the safety of a drug. Moreover, the efficacy and
therapeutic window of a drug might be underestimated
and, thus, the probability of successful development
is diminished. Limited solubilization capacity of the
gastrointestinal tract and the slower dissolution rate
for larger particles resulted in a lower bioavailability
when microsuspensions were used (after AZD0865 was
administered). Moreover, in general, for drugs that are
evenly absorbed over the entire intestinal tract, the rate
of dissolution will not influence the extent of absorp-
tion. In the present case, the compound may have no or
limited absorption in colon due to instability (chemi-
cal and/or physical), low solubility (due to, e.g. pH and
low liquid volume), slow dissolution rate, and/or low
permeability in the large intestine. The possible poor
absorption in the colon suggested that the absorp-
tion of BA99 almost exclusively occurred in the upper
gastrointestinal tract, supported by the good perme-
ability achieved using Caco-2 cells (see Materials and
methods). Efficient absorption in the small intestine is
supported by the large surface area (about 200 m? in
humans and 1 m? in rats), a result of the folds, villi and
microvilli present here*'#*. In contrast, the surface area
in the large intestine is small (about 0.35 m? in humans
and 0.034 m? in rats). Besides, during the 3-4h resi-
dence time of the compound in the small intestine (for
both humans and rats), a major fraction is supposed to
be absorbed in this part of the intestine. Further sup-
port for the upper tract being the essential absorptive
region is that in the micronized suspension a substan-
tial portion of BA99 was dissolved in the gastric tract
and then immediately absorbed when entering the
upper part of the small intestine, thus reducing the dif-
ference in AUC between the micronized and nanosized
particles. Elevating the gastric pH reduced the amount
dissolved material (from a microsuspension) entering

© 2011 Informa Healthcare USA, Inc.

the upper intestinal tract and reduced the AUC, induc-
ing an exposure difference between the formulations.
The remaining intestine regions could not compensate
for this initial “burst” of API. The above properties
explain the lower bioavailability for the microparticles
of BA99, compared with the nanoparticles of the drug,
at both the pH intervals (pH 5-6 and 8-9).

A clear understanding of the rate-limiting process
of oral absorption is crucial for improving oral absorp-
tion. Our results suggest that the rate-limiting steps on
oral absorption shift between dissolution rate-limited
and solubility-limited for BA99 with an increase in the
administered dose. Oral absorption in vivo of BA99
was clearly improved by particle size reduction (after
AZD0865 administration; Figures 2 and 3), suggesting
thatabsorption of BA99 from larger particles waslimited
by the dissolution rate (at the present conditions). The
absorption of BA99 did not show linear correlation with
dose (5-500 pmol/kg; Figure 1), indicating that absorp-
tion from small particles at 500 pmol/kg was limited not
only by the dissolution rate but also by solubility. In the
case of solubility-limited absorption, dissolution occurs
under non-sink conditions (i.e. the parameter C in the
Noyes and Witney equation becomes more significant)
and, thus, increases in the dissolution rate (reduction
in particle size) or the administration dose do not lead
to an even increase in plasma exposure. The amount of
drug absorbed reaches saturation in exposure (for the
specific formulation). Therefore, if the oral absorption
is solubility-limited, it is difficult to improve the expo-
sure of a drug either by increasing dose or by reducing
particle size (even if a little improvement in solubility
may follow further reduction in particle size®). Instead,
increased solubility is most likely required. There are
some commonly used approaches taking advantage of
a time-limited supersaturation of the drug, like using
salts, amorphous material, or a less thermodynami-
cally stable polymorph of the compound?-?. Also, co-
crystals may be a possible way forward to improve oral
bioavailability?*3°.

Conclusion

BA99 (pK of 3, solubility of 3 pM at pH 6.8, and particle
sizes of 280 nm and 12 pm) dissolves not only in the small
intestine but also mainly in the stomach due to the low
gastric pH, resulting in blood concentrations that is dis-
solution rate- and solubility-limited at the investigated
doses, since exposure does not increase linearly with
dose-administered®. When the gastric pH was elevated,
BA99 dissolved in the small intestine and not so much in
the stomach, confirming the importance of small particle
size to the overall dissolution process. The presence of bile
salts in the small intestine and the short gastric residence
time contributed to the absorption of BA99 in the small
intestine. Under normal conditions, the pK, of the base
and its gastric solubility is important for its plasma expo-
sure and if a certain fraction is dissolved before reaching
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the intestine the total exposure will be higher compared
with if the substance was dissolved just in the intestine.
It is more important for the absorption with favorable
conditions in the gastric environment compared with the
intestine environment. From the experiments performed
with BA99 and AZD0865, one can argue for a marked
improvement in pharmacokinetic behavior for nanosus-
pensions of a neutral compound with similar physico-
chemical properties as BA99, evidenced by an increase
in blood concentrations after administering smaller
particles. Nanosuspensions of poorly soluble neutral
compounds are efficacious formulation approaches to
enhance bioavailability. In addition, the physiological
conditions in the gastrointestinal lumen can have an
obvious effect on the dissolution of certain drugs.
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