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Concentration and pH Dependent Aggregation of Hydrophobic Drug Molecules
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We have examined selected physicochemical properties of compounds from the diaryltriazine/
diarylpyrimidine (DATA/DAPY) classes of non-nucleoside reverse transcriptase inhibitors
(NNRTIs) and explored possible correlations with their bioavailability. In simple aqueous
solutions designed to mimic the gastrointestinal (GI) environment of a fasting individual, all
NNRTIs demonstrated formation of aggregates as detected by dynamic light scattering and
electron microscopy. Under various conditions mimicking physiological transitions in the GI
environment, aggregate size distributions were shown to depend on compound concentration
and pH. NNRTIs with good absorption were capable of forming aggregates with hydrodynamic
radii of <100 nm at higher concentrations and over wide ranges of pH, while poorly absorbed
inhibitors form aggregates with radii of =250 nm at concentrations above 0.01 mM, probably
representing precipitate. We propose a model in which the uptake rate into systemic circulation
depends on having hydrophobic drug aggregates of appropriate size available for absorption

at different locations within the GI tract.

Introduction

Bioavailability is a primary pharmacokinetic param-
eter in determining the potential success of a drug.! Oral
bioavailability is defined as the rate and extent of drug
molecule absorption into systemic circulation from the
gastrointestinal (GI) tract and is governed by the drug
and dosage form.2~4 Approximately 40% of drug candi-
dates tested in late-stage clinical trials fail because of
low efficacy for reasons including poor bioavailability
that can be caused by ineffective intestinal absorption
and/or undesirable metabolic activity.#=® Reliable bio-
availability evaluations generally involve testing in
animal models and in human subjects, requiring con-
siderable time and expense.” In vivo systems for bio-
availability estimation include monitoring of drug con-
centrations following intraduodenal dosing in animal
models (usually rat or dog) and intestinal perfusion
studies in both animals and human subjects.?? In vitro
test formats include (1) Caco-2 cell monolayers for
measurement of compound diffusion rate,871° (2) intes-
tinal tissue for permeation measurements,'12 and (3)
immobilized artificial membrane (IAM) chromatogra-
phy.'® A number of high-throughput in vitro methods
have been designed; however, they are still several
orders of magnitude slower than desired and have other
limitations as well.6-810,14,15

Many efforts have been made to correlate bioavail-
ability with chemical properties of inhibitors including
solubility, lipophilicity, molecular weight, and ionizabil-
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ity. Many potent inhibitors have been identified that
are highly hydrophobic and poorly water-soluble. In the
widely used biopharmaceutics drug classification system
(BCS) highly hydrophobic compounds fall into low
solubility high/low permeability classes II and IV.16.17
As reviewed by Chen et al., absorption of lipophilic
particles into systemic circulation occurs in a number
of ways with some passing through enterocytes via
paracellular and/or transcellular routes and with others
through the microvilli (M) cells in Peyer’s patches of
mucosa-associated lymphoid tissue (MALT) in intestinal
lumen via transcytosis.!®~2! Size exclusion,?>?3 dissolu-
tion,2* transfer,?5 chylomicron,26-27 and surface depend-
ent?® models for absorption of lipophilic drugs address
the multidimensionality of this issue, but the lack of
universality of these models suggests the need for
further investigation in this field.

Non-nucleoside reverse transcriptase inhibitors (NNR-
TIs) belong to a class of anti-AIDS drugs that target
the reverse transcriptase (RT) enzyme of HIV-1. NNR-
T1Is tend to be highly hydrophobic and weakly ionizable
compounds with molecular weights ranging from 300
to 500 Da. NNRTIs bind to a specific hydrophobic pocket
in HIV-1 RT.29732 At present, three NNRTIs are FDA-
approved drugs for treating HIV-1 infected patients. A
major hurdle in designing effective NNRTIs is to
overcome the effect of drug resistance. A multidisci-
plinary effort33 has led to the discovery of the diaryl-
triazine (DATA)?** and diarylpyrimidine (DAPY)? classes
of NNRTIs that are highly potent against a wide range
of HIV-1 resistant viral strains when tested in recom-
binant virus assays and in clinical trials.33.36-38

Some of the extremely hydrophobic and potent NNR-
TIs developed in our multidisciplinary design program
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were found to be highly bioavailable in animal models
and human subjects.?33? From studies with thousands
of NNRTIs having diverse chemical structures, Dr. Paul
Janssen observed that in a standard cell culture assay
the maximum potency for 50% inhibition of HIV repli-
cation by NNRTIs from different chemical classes was
consistently ~0.1 nM. From a consideration of the
stoichiometry of inhibitor molecules per cell in culture,
Janssen reasoned that the inhibitors may enter infected
cells as aggregates containing hundreds of thousands
of inhibitor molecules. In the current study, we exam-
ined the physicochemical properties of the DATA/DAPY
classes of NNRTIs and explored possible correlations
with their absorption. In simple aqueous solutions
designed to mimic the gastrointestinal environment of
a fasting individual, the NNRTIs demonstrated forma-
tion of aggregates as detected by dynamic light scat-
tering (DLS). These findings provided the initial experi-
mental support for a prediction by Dr. Janssen that the
hydrophobic NNRTIs would form aggregates in aqueous
solution with sizes appropriate for absorption into the
lymphatic system.?3:39 Analysis of aggregate size distri-
butions under various physiological conditions demon-
strated dependence of aggregation behavior on com-
pound concentration and solution pH. Our data also
suggested correlation of aggregate size with drug ab-
sorption data obtained from animal models and human
clinical trials. On the basis of our observations, we have
established a potential in vitro/in vivo correlation assay
for highly hydrophobic drug candidates such as NNRTIs
and propose a possible model for a location and ag-
gregate size dependent absorption pathway for trans-
port of hydrophobic drugs into lymphatic circulation
from the GI tract. An effective in vitro/in vivo correlation
assay for BCS classes II and IV compounds, in conjunc-
tion with other physicochemical, cell-based, and com-
putational techniques,* may lead to more reliable
bioavailability assessment methods for hydrophobic
compounds at the early stages of drug development.

Materials and Methods

Dynamic Light Scattering (DLS). Data collection was
performed using the DynaPro-MS800 dynamic light scattering/
molecular sizing instrument*! with argon laser wavelength 1
= 830 nm, a detector angle of 90°, and typical sample volume
of 20 uL. Each light scattering experiment consisted of 20 or
more independent readings, each 10 s in duration. Data
analysis was conducted using DynaPro Instrument Control
Software for Molecular Research DYNAMICS (version 5.26.60).
For very large particles with radii greater than 250 nm, full
data collection was unfeasible; therefore, less than 20 mea-
surements were acquired and size determination was based
on empirical data readings. Each DLS experiment was re-
peated in triplicate. To minimize dust interference in light
scattering experiments, all stock solutions were filtered with
0.22 um MillexGV sterile filters.

All NNRTIs were dissolved in 100% DMSO, and stock
solutions at 50 or 20 mM concentrations were kept frozen at
—80 °C. Inhibitors were diluted from DMSO stocks into
solutions mimicking GI conditions of a fasting individual,
vortexed for at least 10 s, and then evaluated by DLS. Gastric
conditions in vitro were simulated by using (a) 0.15 M HCI,
pH 1.5, (b) 0.15 M HCI, pH 1.5 with 0.1% (v/v) tyloxapol
(surfactant), and (c) 20 mM malonic acid, pH 1.5. Note that
although the 0.15 M HCI, pH 1.5 condition showed formation
of NNRTI aggregates, it was a highly unstable system for DLS
evaluation and therefore was replaced with 20 mM malonic
acid buffer at pH 1.5, which produced aggregates of similar
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size, gave more stable DLS readings, and permitted buffering
in relevant pH ranges. The solutions intended to mimic pH
transitions in the GI tract were 20 mM malonic acid for pH
ranging from 1.5 to 4.5 and 50 mM malonic acid for pH ranging
from 5.5 to 6.5.

Preliminary analysis of NNRTI aggregation at 25 and 37
°C was conducted using five NNRTI compounds and showed
that temperature change had only a modest effect on the size
distribution of NNRTI aggregates in 0.15 M HCI with and
without surfactant (data not shown). Therefore, the temper-
ature was kept at 25 °C for all subsequent DLS measurements.

Transmission Electron Microscopy (TEM). Inhibitors
were diluted from 20 or 50 mM stocks into 0.15 M HCI, pH
1.5, with and without 0.1% tyloxapol to various concentra-
tions: 0.1, 0.25, 0.5, and 1 mM. At room temperature, 5 uL.
samples of the reaction mixtures were applied to the carbon-
coated grids and negatively stained with 2% uranyl acetate.
Micrographs were taken on a JEOL 1200 EX transmission
electron microscope at 80 kV.

Results

Aggregation behavior of NNRTIs was examined as a
function of concentration and pH using dynamic light
scattering (DLS) and electron microscopy (EM). A total
of 36 DATA/DAPY NNRTIs were used in the DLS
analysis, and three compounds were evaluated by EM.
Of the 36 NNRTIs, 15 compounds had known animal
(rat and dog) absorption and, in six cases, human
absorption (see Table 1, Figure 1). The absorption of a
drug molecule, which is determined as the exposure or
area under the curve (AUC) of the plasma concentration
curve as a function of time following oral administration,
has been used in this study as a correlate of oral
bioavailability. The rat and human absorption data for
DATA/DAPY NNRTIs were shown to correlate better
than dog and human absorption data.3? Therefore, only
rat and human absorption data were used to search for
correlations with DLS and EM findings. Compounds
with the highest exposure in the rat were 10, 8, and 15
(Table 1). In human subjects the same three compounds
were highly bioavailable. In addition to analyzing rat
and human exposure data, Lewi et al. also characterized
NNRTIs in terms of pK,, ClogP, and other experimental
and computed physicochemical parameters.

Compounds with Good and Poor Absorption
Show Distinct Aggregation Behavior. DLS analysis
of 36 NNRTIs detected the presence of aggregate species
in simulated gastric solutions, both in the presence and
in the absence of surfactant in DMSO and in formula-
tion-mimicking conditions (Figure 2). Surfactants such
as tyloxapol were initially introduced into the system
in an attempt to stabilize the DLS measurements, which
were erratic presumably because of rapid changes in the
sizes of the drug aggregates. A series of nonionic
detergents including S-octylglucoside, Triton X-100, and
tyloxapol were tested for their ability to stabilize the
DLS measurements (data not shown), and tyloxapol was
found to have the most favorable effect in terms of
stabilization together with forming relatively uniform
detergent micelles at a size easily distinguishable from
the drug aggregates. In comparison to results obtained
in the absence of detergent, an ~20 nm increase in the
average hydrodynamic radii of the aggregated species
for compounds from the good absorption group and a
significant decrease in size for one compound from the
poor absorption group were observed in the presence of
surfactant (parts B and C of Figure 2). Another additive
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Table 1. Absorption, pK,, ClogP, and Ry, Data for 15 NNRTIs®

Frenkel et al.

AUC rat AUC human Ry 4 SD Ry SD
compd ID/generic name (ug-h/mL) (ug-h/mL) pKa ClogP (nm) (nm) (nm) (nm)
1 R106168 1.5 3.1 4.7 69.5 11.7 54.0 4.6
2 R120393 67.5 3.3 4.2 96.0 15.1 70.0 1.1
3 R124043 44 2.8 5.3 101.3 63.0 82.2 12.4
4 R126874 7.3 5.5 99.8 36.0 75.0 4.1
5 R129385 0.6 1.9 4.3 >250.0 na >250.0 na
6 R132914 0.1 0.1 2.5 4.7 52.0 10.6 33.6 22.6
7 R138750 5.2 0.7 3.8 5.6 90.6 30.6 73.3 1.1
8 R147681/TMC120/dapivirine 194 4.7 5.8 6.3 94.8 16.7 66.2 3.9
9 R152649 8.4 2.6 5.5 82.6 4.0 55.3 0.9
10 R152929 49.3 8.2 5.1 5.3 80.6 22.0 67.6 11.3
11 R156204 6.8 0.9 3.6 7 714 28.2 50.4 5.7
12 R157753 0.1 2.7 5.2 34.2 5.1 >250.0 na
13 R165335/TMC125/etravirine 0.6 0.4 3.5 5.2 >250.0 na >250.0 na
14 R185545 0.6 2.0 4.1 >250.0 na >250.0 na
15 R278474/TMC278/rilpivirine 9.8 5.6 5.8 52.5 6.0 35.6 18.0

@ Rat and human absorption (exposure, AUC) values were determined following oral administration of 40 and 100 mg/kg doses,
respectively.?® Ry, s and Ry —s are average values for hydrodynamic radii (R) measured with and without surfactant, respectively. The
averages and standard deviations (SD) were calculated on the basis of four independent measurements for each inhibitor (see details in
Materials and Methods). Ry, +s measurements were collected in 0.15 M HCl, 0.1% tyloxapol, pH 1.5, and Ry, —s measurements were collected

in 20 mM malonic acid, pH 1.5.
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Figure 1. Chemical structures of NNRTIs used in the study.

in the experimental system was DMSO, present in final
solutions at 0.2% (v/v). DLS evaluation of these solutions
containing DMSO without drug did not show the pres-
ence of aggregate structures. Also, in a study in which
DMSO was replaced by a formulation-mimicking condi-
tion containing PEG400, it was also observed that drug
aggregate formation did not depend on the presence of
DMSO (data not shown).

Although all NNRTIs showed aggregation, the ag-
gregate sizes varied for different compounds. As shown
in Figure 2A, the measured aggregate sizes fell into two
distinct groups. One group of compounds had aggregate

radii ranging from 30 to 110 nm, while the measured
radii in the other group were greater than 250 nm.
Analysis of hydrodynamic radii (R}) measured by DLS
using various gastric-mimicking conditions for 15 NNR-
TIs with known absorption revealed that compounds
with more favorable absorption belonged to the group
with an aggregate size ranging from 30 to 100 nm (see
parts B and C of Figure 2 and Table 1) while compounds
with aggregate radii greater than 250 nm invariably had
poor absorption (AUC < 1.0 ug-h/mL in the rat). From
these data, the success of in vitro/in vivo classification
of favorable versus poor absorption group based on
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Figure 2. Aggregate size distribution plots. (A) Size distribu-
tion of aggregates is expressed as the number of compounds
forming particles with mean hydrodynamic radii (Ry) as
determined using dynamic light scattering (DLS) for 36
NNRTIs at 0.1 mM concentration in simple stomach-mimick-
ing solutions (0.15 M HCl, pH 1.5, with and without stabilizing
agent tyloxapol). NNRTI aggregate sizes fell into two groups:
(1) radii ranging from 30 to 110 nm and (2) radii greater than
or equal to 250 nm. (B) DLS measurements for 15 compounds
are shown with known absorption using the same conditions
as (A). Assignments are as follows: white, good absorption
(AUC rat/human > 5 ug-h/mL); gray, intermediate absorption
(1 ug-h/mL < AUC in rat/human < 5 ug-h/mL); black, poor
absorption (AUC in rat/human < 1 ug-h/mL). (C) Results from
DLS analysis of the same compounds as in (B) are shown for
a different gastric-mimicking condition (20 mM malonic acid,
pH 1.5). Assignments are the same as in (B).

aggregation behavior was determined to be 86.7% for
0.15 mM HCI with surfactant at pH 1.5 (13 of 15
assigned correctly to absorption group) and 93.3% for
20 mM malonic acid without surfactant at pH 1.5 (14
of 15 correctly assigned). On the basis of Fisher’s exact
test,*? the two-tailed probability for the 2 x 2 aggrega-
tion/exposure table is 0.004. The overall prediction
accuracy of absorption and probably bioavailability was
better in the absence of the surfactant. Nonetheless, it
must be stressed that the presence of the surfactant
seemed to facilitate transition of compounds with poor
absorption from precipitated to aggregated states, which
suggests that including this type of excipient in oral
formulations could be favorable.

In addition to the aggregate size distributions, we also
looked at the heterogeneity of aggregate populations for
different NNRTIs. In Figure 3, we compared the ag-
gregate size distributions for two NNRTIs, 15 and 8
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(both at 0.1 mM), against the blank of the gastric
solution in which these NNRTIs were dissolved (0.15
M HCI1 with 0.1% surfactant). Note that tyloxapol alone,
the nonionic surfactant used in this study, formed small
micelles in the aqueous solutions with R, = 3.5 nm.*3
Plots of percent intensity and mass generated by the
DynaPro software package (Figure 3A) indicated the
presence of two aggregate populations corresponding to
surfactant micelles (R, = 3.5+0.3 nm) and drug ag-
gregate species. Typical individual experimental DLS
evaluations of compounds 15 and 8 in the presence of
tyloxapol are shown in Figure 3A. Their radii were
determined to be 44 and 87 nm, respectively, based on
percent mass calculations, with compound 15 forming
smaller aggregates with a size distribution somewhat
narrower than that of compound 8. Aggregate popula-
tions were also studied by EM and visualized by
negative staining with uranyl acetate (Figure 3B). When
prepared using 0.25 mM drug concentrations, the EM
images showed the presence of spherical particles
(Figure 3B). Compound 15 aggregates were smaller and
more consistent in size, with average radii measured
from the EM images of around 30 + 10 nm versus 50 +
30 nm for compound 8. The differences between EM and
DLS size estimates may have been due to differences
in specimen preparation.

Different Concentration and pH Dependent Ag-
gregation Behavior of Compounds with Good and
Poor Absorption. To investigate the possible depen-
dence of NNRTT aggregation on concentration and pH,
we generated a dilution series from 10 to 0.001 mM in
the physiologically relevant pH range from 1.5 to 6.5.
On the basis of our results, all aggregate sizes for
NNRTIs increased with increasing compound concen-
tration. As an example of concentration dependent
behavior, EM images of compound 15 at 0.25 and 0.5
mM concentrations are presented in Figure 4A. The
2-fold increase in concentration led to an increase in
aggregate radii from ~30 to ~60 nm. At the higher
concentration aggregates coalesced into very large
structures. However, even at the higher compound
concentration a minority of small aggregates were
present.

The effect of pH variation on the size distribution of
NNRTI aggregates was evaluated for three compounds
(5, 10, and 11) with different rat/human absorption
(Table 1). On the basis of DLS analysis, the pH
dependence of particle size distribution for all three
compounds at 0.1 mM was reflected in an increase in
aggregate size with increasing pH (Figure 4B). Com-
pound 10 was the most bioavailable inhibitor of the
three compared, and its aggregation behavior was least
affected by changes in pH, with aggregate radii below
50 nm until pH reached 4.5, while compound 5 formed
aggregates with radii greater than 200 nm at pH values
2.5 and above. Compound 5 had the most pH-sensitive
aggregation behavior and was the least bioavailable of
the three compounds. Compound 5 was classified as
poorly bioavailable on the basis of oral administration
studies (see Table 1); when compared to compounds with
better absorption, the behavior of 5 was distinct because
it was highly susceptible to formation of large structures
at pH values above 1.5, while with compounds with
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Figure 3. Dynamic light scattering and electron miscroscopy. (A) Shown are DLS % intensity and % mass versus Ry histograms
for solution without drug (blank) and the same containing 0.1 mM compound 15 and 0.1 mM compound 8. The blank contains
0.1% tyloxapol in 0.15 M HCI, pH 1.5. The aggregate populations at 3.5 nm radii correspond to tyloxapol micelles. The peaks at
~3000 nm correspond to instrumental artifacts due to a small amount of background scattering. (B) Shown are electron micrographs
of blank, 0.25 mM compound 15, and 0.25 mM compound 8. The black bar corresponds to 200 nm. The blank solution is the same
as in (A).

better absorption such as 10 and 11, the aggregate sizes
increased more gradually with increasing pH.

After studying aggregation as a function of concentra-
tion and pH as single variables, we investigated the
combinatorial effects of these parameters on the ag-
gregation of NNRTIs with different rat/human absorp-
tion properties (Figure 4C). Compounds 10, 11, and 5
were considered to have good, intermediate, and poor
absorption, respectively, in rats and human subjects
(Table 1). While all compounds formed large structures,
possibly representing precipitate, at higher concentra-
tions and solution pH values, the data indicated that
compounds with good or intermediate absorption formed
smaller aggregates (30 nm < Rj < 100 nm) at higher
concentrations and pH while those with poor absorption

10000 001

2.0e-D8

% Mass

1.0e-08

0.0e+00
100 1000 10000

formed larger structures. Also, as evident from the
graphs in Figure 4C, there was a concentration depend-
ent threshold around 0.01 mM below which all studied
compounds formed aggregates with R}, values below 50
nm.

Structural and Mechanistic Considerations for
Aggregate Formation. A number of structure—activ-
ity trends could be discerned between the molecular
structures of selected NNRTIs and their ability to form
aggregate structures with radii of 30—100 nm. In the
series of 15 DATA/DAPY NNRTIs studied, the five
molecules that contain oxygen atoms (either as aryl ring
linkers or as hydroxyl substituents) had the lowest
exposures in rat (compounds 5, 6, 12—14; see Table 1)
and four of the five formed larger structures (R}, > 250
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Figure 4. Concentration and pH dependence of aggregate sizes (RCpH plots): (A) concentration dependent aggregation size
distribution visualized by EM for compound 15 at 0.25 and 0.50 mM concentrations; (B) pH dependent size distribution for
compounds (at 0.1 mM) with different bioavailabilities. Assignments are as follows: white, good absorption (AUC rat/human >
5 ug-h/mL); gray, intermediate absorption (1 ug-h/mLi < AUC in rat/human < 5 ug-h/mL); black, poor absorption (AUC in rat/
human < 1 ug-h/mL). (C) RCpH plots illustrate the combinatorial effects of concentration and pH changes on aggregate size
distribution for compounds with different bioavailabilities. The readings below 0.001 mM were not reproducible because of

instrument limitations.

nm) in the pH 1.5 malonate buffer condition, as opposed
to the other 10 that in each case formed aggregate
structures with radii of 30—100 nm. These oxygen atoms
are able to act as hydrogen-bond acceptors even at pH
1.5, allowing for contact patterns different from those
of nitrogen or carbon atoms. Also, some trends could be
seen relating the compound pK, values and aggregation:
39 the three DAPY derivatives with the three highest
pK. values (pK, > 5; compounds 8, 10, and 15) formed
aggregates and had very good rat and human absorp-
tion. The five compounds with the lowest rat AUC
values all had pK, values 3.5 or lower, and as stated
above, four of the five formed larger structures in the
malonate, pH experiments (Table 1 and Figure 2C).
Given the hints from EM that larger structures might
form from the coalescence of smaller aggregates, these
data may imply that the higher pK, values, which would
correspond to more complete ionization (by protonation
of pyrimidine nitrogens in this case), might permit
stabilization of the aggregates with radii of 30—100 nm
under acidic conditions that may be important for
efficient absorption after oral administration. These
observations are confined to the DATA/DAPY series
studied in this work, and different classes of hydropho-
bic compounds are expected to have their own structure—
aggregation correlations.

Although the precise mechanism of aggregate forma-
tion is unknown to us, we expect that the process is
driven, among other not yet identified factors, by burial
of the hydrophobic surface area of the compounds (as
with the hydrophobic effect in the formation of oil

droplets in water or the folding of proteins in aqueous
environments), which may be balanced by the energy
cost incurred by forming cavities in the water. The
arrangement of molecules within the aggregates may
resemble an environment anywhere along the con-
tinuum from liquid-like to liquid crystals to solid-like
in which microcrystalline domains may be present. The
ways in which the hydrophobic molecules will pack in
the aggregates will depend on solution conditions (pH,
buffer, salt, ionic strength, etc.) and the detailed struc-
tures and properties of the molecules, including the
number of polar atoms, number of hydrogen bond donors
and acceptors, conformational flexibility, and presence
of ionized groups, among other factors. Depending on
the solvent, salts, and other additives (e.g., tyloxapol
or PEG400) in solution, additional molecules and species
may be present within the aggregates.

Discussion

Janssen’s Hypothesis: Hydrophobic Drugs May
Be Taken Up as Aggregates. After working for many
years with about 4000 NNRTIs, Dr. Paul Janssen and
his colleagues at the Janssen Center for Molecular
Design formulated a hypothesis and proposed a possible
model of oral absorption for highly hydrophobic/lipo-
philic compounds. Even with the most potent NNRTIs
there seemed to be a threshold minimum ECs value of
~0.1 nM in a standard cell-based assay.** On the basis
of this observation, Dr. Janssen hypothesized that
NNRTIs were absorbed as aggregates as opposed to
individual molecules. By calculation of the number of
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molecules per cell from the EC5o threshold value and
the number of cells in the cell culture experiments, it
could be estimated that the aggregates would contain
~2 x 108 NNRTI molecules (with an average molecular
volume of 0.38 nm? for a typical NNRTI) and would have
a radius of ~57 nm. Assuming that the volume and the
mass of different NNRTI molecules vary, the particles
were predicted to form aggregates with diameters
ranging from approximately 50 to 70 nm. Concurrent
studies conducted in dog models showed that high
concentrations of orally administered NNRTIs were
present in lymph tissue during the early phase of
absorption (up to ~4 h) followed by equilibration (after
~6 h) between lymph and plasma concentrations.
Building on these findings, the aggregation theory
stated earlier was extended to a lymphatic absorption
of aggregates model in which orally administered NNR-
TIs may form aggregates in the GI tract where they can
be absorbed by M cells of Peyer’s patches of MALT and
then drained into lymphatic circulation and emptied
into the systemic compartment.3?

Aggregation and Absorption of NNRTIs. The
physicochemical properties of hydrophobic compounds
evaluated in this study displayed behavior consistent
with Dr. Paul Janssen’s hypothesis and offered support
for the prediction that the presence of the NNRTI
aggregates favors their lymphatic absorption via M cells
in MALT of the GI tract. As has been established by
Dressman et al., poorly soluble compounds (such as in
BCS classes IT and IV) have dissolution rate-limiting
absorption profiles that can be affected by the GI tract
environment.*2445 It has also been proposed that solu-
bility plays a crucial role in hydrophobic drug absorption
rate. A transfer model has been proposed suggesting
that high drug concentrations can lead to precipitation
during transit across the pH gradient of the GI tract
that can be correlated with poor oral absorption.25:46
Lymphatic absorption of drug molecules is not a new
concept; however, the mode of transport proposed in our
model is. Most lymphatic drug absorption paradigms
described to date are based on the ability of lipophilic
drugs to solubilize in the chylomicron fraction of the
lymph.26:27 Our model suggests a parallel mode of
absorption that is specific to those lipophilic drugs, such
as the NNRTIs studied here, that have the ability to
form small aggregated structures independent of either
natural triglycerides or formulation additives acting as
lipid vehicles. During the course of this study, a number
of reports have appeared documenting that hydrophobic
drug candidates can form aggregates in aqueous
solutions.4”~%0 McGovern et al. established that the
aggregation behavior of hydrophobic drugs was respon-
sible for promiscuous behavior in high-throughput
screening for new lead compounds. It was proposed that
hydrophobic compounds form aggregates capable of
reversibly sequestering proteins in a nonspecific manner
leading to spurious identification of active inhibitors
(hits) in high-throughput assays.*® In our work we
independently developed DLS and EM analytical meth-
ods to evaluate hydrophobic aggregation behavior of
NNRTIs in GI tract mimicking conditions. In this work
we have also developed a model that integrates the
available information to explain the unique absorption
properties of highly hydrophobic compounds.

Frenkel et al.

For the NNRTIs used in our study, oral bioavailability
in human subjects was established by administration
of 100 mg doses and determination of corresponding
absorption (AUC) values. Assuming an immediate re-
lease formulation in a fasting individual and stomach
volume in the range of 50—250 mL, the approximate
gastric concentration of NNRTIs with molecular masses
between 300 and 500 Da can be estimated to vary
roughly from 1 to 10 mM. At high drug concentration
and pH, our data indicated a sharp transition from
aggregates to larger structures, likely representing a
phase transition to precipitate formation. It was also
observed that at concentrations below 0.01 mM, com-
pound aggregation became concentration and pH inde-
pendent and the aggregate size for all compounds was
consistently smaller than 100 nm in diameter (see
Figure 4). In conjunction with the earlier findings by
Desai et al., that polymeric particles with diameter of
~100 nm are absorbed more readily in Peyer’s patches
than larger particles,?® it may be that all NNRTIs at
concentrations below 0.01 mM would form aggregates
of appropriate size that can be absorbed via the M cell
route. In addition to this observation it should be
stressed that there were also some NNRTIs that were
able to form aggregates at concentrations above 0.01
mM, suggesting that those compounds could be ab-
sorbed efficiently by M cells at drug concentrations
higher than 0.01 mM.

In addition to the supportive findings on the possible
M cell absorption of hydrophobic inhibitor aggregates,
we also observed correlations between the in vitro
generated aggregation of NNRTIs and their oral bio-
availability in rat and man. Under simulated gastric
conditions of low pH (1.5) and drug concentrations
ranging from 1 to 10 mM, inhibitors with low absorption
formed large structures with radii greater than 250 nm,
while compounds with better absorption formed smaller
aggregates with smaller dimensions. The aggregate size
and good absorption correlation did not hold true when
aggregation was measured at NNRTI concentrations
below 0.01 mM because all NNRTIs formed aggregates
with radii equal to or less than 50 nm. On the basis of
our analysis, in vivo/in vitro correlation properties for
NNRTIs can be summarized by the following state-
ment: NNRTIs capable of forming aggregates with radii
less than or equal to 50 nm at concentrations above 0.01
mM, at various physiologically relevant pH points, in
vitro, are more likely to have good oral bioavailability.

Location Dependent Hydrophobic Drug Absorp-
tion Model. On the basis of the aggregate lymphatic
absorption model and correlations established in this
study, we propose a GI location and aggregate size
dependent model for absorption of hydrophobic drugs
(Figure 5). The physiology of the GI tract is such that
gastric absorption of many drugs is low because of the
inability to cross the mucus lining of the stomach.?! A
locus of high absorption in the GI tract is at the upper
small intestinal region called the duodenum. Although
the duodenum is a favorable absorption site, the drug
residence time in this region of the GI tract is compa-
rably short; therefore, regions of absorption such as the
colonic area, where the rate of absorption is low but the
residence time is significantly longer, are of interest as
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Figure 5. Location dependent hydrophobic drug absorption model. Bold lines represent the GI tract: stomach, small intestine,
and colon. Orange squares represent various absorptive cells in the GI tract including M cell and enterocytes. The color gradient
reflects the pH changes in respective sections of the GI (red, low pH; blue, high pH). Rough estimates of pH and concentration are
shown on the right and left sides of the image, respectively. Color assignment is as follows: red, poor absorption (AUC in rat/
human < 1 ug-h/mL); yellow, intermediate absorption (1 ug-h/mLi < AUC in rat/human < 5 ug-h/mL); green, good absorption

(AUC rat/human > 5 ug-h/mL).

well.5253 On the basis of our physicochemical findings,
highly hydrophobic drug candidates in immediate re-
lease formulations can form aggregates in the stomach
environment and some drugs can form small aggregates
even at relatively high concentrations. If aggregates of
the appropriate size can be maintained with increasing
pH during the transition through the GI tract, larger
numbers of aggregates potentially would enter the
duodenum for absorption by M cells (and potentially
other absorptive cells including enterocytes). Assuming
that the aggregate lymphatic absorption model is cor-
rect, the presentation of a larger number of drug
aggregates of appropriate size to the duodenal surface
would result in high drug absorption and hence high
absorption. On the other hand, compounds that are
unable to form large numbers of aggregates at high drug
concentrations in the stomach would miss the duodenal
absorption opportunity and only at ~0.01 mM concen-
tration and below would be able to form aggregates with
radii less than 100 nm as the predominant species.
Formation of aggregates for these drugs would take
place at the later stages of GI transit and would result
in presentation to less efficient absorption sites in the
system, which could explain the low absorption proper-
ties associated with these compounds.

Conclusions

In addition to profiling the solution aggregation
behavior of a series of NNRTIs, the present study
provides potential templates for the development of an
in vitro testing method for analysis of highly hydropho-
bic compounds in drug design schemes. Others have
reported that several physicochemical parameters influ-
ence aggregation of lipophilic compounds. Here, we
propose a model that relates aggregate radius, concen-
tration, and pH dependence in the GI tract to oral
absorption of hydrophobic drugs. Our data and observa-

tions initially established that NNRTIs can form ag-
gregates in aqueous solution. NNRTIs with good ab-
sorption form aggregates with radii between 30 and 110
nm whose sizes are less dependent on concentration and
pH changes than those with poor absorption. The
current study has been done with a relatively small
group of compounds. If the same pattern of behavior can
be observed with a larger pool of hydrophobic drugs, this
method could conceivably form the basis for a high-
throughput assay at the early stages of drug develop-
ment to classify which compounds are likely to have
favorable or alternatively highly unfavorable absorption.

The present study has revealed correlations between
the physicochemical properties and absorption of hy-
drophobic NNRTIs; however, these are only the initial
steps toward understanding drug aggregate formation
and absorption. Future research studies will be focused
on understanding the phase transitions from the ag-
gregated state to precipitate as well as the potential
physiological implications of these findings. Some of the
pressing questions include the following. Do aggregates
form in the body? If they do, then what are their sizes
and population distribution? How does aggregate for-
mation depend on the presence of many other sub-
stances? If aggregates form in the body, then how do
they get into cells and what happens to them when they
are inside the cell?
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