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Abstract

Characterization of interactions with phospholipids is an integral part of the in vitro profiling of
drug candidates because of the roles the interactions play in tissue accumulation and passive
diffusion. Currently used test systems may inadequately emulate the bilayer core solvation
properties (immobilized artificial membranes - IAM), suffer from potentially slow transport of
some chemicals (liposomes in free or immobilized forms), and require a tedious separation (if
used for free liposomes). Here we introduce a well-defined system overcoming these drawbacks:
nonporous octadecylsilica particles coated with a self-assembled phospholipid monolayer. The
coating mimics the structure of the headgroup region, as well as the thickness and properties of the
hydrocarbon core more closely than IAM. The monolayer has a similar transition temperature
pattern as the corresponding bilayer. The particles can be separated by filtration or a mild
centrifugation. The partitioning equilibria of 81 tested chemicals were dissected into the
headgroup and core contributions, the latter using the alkane/water partition coefficients. The
deconvolution allowed a successful prediction of the bilayer/water partition coefficients with the
standard deviation of 0.26 log units. The plate-friendly assay is suitable for high-throughput
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profiling of drug candidates without sacrificing the quality of analysis or details of the drug-
phospholipid interactions.

Keywords

phospholipid monolayer; phospholipid bilayer; octadecyl-silica microspheres; liposomes; in vitro
profiling of drug candidates

INTRODUCTION

Liposomes

Interactions of drugs and other chemicals with phospholipid bilayers belong to the main
determinants of their distribution in organisms. Several pharmacokinetic characteristics, e.g.
passive transport rates,1 the tissue/blood partition coefficients,2 and the volumes of
distribution,3 depend on the binding affinities of drugs to phospholipids. An assessment of
phospholipid binding is an integral part of physicochemical profiling of drug candidates. In
vitro, model phospholipid systems are used for monitoring drug-phospholipid interactions
instead of biological membranes, with the aims to avoid complications caused by proteins
and other membrane components, and improve reproducibility thanks to well-defined
compositions. The model systems include free and gel-trapped liposomes, supported
bilayers, and immobilized monolayers.

Liposomes are approximately spherical, pliable particles consisting of the aqueous center
phase surrounded by one or more phospholipid bilayers separated by aqueous phases. The
bilayers have similar structures as those in biological membranes. In membrane studies, the
unilamellar vesicles are mostly used because of better-defined and simpler structures.
Limitations like a complicated kinetics with difficult-to-predict duration of transport for
some compounds,1 tedious separation,2:3 laborious spectroscopic data analysis due to the
light scatter if the separation step is omitted,4°6 or stability of some preparations7 make
liposomes less suitable for a high-throughput screening. Embedding of liposomes in gel
beads8 alleviates the problem of liposome separation but introduces the risk of the matrix
effects. Liposomes were non-covalently attached to a sensor chip and the interaction with
drugs was analyzed using the surface plasmon resonance technology that reflects the
changes in liposome mass caused by drug binding. This technique also provides the kinetics
of association and dissociation with the bilayer.9 The use of pH-metric monitoring10-11
directly in liposome suspensions, while providing comparable results to methods with
liposome separation, is limited to ionized compounds. A drawback common to free and
immobilized liposomes is the long time needed to achieve the equilibrium for amphiphilic
compounds: the flip-flop between the two interfaces of the bilayer can significantly slow
down the partitioning process.1 Transport is also slow for compounds with extreme
lipophilicities;1 however, the errors caused by a premature experiment termination are less
significant due to weak interactions of hydrophilic compounds with phospholipids and to
low aqueous solubilities of lipophilic compounds.

Supported bilayer systems

To alleviate the stability and separation problems of liposomes, supported phospholipid
systems have been developed. The most commonly used solid supports are porous
silical2:13 (Transil beads14), mica,15 glass16:17 (supported spherical vesicles18), quartz,
19 organosulfate and organophosphate modified surfaces,20 polydimethylacrylamide
hydrogel (Lipobeads),21 agar,22 metal (stainless steel,23 silver,24 platinum25) and metal-
coated (gold,26 platinum25) or polymer-coated27 glass plates. The attachment of
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phospholipids is generally based on either chemisorption on the contact monolayer16:26:28
or a simple adhesion of the bilayer due to preferred planar conformation of the bilayer
formed by certain phospholipid types.15 Supported bilayers are easy to separate from the
drug solution. However, one of the main drawbacks still persists: they contain two
headgroup regions, which can significantly prolong the equilibration time of amphiphilic
molecules.

Supported monolayer systems

Elimination of the opposite headgroup region leads to a faster achievement of the
equilibrium due to the removal of the slowest step, the flip-flop of amphiphilic molecules
between individual bilayer leaflets. The price to pay for shorter experiments is a more
complicated data processing because an estimate of the bilayer partitioning remains to be the
ultimate goal of the monolayer studies. We will focus on the monolayers on solid supports,
as they can be easily adapted for high-throughput experiments and, therefore, are more
relevant to pre-clinical drug candidate screening.

Adsorbed monolayers—A multi-step immersion technique has been used to create
layers of dimyristoylphosphatidylcholine (DMPC) on the surface of silica plates with
covalently attached octadecyl chains.29 The uneven coverage of the hydrophobic surface
and formation of multilamellar islands make this technique unsuitable for exact bilayer
partitioning studies where a well-defined system is needed. The Langmuir-Blodgett
technique30 produced a phospholipid monolayer on the surface of gold-coated plates with
covalently attached octadecyl chains.31:32 The obtained monolayer was uniform and stable
in both dry and re-hydrated forms. Alkylated glass plates were used to obtain a phospholipid
monolayer by vesicle fusion.33 The comparatively small volume of phospholipids that are
attached to planar supports may be insufficient for a measurable partitioning of less
lipophilic compounds.

Covalently-bound monolayers—Phaospholipids or their derivatives that are covalently
immobilized to the surfaces of porous silica spheres (immobilized artificial membranes -
IAM)34 were developed as column materials for high pressure liquid chromatography. The
retention factors were used as descriptors for prediction of the trans-bilayer transport of
chemicals.35738 The liposome and 1AM binding were correlated for some compounds39
and not correlated for other compounds.40 A systematically higher partitioning to IAMs
than to liposomes was measured for several other series of compounds.8:41 In the molecular
dynamics simulations,42 no structural differences were observed between the headgroup
regions of phosphatidylcholine (PC) IAMs and the fluid bilayer. The 31P-NMR studies,43
however, indicated that the surface density of IAM headgroups is significantly lower than in
fluid membranes. The decrease is ~30% for the ether-linked PC and ~40% for ester-linked
PC.44 As a consequence, the partition coefficients estimated in ether- and ester-linked PC-
IAMs were approximately 7 and 20 times higher, respectively, than those obtained in DMPC
liposomes.44 The partitioning of ionized molecules seems to be affected by insufficient
shielding of charges on the support material.45 The hydrocarbon core of IAMs differs from
the bilayer core in two attributes: smaller thickness39 and lower rotational freedom of the
fatty acyl chains.42 Moreover, the phospholipids in IAMs are immaobilized to the rough
surface of porous silica beads that may exhibit sharp edges, especially in the pores.46 At
these spots, disturbances in the continuous interface that are not seen in the averaging NMR
experiments may exist. The diffusion of chemicals in the pores may complicate the
measurements.
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Monolayers on nonporous alkylated microspheres

This communication describes a monolayer system that overcomes most of the
aforementioned problems. The system consists of uniform nonporous octadecylated silica
(ODS) particles with the diameter 1.5 um that are coated with phospholipids. The coating is
based on a spontaneous self-assembly of phospholipid molecules in the aqueous
environment that is expected to lead to formation of a monolayer with a comparable packing
density as seen in liposomes, as demonstrated for planar surfaces.31 The absence of the
second interface eliminates the possibility of the time-consuming flip-flop process and leads
to a significantly faster partitioning and simpler Kinetics as compared to free or immobilized
liposomes. The smooth surface of the non-porous particles is a prerequisite for formation of
a defect-free monolayer. The hydrocarbon core, formed by phospholipid acyls and the
octadecyl chains attached to the microspheres, is expected to be more similar to the bilayer
core than the 1AM core in thickness and the solvation properties. The used ODS-particles
provide significantly larger surface area than planar systems. Easy separation of the particles
from the medium is a prerequisite for a plate-friendly assay that is suitable for a routine
testing with higher throughput than using liposomes or IAMs.

A comparison on purely geometrical basis shows that the bilayer partition coefficients can
maximally achieve the doubled value of the monolayer partition coefficients, for compounds
that bind predominantly in the headgroup region(s). If a greater precision of predicted
bilayer data is needed, a deconvolution of the monolayer data into the headgroup and core
contribution needs to be performed. A possible approach is described in this study.

MATERIALS AND METHODS

Chemicals and Materials

The ODS-particles with the diameter 1.5 um were purchased from Micra Scientific (Darien,
IL). DMPC was obtained from Avanti Polar Lipids (Alabaster, AL). Boric acid, sodium
borate, and sodium chloride were purchased from VWR (Minneapolis, MN), and
hexadecane from Sigma-Aldrich (St. Louis, MO). The chemicals, for which the partitioning
to the monolayers and bilayers was measured, were obtained as follows. Polychlorinated
biphenyls were purchased from VWR (Milford, MA). Inhibitors of matrix
metalloproteinases (MMPIs) 1-3, 7-10, 14, and 15 (Table 2 below) were synthesized in-
house by indium-mediated allylation of hydrazones.47 Compounds MMPI 4-6 and 11-13
(Table 2 below) were synthesized in-house as previously described.48 All other compounds
were purchased from Sigma-Aldrich (St. Louis, MO).

Adsorbed monolayer preparation

The DMPC monolayer was deposited on the hydrophobic surface of the ODS-particles
during their immersion in a sonicated suspension of DMPC vesicles. The suspension of
DMPC vesicles was prepared by hydrating the powder DMPC in borate buffer49 (pH = 7.4)
for 48 hours. The ODS-particles (500 mg) were mixed with DMPC vesicles (1 mg/mL of
DMPC, 50 mL) in 125-mL conical flasks and sonicated in a water bath sonicator (150HT,;
VWR, Minneapolis, MN) at 40 °C for 8 hrs with vortexing every 30 minutes.

A slight upward shift in the transition temperature of phospholipids upon their adsorption to
the surface of particles was expected due to the increase of the curvature diameter.50 The
working temperature was set well above the transition temperature of DMPC vesicles51
(24°C) to ensure the fluid state even for the fraction of phospholipids adsorbed to the ODS-
particles.
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After sonication, the DMPC-coated ODS-particles were separated from the remaining
DMPC vesicles by centrifugation at 2000 rpm (720xg, Allegra 21; Beckman Coulter,
Fullerton, CA) for 2 minutes. These centrifugation conditions were used in all particle
separations. To remove the traces of DMPC aggregates, the coated DMPC-ODS particles
were washed twice with borate buffer (10 mL, pH = 7.4, 40 °C). After washing, the particles
were distributed into the test tubes in the amounts that were used for partitioning
measurements and kept shaking (Multi-tube vortexer, VWR, Minneapolis, MN) until they
were used.

Adsorbed monolayer characterization

Several direct and indirect methods were used to determine the surface coverage,
lamellarity, ordering of phospholipid molecules, and stability of particles and phospholipids
under the experimental coating conditions.

Phosphate assay—The amount of DMPC attached to the ODS-particles as well as the
residual DMPC amount in the solution after sonication were determined using the
Anderson’s modification of the Bartlett’s phosphate assay.42 To analyze the adsorbed
DMPC, the particles (about 20 mg) were separated from the buffer by centrifugation and
DMPC was washed off the particles using mixture chloroform:methanol (1:1, 500 uL). The
washed particles were separated by centrifugation and the phospholipid solution (200 pL)
was used for analysis. To determine the non-absorbed DMPC amount, 50 and 100 uL
samples of the DMPC solution after sonication with the particles were analyzed. The
solvents in the DMPC solutions in the chloroform:methanol mixture and in the buffer were
evaporated at 37°C under a gentle nitrogen stream and the solids were subjected to analysis.

Carbon analysis was carried out in a Skalar Primacs TOC Analyzer with a detection limit of
0.001 g of carbon and reproducibility + 1.5%. The method involved combustion of the
sample at 1000°C and analysis of the resulting CO, in an oxygen stream by an infrared
detector.

Differential scanning calorimetry (DSC) was used to determine transition temperatures in
the immobilized monolayers (VP-DSC Microcalorimeter; MicroCal, LLC, Northampton,
MA). To avoid long equilibration times at low temperatures and the risk of non-reproducible
signals in the heating scans,50 the analysis started at the highest temperature, with the
homogeneous fluid phase, and was done in the descendent temperature mode. The DMPC-
ODS particles were equilibrated for 1 hr at 50°C and cooled down to 5°C with scanning rate
15°C/hr, using medium feedback, and filtering period 8. Phospholipids adsorbed to the
particles as well as pure DMPC vesicles that went through the same sonication treatment as
the phospholipid/particles mixture were analyzed.

NMR analysis—Solid state 3IP-NMR was used to determine the number of phospholipid
layers on the surface of particles.52 PrCl3 served as a chemical shift reagent. The DMPC
concentration in the samples was 8.5 mM, and the total concentration of the shift reagent
was 2 mM. The data were collected on a homebuilt 360 MHz spectrometer (Libra, Techmag,
Houston, TX) with a DOTY 4mm magic angle spinning (MAS) probe (DOTY Scientific,
Columbia, SC). A spinning rate of 6 KHz was used to average out the chemical shift
anisotropy. Approximately 5000 scans were taken for the phospholipid coated particles, and
20,000 scans were taken for the coated particles with the shift reagent.

Scanning electron microscopy (SEM) helped assess the influence of the processing on the
surface integrity of the DMPC-ODS-particles. The suspensions of coated and uncoated
particles before and after sonication were applied to a glass support and the buffer was left
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to evaporate on air. The particles were coated with gold-palladium and examined under the
microscope (JOEL SEM, Peabody, MA) at 3.0 kV and 11000% magnification.

Atomic force microscopy (AFM) provided images of particle surfaces after the coating. The
suspension of particles was deposited on aluminum foil; the buffer was left to dry out
overnight; and the surface of particles was scanned using AFM (Nanoscope Illa; Digital
Instruments, Santa Barbara, CA) in the contact mode, with a J scanner (125 m scan region).

Thin-layer chromatography (TLC) was used to monitor phospholipid integrity during the
coating process. Silica plates (Whatman) were activated by running the
chloroform:methanol (65:25) mixture and drying at 120°C for 25 min. The standard, buffer,
and four samples (10 pL each) were applied to the activated plate that was run in the
chloroform:methanol:water (65:25:4) mixture.53 The solution of DMPC in chloroform (8
mg/mL) was used as a standard. The samples were prepared by pre-concentrating the
residual solution of DMPC in a buffer to 8 mg/mL by partial evaporation of the buffer at
37°C under a gentle stream of nitrogen. Three samples were taken from the solution of
DMPC vesicles left after the monolayer adsorption. The fourth sample was taken from the
control solution of DMPC vesicles that was sonicated without particles along with samples
containing particles. The TLC plates were briefly dried, and phospholipids and their possible
breakdown products were detected using Zinzade’s reagent consisting of sodium molybdate
dehydrate (6.85 g), hydrazine sulfate (40 mg), sulfuric acid (250 mL), and distilled water
(600 mL).53 After spraying with the reagent, the TLC plates were placed on a hot plate
(200°C) for 24 hrs.

Mass spectrometry was used to further check the integrity of phospholipid molecules after
sonication. The analyses were performed using an Esquire 3000 Plus Mass Spectrometer
(Bruker Daltonics, Billerica, MA), operating in the positive ion electrospray ionization
mode,54 with the following settings: the nebulizer 5.0 psi, dry gas flow 5.0 L/min, dry
temperature 320° C, scanned m/z 50-1500. The samples were introduced by a syringe pump
(Cole Parmer, VVernon Hills, IL) using the 500-ul SGE syringe with the infusion rate 120 ul/
hr. Solutions of DMPC vesicles, which where sonicated with and without particles, were
sampled, three times each. The former case represented the standard monolayer preparation
procedure. All samples were diluted by deionized water containing 0.1% formic acid to
make the final DMPC concentration of 5 pg/mL and compared with the fresh and intact
DMPC solution of the same concentration and composition.

Partitioning of chemicals

Partitioning to monolayers—The required amount of the DMPC-ODS-particles was
suspended in borate buffer (100 pL, pH=7.4) and equilibrated to 37°C overnight. The
solution of the compound in the same buffer (37°C) was added to particles, briefly vortexed,
and incubated in a water bath shaker (Model 2564; Forma Scientific, Marietta, OH) at 37°C
and 140 rpm. The ratio of the amount of particles and the volume of drug solution was
estimated so that the expected change in drug concentration in the buffer was between 5 and
95 %. For each compound, five samples were set up at the beginning of the experiment and
withdrawn from the shaker at times varying from 0 to 2 hours. The experiments were carried
out in the test tubes (13x100 mm, volume 9 mL) with screw caps and Teflon septa to
prevent loss of chemicals. The equilibrium was reached for all studied compounds in less
than 2 hours.

The particles were separated by centrifugation and the amount of the drug remaining in the
solution was determined by UV spectroscopy (UV-1601 Spectrophotometer; Shimadzu
Scientific Instruments, Columbia, MD). For compounds with solubility below the detection
limits for UV spectroscopy (polychlorinated biphenyls - PCBs), gas chromatography with
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the mass spectrometry detector (GC/MS/MS lon Trap, Saturn 2000; Varian, Palo Alto, CA)
was used for analysis. The aqueous PCB concentrations were determined using direct solid-
phase microextraction (SPME) with 7-um polydimethylsiloxane (PDMS) fiber (Supelco,
Bellefonte, CA) in a 4-mL sample with mechanical stirring under equilibrium (2-PCB) or
nonequilibrium conditions (di- through pentachlorobiphenyls), or with headspace SPME
extraction (57 °C, 28-mL sample) using 65 um PDMS/divinylbenzene (DVB) fiber
(Supelco, Bellefonte, CA) with sonication under nonequilibrium conditions (2,2',3,4,4',5,5'-
PCB). Along with each sample, a control containing 100 uL of borate buffer instead of the
particles was processed to account for possible evaporation of the chemical during
incubation at 37°C.

For the majority of studied compounds, the transport kinetics was too fast to be analyzed in
our setup. For non-volatile compounds or volatile compounds with fast evaporation, both
with practically instantaneous partitioning, the partition coefficient was calculated as
(method A):

p :[cW (0) — cw (eq)] Vi — Hew (eq) Va
m cw (eq) Vin (1)

Here and in other equations, ¢ and V stand for concentrations and volumes, respectively, The
Henry’s constant H characterizes the air/buffer equilibrium (H = 0 for non-volatile
compounds). The subscripts indicate the aqueous phase (w), monolayer (m), and air in the
headspace (a). The bracketed terms associated with ¢ indicate the initial (0) or equilibrium
(eq) concentrations.

The kinetic data were analyzed using two- or three-compartment models (Fig. 1), which are
described by linear differential equations (2) - (4).

dey (A11+Sk1)cW+Algca+Skgcm
dr Vi Vi Vi @)

dem Skicw  Skoen
dt ~ Vp Vin ®3)

dcy, Alicw  Abc,

dt 'V, Va (4)

In all equations, t, S, A, |, and k represent the time, the surface area separating the monolayer
and the aqueous phase, the surface area separating water and air, the evaporation rate
constants, and the partitioning rate constants, respectively. The subscripts m, w, and a
denote the monolayer, water, and air, respectively. The set of equations was integrated for
cw and the initial experimental conditions: ¢,,(0) = ¢g, cm(0) = c5(0) = 0. The integrated
expressions for ¢,y (t) were fitted to the experimental data,55 and the final partition
coefficient was calculated as (method B):

Poju=—

(5)
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For non-volatile compounds, only the equilibrium between the particles and water was
considered (I, = I, = 0), and equation (4) was omitted. The integrated expressions for c,(t)
were fitted to the experimental data,55 and equation (5) was used to calculate the final
partition coefficient (method C).

For volatile compounds with fast partitioning and a slow approach to the equilibrium due to
evaporation, equation (2) was replaced by equation (6), into which the instant partitioning
has been incorporated, and equation (3) was replaced by equation (7).

dey  Aljcy Abc,

= +
dt  Vy+PVy, Vu+PV, (6)
C
Pm/vv:_m
Cw (7)

The set of equations (4), (6), and (7) was integrated for c,, and the initial experimental
conditions, ¢,,(0) = ¢, tm(0) = c4(0) = 0. The partition coefficient was one of the fitted
parameters (method D).

All fits were performed by nonlinear regression analysis of experimental data according to
the specified equations. In all cases, software Origin55 with the Marquardt algorithm was
used.

Partitioning to liposomes—~Partitioning of chemicals from the aqueous phase to the
DMPC bilayer was monitored using isothermal titration calorimetry (VP-1TC, MicroCal,
Northampton, MA). The unilamellar liposomes were prepared56 by extrusion through 0.10-
um polycarbonate filter using a mini-extruder (Avanti Polar Lipids, Alabaster, AL) at 37°C.
The suspension for extrusion was obtained by hydration of powdered DMPC (12-28 mM) in
borate buffer (pH=7.4) for 48 hours at 37°C with occasional vortexing. The extrusion was
repeated 29 times to ensure an even size distribution of the vesicles (~100 nm). The exact
DMPC concentrations after the extrusion were determined by phosphate assay.

All solutions for calorimetry were degassed under vacuum (10 min) to eliminate air bubbles.
The calorimeter cell with the volume of 1.4347 mL was filled with the solution of the tested
compound in borate buffer (pH=7.4). The exact concentration of the compound was
determined by UV spectrophotometry immediately before the experiment. The suspension
of liposomes was injected via the titration syringe in aliquots of 10 uL. The temperature of
the experiments was 37° C to keep the bilayer in the fluid state. For each experiment, several
background titrations were performed: (i) borate buffer into the solution of the tested
compound to account for the heat of the compound dilution; (ii) liposome suspension into
borate buffer to account for the heat of dilution of the lipid; (iii) borate buffer into borate
buffer to account for the apparent heat caused by differences between the temperatures of
the solution in cell and in syringe.

Experimental data were processed as previously published.57 The heat generation or
consumption after the i-th injection, Jh;, was expressed as

K
L

Shi=c, AHY PV oy —————6c
(1+iKéc, ) (8)
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where cp is the initial drug concentration in the cell, dc,_is increase of lipid concentration in
the cell due to an injection of lipid mixture, AHp"W " is the enthalpy of transfer of
compound from water to bilayer, K is the mole-ratio partition coefficient expressed in units
of reciprocal concentration, and Vg is the volume of the drug solution in the cell. The
dilution effect, due to the increase of the volume in the cell after each injection of lipid
suspension, was taken into account with respect to both, drug and lipid concentrations. The
values of K and AHp"W—P parameters were obtained by fitting55 of equation (8) to
experimental data. The fitted mole-ratio partition coefficient, K, was converted into the
molar-concentration partition coefficient, P, as

_cb_KcW(H—KCL) n
cw 1+K(c +c,)  cwV, ()

L

assuming infinite dilution conditions in both liposomes and water.57 Subscripts b, w, D, and
L represent bilayer, water, partitioned compound, and lipid, respectively. The volume of
liposomes, V|, was calculated assuming lipid density of ~1g/mL that was estimated from
the properties of the DMPC molecules within the fluid bilayer.47 The term Kc,(1+Kcy )/
[1+K(cL+ cp)] represents mole-fraction partition coefficient.

Partitioning in alkane/water system was characterized in two ways: structure-based
estimates were used if reliable and experimental determination of the partition coefficients
was undertaken otherwise. The values of the alkane/water partition coefficients, Py, are
similar for different alkane phases, which are used as core surrogates.

For nonpolar compounds (Table 1 below), the P, values were estimated from the Py
values in the 1-octanol/water system. The use of this cost-saving approach was based on the
following factors: (1) the correlation of the Py, and Py, Values is excellent because the
nonpolar compounds do not form hydrogen-bonds causing deviations;58 (2) the P, values
can be comparatively precisely predicted from structure, especially for simple nonpolar
compounds;59 and (3) the selected ClogP prediction method59 takes into account non-
additive contributions to lipophilicity for polychlorinated biphenyls, caused by the vicinity
of chlorine substituents. The experimental hexane/water partition coefficients were collected
from Table 1 of the precise study by Gobas et al.60 All 28 nonpolar molecules, i.e. those
containing carbon, hydrogen, and halogens were included.

The Py values were retrieved from the MedChem collection61 for all compounds in Table
1 below and all 28 nonpolar compounds with the P, values,60 except the values for four
polybrominated biphenyls, 2,2',3,3'-, 2,2',3',5"-, and 2,2',3',6-tetrachlorobiphenyls; and 2,2',
4,5,5’-pentachlorobiphenyl. These missing values were predicted from the excellent
correlation of experimental logP g, values on the ClogP values59 (slope = 0.967+0.016,
intercept = 0.095+0.082, n = 47, r2 = 0.988, and SD = 0.135). There were altogether five
overpredicted outliers, which can be classified into two groups. The errors of
hexabromobenzene and octachloronaphthalene could be caused by the inability of the
method to account for large clusters of neighboring halogens. Three most lipophilic
compounds with 7, 8, and 10 chlorines and the ClogP values exceeding 8.1 might have
flawed experimental Py, values, which is a well known phenomenon for very lipophilic
chemicals.62 There is some overlap between the two outlier groups: decachlorobiphenyl
could be a member of the first group and octachloronaphthalene would fit in the second
group. None of the mentioned attributes of the outliers is found in eight compounds, for
which the Py, values were predicted.
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For the correlation between hexane/water and 1-octanol/water partitioning, mostly
experimental data were used: the logPg4, values were from the Gobas et al. study60 and the
logP Values were the most reliable (star) values from the MedChem collection,61
supplemented by the predicted values for four polybrominated biphenyls as described in the
previous paragraph. Octachloronaphthalene and decachlorobiphenyl were excluded for the
reasons described in the previous paragraph. The correlation of logPg4p, on logPq, Was very
good, just the most lipophilic compounds in the data set, hexabrominated and
hexachlorinated biphenyls (positions 2, 2', 4, 4’, 6, and 6’ in both cases), were slightly
underpredicted. If these two compounds were omitted, the correlation had the following
parameters: slope = 0.978+0.033, intercept = 0.217+0.150, n = 24, r2 = 0.975, SD = 0.205.
The omission did not significantly improve the statistical characteristics, and only slightly
increased the slope and decreased the intercept. The slope is very close to unity and the
intercept is slightly above zero. These regression coefficient values are in close agreement
with the notion that the nonpolar compounds are only partitioning in the nonpolar phase of
1-octanol and do not enter the aggregates of water molecules hydrating the hydroxyl groups
of 1-octanol. The water aggregates make the overall volume of the nonpolar phase by about
4% smaller than the overall volume of 1-octanol;63 therefore, the P, values are slightly
smaller than the P, values, in accordance with the slightly positive intercept. This equation
was used to calculate the logPg4y, Values, which are listed in Table 1 below, along with the
experimentally available values.

The experimental values for the majority of polar compounds (Table 2 below) were
determined in this study by the shake-flask method. Hexadecane and de-ionized water were
mutually saturated by stirring in the same flask for 8 hours before the experiments. For each
compound, five samples were set up at the beginning of the experiment and incubated at
25°C on an orbital shaker. Samples were withdrawn from the shaker at the times varying
from 0 to two days and the amount of the compound left in the aqueous phase was
determined by UV spectroscopy (UV-1601; Shimadzu Scientific Instruments, Columbia,
MD). The experiments were carried out in test tubes (13x100 mm, volume 9 mL) with screw
caps and Teflon septa in order to prevent the loss of compounds after evaporation. Along
with each sample, a control containing only the compound dissolved in the aqueous phase
was processed to account for possible evaporation of the compound.

For all measured compounds, the equilibrium has been reached within the timescale of the
experiment and so the equilibrium data analysis (equation (1) with V,, replaced by V,) was
used to determine the partitioning of the compound.

RESULTS AND DISCUSSION

Monolayer preparation

DMPC was the phospholipid of choice for the monolayer system because it contains the
most abundant mammalian headgroup and fatty acid chains that are well defined and stable
to oxidation. The phospholipid monolayer was deposited on the ODS-particles with a
hydrophobic surface formed by octadecyl chains. The octadecyl surface does not interact
with water; even vigorous vortexing could not get the intact, DMPC-free ODS-particles into
suspension. Upon repetitive sonication/vortexing cycles with phospholipid vesicles,
phospholipids were adsorbed to the surface of the ODS-particles. A spontaneous formation
of a phospholipid monolayer, with headgroups facing water and acyl chains interacting with
the alkylated surface, was expected based upon similar behavior of phospholipids interacting
with planar hydrophobic substrates.31:33 Soon after the start of sonication, the surface of
coated ODS-particles became hydrophilic, and particles easily immersed into the aqueous
phase. The wettability of the particles was used as an early indication of their coating with
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phospholipid molecules; however, as a detailed analysis unveiled, no regular monolayer was
formed initially.

A series of kinetic experiments was carried out to determine the optimal conditions (DMPC/
ODS ratio, time of sonication) for the coating process to obtain a complete, even, and
reproducible phospholipid monolayer. With increasing DMPC/ODS ratios, less time was
necessary for immersion of the particles into the aqueous phase. However, at higher DMPC/
ODS ratios, the phosphate assays64 determined the adsorbed phospholipid amounts that
were higher than expected for a monolayer, at the time of the immersion of particles into the
aqueous phase. Additional sonication time was needed to obtain uniform monolayer
coverage. The deposited phospholipid amounts for various lipid concentrations after 7.5 hrs
of sonication did not significantly differ between the samples with various DMPC/ODS
ratios and were in a close agreement with the expected amount (see below). The actual
phospholipid concentration did not play a significant role in obtaining a continuous
monolayer as long as the DMPC/ODS ratio was sufficient to completely cover the surface of
particles.

Monolayer characterization

The phosphate and carbon assays were used to determine the amount of adsorbed
phospholipids. These results were compared with the phospholipid amounts that were
expected to form a continuous monolayer based on the properties of the ODS-particles
(diameter 1.5 um and density 2.05 g/mL) and DMPC molecules within the fluid bilayer
(surface area 54.9 A2/phospholipid47). The phosphate assay showed that 91 + 11 % of the
monolayer-forming amount of DMPC was deposited on the surface of particles. The carbon
assay was performed on intact and phospholipid-coated ODS-particles. In both cases, 100+3
% of theoretical amount of carbon was detected. Both intact and phospholipid-coated ODS-
particles were analyzed in duplicate, and both analyses on each sample provided the same
carbon content. The phosphate and carbon assays showed that the amount of phospholipid
attached to the surface of ODS-particles corresponds well with the expected amount needed
to form a continuous monolayer. These results are in agreement with those for planar
monolayers.31

Organization of the monolayer is important for the emulation of phospholipid solvation
properties in the bilayer. DSC was used to determine the transition temperature(s) of DMPC
adsorbed to the particles (Fig. 2). For the DMPC vesicles, the published data65 (in
parentheses) were closely reproduced, with the pre-transition temperature at 13.92 (14) °C
and the main transition at 22.09 (24) °C. The DMPC monolayer, along with the octadecyl
chains attached to particles, exhibits an upward shift of the entire spectrum, with the pre-
transition at 23.07 °C and the main transition at 32.35 °C. This phenomenon can be
explained by the difference in the monolayer curvature. The sonication is expected to
produce small unilamellar vesicles66 with 25-100 nm diameters (no data shown). Since the
particles have a diameter at least 15 times larger, this difference could lead to a significant
increase in the transition temperature.50 The upward shift is similar to the data observed in
dipalmitoylphosphatidylcholine vesicles,67 so it could also be caused by a more ordered
packing of phospholipids adsorbed to the particles than in the liposomes. The intact, DMPC-
free ODS-particles could not be analyzed by DSC because they do not form an aqueous
suspension due to a very limited wettability.

The DSC data were also used to determine the temperature at which the partitioning of
chemicals was measured, to ensure that the phospholipids were in the fluid state. The
temperature five degrees above the determined transition temperature of the monolayer
phospholipids was selected for the partitioning experiments, to avoid the formation of
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domains of fluid and gel phases68 around the transition temperature, when the bilayer is
more permeable to chemicals than in the gel or fluid states.69773

NMR was used to determine the lamellarity of the adsorbed phospholipid layer (Fig. 3). The
nature of the sample dictated that solid-state MAS NMR be utilized to acquire a phosphorus
NMR signal. The 3P signal was detected by the solid-state MAS technique. PrCl; was
chosen as a shift reagent because the shifted peak is sharper than using Eu3* and, in contrast
to Mn2*, it remains visible.52 Shift reagents cannot penetrate the phospholipid layer
therefore they exclusively change the chemical shift of the surface phosphate groups that are
in contact with the surrounding aqueous solution. For the phospholipid-coated particles
without the shift reagent, a single, narrow resonance at 2.44 ppm was observed (referenced
to 85% phosphoric acid). The addition of PrCls resulted in a downfield shift by 20 ppm,
which was also previously reported for PC vesicles.44 As shown in Fig. 3, with the addition
of PrCL3, only one peak was observed, suggesting that the shift reagent interacted with all
available phosphate groups and, thus, a single phospholipid monolayer has been formed on
the surface of the particles. The resultant peak was significantly broadened. Relaxation
effects of shift reagents shift NMR signals and do not broaden them. Hence, it is unlikely
that the broadening is a relaxation effect. An explanation for the observed peak shape could
be an inhomogeneous concentration of the shift reagent in the sample tube. The MAS
experiments were performed in 4-mm rotor tubes (without the use of spherical glass beads).
After data acquisition, the coated DMPC-ODS-particles were seen pelleted around the sides
of the tube with an aqueous channel in the middle. This phenomenon is not surprising as the
ODS-particles have much higher density (2.05 g/mL) than the aqueous solution and the
centrifugal force experienced during a 6-kHz rotation would be quite strong. This plating
effect could lead to a concentration gradient of liquid that is highest in the middle of the
sample and lowest on the edges, thus introducing a spread of chemical shifts that are
dependent upon the local concentration of PrCls.

Mechanical stability of particles under the conditions of prolonged sonication and vortexing
applied during the monolayer adsorption was examined using SEM and AFM. Neither of the
used methods detected any surface damage, broken particles, or other artifacts. SEM was
used to view particles before sonication, after sonication with the phospholipid vesicles, and
after sonication in borate buffer. All samples showed smooth particles with uniform size
distribution. AFM was used to view particles after sonication with phospholipid vesicles. As
in the case of SEM, only smooth particles of the uniform size have been found.

Chemical stability of DMPC in the sonication process was examined using TLC and mass
spectrometry. A comparison of the samples before and after sonication showed that even
prolonged sonication at an increased temperature did not have any measurable effect on the
stability of the used phospholipid and no breakdown products were detected.

Partitioning of chemicals to monolayer

A set of about 80 chemicals was assembled based on the overlap of the following criteria:
(1) a broad range of lipophilicity, (2) availability of the alkane/water partition coefficients,
and (3) price and availability of the chemical. Preferred were the compounds with published
DMPC bilayer/water partition coefficients, which were measured at temperature at least 30°
C, well above the transition temperature of 22-24° C, to ensure that no rafts of gel and fluid
phase were present in the liposome preparations.

The monolayer/water partition coefficients (P in the supported DMPC monolayers on
the surface of non-porous ODS-particles were determined using the concentrations of
chemicals remaining in the medium, after separation of the particles by mild centrifugation.
Distribution of chemicals in the monolayers is much faster than in other experimental
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systems containing complete bilayers (liposomes and vesicles), where the flip-flop process
can take days for some chemicals.74:75 In our proof-of-the-concept study, an analysis of
simple nonpolar compounds, which usually easily evaporate, was necessary to establish the
correlation for the partitioning into the core, given in equation (11) below. The experiments
were performed over up to two-hour periods. In drug candidate profiling, the compounds are
usually much less volatile and the exposure time can be shortened to 20 minutes (Fig. 4), so
the evaporation experiments can be omitted in their screening.

For compounds with fast partitioning (Fig. 4A), both non-volatile and volatile with quickly
reached evaporation equilibrium, the overall partition coefficient P, Was calculated
directly from the differences in the compound concentrations in the control and the sample
using method A and equation (1). For the non-volatile compounds with a measurable
kinetics of partitioning (Fig. 4C), the Py Value was calculated from equation (5) as the
ratio of the transport rate constants (method C) obtained by fitting equations (2) and (3),
with I; = I, = 0, integrated for c,, and the given initial conditions, to experimental data. For
the volatile compounds, the fast and slow kinetics of partitioning could not be distinguished
by monitoring the decrease of compound concentration in the samples because the
evaporation was usually the slower process. For this purpose, the mode of partitioning was
decided based on the quality of the fit of the two equations. The slow-partitioning data (Fig.
4B) were fitted by integrated equations (2) - (4) and the partition coefficient Py, was
calculated from the optimized transport rate constants by method B, using equation (5). For
fitting the fast partitioning data (Fig. 4D), method D with integrated equations (4), (6), and
(7) was used. For compounds with fast partitioning (Figs. 4A,D), the fitted lines for the
samples did not meet the fitted lines for the controls in point representing the time t = 0 due
to the practically instant achievement of the equilibrium. The results for all measured
compounds are listed in Tables 1 and 2.

Estimation of partitioning to headgroup and core regions

The deconvolution of the overall partition coefficients into their headgroup and core
components is important for two reasons. First, the headgroups/water and core/water
partition coefficients are necessary for the prediction of the bilayer partitioning that, in turn,
is needed to estimate membrane and tissue accumulation,2 as well as the volume of
distribution3 in pharmacokinetics. Second, the intermediate strength of the interactions of
chemicals with each bilayer region is a pre-requisite for a fast trans-bilayer transport and too
high or too low partition coefficients lead to a transport slow-down.1

Solvation in individual regions of phospholipid bilayers and monolayers is a complex
process. The outcome is interplay of the cavity formation energy, interactions of compounds
with phospholipid parts, electrostatic interactions with membrane and dipole potentials, and
entropy terms.76 We are taking a simplified approach, aiming at a coarse difference between
the partitioning to the core and other positions, using alkanes as surrogates imitating the
solvation in the core. In this framework, the partitioning of chemicals in phospholipid
monolayers and bilayers includes adsorption in the headgroup region and accumulation in
the core:

chVhte Ve Vh &

=P, —+P .
h/w c/w Vx (10)

Px/w: v,

View

The partition coefficient, Py, (X = m or b for the monolayer or the bilayer, respectively), is
the weighed sum of the headgroups/water and core/water partition coefficients, Py, and

Pcmw, respectively; c are the concentrations and V are the volumes of the phases given by the
subscript: h - the headgroup region, ¢ - the core, and x - the entire monolayer or bilayer. The
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concentration in the headgroup region includes the molecules that are completely solvated
there and also the molecules that interact with both the headgroups and the core in a
surfactant-like manner.

Based on experimental data77 and molecular dynamics calculations,78 the volume ratio of a
headgroup region and a half of the core formed by fatty acyl chains of DMPC in the
monolayer was estimated as 1:1.5. In addition to the acyl chains, the hydrophobic core in the
monolayer contains octadecyl chains attached to the particles. The thickness of the
monolayer formed by self-assembled octadecyl chains on glass33 and silica79:80 supports
measured by ellipsometry,80 X-ray reflectivity,79 and AFM33 was found to be 23, 26, and
30 A, respectively. The values of the measured core/water and headgroup/water partition
coefficients of the studied compounds did not vary significantly using the three different
values (data not shown), therefore the average value of 26.3 A was used in further analyses.
Considering this thickness of the octadecyl chain monolayer, the ratio of volumes of the
headgroup region and the hybrid phospholipid/octadecyl hydrophobic core was found to be
1:4.11.

Partitioning to the core region—For nonpolar compounds, containing no charges, no
hydrogen bond donors nor acceptors, the accumulation in the headgroup region is assumed
to be negligible, i.e. Py, = 0 in equation (10), and the measured partitioning only consists of
accumulation in the core. For these chemicals, the measured monolayer/water partition
coefficient, Py, depends only on the core/water partition coefficient, P¢,. The latter can
be estimated from the alkane/water partition coefficient, P4y, using equation (11) relating
the partition coefficients in two solvent systems, which are capable of similar interactions
with the studied compounds:81

V,
logP. w=log (—x) +logPy/w=a+PBPa/w
V. (11)

The values of empirical coefficients a and  were determined using 36 pairs (Pmmw: Pamw)
and 15 pairs (P, Panw) for a series of 47 nonpolar compounds consisting of only aromatic
hydrocarbons and their halogenated derivatives. Experimental values of Py, and P
(Table 1) were used. The V,/V ratios were 5/3 for liposomes77,78 and 5.11/4.11 for
monolayers. The fit of equation (11) provided the optimized coefficient values of a = 0.644
+0.145 and § = 0.785 + 0.027. The quality of the fit was excellent (Fig. 5), as documented
by the statistical indices: number of data points n = 49 (hepta-, octa-, and
decachlorobiphenyls excluded because no reliable P4y, values were available), the squared
correlation coefficient R? = 0.945, and SD = 0.240. No specific trends for the P values for
the core/water partitioning in the DMPC liposomes and in the monolayers can be discerned
in Fig. 5. This observation suggests that the solvation properties of the hydrophobic cores in
the two systems are similar.

Partitioning to the headgroup region—The values of experimentally determined
partition coefficients in unilamellar DMPC liposomes (measured in this study or obtained
from literature82) and DMPC monolayers for a series of 32 polar compounds are
summarized in Table 2. The optimized coefficients o and B for equation (11) were used to
estimate the P, values for the series. The Py, values were consequently obtained
separately from the monolayer and bilayer data using rearranged equation (10). The
estimated logP., and both logPy,,, values are also listed in Table 2. Based on the
correlation for the core/water partitioning of nonpolar compounds, measured in for
monolayers and liposomes (Fig. 5), the solvation properties in the cores of the two systems
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are considered similar. For all compounds except aniline (discussed below), a reasonable
agreement was obtained also for calculated headgroup/core partition coefficients (Table 2).

Prediction of bilayer/water partition coefficients—For the suggested use in the drug
profiling process, the partitioning is measured with the monolayer microspheres and alkane/
water partition coefficients are either determined experimentally in a high-throughput
setting83 or estimated from structure.84:85 The core/water partition coefficients are
estimated from the Py, values using the calibrated equation (11). The headgroup/water
partitioning is estimated from the experimental monolayer data using the estimated P¢y
values using rearranged equation (10) and the Vy/V volume ratio 1:4.11. Finally, the bilayer
partition coefficients are calculated from the estimated Py, and P¢y, using equation (10)
and the V/V. volume ratio 2:3.

The results are summarized in Table 2. The agreement between experimental and estimated
bilayer partition coefficients is satisfactory, as can be seen for both polar and nonpolar
compounds in Figure 6. The only significant difference between the measured and estimated
liposome partition coefficients was found for aniline (1.00 on logarithmic scale). This could
be explained by possible amphiphilic character and a higher binding of aniline to the
headgroup region, which can significantly slow down the transport.74:75 The 30-minute
period that was allowed for partitioning to liposomes82 might not be sufficient for reaching
the equilibrium, thus leading to an underestimated measured bilayer partition coefficients. If
aniline is excluded, the bilayer partition coefficients can be estimated with the standard
deviation of 0.26 logarithmic units.

Prospects for high-throughput screening

The presented novel phospholipid monolayer system is assumed to have the core thickness
and solvation properties similar to those of the bilayer because it is formed by the self-
assembly of phospholipid molecules and octadecyl chains. In contrast, the widely used
bilayer surrogate IAM that is formed by phospholipid molecules that are covalently bound to
porous silica microspheres, has the core thickness of about half of that in the bilayer.
Moreover, the fatty acyl chains in IAM exhibit a restricted mobility due to their covalent
attachment. In comparison with liposomes, the presented system is easier to work with,
while providing the data comparable to the data reported for liposomes.

As the data analysis showed, the variations in the thickness of hydrophobic core up to 7 A
do not translate into significant differences in the determined partition coefficients of studied
chemicals. This observation opens the possibility to use shorter phospholipids with low
transition temperatures for the monolayer formation and simplify the measurement which
could be performed at room temperature. The change in the core volume can be easily
accounted for in the calculations. Possible problems with sufficiency of the core volume for
solvating larger molecules would need to be examined.

The phospholipid monolayer system is suitable for high-throughput screening due to the
speed at which the equilibirium is achieved and the ease of separation. Based on our data
(e.g., Fig. 4), the incubation time 20 minutes can be recommended, to ensure equilibrium
conditions of the measurement. For polar drug-like chemicals, with low volatility, the short
exposure time makes the control experiment on evaporation unnecessary in most cases. The
used volumes and amounts can be proportionally scaled down to the quantities fitting the
plate wells. The required mild centrifugation can be performed in well plates. Overall, this
method is capable of providing a sizable throughput without sacrificing the details of drug-
bilayer interactions which, until now, could accurately be obtained only by slow and
cumbersome analyses of liposome partitioning.
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The measured monolayer partition coefficients are important properties for the estimation of
the tissue/blood partition coefficients, the volumes of distribution, passive renal clearance,
passive absorption rates, and other parameters necessary for prediction of the in vivo
pharmacokinetic characteristics of the suitable drug candidates. These characteristics are
currently estimated using less proper surrogates.86 It can be expected that the precision of
the estimates for pharmacokinetic characteristics will increase significantly with the use of
relevant drug properties.

The data analysis can easily be adjusted to the complexity of information that is required. In
the initial screens where a fast identification of compounds with suitable partitioning is the
main goal, the equlibirum analysis can be performed using equation (1). In later stages,
where the details of partitioning are needed to narrow the few tens or hudreds of possible
candidates down to a small number of potential lead compounds, details of the partitioning
kinetics of can be obtained by fitting the time-dependent changes of drug concentrations in
aqueous phase using eqautions (2)-(5) or (4), (6), and (7).
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FIG. 2.
DSC analysis of DMPC monolayers adsorbed on the surface of non-porous ODS-particles
(solid line) and small unilamellar DMPC vesicles (dotted line).

J Biomol Screen. Author manuscript; available in PMC 2010 July 2



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

LUKACOVA et al.

O, W, N, N, e, S ay Gy A S e e

o
.

FIG. 3.
31P_NMR spectra of phospholipid-coated ODS-particles with (solid line) and without
(dotted line) PrCl3 as a shift reagent
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Kinetics of partitioning for different types of compounds. Solid circles represent samples,
open circles represent controls, solid lines represent fits of integrated Egs. 2-7. A - non-
volatile compound with fast partitioning (4-chloro-3-methylphenol; equation (1),
logPmw=2.73); B- volatile compound with slow partitioning (2,2',5,5'-tetrachlorobiphenyl,
equations (2)-(5), 11=0.291, 1,5=0.524, k;=0.014, ko=4 %1078, logPy,w=5.54); C - non-volatile

compound with slow partitioning (2-hydroxybiphenyl; equations (2)-(5), 11=1,=0,

kq=1.2x10"4, kp=8.1x10"8, logPmm=3.17); D - volatile compound with fast partitioning
(naphthalene; equations (4), (6), and (7), 11=0.082, 1,=1.730, 10gPmw=3.17).
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FIG. 5.

The core/water partition coefficients of nonpolar compounds (Table 1), calculated using
equations (11) from the partition coefficients for DMPC liposomes (open points) and DMPC
monolayers (full points), as dependent on the alkane/water partition coefficients.
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FIG. 6.

Comparison of bilayer/water partition coefficient determined in liposomes and calculated
using the monolayer/water and alkane/water partition coefficients. The data are valid for
polar (points, Table 2) and nonpolar compounds (crosses, Table 1). The liposome data were
either measured in this study (full points) or published (open points and crosses). The
identity line is plotted to guide the eye.
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Table 3

Structures of Tested Inhibitors of Matrix Metalloproteinases (MMPIs) and More Complex Molecules
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