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We report here a new, label-free approach to measure serum protein binding constants. The assay is able to
measure HSA Kd values in the milli-molar to micromolar range. The protein is not immobilized on any
surface and the assay self-corrects for nonspecific adsorption. No mass balance is required to get accurate
binding constants and it is not necessary to wait for equilibrium to extract the binding constant. The assay
runs in a 96-well format using commercially available parts and is, therefore, relatively easy to implement
and automate. As the chemical membranes used are not water permeable, there is no volume change due to
the osmotic pressure and pretreatment (soaking) is not necessary. The concept can potentially be extended
to other proteins and could thus serve as a label-free technique for general binding constant measurements.

Introduction

Plasma protein binding is an important factor to understand
the pharmacokinetics and pharmacodynamic properties of drug
candidates, as it strongly influences drug distribution and
determines the free fraction, which is available to the target.
Human serum albumin (HSAa) is the most abundant plasma
protein, so the determination of its binding constant (Kd) with
early drug candidates is particularly relevant. In early drug
discovery, protein binding is a key issue in compound optimiza-
tion when compounds that are potent in a primary biochemical
assay fail to retain activity in subsequent cell-based and in vivo
assays. Other than pharmacokinetic clearance, two main reasons
for this loss of activity are poor membrane permeability and
high protein binding. This study shows that the measurement
of passive permeability through an artificial membrane in the
presence and absence of protein can be used to estimate the
protein–ligand Kd and generate valuable information for com-
pound optimization.

A broad variety of techniques have been applied to measure
protein binding, with equilibrium dialysis and ultrafiltration
being the most widely used methods.1–3 Although attempts to
increase the throughput with these methods are described in
the literature,4–6 they remain difficult to apply in early discovery.
In addition, accurate rank ordering of compounds that are highly
protein bound is a significant challenge, especially when
recovery is not complete, and varies from compound to

compound. Spectroscopic methods7,8 are cheaper and faster
alternatives that examine the molecular properties of the
drug–protein complex; however, they do not correlate well with
equilibrium dialysis for various reasons. More recently, some
authors have proposed protein binding determinations using
HSA immobilized on an HPLC stationary phase9,10 or on
beads.11 However, these methods assume that the immobilized
HSA retains its full binding characteristics and that nonspecific
binding has little impact on the result.

In the method described in this paper, the protein-binding
Kd value is estimated from transmembrane permeation kinetics
measured in the presence and absence of protein.

Assay Principle

A parallel artificial membrane permeation assay (PAMPA)
is used to measure the permeation kinetics through an artificial
membrane coated on a porous filter plate.12–15 Various PAMPA
assays have been described in the literature to measure passive
(transcellular) permeability, with the aim to predict oral absorp-
tion of drug candidates. In this study, we report for the first
time the use of a PAMPA to measure binding constants.
Permeability is measured in the presence and absence of protein
in the donor compartment, and the difference between the two
experiments is used to estimate the binding constant. The key
assumption in this approach is that only the free ligand is able
to cross the membrane, while both the protein and the protein–
ligand complex are either unable to cross the membrane, or do
so at a velocity far lower than that of the free ligand (see
Scheme 1).

The donor and acceptor compartments are separated by a thin
liquid membrane coated on a porous filter in a 96-well
microtiter-plate format (setup details available as Supporting
Information). At the end of the incubation time, the compound
concentration in the acceptor compartment is measured and then

* To whom correspondence should be addressed. Tel.: +41 61 324 7090.
Fax: +41 61 324 3357. E-mail: bernard.faller@novartis.com.

† Universitat de Barcelona.
‡ Novartis Pharma AG.
§ Novartis Institutes for BioMedical Research.
a Abbreviations: A, surface of filterplate well × porosity; VA, volume

of acceptor well; VD, volume of donor well; CA, concentration in acceptor;
CD, concentration in donor; complex, HSA-ligand; Kh, membrane + non
specificbinding sites distribution coefficient extracted from PAMPA kinetics;
Kd, protein–ligand binding affinity (defined as koff/kon); kon, association rate
constant; koff, dissociation rate constant; Dmem, membrane distribution
coefficient measured by dual-phase potentiometric titration; Dhxd, hexadecane
distribution measured by dual-phase potentiometric titration; VM, apparent
volume of the membrane () membrane volume × Dmem); HSA, human
serum albumin; Pa, apparent permeability; Cini, initial concentration in donor;
Ceq, theoretical concentration at equilibrium; CM, concentration in the
membrane.

Scheme 1. Chemical Equilibrium in the PAMPA-HSA Assay
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the apparent permeability (Pa) is calculated from the concentra-
tion vs. time data. In absence of protein, Pa can be calculated
using the following differential equations, which describe
passive diffusion under nonsink conditions:

dCD
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= −PaA(CD

VD
−

CA

VA
) (1)

dCA
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VD
−
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where CD, VD, and CA, VA are the concentrations and volumes
of the donor and acceptor compartment, respectively, and A is
the accessible filter surface area (total filter area multiplied by
the filter porosity factor).

Equation 3 is the solution of the above differential eqs 1
and 2:

Pa = −
VDVA

(VD + VA)At
ln(1 −

CA

Ceq
) (3)

where

Ceq =
VD

VA + VD
Cini (4)

Ceq is the theoretical concentration at equilibrium defined by 4
and Cini is the initial concentration in donor plate (t ) 0).

When HSA is added to the donor compartment, the apparent
permeability (Pa) of the test compound decreases, because only
the free fraction can diffuse through the membrane. The choice

of the membrane material is critical for the assay. The ideal
membrane is highly permeable to the free ligand but imperme-
able to the protein and ligand-protein complex. With HSA as
the target protein, we found at least two chemical membranes
fulfilling these criteria: hexadecane and octanol. HSA does not
cross these membranes due to its low lipophilicity and high
hydrogen bond potential (Figure 1). In the presence of protein,
eq 1 becomes eq 5; new equations 6 and 7 are added to describe
the formation and dissociation of the HSA-ligand complex.
Equation 2 remains unchanged, as no protein is added to the
acceptor compartment.

dCD

dt
= −PaA(CD

VD
−

CA

VA
) − kon HSA · CD + koff Complex

(5)

dHSA
dt

= −kon HSA · CD + koff Complex (6)

dComplex
dt

= kon HSA · CD − koff Complex (7)

All concentrations are expressed in molar units. Complex and
HSA are the concentrations of protein–ligand complex and free
HSA at time t, respectively.

Another phenomenon which potentially affects diffusion
kinetics is membrane retention. Membrane retention is charac-
terized by the membrane/buffer distribution coefficient, also
known as the log Dmem. To take this phenomenon into account
5 becomes 8 and 2 becomes 9:

Figure 1. Permeability of HSA through the hexadecane and octanol membranes. Upper panel, 1 µM HSA (as a reference signal); Middle panel,
donor and acceptor compartments separated by a hexadecane membrane. HPLC trace in acceptor compartment after 4 h incubation of 100 µM HSA
in the donor compartment; Lower panel, donor and acceptor compartments separated by an octanol membrane. HPLC trace in acceptor compartment
after 4 h incubation of 100 µM HSA in the donor compartment.
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where CM is the concentration in the membrane compartment
at time t and VM is the apparent membrane volume, that is,
membrane volume multiplied by the ligand distribution coef-
ficient, Kh. In this paper, Dmem refers to the membrane
distribution coefficient measured using an independent method
(dual-phase potentiometric titration) and Kh is the membrane
distribution coefficient derived from the PAMPA assay using
equations 8 and 10. In the absence of nonspecific adsorption to
the device, Dmem and Kh should be identical within the noise of
the experiment. An additional equation that describes the
concentration of the free ligand in the membrane is also needed
(eq 10):
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= +PaA(CD
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−
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+
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) (10)

As there is no simple analytical solution to solve the
differential equations 8 and 10, CA(t) was calculated using
numerical integration with the Berkeley Madonna software.16

Although the above equations decompose Kd into its microscopic
constants (Kd ) koff/kon), koff was fixed at 1 s-1 in all data
analyses. Berkeley Madonna is a differential equation solver
developed by R. I. Macey and G. I. Oster at the University of
California at Berkeley. It allows both simulation and fitting of
one or more differential equations simultaneously.

Results

As recovery is a critical aspect in protein-binding measure-
ment, especially with the lipophilic compounds encountered in
modern drug discovery, we started to study the impact of
nonspecific binding and membrane retention on the permeation
kinetics. A simulation was carried out based on equations 8
and 10 using the Berkeley Madonna software. Figure 2 shows
the theoretical concentration/time profiles obtained in the
absence (Figure 2A) and presence of HSA (Figure 2B) in the
donor compartment. Both HSA binding and membrane retention
lead to a reduced concentration in the acceptor compartment
and, thus, an underestimation of the true membrane permeability
of the free test compound. Interestingly, the comparison between
panel A and panel B shows that the shape of the concentration
versus time curve is different. Membrane retention creates a
lag phase, during which the membrane is filled with the ligand,
before the compound effectively reaches the acceptor compart-
ment (Figure 2A, curves C, D). This is not the case when the
decrease in apparent permeability is caused by HSA binding
(Figure 2B, curves C, D). This shows that recording appropriate
time points allows one to (i) correct the apparent permeability
for membrane retention and (ii) differentiate between protein
binding and membrane trapping.

The impact of low koff (and kon) values on the permeability
kinetics is shown in Figure 3. The assay has the capability to
detect low microscopic rate constants if the association/
dissociation process half-time is comparable or slower than the
diffusion kinetics. When the microscopic rate constants are low
(koff e 0.001 s-1), the diffusion of the free ligand through the
membrane is faster than the binding to HSA (Figure 3, curves
B, C) and, as a result, the concentration of the free ligand in

the acceptor compartment goes down again due to slow binding
of the free ligand to the protein in the donor compartment.

The model has been applied to 11 drugs with different
properties in terms of lipophilicity (log D7.4), polar surface area,
acidic and basic character, with protein binding Kd data taken
from literature sources.7,8,17–46 Compound selection is shown
in Table 1. The permeability of these 11 drugs (see chemical
structures in Figure 4) was measured in the presence and absence
of human serum albumin.

Figure 5 shows the concentration versus time profile of
quinine, a low binding affinity compound24 with a low
membrane retention (log Dhxd ) -1.3), in the absence (-) and
presence of HSA (+) in the donor compartment. The solid lines
are the best fit obtained with eqns 8-10 with log Pa ) -4.07,
log Kh < 1, and -log Kd (HSA) ) 3.6.

Figure 6 shows the concentration versus time profile of
warfarin, a high binding affinity compound17–23 with low
membrane retention (log Dhxd ) -2) in the absence (-) and
presence of protein in the donor compartment (+). The solid
lines were obtained with log Pa ) -4.4, log Kh < 1 and -log
Kd (HSA) ) 5.4. Comparison of Figures 5 and 6 shows that
the impact of protein on the apparent permeability is much
higher with warfarin than with quinine, consistent with its higher
HSA binding affinity. Figure 7 shows chlorpromazine, a
lipophilic compound (log Dhxd ) 2.6) with a medium HSA
binding affinity.7,25,29–31 In this case, membrane retention
significantly influences the CA(t), and the best fit was obtained
with log Pa ) -2.5, log Kh ) 3.4, and -log Kd (HSA) ) 4.3.

As described above, the method is based on the change in
apparent permeability upon addition of protein to the donor
compartment. One obvious limitation of this approach is with
compounds that are poorly permeable through the membrane.
Initially, the hexadecane membrane was designed to mimic
transcellular gastrointestinal permeability,13 and therefore, com-
pounds with a poor transcellular permeability would be difficult
to measure. This is typically the case of diflunisal, a peripherally
active non-narcotic analgesic that diffuses poorly through the
hexadecane membrane. Successful measurement of protein-
binding Kd with the less lipophilic compounds was achieved
by using an alternative membrane to separate free from protein-
bound ligand. Octanol (5 µL of 30% octanol dissolved in
hexane) was found to work well for most compounds with poor
hexadecane permeability. Diflunisal (log Doct ) 0.5, log Dhxd

< -2) was successfully measured using an octanol membrane.
The HSA Kd does not depend on the nature of the membrane
used to separate the free ligand from the HSA-ligand complex,
as demonstrated with verapamil, which was measured using both
hexadecane and octanol membranes. HSA -log Kd values of
3.2 and 3.5 were obtained using hexadecane and octanol,
respectively. The difference between the two experiments is in
the membrane retention, which is higher with the octanol
membrane (log Kh ) 3.75) compared with hexadecane (log Kh

) 2.1).

The results obtained with the 11 test compounds are shown
in Table 1, together with the HSA Kd values taken from literature
sources. A very good agreement was found between the HSA
Kd values obtained with the PAMPA-HSA assay and the
reference values were taken from literature (Figure 8). Both sets
agree with a correlation coefficient greater than 0.9 and a slope
close to 1.

Most of the measurements in this study were performed with
[HSA] ) 100 µM and [ligand] ) 50 µM. Data in Table 2
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demonstrate the reproducibility of the method with different
drug/protein concentrations.

Discussion

Careful inspection of Figures 5 and 6 shows that there is a
small lag phase in the CA(t) kinetics. This cannot be explained
by membrane retention as the membrane (hexadecane) distribu-
tion coefficients of quinine and warfarin are too small (-1.3
and -2, respectively). What likely explains this deviation from
linearity is nonspecific adsorption of the compounds in the
acceptor compartment. The compounds only appear after the
nonspecific binding sites are fully saturated, but the Kh parameter
in equations 8-10 does not differentiate between membrane
retention and nonspecific binding in the acceptor compartment.
For this reason, the log Kh values are always equal or higher
than the membrane distribution coefficients log Dmem measured
independently. When membrane retention becomes significant,

as with chlorpromazine, the relative contribution of nonspecific
binding is lower and, in this case, log Kh becomes close to log
Dmem (3.4 vs 2.6 for chlorpromazine).

The method presented here has the advantage of being label-
free and does not require immobilization of the protein on a
surface, which can potentially affect the binding affinity.
Desipramine can be used to illustrate this point; a -log Kd of
4.85 has been reported using a fluorescent method,25 while a
quite different value (-log Kd ) 3.48) has been recently reported
using an ultrafiltration technique.26 Interestingly, using the
PAMPA-HSA method gives a result that is in good agreement
with the one obtained by ultrafiltration (3.10 vs 3.48).

We have shown that the assay dynamic range is about 3 log
units from millimolar (desipramine, -log Kd ) 3.5) down to
micromolar (diflunisal, -log Kd ) 6.2). This window can be
further adjusted to the desired range depending on the protein
and ligand concentrations used.

Figure 2. (A) Theoretical concentration/time profiles in the absence of HSA, obtained with log Pa ) -2.5 and Dmem ) 1, 10, 100, and 1000
(A-D). The loading concentration is 50 µM, VA ) 0.3 mL, VD ) 0.3 mL, and the membrane volume is 0.75 µL. (B) Theoretical concentration/time
profiles in the presence of HSA, obtained with log Pa ) -2.5, log Dmem ) 1, and HSA Kd ) 10-1, 10-3, 10-4, and 10-5 M (A-D). The loading
concentration is 50 µM, VA ) 0.3 mL, VD ) 0.3 mL, and the membrane volume is 0.75 µL.
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There are also some limitations in this approach that we would
like to briefly discuss. The first one is that not all compounds
can be measured with the same chemical membrane; We have
shown that general lipophilic compounds can be measured with
a hexadecane membrane, whereas more hydrophilic compounds
(like Diflunisal) only worked with an octanol membrane. Can
one select the appropriate membrane prior to the experiment?
As a rule, we would propose that compounds with calculated
octanol/water log D values lower than 1 will not work with the
hexadecane membrane; however, there are probably a few
exceptions to that rule. The other option is to run the assay
with both membranes in parallel and select the relevant one
after the experiment.

Another aspect that deserves some comments lies with the
fact that the compounds in the training set are “old” drugs and,
therefore, how well will the method work with “real life”
discovery compounds? Drug candidates are generally more
difficult to handle than generic drugs in many assays, essentially
because they are often more lipophilic, bigger, and less-soluble.
To answer the question whether the method would be able to
cope with these more difficult compounds, experiments were
done at a lower ligand concentration with propranolol (Table

2). Essentially, the log Kd values obtained at 10 µM was identical
to the one obtained at 50 µM. Extremely insoluble compounds
might require to go further down in ligand concentration, and
the lower limit of quantification of the analytical method can
then become rate limiting. However, the same limitation applies
to all known methods, as LC-MS/MS is the readout of choice
in most if not all high-quality protein-binding assays. High
lipophilicity is another characteristics of new “real life”
compounds and leads to membrane retention and nonspecific
binding. We have shown that this is usually not an issue with
the method presented here, as these phenomena are taken into
account in the Kh parameter.

A common issue encountered with protein-binding assays is
the resolution, which can be reliably obtained for highly protein-
bound compounds. To get a feel for the performance of our
method, we repeated experiments over a six-week time period
with a number of highly protein-bound compounds (Table 3).

In general, the resolution of the method depends on the
targeted Kd value and the concentration of HSA and ligand used.
In this study, most measurements were done at 100 µM HSA
with the intend to cover a Kd from the millimolar to the
micromolar range. We suggest to use these conditions as a first

Figure 3. Impact of slow dissociation (low koff) on the concentration in acceptor time profile. Eqns 8-10 were used to simulate the impact of low
on and off rates on Ca(t). Conditions were Kd ) 5 µM, [drug] ) 50 µM, HSA ) 100 µM. Curves were calculated for koff ) 0.00001, 0.0001, 0.001,
and 0.01 s-1 (curves B, C, D, and E, respectively). The reaction is initiated by the addition of the drug to the PAMPA sandwich containing HSA
in the donor compartment at time 0. Curve A represents Ca(t) in the absence of protein in the donor compartment.

Table 1. Result Summary of PAMPA-HSA Results Obtained with the 11 Test Compoundsa

compound A/B ClogP membrane log Pa log Kh PAMPA-HSA -log Kd -log Kd (lit. value) avg ref value usedi

chlorpromazine7,25,29–31 B 5.3 Hxd -2.51 3.4 4.26 (91.5) 4.62c, 3.89b, 4.25b 4.26
desipramine26 B 4.5 Hxd -3.01 1.3 3.07 (41.3) 3.48d 3.48
diazepam8,18–20,32–37 B 3.0 Hxd -2.87 1.6 4.61 (96.0) 5.0b, 4.89b, 3.94g 4.60
diclofenac27,38 A 4.7 Hxd -4.71 <1 5.61 (99.6) 5.74b, 5.70b 5.72
diflunisal27,28 A 4.4 Hxd -6.10 <1 undefined 5.70b, 6.70b 6.20
diflunisal27,28 A 4.4 Oct -2.82 1.4 5.91 (99.8) 5.70b, 6.70b 6.20
oxazepam39 B 2.3 Hxd -4.09 <1 4.16 (89.6) 4.55c 4.55
propranolol40 B 2.7 Hxd -4.00 1.8 3.36 (57.8) 3.58b 3.58
quinine24 B 2.8 Hxd -4.07 <1 3.51 (65.8) 3.88d 3.88
tolbutamide41–45 A 2.5 Hxd -4.96 <1 5.22 (99.0) 4.61b, 4.68h, 4.90f 4.73
verapamil46 B 4.5 Hxd -2.85 2.09 3.19 (48.3) 3.43e 3.43
verapamil46 B 4.5 Oct -2.73 3.75 3.53 (66.9) 3.43e 3.43
warfarin17–23 A 2.9 Hxd -4.40 <1 5.33 (99.2) 5.23b, 5.20d, 5.48f 5.30
warfarin17–23 A 2.9 Oct -3.86 <1 5.37 (99.3) 5.23b, 5.20d, 5.48f 5.30

a A, acids; B, bases. All measurements have been performed at pH 7.4. The numbers in brackets represent the fraction bound in % derived from the Kd

values assuming a [HSA] ) 600 µM and [drug] ) 5 µM. ClogP values were obtained with the BioByte software v. 4.71. b Equilibrium dialysis. c Spectroscopic
technique. d Ultrafiltration. e Capillary electrophoresis. f HPLC chromatography. g Gel filtration. h Calorimetry. i Average value used to compare with
PAMPA-HSA values (Figure 7).
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line generic screen. For refined measurements, one can repeat
the experiment with lower HSA concentration for very strong
binders (permeability in the presence of protein drops below
the lowest limit of quantification) or with a higher HSA
concentration for weak binders (permeability ( protein becomes
too small).

In comparison with membrane dialysis, the analytical burden
is more or less identical, as both methods used LC-MS/MS as
a readout. The advantages of the PAMPA-HSA approach are
elsewhere; this approach is faster (i) with no need to reach
equilibrium to estimate the binding constant (and lower risk of
compound or protein degradation), and (ii) the loss of material
to the plate walls or the membrane interface does not affect the
quality of the result. As with alternative approaches, membrane
retention and nonspecific binding to the walls of the device does
occur, but it is taken care in the analysis of the kinetic data as
the Kh parameter accounts for compound retention. In principle,
the kinetic approach described here can also be used with an
equilibrium dialysis technique and would be a powerful alterna-
tive to mass balance calculations. However, there are a few
advantages provided by the liquid membranes. Liquid mem-
branes allow equilibrium to be reached faster because the
effective surface of exchange provided by a liquid membrane
is larger. As these membranes are not permeable to water, there
is no volume change due the osmotic pressure (and, therefore,
no correction needed). Finally, there is no need to pretreat
membranes prior to use, which makes it easier for automation.
The PAMPA-HSA approach can also be viewed as a direct
way to study the impact of protein binding on drug absorption
or diffusion through cell membranes. In this respect, the
hexadecane membrane gives the ability to establish and maintain
a pH gradient between the donor and the acceptor compartment,
which would not be possible with the traditional membrane
dialysis technique.

Perhaps a more general application of this work lies in the
use of permeability kinetics as opposed to end point measure-
ments as a method to correct permeability values for adsorption,
such as nonspecific binding and membrane trapping. For
example, in cell-based permeability assays (Caco-2, MDCK),
poor compound recovery has been identified as a factor that
should be taken into account when judging the validity of the
result. We have shown that permeability corrected from
nonspecific binding can be estimated from the permeability time
course. This could be a powerful alternative to the traditional
recovery calculations (mass balance) performed in cell-based
permeability and PAMPA assays.

The assay principle described in this study could also be
considered as a general label free technology to study protein–

Figure 4. Chemical structures of the compounds of the test set.

Figure 5. Concentration in acceptor (CA) vs time profile of quinine in presence (+) and absence of HSA (-) in the donor compartment. Open
circles represent the measured concentrations in acceptor compartment and the solid line is the best fit obtained using eqns 8-10.
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ligand interactions. In particular, water-soluble proteins are
expected to behave similarly to HSA and a chemical liquid
membrane, such as those described in this study, will most
probably separate most free ligands from the protein–ligand
complexes efficiently.

Experimental Section

Reagents. All drugs were purchased from Sigma (Div. of Fluka
Chemie AG, Buchs, Switzerland) and were dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 10 mM each and used
without further purification. DMSO and hexane were obtained from
Merck KGaA (Darmstadt, Germany) with a purity grade >99.8%
and >99%, respectively. Hexadecane (>98%) and 1-octanol
(99.5%) were purchased from Fluka and Riedel-de Haen, respec-
tively (both from Sigma-Aldrich Chemie GmbH, Buchs, Switzer-
land). Human serum albumin (HSA), 99% fatty acid free, essentially
globulin-free, was from Sigma. Phosphate buffer, pH 7.4 (0.014
M KH2PO4 and 0.054 M Na2HPO4), was from Fluka.

Analytics. The LC-MS/MS analyses were performed with a
system equipped with two Rheos pumps 2000 (Flux Instruments,
Basel, Switzerland) and a TSQ Quantum Discovery Max detector
equipped with an electrospray ionization (ESI) source (Ther-
moFinnigan, San Jose, CA, U.S.A.). Nitrogen is used as a nebulizer
gas at 40 psi, while the auxiliary gas is set at 10 psi. The capillary
voltage is set at 4 kV, and its temperature is set at 350 °C. The
collision pressure is 1 mTorr. The 96-well plates containing the
samples are stored at 20 °C. Prior to injecting the sample, a solution
of ACN/water 1/1 with internal standards (1.0 µM alprenolol for
positive mode and 1 µM warfarin for negative mode) is added to
the sample. The mobile phase is composed of a mixture of
acetonitrile and water (containing 0.1% (v/v) of formic acid).
Samples are injected (20 µL in a loop of 10 µL) and chromato-
graphed on a Zorbax SB-C18, 30 × 2.1 mm, 1.8µm, column
(Millian SA, Meyrin/Geneva, Switzerland) at a flow rate of 0.25
mL/min using to the following gradient: 0-1 min constant mobile
phase composition of 5% acetonitrile; 1-3 min linear gradient from
5 to 100% acetonitrile; 3-4.8 min remained constant; 4.8-4.81

Figure 6. Concentration in acceptor (CA) vs time profile of warfarin in presence (+) and absence (-) of HSA in the donor compartment. Open
circles represent the measured concentrations in acceptor compartment and the solid line is the best fit obtained using eqns 8-10.

Figure 7. Concentration in acceptor (CA) vs time profile of chlorpromazine in presence (+) and absence of HSA (-) in the donor compartment.
Open circles represent the measured concentrations in acceptor compartment and the solid line is the best fit obtained using eqns 8-10.

New Approach To Measure Protein Binding Journal of Medicinal Chemistry, 2008, Vol. 51, No. 7 2015



linear gradient back to 5% acetonitrile; and 4.81-6 min was
constant. The use of two chromatographic pumps allowed the MS
analysis of one column elute while the other column is recondi-
tioned, reducing therefore the total run time per sample to 4.8 min.

Permeability Measurements. Permeation experiments are car-
ried out in a teflon 96-well plate, which acts as the donor
compartment. All wells are filled with 300 µL of 50 µM drug
solution in buffer pH ) 7.4, containing 0.75% DMSO, and a little
magnet is placed in each one. Half of the plate contains 100 µM
HSA and the other half is protein-free. Microtiter filter plates
obtained from Millipore AG (Zug, Switzerland) are used as acceptor
plates. Each well of the filter plate is impregnated with 5 µL of a
15% (v/v) hexadecane solution (or 5 µL of a 30% (v/v) octanol
solution) dissolved in hexane and incubated for 15 min until
complete evaporation of hexane. After that, the acceptor compart-
ment is hydrated with 300 µL of phosphate buffer, pH ) 7.4. The
resulting sandwich construct (acceptor plate above donor plate) is
incubated at room temperature under constant stirring. At different
time points (0.1, 0.2, 0.5, 1 and 2 h), 75 µL from acceptor plate
wells is transferred to a disposable polystyrene plate and loaded to
the LC-MS autosampler. Each sample is quantified by comparing
the peak surface area of the analyte with a 25 µM (theoretical
equilibrium concentration) reference solution prepared independently.

To ensure that the donor/acceptor fluxes are not due to porous
or unstable hexadecane layers, the stability of the membranes is
tested by electrical resistance measurements at the end of the 2 h
incubation. These measurements are performed using a Keithley
6517A electrometer (Keithley Instruments S.A., Dübendorf, Swit-
zerland) with Ag/AgCl electrodes from World Precision Instruments
(Berlin, Germany). Trans-wells with electrical resistance lower than
25 kOhm are discarded.

Measurement of HSA Permeability. HSA is quantified using
an LC-UV method. Analyses were performed with an Agilent 1200
series LC-UV HPLC with a binary pump and a diode array detector
(Agilent Technologies, Waldbronn, Germany). The chromatography
was performed on a Vydac 214TP C4 column, 50 × 2.1 mm, 5
µm (Bucher Biotec AG, Basel, Switzerland), maintained at 40 °C.
The mobile phase solution is composed of acetonitrile and water
delivered at 1.75 mL/min. Trifluoroacetic acid (TFA, 0.1%) is added
in the mobile phase as an ion pair agent. The initial condition is
37% acetonitrile during 0.59 min; 0.59-0.6 min linear gradient
from 37 to 40% acetonitrile; 0.6-1.0 min remained constant;
1.0-1.1 min linear gradient back to 37%; and is then constant until
2 min. The analytical wavelength was set at 210 nm.
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