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Introduction

Previous approaches in drug design have typically focused on
interactions of ligand molecules with proteins, such that the
lipid environment has been considered to play a more passive
role. However, it is now apparent that drug substrates may in-
teract with membrane constituents, particularly through charg-
ed head groups.[1] It is recognised that such interactions can in-
fluence drug partitioning, orientation, and conformation within
the membrane. Although there are intrinsic effects on drug
substrates, complementary effects on membrane fluidity, cur-
vature or phase separation may also potentially occur. Ulti-
mately, these alterations can induce changes in the perfor-
mance of cells, with the ability to affect the function of trans-
membrane receptor proteins and proteins responsible for
signal transduction.[1]

Drug–membrane interactions also assume considerable im-
portance in pharmacokinetics, including the prediction of phar-
macokinetic parameters in vivo from kinetic data generated
using in vitro models. For example, the absorption of an orally
administered drug requires the compound to permeate mem-
branes of the gastrointestinal tract. Hence, permeability is es-
sential for drug absorption and bioavailability.[2] In vitro sys-
tems, typically hepatic microsomes and hepatocytes, are em-
ployed to calculate kinetic constants that may be extrapolated
to the in vivo situation to predict drug clearance.[3] The non-
specific binding of drugs to incubation constituents, predomi-
nantly membrane phospholipids, decreases the concentration
of free drug present in the experimental system and this in

turn leads to underestimation of pharmacokinetic parame-
ters.[4] Thus, understanding and ultimately predicting the
extent of drug–membrane interactions assumes particular im-
portance for experimental systems used to access the pharma-
cokinetic properties of newly discovered drugs.
Artificial membranes can be used as model systems for bio-

logical membranes and are finding increased application for
the investigation of membrane-related processes. The ability of
phospholipid molecules to readily form bilayers stems from
their amphipathic molecular structure given they consist of
both hydrophilic and hydrophobic regions. Results obtained
from these models generally agree well with those obtained
in vivo.[5] To further understand drug–membrane interactions,
the research presented herein was aimed primarily at system-
atic investigations of the binding of three cationic amphiphilic
drugs (CADs): chlorpromazine hydrochloride (CPZ), amitripty-
line hydrochloride (AMI), and propranolol hydrochloride (PROP)
(Figure 1) to bilayers synthesised from three different phospho-
lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-di-
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The interactions of three cationic amphiphilic drugs (CPZ, AMI,
PROP) with phospholipid vesicles comprising DOPC, DMPC, or
DSPC were investigated using surface plasmon resonance (SPR).
Responses for CAD concentrations in the range 15.625 to
1500 mm were measured. The greatest uptake by each phospho-
lipid bilayer occurred with CPZ. Inclusion of CAD concentrations
between 750 and 1500 mm provided evidence for a second non-
saturable binding process, which may arise from intercalation of
the drugs within the lipid bilayer. CAD binding was additionally
shown to be dependent on membrane fluidity. Responses were in-
itially fitted over a concentration range of 15.625 to 500 mm

using a model which incorporated terms for a saturable binding

site. This yielded very poor values of KD and nonsensible values of
saturation responses. Subsequently, responses were fit to the ex-
pression for a model which incorporated terms for both a satura-
ble binding site and second nonsaturable site. Measurable bind-
ing affinities (KD values ranged from 170 to 814 mm) were ob-
tained for DOPC and DMPC bilayers which are similar to values
reported previously. This work demonstrates that SPR studies
with synthetic phospholipid bilayers provide a potentially useful
approach for characterising drug–membrane binding interactions
and for providing insight into the processes that contribute to
drug–membrane binding.
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myristoyl-sn-glycero-3-phosphocholine (DMPC), and 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC) using surface plas-
mon resonance (SPR). It has been demonstrated that SPR is a
useful tool for the direct analysis of the binding of drugs to
phospholipid vesicles immobilised on a commercially available
L1 sensor chip.[6–8] Using SPR, we have extended previous stud-
ies of the effects of membrane fluidity[6] and demonstrated the
ability of CADs to accumulate in various phospholipid bilayers.

Materials and Methods

Chemicals

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleo-
yl-sn-glycero-3-phosphocholine (DOPC), amitriptyline hydro-
chloride �98% (AMI), chlorpromazine hydrochloride �98%
(CPZ), propranolol hydrochloride 99% (PROP), DMSO ACS spec-
trophotometric grade �99.9%, octyl-b-d-glucopyranoside
�98%, and HEPES �99% were purchased from Sigma–Aldrich
(Sydney, Australia). 1,2-Dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) was purchased from Avanti Polar Lipids (Birming-
ham, AL, USA). All other chemicals were of the highest com-
mercial quality available and were used without further purifi-
cation. All aqueous solutions were prepared with Milli-Q grade
reagent water with resistance �18.2 MW. Aqueous solutions
were also filtered through a membrane filter (0.2 mm); solu-
tions comprising DMSO required a nylon membrane.

Vesicle preparation

Multilamellar vesicles (MLVs) were prepared by first dissolving
aliquots of lipid in chloroform/methanol (3:1 v/v), followed by
evaporation of the solvent under nitrogen. Lipid samples were
further dried under vacuum for 3 h prior to being suspended
in 10 mm HEPES buffer (pH 5.5) containing 150 mm NaCl. The
final concentration of lipids was 1 mm. Samples were left to
hydrate overnight, followed by sonication for 1 h. During soni-
cation, periodic vortex mixing was carried out prior to their ex-
trusion (Avanti Mini-Extruder, Avanti Polar Lipids, Birmingham,
AL, USA) 30 times through a polycarbonate membrane filter of
defined pore diameter, typically 100 nm. Extrusion was per-
formed at temperatures higher than the transition temperature
(TM) of the component phospholipids, as gel-state lipids are dif-
ficult to extrude at lower temperatures.[9] Resultant small unila-

mellar vesicles (SUVs) yielded a homogenous size distribution
and were used for all further experiments.

Surface plasmon resonance

SPR studies were performed at 25 8C using a Biacore 2000 (Bia-
core AB, Uppsala, Sweden) biosensor equipped with an L1
sensor chip (Biacore AB, Uppsala, Sweden). Figure 2 depicts a
typical binding cycle of SUVs on an L1 sensor chip. Prior to

each experiment, sensor chips were preconditioned with
100 mL of nonionic detergent (40 mm octyl-b-d-glucopyrano-
side). Phospholipid vesicles were subsequently attached to lip-
ophilic groups of the L1 sensor chip at a flow rate of
2 mLmin�1 in a running buffer of 10 mm HEPES, 150 mm NaCl,
1% DMSO, pH 5.5. Resulting phospholipid bilayers were
washed with 20 mm NaOH prior to drug binding experiments.
Drug was injected at a flow rate of 100 mLmin�1, and injections
were performed in triplicate. Regeneration of the L1 sensor
chip was accomplished by performing a second injection of
nonionic detergent. To avoid carryover between experiments,
a new lipid membrane surface was regenerated for each drug
binding cycle. All data were double-referenced to account for
bulk refractive index changes and systematic effects through-
out the course of an experiment.

Drug binding analysis

Drug binding to membrane surfaces was investigated for the
three CADs; CPZ, AMI, and PROP (Figure 1). Drug concentra-
tions ranged from 15.625 to 1500 mm. The drugs were initially
dissolved in 100% DMSO prior to dilution to final assay con-
centrations. Final DMSO concentrations were identical to those
of the running buffer. All results were normalised with respect
to the amount of immobilised phospholipid[7] and further di-
vided by their corresponding molecular weights. Normalised
responses were further scaled with respect to the highest re-
sponse observed, that for CPZ on a DOPC bilayer surface (see
Results section below). For drug concentrations between
15.625 and 500 mm, binding affinities (KD) were calculated by

Figure 1. Structures of CADs: a) CPZ, b) AMI, and c) PROP.

Figure 2. Sensorgram illustrating preconditioning, vesicle capture, NaOH
wash, drug binding, and regeneration. DOPC vesicles and chlorpromazine
(500 mm) were used for the sensorgram shown, which is representative of
vesicle capture and drug binding, respectively. RU= response units for SPR.
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fitting a single-site binding isotherm to a plot of equilibrium
drug binding response (Req) versus concentration (C), according
to the expression:

Req ¼ Rmax=ððKD=CÞ þ 1Þ ð1Þ

for which Rmax is equivalent to the maximum surface-binding
capacity.

Results

Vesicle capture and drug binding

Vesicle capture was reproducible for all three phospholipids in-
vestigated. The average surface responses subsequent to injec-
tion of DOPC, DMPC, and DSPC were 9720, 7750, and 9400 RU,
respectively. DOPC and DMPC exhibited excellent reproducibili-
ty with a standard deviation (SD) of 0.6%. For surfaces pre-
pared with DSPC, the variability in response was approximately
double (SD: 1.3%). Apart from CPZ, increasing the DMSO con-
centration from 0.1 to 3% did not significantly affect drug
binding responses, as a standard deviation of 5% or less was
observed between sensorgram responses at each drug concen-
tration. However, CPZ concentrations greater than 500 mm re-
sulted in spikes throughout the injection at a DMSO concentra-
tion of 0.1%. For this reason, all analysis were conducted in
running buffer containing 1% DMSO.

Drug binding to DOPC, DMPC, and DSPC membrane
surfaces

Binding responses of CPZ, AMI, and PROP were measured for
three different phospholipids. Representative binding respons-
es (CPZ–DOPC, AMI–DMPC, and PROP–DSPC) are shown in
Figure 3. Drug binding responses to bilayer surfaces demon-
strated a rapid association followed by a gradual increase to
equilibrium. Subsequent to injection, stable drug–membrane
complexes were observed. Drugs did not dissociate completely
from the membrane as evidenced by the observation that re-
sponse levels do not return to pre-injection levels after drug
exposure was terminated.
Drug binding was measured as the maximum SPR response

versus drug concentration. Although experiments were per-
formed at concentrations between 15.625 and 1500 mm, initial
analysis used data for drug concentrations up to 500 mm. Con-
sistent with approaches adopted in a previous SPR study,[7]

these relationships were analysed using a single-site equilibri-
um-binding isotherm [Eq. (1)] . Concentration-dependent re-
sponses for all three drugs are shown for each phospholipid
membrane in Figure 4. Greatest uptake by each phospholipid
bilayer surface occurred with CPZ. Responses for the DOPC
and DMPC phospholipid bilayers provided measurable binding
affinities (Table 1), whereas interactions with DSPC demonstrat-
ed very weak responses which could not be modelled by
Equation (1). CPZ exhibited the highest binding affinity. AMI
displayed greater uptake than PROP for all phospholipid bilay-
ers examined herein, but binding affinities of PROP were great-

er than those of AMI. In comparison with concentration-depen-
dent responses, it is apparent that binding does not approach
saturation and, as a result, there is a degree of uncertainty as-
sociated with these calculated binding affinities. The reason for
the lack of saturation was investigated further.

Figure 3. Concentration-dependent SPR responses of a) CPZ to DOPC,
b) AMI to DMPC, and c) PROP to DSPC phospholipid bilayer surfaces. Experi-
ments were performed in triplicate over freshly prepared surfaces.
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Further analysis of binding affinities

Results presented thus far examined experimental data for
drug concentrations up to 500 mm, similar to previously pub-
lished SPR data for drug–membrane interactions.[6, 7] As prelimi-

nary experiments in the lower concentration range did not
demonstrate a plateau in response versus concentration plots,
a wider concentration range was investigated. Response rela-
tionships observed over the concentration range 15.625 to
1500 mm for the interaction of CPZ, AMI, and PROP with DOPC,
DMPC, and DSPC phospholipid bilayers are depicted in
Figure 5. Two processes are evident for each data set.
Based on data for concentrations between 15.625 and

500 mm, fitted single-site equilibrium-binding isotherms were
extrapolated to 1500 mm. When the experimentally determined
single-site equilibrium-binding isotherm between 750 and
1500 mm was overlaid as shown in Figure 5, it was evident a
second process was taking place. Scatchard analysis also re-
vealed two sites for the binding of each compound to DOPC
and DMPC. The lower binding to DSPC bilayers precluded
meaningful analysis using this approach. Representative
Scatchard plots for the binding of CPZ to DOPC and DMPC are
shown in Figure 6.

Effects of phospholipid alkyl chain on drug binding

Each phospholipid studied herein contains a phosphatidylcho-
line head group, but a different alkyl chain. This permits the in-
vestigation of the effects of alkyl chain length and structure on
drug binding. Figure 7 shows the structure of each phospho-
lipid. In contrast to DMPC, which has a 14-carbon alkyl chain,
DOPC and DSPC have 18-carbon chains. Although it shares the
same chain length as DSPC, DOPC possesses a double bond
on each alkyl chain. These differences are reflected in each
phospholipid’s transition temperature (TM), such that DOPC,
DMPC, and DSPC exhibit TM values of �20, 23, and 55 8C, re-
spectively. As the surface temperature was set at a constant
25 8C, drug binding is also a function of membrane fluidity; in
particular, interactions were measured between membranes
that potentially exhibit liquid crystalline, gel-liquid crystalline,
and gel phases.
Interactions of CPZ, AMI, and PROP with DOPC, DMPC, and

DSPC phospholipid bilayers demonstrated a consistent trend
with regard to drug binding. CAD binding data shown in
Figure 4 are re-plotted in Figure 8 to clearly show differences
for each phospholipid bilayer. Drug binding responses be-
tween 15.625 and 500 mm indicate that DOPC bilayers have the
greatest uptake, followed by DMPC and then DSPC. This de-
crease in binding response for all three drugs is consistent
with changes in membrane fluidity associated with the TM

Figure 4. Concentration versus response plots for CPZ (&), AMI (!), and
PROP (*) binding to a) DOPC, b) DMPC, and c) DSPC membrane surfaces for
CAD concentrations between 15.625 and 500 mm. Points are experimentally
determined values, whereas curves are from model fitting with Equation (1).

Table 1. Calculated binding affinities.

CAD KD [mm]
[a]

Equation (1) Equation (2)
DOPC DMPC DOPC DMPC

CPZ 413�14 636�34 170�33 510�484
AMI 625�39 1127�111 479�52 814�147
PROP 551�88 672�101 234�94 220�94

[a] Values reflect the mean �SE from triplicate measurements.

ChemMedChem 2007, 2, 366 – 373 ; 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 369

CAD Binding to Phospholipid Bilayers

www.chemmedchem.org


value for each phospholipid, such that each drug exhibited a
decrease in bilayer uptake. As previously stated, DOPC contains
a double bond per alkyl chain in contrast to the fully saturated
alkyl tails of DMPC and DSPC. This leads to an increase in
membrane fluidity and hence drug partitioning.[6] This is evi-
dent from the stronger SPR response measured for DOPC with
CADs.

Discussion

The results presented herein are based on SPR analysis of the
interaction of CPZ, AMI, and PROP to a series of phospholipid
bilayers. Of these CADs, CPZ exhibited the greatest uptake
with respect to phospholipid interactions, whereas the largest
interactions were observed for bilayers comprising DOPC. Pre-
vious studies have also demonstrated CPZ to have a greater in-
teraction and thus uptake relative to AMI and PROP,[6,7,10–12]

presumably as CPZ is more hydrophobic.[12] Importantly, how-
ever, the boundaries of previous work have been extended, as
two discrete binding processes were identified. SPR responses
were measured as a function of CAD concentration up to
1500 mm. The first process, which was observed for concentra-
tions between 15.625 and 500 mm, exhibits saturable binding.
This process, also reported by others, presumably arises from
electrostatic and hydrophobic interactions whereby the nega-
tively charged phosphate head group interacts with the posi-
tively charged amine group of the drug, whereas the lipophilic
groups align with the hydrophobic carbon chains of the bilay-
er.[13–15] Recent studies have also yielded results consistent with
the electrostatic interactions being of paramount impor-
tance.[16,17] The second process may be considered a high-ca-
pacity, low-affinity process. It has only been referred to previ-
ously in relation to SPR sensorgrams for which a heterogene-
ous interaction was established.[6,7] Previous studies using 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) phospholipid
vesicles and lamellar bodies have also reported two binding af-
finities for CPZ over the concentration range employed in the
current study.[10,18]

As noted previously, binding data to 500 mm were modelled
with Equation (1). KD values generated ranged from 413 to
1127 mm. The KD values were approximately 5-fold higher than
those reported by Abdiche and Myszka.[7] The reasons for
these differences are not clear, but may arise from the lipo-
some preparation, as the hydrating buffer used in the previous
study contained 3% DMSO. Data from 15.625 to 1500 mm were
additionally fitted to the expression for a model that incorpo-
rates terms for a saturable binding site and second nonsatura-
ble site:

Req ¼ Rmax=ððKD=CÞ þ 1Þ þ Ns 	 C ð2Þ

Trends in KD values are similar to those generated with Equa-
tion (1) using data up to 500 mm. However, the actual values
(Table 1) are closer to those observed previously,[7] and the
equilibrium response values, Rmax, are more realistic than those
generated with Equation (1) over the entire concentration
range (data not shown). Overall, this provides further support
for a second binding process.
Based on electron cryomicroscopy studies with PROP it has

been proposed that the drug disrupts the bilayer by perturba-
tion of the local organisation of phospholipids.[19] This results
in the formation of thread-like micelles, and finally formation
of spherical micelles after approximately two hours.[19] It is
postulated herein that the second process represents intercala-
tion of each drug to form a drug–phospholipid complex,[11,20]

Figure 5. Concentration versus response plots for a) CPZ, b) AMI, and
c) PROP binding to DOPC (&), DMPC (! ), and DSPC (*) membrane surfaces
for CAD concentrations between 15.625 and 1500 mm. Points are experimen-
tally determined values, whereas the continuous curves from 0–1500 mm are
from model fitting with Equation (1).
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as drugs did not dissociate completely from the membrane as
evidenced by the residual response in SPR following exposure
to the drug. Earlier studies have also attributed further intracel-
lular accumulation of drugs with these drug–phospholipid
complexes.[11] It has been proposed that the formation of
drug–phospholipid complexes mimics phospholipidosis,[7, 18,20]

a type of lipid storage disorder.[21] Essentially this phenomenon
is related to the binding of CADs, whereby their hydrophilic
and hydrophobic moieties inherently interact with the phos-
phate and alkyl chains of phospholipids to form a bulky lipo-
philic structure.[21]

A comparison between the alkyl chain lengths and molecu-
lar structure for three phospholipid molecules (DOPC, DSPC,
and DSPC) on drug binding responses was investigated. It was
demonstrated that each drug exhibited a much larger interac-
tion to bilayers comprising DOPC. DOPC phospholipid mole-
cules possess a TM value of �20 8C and therefore exhibit great-
er membrane fluidity than bilayer surfaces comprised of either
DMPC (TM=23 8C) or DSPC (TM=55 8C). As experiments were
performed at 25 8C, the trend observed suggests binding is a
function of membrane fluidity. Each CAD exhibited greater
binding to DOPC phospholipid vesicles that were in their
liquid crystalline state, followed by DMPC surfaces that dis-
played a gel-liquid crystalline phase[22] and, lastly, DSPC vesicles
that were in their gel phase. Membranes that exhibit greater

fluidity provide a more flexible
structure for drug binding, and
hence the ability of each drug
molecule to partition into the bi-
layer is a more readily achievable
process.
With respect to Figure 5, the

uptake of CPZ to DMPC phos-
pholipid bilayers increased mark-
edly at concentrations greater
than 750 mm. In particular, the in-
crease in responses was greater
than those observed for experi-
ments with DOPC within the

same concentration range. We believe this phenomenon is re-
lated to a lowering in phase transition of the phospholipid, an
effect that has been associated with the partitioning of drugs
into phospholipid hydrocarbon chains.[1,12, 23,24] Although it has
been demonstrated that PROP directly affects the TM value of
phospholipids,[12,13] the interaction is less pronounced than
that of CPZ.[12] The greater effect of CPZ is attributable to its
lower water solubility, which in turn promotes greater parti-
tioning into the hydrophobic portion of the bilayer mem-
brane.[12] In a previous study using DPPC (TM=41 8C),[12] a de-
crease in TM of 5 8C was observed at CPZ concentrations
around 200 mm. Although the current study employed DMPC,
a similar effect on TM may have occurred.[23] DMPC, which has a
TM value of 23 8C, presumably has its upper leaflet in a fluid
phase and its underside in a gel state at 25 8C.[22] A lowering in
the TM value of DMPC would have potentially promoted the
formation of a more fluid-phase bilayer. As drug injections
were performed at 100 mLmin�1 for 2 min, it is difficult to com-
ment on the magnitude of this effect during this time period.
However, as there was a significant increase in response for
concentrations between 750 and 1500 mm, this may be indica-
tive of an increase in membrane fluidity. In addition, the stan-
dard error associated with the KD value of CPZ to DMPC phos-
pholipid bilayers using Equation (2) was close to 100%, which
is much larger than the errors observed for the other systems
modelled. It is postulated that the change in membrane fluidi-
ty of DMPC phospholipid bilayers contributed to the high stan-
dard error, as Equation (2) was unable to account for the phase
change in the system. Thus, an increase in membrane fluidity
of DMPC vesicles through the electrostatic and hydrophobic
interactions of CPZ may have promoted a more flexible pro-
cess for drug binding and, as a result, contributed to the ob-
served increase in SPR response, consistent with our results
showing greater binding in more fluid membranes. In contrast,
effects of CPZ on the TM value of DOPC surfaces are not ex-
pected to change the fluidity, as DOPC has a TM value of
�20 8C, and it is therefore evident that these bilayers were in a
complete liquid phase at 25 8C.
Previous studies[25,26] have suggested that there is uncertain-

ty whether the membrane surface comprises intact vesicles or
a planar bilayer. Using atomic force microscopy, the surface of
the L1 chip after the loading of lipid vesicles was shown here
to have intact vesicles (data not shown). Regardless of the sur-

Figure 6. Scatchard plots for CPZ binding to a) DOPC and b) DMPC phospholipid bilayers.

Figure 7. Molecular structures of a) DOPC, b) DMPC, and c) DSPC.
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face structure, however, the interaction of each drug occurs at
a single bilayer and hence provides an excellent model for in-
vestigating drug–membrane interactions.

SPR has proven to be an effective tool for the analysis of
drug–phospholipid bilayer interactions. Extending previous re-
search, it has been shown that SPR is capable of predicting the
binding of CADs, and that binding involves two discrete pro-
cesses. An effect of membrane fluidity on drug binding was
also demonstrated such that phospholipid bilayers that exhibit
a complete liquid-phase bilayer permit greater drug partition-
ing, and hence greater drug uptake. The effect of CPZ on the
TM of component phospholipids was also observed, indicative
of the complementary effects associated with membrane parti-
tioning of drugs. These experiments show that the methods
used in the current study are potentially useful for the evalua-
tion of drug–membrane binding interactions of new drug can-
didates and for providing insight into the processes that con-
tribute to drug–membrane binding.
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