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Reduced fluidity of dipalmitoyl phosphatidic acid membranes
by salicylic acid
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Abstract

This paper presents DSC and NMR study of how the kerotolytic drug, salicylic acid (SA), affects the thermotropic and morphological
behavior of a model membrane, dipalmitoyl phosphatidic acid (DPPA). The membrane–drug system has been studied in the multilamellar
vesicular (MLV) and in the unilamellar vesicular (ULV) forms, for SA/DPPA molar ratios from 0 to 0.5. The mode of interaction of SA
molecules with DPPA is similar in MLV and ULV. Chain-melting transition becomes sharper and shifts to higher temperatures in the presence
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f the drug, implying an enhanced co-operativity of the acyl chains. NMR and DSC data indicate that the drug molecules are loc
queous interfacial region neighboring the lipid headgroups. The membrane becomes more rigid in the presence of the drug mo

o a stronger interaction between the lipid headgroups leading to reduced permeability. ULVs are destroyed by even a short equ
oom temperature, whereas prolonged equilibration of the MLV only leads to a slightly reduced interaction between the lipid headg
o sequestering of the drug molecules in the interfacial aqueous region.
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. Introduction

Biological membranes are composed of a lipid bilayer
atrix in which proteins, steroids, cholesterol, sugars etc.
re embedded[1–3]. Model membranes (lipid(s)–water
ystems) can be made to mimic biomembranes in various
ays [4–9]. The properties of such model membranes,
repared with charged lipids, can be controlled by changing

he external pH and/or the ionic strength of the dispersion at
onstant temperature[10–12]. Changes in the conformation
f the hydrophobic chain, brought about by drug molecules
nder various conditions, can be determined.

One model membrane used to investigate the mode of
ction of drug molecules is dipalmitoyl phosphatidic acid
DPPA)–water[13–20]. Since DPPA (Fig. 1a) bears two
onizable groups withpka values 3.9 and 8.6[21–23], the
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negative surface charge of this membrane can be v
and the chain-melting transition temperature,Tm, is pH-
dependent[24–28]. Melting of the lipid acyl chains is relat
to the permeability of the membrane, a physiologic
important parameter.

The drug used in the present studies is salicylic acid
(Fig. 1b), a kerotolytic drug used as an antiseptic and ant
ritic in the treatment of wounds and parasitic skin disea
DSC and (1H and31P) NMR study of how the presence
the drug, SA, affects the conformational phase behavi
DPPA dispersions is presented here.

2. Materials and methods

2.1. Sample preparation

Membranes were prepared from the monosodium sa
L� DPPA, purchased from Avantipolar Lipids, USA. T
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Fig. 1. Schematic structure of: (a) the phospholipid, dipalmitoyl phospha-
tidic acid (DPPA); and (b) the keratolytic drug, salicylic acid (SA).

drug, SA (<99% purity) was purchased from Aldrich chem-
ical company. To prepare these membranes, a buffer of pH
9.3 was prepared with 0.05 M borax (Na2B4O7·10H2O) and
0.2 M boric acid solution. The stock solution of SA was pre-
pared in methanol, which was added to a weighed quantity
of DPPA powder, so as to obtain the required molar ratio of
SA to DPPA. Chloroform was then added to the mixture and
mixed with a vortex mixer.

To make multilamellar vesicles (MLV) (with molar ratio,
Rm in the range 0–0.5), the drug–DPPA–chloroform mixture
was dried with a stream of nitrogen at room temperature, left
in vacuum for at least 24 h to ensure the removal of all solvent,
then hydrated with buffer. Thorough dispersion of DPPA
in the buffer was achieved by heating in a water bath kept
10◦C above the chain-melting transition and then vortexing
at room temperature. This procedure was repeated at least 10
times.

To obtain unilamellar vesicles (ULV) (with molar ratio in
the range 0–0.3), films with the drug–lipid–chloroform mix-
ture were formed on the inner surface of the test tube with
a stream of nitrogen, left in vacuum for at least 24 h, hy-
drated with buffer, heated in a water bath 10◦C above the
chain-melting transition temperature and vortexed at least
10 times. The mixture was then sonicated with a microtip
at 10◦C above the chain-melting transition temperature (ap-
proximately 20 min), until it became translucent. The ULV
w tions

[DPPA] were 50 and 25 mM for DSC and NMR experiments,
respectively.

Samples weighing 7–12 mg (for MLV) and 15–18 mg (for
ULV) were hermetically sealed in aluminum pans for the
DSC measurements. Experiments were carried out immedi-
ately (<1 h) after the respective membrane samples in MLV
as well as ULV form were prepared (τe≈ 0). Experiments
were repeated again after equilibrating the samples for 1 day
(τe≈ 1 day) at room temperature, and for more than 21 days
(τe > 24 days) at room temperature. For NMR measurements,
approximately 1 ml of ULV was taken in a 5 mm NMR tube.

2.2. Differential scanning calorimeter

Thermal measurements were done with Perkin-Elmer
DSC-2C instrument, with an empty aluminum pan as the
reference. The instrument was calibrated, using cyclohex-
ane and indium, at a heating rate of 10◦C per minute. It
was then calibrated for enthalpy at heating rates 10, 5 and
2.5◦C per minute. The chain-melting (CM) and chain or-
dering (CO) transitions were recorded at the same scanning
speeds. The actual transition temperatures,Tm or TCO, were
obtained by extrapolating the values of the temperature at
the peak, to zero rate. The transition enthalpy,�Hm, was ob-
tained from the area under the endothermic peak in the 5 and
2.5◦C per minute scans. The full width at half maximum,∆
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as stable when prepared at pH 9.3. DPPA concentra
m
as obtained from the 5◦C per minute scans. The DSC m
urements were carried out for both the MLV and the U
embrane samples. For each value of the molar ratioRm,

he experiment was repeated at least three times. Data
etained only for those samples in which weight loss was
han 0.2 mg, at the end of the scanning experiments.

.3. Nuclear magnetic resonance (NMR)

Bruker AMX 500 MHz FT NMR spectrometer, fitted wi
calibrated temperature control, was used for recordin

pectra from ULV. D2O and H3PO4 were used as referenc
or 1H and31P NMR experiments, respectively.

. Results

The DSC profiles of multilamellar vesicles (MLV) o
ained at a scan rate of 5◦C/min., for various molar ratios o
A to DPPA and for equilibration times,τe≈ 0 andτe > 24
ays are shown inFig. 2a and b, respectively. The molar ra
Rm)-dependence of the thermotropic parameters, trans
emperature,Tm, transition enthalpy,�Hm, and transition
idth (full width at half maximum),∆m, are shown in
ig. 3A, B and C, respectively.

The undoped-DPPA (Rm = 0) dispersion, when heat
n the temperature range 5–70◦C, showed (Fig. 2) an e
othermic chain-melting phase transition with the trans

emperature,Tm = 58.3◦C and the associated transit
nthalpy�Hm = 34.6 kJmol−1 [22,29]. In SA-doped DPP
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Fig. 2. The DSC heating scans at 5◦C/min of MLV for different molar ratios,Rm of SA to DPPA, and for equilibration times: (a)τe ≈ 0; and (b)τe, as indicated
on the curve.

dispersion, the transition temperature,Tm, and the transition
enthalpy, �Hm, increases linearly with increasing drug
concentration,Rm (Fig. 3A and B). However, the transition
width, ∆m, decreases with increasing drug concentration
(Fig. 3C). These observations indicate that the thermotropic
properties of the DPPA bilayer are affected by the presence
of the drug, SA, and this effect is concentration-dependent.

Thermotropic parameters obtained for samples equili-
brated for 1 day (τe≈ 1 day), at room temperature, did not
change much as compared to theirτe≈ 0 values (Fig. 3A–C).
However, marked changes in their transition behavior, were
observed after equilibrating these samples for more than 24
days (τe > 24 days), at room temperature. At any given drug
concentration, the transition temperature (Fig. 3A) is less than
its value forτe≈ 0 and 1 day, whereas the transition width
(Fig. 3C) is more than its value for�e≈ 0 and 1 day. Similar
behavior is observed for the transition enthalpies (Fig. 3B).
These observations suggest that prolonged equilibration re-
sults in a reduced drug–lipid interaction due to the drug
molecules getting sequestered out into the lipid–water in-
terfacial region, over a period of time.

The DSC measurements were also carried out with unil-
amellar vesicles (ULV) of DPPA both in presence and absence
of SA. Fig. 4gives the DSC profiles, of the ULV obtained at
a scan rate of 5◦C/min, for various drug concentrations (Rm)
and forτe≈ 0. The drug concentration (Rm)-dependence of
t

s tem-
p was

21.3 kJmol−1. However, these values are smaller than the cor-
responding ones for the membrane in the MLV form. This
could be due to the reduced headgroup–headgroup interac-
tion in the ULV form, which leads to a less tight packing
of the chains than in the MLV form. It may be noted, how-
ever, that the width of the transition is hardly affected by the
change in the morphological structure of the membrane.

It is seen fromFigs. 3 and 4that in drug-doped-DPPA
dispersion, the transition becomes sharper and occurs
at higher temperatures. But, in contrast to the MLV the
transition enthalpy increases dramatically (Fig. 3B,d), for
0≤Rm ≤ 0.1. This could probably be indicative of the fact
that the drug molecule can affect the shape and size of the
ULV. Besides contributing to an increase in the PA–PA head
group interaction by being in the vicinity of the polar head
group region, the drug molecules bring about a morpholog-
ical change as well. In fact, morphological changes, rather
than the increased PA–PA interaction could be the reason for
the observed dramatic increase in the transition enthalpy.

Equilibration had a more pronounced effect on ULV. For
example, no transition was observed for,τe≥ 1 day for both
drug-free and drug-doped membranes. It implies that equi-
libration destroyed the ULV. Sample tube containing ULV
dispersion, when observed atτe≥ 1 day, showed solid parti-
cles to settling at the bottom of the tube, indicating that phase
separation could have taken place. It is known that the ULV
a

and
u
a ns
he thermotropic parameters, are shown inFig. 3A–C.
The DSC scan of DPPA dispersion (Fig. 4,Rm = 0)

hows an endothermic chain-melting transition at a
erature, 53.2◦C and the associated transition enthalpy
re unstable below its CM transition temperature[30].
1H NMR experiments were carried out with SA-doped

ndoped unilamellar vesicles of DPPA. Presented inFig. 5a
re the1H NMR spectra obtained from DPPA dispersio
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Fig. 3. Rm-dependence of transition: (A) temperature,Tm; (B) enthalpy,
�Hm; and (C) width,∆m for MLV: (a) τe ≈ 0; (b)τe ≈ 1 day; and (c)τe > 24
days and for ULV; (d)τe ≈ 0.

for various temperatures in the vicinity of the chain-melting
transition temperature,Tm. Various proton resonances in the
spectra can be identified with the assignments given inFig. 1a.
These spectra can be compared with those (Fig. 5b) obtained
for the SA-incorporated DPPA dispersions. It is observed that
the resonances, labelled 1 and 2, became sharper and better
resolved as the temperature approachesTm. The sharpening
of the chain proton resonances is indicative of greater mobil-
ity of the concerned proton due to increased chain disorder.
The proton resonances in the drug-doped DPPA dispersion
(Fig. 5b) are broader than those in the drug-free DPPA dis-
persion (Fig. 5a). However, drug doping did not change the
chemical shifts of the various lipidic resonances.

Fig. 6a shows1H NMR spectra of the aromatic protons, la-
belled 11–14, from SA (Fig. 1a) in the aqueous medium, SA-
buffer at various temperatures. These spectra when compared
with the spectra (Fig. 6b) of the aromatic protons obtained
from DPPA–SA dispersions at various temperatures around
Tm did not show any significant change in the fine structure of

Fig. 4. DSC heating scans at 5◦C/min of ULV ([DPPA] = 50 mM), with
equilibration time,τe ≈ 0. The molar ratios,Rm of SA to DPPA, are indicated
on the curves.

the various aromatic proton resonances. However, the value
of the chemical shift of various aromatic protons, decreased
by the presence of the lipid environment. This effect could
be due to the interaction of the polar groups of the drug
molecules with the polar groups of the lipid or water. This
interaction does not affect the aromatic proton dynamics.

31P NMR measurements were carried out with SA-doped
and SA-free unilamellar vesicles of DPPA, to see whether
the polar group of SA interacted with the phosphate group
of DPPA. 31P NMR spectra from the drug-doped DPPA
dispersions are presented inFig. 7 (the spectra similar
for the drug-free dispersion). Below the chain-melting
transition temperatureTm, the 31P resonance in either case
is quite broad (powder pattern) without featuring much
of the isotropic lines. It implies reduced mobility for the
headgroups due to increased interaction between them in
the gel phase. On the other hand, only isotropic lines are
observed in the liquid crystalline phase, which resemble that
of a typical31P NMR spectra of smaller unilamellar vesicles.

No significant change in the31P NMR resonance pattern
is observed except that the resonance lines become sharper at
higher temperatures (≈2 and 5◦C for 25 and 50 mM DPPA
concentration, respectively) in the presence of the drug. This
implies that the drug: (a) is located in the neighborhood of
the headgroups; and (b) should be responsible for the strong
headgroup–headgroup interaction.
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. Discussion

The DSC results of ULV and MLV indicate that the eff
f the drug on the DPPA bilayer was more or less the s

n both forms. However, for a given concentration of dr
he interaction of SA molecule with DPPA molecules is
n ULV form than in MLV form. This is because of the lar



L. Panicker et al. / Thermochimica Acta 432 (2005) 41–46 45

Fig. 5. 1H NMR spectra of: (a) DPPA (Rm = 0); and (b) DPPA–SA (Rm = 0.2) dispersions in the vicinity ofTm ([DPPA] = 25 mM).

curvature of the ULV, which reduces the head-
group–headgroup interaction between the neighboring DPPA
molecules and the larger expanse of the aqueous region
available. The observed decrease in the width of the transition
in response to increasing drug concentration implies that the
drug molecules play definite role in bringing about increased
co-operativity between the acyl chains. The increased
Tm value and31P NMR spectra of the SA-doped DPPA
bilayer suggest that the presence of the drug increases the

headgroup–headgroup interaction of the neighboring DPPA
molecules. So the presence of SA reduces membrane fluidity.
Since SA is polar in nature, it is more likely to be present in the
interfacial aqueous region than in the acyl-chain region (hy-
drophobic). This is supported by the observations that: (a) the
transition enthalpy,�Hm, changes only slightly, from 35.6 to
37.6 kJmol−1, over the drug concentration range studied in
MLV; and (b) the presence of SA does not change the values
of the chemical shift of the various DPPA proton resonances

r; and
Fig. 6. Aromatic proton resonances of SA in: (a) SA-buffe
 (b) DPPA–SA (Rm = 0.2) dispersions, as a function of temperature.
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Fig. 7. 31P NMR spectra of DPPA–SA dispersions in the vicinity ofTm

([DPPA] = 25 mM).

in ULV. However, in SA-doped ULV, the transition enthalpy
increases dramatically, probably due to: (a) the increase in the
size of the ULV or formation of vesicles with a few lamellae;
and (b) the enhancement in the headgroup–headgroup inter-
action. The broadening of the proton resonances of DPPA
acyl-chain in presence of SA also indicates that the drug
increases the order (rigidity) of the acyl chains. Prolonged
equilibration of MLV results in reduced drug–lipid interac-
tion due to the drug molecules getting sequestered out into the
lipid–water interfacial region over a period of time. However,
equilibration leads to the destruction of the ULV itself.

The results clearly indicate that: (i) SA strongly interacts
with DPPA bilayer; (ii) the drug molecules are located in
the aqueous interfacial region neighboring the polar groups
of the phospholipids or water molecules; and (iii) the drug
molecules are responsible for increased PA–PA headgroup
interaction. This leads to a better packing of the lipid chains
and consequently the membrane becomes more rigid and less
permeable.
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