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Abstract

The effect of benzoic acid (BA), aspirin (ASA) and para-hydroxy benzoic acid (p-HOBA\) on the thermotropic behaviour and molecular mobility
of dipalmitoyl phosphatidic acid (DPPA) vesicles has been investigated using DSC and *H NMR. These investigations were carried out with DPPA
dispersion in both multilamellar vesicular (MLV) and unilamellar vesicular (ULV) forms. The DSC data indicated that the mechanism by which
BA, ASA and p-HOBA interact with the DPPA is similar in MLV and ULV. In the presence of BA, ASA and p-HOBA, the gel to liquid crystal phase
transition temperature (7r,) of the DPPA vesicles increases. The DPPA vesicles thus becomes more rigid in the presence of BA, ASA and p-HOBA
molecules, due to increased interaction between the lipid headgroups. The increase in rigidity of the DPPA membrane was found to be maximum
when doped with ASA and least when doped with salicylic acid (SA). There seems to be good correlation between the acidity of -COOH group
present in the drugs and the increase in T, value (representing rigidity). The transition width (A,) decreases with increasing concentration of BA,
ASA and p-HOBA, implying an enhanced co-operativity of the acyl chain. DSC and NMR data indicate that BA, ASA and p-HOBA molecules,

at all concentrations are located close to the interfacial region of the DPPA bilayer but not in the acyl chain region.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphatidic acid (PA) is an anionic phospholipids found in
bacterial cell membranes [1]. PA is also present in the metabolic
pathway of the synthesis of a few membrane phospholipids [2].
Despite the low concentration of PA in the biomembranes, its
importance is due to the fact that it is responsible for a net neg-
ative charge on the surface of cell membrane [3]. Hence, it is of
interest to investigate the mode of action of drugs in dipalmi-
toyl phosphatidic acid (DPPA) (Fig. 1a) liposomes [4-8]. DPPA
bears two ionizable groups with pK, values 3.9 and 8.6 [9], hence
the negative surface charge of this membrane can be varied and
the chain melting transition temperature, Ty, is pH-dependent
[10].

Abbreviations: DSC, differential scanning calorimetric; BA, benzoic acid,;
ASA, aspirin; p-HOBA, para-hydroxy benzoic acid; DPPA, dipalmitoyl phos-
phatidic acid; CM, chain melting; NMR, nuclear magnetic resonance
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Studies of DPPA vesicles containing salicylic acid (SA)
(Fig. 1b) had shown that (a) the drug molecules are located in
the neighborhood of the DPPA headgroup and (b) the drug inter-
acts with DPPA vesicles by affecting both their thermotropic
behaviour and their molecular mobility [11]. These results sug-
gest that SA, besides its action on enzyme cyclooxygenase,
could exert some of its effects through its interaction with the
lipids of the membrane bilayer. In order to observe whether other
aromatic compounds interact with DPPA vesicles, in a similar
way, studies were carried out with benzoic acid (BA), aspirin
(ASA) and para-hydroxy benzoic acid (p-HOBA) (Fig. 1c-€)
doped DPPA systems. The aromatic compounds, SA, ASA,
BA and p-HOBA have carboxylic acid (-COOH) as one of the
functional groups with pK, values 2.98, 3.5, 4.2 and 4.58, respec-
tively. Thus the -COOH group in SA is the most acidic while
the —COOH group in p-HOBA is the least acidic (the acidic
strength, S, of -COOH group in these drugs are as follows:
Ssa > SasA > Sea > Sp-HoBA).

The non-steroidal anti-inflammatory drugs like SA and
ASA are inhibitor of enzymes cyclooxygenase 1 (COX-1)
and cyclooxygenase 2 (COX-2) which are responsible for
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Fig. 1. Schematic structure of (a) the phospholipid, dipalmitoyl phosphatidic acid (DPPA), (b) salicylic acid (SA), (c) benzoic acid (BA), (d) aspirin (ASA) and (e)

p-hydroxy benzoic acid (p-HOBA).

biosynthesis of prostaglandins (PGH;) [12-14]. COX-1 synthe-
sizes normal physiologically useful PGH, and COX-2 makes
PGH> in inflammatory cells. Prostaglandins are involved in
processes like pain signaling and platelet aggregations. BA
is an antifungal and antibacterial drug. It is used to preserve
foods and beverages. Inhibition of the growth by BA has been
proposed to be due to inhibition of essential metabolic reactions
[15,16]. Itis also used in the treatment of skin diseases like ring
worm. The compound, p-HOBA was used in this investigation
to see how the change in the position of the functional groups
attached could alter the interaction with DPPA vesicles (in SA
the —OH group is ortho to —COOH group while in p-HOBA the
—OH group is para to —COOH group).

This paper describes DSC and *H NMR studies of interaction
of BA, ASA and p-HOBA with DPPA vesicles. The results are
compared to those obtained with DPPA-SA system [11].

2. Materials and methods
2.1. Sample preparation

Lipid, L-a-DPPA, was purchased from Avanti Polar Lipids,
Inc., Alabama, USA, and was used without further purification.
The chemicals, acetyl salicylic acid (ASA/aspirin) and para-
hydroxy benzoic acid (p-HOBA) of 99+% purities were obtained
from Aldrich Chemical Company, Inc., USA. The drug, benzoic
acid (99+% purity) was purchased from May and Baker, UK.
The buffer of pH 9.3 was prepared using 0.2 M boric acid and
0.05 M borax (Na2B407-10H20) solution. The vesicles used in
this investigation, were in multilamellar vesicular (MLV) and
unilamellar vesicular (ULV) forms. The method of preparation
of the membrane samples in the MLV and ULV forms is the
same as that detailed elsewhere [11,17,18]. The weight fraction
of buffer to DPPA was 2.5 in MLV. In ULV the lipid concen-
tration [lipid], used were 50 and 25 mM for DSC and NMR
experimental work, respectively. The molar ratio, Ry, of drug
to DPPA was in the range, 0 <Ry <0.5. The ULV was pre-
pared using buffer pH 9.3 as DPPA formed stable ULV at pH
9.3[11,18].

For DSC measurements 7-12 mg (for MLV) and 15-18 mg
(for ULV) of the samples were hermetically sealed in aluminum
pans. To obtain NMR spectra, approximately 1 ml of ULV was
taken in a conventional NMR tube. TLC studies on the samples
were carried out to check the intactness of the lipid and drug
molecules.

2.2. Differential scanning calorimeter

Perkin Elmer DSC-2C instrument was used for ther-
mal measurements of the membrane samples, with an
empty aluminum pan as a reference. The temperature and
enthalpy calibrations of the DSC instrument were carried
out using calorimetric standards (i) cyclohexane, with its
crystal—crystal (Tc_c =—89.9°C and Hc_c =79.6Jgm™1) and
crystal-isotropic liquid (7c_; =6.8°C and Hc_; =31.3Jgm™1)
phase transitions and (ii) indium with its crystal—isotropic liquid
phase transition (7c_; = 156.8°C and Hc_j =28.4Jgm~1). The
instrument parameters were adjusted so as to get the above val-
ues of temperature, T within T+ 0.5°C range and enthalpy, H
within # +0.5Jgm~! range. The temperature calibration of the
instrument was done, using cyclohexane and indium at a heating
rate of 10 °C/min. The calibration constants required to calcu-
late the enthalpy values, were obtained using cyclohexane, at
heating rates of 10, 5 and 2.5 °C/min. The chain melting (CM)
transition temperature, Ty, was obtained by extrapolating the
transition peak temperatures (obtained at scanning speed of 10,
5 and 2.5°C/min) to zero scanning speed. The area under the
endothermic curve was used to obtain the transition enthalpy,
AHm. The scans at 5 and 2.5°C/min were used for the cal-
culation of CM transition enthalpies. The full width at half
maximum, A, used to compare the co-operativity of the CM
transitions, was obtained from 5 °C/min scans. The uncertainty
in measurement of (i) enthalpy amounts to about 4+-2 to 10% and
(ii) the T, is about 0.2 °C [19]. The DSC measurements were
carried out for both the MLV and the ULV: (i) immediately after
preparation of the respective membrane samples with equilibra-
tion time, 7o &~ 0. Experiments were repeated after equilibrating
the samples at 25°C (a) for 1 day (re = 1 day) and (b) for 30
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days (te ~ 30 days). For each value of the molar ratio, Ry, the
experiment was repeated with at least three samples. Data was
considered only for those samples in which weight loss was less
than 0.2 mg, at the end of the scanning experiments.

2.3. Nuclear magnetic resonance (NMR)

1H NMR spectra were recorded on a Bruker Avance 500
spectrometer equipped with a calibrated temperature control at
500 MHz. 'H NMR spectra were acquired using a 9000 Hz spec-
tral width into 8 K data points, a 1 s recycle delay, an acquisition
time of 0.5s and a 71/2 pulse length of 10 ps. The number of
acquisitions was 512. The water signal suppression was achieved
with pre-saturation of the HDO signal during the relaxation
delay of 1s. The free induction decays (FIDs) were multi-
plied by a 90° phase shifted sin-bell function before Fourier
transformation.

The conventional 5mm NMR tube containing approximately
1 ml of ULV solution was used to record 1H NMR spectra. D,O
was used as external reference for *H NMR experiments. The
NMR spectra were recorded in the vicinity of the chain melt-
ing transition temperatures of the ULV. At each temperature the
samples were equilibrated in the NMR spectrometer for at least
10 min before recording the spectra.

3. Results

The DSC heating scans of DPPA dispersion (MLV) con-
taining increasing concentrations of BA, ASA and p-HOBA
obtained at a scan rate of 5°C/min, and for equilibration time,
Te ~ 0 are shown in Fig. 2a—c, respectively. The corresponding
drug to lipid molar ratio (R)-dependence of the thermotropic
parameters, the transition temperature, Tpy, the transition
enthalpy, AHy and the transition width, Ay are given in
Fig. 3a—c, respectively.
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The DPPA (R =0) dispersion, when heated undergoes a
gel to liquid-crystalline phase transition centered at 58.3°C
and the enthalpy, AHp, associated with this transition was
34.6 kImol~1 in agreement with the previous reports [20,21].
In BA, ASA and p-HOBA-doped DPPA dispersion, the transi-
tion temperature, Ty, increases (Fig. 3a) and the transition width,
Am (Fig. 3c) decreases with increasing concentration of the drug
(for Rm < 0.3). However, for drug concentration, Ry, > 0.3, the
Tm and A, values are not significantly changed (Fig. 3a). This
behaviour was different from that observed with SA doped sys-
tem wherein Tp, value increases and A, value decreases for drug
concentration, Ry, > 0.3 also. This is because for a given con-
centration of drug the interaction is least when doped with SA
(Fig. 3aand b) and hence the quantity of SA required is more to
get same perturbation as seen with other drugs. The presence of
these drugs does not significantly change the transition enthalpy,
AHp, of DPPA dispersion. This behaviour suggests superficial
interaction between the lyophilic molecules and DPPA polar
heads, which occurs only at the surface of the lipid layers.

Thermotropic parameters obtained for samples equilibrated
for 1 day (ze ~1 day), at 25°C, did not change much with
respect to their o ~ 0 values. However, equilibration for long
duration (ze ~ 30 days) at 25°C, brings about changes in the
thermotropic parameters. At any given drug concentration, the
transition temperature is less than its value for to ~#0and to ~ 1
day, whereas the transition width is more than its value for
e~ 0 and e~ 1 day (figures not shown). This behaviour is
similar to that observed with SA [11]. Thus, prolonged equili-
bration results in a reduced drug-lipid interaction due to the drug
molecules getting segregated out into the lipid—water interfacial
region away from the lipid polar headgroup region over a period
of time.

The DSC profiles, of the unilamellar vesicles (ULV) of DPPA
both in the absence and the presence of the drugs BA, ASA and
p-HOBA, obtained at the scan rate of 5°C/min, . ~0 and for
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Fig. 2. The DSC heating scans at 5 °C/min of MLV containing different amount of the drugs, and for equilibration time, ze ~ 0: (a) DPPA-BA, (b) DPPA-ASA and
(c) DPPA-p-HOBA. The molar ratios, Ry, of drug to DPPA are indicated on the curves.
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Fig. 3. Rm-dependence of transition (a and d) temperature, T, (b and €) enthalpy, AHpy, and (c and f) width, A, for MLV [SA (O); BA (O); ASA (A) and p-HOBA
(¥)] and for ULV [SA (@); BA (H); ASA (A) and p-HOBA (x)], respectively, at ze & 0. The size of the symbol has been chosen in conformity with the error bar.

increasing drug concentrations, are shown in Fig. 4a—c, respec-
tively. The Ry-dependence of the thermotropic parameters, Ty,
AHp and Ap, is given in Fig. 3d—f, respectively.

The DSC heating thermograms of drug-free DPPA dispersion
display an endothermic chain melting transition at a temperature
53.2°C. The enthalpy, AHp, associated with this transition is
21.3kJmol~L. However, these values are smaller than the corre-
sponding ones for the MLV. In MLV the water molecules within
the bilayers are more structured than the water moleculesin ULV.
Hence in MLV headgroup-headgroup interaction between the
neighboring DPPA molecules is much more stronger than that
in ULV. This reduced headgroup—headgroup interaction in the
ULV leads toreduction in Ty, value of ULV and less tight packing
of the chains than in the MLV form.

(a) R (b)

45

—» Endotherm

In presence of the drugs, BA, ASA and p-HOBA, the CM
transition temperature of DPPA dispersion is increased and the
transition becomes sharper (Fig. 3d and f). This behaviour is
similar to that observed in MLV. In contrast to the case of MLV,
the CM transition enthalpy associated with the ULV increases
dramatically (Fig. 3e), for 0 < Ry, < 0.1. This could probably be
due to (a) increase in the size of the ULV when doped with the
drug molecules and/or (b) increased rigidity of the acyl chains
by the increase in the PA—PA headgroup interaction due to the
presence of the drug molecules. Dynamic light scattering mea-
surements have shown that the presence of drugs does not change
the average size of the ULV significantly (in fact the size of both
drug-free and drug-doped ULV is approximately 90 nm) sug-
gesting anincrease in the acyl chain order. However, with further
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Fig. 4. DSC heating scans of ULV at 5°C/min and for equilibration time, t. ~0: (a) DPPA-BA, (b) DPPA-ASA and (c) DPPA—p-HOBA ([DPPA] =50 mM). The

molar ratios, Ry, of drug to DPPA, are indicated on the curves.
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increase in drug concentration (Rm >0.1) the AHy, value is not
significantly changed.

Equilibration had a more pronounced effect on ULV. For
example, no transition was observed for, ¢ > 1 day for both
drug-free and drug-doped membranes. It implies that equili-
bration destroys the ULV. Similar behaviour is observed with
SA-doped DPPA dispersion [11].

IH NMR experiments were carried out with drug-free, BA-
doped and ASA-doped ULV of DPPA. The 'H NMR spec-
tra of DPPA obtained from (i) DPPA dispersion and (ii) BA
(Rm=0.2) and ASA (Ry=0.2)—incorporated DPPA disper-
sions for various temperatures in the vicinity of T\, are shown
in Fig. 5a—c, respectively. The proton resonances for the differ-
ent lipidic groups can be identified with the assignments given
in Fig. 1a. On comparison of drug-free and drug-doped DPPA
spectra, it is seen that in both the cases the resonances, labeled
1 and 2, become sharper and better resolved as the temperature
approaches Ty,. The differences observed in the Ty, value for
ULV using NMR and DSC is due to the difference in lipid con-
centration (50 mM in DSC measurement and 25mM in NMR
measurement) used in these studies. At higher lipid concentra-
tion the ULV formed is either of large size or the dispersion
contains vesicles with a few lamella also. Hence the T, value
of 50mM ULV is larger than that of 25 mM ULV. With the
DSC-2 Perkin Elmer instrument, 50 mM ULV had to be used
due to instrument limitation. The sharpening of the chain pro-
ton resonances is indicative of greater mobility of the concerned
proton due to increased chain disorder. The resonances of the
various lipidic protons in the BA-doped DPPA dispersion are
broader than those in the drug-free DPPA dispersion (Fig. 5a
and b). This result indicates that the mobility of lipidic protons
is reduced in the presence of BA, suggesting increased rigidity
of the acyl chains. This behaviour is similar to that obtained for
SA-doped DPPA dispersions [11]. However, ASA-doped DPPA
does not show any broadening effect of the lipidic protons and
the resonances were sharp even at temperature, 7< Ty, (almost
similar to that observed for 7> Tyy,). Hence, in presence of ASA,
the acyl chain remains disordered even for temperature, 7< Tpy,.

(@) ®)

On comparing chemical shifts of drug-free and drug-doped lipo-
somes, no significant change in the chemical shifts of the various
lipidic resonances was observed with BA and ASA doped DPPA
dispersion.

The 'H NMR spectra of the aromatic protons from BA
(labeled 11-15) and ASA (labeled 11-14) in the aqueous
medium, BA-buffer/ASA-buffer at various temperatures are
shown in Fig. 6a and c, respectively. The labeled BA and ASA
molecules are shown in Fig. 1cand d, respectively. The spectra of
the aromatic protons of BA and ASA obtained from DPPA-BA
and DPPA-ASA dispersions at various temperatures around T,
are given in Fig. 6b and d. The comparison of the BA aromatic
proton spectra obtained for DPPA-free (Fig. 6a) and DPPA-
doped (Fig. 6b) systems indicates that the drug, BA interacts with
the DPPA bilayer. The aromatic proton resonances of the BA,
broadens in the presence of DPPA and the broadening increases
with increasing temperature. However, the values of the chemi-
cal shift of various aromatic protons of BA are not significantly
changed due to the presence of the lipid environment. The pro-
ton resonances corresponding to the —-COOH group of BA is
not seen due to exchange processes. Similarly on comparing the
ASA aromatic proton spectra obtained for DPPA-free (Fig. 6¢)
and DPPA-doped (Fig. 6d) systems, it is found that there are no
significant changes in the chemical shifts and the width of ASA
resonances. However, additional peaks are observed (clearly
seen in the DPPA-doped system) due to the hydrolysis of ASA
to SA and acetic acid (Figs. 5¢ and 6d). The effective SA con-
centration was more in DPPA doped-system, as the ULV was
obtained at higher temperature wherein the hydrolysis of ASA
is quite high. The resonance corresponding to the methyl group
in ASA occurs at 2.34 ppm and is seen as a sharp peak super-
imposed on the broad resonance of the lipid acyl chain proton
labeled (4).

The 'H NMR results suggest that the drug molecules are
expected to be located near the lipid glycerol moiety and/or the
polar headgroup, with its polar group interacting with (a) the
vicinal water, (b) the -P=0 (DPPA) group, or (c) the -C=0
(DPPA) group through hydrogen bonding.
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Fig. 5. 'H NMR spectra of (a) DPPA (R, =0), (b) DPPA-BA (R =0.2) and (c) DPPA-ASA (R, =0.2) in the vicinity of Ty, ([DPPA] =25 mM).
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4. Discussion

The DSC and NMR results indicate that BA, ASA and p-
HOBA interact with DPPA vesicles and the mode of interaction
with the vesicles (both MLV and ULV) seems to be the same
with all these drugs. DSC heating experiments show that the
bilayer gel to liquid crystal phase transition of DPPA vesicles is
influenced more by ASA, BA and p-HOBA than SA. The pres-
ence of BA, ASA and p-HOBA in DPPA dispersion increases
the co-operativity between the acyl chains. The increased Ti
value of the BA, ASA and p-HOBA-doped DPPA bilayer is
indicative of the fact that the presence of these drugs increases
the headgroup-headgroup interaction of the neighboring DPPA
molecules. Hence, the presence of these drug reduces membrane
fluidity. For a given concentration, of the drug, the rigidity of the
DPPA membrane is maximum, when doped with ASA and least
when doped with SA. The increase ATy, in the value of T, due
to the presence of the drugs (for Ry < 0.3) can be indicated as
follows: ATmasa) > ATm@p-HoBA) > ATmeA) > ATmsa). The
acidic strength, S, of the —COOH group in these drugs is in
the following order: Ssa >Sasa >Sga > S,-HoBa. Hence there
seems to be a good correlation between the acidity of -COOH

group and the increase in T, values (except in the case of ASA).
The anomaly observed with ASA can be explained as follows:
from 1H NMR data, it is seen that ASA hydrolyses to SA and
acetic acid (acetic acid has a pKj, value of 4.8). The increase in
Tm value when the membrane is doped with ASA is higher prob-
ably due to the presence of the weak acid, acetic acid in addition
to SA and ASA. Thus the reduction in the fluidity of DPPA
vesicles seems to depend on the acidic strength of the -COOH
group. The drugs, BA, ASA and p-HOBA being lyophilic in
nature, it is more likely to be present in the interfacial aqueous
region rather than in the acyl chain region (hydrophobic). This
is supported by the observations that (a) the transition enthalpy,
AHp, does not change significantly, over the drug concentra-
tion range studied in MLV and (b) the presence of drugs does
not change the values of the chemical shift of the various DPPA
proton resonances in ULV. However, in BA, ASA and p-HOBA-
doped ULV, the transition enthalpy increases, probably due to
the enhancement in the headgroup—headgroup interaction. The
broadening of the proton resonances of DPPA acyl chain in the
presence of BA also indicates that the drug increases the order
of the acyl chains. This behaviour was similar to that observed
with SA doped DPPA system. However, in presence of ASA the
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mobility of the proton resonances of DPPA acyl chains are not
significantly changed. This result is in agreement with the value
of the chain melting transition enthalpy obtained when doped
with ASA (Fig. 3e). As seen from Fig. 3e for same drug con-
centration the increase in enthalpy when doped with ASA is less
compared to other drugs. This could be due to the presence of
acetyl group which can penetrate into co-operative region of the
membrane.

According to Boggs [22] the transition temperature of PA
is high over the pH range 4-10 where the state of dissocia-
tion is 0.5-1.5 and the hydrogen bond-donating and accepting
groups are present. In the pH range 4-10 the transition temper-
ature decreases with increasing pH value. The maximum in the
transition temperature of PA occurs at a state of dissociation of
0.5 (at pH 4) wherein the ratio of negatively charged-to-neutral
species is 1:2 and most of the negatively charged molecules will
be involved in hydrogen bonding. The drop in transition temper-
ature from pH 4 to 10 is due to the increasing concentration of
negatively charged lipid as the state of dissociation increases to
1.5. This negative charge lipid will cause charge repulsion and
will destabilize the gel phase lowering the transition tempera-
ture.

In buffer pH 9.3 the state of dissociation of DPPA is nearly
1.5 (i.e. the ratio of one negatively charged-to-two negatively
charged species is nearly 2:1) this is supported by the obtained
Tm (58.3°C) value. The increase in transition temperature of
DPPA dispersion when doped with SA, BA, ASA and p-
HOBA suggests increased headgroup—headgroup interaction by
increasing hydrogen bonding interaction. The drug molecules
and DPPA molecules have been negatively charged in buffer pH
9.3 hence electrostatic interaction between them is least pos-
sible. The drug molecules seem to bring about effect similar
to screening of one of the negative charge on DPPA molecules
hence reducing the state of dissociation to nearly 1. This effect
is supported by the observed increase in T, value as a function
of increasing drug concentration (for Ry, < 0.3). However, with
further increase in drug concentration (Ry, > 0.3) no screening
of negative charge takes place and the DPPA molecules remain
with one negative charge (similar to that observed at neutral
pH). Hence, for Ry, > 0.3 there is no significant increase in T,
(65-66 °C) value. The transition temperature of DPPA disper-
sion in buffer pH 7 is reported to be 65°C [22].

The results clearly indicate that: (i) drugs strongly interact
with DPPA bilayer. (ii) The mode of interaction with the DPPA
vesicles is similar in the case of all these drugs. (iii) The drug
molecules are located in the aqueous interfacial region neighbor-

ing the polar groups of the phospholipids or water molecules.
(iv) 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 (v)
for a given concentration, of the drug the rigidity (») of the DPPA
membrane when doped with these drugs increase in the follow-
ing order: rasa >r,-HoBA > rBa > rsa. (Vi) The reduction in the
fluidity of DPPA membrane depends on the acidic strength of
the —COOH group present in the drug molecules.
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