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bstract

The influence of the sulfone drug, diamino diphenyl sulfone (DDS or dapsone) on the phase transitions and dynamics of the model membrane,
ipalmitoyl phosphatidylethanolamine (DPPE)–water/buffer has been studied using DSC and (1H and 31P) NMR. These investigations were carried
ut with DPPE dispersion in both multilamellar vesicular (MLV) and unilamellar vesicular (ULV) forms for DDS/DPPE molar ratio, R, in the
ange 0–0.5. DSC results indicate that the mechanism by which DDS interacted with the DPPE membrane is independent of the morphological
rganization of the lipid bilayer and the solvent (water or buffer) used to form the dispersion. DDS affected both the thermotropic phase transitions
nd the molecular mobility of the DPPE membrane. Addition of increasing amounts of DDS to the DPPE dispersion, resulted in the lowering of the
el to liquid–crystalline phase transition temperature (Tm) hence increased membrane fluidity. At all concentrations, the DDS is located close to the
nterfacial region of the DPPE bilayer but not in the acyl chain region. The interesting finding with MLV is that the gel phase of DPPE–water/buffer
oth in presence and absence of DDS, on prolonged equilibration at 25 ◦C, transforms to a stable crystalline subgel phase(s). The DPPE–water
ystem forms both crystalline subgel LLC (with transition temperature TLC < Tm) and LHC (with transition temperature THC ≥ Tm) phases, while the

PPE–buffer system forms only subgel LLC phase. The presence of the drug seems to (i) increase the strength of the subgel LLC phase and (ii)
ecrease the strength of subgel LHC (for R < 0.5) phase. However, the value of the transition temperatures TLC and THC does not change significantly
ith increasing drug concentration.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Diamino diphenyl sulfone (DDS) or dapsone, a sulfone,
s known to be an antimicrobial bacteriostatic [1] and anti-
nflammatory drug employed widely for treatment of leprosy [2]
nd other systemic inflammatory diseases [3,4]. Dapsone as an
ntibiotic probably acts by a mechanism similar to that of the sul-

onamides, inhibiting the synthesis of dihydrofolic acid through
ompetition with para-aminobenzoate for the active site of dihy-
ropteroate synthetase in mycobacteria [5,6]. Therefore, dap-
one inhibits the growth of microorganisms that are dependent

Abbreviations: CM, chain melting; DDS, dapsone; DPPE, dipalmitoyl phos-
hatidylethanolamine; DSC, differential scanning calorimetric; NMR, nuclear
agnetic resonance
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n endogenous folic acid synthesis. But dapsone does not affect
uman being who does not biotransform para-aminobenzoic
cid to folic acid. However, only dapsone and not sulfonamides is
nown to be effective against mycobacterium lepra [7]. The cell
all of mycobacterium lepra contains large amount of unusual

ipids, which make the cell walls less permeable [8]. The drug
apsone is lipophilic, as the partition-coefficient (log P value)
f dapsone in octane–water is +0.97 (lipophilic if log P > 0)
9,10]. Also the solubility of dapsone in water is very low and
ts dissociation at pH 7.4 is < 0.01%. Hence, it is important to
nderstand at a molecular level the mode of action of the drug,
DS with biomembranes and proteins. As a starting step towards
nderstanding DDS–biomembrane interaction, one studies its
nteractions with the model membranes. Phospholipids one of

he important constituents of biomembranes are often used to
orm the model–membrane system. Phosphatidylethanolamine
PE) and phosphatidylcholine (PC) are major phospholipids
ound in the biomembrane. In the present study, dispersion of

mailto:Lata_Panicker@yahoo.com
mailto:lata@magnum.barc.ernet.in
dx.doi.org/10.1016/j.tca.2006.05.007


1 ica A

d
i

t
p
c
u
t
m
p
b
t
p
n
l
m
t
w
g
f
a
m
o
i
h
h
i
a
b
t
t
p
N

2

2

I
d
C
0
T
a
T
a
T
6
c
e
D
r
f
f
D
(

H
i

(
p
t
w
m

2

s
p
w
1
t
i
t
t
5
e
�

c
m
t
s
E
(
E
p
d
R
w
w

2

5
t
a
r
o
s
n
(
t
p
2
a
1
b

24 L. Panicker / Thermochim

ipalmitoyl phosphatidylethanolamine (DPPE) in water/buffer
s used as the model–membrane system.

The DPPE powder when dispersed in water does not spon-
aneously form a gel, L� phase at 25 ◦C [11,12]. The DPPE
owder remains in a 3-D ordered lamellar crystalline LC phase
o-existing with free water, since the DPPE molecules remain
nhydrated even in the presence of excess water. This mix-
ure forms gel L� phase, only when heated above the chain-
elting transition temperature, Tm to liquid–crystalline L�

hase [11,12]. The gel L� phase, of saturated PE is known to
e metastable and under appropriate conditions (low tempera-
ure equilibration), transforms to a stable crystalline subgel LC
hase [13–17]. The transformation rate being dependent on a
umber of factors such as thermal history of the sample, the
ength of the acyl chains and pH of the solvent. This transfor-

ation leads to (a) a more ordered packing of the lipids within
he bilayer and (b) the expulsion of most of the interlamellar
ater [16,17]. The strong interactions between the PE head-
roup (both intra and inter-bilayer) inhibit the lipid hydration
or all temperatures T < Tm. The strong PE–PE interactions are
lso responsible for the metastability of the gel L� phase; in
odel membranes made up of diacyl PEs with saturated chains

f length C10–C16 [14,18]. Results of thermal and FTIR stud-
es [14] have led to the conclusion that in the L� phase, the
ydrocarbon chains are rotationally disordered although still
aving an all trans conformation. The LC phase is character-
zed by strong chain–chain and headgroup–headgroup inter-
ctions resulting from the highly ordered lipid packing in the
ilayer. The DDS–PE interaction would therefore be expected
o affect the stability of these phases. This paper describes
he effect of the drug, dapsone on the thermal and dynamic
roperties of DPPE dispersions using DSC and (1H and 31P)
MR.

. Materials and methods

.1. Sample preparation

Lipid, l-�-DPPE, was purchased from Avanti Polar Lipids,
nc., AL, USA, and was used without further purification. The
rug, DDS (>99% purity) was obtained from Aldrich Chemical
ompany, Inc., USA. The buffer of pH 9.3 was prepared using
.2 M boric acid and 0.05 M borax (Na2B4O7·10H2O) solution.
he model membranes used in this investigation, were in multil-
mellar vesicular (MLV) and unilamellar vesicular (ULV) form.
he method of preparation of the membrane samples in the MLV
nd ULV forms is the same as that detailed elsewhere [19–21].
he weight fraction of double glass distilled water (with pH
.5)/buffer to DPPE was 2.5 in MLV. In ULV the lipid con-
entration [lipid], used were 50 and 25 mM for DSC and NMR
xperimental work, respectively. The molar ratio, R, of DDS to
PPE was in the range, 0 ≤ R ≤ 0.5. From systematic study car-

ied out with DPPE dispersion prepared at different pHs it was

ound that DPPE formed stable ULV at pH ≥ 9.3 when sonicated
or 10 min (forms translucent dispersion). However, at pH < 9.3
PPE did not form stable ULV even when sonicated for an hour

the dispersion remains milky indicating presence of MLV also).

1
s
f
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ence, the ULV of DPPE was prepared using buffer pH 9.3 as
t formed stable ULV at pH 9.3 [20,21].

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

.2. Differential scanning calorimeter

Perkin-Elmer DSC-2C instrument was used for thermal mea-
urements of the membrane samples, with an empty aluminum
an as a reference. Temperature calibration of the instrument
as done, using cyclohexane and indium at a heating rate of
0 ◦C min−1. The calibration constants required to calculate
he enthalpy values, were obtained using cyclohexane, at heat-
ng rates of 10, 5 and 2.5 ◦C min−1. The chain-melting (CM)
ransition temperature, Tm, was obtained by extrapolating the
ransition peak temperatures (obtained at scanning speed of 10,
and 2.5 ◦C min−1) to zero scanning speed. The area under the

ndothermic curve was used to obtain the transition enthalpy,
Hm. The scans at 5 and 2.5 ◦C min−1 were used for the cal-

ulation of CM transition enthalpies. The full width at half
aximum, ∆m, used to compare the co-operativity of the CM

ransitions, was obtained from 5 ◦C min−1 scans. The DSC mea-
urements were carried out for both the MLV and the ULV.
xperiments were carried out immediately after the preparation
τe ≈ 0) of the respective (MLV and ULV) membrane samples.
xperiments were repeated again, after equilibrating the sam-
les (a) for 1 day (τe ≈ 1 day) at 25 ◦C and (b) for more than 14
ays (τe > 14 days) at 25 ◦C. For each value of the molar ratio,
, the experiment was repeated with at least three samples. Data
ere considered only for those samples in which weight loss
as less than 0.2 mg, at the end of the scanning experiments.

.3. Nuclear magnetic resonance (NMR)

1H and 31P NMR spectra were recorded on a Bruker Avance
00 spectrometer equipped with a calibrated temperature con-
rol at 500 and 202 MHz, respectively. 1H NMR spectra were
cquired using a 9000 Hz spectral width into 8 K data points, a 1 s
ecycle delay, an acquisition time of 0.5 s and a �/2 pulse length
f 10 �s. The number of acquisitions was 512. The water signal
uppression was achieved with pre-saturation of the HDO sig-
al during the relaxation delay of 1 s. The free induction decays
FIDs) were multiplied by a 90◦ phase shifted sin-bell func-
ion before Fourier transformation. For 31P NMR the broadband
roton-decoupled spectra were acquired using a recycle delay of
s, spectral width of 60,000 Hz, a �/2 pulse length of 17 �s and
n acquisition time of 0.67 s. The number of acquisitions was
024. A line broadening of 10–20 Hz was applied to the FID,
efore Fourier transformation.
The conventional 5 mm NMR tube containing approximately
ml of ULV solution was used to record both 1H and 31P NMR

pectra. D2O and H3PO4 (85%) were used as external references
or 1H and 31P NMR experiments, respectively. The NMR spec-
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Fig. 2. R-dependence of transition temperature (Tm)—(a) DPPE–DDS–buffer:
MLV (τe ≈ 0 (©), τe ≈ 1 day (�) and τe ≈ 32 days (�)); (b) DPPE–DDS–water:
M
U
h
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ra were recorded in the vicinity of the chain-melting transition
emperatures of the ULV. At each temperature the samples were
quilibrated in the NMR spectrometer for at least 10 min before
ecording the spectra.

. Results

The DSC heating scans with multilamellar vesicles (MLV)
f DPPE in buffer and water, containing increasing concentra-
ions of DDS, obtained at a scan rate of 5 ◦C min−1, and for
quilibration time, τe ≈ 0 are shown in Fig. 1a and b, respec-
ively. The corresponding molar ratio (R)-dependence of the
hermotropic parameters, the transition temperature, Tm and the
ransition enthalpy, �Hm are given in Figs. 2a and b, and 3a and
, respectively.

The hydrated drug-free DPPE (R = 0) dispersion in water
hen heated undergoes a gel (L�) to liquid–crystalline (L�)
hase transition at 65.7 ◦C. The enthalpy, �Hm, associated with
his transition was 38.0 kJ mol−1. The values are in agreement
ith previous reports [22,23]. However, these parameters were

ound to depend on the pH of the solvent used to form the MLV.
hus, for DPPE–buffer system, the Tm and �Hm values were
4.3 ◦C and 35.6 kJ mol−1, respectively. In both cases incorpora-
ion of drug DDS in DPPE bilayer results in shift of the observed
ransition to lower temperature. The transition enthalpy �Hm of
PPE–buffer system increased to a small extent in the pres-

nce of the drug DDS. However, in DPPE–water system the
ransition enthalpy �Hm increases linearly with increasing drug
oncentration. The presence of drug DDS in both DPPE–water
nd DPPE–buffer systems did not significantly change the CM
ransition width.
Thermotropic parameters obtained for samples equilibrated
or 1 day (τe ≈ 1 day), at 25 ◦C did not change much as com-
ared to their τe ≈ 0 values (Figs. 2a and b, and 3a and b).
owever, interesting changes in their transition behavior were

ig. 1. The DSC heating profiles at 5 ◦C min−1 of MLV containing differ-
nt amount of the drug, DDS and for τe ≈ 0: (a) DPPE–DDS–buffer and (b)
PPE–DDS–water. The molar ratio R, of DDS to DPPE is indicated on the

urve.
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LV (τe ≈ 0 (�), τe ≈ 1 day ( ) and τe ≈ 32 days ( )); (c) DPPE–DDS–buffer:
LV (τe ≈ 0 (�), τe ≈ 1 day (�) and τe ≈ 15 days (�)). The size of the symbol
as been chosen in conformity with the error bar.

bserved after equilibrating these samples for 32 days (τe ≈ 32
ays) at 25 ◦C. The first and the second scans recorded with
he equilibrated membrane samples are shown in Fig. 4a and
, respectively. The scans for DPPE–buffer and DPPE–water
ystems are denoted by solid and dash curves, respectively.
he R-dependence of the thermotropic parameters the transition

emperatures (TLC, Tm and THC) and the transition enthalpies
�HLC, �Hm and �HHC) are given in Table 1. In both cases
DPPE–water/buffer) for drug-free and drug-doped systems the
rst scan indicated the presence of additional transition(s) due

o the formation of subgel phase(s). These additional transi-
ion(s) are not seen in the second and the successive scans
ecorded. The gel phase of drug-free DPPE–water dispersion
ormed two types of subgel phases (a) LLC with transition
emperature TLC < Tm and (b) LHC with transition temperature
HC ≥ Tm. The gel phase of DPPE is known to be metastable
nd on equilibration gets converted to stable crystalline phase
11,12,24,25]. However, the gel phase of drug-free DPPE–buffer
ystem formed only subgel LLC phase. In both cases the tran-
ition enthalpy, �HLC (∼3.0 kJ mol−1) between the LLC and

� or (L� + LHC) phases was less than one tenth that of CM

ransition enthalpy, �Hm. However, the total transition enthalpy
�HHC + �Hm), between the (L� + LHC) and L� phases was
pproximately 102.0 kJ mol−1.
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Fig. 3. R-dependence of transition enthalpy (�Hm)—(a) DPPE–DDS–buffer:
M
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U
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Fig. 4. The first DSC heating scan of MLV with increasing drug concentration
obtained after equilibrating it for τe ≈ 32 days, is shown on the left side (a)
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LV (τe ≈ 0 (©), τe ≈ 1 day (�) and τe ≈ 32 days (�)); (b) DPPE–DDS–water:
LV (τe ≈ 0 (�), τe ≈ 1 day ( ) and τe ≈ 32 days ( )); (c) DPPE–DDS–buffer:
LV (τe ≈ 0 (�), τe ≈ 1 day (�) and τe ≈ 15 days (�)). The size of the symbol
as been chosen in conformity with the error bar.
The gel phase of DDS-doped DPPE–water when equilibrated
lso formed more ordered crystalline subgel phases (LLC and
HC). The transition enthalpy, �HLC between the LLC and

L� + LHC) phases increases with increasing drug concentra-
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able 1
ransition temperatures and enthalpies of the first and second heating scan obtained f

m DPPE–DDS–buffer (τe ≈ 32 days)

First heating Second heating

THC/m/LC (◦C) �HHC/m/LC (total
�H) (kJ mol−1)

Tm (◦C) �Hm

(kJ mol−1)

52.0LC 3.0LC – –
66.0m 36.2m (39.2) 65.8 35.7

.025 52.1LC 5.2LC – –
66.3m 39.3m (44.5) 66.0 40.9

.05 52.0LC 6.4LC – –
65.8m 40.4m (46.8) 65.2 40.6

.1 51.5LC 13.5LC – –
65.4m 44.1m (57.6) 65.7 42.0

.2 52.6LC 3.8LC – –
66.2m 40.4m (44.2) 66.3 44.9

.3 52.3LC 1.4LC – –
65.4m 38.2m (39.6) 65.3 35.5

.4 65.4m 37.1m 65.3 36.8

.5 52.4LC 4.6LC – –
65.3m 38.8m (42.4) 65.0 38.2
nd those on the right side (b) are the second heating scan. The scan speed was
0 ◦C min−1. The solid curve is for DPPE–buffer system and the dotted curve
s for DPPE–water system.

ion for R < 0.2 and decreases with further increase in drug
oncentration. The total transition enthalpy (�HHC + �Hm),
etween the (L� + LHC) and L� phases for R < 0.5 was found
o be less than that obtained for drug-free DPPE–water. The
LC and THC values did not change significantly in the presence
f DDS. The gel phase of DDS-doped DPPE–buffer system

hen equilibrated formed only subgel LLC phase as seen for
rug-free DPPE–buffer. The TLC value did not change signifi-
antly in the presence of DDS. The transition enthalpy, �HLC
etween the LLC and L� phases increases with increasing drug

or MLV after equilibrating it at 25 ◦C for time, τe ≈ 32 days

DPPE–DDS–water (τe ≈ 32 days)

First heating Second heating

THC/m/LC (◦C) �HHC/m/LC (total
�H) (kJ mol−1)

Tm (◦C) �Hm (kJ mol−1)

53.6LC 4.0LC – –
68.7HC and m 97.8HC and m (101.8) 66.0 43.2

53.3 LC 6.3LC –
67.7HC and m 75.7HC and m (82.0) 64.8 37.9
54.0LC 12.8LC – –
66/68HC and m 78.3HC and m (91.1) 65.3 43.5

53LC 4.9LC – –
66.5HC and m 58.5HC and m (63.4) 64.7 44.3

– – – –
67.0HC and m 100.8HC and m 66.0 44.4
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Fig. 5. Thermal phase diagram for prolonged equilibrated samples drawn with data (o
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of curvature. The width of the transition was increased and was
nearly two-fold that of MLV probably due to the presence of
ULV with different size and/or few lamella(s).
n Fig. 4 a and b. DPPE–DDS–water (� and ©): (a) data from dotted scans of F
ata from solid scans of Fig. 4a and (d) data from solid scans of Fig. 4b. Black
pen symbols and dotted lines correspond to the completion temperature of the

oncentration for R < 0.2 and with further increase in DDS con-
entration the �HLC value got reduced. The successive heating
cans (in both cases, DPPE–water/buffer) when compared to
e ≈ 0 and τe ≈ 1 day scans it was observed that there were
o significant changes in the thermotropic parameters (Figs. 2a
nd b, 3a and b, and 4b). A partial phase diagram was con-
tructed by plotting the onset and completion temperatures of the
hase transitions obtained in the first and the second scans with
he equilibrated membrane samples (Fig. 4a and b) as a func-
ion of drug concentration. The partial phase diagram, which
ives information regarding the equilibrium between different
hases (LLC, L�, LHC, and L�) in the membranes, obtained
ith DPPE–DDS–water and DPPE–DDS–buffer systems are

hown in Fig. 5a and b, and c and d, respectively. Fig. 5a and
obtained with the onset and completion temperatures of the

hase transitions given by dotted and solid scans of Fig. 4a for
PPE–DDS–water and DPPE–DDS–buffer, respectively, shows

hat these systems consist of mixture of different (LLC, L� and
HC/LLC and L�) phases. However, the phase diagram (Fig. 5b
nd d) obtained with the onset and completion temperatures of
he phase transitions given by dotted and solid scans of Fig. 4b for
PPE–DDS–water and DPPE–DDS–buffer, respectively, shows

hat only gel L� exist below the main phase transition.

The DSC measurements were also carried out with unilamel-

ar vesicles (ULV) of DPPE–buffer both in presence and absence
f the drug DDS. The DSC profiles, of the ULV obtained at
he scan rate of 5 ◦C min−1, for τe ≈ 0 and 15 days and for

F
(
o
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nset and completion temperature of the transition) from the thermograms given
a and (b) data from dotted scans of Fig. 4b; DPPE–DDS–buffer (� and �): (c)
bols and solid lines correspond to the onset temperature of the transitions and
itions.

ncreasing drug concentrations are shown in Fig. 6. The R-
ependence of the thermotropic parameters is given in Figs 2c
nd 3c.

The DSC heating thermograms of DPPE dispersion in buffer
isplayed an endothermic chain-melting transition at a tem-
erature 62.7 ◦C and the enthalpy, �Hm associated with this
ransition was 37.1 kJ mol−1. The Tm value obtained was smaller
han the corresponding ones for MLV probably due to reduced
eadgroup interaction in the ULV form because of its high degree
ig. 6. DSC heating scans at 5 ◦C min−1 of ULV: (a) DPPE–DDS, τe ≈ 0 and
b) DPPE–DDS, τe ≈ 15 days. The molar ratio, R of drug to lipid is indicated
n the curve.
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From Figs. 2c, 3c and 6, it is seen that in drug-doped DPPE
ispersion the transition temperature is reduced and the enthalpy
ssociated with this transition was increased. This behavior was
imilar to that observed in MLV. The presence of DDS seems
o reduce the effective headgroup–headgroup interaction and
ncrease the acyl chain order.

Thermotropic parameters obtained for samples equilibrated
or 1 day (τe ≈ 1 day), at 25 ◦C, did not change much as
ompared to their τe ≈ 0 values (Figs. 2c and 3c.). Prolonged
quilibration (Fig. 6 (τe ≈ 15 days)) resulted in increased transi-
ion width for both drug-free and drug-doped DPPE dispersion,
hich could most probably be due to the formation of multi-
ilayer vesicles with different sizes. The ULV is known to be
nstable and fuse to form multilamellar vesicles [26]. The Tm
alue was reduced for drug-free DPPE dispersion as compared
o its value for τe ≈ 0. However, DDS-doped DPPE dispersion
id not show significant change in the Tm value. The transition
nthalpy �Hm increased on equilibration.

1H NMR experiments were carried out with DDS-free and
DS-doped ULV of DPPE. The 1H NMR spectra of DPPE
olecules in DPPE–buffer and DPPE–DDS–buffer (R = 0.2) for

arious temperatures in the vicinity of Tm are shown in Fig. 7a
nd b, respectively. Various proton resonances in the spectra
an be identified with the assignments given in inset of Fig. 7.
n comparison of DDS-free and DDS-doped DPPE spectra it

s seen that in both the cases the chain resonances (1) and (2)
ere broad and unresolved at temperature less than Tm. They
egan to get resolved and became sharper as the temperature
pproaches Tm. This sharp increase in chain proton resonance
pon phase transition is indicative of more mobility for the con-

erned proton due to increased chain disorder. Even though the
m of DPPE dispersion was affected by the presence of DDS.
o significant change was observed in the chemical shifts of the

ig. 7. 1H NMR spectra of: (a) DPPE (R = 0) and (b) DPPE–DDS (R = 0.2) in
he vicinity of Tm. Assignments for the various groups of DPPE are given in the
nset. [DPPE] = 25 mM.
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ig. 8. Change in chemical shifts (δppm) of: (a) DPPE and DDS H NMR reso-
ances as a function of R (for T < Tm) and (b) 31P NMR resonances of ULV as
function of R (for T < Tm (�) and T > Tm (�)).

arious lipidic resonances. This is clearly seen from the plot of
hemical shift (δppm) of the lipidic resonances as a function of R
hown in Fig. 8a for T > Tm (similar behavior was observed for
< Tm). However, the resonances of the various lipidic protons
ere considerably broadened in DDS-doped DPPE dispersion.
he resonances labeled (8) and (3) were hardly seen due to
roadening. These results indicate that the mobility of lipidic
rotons is reduced in the presence of DDS. This would mean
hat the chains and the ethanolamine groups become more rigid
n the presence of DDS. These results suggest that DDS interacts
ith the –N+H3 group and perhaps also the carbonyl group of
PPE, the latter leading to decreased chain mobility.
The 1H NMR spectra of the aromatic protons, labeled

11)–(14), from DDS in the aqueous medium, DDS–buffer at
arious temperatures is shown in Fig. 9a. The labeled DDS
olecule is shown in the inset of the figure. The spectra of the

romatic protons of DDS obtained from DPPE–DDS dispersions
t various temperatures around Tm are given in Fig. 9b. On com-
aring the DDS spectra obtained for DDS–buffer (Fig. 9a) and
PPE–DDS–buffer (Fig. 9b) indicated that the DDS interacted
ith the DPPE bilayer. The fine structure of the aromatic proton

esonances of the drug, for T > Tm almost disappears as the res-
nances were considerably broadened in the presence of DPPE.
owever, for T < Tm the spectra were similar to that of lipid-
ree dispersion of DDS–buffer. These data suggest that the drug
DS interacted with the DPPE molecules for T > Tm. However,

he values of the chemical shift of various aromatic protons were
ot significantly changed in the presence of lipid environment
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Fig. 9. 1H NMR spectra of the aromatic protons of DDS in: (a) DDS–buffer and
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b) DPPE–DDS–buffer (R = 0.2) in the vicinity of Tm. Inset gives the assignment
or DDS. [DPPE] = 25 mM.

Fig. 8a). The proton resonances corresponding to the –NH2
roup of DDS was not seen due to exchange processes. The 1H
MR results suggest that the aromatic groups of DDS molecules
ere expected to be located near the lipid glycerol moiety and/or

he polar headgroup, with its polar group interacting with (a) the
icinal water, (b) the P O (DPPE) group or (c) the C O (lipid)
roup through hydrogen bonding.

31P NMR experiments were carried out with DDS-free and
DS-doped unilamellar vesicles of DPPE, to see whether the
olar group of DDS interacted with the phosphate group of
PPE. The 31P NMR spectra from the DDS-free and DDS-
oped ULV of DPPE are presented in Fig. 10a and b. The 31P
MR resonance of DDS-free DPPE dispersion is broad for tem-
erature T < Tm and becomes sharp for T > Tm. The broadening
f the resonances is due to reduced mobility of the polar head-
roup in the gel phase, due to the strong hydrogen bonding
nteraction between the lipid headgroup. The drug-free DPPE
ispersion showed presence of two isotropic signals, which
mplied presence of two chemically different phosphorous envi-
onments. However, the 31P NMR spectra of DDS-doped DPPE
ispersion is sharp for both T > Tm and T < Tm. On comparing
he 31P NMR spectra obtained with drug-free and drug-doped
PPE dispersion it shows that the presence of DDS significantly

hanges the resonance pattern and shifted the ppm values to
igher value (clearly seen for T < Tm) and is shown in Fig. 8b

or T < Tm and T > Tm. These results suggest that the polar group
f DDS interacted significantly with the polar group of DPPE
nd hence reduced the PE–PE (PO4

−–NH3
+) headgroup inter-

ction. This interaction seems to leave the phosphorous group

o
d
t
t

ig. 10. Proton-decoupled 31P NMR spectra of DDS-free and DDS-doped DPPE
ispersions at temperature: (a) T < Tm and (b) T > Tm. The molar ratio, R of drug
o lipid is indicated on the curve. [DPPE] = 25 mM.

ree hence increase its mobility and results in a sharp peak even
or T < Tm.

. Discussion

The DSC results of ULV and MLV indicated that the effect of
he drug on the DPPE bilayer was more or less the same in both
orms hence independent of the morphological organization of
he membrane. The decreased Tm value and 31P NMR spectra
f the DDS-doped DPPE dispersions suggest that the presence
f the drug decreased the headgroup–headgroup interaction of
he neighboring DPPE molecules. This is supported by the 1H
MR results that the presence of DPPE, lead to a reduction in

he mobility of the aromatic protons of DDS. This effect is due
o hydrogen bonding and/or electrostatic interactions between
he polar groups of DDS and DPPE molecules, which reduce
he effective headgroup–headgroup interaction. The drug DDS
s lyophilic in nature, hence it is more likely that the polar moiety
f the drug get intercalated between the polar groups of the phos-
holipids. However, the drug is less likely to be present in the
cyl chain region of the phospholipid. This is supported by the
alues of transition enthalpy and the chemical shift (not changed)
f the various DPPE proton resonances in the presence of DDS.
rom DSC results, it was found that the transition enthalpy

ncreased with increasing drug concentration, indicating that
he drug increased the acyl chain order. However, in MLV the
ncrease in the acyl chain order was less for DPPE–buffer system
hen compared to DPPE–water system. The broadening of the
roton resonances of DPPE acyl chain in the presence of DDS
lso indicates that the drug increases the order (rigidity) of the
cyl chains. The nature of interaction was found to be similar for
he minimum (R = 0.025) and maximum (R = 0.5) drug concen-
ration used in this study. Hence, the above results suggest that
he drug DDS perturbs the membrane properties which could be

f pharmacological importance. Study carried out with DDS-
oped dipalmitoyl phosphatidylcholine (DPPC) system showed
hat DDS interacts with DPPC membrane by affecting both their
hermotropic behavior and molecular mobility [30]. The drug
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Prolonged equilibration (τe ≈ 32 days) of drug-free and drug-

oped MLV of DPPE (both in water and buffer) resulted in the
ormation of a crystalline subgel phase(s). The DPPE–water
ystem formed both subgel LLC and LHC phase(s) while
PPE–buffer system formed subgel LLC phase only. This
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