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Abstract This article reports the influence of the pre-
servative, propyl paraben (PPB), on the phase transition
and dynamics of dipalmitoyl phosphatidylethanolamine
(DPPE) vesicles both in multilamellar vesicular (MLV)
and unilamellar vesicular (ULV) forms using DSC and ('H
and *'P) NMR. DSC results indicate that the mechanism by
which PPB interacts with DPPE vesicles is similar in both
forms. Addition of PPB to DPPE dispersion results in
lowering of the gel to liquid crystalline phase transition
temperature (7;,) and consequently increases DPPE head-
group fluidity. At high PPB concentration, additional
transitions are observed whose intensity increases with
increasing PPB concentration. DSC and NMR data indicate
that the PPB molecules get intercalated between the DPPE
headgroups as the polar group of the PPB molecules
interacts with the polar group of PE, and the alkyl chain of
PPB penetrates into the acyl chain region. The interesting
finding with MLV is that the gel phase of DPPE in the
presence of PPB, on equilibration at 25 °C, transforms to a
stable crystalline subgel phases and whose intensity
increases with increasing PPB concentration. The effect of
inclusion of cholesterol in the PPB-free and PPB-doped
DPPE dispersion was also studied.
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Introduction

Propyl paraben (PPB) with pK, value of 8.47 has both
antimicrobial and antioxidant activity [1] and is effective in
the pH range of 3-9. It is effective against yeast, molds,
and gram-positive bacteria. PPB, because of its antimi-
crobial activity [2, 3] and relatively low toxicity in humans,
is used as preservative in foods, cosmetics, toiletries, and
pharmaceuticals. The mechanism by which paraben acts is
mainly by causing disorganization of the microbial cell
membrane: (a) at low (bacteriostatic) concentrations,
parabens appear to cause energy uncoupling which inhibits
the uptake of metabolites and (b) at higher (bactericidal)
concentrations, loss of the membrane semipermeability
occurs [4-7]. Parabens, thus, inhibit the growth of micro-
organisms. However, in recent years, the toxicity and
cancerigoneous potential of parabens have been raised in
membrane studies [8, 9].

Hence, it is important to understand at a molecular level
the mode of action of PPB with biomembranes and pro-
teins. As a starting step toward understanding PPB-bio-
membrane interaction, one studies its interactions with the
model membranes. Phospholipids, one of the important
constituents of biomembranes, are often used to form the
model-membrane system. Phosphatidylethanolamine (PE)
and phosphatidylcholine (PC) are major phospholipids
found in biomembranes [10]. At pH 7.4, both PC and PE
are zwitterionic. In this study, a dispersion of dipalmitoyl
phosphatidylethanolamine (DPPE) in buffer is used as the
model membrane system.

Earlier studies with PPB-doped dipalmitoyl phospha-
tidic acid (DPPA) and dipalmitoyl phosphatidylcholine
(DPPC) dispersions showed that PPB interacts with DPPA
and DPPC vesicle by affecting both their thermotropic
behavior and molecular mobility [11, 12]. The nature of
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interaction in DPPA dispersion was found to depend on the
concentration of the preservative used: (a) at low PPB
concentration, PPB increases the membrane headgroup
fluidity and decreases the acyl chain rigidity and (b) at high
PPB concentration, PPB increases both the membrane
headgroup fluidity and the acyl chain rigidity. However,
with DPPC dispersion, such a concentration dependence
was not seen and for the PPB concentration used the
membrane headgroup fluidity increases and the acyl chain
rigidity decreases. Prolonged equilibration of PPB-doped
MLV of DPPA and DPPA-cholesterol resulted in the for-
mation of a stable crystalline phase. This stable crystalline
phase seems to be more ordered (as indicated by large
enthalpy values) than the gel, Ly, phase. Hence PPB con-
verts the gel phase of DPPA to a metastable gel phase
which on equilibration transforms to stable crystalline
phase. Such behavior was not seen with PPB-doped MLV
of DPPC and DPPC-cholesterol. The observed differences
seem to be related to (i) the stronger PA—PA headgroup
interaction than PC-PC and (ii) the difference in the
headgroup charge (DPPA is negatively charged at pH 7.4
while DPPC is zwitterionic at pH 7.4). Time-dependent
studies with DPPA and DPPC dispersions (no change in the
thermal parameters) suggest that PPB molecules are very
strongly bound and remain intercalated between the polar
headgroups for prolonged time.

In order to see what type of interactions take place
between PPB and DPPE vesicles, studies were carried out
with PPB doped DPPE dispersions using DSC and (‘H and
3'p) NMR.

Materials and methods
Sample preparation

Lipid, L-o-DPPE, was purchased from Avanti Polar Lipids,
Inc., Alabama, USA, and was used without further purifi-
cation. The preservative, PPB (994% purity), and choles-
terol (from porcine liver, >99% purity) were obtained from
Aldrich Chemical Company, Inc., USA. The buffer of (i)
pH 7.4 was prepared using 10 mM di-sodium hydrogen
orthophosphate (Na,HPO,) and 10 mM sodium dihydro-
gen orthophosphate (NaH,PO,) solutions; to this buffer
0.9% (w/w) NaCl was added and (ii) pH 9.3 was prepared
using 0.2 M boric acid and 0.05 M borax (Na,B,O;
10 H,0O) solutions. The model membranes used in this
investigation were in multilamellar vesicular (MLV) and
unilamellar vesicular (ULV) forms. The method of prepa-
ration of the membrane samples in the MLV and ULV
forms is detailed elsewhere [13—15]. The mass ratio of
DPPE:cholesterol(ch) is 3:1. The mass fraction of buffer to
DPPE is 2.5 in MLV. The lipid concentration, [DPPE],
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in the case of ULV, is 25 mM. The molar ratio, R,,,, of PPB
to DPPE is in the range, 0 < R,,, < 0.4. Systematic studies
carried out with DPPE dispersions prepared at different
pHs show that DPPE forms stable ULV at pH > 9.3 when
sonicated for 10 min (forms translucent dispersion).
However, at pH < 9.3 DPPE does not form stable ULV
even under sonication for an hour (the DPPE dispersion
continues to remain milky indicating the presence of MLV
also). Hence, the ULV of DPPE was prepared using buffer
pH 9.3 [14, 15].

For DSC measurements, 7-12 mg (for MLV) and
15-18 mg (for ULV) of the samples were hermetically
sealed in aluminum pans. In order 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 PPB molecules.

Differential scanning calorimeter

Mettler Toledo DSC 822 was used for thermal measure-
ments of the membrane samples, with an empty aluminum
pan as a reference. Temperature and enthalpy calibrations
of the instrument were done, using cyclohexane and indium
at a heating rate of 10 °C/min. The chain melting (CM)
transition temperature, 7,,,, was obtained by extrapolating
the transition peak temperatures (obtained at scanning
speed of 10, 5, and 2 °C/min) to zero scanning speed. The
transition enthalpy, AH,,, of the endothermic curve repor-
ted is the average of the enthalpy values obtained from
5 to 2 °C/min scans. The values of full width at half
maximum, A, used to compare the cooperativity of the
CM transitions were obtained from 5 °C/min scans. The
DSC measurements were carried out both for the MLV and
the ULV. Experiments were carried out immediately after
the preparation (1. & 0) of the respective (MLV and ULV)
membrane samples. Experiments were repeated again after
equilibrating the samples (a) for 1 day (1. = 1 day) at
25 °C and (b) for 7 days (1, ~ 7 days) at 25 °C. For each
value of the molar ratio, R, the experiment was repeated
with at least three samples. Data were considered only for
those samples in which mass loss was less than 0.2 mg at
the end of the scanning experiments.

Nuclear magnetic resonance

'"H and 3'P Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Avance 500 spectrometer
equipped with a calibrated temperature control at 500 and
202 MHz, respectively. The instrumental parameters used
to carry out the experiments are detailed elsewhere [15].
The conventional 5 mm NMR tube containing approxi-
mately 1 mL of ULV solution was used to record both 'H
and *'P NMR spectra. D,O and H3PO4 (85%) were used as
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external references for 'H and *'P NMR experiments,
respectively. The NMR spectra were recorded in the
vicinity of the chain melting 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.

Results
DSC—multilamellar vesicles
T, ~ 0

The DSC heating scans of DPPE multilamellar vesicles
(MLV) in buffer pH 7.4 obtained as a function of
increasing concentration of PPB and for equilibration time,
T. ~# 0, 1 day, and 7 days are shown in Fig. 1 a-c,
respectively. The corresponding molar ratios, R,,-depen-
dence of the thermotropic parameters, transition tempera-
tures, and transition enthalpies, are given in Figs. 2a and
3a, respectively. The DSC heating scan of the gel phase of
DPPE dispersion displays an endothermic transition the
chain melting transition (Lg < L,) (Fig. 1a, R, = 0). The
chain melting transition temperature, T,,, and enthalpy,
AH,,, associated with this transition are 63.7 °C and
40.3 kJ mol ™', respectively. The observed thermotropic
parameter values are in good agreement with those repor-
ted in the literature [16, 17].

From Fig. 1a (solid curves), it is observed that in PPB-
doped DPPE dispersion, the CM transition is asymmetri-
cally broadened toward lower temperature, and this
asymmetry increases with the increasing PPB (for
R, < 0.4) concentration. This suggests the existence of
micro domains composed of PPB-rich and PPB-poor

Fig. 1 The DSC heating
profiles at 5 °C/min of DPPE-
PPB-buffer pH 7.4 (MLV)
containing different amount of
PPBforat. ~ Obt. ~ 1 day,
and ¢ 7, & 7 days. The molar
ratio, R,,,, of PPB to DPPE is
indicated on the scans. Ist scan
dotted curve, 2nd scan solid
curve, heating scans obtained
after cooling the samples

to —20 °C dash curve

regions. However, for R, > 0.3, the transition width is
reduced. The transition temperature, T, is found to
decrease with increasing PPB concentration. Presence of
PPB (R,, > 0.1) in DPPE dispersion results in the evolu-
tion of new transitions on the low temperature side (at
approximately 35, 45, and 48 °C) of the CM transition
(Fig. 1a). The transition temperature of the additional
transitions did not show PPB-concentration dependence

Temperature/°C

Fig. 2 R -dependence of transition temperatures, Ty, cmc Of
a DPPE-PPB-buffer pH 7.4 b DPPE-ch-PPB-buffer pH 7.4, and
¢ DPPE-PPB-buffer pH 9.3(ULV) systems for 7. ~ 0 (circle),
1. ~ | day (square), and t. =~ 7 days (triangle). The size of the
symbol has been chosen in conformity with the error bar. The lines
connecting the data points have been drawn as a guide to the eye
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(Fig. 2a). However, the intensity of these addition transi-
tions increases with increasing PPB concentration. The
transition observed at 48 °C is probably due to the for-
mation of crystalline L; - phase (crystalline subgel phase
with transition temperature, Ty ¢ < T,,,) [18]. The intensity
of the L1 ¢ phase formed is different for the same sample at
different heating cycles with same scanning speed; the
intensity is high at low scanning speed (2 °C/min). The
intensity of L ¢ phase increases in the case of heating scan
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Fig. 3 R,-dependence of total transition enthalpy (AH, =
AH,ycmc) a DPPE-PPB-buffer pH 7.4, b DPPE-ch-PPB-buffer
pH 7.4, and ¢ DPPE-PPB-buffer pH 9.3(ULV) systems for 7. ~ 0
(circle), 1. ~ 1 day (square), and 1. = 7 days (triangle). The size of
the symbol has been chosen in conformity with the error bar. The
lines connecting the data points have been drawn as a guide to the eye

Fig. 4 The DSC heating scans
at 5 °C/min of DPPE-ch-PPB-
buffer pH 7.4(MLV) containing
different amount of the PPB for
at. ~ 0,b1. ~ 1day, and

¢ 7, & 7 days. The molar ratio,
R, of PPB to DPPE is indicated
on the scans. 1st scan dotted
curve, 2nd scan solid curve,
heating scans obtained after
cooling the samples to —20 °C
dash curve

——Endotherm
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recorded after the sample was cooled to —20 °C (Fig. la
(dash curves)). For R, = 0.4, wherein the intensity of the
L; ¢ phase transition is high, the transition at 35 °C is not
seen. From Fig. 3a, it is seen that the total transition
enthalpy increases in the presence of PPB. This increase in
enthalpy value is probably due to the formation of the
crystalline L; ¢ phase.

The effect of addition of cholesterol(ch) to DPPE-PPB-
pH 7.4 system is also investigated. The DSC heating profile
of DPPE-ch dispersion both in the presence and absence of
PPB for equilibration time, 7. =~ 0, 1 day and 7 days is
shown in Fig. 4a—c. The corresponding molar ratio,
R,,-dependence of the thermotropic parameters, the tran-
sition temperatures and the transition enthalpies, are given
in Figs. 2b and 3b, respectively. Presence of cholesterol in
DPPE dispersion broadens the CM transition and shifts the
transition peak to lower value (60.2 °C). The transition
enthalpy, AH,, associated with this broad transition is
approximately 17.0 kJ mol~". A small hump is also seen at
about 31 °C. Cholesterol causes a fluidizing effect in DPPE
vesicles. Similar effect is seen with dipalmitoyl phospha-
tidylcholine (DPPC)-ch system [19, 20]. On cooling the
DPPE-ch dispersion to —20 °C, there is the evolution of
new phases whose transition temperatures are approxi-
mately 17 °C and 21.7 °C and the total enthalpy associated
with it is 3.4 kJ mol™" (Fig. 4a (R,, = 0) dash curve).

Presence of PPB in DPPE-ch dispersion increases the
CM transition width and decreases the transition tempera-
ture (Fig. 2b). For PPB concentration, R,, < 0.1 the tran-
sition enthalpy, AH,,, value decreases and with further
increase in PPB concentration (R, > 0.1) the transition
enthalpy, AH,,,, value increases (Fig. 3b). This increase in
enthalpy value could be due to the formation of low tem-
perature crystalline subgel phase. This behavior is similar
to that seen with cholesterol-free DPPE-PPB system.

(c)

P B B N ST

10 20 30 40 50 60 70
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DPPE-ch-PPB dispersion when cooled to —20 °C also
forms a new phase whose transition temperature is
approximately 15 °C and seems to be similar to that seen in
PPB-free DPPE-ch dispersion (Fig. 4a dash curve). The
transition temperature of this new phase does not change
significantly with increasing concentration of PPB. How-
ever, the transition enthalpy associated with this transition
increases with increasing PPB concentration (Fig. 4a dash
curves). The thermal values(7,, and AH,,) obtained from
the DSC data indicate that for a given PPB concentration,
the interaction of the PPB with DPPE is higher in the
presence of the cholesterol.

1. ~ 1 and 7 days

The gel phase of DPPE (R, = 0) and DPPE-ch (R, = 0)
systems when equilibrated for a day did not change the
thermotropic parameters (Figs. 1b (dotted curves) and 4b
(dotted curves) and Table 1) when compared to 7. =~ 0
values. However, when the gel phase of DPPE (R, = 0)
and DPPE-ch (R, = 0) systems were equilibrated for
7 days, DPPE-ch system formed crystalline L;c phase
(Figs. 4c (dotted curves) and Table 1). However, the gel
phase of DPPE-pH 7.4 system on equilibration did not
form crystalline subgel phase. The gel phase of DPPE is
known to be metastable and on equilibration gets converted
to stable crystalline phase [21-24].

The first (dotted curve) and the second (solid curve)
scans recorded with the equilibrated (t. = 1 day) DPPE-
PPB-buffer pH 7.4 samples indicate transformation of the
gel phase to a crystalline subgel, Lyc, phase with transition
temperature Tyc > T, (Fig. 1b and Table 1). On equili-
bration the subgel, L, phase seen for 7. ~ 0 is trans-
formed to subgel, Lyc, phase. Similar high temperature
subgel phase formation is reported in dapsone-free and
dapsone-doped DPPE-water systems [18]. The total tran-
sition enthalpy, AH, (AH,, + AHyc), of the DPPE-PPB-
buffer pH 7.4 system, increases on equilibration (Table 1).
The subsequent DSC heating scans of DPPE-PPB-buffer
pH 7.4 system are almost similar to that of 7. ~ 0
(Figs. 1a and b, 2a and 3a) (except for R, > 0.2 where the
intensity of subgel, L; ¢, phase increases). Similar behavior
was seen when the gel phase of DPPE-PPB-buffer pH 7.4
system was equilibrated for 7 days (Fig. 1c and Table 1).
Equilibrating cholesterol-doped DPPE-PPB dispersion (for
R, <0.2) at 25 °C for a day, does not result in the for-
mation of any subgel phase and the DSC heating profiles
are almost similar to those obtained for 7. ~ 0 (Fig. 4b
first scan (dotted curves) and second scan (solid curves)).
However, for R, > 0.1, the first heating scan shows the
presence of subgel phase (Fig. 4b (dotted curve) and
Table 1). The subsequent DSC heating scans are almost
similar to those of 7, ~ 0 (Figs. 2b, 3b and 4). However,

when the cholesterol-doped DPPE-PPB dispersion was
equilibrated for 7 days, there is the evolution of subgel
phases for the entire PPB concentration range (Table 1).
The subsequent DSC heating scans do not show any sig-
nificant change (when compared with those of 7. & 0).

DSC—unilamellar vesicles

The DSC heating profiles, of the ULV of DPPE-PPB-buffer
pH 9.3 system obtained at the scan rate of 5 °C/min, for
T. & 0 (solid curve), 1. ~ 1 day (dash curve) and
T. & 7 days (dotted curve) with increasing PPB concen-
trations are shown in Fig. 5. The R,-dependence of the
thermotropic parameters are given in Figs. 2¢ and 3c.

The DSC heating thermogram of DPPE dispersion in
buffer pH 9.3, displays an endothermic chain-melting
transition at a temperature 59.4 °C and the enthalpy, AH,,,,
associated with this transition is 28.5 kJ mol~'. The T,,
and AH,, values obtained are less than the corresponding
ones for MLV probably due to reduced headgroup—head-
group interaction in the ULV form because of its high
degree of curvature. The values of full width at half
maximum, A, was increased and was nearly two folds that
of MLV probably due to the presence of ULV with dif-
ferent size and/or few lamella(s).

From Figs. 2c, 3c and 5, it is seen that in PPB-doped
DPPE dispersion, CM transition broadens and the transi-
tion temperature, Ty,, is reduced. The transition enthalpy
associated with this transition is increased. The presence of
PPB seems to reduce the effective headgroup—headgroup
interaction and increase the acyl chain order. This behavior
is similar to that observed in MLV.

Thermotropic parameters obtained for samples equili-
brated for 1 and 7 days at 25 °C, hardly shows any change,
when compared with their 7. &~ 0 values (Figs. 2c and 3c).
However, equilibration (Fig. 5) results in increased tran-
sition width for both PPB-free and PPB-doped DPPE dis-
persions. This could most probably be due to the formation
of multibilayer vesicles of different sizes. The ULV is
known to be unstable and fuse to form multilamellar ves-
icles [25].

'"H NMR—unilamellar vesicles
DPPE resonances

The 'H NMR spectra of DPPE molecules in DPPE-buffer
pH 9.3 and DPPE-PPB-buffer pH 9.3 (R,, = 0.2) for var-
ious temperatures in the vicinity of 7, are shown in Fig. 6a
and b, respectively. Various proton resonances in the
spectra can be identified with the assignments given in
inset of Fig. 6. On comparing PPB-free and PPB-doped
DPPE spectra, it is seen that in both cases, the chain
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T(days): 0;
]~ ——

’

40 50 60
Temperature/°C

Fig. 5 DSC heating scans at 5 °C/min of ULV of DPPE-PPB-buffer
pH 9.3 with increasing R, as indicated on the curves (i) 7. ~ 0, solid
curve; (ii) t. =~ 1 day, dash curve; and (iii) 1. =~ 7 days, dotted
curve

N,

i
, «—(9)
o (b)
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Fig. 6 '"H NMR spectra of a DPPE (R,, = 0) and b DPPE-PPB
(R, = 0.2) dispersions in the vicinity of 7,,. Assignments for the
various groups of DPPE are given in the inset. [DPPE] = 25 mM

resonances (1) and (2) are broad and unresolved at tem-
perature less than T;,. They start getting resolved and
become sharper as the temperature approaches T, This
sharp increase in chain proton resonance upon phase
transition is indicative of increased mobility for the con-
cerned proton due to increased chain disorder. Though the

T, of DPPE dispersion is affected by the presence of PPB,
there is no significant change in the chemical shifts of the
various lipidic resonances. However, the resonances of the
various lipidic protons are considerably broadened in PPB-
doped DPPE dispersion. The resonances labeled (8) and
(9 (for T < Ty,)) are hardly visible due to broadening.
These results indicate that the mobility of lipidic protons is
reduced in the presence of PPB. These results suggest that a
PPB molecule interacts with the -NVH; group, thereby
reducing the electrostatic interaction between —PO,~ and
NTH; groups.

PPB resonances

The 'H NMR spectra of the protons, labeled 11-17, from
PPB in the aqueous medium, PPB-buffer pH 9.3 at various
temperatures are shown in Fig. 7a. The concentration of
PPB in the aqueous medium was same as that present in
DPPE-PPB system with R, = 0.2. The labeled PPB mol-
ecule is shown in the inset of the figure. The spectra of the
aromatic protons of PPB obtained from DPPE-PPB dis-
persions at various temperatures around 7, are given in
Fig. 7b. From Fig. 7a and b, it is seen that the PPB reso-
nances are perturbed by the presence of DPPE. The per-
turbation is stronger for temperatures, 7 > T,,. The fine
structure of the aromatic proton resonances of PPB almost
disappears, as seen from the broadening of the resonances
in the presence of DPPE. The broadening effect is more for
temperature, T > T, (aromatic resonances hardly seen).
The chemical shift (upfield shift) values of various aro-
matic protons of PPB decreases in the presence of lipid

(a) (b)
(15  (16) (17) (12)&(13) (11)&(14) )
/1 ey
(17)
\k (14) (13)
Propyl paraben(PPB)
62°C 59°C
PR
58°C
570C M
57°C
55°C
-r—r--r-r'*r**“*r T r’T T T T T T T T
424020 10 85 75 65 85 75 65

&/ppm &/ppm

Fig. 7 '"H NMR spectra of PPB in a PPB-buffer pH 9.3 and b DPPE-

PPB-buffer pH 9.3 (R,, = 0.2) systems in the vicinity of T;,. Inset
gives the assignment for PPB [DPPE] = 25 mM
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environment. This could be due to the hydrogen bonding
interaction between the polar groups of PPB and DPPE
molecules. The proton resonances corresponding to the
—OH group of PPB are not seen due to exchange processes.
From Figs. 6b and 7a, it is seen that the proton resonances
labeled 15, 16 and 17 of PPB, broaden significantly in
DPPE environment and are hardly seen for temperature,
T > T,,. These data suggest that the PPB molecules interact
with the DPPE bilayer and the interaction is stronger at
temperature, T > T,,. The "H NMR results suggest that the
—OH group of PPB 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=O (DPPE) group or (c) the C=0O (lipid) group
through hydrogen bonding.

3'p NMR—unilamellar vesicles

*'P NMR experiments were carried out with PPB-free and
PPB-doped unilamellar vesicles of DPPE, to see whether
the polar group of PPB interacts with the phosphate group
of DPPE. The *'P NMR spectra from the PPB-free and
PPB-doped ULV of DPPE are presented in Fig. 8a and b,
respectively. When the *'P NMR line shapes obtained for
pure DPPE and DPPE-PPB mixture are compared, it shows
that the presence of PPB (a) significantly changes the *'P
NMR resonance pattern and (b) results in the chemical shift
values becoming higher. These results suggest that pres-
ence of PPB molecules in DPPE dispersion reduces the
electrostatic interaction between -PO,~ and -N1Hj
groups.

(a) (b)
63°C 63°C
61°C
61°C
57°C
A 55°C
20 0 20 -40 40 20 0 -20 -40
&/ppm &/ppm

Fig. 8 Proton decoupled >'P NMR spectra of a DPPE-buffer pH 9.3
and b DPPE-PPB-buffer pH 9.3 (R,,, = 0.2) systems in the vicinity of
T [DPPE] = 25 mM
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Discussion

The DSC results of ULV and MLV indicate that the effect
of the PPB on the DPPE bilayer is more or less the same in
both forms. The decreased T}, value and *'P NMR spectra
of the PPB-doped DPPE dispersions suggest that the pres-
ence of PPB decreases the headgroup—headgroup interac-
tion of the neighboring DPPE molecules. This is supported
by the "H NMR results that the presence of DPPE leads to a
reduction in the mobility of the aromatic protons of PPB.
This effect is due to hydrogen bonding and or electrostatic
interactions between the polar groups of PPB and DPPE
molecules, which reduce the effective headgroup—head-
group interaction. Hence, the polar moiety of the PPB
molecules gets intercalated between the polar groups of the
phospholipids and its alkyl chain penetrating into the
cooperative region. This is supported by the values of
transition enthalpy and the chemical shift of the various
DPPE proton resonances in the presence of PPB. From DSC
results, it is found that the transition enthalpy increases with
increasing PPB concentration. This increase in enthalpy is
related to the formation of crystalline subgel phase. The gel
Lg phase, of DPPE is known to be metastable and under
appropriate conditions (low temperature equilibration),
transforms to a stable crystalline subgel Lc phase [21, 22,
26-30]. This transformation leads to (a) a more ordered
packing of the lipids within the bilayer and (b) the expulsion
of most of the interlamellar water [29, 30]. The strong
interactions between the PE headgroups (both intra- and
inter-bilayer) are responsible for the metastability of the gel
Lj phase in model membranes made up of diacyl PEs with
saturated chains of length C;q to C;¢ [27, 31]. In choles-
terol-doped DPPE vesicles, PPB brings about similar per-
turbation in the biophysical properties of the vesicles.
However, for a given concentration of PPB, the influence of
PPB on the biophysical properties is large in cholesterol-
doped DPPE dispersion than that of cholesterol-free DPPE
dispersion. Hence, the above results suggest that PPB per-
turbs the biophysical properties of DPPE vesicles. This
could be of pharmacologic importance.

Study carried out with PPB-doped DPPC system showed
that PPB interacts with DPPC membrane by affecting both
its thermotropic behavior and molecular mobility [12]. In
both DPPE and DPPC dispersions, the presence of PPB
increases the fluidity of the polar headgroup by decreasing
the headgroup—headgroup interaction. In DPPC dispersion,
PPB reduces the acyl chain order. However, in DPPE
dispersion, the presence of PPB increases the acyl chain
order, most probably due to the formation of crystalline
subgel phase. These differences may be related to the fact
that PE-PE interaction is stronger than PC—PC interaction.

Equilibration (z, ~ 1 day and 7 days) of MLV, of PPB-
doped DPPE-buffer pH 7.4 and PPB-free and PPB-doped
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DPPE-ch-buffer pH 7.4 at 25 °C, resulted in the formation
of a crystalline subgel phase(s)(Lic and Lyc). The gel
phase of DPPE-buffer pH 7.4 does not form subgel phase
on equilibration. The gel phase of DPPE-buffer pH 7.4 and
DPPE-ch-buffer pH 7.4 dispersions, in presence of appro-
priate PPB concentration, transforms to a stable crystalline
subgel phase with shorter equilibration time. These results
suggest that PPB acts as a catalyst for gel phase to subgel
phase(s) transformation. The PPB also enhances the
intensity of the subgel phases.

The subgel Lyc phase — Lg phase transition is indica-
tive of the simultaneous hydration and acyl chain melting
of a poorly hydrated crystalline sample, which gives rise to
big change in total transition enthalpy [23]. The transition
enthalpy of the metastable gel Lg phase — L, phase cor-
responds only to the melting of the acyl chains. Similar to
subgel, Lyc phase, in the L phase also the acyl chain
order is increased but with less inter-bilayer water
sequestering out. The formation of somewhat similar low
temperature subgel phase in aqueous dispersions of
dimyristoyl phosphatidylethanolamine (DMPE) has been
reported earlier [32, 33].

Schematic model for the likely location of PPB mole-
cules in DPPE bilayer is shown in Fig. 9. PPB with pK,
value of 8.47 will have negatively charged —OH group at
pH 9.3. Hence, there can be electrostatic attractive inter-
action between the —O~ group of PPB molecules and the

- +
+ Q . t 0 0., , HsN (o}
HN"\—0—p_o "SN’\/O\E,/ Hio \/O\Eto'

Fig. 9 Schematic model representing the location of PPB molecule
in DPPE bilayer

—~N"H; group of DPPE. This results in reduced interaction
between the —PO,~ and N*Hj; groups of the DPPE mole-
cules. The *'P NMR experiment with DPPE-PPB-buffer
pH 9.3 has shown that the phosphorous resonances are
perturbed by the presence of PPB. Thus, the interaction
between PPB and DPPE molecules are as represented in
(B) (Fig. 9). However, when the DPPE dispersion is pre-
pared in buffer pH 7.4, the PPB molecules will be neutrally
charged. Therefore, the —OH group of PPB can form
hydrogen bonding with the (a) vicinal water or (b) the
—P=0 (DPPE) group or (c) the —-C=0 (DPPE) group as
represented by (A) (C), and (D) in Fig. 9. The presence of
PPB molecule between DPPE molecules in the bilayer
would increase the separation between headgroups, thereby
weakening the PE-PE interactions, thereby enhancing the
fluidity of DPPE headgroups. The formation of the more
ordered crystalline Lj c;yc phases can be explained by the
strong intra- and inter-bilayer hydrogen bonding interac-
tion between the neighboring PE headgroups. This facili-
tates the subgel L c;yc phases formation by sequestering
out the inter-bilayer water [31].

Conclusions

The results clearly indicate that PPB strongly interacts with
DPPE bilayer and gets intercalated between the polar
groups of the phospholipids. PPB increases the headgroup
fluidity by reducing PE-PE headgroup interaction. The
modification of the fluidity of the model membrane may be
an important factor in determining the functions of bio-
membranes and those of the molecules embedded in them.
Presence of PPB seems to favor the formation of subgel
L c phase. Equilibration studies suggest that PPB mole-
cules are very strongly bound and remain intercalated
between the polar headgroups for prolonged time. This
finding could be of physiologic importance as parabens
have been detected in human breast tumor tissue [9].
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