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To understand and maximize the therapeutic potential of poly(styrene-co-maleic acid) (SMA), a synthetic,
pharmacologically-active co-polymer, its effect on conformation, phase behavior and stability of lipid matrix
models of cell membranes were investigated. The modes of interaction between SMA and lipid molecules were
also studied.While, attenuated total reflection-Fourier-transform infrared (ATR-FTIR) and static 31P nuclearmag-
netic resonance (NMR) experiments detected SMA-induced conformational changes in the headgroup region,
differential scanning calorimetry (DSC) studies revealed thermotropic phase behavior changes of the mem-
branes. 1H NMR results indicated weak immobilization of SMA within the bilayers. Molecular interpretation of
the results indicated the role of hydrogen-bond formation and hydrophobic forces between SMA and zwitterion-
ic phospholipid bilayers. The extent ofmembranefluidization and generation of isotropic phaseswere affected by
the surface charge of the liposomes, and hence suggested the role of electrostatic interactions between SMA and
charged lipid headgroups. SMA was thus found to directly affect the structural integrity of model membranes.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Synthetic polymers are currently generating increased interest as
therapeutic agents owing to their enhanced pharmacokinetic profiles,
improved efficacy and better physicochemical stability relative to
small molecule drugs. The high-molecular weight nature coupled
with the opportunity for polyvalent binding interactions has made
polymers interesting candidates for novel chemical entities for thera-
peutic applications in which low-molecular weight drugs have either
failed or exhibited inadequate benefits [1]. Though these polymers
are presently being extensively used in the formulation of small mol-
ecule drugs, primarily as carriers or sustained release devices, they
can also be used as therapeutics on their own [2].

Poly(styrene-co-maleic acid) (SMA) is a synthetic co-polymer
with attractive chemical [3] and biological properties. The potential
of SMA as a polymeric drug has already been exploited with the clin-
ical success of SMANCS, a conjugate of immunostimulatory styrene
maleic acid co-polymer with the potent yet toxic anti-tumor
polypeptide neocarzinostatin (NCS), in liver and lung cancer [4–6].
Recent revelation of the potential of SMA and its derivatives in
effectively inhibiting human immunodeficiency virus type 1 (HIV-1)
[7,8], by preventing virus adsorption on the surface of target cell
membranes, has generated considerable interest.
+91 3222 282221.
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SMA co-polymers have also been reported to be strong inhibitors of
spermatozoa motility [9]. The spermicidal activity of the co-polymer
has been attributed to the presence of carboxylic groups, which induces
a low-pH environment responsible for killing spermatozoa.

Our laboratory has been actively involved in researching the thera-
peutic applicability of styrene maleic acid/anhydride co-polymers in
human sexually transmitted disease prevention and fertility control,
with a special attention toward genital HIV-1 infections [10]. A new
male non-hormonal contraceptive RISUG (an acronym for Reversible In-
hibition of Sperm Under Guidance), with styrene maleic acid/anhydride
co-polymers as active pharmaceutical ingredients, has emerged from
our laboratory and is currently undergoing extended Phase III clinical
trials throughout India.

The activity of the pharmacologically-active styrene maleic acid co-
polymer for the treatment of a wide spectrum of human diseases is
noteworthy. However, to utilize the therapeutic potential of this co-
polymer to the fullest, a detailed understanding of the mechanism by
which SMA molecules interact with cell membranes at the molecular
level is of critical importance, especiallywhen one considers the efficacy
and safety of the polymer therapeutic, since interactionwith exogenous
amphiphilic SMA can directly affect the structural integrity of the cell
[11]. It has already been reported that the hydrophobic regions of
SMA play an important role in the penetration of the lipid bilayer of
cell membranes, and the anionic portion of the co-polymer facilitates
the internalization and binding of the drug-polymer conjugate with
the hydrophobicmilieu of the cell [12]. SMA is also known to induce sur-
face charge imbalance on human spermatozoa membrane, which leads
to the release of acrosomal enzymes hyaluronidase and acrosin. This
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ultimately leads to spermatozoa damage [13,14]. It therefore becomes
imperative to elucidate the influence of SMA on lipid matrix models of
cell membranes in order to improve the therapeutic potential of the
co-polymer by enhancing biological activity and diminishing side effects.

This study aims to characterize the conformational changes in the
SMA-doped liposomes and dry lipid/co-polymer films, detect the
changes induced by the co-polymer on the phase behavior and stabil-
ity of model membranes and discern the nature of intermolecular in-
teractions at work between SMA and lipid molecules.

We have investigated the interactions of SMA with different sets of
dry lipidfilms andmultilamellar vesicles, composed of zwitterionic phos-
pholipid distearoylphosphatidylcholine with cholesterol and charged
lipids added to it, to mimic various types of cell membranes differing in
composition and surface charge. ATR-FTIR studieswere performed to de-
tect the conformational changes induced by the co-polymer in the lipid
acyl chain region as well as in the headgroup and interfacial regions of
the lipid molecules. DSC, a thermal analytical technique, was used to
study the thermotropic phase behavior of liposomes fromwhich themo-
lecular interactions between the co-polymer and phospholipids were
quantitatively probed. 31P NMR experiments were carried out to charac-
terize the effect of the co-polymer on the structure and dynamics of mul-
tilamellar vesicles and to get a more direct indication of the effects
induced by SMA in the headgroup region of the vesicles. Proton NMR
spectroscopy was used to probe the existence and nature of interactions
between the amphiphilic co-polymer and phospholipid molecules.

2. Materials and methods

2.1. Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), dimethyl-
dioctadecylammonium bromide (DODAB), dicetylphosphate (DCP)
and cholesterol (CHOL) (Fig. 1A–D) were purchased from Sigma
Fig. 1. Chemical structures of A, 1, 2-distearoyl-sn-glycero-3-phosphocholine (DSPC); B, dim
terol (CHOL) and E, styrene maleic acid (SMA) co-polymer.
Chemicals Co., USA. 4-2-hydroxyethyl-1-piperazineethanesulfonic
acid (HEPES) was obtained from Sisco Research Laboratories Pvt. Ltd.,
India. Deuterium oxide (D2O) and deuterated methanol (CD3OD)
were bought from Cambridge Isotope Laboratories Inc., USA. HPLC
grade chloroform and methanol and analytical grade sodium chloride
were purchased fromMerck, India. All chemicals were used as obtained
without further purification. Milli-Q water obtained from Milli-Q
Integral 3 system (Millipore, France) was used for all experiments.

2.2. Methods

2.2.1. Synthesis of poly(styrene-co-maleic acid)
Styrene maleic acid co-polymer (Fig. 1E) was prepared according to

the method described in the United States patent number 5488075
[15]. Briefly, maleic anhydride (MAn) and styrene (St) monomers in
1:1 (w/v) ratio were taken in glass bottles to which ethyl acetate was
added and dry nitrogen gas purged. Polymerization was achieved by
gamma irradiation at 37 °C, using a dose rate of 0.3 Gy/s and a total dos-
age of 2.4 Gy. The co-polymer was precipitated with petroleum ether
and soxhlet distilled using 1,2-dichloro ethane andMilli-Qwater respec-
tively. Styrene maleic anhydride co-polymer obtained after careful puri-
fication from unreacted monomers was subjected to base catalyzed
hydrolysis by refluxing with sodium hydroxide solution. The co-
polymer was then recovered by acid precipitation using hydrochloric
acid. The obtained SMA was washed several times with acidified Milli-
Q water to remove any sodium salts present and then dried and used
for further experiments. The weight-average molecular weight
(Mw=850,000 Da) of the hydrolysed co-polymer was determined by
gel permeation chromatography at 35 °C (Viscotek, Malvern, USA).

2.2.2. Preparation of multilamellar vesicles (MLVs)
Multilamellar vesicles were prepared according to the lipid film

hydration method [16] with slight modifications. Briefly, required
ethyldioctadecylammonium bromide (DODAB); C, dicetylphosphate (DCP); D, choles-
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amounts of DSPC, cholesterol and charged lipids were dissolved in
methanol/chloroform mixture (1:1 v/v) in round-bottom flasks to
produce final molar ratios of 7:1 (DSPC:CHOL) or 7:2:1 (DSPC:
DODAB/DCP:CHOL) respectively. Appropriate volume of the stock so-
lution of SMA (in methanol) was added to it and vortexed to form a
homogeneous solution. The phospholipid to co-polymer molar ratio
of 100:1 was maintained for all the systems. The organic solvents
were evaporated in a rotavapor (R210, Büchii Switzerland) attached
with a vacuum controller to form lipid and lipid/co-polymer thin
films along the inside wall of the flasks. The round-bottom flasks
were then attached to high vacuum for 6 h to remove any traces of or-
ganic solvents left behind. The dried films were hydrated with an ap-
propriate volume of filtered hepes buffered saline (10 mM hepes and
150 mMNaCl, pH 7.0) and incubated at 65 °C (~10 °C above the phase
transition temperature of the phospholipid) by rotating the flasks in
the rotary evaporator without vacuum for 1 h along with intermittent
severe vortexing to remove the entire film from the wall of the flasks
and form homogeneous suspensions. The obtained multilamellar ves-
icles (MLVs) were then subjected to five freeze-thaw cycles by alter-
natively freezing in liquid nitrogen and then thawing it at 65 °C in a
water bath. The resulting liposomes were used in subsequent exper-
iments. All experiments were performed with freshly prepared lipo-
somes. For NMR experiments, all sets of MLVs were suspended in
hepes buffered saline made in D2O (pD 7.0) and had a lipid concen-
tration of 40 mg/ml. For all other experiments, liposome suspensions
were prepared with lipid concentrations maintained at 20 mg/ml and
were diluted according to the requirement of respective experiments.

2.2.3. Attenuated total reflection-Fourier-transform infrared (ATR-FTIR)
spectroscopy

Dry lipid and lipid/co-polymer films having the same molar ratios
as mentioned in Section 2.2.2 were prepared by spreading 200 μl of
methanol/chloroform (1:1, v/v) solution of lipid and lipid/co-polymer
mixtures on one surface of zinc selenide (ZnSe) ATR crystal and then
evaporating the solvent under a stream of dry nitrogen gas. The con-
centration of lipids in chloroform/methanol solution was 10 mg/ml.
The experiments were carried out in Nexus-870 FTIR spectrometer
(Thermo Nicolet Corporation, USA). A total of 100 scans were collect-
ed and co-added with a spectral resolution of 2 cm−1. The data
obtained was analyzed using the OMNIC software (version 6.0 A)
supplied with the instrument. All spectra reported in this study
were obtained after subtraction of the background spectra measured
with the blank ZnSe crystal.

2.2.4. Particle size and zeta potential measurements
MLV suspensions were adequately diluted with filtered hepes buff-

ered saline (HBS, pH 7.0), and their size and zeta potential values were
measured in triplicate on a Zetasizer NanoZS instrument (Malvern,
U.K.) equipped with a 4 mW He–Ne laser (λ=633 nm) at 25 °C. The
data obtained was analyzed using the Zetasizer 6.01 software supplied
with the instrument. The zeta potential values were calculated using
the Helmoholtz–Smolowkovski equation.

2.2.5. Differential scanning calorimetry (DSC)
DSC scans were performed using the high-sensitivity differential

scanning calorimeter VP-DSC (MicroCal, USA). Both liposomal sam-
ples and buffer were degassed with stirring under vacuum at 23 °C
for 20 min using MicroCal Thermovac, before being loaded into sam-
ple and reference cells. All thermograms were run using the same vol-
ume of buffer as reference. The samples were equilibrated at the
starting temperature for 15 min prior to each scan. A scan rate of
20 °C/h was employed for the experiments which were carried out
in the temperature range of 20 to 65 °C for DSPC and DSPC+CHOL
samples and 20 to 80 °C for vesicles containing charged lipids, with
the pressure automatically held at 25 psi for all sets. After degassing
the samples, the lipid concentration was determined using a modified
Bartlett phosphate assay and was found to be 6 mg/ml. Upon comple-
tion of the DSC run, the samples were checked for decomposition by
thin-layer chromatography. No decomposition was observed. A base-
line was run before each experiment with HBS (pH 7.0) loaded in
both sample and reference cells and was subtracted from individual
results on data analysis. Data were analyzed using ORIGIN software
provided by MicroCal. Repeated scans for same samples were usually
superimposable.

2.2.6. Nuclear magnetic resonance (NMR) spectroscopy
NMR spectra were recorded on a BRUKER AVANCE Ultra Shield™

500 MHz spectrometer (Bruker, Switzerland). Static 31P NMR experi-
ments were carried out at 202.45 MHz with proton-decoupling dur-
ing signal sampling by means of a Waltz-16 composite pulse
sequence. Each spectrum was the result of accumulation of 8000
scans, sampled using 8192 complex data points. An interpulse delay
of 1 s was used to improve the signal-to-noise ratio. The static 31P
fids were multiplied with an exponential function to increase the
linewidth by 50 Hz, in order to reduce noise prior to Fourier transfor-
mation. All chemical shift values were quoted in parts per million
(ppm) with reference to phosphoric acid (H3PO4, 0 ppm). Spectra
for each sample were recorded in triplicates at temperatures ranging
from 30 to 60 °C. The sample temperature was allowed to stabilize
prior to acquisition and was maintained throughout the experiment.
1H NMR experiments were carried out at 500.13 MHz with 128 tran-
sients and a relaxation delay of 1 s between transients at 30 °C. The
chemical shifts for proton NMR spectra were recorded in ppm relative
to tetramethylsilane (0 ppm) as internal standard. 1H NMR experi-
ment for SMAwas performed by dissolving the co-polymer in deuter-
ated methanol. All NMR data were processed using BRUKER TOPSPIN
2.0 software.

3. Results

3.1. ATR-FTIR spectroscopy

Phospholipids contain several IR active groups that can function as
suitable spectroscopic probes of the structure and interactions in hy-
drophobic, interfacial and polar headgroup regions of lipid assemblies
(Fig. 2, Table 1) [17].

3.1.1. Lipid hydrocarbon portion
The vibrations of the CH2 groups are commonly used to detect hy-

drocarbon chain conformational disorder andmobility. The asymmet-
ric (νas) and symmetric (νs) CH2 stretch frequencies were shifted to
higher frequencies in presence of SMA for DSPC, DSPC+CHOL and
DSPC+CHOL+DCP systems respectively. However, for the DSPC+
CHOL+DODAB system, while the νas stretch remained unaltered,
the νs stretch was reduced in the presence of SMA. Similar set of ob-
servations were also made for the νas (CH3) band for the different sys-
tems studied (Fig. 3). The blue shift of the maximum of νas and νs
(CH2), and νas (CH3) bands indicating increased membrane fluidiza-
tion was due to an increase in gauche conformer population in the
lipid hydrocarbon part.

The increase in bandwidths observed in the case of neat and cationic
dry films in presence of SMA (Fig. 3A and C), indicating alterations of
lipid acyl chain dynamics, was a consequence of increased motional
freedom of the methylene groups [17,18]. This result suggested SMA-
induced alterations in the lateral packing of the hydrocarbon chains,
which led to conformational disorder [19,20] in the DSPC and DSPC+
CHOL+DODAB systems.

Further useful information regarding acyl chain packing and inter-
chain interactions was derived from CH2 scissoring and wagging
modes. The presence of SMA had different effects on the δs acyl scis-
soring for the different systems studied. While, for the neat and cat-
ionic dry films, the peak was shifted to lower frequencies, the



Fig. 2. ATR-FTIR spectra of A, DSPC and DSPC+SMA; B, DSPC+CHOL and DSPC+CHOL+SMA; C, DSPC+DODAB+CHOL and DSPC+DODAB+CHOL+SMA; D, DSPC+DCP+CHOL
and DSPC+DCP+CHOL+SMA dry films at 25 °C in the 3000–900 cm−1 wavenumber region. The red and blue colors correspond to lipid and lipid/co-polymer films respectively for
all the panels.
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reverse was observed for the DSPC+CHOL film (Fig. 4B). However,
upon incorporation of the co-polymer into DSPC+CHOL+DCP sys-
tem, the broad band observed for the blank anionic dry film was
split into two components (Fig. 4H). This observed spectroscopic phe-
nomenon, defined as factor group splitting, was associated with the
SMA induced arrangement of the all-trans polymethylene chains in
the orthorhombic perpendicular form of subcellular packing [21].

The co-polymer induced a shift of acyl CH2 wagging band to
higher frequencies in all the systems studied. The peak originating
from the terminal δs (CH3) symmetric bending mode in all lipid
Table 1
Assignment of infrared absorption bands observed for different sets of dry lipid and lipid/c

Peak assignment systema Wavenumber in cm−1

A B C

νas (CH3) stretch 2958 2959 295
νas (CH2) stretch 2920 2921 292
νs (CH2) stretch 2851 2852 285
ν (C_O) stretch 1738 1737 174
δs (CH2) acyl scissoring 1464 1462 146

δs (CH2) acyl scissoring adjacent to C_O 1417 1419 141
δs (CH3) bend 1385 1377 139
δs (CH2) acyl wagging 1311 1313 131
νas (P_O) stretch 1245 1243 b

1217
νs (OC\O) stretch 1169 1163 118
νs (P_O) stretch 1094 1091 109
ν (R\O\P\OR′) stretch 1056 1051 b
secondary C\OH (cholesterol) – – 104
ν (C\OP) stretch 1019 1017 101
νas (C\N+\C) stretch 968 966 n

a Compositions of the systems are as follows: A, DSPC; B, DSPC+SMA; C, DSPC+CHOL;
G, DSPC+DCP+CHOL; H, DSPC+DCP+CHOL+SMA. Abbreviations: b, broad; n, not prom
films was also observed to be shifted by SMA. The weak band, corre-
sponding to CH2 scissoring adjacent to C_O group was blue shifted
upon incorporation of the co-polymer. Thus, the incorporation of
the co-polymer in all the cases involved a significant reorganization
of the packing of the lipid hydrocarbon portion.

3.1.2. Lipid interfacial region
The polar–apolar interface in the DSPC bilayer is represented by

ester carbonyl groups whose intensive ν (C_O) stretch band is com-
posed of two components originating from two ester carbonyl groups
o-polymer films.

D E F G H

8 2959 2957 2956 2957 2958
1 2922 2921 2921 2919 2920
2 2853 2852 2851 2850 2851
1 1741 1739 1738 1739 1737
3 1465 1465 1464 1465 1469

1461
6 1415 1419 1416 n 1408
0 1381 1381 1379 1381 1379
6 1318 1317 1315 1319 b

1246 1217 1216 1234 1237
1219

2 1162 1162 1168 1165 1168
2 1092 1093 1090 1091 1091

1057 1057 1055 1050 1057
9 1046 1047 b b b
8 1022 1023 1019 1023 1021

n n n n n

D, DSPC+CHOL+SMA; E, DSPC+DODAB+CHOL; F, DSPC+DODAB+CHOL+SMA;
inent; –, absent; s, symmetric; as, asymmetric.

image of Fig.�2


Fig. 3. Infrared spectra of acyl C\H stretching regions ofDSPC andDSPC+SMA (Panel A), DSPC+CHOL andDSPC+CHOL+SMA(Panel B), DSPC+DODAB+CHOLandDSPC+DODAB+
CHOL+SMA (Panel C) andDSPC+DCP+CHOL andDSPC+DCP+CHOL+SMA (Panel D) dry films at 25 °C. The red andblue colors correspond to lipid and lipid/co-polymer films respec-
tively for all the panels.
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present at the sn-1 and 2 positions in long hydrocarbon chain lipids
[17]. The ATR-FTIR study of SMA-doped dry lipid films was performed
to gather information about the direct interactions between the co-
polymer molecules and the ester groups of phospholipids. The posi-
tion of the sharp and symmetric peak of the ν (C_O) band was red
shifted along with significant broadening for all the systems in pres-
ence of SMA (Fig. 4A). The observed shift of the ν (C_O) vibrations
to lower frequencies was due to the hydrogen (H) bond formation be-
tween the un-ionized carboxyl groups of SMA and the phosphodie-
ster group of lipid molecules. The role of H-bond formation was
validated by the observed red shift of the ν (C_O) band after com-
plete hydration of the dry DSPC film (data not reported). The shift to-
ward lower frequency was due to H-bond formation between water
molecules and the lipid ester groups. Moreover, in the co-polymer-
loaded liposome suspensions, the water molecules were still able to
form H-bonds with free ester groups unoccupied by co-polymer mol-
ecules since the ν (C_O) band was further red-shifted (data not
reported) than that in the DSPC+SMA dry film with the same mole
fraction of SMA and at the same temperature.

The other important feature in spectra at the interfacial region of
lipid membranes is the band representative of C\O stretching, name-
ly νs (OC\O) of esters of fatty acyl chains. While, the peak was ob-
served to be red shifted in presence of SMA for DSPC and DSPC+
CHOL systems, it was blue shifted for systems containing charged
lipids (Fig. 4D). All, these observations not only suggested unique in-
teractions of the co-polymer with the C_O group of the lipid mole-
cules at the interface but also indicated compositional dependence
on organizational differences of lipid molecules. Furthermore, the
characteristic changes in IR behavior of CH2 group adjacent to C_O
group reported above, were in line with the changes observed for
the carbonyl stretch band.
3.1.3. Lipid headgroup region
The phosphate group, characterized by two stretching vibration

bands νas and νs (PO2
−) respectively is sensitive to polarity changes in

the headgroup region (Fig. 4C and E). The νas (PO2
−) vibration is com-

monly used to detect hydrogen bond interactions between the phos-
phate moiety of phospholipids and proton-donor groups. The spectra
displayed a notable SMA-induced red shift of νas (PO2

−) band arising
from the free phosphate groups of the lipid molecules. The small shoul-
der observed at lower frequency in the DSPC dry film (Fig. 4C) was due
to hydrogen-bonded phosphate groups, a consequence of weak hydro-
gen bonding interaction between choline N(CH3)3 and phosphate
groups, as reported in earlier studies [17,22,23]. SMA induced alterations
in the molecular packing of the headgroup region of the phospholipid,
which led to better accessibility of the proton donor groups of the co-
polymer to the phosphate group of the lipidmolecules [22]. This resulted
in enhanced hydrogen bonding interactions between unionized carboxyl
groups of SMA and phosphodiester moiety of DSPC, and ultimately
caused intensification of the νas (PO2

−) peak due to hydrogen bonded
phosphate groups. The presence of the co-polymer also resulted in sim-
ilar shift toward lower wavelengths for νs (PO2

−) stretch bands.
The other important changes included prominent red shift of ν

(R\O\P\O\R′) and C\OP stretch bands in the phosphate ester re-
gion of SMA-doped DSPC film (Fig. 4E and F). Thus, in addition to the
effect on νas (PO2

−) vibrations, concomitant changes recorded for ν
(C\OP) frequencies were also in support of co-polymer-mediated
changes in the phosphate group.

Further evidence of the alterations in the molecular packing of the
head group region was obtained from the shift of the νas [N(CH3)3]
peak (3025 cm−1 for neat DSPC film) to higher frequency
(3029 cm−1) in the presence of SMA. This was possibly due to the
presence of SMA molecules between the phosphate and choline

image of Fig.�3


Fig. 4. Representative ATR-FTIR spectra illustrating the changes in C_0 stretch (Panel A), CH2 acyl scissoring (Panel B), P_O asymmetric stretch (Panel C), OC\O stretch (Panel D), P_O
symmetric stretch and R\O\P\OR′ stretch (Panel E), C\OP stretch (Panel F), C\N+\C stretch (Panel G) bands of DSPC dry films on incorporation of the co-polymer at 25 °C. Panel H
depicts the changes in the contours of CH2 acyl scissoring regions of DSPC+DCP+CHOL dry film on incorporation of SMA. The red and blue colors correspond to lipid and lipid/co-polymer
films respectively for all the panels.
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trimethylammonium groups, which reduced the number of CH
groups influenced by PO2

− group, and ultimately resulted in loosening
of the contacts between them and distancing of the choline N(CH3)3
and phosphate groups [22,24].
3.2. Particle size and zeta potential measurements

The mean hydrodynamic diameter and zeta potential values of
neat and SMA-incorporating MLVs at pH 7.0 are summarized in

image of Fig.�4
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Table 2. While SMA-loaded anionic MLVs displayed bimodal size dis-
tribution with a larger-size population (79%) co-existing with
smaller-dimension vesicles (21%), the other MLVs exhibited uni-
modal symmetrical size distribution. The observed slight increase in
the mean hydrodynamic diameter of the MLVs in presence of SMA
was due to incorporation of the co-polymer within the bilayers [25].
However, the extent of increase varied significantly for the different
sets of MLVs. This difference might probably arise due to different
modes of packing of the co-polymer in different bilayers varying in
composition and surface charge [26].

The presence of SMA in DSPC+CHOL+DCP MLVs resulted in the
coexistence of a sizeable population of smaller-sized vesicles along-
side larger MLVs. The existence of the smaller-sized vesicles might
arise due to SMA-induced vesiculation of MLVs composed of anionic
lipids. It has already been reported that bilayers composed of charged
lipids have greater inter-lamellar spacing compared to MLVs com-
posed of zwitterionic lipids due to inter-bilayer charge repulsion
[27]. The presence of SMA within the MLVs composed of anionic
lipids would further increase the charge repulsion and ultimately
cause the MLVs to vesiculate in order to reduce the repulsion.

The results of the zeta potential measurements revealed signifi-
cant change in the vesicle surface charge in presence of the anionic
co-polymer. In fact the presence of SMA resulted in higher negative
zeta potential values of the MLVs.

The interactions between polyelectrolytes and charged colloidal
particles of opposite sign present rich phenomenology with several
unusual colloidal properties, and are of significant interest owing to
its increasing importance in different fields [28]. Interaction of anion-
ic SMA with cationic liposomes resulted in the MLVs displaying a sur-
face charge of opposite sign to the one that the neat liposomes
originally possessed. This phenomenon referred to as ‘charge inver-
sion’, occurred, when in the adsorption at the charged surface more
polyions than necessary to neutralize it collapsed, and was due to
strong lateral correlation among adsorbed polyelectrolytes onto op-
positely charged surfaces [29].

3.3. DSC experiments

3.3.1. DSPC MLVs
The calorimetric curves of DSPC and DSPC+SMAMLVs presented a

pretransition peak indicating the transformation from a tilted to rippled
chain gel phase (Lβ′ to Pβ′), a main peak (Tm) associated with the tran-
sition from a gel to a liquid crystalline phase (Pβ′ to Lα) due to cooper-
ative melting of the phospholipid hydrocarbon chains, and a small
shoulder next to the main peak (Fig. 5A and B). The small shoulder be-
fore the Tm referred to as ‘twin peak’ [30], represented a subpopulation
of lipids undergoing chain melting at a lower temperature due to an in-
duced osmotic stress across the membranes in presence of salt (in the
hydrating buffer) within the vesicles. Addition of the co-polymer
Table 2
Hydrodynamic diameter and Zeta potential values of neat and SMA-incorporating
MLVs (pH7.0).

Systema Hydrodynamic diameterb (nm) Zeta potentialb (mV)

A 1453±21.5 −3.62±0.42
B 1746±31.8 −8.54±0.72
C 1501±24.2 −4.18±0.47
D 1739±28.7 −8.26±0.57
E 1420±38.1 +12.9±1.12
F 1579±25.4 −8.72±0.50
G 1507±42.9 −17.1±1.54
H 1852±36.3 −26.5±1.06

194.8±1.4

a Compositions of the systems are as follows: A, DSPC; B, DSPC+SMA; C, DSPC+
CHOL; D, DSPC+CHOL+SMA; E, DSPC+DODAB+CHOL; F, DSPC+DODAB+CHOL+
SMA; G, DSPC+DCP+CHOL; H, DSPC+DCP+CHOL+SMA.

b Mean±SD (n=3).
caused a shift of the pretransition, the main transition and the small
shoulder before the main peak to lower values.

The area under the ΔCp versus temperature peak measures the en-
thalpy change (ΔHcal) associated with the process [31]. The molar en-
thalpy of the main transition and pretransition peaks decreased on
addition of SMA (Table 3). Van't Hoff enthalpy (ΔHvH), a standard
state quantity, is the indicator of the changes in the shape of the tran-
sition. Incorporation of the co-polymer led to the decrease of ΔHvH for
both the pretransition and the main transition peaks, indicating the
influence of SMA on the shape of the transition [32].

The observed increase of the width at half-height (Δ T1/2) of the
pretransition peak was due to the presence of SMAwithin the vesicles
(Fig. 6A and B). The main transition peak was also slightly broadened
with a small increase of Δ T1/2 along with a decrease in the peak
height. The small shoulder before the main transition was, however,
affected to a greater extent by the co-polymer.

The size of cooperative unit (CU) calculated from the ratio ΔHvH/
ΔHcal, expresses the number of molecules undergoing the gel to liquid
crystalline transition at the same time by forming or breaking non-
covalent bonds in concert and thus, gives a measure of the coopera-
tivity of the transition [33]. Any molecule that affects the orientation
of the lipid molecules within the bilayers, influence the cooperative
unit of transition. The presence of the co-polymer reduced the num-
ber of cooperative units driving the main transition, and thus indicat-
ed destabilization of the membrane. This decrease in the size of the
cooperative unit was in sync with the broadening of the transition
peaks reported above.

The shift of pretransition toward lower temperature and the de-
crease in cooperativity as observed from the broadening of the peak
indicated molecular interactions between the co-polymer and zwit-
terionic phospholipid molecules, preferentially through hydrogen
bond formation. These interactions caused perturbations and resulted
in increased mobility in the polar region of the bilayers. This occurred
due to the increased sensitivity of the headgroup region of the mem-
branes to dopants in the rippled gel phase; since it is already known
that the pretransition is very sensitive to the presence of foreign sub-
stances and can shift and broaden even when a very small amount of
dopant is added [34,35].

The slight decrease observed for Tm, the associated broadening of
the endotherm and the decrease of ΔHcal and cooperative unit in
presence of SMA were all indicative of the disruption of the transla-
tional order within the bilayers [36]. These changes were the result
of the presence of small amount of the co-polymer, which acted as
impurities in the gel phase bilayer. The decrease in the transition en-
thalpy was the consequence of SMA-induced diminished stability of
the gel phase of the vesicles [37]. However, it should also be noted
that the endotherm obtained in the presence of the co-polymer was
sharp and symmetric. Thus, the decrease in ΔHcal might not be asso-
ciated with the intercalation of co-polymer molecules deep in the bi-
layer interiors.

The shift of Tm to lower temperature, resulting from the decrease
of the lipid-gel phase stability, led to the preferential binding of co-
polymer molecules to the fluid phase of the lipids. This indicated
the importance of hydrophobic interactions of the co-polymer with
the zwitterionic lipid. Furthermore, the enhanced decrease in coop-
erativity induced by SMA for the twin peak in comparison to the
main phase transition was also noteworthy (Table 3). The decrease
in cooperativity of the phase transition led to the moderate fluidiza-
tion of the bilayers [38,39].

The changes observed in the DSC endotherm in presence of the co-
polymer were not due to the entrapment of SMA within the aqueous
chamber, as the changes detected in the thermodynamic properties
were only possible by physical association of the co-polymer with
lipid bilayers [33]. However, the changes observed were slightly sub-
dued in nature because of the higher cohesion and thus lower flexibil-
ity of the di-C18 lipid acyl chains of DSPC, which have stronger



Fig. 5. Representative DSC heating scans of A, DSPC; B, DSPC+SMA; C, DSPC+CHOL; D, DSPC+CHOL+SMA; E, DSPC+DODAB+CHOL; F, DSPC+DODAB+CHOL+SMA; G, DSPC+
DCP+CHOL; H, DSPC+DCP+CHOL+SMA multilamellar vesicles prepared in hepes buffered saline (10 mM Hepes+150 mM NaCl, pH 7.0).
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Table 3
Thermodynamic parameters for various MLV suspensions derived from respective calorimetric profiles.

Systema Tpreb

(°C)
ΔT1/2c, pre
(°C)

ΔHcal
d
, pre

(kcal/mol)
ΔHvH

e
pre

(103×kcal/mol)
Ttwin

f

(°C)
ΔT1/2, twin

(°C)
Tmg

(°C)
ΔT1/2, m
(°C)

ΔHcal, m

(kcal/mol)
ΔHvH, m

(103×kcal/mol)
CUh (no. of
molecules)

A 51.41 1.2 1.50 0.37 53.75 0.63 55.01 0.45 7.63 1.49 195
B 51.13 2.2 1.22 0.34 53.70 0.90 54.95 0.53 7.1 1.24 175
C b – 54.12 4.50 1.95 0.16 79
D b – 53.91 4.22 1.89 0.17 88
E b – 60.19 2.41 2.78 0.27 97
F b – 60.99 2.85 2.40 0.22 91
G b – 60.71 9.33 5.1 0.08 16
H b – 60.31 8.60 3.81 0.11 31

a Compositions of the systems are as follows: A, DSPC; B, DSPC+SMA; C, DSPC+CHOL; D, DSPC+CHOL+SMA; E, DSPC+DODAB+CHOL; F, DSPC+DODAB+CHOL+SMA; G,
DSPC+DCP+CHOL; H, DSPC+DCP+CHOL+SMA.

b Tpre = pretransition temperature.
c ΔT1/2 = temperature width at half peak height.
d ΔHcal = enthalpy change.
e ΔHvH = van't Hoff enthalpy change.
f Ttwin

= temperature of the twin peak.

g Tm = transition temperature.

h CU = size of cooperative unit.
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hydrophobic chain interactions that caused the bilayers to be less per-
turbed [40,41].

The endotherms obtained were symmetric in nature, which indi-
cated ideal mixing and absence of any lateral heterogeneity. This
was the result of freeze-thawing, which improved the penetration
of exogenous SMAmolecules throughout MLVs due to transient dam-
age to the bilayers, a consequence of ice crystal formation [42,43].
This led to uniform distribution of the co-polymer molecules within
the bilayers and reduction of the percentage of aggregated co-
polymers [34].

3.3.2. DSPC+CHOL MLVs
Eukaryotic membranes usually contain a certain fraction of choles-

terol, which has several different functions in cells; one of its primary
roles being in the modulation of the physical properties of the plasma
membrane phospholipid bilayer [44]. Hence, it is of significance to
use phospholipid–cholesterol mixtures in addition to pure phospho-
lipids to model eukaryotic membranes in a more realistic manner
[37]. However, it has already been reported that the addition of cho-
lesterol to phospholipid bilayers significantly broadens the lipid
phase transition in DSC measurements, and ultimately abolishes the
main phase transition above 20–25 mol% cholesterol [45]. Addition
of 12.5 mol% of cholesterol, which provided relatively high cholester-
ol content in the phospholipid bilayers [37], led to the complete abo-
lition of the pretransition of the vesicles, and the main phase
transition endotherm was downshifted (Fig. 5C) along with signifi-
cant decrease in cooperativity and the phase transition enthalpy.
The main transition was comprised of superimposed lower-
temperature sharp and higher-temperature broad components as
reported earlier [37,44], with the former being the major component.
The sharp component was assigned to the melting of cholesterol-poor
domains and the broad component to the melting of cholesterol-rich
domains.

Incorporation of the co-polymer to the DSPC+CHOL binary mix-
ture led to the shift of the main transition to lower temperature
(Fig. 5D) and was associated with an increased cooperativity and co-
operative units and negligibly reduced molar enthalpy (Table 3). The
changes observed in the thermogram might be due to the formation
of cholesterol enriched domains in the binary phospholipid–choles-
terol mixtures, a consequence of increased DSPC-cholesterol de-
mixing in presence of SMA [37].

3.3.3. DSPC+CHOL+DODAB/DCP MLVs
Prokaryotic cellular membranes consist of abundant anionic phos-

pholipids, which are responsible for their negative charge [37]. It is
also known that epididymal maturation induces a significant increase
in the negative charge of the human spermatozoa membrane due to
the uptake of anionic lipids [46]. The zeta potential of Y and X-
chromosome bearing human sperms has been reported to be approx-
imately −16 and −20 mV respectively [47]. Hence, the presence of
charged lipids plays an important role in the interaction of drugs
with cellular membranes. Addition of 20 mol% of anionic lipid into
DSPC+CHOL binary mixture in the present study generated ade-
quate surface charge to efficiently mimic human spermatozoa mem-
brane which also has a significant amount of anionic lipids in
addition to cholesterol and zwitterionic phospholipids [48]. Incorpo-
ration of equivalent amount of cationic lipid generated significant
positive charge on the membrane surface to render them suitable
for studying the interactions of anionic SMA with model cationic
membrane systems.

Incorporation of both cationic and anionic lipids to the DSPC+
CHOL binary mixture led to the upshift of the Tm. While, the incorpo-
ration of the cationic lipid led to increased cooperativity with signifi-
cant narrowing of the endotherm (Fig. 5E), significant broadening
and decreased cooperativity of the main transition peak was observed
in presence of anionic lipid (Fig. 5G). Lateral heterogeneity induced
by anionic lipid indicated low miscibility of the lipid mixture and ul-
timately resulted in phase separation. The presence of lamellar phase
for anionic lipid assembly was substantiated by the cooperativity unit
which, though drastically reduced, was well above unity, unlike mi-
celles [49].

While, the incorporation of SMA into charged lipid mixtures
showed an upshift of Tm for cationic vesicles (Fig. 5F), a downshift
was observed in the case of anionic vesicles (Fig. 5H). In contrary to
the decreased cooperativity and cooperative units observed for cat-
ionic vesicles, the presence of the co-polymer led to an increased
cooperativity and cooperative units along with the removal of lateral
heterogeneity in anionic vesicles.

The observed SMA-induced upshift of Tm in cationic vesicles was
due to electrostatic attraction between the anionic co-polymer and
the positively charged lipid molecules, which led to the restriction of
the mobility of lipid acyl chains and thereby increased the thermal en-
ergy requirement for lipid chain expansion [32], [50]. However, the
electrostatic repulsion between the co-polymer and negatively charged
lipids in the anionic vesicles led to weakened interaction and thus
resulted in fluidization of the bilayer [51].

3.4. NMR spectroscopy

3.4.1. 31P NMR spectroscopy results
The changes in the co-polymer-induced phospholipid phase be-

havior were observed from the alterations in the characteristic



Fig. 7. 202.45 MHz 31P NMR spectra of DSPC (Panel A) and DSPC+SMA (Panel B) MLVs
as a function of temperature at a fixed phospholipid:co-polymer molar ratio of 100:1.

Fig. 6. Enlarged view of the pretransition region of the thermograms of A, DSPC and B,
DSPC+SMA MLVs.
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intensity distribution of the chemical shift anisotropy (of the phos-
phate group) dominated line shapes of wide line 31P NMR spectrosco-
py [52]. The line shape of the 31P NMR signal strongly depends on the
conformation, orientation and dynamics of the phosphodiester moie-
ty of phospholipid molecules and was thus, used to study the changes
in the polymorphic phase behavior of the membranes in presence of
SMA [17].

3.4.1.1. DSPC MLVs. Randomly oriented DSPC and DSPC+SMA MLVs
in the gel phase (30 °C) exhibited characteristic asymmetric line
shape with a high field peak and a low field shoulder arising from
the perpendicular and parallel alignment of the long axis of the lipid
molecules to the direction of the magnetic field (Fig. 7A and B)
[53,54]. The observed asymmetric solid state spectral line shape con-
sisting of the weighed sum of signals from all orientations of phos-
pholipid molecules was diagnostic of membrane lipids experiencing
anisotropic motional averaging in a bilayer arrangement [52,55].

Due to non-spherical charge distribution about the phosphorous
nucleus, the shielding arising primarily due to the paramagnetic con-
tribution implies that the shielding constant depends on the orienta-
tion of the phosphate group with respect to the external magnetic
field. This gives rise to 31P chemical shift anisotropy (CSA) which is
sensitive to both headgroup geometry and local dynamics. CSA is
measured by taking the difference of chemical shift between the
low field shoulder (σII) and the high-field peak (σ⊥) in the proton
decoupled 31P NMR spectra. Residual chemical shift anisotropy (Δσ)
observed for DSPC liposomes was in good accordance with the
average 31P CSA values (40–50 ppm) for lipid phosphates in extended
bilayers [52,56]. The presence of co-polymer resulted in reduced CSA
indicating line shape narrowing. Due to freezing of molecular motions
in the viscous gel state, 31P NMR spectra below the transition temper-
ature were broad [55].

The incorporation of SMA led to further narrowing of the powder
pattern at 40 °C with reduced CSA, but did not induce any significant
change to the spectrum suggesting unperturbed lamellar arrange-
ment of the phospholipid molecules. This narrowing was due to par-
tial averaging of the σ⊥ and σII components which resulted in the
reduction of CSA. The amount by which CSA decreased can be related
to the allowed amplitude of the motion [56].

With the increase of the temperature to 50 °C, a further narrowing
in the CSA parameter of the perpendicular component indicating the
onset of rapid axial rotation of phospholipids was detected for DSPC
MLVs and was related to the observed pretransition in DSC studies.
The SMA-induced enhanced CSA reduction signified increased mobil-
ity of the headgroup due to reorientation of the phosphate moiety.
This data corroborated the DSC results, which reported decrease in
the pretransition temperature.

Above the phase transition temperature (60 °C), the broad fea-
tures collapsed and the powder patterns adopted a line shape charac-
teristic of fast axially symmetric motion of the phosphate headgroup
about the bilayer normal [21]. These fast lateral motions and rapid
tumblings of randomly oriented phospholipid bilayers led to consid-
erable decrease in CSA value and were due to the decrease in the cor-
relation times of the 31P headgroup motions with the transition from
gel to liquid crystalline state [20]. The spectra for DSPC+SMA vesi-
cles exhibited an additional sharp peak at 0 ppm, indicating the co-
existence of anisotropic and isotropic spectral components. This was
due to the presence of two distinct populations of lipid in different

image of Fig.�7
image of Fig.�6


Fig. 8. Changes in chemical shift anisotropy (ppm) represented by Δσ=σ⊥−σII for
DSPC and DSPC+SMA multilamellar vesicles as a function of temperature. The black
and red colors correspond to neat and co-polymer-incorporated vesicles respectively.
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motional environments which were in slow exchange with one an-
other on the 31P NMR time scale. The presence of the peak at 0 ppm
indicated that the membrane lipids were experiencing isotropic mo-
tional averaging either due to the formation of a small amount of uni-
lamellar vesicles with a small size that permitted fast internal
tumbling motions, or due to formation of lipid phases such as cubic
or rhombic through which lateral diffusion resulted [17,56]. However,
it could not be exactly determined whether there were separate
populations of small and large vesicles or distinct regions of high
and low curvature within the same distribution which resulted in
the overlap of spectral components in presence of the co-polymer.
SMA-induced enhanced reduction of the CSA (Fig. 8), suggested the
Fig. 9. 202.45 MHz 31P NMR spectra of A1, DSPC+CHOL; A2, DSPC+CHOL+SMA; B3, DS
DSPC+DCP+CHOL+SMA MLVs at 60 °C.
existence of strong intermolecular attractions between the co-
polymer and phospholipid headgroup due to the close association of
the two molecules in the fluid liquid crystalline state. The presence
of the isotropic spectral components indicating higher membrane flu-
idity [57] was consistent with the membrane fluidization detected in
DSC studies and ultimately caused vesicle destabilization. Thus, the
co-polymer caused significant alterations in thermotropic phase be-
havior, structure and organization of bilayers.

3.4.1.2. DSPC+CHOL MLVs. The presence of the co-polymer led to nar-
rowing of the anisotropic component of the powder pattern, along
with a reduced CSA for DSPC+CHOL MLVs (Fig. 9A 1 and 2) at
60 °C. Furthermore, small population of lipids was observed to under-
go isotropic motional averaging (indicated by presence of a small
peak at 0 ppm).

3.4.1.3. DSPC+CHOL+DODAB/DCP MLVs. The presence of the anionic
co-polymer led to widening of the powder pattern of the cationic ves-
icles along with an increased CSA at 60 °C. Moreover, there was no ev-
idence of any non-bilayer phases in presence of SMA (Fig. 9B3 and 4).
These findings indicated decreased local mobility of the headgroup
due to reorientation of the phosphate moiety in presence of SMA
[17] and suggested strong electrostatic attractions, owing to in-
creased close contacts between cationic lipids and anionic co-
polymer molecules, which ultimately led to restricted axial and later-
al motions of phospholipid molecules.

The spectrum obtained for the anionic vesicles at 60 °C revealed
three overlapping features; two powder patterns with different CSA
values, and a sharp peak at 0 ppm (Fig. 9C5). While, the broad pow-
der pattern was characteristic of phosphatidylcholine aggregates
undergoing slow reorientation, the narrow powder pattern was
generated by the phosphates of DCP in the same lipid bilayers [52].
The sharp signal at 0 ppm indicated that a considerable fraction
of lipids was experiencing isotropic motional averaging and
might be in non-bilayer phases. The sharp spectral definition of
PC+DODAB+CHOL; B4, DSPC+DODAB+CHOL+SMA; C5, DSPC+DCP+CHOL; C6,
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the characteristic edges of the various lipid environments indicated
well separated phases with none or with very slow lipid exchange
between them.

Presence of the co-polymer in the anionic vesicles led to a signifi-
cant increase in the intensity of the isotropic phase, and shifted both
low and high field peaks of the two powder patterns (Fig. 9C6), indi-
cating a change in the motional characteristics of the lipid environ-
ments. Moreover, the alteration of the relative intensity of the two
different powder patterns with respect to each other signified a
change in the DSPC/DCP ratio in the bilayers. The observed reduced
spectral definition indicated an increased lipid exchange between dif-
ferent environments. The immensely increased population of isotro-
pic phase with respect to anisotropic component suggested greater
destabilization of the anionic membranes by the co-polymer. All
these observations might be the result of significant reduction of the
number of close approach contacts due to electrostatic repulsion be-
tween the negatively charged lipid headgroups and anionic SMAmol-
ecules, which led to the formation of phases undergoing fast motional
averaging. This was unlike in zwitterionic PCs, where such unfavor-
able interactions could be balanced to an extent by maximizing con-
tacts between the positively charged quaternary ammonium groups
and negatively charged co-polymer molecules [21].
Fig. 10. 500.13 1H NMR spectra of A, SMA in deuterated methanol; B, DSPC multilamellar ve
150 mM NaCl, pD 7.0) at 30 °C. Magnified views of bulk methylene and methyl proton regio
and methyl proton regions (Panel F) of DSPC+SMA MLVs are also presented.
3.4.2. 1H NMR spectroscopy results
Fig. 10 shows the comparison of the 1H NMR spectra of SMA, DSPC

and DSPC+SMA vesicles respectively. While, there was no significant
change in the chemical shift of DSPC (Fig. 10D) resonances in pres-
ence of the co-polymer in the vesicles, the signals of SMAwere broad-
ened and were of diminished intensities upon incorporation into
DSPC vesicles (Fig. 10E and F). These observations indicated weak im-
mobilization of SMA within the lipid bilayers due to hydrophobic in-
teractions between the co-polymer and lipid molecules.

4. Discussion

The observed SMA-induced alterations in the structural properties
of the MLVs could be explained by considering the interactions of the
co-polymer with the vesicles to occur, either through adsorption of
the polymer on the lipid bilayer surface, or through the insertion of
the polymer into the bilayers. Complete disruption of the bilayers
into mixed polymer–lipid micelles or other aggregates could also be
induced by SMA [58]. While, adsorption of the polymer would be in-
dicated by an unaffected ΔHcal, insertion or disruption of the bilayer
would be associated with a decrease in ΔHcal in DSC experiments.
Complete disruption would however, reduce ΔHcal to zero.
sicles and C, DSPC+SMA MLVs suspended in hepes buffered saline (10 mM Hepes and
ns (Panel D) of DSPC MLVs, aromatic proton region (Panel E) and methine, methylene
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Molecular interpretation of the results obtained, indicated the role
of attractive forces between SMA and zwitterionic phospholipid bila-
yers. The marked changes observed for pretransition in DSC experi-
ments, the redshift of the νas and νs (PO2

−) stretch frequencies in
the ATR-FTIR results and the line shape narrowing detected both
below and above Tm, and the existence of isotropic phases above Tm
in 31P NMR studies indicated increased local mobility of the phos-
phate groups. This was due to altered molecular packing owing to H
bond formation between un-ionized carboxyl groups of the co-
polymer and the phosphodiester group of phospholipids, which
served as an H-bond acceptor in lipid crystals.

The weak immobilization of the co-polymer within the bilayers,
appreciable reorganization of the packing of the lipid hydrocarbon
portions and mild disruption of the translational order within the bi-
layers observed in the 1H NMR, ATR-FTIR and DSC studies respective-
ly, substantiated the existence of hydrophobic forces between the co-
polymer and lipid molecules.

The extent of membrane fluidization and generation of isotropic
phases was strongly affected by surface charge of the liposomes,
and hence indicated the role of electrostatic interactions between car-
boxylate anions bound to the co-polymer and charged lipid head-
groups. Furthermore, electrostatic interactions were also the driving
force behind the observed peculiar behaviors such as charge inver-
sion and vesiculation of membranes composed of charged lipids in
the presence of SMA.

The effect of the co-polymer was evidently greater on the polar
headgroup regions than on the lipid bilayer interiors of the zwitter-
ionic phospholipid molecules. A substantial conformational change
was also detected in the interfacial regions of the lipid molecules in
presence of SMA. All these results suggested that SMA might be
adsorbed on the bilayer surface; while a slight decrease of the ther-
modynamic parameters associated with the main phase transition
(especially the slight decrease in ΔHcal) and the immobilization of
SMA within the bilayers might result from weak insertion of the hy-
drocarbon portions of the co-polymer probably within the interfacial
region of the bilayers.

The obtained results indicating negligible destabilization of DSPC
and DSPC+CHOLmembranes in presence of the co-polymer were con-
sistentwith the observed cytocompatibility of SMAwithmurine normal
fibroblastic cell line NIH/3 T3 (unpublished data). The enhanced fluidi-
zation of DSPC+CHOL+DCP membranes induced by SMA might be
one of the possible reasons behind the success of RISUG as a male con-
traceptive, since human spermatozoa membranes have significant
amount of anionic lipids. The presence of sperm breakdown products
in the ejaculate of RISUG-injected subjects [59] might be due to SMA-
induced destabilization of the plasma membrane and outer acrosomal
membrane of human spermatozoa owing to enhanced charge repul-
sion. This ultimately led to vesiculation [15] and leakage of key enzymes
(5′-nucleotidase and hyaluronidase) [14] that facilitate sperm-oocyte
interaction. The observed complete leakage of plasma-membrane asso-
ciated enzyme 5′-nucleotidase and hyaluronidase, which is specifically
localized in the acrosome of human sperm, caused impairment in the
gamete interactions in RISUG-injected subjects [14] and indicated effec-
tive contraceptive action of the co-polymer.

It has already been reported that anionic compounds can interact
with the outer bacterial membranes through hydrogen bond and/or
ionic interactions and affect membrane fluidity [60]. The significant
destabilization of the MLVs composed of anionic lipids in presence
of SMA leads to the speculation of probable antibacterial activity of
the co-polymer via lysis of bacterial cell membranes [1] which have
abundant anionic phospholipids.

With the development of DNA-loaded cationic liposomes as a non-
viral gene delivery vehicle [61], the study of the interactions between
polyelectrolytes and liposomes with opposite charge has started to
attract attention in recent years due to its biological relevance. In
spite of the recent surge in activity in this domain, lipoplexes with
optimal transfection efficiency are presently unavailable [29]. Since
the mechanism of interaction between polymers and oppositely
charged liposomes are independent of the intrinsic structure and
flexibility of the polymer [62], the characterization of SMA-loaded
cationic liposomes provide valuable insights, and could be utilized
in modulating the biological activity of these systems.

In conclusion, the present article reported a detailed and struc-
tured investigation on the mechanisms of interaction of SMA with
model membranes and suggested a probable molecular packing
model for the co-polymer within the vesicles. All the results indicated
the ability of the co-polymer to reorganize the packing of the lipid
molecules, which directly affected the structural integrity of model
membranes. This study thus provides both, the rationale for the ob-
served pharmacological activities of the co-polymer and the platform
for future developments of SMA-based macromolecular drugs.
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