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Cationic liposomes, a type of non-viral vectors, often play the important biological function of delivering

nucleic acids during cell transfection. Variations in the molecular architecture of di-alkyl dihydroxy ethyl

ammonium chloride-based cationic lipids involving hydrophobic tails have been found to influence their

biological function in terms of cell transfection efficiency. For example, liposomes based on a cationic lipid

(Lip1814) with asymmetry in the hydrophobic chains were found to display higher transfection efficacy in

cultured mammalian cell lines than those comprising of symmetric Lip1818 or asymmetric Lip1810. The

effect of variations in the molecular architecture of the cationic lipids on the biological activity of liposomes

has been explored here via the photophysical studies of 8-anilino-1-naphthalenesulphonate (ANS) and Nile

Red (NR) in three cationic liposomes, namely Lip1810, Lip1814 and Lip1818. Time-resolved fluorescence of

ANS revealed reduced hydration at the lipid–water interface and enhanced relaxation dynamics of surface

water (lipid headgroup bound water molecules) in Lip1810- and Lip1814-based liposomes in the presence of

cholesterol. As the probe ANS failed to be incorporated into the lipid–water interface of Lip1818 due to the

significantly high rigidity of these liposomes, no information concerning the extent of hydration of the lipid–

water interface or the interfacial water dynamics could be obtained. Time-resolved polarization-gated

anisotropy measurements of NR in the presence of cholesterol revealed the rigidity of the cationic liposomes

to be increasing in the order of Lip1810 o Lip1814 o Lip1818. In the presence of cholesterol, moderately

higher rigidity, reduced membrane hydration and enhanced relaxation dynamics of the interfacial water

molecules gave rise to the superior cell transfection efficacy of Lip1814-based cationic liposomes than those

of the highly flexible Lip1810 or the highly rigid Lip1818.

1. Introduction

Liposomes are vesicular structures formed in aqueous solutions
and constitute of lipids. They structurally resemble the lipid
membranes of living cells. Vesicles based on cationic lipids often
play the important biological function of carrying and delivering
nucleic acids to cells in gene therapy.1 The positively-charged
headgroups of the cationic lipids interact with the negatively-
charged phosphates of DNA forming lipoplexes, and the nucleic
acids should be untied up from these DNA–cationic lipid complexes

(lipoplexes) for release into the cell cytoplasm, which is crucial to
the successful delivery of DNA into the cell. The molecular archi-
tecture of the cationic lipids involving headgroups or hydrophobic
tails is a key determinant in modulating the transfection efficacy of
cationic liposomes.2–7 For example, lipids with asymmetry in the
hydrophobic region were found to demonstrate higher transfection
efficiency than their symmetric counterparts.8–11 Vemula et al.11

further explored the role of the asymmetric hydrophobic chains in
di-alkyl dihydroxy ethyl ammonium chloride based cationic lipo-
somes, which revealed 20–30% higher transfection efficiency for
liposomes based on asymmetric Lip1814 compared to those based
on asymmetric Lip1810 or symmetric Lip1818 (Scheme 1). How-
ever, the underlying causes of structure–activity relationship in the
liposomes based on cationic lipids have not been explored so far.
Moreover, cationic liposomes suffer from low cell transfection
efficiencies that can be boosted up in the presence of cholesterol,
which induces liposomal membrane rigidity12,13 and reduces the
hydration layer of the lipid membrane.14 Cholesterol also facilitates
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interactions between the biological constituents and the lipid
membrane by enhancing the dynamics of interfacial water,15 which
is key to the formation of cationic liposome–DNA complexes prior
to cell transfection. Thus, it is likely that the liposomal membrane
rigidity, hydration of the membrane surface and associated inter-
facial water dynamics play important roles in the biological function
viz. cell transfection efficiency. In this work, we have undertaken
photophysical studies of 8-anilino-1-naphthalenesulphonate (ANS)
and Nile Red (NR) in the cationic liposomes Lip1818, Lip1814 and
Lip1810 to probe the origin of their structure–activity relationship.
Fluorescence emission of ANS is sensitive to the polarity and
hydration of its local environment,16 and it localizes at the
lipid–water interface by noncovalently binding to the cationic
lipid headgroups through its negatively-charged sulfonate moiety
with its hydrophobic portion embedded in the hydrophobic hydro-
carbon region of the lipid tails. As a consequence, steady-state and
time-resolved fluorescence studies of ANS in the cationic liposomes
both in the absence and presence of cholesterol are likely to reveal
the extent of membrane hydration and interfacial water dynamics

when the symmetry of the hydrophobic chains of the di-alkyl
dihydroxy ethyl ammonium chloride-based cationic lipids is changed.
On the other hand, Nile Red (NR) is a suitable environment-
sensitive fluorescent probe for membrane organization studies,17

and hence, the time-resolved polarization-gated fluorescence aniso-
tropy measurements of NR are expected to provide information on
lipid packing and the liposomal membrane rigidity. We also
studied the Förster Resonance Energy Transfer (FRET) between the
cationic liposomes labelled separately with ANS as the donor
fluorophore and those with NR as the acceptor fluorophore to probe
how close the cationic liposomes approached each other since FRET
efficiency depends on the donor–acceptor distance (rDA).18 As lipo-
somal fusion plays a key role in cell transfection19 and is favoured
when the distance of separation between the approaching liposomes
is less, FRET efficiency may be used to gauge the feasibility of
liposomal fusion. To this end, we separately labelled the lipids
Lip1814 and Lip1810 with ANS and NR (Scheme 1), respectively,
and monitored FRET between the labelled cationic liposomes.
Our studies involving time-resolved fluorescence and FRET
highlight the roles of membrane hydration, lipid bilayer rigidity
and membrane aqueous interfacial dynamics as the main attri-
butes in determining the cell transfection efficiency of the novel
cationic liposomes based on asymmetric lipids.

2. Experimental section
2.1. Chemicals

Lip1810, Lip1814 and Lip1818 were synthesized and characterized
as discussed elsewhere.11 8-Anilino-1-napthalenesulfonic acid
(ANS) and Nile Red (NR) were obtained from Sigma-Aldrich (Saint
Louis, USA) and used without any further purification. Chloroform
(Merck, India) and water (Milli-Q, USA) were used as solvents. All
the solutions were prepared in 100 mM phosphate buffer (pH 7.4).
The water was from a Millipore Milli-Q system.

2.2. Synthesis of liposomes and dye encapsulation

1 mM liposome solutions were prepared by using standard
injection methods. Typically, the lipids were dissolved in chloro-
form, followed by rapid injection in PBS buffer (pH 7.4) and
then, vigorous stirring for half an hour. Finally, chloroform and
some of the water were removed from the whole mixture using a
rotary evaporator under the condition of reduced pressure.
Liposomes in the presence of cholesterol were prepared using
a similar technique by dissolving the lipid and cholesterol in 1 : 1
mole ratio. For the successful encapsulation of dyes (ANS and NR),
requisite amount of ANS and NR were added to the liposomal
solution and stirred for 3 hours. For the liposomal fusion, lipid-
ANS and lipid-NR were prepared in two different glass vials, and
spontaneous fusion was allowed by adding the requisite amounts
of lipid-NR to lipid-ANS. Then, the whole mixture was subjected to
overnight incubation with stirring.

2.3. Characterization techniques

Steady-state absorption and emission spectra were recorded
with a Shimadzu UV-2600 spectrophotometer and a Jobin Yvon

Scheme 1 Chemical structures of the cationic amphiphiles with varying
chain lengths and the fluorophores in this study. Lipids Lip1814 and
Lip1810 were synthesized with varying alkyl chain lengths in the hydro-
phobic region of Lip1818. ANS and Nile Red are the fluorophores used.
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Fluorolog fluorimeter, respectively. The picosecond-resolved
fluorescence transients were measured on a commercially avail-
able time-correlated single-photon counting (TCSPC) setup with an
MCP-PMT from Edinburgh instrument, U.K. (instrument response
function (IRF) of B75 ps) using a 375 nm excitation laser source.
Details of the time-resolved fluorescence setup have been discussed
in our previous reports.20,21 Polarization-gated fluorescence
anisotropy, r(t), was determined using the following equation:

rðtÞ ¼ IVVðtÞ � G � IVHðtÞ
IVVðtÞ þ 2 � G � IVHðtÞ

where IVV(t) and IVH(t) denote the parallel and perpendicular
polarized fluorescence decays of the dye, respectively, recorded
using a vertically polarized excitation light. G is an instrument-
and wavelength-dependent correction factor to compensate for
the polarization bias of the detection system and its magnitude was
obtained by a long tail matching technique. The time-resolved
emission spectra (TRES) were constructed following the methods
described earlier20 to determine the time-dependent Stokes shifts.
The normalized spectral shift correlation function or the solvent
correlation function, C(t), is defined as C(t) = (nt � nN)/(n0 � nN),
where n(0), n(t), and n(N) are the emission peak maxima (in cm�1)
at times 0, t, and N, respectively. The distance between the donor
(ANS) and the acceptor (NR) pair was determined from the Förster
resonance energy transfer (FRET) measurements using the equation
r6 = [R0

6(1 � E)]/E, where E is the energy transfer efficiency between
the donor–acceptor pair, and the procedure has been described
elsewhere.22 The distribution function, P(r), corresponding to the
donor–acceptor distances was calculated using a nonlinear least-
squares fitting procedure based on the SCIENTIST software using

the equation pðrÞ ¼ 1= s� ð2pÞ1=2
� �� �

exp �1
2
ð�r� rÞ=s½ �2

� �
,

where %r is the mean of the Gaussian distribution with a standard
deviation of s, and r is the donor–acceptor distance. Details
regarding the distance distribution function can be found
elsewhere.23 The size distribution and hydrodynamic diameter
of the prepared liposomes (dH) in the absence and presence of
cholesterol were measured (Fig. 1) by DLS with a Nano S Malvern
instrument (4 mW, He–Ne laser, l = 632.8 nm), the details of
which can be found elsewhere.24

3. Results and discussion
3.1. Steady-state spectroscopic studies of ANS in lipid vesicles

Fig. 2(a) displays the steady-state emission spectra of ANS in the
cationic liposomes in the absence and presence of cholesterol
(50 mol%). The fluorescence spectra of ANS in Lip1818 was
almost similar to that in the buffer (Fig. 2b) with comparable
intensities, indicating the significant exposure of the probe to
the bulk water, which likely originates from the inability of the
dye to incorporate into the lipid–water interface of these lipo-
somes. On the contrary, a large blue shift of the peak was
observed for ANS in the liposomes of Lip1814 (lem B 460 nm)
and Lip1810 (lem B 474 nm) with a significant enhancement in the
emission intensity relative to that in the buffer (lem B 520 nm).
The remarkably blue-shifted emission in Lip1814 and Lip1810

originated from the non-planar locally-excited state (LE) of ANS
localized in the interfacial region of the polar headgroups and the
hydrocarbon chains of the lipid bilayer, where the probe (ANS) is
significantly screened from exposure to the bulk water.25 A distinct
blue shift (B14 nm) was observed in the fluorescence spectrum of
ANS in Lip1810 in the presence of cholesterol with a nearly 2-fold
increase in intensity, which is consistent with the significant
reduction in headgroup hydration at the lipid–water interface,
where the probe is located. In the cationic liposomes of Lip1814,
the steady-state fluorescence peak of ANS was significantly blue-
shifted (B14 nm) relative to that in pure Lip1810 liposomes,
indicating a significantly less-hydrated and less polar environment
at the lipid–water interface of the former than the latter. The
steady-state emission spectrum of ANS remained almost unaltered
in the Lip1814-based liposomes with a negligibly small blue shift
(B2 nm) in the presence of cholesterol, indicating a more or less
similar hydrophobic environment in the absence or presence of
cholesterol. Furthermore, the emission peak maxima of ANS in the
Lip1810- and Lip1814-based liposomes were almost identical in
the presence of cholesterol, (Fig. 2a) indicating that the extent of
hydration of the headgroups at the lipid–water interface of these
cationic liposomes was quite similar in the presence of cholesterol.

Fig. 1 Hydrodynamic diameter of the 1810, 1814 and 1818 lipid systems
with and without cholesterol are shown in (a), (b) and (c), respectively.
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3.2. Time-resolved fluorescence studies of ANS in lipid
vesicles

The fluorescence lifetime of ANS is sensitive to the hydration,
polarity and/or viscosity of its local environment.16 As a result, the
extent of hydration of the lipid headgroups at the lipid–water
interface of the cationic liposomes is likely to be indicated by the
time-resolved fluorescence measurements. The fluorescence tran-
sient of ANS in Lip1818 was characterized by a decay component
(Fig. 3(a) and Table 1) similar to that in water,26 indicating its
significant exposure to water, which is consistent with the slightly
blue shifted (B4–5 nm) emission spectrum relative to that in
water. This originated from the inability of the dye to incorporate
into the lipid–water interface or the hydrophobic hydrocarbon
regions of the Lip1818-based cationic liposomes due to the very
tight packing of these symmetric lipid molecules. In comparison
to Lip1818, the fluorescence transients in Lip1814 and Lip1810
liposomes were characterized by three decay components. Among
them, the faster components (t1, t2) could be attributed to solvent
relaxation since their amplitudes varied from positive values at
shorter wavelengths (the blue edge of the steady-state emission
spectra) to negative values at longer wavelengths (4500 nm). The
longest decay component (t3) of several nanoseconds could be
ascribed to the fluorescence lifetime of the non-planar locally-
excited state (LE)27 of ANS, which was significantly larger for the
Lip1810-and Lip1814-based liposomes compared to that in buffer
(Table 1 and Fig. 3a), indicating the remarkably less hydrated and
less polar environment of the probe in the interfacial regions of
these liposomes. Furthermore, the fluorescence lifetime of ANS
was significantly longer in cholesterol-free Lip1814 than that in
Lip1810 (Table 1) due to the less polar and more hydrophobic
environment of the former than the latter, which is consistent

with the distinctly blue shifted (B14 nm) emission spectrum of
Lip1814 relative to that of Lip1810. In the presence of cholesterol,
the fluorescence lifetime (t3) of ANS remained unchanged in the
Lip1814-based liposomes (within experimental error), indicating
the insignificant effect of cholesterol on the polarity and hydra-
tion of the dye environment. As for Lip1810-based liposomes, the
fluorescence lifetime of ANS increased remarkably from 4.4 ns to
7.24 ns in the presence of cholesterol (Table 1 and Fig. 3(a) and
(b)) along with a significantly enhanced amplitude. Cholesterol
reduces the hydration of the lipid headgroups at the lipid–water
interface14 in the Lip1810-based liposomes and causes tighter
packing of lipids, giving rise to a less polar and more rigid
environment. As a result, conversion from the non-planar locally
excited state (SLE

1 ) of ANS to the planar charge transfer state (SCT
1 ) is

significantly hindered, giving rise to its significantly increased
fluorescence lifetime in Lip1810 (B7.24 ns, Table 1) in the
presence of cholesterol. The similarity between the blue-shifted
emission spectra of ANS in Lip1810 and Lip1814 and the similarity
in the significantly large fluorescence lifetimes (t3) in the presence
of cholesterol (Fig. 3b and Table 1) were indicative of the
significant reduction in the hydration of the lipid headgroups

Fig. 2 Fluorescence emission spectra of ANS in (a) Lip1814 and Lip1810 in
the absence and presence of cholesterol (Chol) and in (b) Lip1818 in the
absence of cholesterol. Spectra in the buffer are also shown for comparison.

Fig. 3 Picosecond-resolved fluorescence transients of ANS in the lipid
systems (1814, 1810 and 1818) and buffer (a) in the absence and (b) presence
of cholesterol (Chol). Continuous solid lines (black) represent the fits to the
raw decay traces. Raw decay traces (black) correspond to IRF (instrument
response function) of the TCSPC set up.

Table 1 Fluorescence lifetime of ANS in the different lipids systems

System t1/ns t2/ns t3/ns

Water 0.241 (100%) — —
Lip1818 0.28 (100%) — —
Lip1810 0.2 (25%) 1.43 (30%) 4.40 (45%)
Lip1810 + cholesterol 0.246 (15%) 1.81 (19%) 7.24 (66%)
Lip1814 0.209 (18%) 1.54 (21%) 7.54 (61%)
Lip1814 + cholesterol 0.196 (15%) 1.43 (19%) 7.35 (65%)
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of Lip1810 and Lip1814. This, in turn, led to reduced hydration
repulsion and hence, the enhanced fusion of the cationic
membranes of the Lip1810–DNA and Lip1814–DNA complexes
with the anionic endosomal membranes, thereby facilitating
the release of nucleic acids and enhanced transfection
efficacy.14

3.3. Polarization-gated anisotropy measurements

To probe the rigidity of the cationic liposomes, polarization-gated
anisotropy measurements of Nile Red (NR), a suitable membrane
probe,17 were carried out in the absence and presence of choles-
terol. The anisotropy of NR did not decay to zero after a long
duration (Fig. 4), but to a constant value (rN a 0, Table 2) in the
cationic liposomes, which is typical of the restricted orientational
relaxation of the dye.28–30 The anisotropy decay, r(t), could be
fitted reasonably well with a bi-exponential function (eqn (1)), in
accordance with the following model.31

rðtÞ ¼ r0 a1 exp �
t

j1

� 	
þ a2 exp �

t

j2

� 	
 �
þ r1 (1)

where r0 and rN are the initial and residual anisotropy, respec-
tively. j1 and j2 are the two rotational relaxation times, and a1

and a2 are their associated amplitudes
P2
i¼1

ai ¼ 1.

The faster component (j1) could be attributed to the local
motion of the dye, whereas the longer nanosecond component

(j2) was reflective of the segmental motion of NR since it is
inside the membrane. The anisotropy was depolarized due to
the rotational motion of the probes as well as the segmental
motion of the membrane components.17 In comparison to
cholesterol-free Lip1810 and Lip1814, the local motion of NR
was faster (shorter j1) in these liposomes in the presence of
cholesterol (Table 2) with a concomitant increase in j2 due to
the slower segmental motion of the lipids. The faster local
motion of the dye was likely due to the maintenance of the lipid
bilayer fluidity, whereas the increased value of the longer
rotational correlation time (j2) was reflective of the tighter
lipid packing and ordering of the lipids in the presence of
cholesterol, which is consistent with the increased rigidity of
these cationic liposomes. Thus, the functional integrity of the
Lip1810- and Lip1814-based liposomes was maintained well in
the presence of cholesterol through a delicate balance between
rigidity and fluidity, similar to that in biological membranes.32

Furthermore, the average rotational relaxation time (hji) was
moderately higher for the Lip1814-based liposomes than that of
the Lip1810-based liposomes in the presence of cholesterol,
indicating tighter packing and ordering of lipids in the former
than the latter, which is consistent with the moderately higher
liposomal rigidity of Lip1814 relative to Lip1810. The higher
liposomal membrane rigidity of the cationic liposomes of Lip1814
likely gives rise to its superior cell transfection efficiency to that
of the Lip1810 liposomes.12,13 In comparison to the Lip1810 and
Lip1814 liposomes, the orientational motion of NR was significantly
hindered in the lipid bilayers of Lip1818 in the absence or presence
of cholesterol and was manifested by the significantly large values of
j2 and hji (Table 2) owing to the very tight packing and ordering of
the symmetric cationic lipids (Lip1818, Scheme 1) compared to the
asymmetric cationic lipids (Lip1810 and Lip1814). This is consistent
with significantly higher rigidity of the Lip1818-based liposomes
than those of Lip1810 and Lip1814. As a consequence, ANS could
not localize at the lipid–water interface of the Lip1818-based cationic
liposomes.

3.4. Water relaxation at the lipid–water interface

ANS preferentially localizes at the lipid–water interface of cationic
liposomes because, it binds electrostatically to the positively-
charged lipid headgroups through its negatively-charged sulpho-
nate groups, and the hydrophobic portion of the dye is embedded
in the hydrophobic hydrocarbon region of the lipid tails. Thus,
the measurement of wavelength-resolved fluorescence transients

Fig. 4 Time-resolved fluorescence anisotropy of NR in the different lipid
systems (Lip1810, Lip1814 and Lip1818) in the (a, c and e) absence and
(b, d and f) presence of cholesterol. The continuous solid lines (red) represent
the fits to anisotropy decay.

Table 2 Rotational correlation times of Nile Red in different liposomes

System r0 rN j1/ns j2/ns hji/ns

Lip1818 0.28 0.10 0.051 (39%) 12.2 (61%) 7.46
Lip1818 + cholesterol 0.33 0.05 0.270 (26%) 12.1 (74%) 9.02
Lip1814 0.37 0.10 0.394 (16%) 3.27 (84%) 2.81
Lip1814 + cholesterol 0.28 0.18 0.062 (49%) 6.23 (51%) 3.21
Lip1810 0.39 0.09 0.275 (17%) 2.68 (83%) 2.27
Lip1810 + cholesterol 0.38 0.22 0.130 (31%) 3.54 (69%) 2.48

r0 and rN are the initial and residual anisotropy, respectively; j1 and j2

are the rotational correlation times; a1 and a2 are their associated
amplitudes shown within parentheses; hji = a1j1 + a2j2 is the average
rotational relaxation time.
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of ANS entails the details of water relaxation dynamics in the
interfacial region of the cationic liposomes of Lip1810 and
Lip1814. As ANS could not be incorporated in the lipid–water
interfacial region of Lip1818, no further studies concerning the
wavelength-resolved emission measurements were undertaken for
liposomes constituting this symmetric lipid. The emission tran-
sients (Fig. 5 and 6) of ANS in Lip1810 and Lip1814 liposomes
were characterized by a decay in the blue end (430 nm) and a rise
in the red end (530 nm) of the steady-state emission spectra,
which is typical of solvent relaxation (relaxation of water mole-
cules and their associated environment).33 The relaxation of water
molecules and associated lipids at the lipid–water interface were
manifested by a time-dependent Stokes shift of the fluorescence
spectrum (TDFSS) to the red (insets of Fig. 5 and 6). The dynamics
of water relaxation in the lipid bilayers could be described by the
solvation correlation function (C(t)), which decays (Fig. 5 and 6)
with two time constants (t1

S, t2
S), indicating the mediation of two

types of water relaxation (Table 3). The faster component (t1
S)

could be attributed to the relaxation of the lipid headgroup-bound
water molecules,34 whereas the longer relaxation component (t2

S)
likely originated from the reorientational motions of the hydrated
lipid headgroups.35 In the liposomes of Lip1810 and Lip1814, the
addition of cholesterol moderately increased the contribution of
the faster relaxation component (t1

S) through the lipid headgroup
bound water molecules, which is consistent with the enhanced
dynamics of the lipid surface-bound water molecules. This likely
originated from the cholesterol-induced looser packing of the
lipid headgroups along with the tighter packing of the lipid tails
in the bilayer core.15 The enhanced surface water dynamics of
the cationic liposomes of Lip1814 and Lip1810 in the presence of
cholesterol likely lowered the energy barrier of nucleic acids

approaching the lipid membrane surfaces15 of the cationic
liposomes, facilitating their interactions to form liposome–
nucleic acid complexes (lipoplex), which is a key step prior to
the delivery of nucleic acids into the cell.

3.5. Förster resonance energy transfer (FRET)

Förster resonance energy transfer (FRET) between the cationic
liposomes of the same lipids (Lip1810 and Lip1814) labelled
separately with ANS (donor) and NR (acceptor) was measured to
probe the feasibility of liposome fusion because liposomal fusion
with the cell membrane is a key step in cell transfection,19 and
lipid bilayers closely mimic the cellular membranes. In the funda-
mental steps of liposome fusion, the liposomes involved must
aggregate and approach each other at nanometer-scale distances,
and the two bilayers must come in very close contact36 with each
other. Thus, when two liposomes labelled separately with a donor
and an acceptor fluorophore approach each other, variation in the
donor to acceptor distance (rDA) affects the FRET efficiency, which
can be used to gauge the approach of the liposomes during fusion.
In this study, ANS and Nile Red (NR) were chosen as the donor (D)
acceptor (A), respectively, to label Lip1814 and Lip1810 for studying

Fig. 5 Picosecond-resolved emission transients of ANS in Lip1810 at
430 nm, 460 nm, and 530 nm (a) without and (b) with cholesterol. Decay
of the solvation correlation function, C(t), for ANS in Lip1810 (c) without
and (d) with cholesterol. The time-resolved emission spectra (TRES) of
Lip1810 without and with cholesterol are shown in the insets of (c) and (d),
respectively. The continuous solid lines represent the fits to the raw decay
traces in (a) and (b) and the fits to the decay of the solvation correlation
function in (c) and (d).

Fig. 6 Picosecond-resolved emission transients of ANS in Lip1814 at
430 nm, 460 nm, and 530 nm (a) without and (b) with cholesterol. Decay
of the solvation correlation function, C(t), for ANS in Lip1814 (c) without
and (d) with cholesterol. The time-resolved emission spectra (TRES) of
Lip1814 without and with cholesterol are shown in the insets of (c) and (d),
respectively. The continuous solid lines represent the fits to the raw decay
traces in (a) and (b) and the fits to the decay of the solvation correlation
function in (c) and (d).

Table 3 Solvation correlation time constants of ANS in different
liposomes

System t1
S/ns t2

S/ns

Lip1810 0.227 (28%) 1.27 (72%)
Lip1810 + cholesterol 0.204 (33%) 1.42 (67%)
Lip1814 0.207 (29%) 1.35 (71%)
Lip1814 + cholesterol 0.214 (36%) 1.40 (64%)

t1
S and t2

S are the solvent relaxation components with the corresponding
amplitudes shown within parentheses.
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FRET because of two reasons. Firstly, the fluorescence spectra of
ANS overlaps excellently with the absorption spectra of NR (Fig. 7).

Secondly, ANS preferentially localizes at the lipid–water interfacial
region due to electrostatic interactions with the cationic head-
groups, and NR, being a neutral dye (Scheme 1), localizes in the
deeper interfacial regions of the lipid headgroups and hydro-
phobic hydrocarbon chains.37,38 Therefore, via FRET measurements
between ANS (donor) and NR (acceptor), the closest approach of the
labelled liposomes (Lip1814 and Lip1810) can be monitored. Time-
resolved decay profiles of ANS (Fig. 8(a–d)) in the absence and
presence of NR clearly indicated an energy transfer from the donor
(ANS) to the acceptor (NR) in the cationic lipids (Lip1810 and
Lip1814) in the absence and presence of cholesterol. The energy
transfer from ANS to NR was more efficient (41%) in cholesterol-free
Lip1814 relative to that in Lip1810 (Table 4) when the distance (rDA)
between the donor and acceptor was minimum at B34.5 Å. In the
presence of cholesterol, this efficiency moderately decreased to 30%
due to a moderate increase in the donor–acceptor distance. In
contrast, the efficiency of FRET moderately increased from 13% in
cholesterol-free Lip1810 to 25% in the presence of cholesterol
(Table 4). These variations in FRET efficiency indicated that liposome
fusion was more feasible and efficient in cholesterol-free Lip1814
and Lip1814/cholesterol lipid systems compared to Lip1810 or
Lip1810/cholesterol systems. The probability distribution (P(r)) of
the donor–acceptor distances was characterized by a much broader
halfwidth (hw) in the case of pure Lip1810 vesicles than that of pure

Fig. 7 Spectral overlap of ANS (donor)-incorporated liposome fluores-
cence (green) with the NR (acceptor)-incorporated liposome absorbance
(red) for Lip1810 (a and b) and Lip1814 (c and d) in the absence (a and c) and
presence of cholesterol (b and d).

Fig. 8 Fluorescence transients of ANS in liposomes (a and b: Lip1814;
c and d: Lip1810) in the (1) absence and (2) presence of NR-labelled
liposomes (b and d) with and (a and c) without cholesterol. The insets show
the steady-state fluorescence spectra of the corresponding systems in the
(a and c) absence and (c and d) presence of cholesterol. The continuous
solid lines represent the fits to the raw decay traces.

Table 4 FRET parameters in different liposomes

System tD (ns) tDA (ns) E (%) J(l) (M�1 cm�1 nm4) rDA (Å) R0 (Å) hw (Å)

Lip1810 3.01 2.61 13.0 9.21 � 1014 41.9 30.4 3.68
Lip1810 + cholesterol 4.57 3.43 25.0 1.76 � 1015 40.7 33.9 1.10
Lip1814 4.17 2.44 41.5 1.37 � 1015 34.5 32.5 2.20
Lip1814 + cholesterol 5.34 3.75 30.0 1.67 � 1015 38.7 33.6 1.62

tD and tDA are the fluorescence lifetimes of the donor (ANS) in the absence and presence of the acceptor (NR), respectively. E is the energy transfer
efficiency; J(l) is the spectral overlap integral between the donor emission and acceptor absorption at l nm. rDA is the donor–acceptor distance calculated
from E; R0 is the Förster distance of the ANS/NR pair. hw is the half-width of the probability distribution of the donor–acceptor distances.

Fig. 9 Probability distribution of the donor–acceptor distances for the
inter-vesicular fusion of liposomes labelled with ANS and those labelled
with NR: (a) Lip1810 (c) Lip1814 in the absence of cholesterol; (b) Lip1810
(d) Lip1814 in the presence of cholesterol.
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Lip1814 (Fig. 9), which corresponds to the higher average amplitude
of the donor–acceptor distance fluctuations39 for the former than
the latter. In the presence of cholesterol, the hw parameter of the
probability distribution curve decreased significantly for the Lip1810-
based cationic liposomes compared to the insignificant change for
Lip1814, indicating a more conducive environment for liposomal
fusion with the latter than the former. The decrease in the
amplitude of the donor–acceptor distance fluctuations measured
in terms of the half-width (hw) of the probability distribution
curve is consistent with the increased rigidity of the lipid bilayer of
Lip1810 and Lip1814 in the presence of cholesterol. Thus, from
FRET measurements and the probability distribution of the
donor–acceptor distances, liposomal fusion was found to be more
conducive in the case of Lip1814 than Lip1810, giving rise to
better cell transfection efficiency while using the former than the
latter.

4. Conclusion

Due to variation in the molecular architecture of di-alkyl dihydroxy
ethyl ammonium chloride-based cationic lipids involving hydro-
phobic tails, higher transfection efficiency was observed with the
asymmetric Lip1814-based liposomes than that of the asymmetric
Lip1810- or symmetric Lip1818-based liposomes. The structure–
activity relationship of these lipids was investigated by studying the
photophysics of ANS and NR in these cationic liposomes in the
absence and presence of cholesterol. Steady-state and time-resolved
fluorescence studies of ANS in the cationic liposomes of Lip1814
and Lip1810 revealed significantly reduced hydration in the lipid
membrane and enhanced water relaxation dynamics at the lipid–
water interface in the presence of cholesterol. On the other hand,
the probe ANS could not be incorporated at the lipid–water inter-
face of the highly rigid liposomes of Lip1818 and hence, failed in
reporting the level of membrane hydration or water interfacial
dynamics. The orientational relaxation of NR in Lip1818-based
liposomes was found to be significantly hindered in the presence of
cholesterol (hji B 9.02 ns) due to the very tight packing and
ordering of the symmetric cationic lipids relative to Lip1810- (hji
B 2.48 ns) and Lip1814-based (hji B 3.21 ns) liposomes. Förster
resonance energy transfer (FRET) between Lip1814 liposomes
labelled separately with a donor fluorophore (ANS) and an acceptor
fluorophore (NR) was found to be much more efficient (41%) than
that between Lip1810 liposomes (13%), which corresponds to
more efficient fusion of the former than the latter. Polarization-
gated anisotropy studies in conjunction with steady-state and time-
resolved fluorescence measurements showed that the reduced
membrane hydration, enhanced interfacial water dynamics and
moderately enhanced liposomal membrane rigidity of the cationic
liposomes of Lip1814 in the presence of cholesterol gave rise to
their higher cell transfection efficiency than Lip1810. Cationic
liposomes based on the symmetric lipid Lip1818 were highly
rigid compared to those of asymmetric Lip1814 and asymmetric
Lip1810 and hence, displayed lower cell transfection efficacy.
However, enhanced interfacial water dynamics facilitated the
interaction between the cationic Lip1814 liposomes and DNA,

and the moderately higher membrane rigidity compared to
Lip1810 likely promoted the formation of tight liposomes, thereby
enhancing DNA condensation, which is essential for the delivery
of nucleic acids into the cell cytosol.
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