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a b s t r a c t

The applicability of 1-(4-N,N-dimethylaminophenylethynyl)pyrene (DMAPEPy), a pyrene derivative show-
ing intramolecular charge transfer, as a prospective probe for lipid bilayer membranes has been evaluated.
High sensitivity of DMAPEPy to solvent polarity and viscosity makes it to act both as a polarity-sensitive
probe and as a fluorescence anisotropy probe. The molecule shows high partition efficiency towards
eywords:
luorescent molecular probe
ipid bilayer membrane
hase transition
artition coefficient

bilayer membranes in both solid gel as well as in the liquid crystalline phases. The emission spectrum,
quenching experiment and lifetime data suggest bimodal distribution of DMAPEPy in the bilayer. Using the
solvent polarity scales the polarity parameters of the two locations in lipid bilayer have been estimated.
In the bilayer environment it exhibits remarkable spectral changes with temperature. The thermotropic
phase change of the bilayer is sensitively monitored by fluorescence intensity as well as fluorescence
anisotropy parameters. DMAPEPy is also capable of sensing the changes induced by membrane modifiers
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like cholesterol.

. Introduction

Fluorescence probing has been considered as one of the most
imple, convenient, less perturbing, economical techniques to
tudy the properties of lipid bilayers [1–5]. The success of fluores-
ent molecular probes can be explained by the distinct advantages
ffered in terms of high sensitivity, selectivity, fast response time,
on-invasive nature and minimal perturbation to the microen-
ironment to be probed. The measured changes in different
uorescence parameters of a fluorescent probe can be easily related
o various molecular properties of the environment such as polarity,
iscosity, diffusion coefficients, distance between groups, struc-
ural changes due to existence of different phases, formation of

icrostructures and microdomains, etc. Conceptually different
ypes of fluorescent probes have been employed to study diverse
roperties of lipid bilayer membranes. The probes with environ-
entally sensitive steady-state fluorescence parameters are of

articular interest and a wide variety of such fluorescent probes

ave been employed to meet the need. Prodan, Laurdan, Dansyl
nd ANS, etc. are few examples of polarity-sensitive fluorescent
olecules often used as membrane probes [6–19]. However, all

hese probes have got their own limitations. For instance, Prodan

∗ Corresponding author. Tel.: +91 44 22574207; fax: +91 44 22574202.
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s known to show preferential partitioning to the liquid crystalline
hase of the dimyristoylphosphatidylcholine (DMPC) and dipalmi-
oylphosphatidylcholine (DPPC) bilayers but in the solid gel phase
arge fraction of it remains in water [6–11]. In order to study the

embrane properties it is necessary to subtract the fluorescence
ontribution of Prodan in water from the overall intensity, which
s a serious drawback. Laurdan shows higher partitioning effi-
iency in both the phases but it is not possible to get information
bout the bilayer properties directly from its spectral behaviour
nd the spectral data need extensive post-experimental analysis
12–14]. Dansyl probes by themselves are not much effective and
ften need lipid anchors for efficient partitioning to the membrane
15–17]. ANS being a charged probe shows specific interaction in the
ipid bilayer and perturbs the membrane properties [18,19]. Conse-
uently, there is an escalating interest in designing new fluorescent
olecules with superior spectroscopic properties to be used as

robes for membranous studies. Phospholipid bilayers exhibit a
umber of phases and phase transitions with increasing tempera-
ure. Of these, the main phase transition or chain melting transition
s the most important and it brings about significant changes in
he membrane properties [20–23]. The physical state, organisa-

ion and function of membranes are intricately connected to the
hase behaviour of lipid bilayers [24]. Owing to its physiological

mportance, it becomes important to device a simple, less per-
urbing, economical method to study the phase behaviour of lipid
ilayers.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:mishra@iitm.ac.in
dx.doi.org/10.1016/j.jphotochem.2008.09.001
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In this work, we present the novel application of a recently
ntroduced [25] pyrene derivative, 1-(4-N,N-dimethylaminopheny-
ethynyl)pyrene (DMAPEPy), as a proficient fluorescent probe
o monitor the phase change in various phospholipid vesicles.
lthough the fluorescence spectra of many fluorescent membrane
robes show large changes on partitioning from aqueous phase to
he membrane phase, not many examples are known where there
s such a large fluorescence spectral change as a response to phase
hange, while present in the membrane. This is first of its kind,
hich shows remarkable spectral response to the thermotropic

hanges in the lipid bilayers. It is possible to get information about
he physical state of the bilayer directly from the steady-state flu-
rescence spectra of the molecule in the vesicles. The detailed
hotophysical study of this molecule has been carried out recently
26]. The design of the molecule is such that it offers the requisite
tructural features and functionality to the molecule to act as an
nvironment-sensitive membrane probe. For instance (i) the pres-
nce of the conjugating ethynyl bridge between the donor (DMA)
nd acceptor (pyrene) facilitates the charge transfer across the
olecule and results in an increased dipole moment (�� ≈ 30 D)

n the excited state, as a result of which it exhibits a strong fluo-
escence solvatochromism, (ii) the hydrophobic nature and affinity
owards non-polar solvents ensure its lipophilicity (the molecule
s insoluble in water and needs at least 1% of EtOH (v/v) for solu-
ilisation), (iii) the flatness of the molecule can further help in its
asy incorporation into the membrane, and (iv) considerably high
xtinction coefficient and quantum yield in nonpolar solvents make
t possible to work with very low concentration of the molecule.
he sensitivity of the molecule to solvent polarity and medium
iscosity [26] encouraged us to exploit it as a possible membrane
robe.

. Experimental

.1. Materials

DMAPEPy was synthesised, details of which are given else-
here [26]. DMPC, DPPC, dipalmitoylphosphatidylglycerol (DPPG)

nd cholesterol were purchased from Sigma Chemical Co. (Banga-
ore, India) and were used as such. Cetylpyridinium chloride (CPC)
as purchased from SRL Pvt. India Ltd. and was used as received.
ll solvents used were of analytical grade and were all distilled
efore use. Triple-distilled water from alkaline permanganate solu-
ion was always used for the experiments.

.2. Vesicle preparation

Both unilamellar (SUV) and multilamellar vesicles (MLV) were
sed in the studies. Unilamellar vesicles were prepared by ethanol

njection method [27]. The ethanolic solution of the lipid was
njected rapidly with the help of a fine needle to the aqueous

edium, maintained at 50 ◦C (optimised condition). The volume
f ethanol injected is always less than 1% (v/v) in order to avoid
ny damage to the vesicle by ethanol. The cholesterol incorpo-
ated lipid vesicles were prepared by solvent evaporation method.
MPC-cholesterol liposomes were prepared by adding same vol-
me of lipid in chloroform to different volumes of cholesterol
tock in chloroform; such that the molar ratio of cholesterol is var-
ed from 0 to 50 mole% of the lipid. The solution was evaporated
ith the help of a rotary-evaporator and the residual solvent was
emoved by applying vacuum. The lipid film was left under vacuum
o ensure complete dryness. Liposome vesicles were prepared by
dding appropriate volumes of triply distilled water to the dry lipid
lm with vigorous vortexing and then warming at 10◦ above phase
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ransition temperature for complete hydration. The concentration
f the vesicle was varied by subsequent dilutions.

.3. Labeling

Except for the partition coefficient experiments, the probe was
lways added to the lipid stock solution prior to the vesicle for-
ation. For the partition coefficient experiments, however fixed

olume of the probe was added to the vesicle of varying concentra-
ion (0–4.5 × 10−4 M) so that the final concentration of the probe
as 1 × 10−7 M and the solution was equilibrated for an hour above

he phase transition temperature. For all the experiments, a system
ontaining the same concentration of lipid in absence of probe was
sed as a blank.

.4. Fluorescence measurements

Fluorescence measurements were carried out with Hitachi F-
500 spectrofluorimeter. The excitation and emission spectra were
ecorded with 5/5-nm slit widths. For temperature dependence
xperiments the temperature was controlled by circulating water
hrough a jacketed cuvette holder from a refrigerated bath (INSREF
ltra Cryostat, India). Temperature was also checked inside the
uvette before and after the experiments and the variation was neg-
igible. The steady state fluorescence anisotropy (rss) values were
btained using the expression rss = (I‖ − GI⊥)/(I‖ + 2GI⊥), where I‖
nd I⊥ are fluorescence intensities when the emission polarizer is
arallel and perpendicular, respectively, to the direction of polar-

zation of the excitation beam, and G is the factor that corrects for
nequal transmission by the diffraction gratings of the instrument
or vertically and horizontally polarized light.

.5. Fluorescence lifetime measurements

Lifetime measurements were carried out using an IBH single-
hoton counting fluorimeter in a time-correlated single-photon
ounting arrangement consisting of ps/fs Ti-Sapphire Laser system
Tsunami Spectra Physics, Bangalore, India). The pulse repetition
ate was 82 MHz and the full width half maximum is less than
ps. The emission was collected at magic angle polarization (54.7◦)

o avoid any polarization in the emission decay. The instrument
esponse time is approximately 50 ps. The decay data were fur-
her analysed using IBH software. A value of �2, 0.99 ≤ �2 ≤ 1.4 was
onsidered as a good fit.

. Results and discussion

.1. Fluorescence spectral studies of DMAPEPy in DMPC vesicles

Fig. 1 shows the emission spectra of DMAPEPy with increas-
ng amount of lipid (0–0.45 mM). The molecule is insoluble in
ater and needs at least 1% (v/v) of ethanol for solubilisation.

he emission of the molecule in water (1% EtOH) is very weak
nd with the addition of small amount of liposome (0.0125 mM)
here is a remarkable increase in intensity (almost 10-fold increase)
bserved. The emission maximum shows a blue shift of around
6 nm on going from water (515 nm) to liposome medium (499 nm)
ith a small additional emission band around 427 nm in case

f spectrum in liposome medium. The remarkable increase in
ntensity, blue shift in the emission spectrum and increase in the

uorescence anisotropy (�ex = 390 nm, �em = 510 nm) value from
.06 in water to 0.22 in 0.0125 mM liposome confirm that DMAPEPy
as been incorporated into the lipid bilayer. The emission band at
27 nm, which initially developed as a small shoulder on the 499-
m band at low concentration of lipid, becomes a structured peak
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ig. 1. Emission spectra of DMAPEPy (1 × 10−7 M) with increasing amount of DMPC
nilamellar vesicles. [DMPC] = 0–0.45 mM, [DMAPEPy] = 1 × 10−7 M, �ex = 390 nm
nd temperature = 10 ◦C.

ith an additional band around 450 nm at higher concentrations of
ipid. The 427 nm emission band increases in intensity and reaches
aturation by 0.25 mM of liposome, whereas the intensity at 499 nm
emains almost constant.

Fig. 2 represents the excitation spectra of DMAPEPy in lipo-
ome at 0.45 mM of DMPC. In liposome the excitation spectra are
btained at the two emission maxima, 430 and 500 nm. The excita-
ion spectrum in liposome at emission wavelength 500 nm matches
ell with that in water (with 1% EtOH). However, the intensity in
ater is very weak as compared to that in liposome (inset in Fig. 2).

The excitation at emission wavelength 430 nm is similar to
hat in non-polar, non-interactive solvents like cyclohexane and
-hexane [26]. The excitation spectrum obtained at �em = 500 nm
xtends up to 470 nm, whereas the excitation spectrum obtained
t �em = 430 nm does not have any contribution beyond 420 nm
Fig. 2). Thus, by exciting the molecule around 430 nm it is pos-
ible to get the emission profile from the fraction of probe, which
hows emission maximum at 500 nm.
In Fig. 3 the broad and structureless spectrum is obtained by
xciting the molecule at 430 nm. By subtracting this spectrum from
he original spectrum obtained at �ex = 390 nm, it is possible to get
n approximation of the emission from the fraction of probe show-
ng the structured emission. Thus, at the highest concentration of

ig. 2. Normalised excitation spectra of DMAPEPy in DMPC vesicles (solid
ine at �em = 430 nm and dashed line at �em = 500 nm). [DMAPEPy] = 1 × 10−7 M,
DMPC] = 4.5 × 10−4 M, temperature = 10 ◦C. The inset shows the comparison of exci-
ation spectra, showing the relative intensities, as obtained in liposome and water
with 1% EtOH).
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ig. 3. Emission spectra of DMAPEPy in 0.45 mM DMPC unilamellar vesicles (tem-
erature = 10 ◦C). Spectra 1 and 2 represent the emissions obtained by exciting the
olecule at �ex = 390 and 430 nm, respectively. Spectrum 3 is obtained by subtract-

ng spectrum 2 from spectrum 1.

MPC studied (0.45 mM) the emission spectrum is a combination
f two bands one structured band similar to that in non-polar,
on-interactive solvent and the other broad and structureless band
imilar to that in polar solvents [26]. This is supported by the dif-
erence observed in the excitation spectra (Fig. 2) of DMAPEPy
btained at the two emission maxima in liposome. These exper-
mental findings suggest the distribution of the probe between two
ifferent locations in the bilayer, one polar and the other non-polar
ite. Based on the emission spectra of DMAPEPy in organic solvents,
he positions of the emission bands and Stokes’ shift can be corre-
ated to the dielectric constant ε (within the continuous dielectric

odel) or as a function of the empirical solvent polarity index,
T(30) scale [26]. Using these scales the polarity of the two loca-
ions of DMAPEPy in lipid bilayer has been estimated to be around
≈ 20.2, ET(30) ≈ 48.1 for the polar site, which matches with the sol-
ent isopropanol and around ε ≈ 1.9, ET(30) ≈ 30.9 for the non-polar
ite, which matches with hydrocarbons. The fraction of DMAPEPy
esiding in the polar surface site can undergo intramolecular charge
ransfer hence showing a broad structureless emission, whereas the
raction of it in the inner non-polar site shows emission from the
ocal excited state with an emission with vibrational structures.

.2. Determination of partition coefficient

The success of a fluorescent molecule as a membrane probe
epends on the ease of its incorporation into the membrane. The
artition coefficient value is an essential physico-chemical param-
ter, which is a measure of lipophilicity of the fluorescent molecule
nd provides information about the fraction of it associated with
he lipid. The partition coefficient (Kp) value of any fluorescent
robe between the aqueous and liposome medium can be eval-
ated by fluorescence spectroscopy as long as there is a difference

n a fluorescence parameter of the partitioning molecule (e.g. quan-
um yield, fluorescence anisotropy or fluorescence lifetime) when
n the aqueous solution and after incorporation in the membrane
28]. In case of DMAPEPy, since the emission band at 427 nm shows
gradual change in its intensity with the lipid concentration, it can
e used as a parameter to determine the partition coefficient.

Fig. 4 shows the variation of fluorescence intensity at 427 nm
F) as a function of DMPC concentration (L) at three temperatures,

0 ◦C (solid gel phase), 23 ◦C (at the phase transition temperature)
nd at 35 ◦C (liquid crystalline phase). The fluorescence data show
hyperbolic dependence of F on L. The Kp values are calculated

sing the relation F = F0L/(55.6/Kp + L), where F is the fluorescence
ntensity at 427 nm at lipid concentration L, F0 is the maximum flu-
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Fig. 4. Plot of fluorescence intensity of DMAPEPy at 427 nm (1 × 10−7 M) ver-
sus DMPC concentration at three temperatures 10 ◦C (solid gel phase), 23 ◦C (the
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3.5. Temperature dependence membrane properties as probed by
DMAPEPy

The response of a potential molecular probe to the phase tran-
sition is often taken as a convenient test for its applicability for

Table 1
Fluorescence lifetime data for DMAPEPy in DMPC unilamellar vesicles in the solid
gel phase (15 ◦C) and liquid crystalline phase (35 ◦C)
hase transition temperature) and 35 ◦C (liquid crystalline phase). The solid lines
epresent the non-linear regression fits for the data according to the equation
= F0L/(55.6/Kp + L).

rescence resulting from total probe incorporation into membrane.
he Kp values thus obtained are 1.23 × 106 (at 10 ◦C), 1.61 × 106 (at
3 ◦C) and 2.69 × 106 (at 35 ◦C). The Kp value increases with increase

n temperature, which can be attributed to the increase in perme-
bility of the membrane to DMAPEPy with increasing temperature.
rom the Kp value the lipid to probe ratio is calculated to be ≈2950
or [DMPC] = 2.5 × 10−4 M. This ratio was maintained for further
ork, where there will be maximum partitioning of DMAPEPy into

he membrane and minimum interference from the fraction of the
robe remaining in water. The fluorescence of the molecule in water
eing very weak it further minimises any possible spectral interfer-
nce from the fraction of it remaining in water. Since the molecule
hows reasonably high partition efficiency in both the phases of the
ilayer, it is possible to work with submicromolar (10−7 M) concen-
ration of the probe hence minimising the risk of perturbance to the

embrane properties, which recommends it as a good membrane
robe.

.3. Quenching study

Fluorescence quenching studies on membrane bound fluo-
ophore provide valuable information regarding their distribution
nd microenvironment. In the present study CPC has been used as
quencher. CPC is known to be an efficient quencher for pyrene

nd acts in a static mechanism [29]. Due to the presence of long
ydrocarbon chain (C16) CPC easily gets incorporated into the
ilayer membrane. The most likely position for the positive pyri-
inium moiety is near the negatively charged phosphate group
f the phospholipid molecule. Thus it is expected that CPC when
dded at a concentration below its critical micelle concentration
CMC = 0.98 mM) [30] should selectively quench the fraction of
robe located near the surface site.

Fig. 5A illustrates the emission spectra of DMAPEPy in DMPC
nilamellar vesicles with varying amount of CPC. As is clear with
he addition of CPC, the 499 nm band intensity decreases gradu-
lly and by 0.4 mM of CPC only the structured 427 nm peak exists.
hus the quenching study also supports the bimodal distribution of

MAPEPy in the liposome. Fig. 5B indicates the Stern-Volmer plot

or the quenching of DMAPEPy in DMPC vesicles by CPC. The Stern-
olmer quenching constant is found to be 3.8 × 103 M−1. This high
alue of Ksv supports the static nature of quenching of DMAPEPy by
PC in the bilayer.

T

3

ig. 5. (A) Emission spectra of DMAPEPy in DMPC unilamellar vesicles
0.25 mM) at varying amount of cetylpyridinium chloride. [CPC] = 0–0.7 mM,
DMAPEPy] = 1 × 10−7 M, temperature = 10 ◦C (solid gel phase). (B) Stern-Volmer plot
or the quenching of DMAPEPy in DMPC vesicles by CPC.

.4. Fluorescence lifetime studies

Fluorescence at both emission bands follows mono-exponential
ecay. In order to avoid spectral interference the lifetimes were
easured at 425 and 540 nm by exciting the molecule at 370 nm.

he lifetime at 425 nm is found to be 1.82 ns, which matches
ith that in n-hexane (1.85 ns) [26] and the lifetime at 540 nm is

.00 ns similar to that in ethanol (3.05 ns) [26]. Table 1 summarises
uorescence lifetime data for DMAPEPy in DMPC unilamellar vesi-
les in the solid gel phase (15 ◦C) and liquid crystalline phase
35 ◦C). Though the change in lifetime with temperature is not very
ignificant, the lifetime values reinforce the concept of bimodal
istribution of DMAPEPy in the bilayer.
emperature (◦C) At 425 nm At 540 nm

� (ns) �2 � (ns) �2

15 1.82 1.20 3.00 1.08
5 1.52 1.14 3.12 1.09
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ig. 6. Emission spectra of DMAPEPy in DMPC unilamellar vesicles with increasing
emperature. [DMAPEPy] = 1 × 10−7 M, [DMPC] = 0.25 mM, �ex = 390 nm.

embrane studies. Fig. 6 shows the temperature dependence
mission spectra of DMAPEPy in DMPC unilamellar vesicles. As
s clear from the figure, there is a strong dependence of the
pectral behaviour of the molecule on temperature. At low temper-
ture, i.e. in the solid gel phase, the emission spectrum shows the
tructured bands at 427 nm but as the temperature increases the
tructured emission shows significant decrease in intensity and at
igh temperature, i.e. in the liquid crystalline phase, only the broad
tructureless band exists. There is a marked difference in the spec-
ral behaviour of DMAPEPy in the two phases of the bilayer, which

akes it feasible to identify the physical state of the lipid mem-
rane just by visual inspection of the fluorescence spectrum. Such
laring difference in the spectral profiles with phase change in the
embrane is not seen in any of the available membrane probes.
Since the molecule shows almost similar partition coefficient

alues in both solid gel and liquid crystalline phases of the mem-
rane, the observed spectral changes with increasing temperature

s due to the effect of temperature induced changes in the lipid
atrix and not because of leaching out of the probe to the bulk

queous medium unlike in case of Prodan [15].
The fluorescence intensity of the 427 nm band is found to be

ery sensitive to the temperature-induced changes in the lipid vesi-
les (Fig. 7A). There is a gradual change in fluorescence intensity
ith temperature showing the maximum change at 23 ◦C, the phase

ransition temperature of DMPC vesicle. Thus, the change in inten-
ity can be considered as an index of thermotropic phase behaviour
f the membrane and the emission intensity at 427 nm provides a
onvenient means to estimate the phase transition temperature in
he bilayer.

The main phase transition or chain-melting transition in a lipid
ilayer imparts fluidity to the membrane. In solid gel phase the
ilayer is in a state of high rigidity and conformational order, which
hanges to a more fluid and disordered liquid crystalline phase
bove the phase transition temperature. Temperature dependence
tudies of DMAPEPy in viscous liquids such as glycerol and ethylene
lycol have shown that its fluorescence anisotropy is very sensitive
o the change in the medium viscosity [26]. In order to examine the
esponse of fluorescence anisotropy of DMAPEPy to the change in
iscosity in the lipid bilayer with temperature, temperature depen-
ence experiments were carried out and fluorescence anisotropy
as monitored at two emission maxima, 427 and 500 nm. Fig. 7B
hows the variation of fluorescence anisotropy of DMAPEPy in
MPC unilamellar vesicles with increase in temperature at the two
mission maxima, 427 and 500 nm. The anisotropy at both the
avelengths show very good sensitivity to the increased fluidity
f the bilayer with temperature. The anisotropy value decreases

3
b

p

ig. 7. Variation of (A) fluorescence intensity at 427 nm (�ex = 390 nm) and
B) steady-state fluorescence anisotropy (at �ex = 390 nm, �em = 427 nm and
ex = 430 nm, �em = 500 nm) of DMAPEPy in DMPC vesicles as a function of tem-
erature.

radually with temperature and the maximum change is observed
t the phase transition temperature for both the emissions. Thus,
MAPEPy provides another independent fluorescence parameter

n terms of its anisotropy for the study of membrane properties.
The observed spectral changes with increasing temperature is

ue to the redistribution of probe between the two sites of occu-
ancy in the lipid matrix. If there were no effect of the non-radiative
ecay rate (knr) the intensity of the 500 nm fluorescence band,
hich is due to the probes located at polar site, should increase

oncomitantly with the decrease in the intensity of the 427 nm
and. But earlier studies with solvents such as glycerol and ethy-

ene glycol have shown that the emission intensity of DMAPEPy is
ery sensitive to change in viscosity [26]. The decrease in inten-
ity at 427 nm with increase in temperature is due to decrease in
oth, the probe population at the non-polar site and in viscosity of
he membrane. Whereas at 500 nm, the increase in intensity due to
he increased population is offset by the decrease in intensity due
o increased fluidity of the membrane and the intensity remained
lmost constant with temperature.
.6. Sensitivity of DMAPEPy to the effect of cholesterol on DMPC
ilayer

Incorporation of cholesterol brings about major changes in the
roperties of lipid vesicles. It has a very high affinity towards



386 U. Subuddhi et al. / Journal of Photochemistry and Photobiology A: Chemistry 200 (2008) 381–387

F
t
[

p
a
m
t
g
c
S
c
c
a
a
p
c
a
o
o

3

t
o
c
D
e
a
l
t

a
p
t
i
w
t
h
a
s
s
b
w
s
c
p

F
a
p

4

p
h
w
q
o
i
T
s
c
b
c
b
s
s
a
s
f
i

ig. 8. Variation of fluorescence anisotropy of DMAPEPy at 427 nm with tempera-
ure at varying amount of cholesterol. [DMAPEPy] = 1 × 10−7 M, [DMPC] = 0.25 mM,
Cholesterol] = 0–45 mole% of DMPC, �ex = 390 nm and �em = 427 nm.

hospholipids and can be incorporated in concentrations as high
s 1:1 or even 1:2 molar ratios of cholesterol to lipid in the
embrane. Cholesterol reduces the enthalpy of phase change,

hus with increasing addition of cholesterol the phase transition
radually gets blurred and is completely eliminated at high con-
entration when the enthalpy of phase change becomes zero [27].
ince DMAPEPy monitored successfully the temperature induced
hange in fluidity of the bilayer it is expected to monitor the
hanges induced by addition of cholesterol as well. The fluorescence
nisotropy profiles show clearly the blurring of phase transition
nd by 45 mole% of cholesterol the complete elimination of the
hase transition is observed (Fig. 8). The increase in the fluores-
ence anisotropy value of DMAPEPy in the liquid crystalline phase
nd the decrease of fluorescence anisotropy in the solid gel phase
f DMPC with addition of higher mole% cholesterol show the effect
f cholesterol in altering the fluidity of the membrane.

.7. Response of DMAPEPy to vesicles of different phospholipids

The packing property of a phospholipid bilayer is dictated by
he nature of the phospholipid that constitutes it, which on the
ther hand depends on the nature of the head group and lipid
hain (length and presence of unsaturation) [3]. The response of
MAPEPy to the phase transition of vesicles constituted from differ-
nt phospholipids has been examined. The phospholipids studied
re DPPC and DPPG. The choice of DPPC is to increase the chain
ength from C14 in DMPC to C16 in DPPC and of DPPG is to change
he charge on the head group (negatively charged, C16).

Fig. 9 depicts the emission spectra of DMAPEPy in (A) DPPC
nd (B) DPPG vesicles at three temperatures, i.e. at 30 ◦C (solid gel
hase), 42 ◦C (phase transition temperature) and 52 ◦C (liquid crys-
alline phase). The increase in intensity of DMAPEPy is remarkable
n both DPPC and DPPG liposome as compared to that in water,

hich shows its high affinity towards these vesicles. Thus, the par-
itioning of DMAPEPy is not limited by the negative charge on the
ead group of DPPG. In both the cases the emission spectra obtained
re combination of a structured emission and a broad emission,
imilar to that obtained in DMPC vesicle. And the 427 nm band
hows good response to the temperature-induced changes in the

ilayer. The fluorescence anisotropy value is also found to respond
ell to the thermotropic changes in these vesicles. Thus, the sen-

itivity of DMAPEPy is not limited to neutral phospholipids and it
an conveniently be employed for the study of all kinds of phos-
holipids.

t
t
i
p
s

ig. 9. Emission spectra of DMAPEPy in (A) DPPC and (B) DPPG vesicles (0.25 mM)
t 30 ◦C (solid gel phase), 42 ◦C (at phase transition) and 52 ◦C (liquid crystalline
hase), (�ex = 390 nm).

. Conclusions

The present work proposes a proficient fluorescent molecular
robe for the study of lipid bilayer membrane. DMAPEPy shows
igh affinity towards phospholipid vesicles in both solid gel as
ell as liquid crystalline phases. Fluorescence spectral behaviour,

uenching studies and lifetime data indicated the bimodal nature
f its distribution in the bilayer. The molecule reports on the polar-
ty of the bilayer in terms of its fluorescence spectral position.
he polarity parameters for the two sites of occupancy estimated
uggest an isopropanol like environment and a non-polar hydro-
arbon like environment for the probe in the bilayer. The spectral
ehaviour of the molecule shows spectacular response to the phase
hange in the bilayer and the fluorescence intensity of the 427 nm
and can be used as a index of phase change in the bilayer. The
teady state fluorescence anisotropy of DMAPEPy is equally sen-
itive to the phase change in the bilayer membrane. Fluorescence
nisotropy at 427 nm as well as at 500 nm are found to be sen-
itive to the thermotropic changes in the bilayer properties. It is
ound to monitor successfully the changes induced by cholesterol
n the bilayer. DMAPEPy offers potential tools in terms of its spec-
ral position, fluorescence intensity and fluorescence anisotropy

owards bilayer membrane studies and can be used both as a polar-
ty sensitive probe as well as an anisotropy probe for the study of
hospholipid vesicles. The spectacular difference in the emission
pectra of DMAPEPy at the two phases of bilayer makes it unique in
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