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The rates of intramolecular excimer formation of di(l’-pyrenemyristoyl)phosphatidylcholine (dipyPC) in dioleoylphosphatidyl- 
ethanolamine (DOPE), egg PE/diolein (DG) and dilinoleoyl-PE (DLPE)/l-palmitoyl-2.oleoyl-PC (POPC) were studied at different 
temperatures and lipid compositions. Both the excimer-to-monomer intensity ratio and the excimer association rate constant were 
employed to quantify the rate of excimer formation. The latter was calculated from the measured monomer fluorescence lifetime of 
dipyPC. We observed that the rate of excimer formation was sensitive to either the temperature-induced or lipid composition-induced 
lamellar-to-inverted hexagonal phase transition of the above lipid systems. As the lipids entered the inverted hexagonal phase, the 
rate of excimer formation increased at the temperature-induced phase transition for DOPE, but decreased at the composition-in- 
duced phase transition for both TPE/DG and DLPE/POPC systems by increasing the DC% and decreasing the PC%, respectively. 
We conclude that the rate of intramolecular excimer formation of dipyPC in the non-lamellar phase is influenced both by rhe 
intra-lipid free volume of the hydrocarbon region and the intra-rotational dynamics of the two lipiq acyl chains. 

1. Introduction 

Excimer-forming fluorophores, such as free 
pyrene and pyrene-labeled lipid analog, are widely 
employed for studying the physical state of lipid 
bilayers [l-4]. By measuring the rate of excimer 
formation of these fluorophores, molecular infor- 
mation pertaining to the diffusional behavior of 
lipids in different lamellar phases, e.g., gel and 
liquid crystalline, has been determined [l-4]. Re- 
cently, this excimer-formation technique has also 
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been applied to studying the non-lamellar phase 
(inverted hexagonal phase) of unsaturated phos- 
phatidylethanolamine (PE) and other binary lipid 
mixtures containing PE [5]. 

The basic principle governing the excimer for- 
mation among fluorophores is the association of a 
fluorophore in its first excited singlet state with 
another non-excited fluorophore [6]. It is well 
established that the excimer formation of free 
pyrene or single pyrene-labeled lipid fluorophores 
in lipid membranes is an intermolecular collisional 
event occurring inside the membrane hydrocarbon 
region [3,4]. As a diffusional-control process, the 
rate of excimer formation depends on the con- 
centration of the fluorophores, the motional order 
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of the host lipids and the inter-lipid free volume of 
the membrane. An inherent assumption of a uni- 
form distribution of the fluorophores among the 
lipid matrix is also required. In contrast, the ex- 
timer formation of two fluorophores that are at- 
tached to the same molecule refers to an intramo- 
lecular collisional event. The rate of this intramo- 
lecular excimer formation event depends on the 
intra-rotational dynamics and local geometry of 
the parent molecule which contains the two ex- 
timer-forming fluorophores. Moreover, the rate is 
independent of the concentration of fluorophores 
at sufficiently low fluorophore/lipid ratio [7-91. 
Numerous applications of this intramolecular ex- 
timer formation technique in lipid studies have 
been initiated. Among which, linear chain (such as 
bis(4-biphenylmethyl) ether [7,8]) and lipid analog 
[9] probes were used to study the physical state of 
lipid lamellar phases. 

This study represents an initial attempt to in- 
vestigate the physical state of lipid non-lamellar 
phases using the intra-molecular excimer forma- 
tion technique. A lipid analog, di(l’-pyrenemyr- 
istoyl)phosphatidylcholine (dipyPC), was em- 
ployed as an intramolecular excimer-forming lipid 
probe. Various lipid systems, dioleoylphos- 
phatidylethanolamine (DOPE), egg PE/diolein 
and dilinoleoyl-PE/l-palmitoyl-2-oleoyl PC, were 
used in this study. These lipid systems have previ- 
ously been shown to exhibit lamellar to non-lamel- 
lar phase transitions at defined temperatures and 
lipid compositions [lo-131. 

2. Materials and methods 

Dioleoylphosphatidylethanolamine (DOPE), 
dioleoylphosphatidylcholine (DOPC), 1,2-di- 
oleoyl-sn-glycerol (diolein), PE transphosphatidyl- 
ated from egg PC (TPE), dilinoleoyl-PE (DLPE), 
and l-palmitoyl-2-oleoylphosphatidylcholine 
(POPC) in chloroform were purchased from Avanti 
Polar Lipids (Birmingham, AL). These lipids were 
used without further purification. No detectable 
fluorescence signals were found in the lipids. The 
intramolecular excimer forming fluorophore, 
di(l’-pyrenernyristoyl)-PC (dipyPC), was synthe- 
sized by methods described previously [14]. The 
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Fig. 1. Chemical structure of dipyPC. 

chemical structure of a dipyPC molecule is shown 
in Fig. 1. The two pyrene (PY) molecules are 
separately attached to the terminal methyl ends of 
the two myristic acyl chains of a PC lipid. The 
fluorophores and lipids were mixed in chloroform 
at a molar ratio of 0.001. The mixture was then 
dried under nitrogen in a clean Pyrex tube and 
further kept under vacuum for more than 5 h to 
ensure complete removal of organic solvent. The 
thin lipid film formed on the tube was hydrated in 
an aqueous buffer (100 mM NaCl, 10 mM Tes, 2 
mM EDTA; pH 7.4) at 0°C. The suspension was 
vortexed rigorously and under mild sonication for 
a few seconds. Thereafter, the mixture was in- 
cubated at 0°C for about 20 h in the dark to 
ensure proper hydration. Upon further dilution to 
approx. 100 pg/ml, the sample was put into a 10 
mm quartz cuvette. The sample temperature was 
regulated by an external water-jet circulator con- 
nected to a thermostated cell. The temperature of 
the sample was directly determined by inserting a 
microtip thermistor probe (YSI-427) into the 
cuvette at approx. 5 mm above the light path and 
recorded by a digital thermometer (VWR 500). 

An ISS multifrequency cross-correlation fluo- 
rometer (Urbana, IL) was used for all the fluores- 
cence spectra and lifetime measurements. The ex- 
citation source was an He-Cd laser (Liconix 
4240NB) which possesses an output of 17 mW at 
325 nm. 

For the fluorescence spectral measurements, ex- 
citation and emission slit widths were set at 4 nm. 
Scattering contributions, which were determined 
from samples prepared under identical preparative 
and measuring procedures but in the absence of 
fluorophores, were subtracted from the fluores- 
cence signals. This procedure yielded corrections 
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similar to those following the method of Eisinger 
et al. [15] (differences less than 5%). The value of 
the steady-state excimer to monomer intensity 
ratio was calculated from the fluorescence intensi- 
ties at 485 and 390 nm, respectively. 

For the fluorescence lifetime measurements, 
fluorescence signals at 390 nm were determined 
and compared with a reference, 1,4-bis[2-(5-phen- 
yloxazolyl)]benzene (POPOP) in methanol [16]. 
The fluorescence lifetime of POPOP is 1.34 ns. 
The values of demodulation ratio and phase delay 
were measured as a function of modulation 
frequency between 0.1 and 10 MHz. The 
frequency-domain data were fitted by a double- 
exponential intensity decay function. 

z(r) = CQe -r/r1 + LY2c-V% 0) 

where the short component was fixed at r, = 5 ps 
in order to account for the light scattering Here, 
a, and a* are the pre-exponential factors. Since 
the demodulation ratio is less sensitive to scatter- 
ing than the phase delay, almost identical results 
were obtained by fitting the demodulation data 
with a single-exponential function. 

The monomer lifetime T of pyrene is related to 
the excimer formation rate constant K by the 
expression, 

7 -‘=K,+K,,+K 

= 70-l + K (2) 

where K, and K,, are the radiative and non- 
radiative decay rate constants, respectively, and r0 
the monomer lifetime of pyrene in the absence of 
excimer formation. Note that the above equation 
is valid only under the assumption that the ex- 
timer dissociation rate constant is much smaller 
than K. 

In the study of the temperature dependence of 
K, the values of 7 were determined for tempera- 
tures varying from 0 to 4O’C. It has been shown 
[17] that 70 of pyrene in the lipid hydrocarbon 
region has an intrinsic temperature-dependent be- 
havior. This temperature dependence can be de- 
scribed by a linear equation, r0 = 200 - lST, 
according to the published data [17]. 70 is ex- 
pressed in units of ns and T is the temperature in 
degree Celsius. 

3. Results 

Excimer-to-monomer (E/M) intensity ratios 
for dipyPC in DOPE and DOPC were measured 
at different temperatures (0-40°C). As shown in 
fig. 2A, the E/M ratio for DOPE was around 0.5 
at 0°C and increased slightly with temperature 
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Fig. 2. E/M ratio of dipyPC in DOPE (A) and DOPC (B) vs 
temperature. Molar ratio of dipyPC/lipid, 0.001; excitation 
wavelength, 325 nm. The E/M ratio was calculated from the 
ratio of fluorescence intensities at 485 and 390 nm, respec- 
tively, at each temperature. The error bars represent the stan- 

dard errors of measurements. 
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Fig. 3. K of dipyPC in DOPE (A) and DOPC (B) vs tempera- 
ture. The values of K were calculated from the monomer 
fluorescence lifetime of dipyPC (see section 2). Excitation, 325 
nm; fluorescence, measured at 390 nm. The error bars repre- 

sent the standard errors of measurements. 

from 0 to 2O’C. Thereafter, the E/M ratio in- 
creased abruptly by almost 3-fold at 22°C. At 
higher temperatures, a linear increase in E/M 

ratio with temperature was observed. The slope of 
E/M ratio vs temperature for the high-tempera- 
ture region (20-40°C) was higher than that for the 
iower temperature region (0-20°C). Similar meas- 

urements on E/M ratios were performed for di- 
pyPC in DOPC as shown in fig. 2B. A linear 
increase in the E/M ratio with temperature was 
found. No abrupt increase in the E/M ratio was 
observed. 

The monomer lifetimes of dipyPC at 390 nm 
were measured using the phase-modulation tech- 
nique at different temperatures. The correspond- 
ing association rate constants K were subse- 
quently determined (see eq. 2) and shown in fig. 
3A. Similar to the results for the E/M ratios, an 
abrupt increase in K was seen at approx. 17’C for 
DOPE. However, the value of K at 17°C was only 
about 50% higher than that at lower temperatures. 
A linear dependence of K on temperature was 
found for DOPC as shown in fig. 3B. Also, no 
abrupt increase in the value of K was observed. 

Measurements of E/M ratio and K were per- 
formed for dipyPC in binary lipid mixtures con- 

/M Ratio K (lE7/: 
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Fig. 4. E/M ratio (0) and K (A) of dipyPC in TPE/DG 
binary mixtures as a function of DG% at 23°C. The error bars 

represent the standard errors of measurements. 
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Fig. 5. E/M ratio of dipyPC in DLPE/POPC binary mixtures 
as a function of PC%. Temperature: 5 (o), 15 (A) and 3O’C 
(0). Data from two independently prepared samples are shown. 

taining different ratios of TPE and diolein (DG) 
at 23°C as shown in fig. 4. A sigmoidal behavior 
with breakpoints at approx. 4 and 8% DG was 
observed for either E/M ratio or K vs DG% 
curves. The values of E/M ratio or K at high DG 
content (8-18%) were about 50% less than that at 
low DG content (O-4%). 

Using another binary lipid mixture consisting 
of POPC and DLPE, the E/M ratios of dipyPC 
were measured as a function of PC content and at 
three different temperatures (5, 15 and 30°C) as 
shown in fig. 5. These PE/PC lipid samples, espe- 
cially those with low PC contents, tended to ag- 
gregate at long incubation times. The lifetime 
measurements of dipyPC were therefore not per- 
formed for these lipid mixtures. In general, the 
E/M ratio increased with temperature for all PC 
contents (O-50% PC). At 5OC, the E/M ratio was 
approx. 0.8 as PC varied from 0 to 5%. It in- 
creased slightly to 1.0 as the PC content increased 
further from 5 to 15%. Thereafter, it remained 

constant for PC > 15%. As the temperature in- 
creased to 25OC, the E/M ratio started at 1.2 and 
ended at 1.8. The transitions occurred at IO and 
20% PC. At a higher temperature (3O”Q a similar 
trend was also observed. Yet the transitions were 
at 10% and 25% PC. In addition, the E/M ratio 
for PC > 25% was almost 50% higher than that for 
PC c 10%. Assuming that the intramolecular ex- 
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Fig. 6. E/M ratio of dipyPC in DLPE/POPC binary mixtures 
as a function of dipyPC% (dipyPC vs total lipid) for 50% PC 
(A) and 3% PC (B). Temperature: 0 (O), 10 to), 20 (A), 30 (0) 

and 40°C (0). 
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timer formation of dipyPC obeys a simple two- 
state process, the activation energy of this process 
can be estimated from the Arrhenius plots of 
E/M ratios (results not shown). The activation 
energies were found to be approx. 6.9 and 6.2 
kcal/mol for 0 and 50% DOPC, respectively. 

The dependence of E/M ratio on dipyPC con- 
centration for 3 and 50% DOPC at different tem- 
peratures (0, 10, 20, 30 and 40°C) is illustrated in 
fig. 6. The E/M ratios of dipyPC in either 3 or 
50% DOPC were found to be constant (i.e., inde- 
pendent of dipyPC%) for dipyPC concentrations 
less than 0.2% at all temperatures. For dipyPC 
higher than 0.28, the E/M ratio started to in- 
crease linearly with concentration. Note that the 
concentration of dipyPC (0.1%) employed in this 
study was obviously within the plateau regions of 
all the E/M ratio vs probe concentration curves. 
As shown in fig. 6B, for 3% DOPC, abrupt 
increases in the E/M ratio with increasing 
probe concentration occurred at low temperatures 
(0-1O“C) and high dipyPC contents (> 0.2%). A 
tendency for some of the dipyPC probes to phase 
separate from the host lipid mixtures was sus- 
pected at those low temperatures. 

4. Discussion 

A new observation of this study is that the rate 
of intramolecular excimer formation of dipyPC is 
rather sensitive to the lamellar-to-non-lamellar 
phase transition of unsaturated PE and binary 
lipid mixtures of PE/DG and PE/PC. Note that 
the present technique’ of intramolecular excimer 
formation of pyrene-labeled probes has previously 
been applied to membrane phase transitions. Yet 
those transitions were confined to lamellar phase 
transitions exclusively, e.g., pretransitions and gel- 
to-liquid crystalline transitions of lipids [1,4,7-91. 

In the temperature study of DOPE, an abrupt 
increase in the value of the E/M ratio or K of 
dipyPC occurs at approx. 17-2O’C. A previous 
time-resolved fluorescence depolarization study on 
DOPE [18] which employed an identical sample 
preparation procedure to that in this study has 
been performed. In that study, a fluorescent lipid, 
2-[3-(diphenylhexatrienyl)propanoyl]-3-palmitoyl- 

L-a-phospatidylcholine (DPH-PC) was used. Ob- 
viously, the fluorescence study on DPH-PC pro- 
vides the molecular information on the inter- 
molecular interactions among the lipids, while this 
study focuses on the intramolecular interactions of 
the two fatty acyl chains within a single lipid. 
From the DPH-PC study, both the calculated 
order parameter and the rotational diffusion con- 
stant declined abruptly at around 12’C; and the 
transition is quite broad, i.e., starting at approx. 
10°C and ending at about 18OC. Therefore, the 
transition temperature depicted by the present 
dipyPC study conforms only with the completion 
temperature of the lamellar-to-inverted hexagonal 
phase transition of DOPE. It is further concluded 
that dipyPC may preferentially partition into 
the lamellar phase in the temperature region 
(lo-18’C) at which both lamellar and inverted 
hexagonal phases co-exist. 

The intramolecular excimer formation behavior 
of dipyPC in TPE/DG lipid mixtures which ex- 
hibit a lamellar-to-inverted hexagonal phase tran- 
sition was investigated. Instead of using tempera- 
ture to change the lipid phase, the lamellar-to- 
inverted hexagonal transition is achieved by vary- 
ing the composition of the lipid mixture. A previ- 
ous X-ray diffraction study [ll] has established 
that the lamellar to inverted hexagonal phase tran- 
sition occurs at around 4% DG. Between 4 and 7% 
DG, co-existing lamellar and inverted hexagonal 
phases are evident. For higher DG%, the lipid 
mixtures are predominantly in the inverted hexag- 
onal phase. A recent Fourier transform infrared 
study on this TPE/DG system further confirms 
the above structural phase assignments 
(manuscript in preparation). In our present fluo- 
rescence study, abrupt declines in the values of 
E/M and K occur at similar phase boundaries. 
These results suggest that the rate of intramolecu- 
lar excimer formation declines as the lipids change 
to hexagonal phase upon altering the composi- 
tions of the lipid mixtures. 

There are two distinctive differences between 
the temperature-induced and composition-induced 
lamellar-to-inverted-hexagonal phase transitions. 
First, the composition study reveals both the start- 
ing and ending points for the inverted-hexagonal 
phase. Yet the temperature study reveals only the 
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ending point. Second, the intramolecular excimer 
formation rate in the lamellar phase is higher than 
that in the inverted-hexagonal phase for the com- 
position study whereas an opposite trend is evi- 
dent for the temperature study. The first dif- 
ference may be related to the differential solubility 
or miscibility behavior of dipyPC in lamellar vs 
inverted-hexagonal phase. The second difference 
can be explained by the differential geometrical 
and dynamical influences of the lipid fatty acyl 
chains on the intramolecular excimer formation. 
At a given temperature, the two pyrene molecules 
of a dipyPC probe may exist in different confor- 
mations due to the presence of various gauche 
rotamers along the fatty acyl chains and to the 
intrinsic geometry of the dipyPC molecule. Among 
various conformational states of the fluorophore, 
only one particular conformation leads to excimer 
formation. This distinct conformation refers to the 
state in which the two pyrene molecules are in 
direct contact and in perfect orientational align- 
ment [6]. The number of different conformational 
states and the rate of transition from one to the 
other are strongly dependent upon the physical 
state of the host lipids. The former is influenced 
by the local geometry or intra-lipid free volume 
while the latter by the intra-rotational dynamics of 
the lipid chains. With this concept in mind, the 
phenomenon that the rate of excimer formation 
increases with temperature at the lamellar-to- 
inverted hexagonal phase transition can be visuai- 
ized as an enhancement of rate of transition among 
different conformers of the probe. On the other 
hand, the decrease in the rate of excimer forma- 
tion with composition (DG%) at the phase transi- 
tion suggests that the number of conformational 
states increases with DG content. This appears to 
conform with the molecular model proposed by 
Gruner and co-workers [lo] on lipid non-lamellar 
phases. Within the context of this model, the lipid 
chains occupy more intra-lipid free volume in the 
inverted-hexagonal phase than that in the lamellar 
phase, particularly near the terminal methyl ends 
of the fatty acyl chains. Consequently, this model 
can also be interpreted as an increase in the num- 
ber of conformational states of the fluorophore 
due to the cylindrical packing geometry of the 
lipids. 

Binary POPC/DLPE lipid mixtures which ex- 
hibit lamellar and non-lamellar phases were also 
investigated. Previous 31 P-NMR, X-ray diffrac- 
tion, electron microscopy, and time-resolved fluo- 
rescence measurements [12,13] on these lipid mix- 
tures revealed the existence of three distinct zones. 
They are lamellar (20% PC and higher), inter- 
mediate (5-20% PC) and inverted hexagonal 
phases (O-SW PC). Based upon the above phase 
boundary description, it is concluded that the 
E/M ratio of dipyPC drops abruptly from the 
lamellar to intermediate phase and starts to level 
off as the lipids enter the inverted hexagonal phase. 
Based on the 31P-NMR and electron microscopy 
studies [13], the phase boundary between the 
intermediate and lamellar phases has a slight 
temperature dependence. Essentially, this phase 
boundary shifts toward higher PC% as the temper- 
ature increases. Interestingly, the break points at 
which the changes occur in the E/M ratio agree 
with the above phase boundary description. Our 
fluorescence result suggests that substantial 
changes in the intra-lipid free volume occur as the 
lipids enter from the lamellar phase to the inter- 
mediate phase. The intermediate phase has been 
hypothesized to be made up of disordered 
amorphous, cubic and lamellar/inverted-hexago- 
nal co-existing phases [13]. The present study indi- 
cates that the intra-lipid free volume in the inter- 
mediate phase is greater than that in the lamellar 
phase, while the hexagonal phase has the greatest 
free volume among the lamellar and intermediate 
phases. 
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