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ABSTRACT Steady-state and time-resolved fluorescence spectroscopy has been used to examine lateral diffusion in
dipalmitoyl-L-a-phosphatidylcholine (DPPC) and dimyristoyl-L-a-phosphatidylcholine (DMPC) monolayers at the air-water in-
terface, by studying the fluorescence quenching of a pyrene-labeled phospholipid (pyrene-DPPE) by two amphiphilic quenchers.
Steady-state fluorescence measurements revealed pyrene-DPPE to be homogeneously distributed in the DMPC lipid matrix
for all measured surface pressures and only in the liquid-expanded (LE) phase of the DPPC monolayer. Time-resolved fluo-
rescence decays for pyrene-DPPE in DMPC and DPPC (LE phase) in the absence of quencher were best described by a
single-exponential function, also suggesting a homogeneous distribution of pyrene-DPPE within the monolayer films. Addition
of quencher to the monolayer film produced nonexponential decay behavior, which is adequately described by the continuum
theory of diffusion-controlled quenching in a two-dimensional environment. Steady-state fluorescence measurements yielded
lateral diffusion coefficients significantly larger than those obtained from time-resolved data. The difference in these values was
ascribed to the influence of static quenching in the case of the steady-state measurements. The lateral diffusion coefficients
obtained in the DMPC monolayers were found to decrease with increasing surface pressure, reflecting a decrease in monolayer

fluidity with compression.

INTRODUCTION

Biomembranes are composed mainly of a lipid bilayer in
which the membrane proteins and carbohydrates are embed-
ded. In many cases, the lipids and proteins are able to undergo
lateral and rotational diffusion within the lipid matrix
(Chapman, 1993). Fluidity constitutes an important mem-
brane characteristic, as it seems to play a significant role in
modulating membrane functions of some proteins (Edidin,
1974). In order to obtain a molecular level understanding of
the structure and dynamics of biomembranes, the lateral dif-
fusion of phospholipids and proteins in biomembranes
(Cherry, 1979; Hackenbrock, 1981; Peters, 1981) and mul-
tilayers of phospholipid bilayers (Devaux and McConnell,
1972; Scandella et al., 1972; Trauble and Sackmann, 1972;
Galla and Sackmann, 1974a, b; Vanderkooi et al., 1975; Wu
et al., 1977; Smith and McConnell, 1978; Kano et al., 1981;
Smith et al., 1981; Miller and Evans, 1989; Almeida et al.,
1992) has been extensively studied.

In recent years, monolayers at the air-water interface have
received much attention as model membrane systems
(Stroeve and Miller, 1975; Teissie et al., 1978; Loughran
et al.,, 1980; Peters and Beck, 1983; Subramanian and
Patterson, 1985; Bohorquez and Patterson, 1988; Meller
et al., 1989; Caruso et al., 1991; Kim and Yu, 1992; Caruso
et al., 1993a). Air-water monolayers of amphiphilic lipids
resemble half a biological membrane and thus can serve as
an excellent model for biomembranes. The air-water mono-
layer is a particularly useful model system in which to study
the lateral diffusion of amphiphiles because it facilitates the
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study of a number of parameters, including the nature and
packing characteristics of the lipid molecules, as well as the
temperature and the nature of the subphase. In addition, lipid
monolayers at the air-water interface can act as a model sys-
tem in which to study the basic characteristics of low-
dimensionality systems.

Several experimental techniques have been applied in
studies of lateral diffusion of lipids at air-water monolayers.
Values of the lateral diffusion coefficients have been most
commonly determined from fluorescence recovery after pho-
tobleaching (FRAP) experiments (Teissie et al., 1978; Peters
and Beck, 1983; Meller et al., 1989; Kim and Yu, 1992) or
from the analysis of the kinetics of pyrene excimer forma-
tion (Loughran et al., 1980; Subramanian and Patterson,
1985; Bohorquez and Patterson, 1988). The disadvantages
and complications associated with obtaining lateral diffu-
sion coefficients using these techniques have been reported
previously (Axelrod, 1977; Peters and Beck, 1983; Caruso
et al., 1991).

We have recently reported mutual lateral diffusion coef-
ficients for amphiphiles in monolayers at the air-water in-
terface, determined from fluorescence quenching data
(Caruso et al., 1991, 1993b). As an extension to these studies,
the present study deals with the fluorescence quenching of
a pyrene-labeled phospholipid embedded in two phospho-
lipid matrices, by two amphiphilic quenchers, and focuses on
developing a better understanding of diffusion of amphi-
philes in air-water monolayers.

MATERIALS AND METHODS
Materials

N-(1-pyrenesulfonyl)dipalmitoyl-L-a-phosphatidylethanolamine  (pyrene-
DPPE) and 4-(N,N-dimethyl-N-hexadecyl)ammonium-2,2,6,6-tetrameth-
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ylpiperidine-1-oxyl, iodide (CAT-16) were purchased from Molecular
Probes, Inc. Dipalmitoyl-L-a-phosphatidylcholine (DPPC) and dimyristoyl-
L-a-phosphatidylcholine (DMPC) were obtained from Sigma Chemical Co.
N,N-octadecyldimethylamine (ODDMA) was from Pfaltz and Bauer, Inc.,
and sodium perchlorate (analytical reagent (AR) grade) was from Merck.
Sodium hydroxide (AR grade) was purchased from Ajax Chemicals. All
chemicals were used without further purification. All nonaqueous solvents
were spectroscopic grade and were obtained from Ajax Chemicals or Merck.
“Milli-Q” water was used to prepare the subphase (conductivity < 1 X 10-¢
S cm™!, surface tension = 72 mN m™! at 25°C). Chloroform was used as
the spreading solution for all monolayer experiments.

Surface pressure-area measurements

Surface pressure-area (7-A) measurements of the pure amphiphile mono-
layers were conducted on a 57.9 X 13.5 cm? poly(tetrafluoroethylene)
(PTFE) Langmuir trough, with a PTFE barrier, driven at a compression rate
of 0.03 nm? molecule™! min~!. A 59.7 cm X 16.5 cm? PTFE Langmuir
trough with a compression rate of 0.05 nm? molecule™! min~! and a 47.0
X 15.0 cm? PTFE Langmuir trough (KSV-2200) (compression rate 0.05
nm? molecule™! min~?) equipped with a quartz window in the bottom
were used for steady-state monolayer fluorescence experiments. The
KSV-2200 trough was also used for time-resolved monolayer fluores-
cence experiments.

All surface pressure-area measurements were made by the Wilhelmy
hanging plate method (Heimenz, 1977). For m-A measurements of the pure
amphiphiles and steady-state monolayer fluorescence measurements, a
4.3-cm mica plate suspended from a Shinkoh 2-g capacity strain gauge was
used. The apparent changes in weight with monolayer compression were
converted to voltages by the strain gauge and recorded on an Apple Ma-
cintosh PC. A 3.0-cm roughened platinum plate suspended from a Cahn
microbalance was used in the time-resolved monolayer fluorescence mea-
surements. The change in voltage from the microbalance was monitored by
a KSV-2200 trough controller and recorded on an IBM PC with software
from KSV (Helsinki).

Experiments were initiated by filling the trough with the appropriate
subphase. Approximately 10'” molecules from 1 mM chloroform solutions
mixed to the desired ratio were spread onto the subphase, using a 100-ul
SGE syringe. The solvent was then allowed to evaporate for 10 min, after
which the monolayer was compressed as desired.

Steady-state monolayer fluorescence
measurements

Steady-state fluorescence measurements were performed on two different
experimental set-ups. The first set-up, located at the University of Mel-
bourne, employed a Perkin-Elmer LS-5 luminescence spectrophotometer;
details of the complete system have been given previously (Caruso et al.,
1991). Briefly, two silica fibre optic bundles were used to transfer the ex-
citing light and the fluorescence to and from the monolayer. Since the
fluorescence signal from the monolayer was small, it was necessary to
subtract the background signal due to scatter from the subphase of the ex-
citing light and/or fluorescence from the PTFE. The background signal,
monitored at the same emission wavelength as that of pyrene-DPPE, was
recorded for 10 min, averaged, and then subtracted from the fluorescence
signal when the monolayer was present. Fluorescence intensity curves as
a function of monolayer compression were obtained using this experi-
mental set-up (Figs. 2 and 4). Thus the fluorescence intensities at various
surface pressures (I values) were obtained for each of the monolayers of
different quencher concentration. The I, value at a given surface pressure
was obtained from a monolayer containing only pyrene-DPPE in the lipid
matrices DMPC or DPPC (reference monolayers). Addition of the
quencher CAT-16 to the monolayer films of DMPC and DPPC did not
significantly affect the packing of the molecules, and in all cases the iso-
therms were within +0.02 nm2 molecule~! of each other both in the ab-
sence and presence of CAT-16. The addition of ODDMA quencher to the
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monolayer film of DMPC, however, caused a reduction in area, at a par-
ticular surface pressure, with the isotherms differing in average area per
molecule by ~0.07 nm? at the high end of the concentration range of
ODDMA (25 mole %). This resulted in a different surface concentration
of pyrene-DPPE molecules for the reference monolayer and for monolay-
ers containing quencher. To account for this variation in average area per
molecule, and for the dependence of the fluorescence lifetime of pyrene-
DPPE on the average area per molecule, it was necessary to apply a cor-
rection for the pyrene-DPPE/ODDMA/DMPC system in the following
manner. All fluorescence intensities were scaled to constant surface con-
centration of pyrene-DPPE and then further corrected for the variation of
fluorescence lifetime of pyrene-DPPE with average area per molecule
(see later).

In the second set-up (University of Uppsala), a silica lens and mirrors
were used to focus the excitation light from a pulsed (20 Hz) nitrogen laser
(Aem = 337 nm) (WSL-337ND; Laser Science, Inc., Cambridge, MA) onto
the monolayer. The exciting light was then passed through a quartz window
in the bottom of the trough and into a black box, which acted as a light sink,
reducing the intensity of the scattered light. The emission was collected and
transmitted to an optical multichannel analyzer (EE&G model 1460) by
means of a silica optical fiber positioned at a right angle to the surface. The
typical exposure time was 20 s. Details are described elsewhere (Wistus
et al., 1992). Spectra obtained using this experimental set-up are shown in
Figs. 3 and 5.

Time-resolved monolayer fluorescence
measurements

Fluorescence decay curves were measured by the time-correlated single-
photon counting method (O’Connor and Phillips, 1984). The decay mea-
surements were made at the University of Uppsala using frequency-doubled
(320 nm) radiation from a 4-dicyanomethylene-2-methyl-6-p-dimethyl-
aminostyryl-4H-pyran dye laser (Spectra Physics model SP 375 and 344S)
synchronously pumped by a mode-locked, Nd:YAG laser (Spectra Physics
model SP 3800). The exciting light was focused onto the monolayer by
means of a lens and mirrors and passed through a quartz window in the
bottom of the trough. The emission from the monolayer was focused by a
fused silica lens onto a Hamamatsu (model R15640) microchannel plate
photomuiltiplier tube, having passed through a polarizer set so as to remove
distortion of decay curves by rotational relaxation. The wavelength of ob-
servation (400 nm) was determined by an Oriel narrow-band pass filter and
an Oriel low-fluorescence cut-off filter. The electronics and analysis soft-
ware have been described elsewhere (Wistus et al., 1992).

The time-resolved fluorescence measurements showed a weak fast decay
component attributable to fluorescence from the PTFE trough. This back-
ground decay was subtracted from the measured decays to yield the true
decay curves. A photodiode (model BPW 34; Elfa, Ltd.) connected to a
voltage/frequency converter and counter monitored the exciting light and
gated the detection system to ensure the background and monolayer decays
were recorded with the same overall excitation intensity. The typical ex-
posure time was 20 min.

As mentioned earlier, the average area per pyrene-DPPE molecule at a
given surface pressure differs for the monolayers with and without ODDMA
quencher. As the fluorescence lifetime of pyrene-DPPE was found to vary
with average area per molecule, the unquenched lifetime needed for the
analysis of any particular experiment was first corrected to the value ap-
propriate for the average area per molecule involved.

THEORY

The fluorescence decay following a delta pulse excitation for
a two-dimensional system is given by the expression
(Medhage and Almgren, 1992; Medhage, 1993)

0O = gt — vaac,0y(ha, 1 1
ngo) = ket — Veatc,Qha, 1/t M



Caruso et al.

with Q, (ha, t/1) equal to

16 [ 1 — exp[ — (t/7,)x* dx
— r 7 @

T ), [ (x) + haty(x)F + [xY,(x) + haY,(x)]

where k, is the natural decay constant, which is determined
in a separate experiment; a is the probe-quencher encounter
distance; ¢, is the quencher concentration (molecules/Az),
h = kqa/2D and is thus a parameter that weights reaction
against diffusion; where kg is the first-order quenching rate
constant for the P*-Q pair, D is the mutual diffusion coef-
ficient of the probe and quencher (D = Dy + Dg), and 7, =
a?/D. J(x) and Y,(x) are the Bessel functions of the first and
second kind, respectively, of order n.

The integral expression in Q, is difficult to handle nu-
merically, and therefore two-dimensional diffusion has
been analyzed in detail only for the diffusion-controlled
case, in which Eq. 2 simplifies to that given by Owen
(1975),

Q. = Q, (ha = =, /7))
_16 fx 1 — exp[ - (¢/7)x*] dx

©)

T JH ) + Yix) X

Owen presented the following approximation to this in-
tegral in the range 0 = ¢ = 107,:

0, . = 14180 \/1/7, + 3.17t/x,. (4)

This approximation, however, underestimates the value of
Q.. » by more than 10% when #/7g = 1.

Medhage and Almgren (1992) have created an approxi-
mation to Eq. 2 by calculating Q, for a large set of ha and
t/74 values and by describing the dependence of O, on ha and
t/tq by the function

[A,(t/1)* + A\/ 1T Jha
Ay(t/t)P + A N\/tT, + ha

Q,* (ha, t/1,) = ®)
where «, B, and A;-A, are parameters determined for dif-
ferent ranges of t/7q values.

The fluorescence decay data were nonlinear least squares
(NLLS) fitted to Eq. 1 with the approximation Q,* using a
modified Levenberg-Marquardt algorithm (Bevington,
1969), which eliminates the need for partial derivatives. The
reduced x? value was used to judge the quality of the fit. In
the analysis for the determination of the lateral diffusion
coefficients, the lifetime value of pyrene-DPPE in the mono-
layer at a particular surface pressure was used (measured in
a separate experiment) with values of 1.0 and 0.8 nm for the
encounter distances for pyrene-DPPE quenched by CAT-16
and pyrene-DPPE quenched by ODDMA, respectively. The
encounter distances were calculated as the sum of the mo-
lecular radii, which in turn were calculated from the limiting
molecular areas obtained from the surface pressure-area iso-
therms. The expanded nature of the CAT-16, ODDMA, and
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pyrene-DPPE monolayers introduces some uncertainty into
the determination of the interaction distances (Caruso et al.,
1991).

The relation between the steady-state fluorescence inten-
sity and quencher concentration for diffusion-controlled
quenching in two dimensions has the same functional form
as the expression in three dimensions (Owen, 1975) and is
given by
1 XT;

o

1~ =y expyetciod]  ©

where x = 1/1; + 2.28[Q]D and y = 3.72DY?a[Q]. I, and I
refer to the steady-state fluorescence intensity in the absence
and presence, respectively, of quencher molecules, [(Q] is the
quencher concentration (molecules/Az), D is the mutual dif-
fusion coefficient of the probe and quencher (D = Dp + D),
a is the probe-quencher encounter distance, and ¢ is the
fluorescence lifetime in the absence of quencher molecules.
The function erfc(x) is the complementary error function as
defined in standard mathematical tables. The numerical val-
ues in the above equation have been calculated for the time
range of t/1; = 5 (Caruso et al., 1991, 1993b) and differ
slightly from those reported by Owen (1975). This time range
has been used by taking into account the approximate life-
time of pyrene-DPPE in the air-water monolayers.

The steady-state fluorescence quenching data were NLLS
fitted to Eq. 6 with lifetime values of pyrene-DPPE, at a given
surface pressure, in the monolayer, and a value of 1.0 nm for
the encounter distance for pyrene-DPPE with CAT-16, and
0.8 nm for pyrene-DPPE with ODDMA.

RESULTS
Surface pressure-area isotherms

The surface pressure-area (7-A) isotherms of the pure am-
phiphiles were measured in order to investigate the mono-
layer behavior and stability of the components at the air-
water interface. The isotherms have also been used to
calculate the encounter distances required for determination
of the lateral diffusion coefficients.

The surface pressure-area (m-A) isotherms of the pure am-
phiphiles, obtained by continuous compression, are shown in
Fig. 1. The m-A isotherm of DPPC shows a plateau region,
which is interpreted as a transition between the liquid-
expanded (LE) and the liquid-condensed (LC) phase (Peters
and Beck, 1983; Tamm and McConnell, 1985). In contrast,
CAT-16, DMPC, and pyrene-DPPE produce isotherms that
have no inflections or plateau regions, which suggests that
there are no phase transitions in these monolayers. They ex-
hibit a LE phase at all measured surface pressures. These m-A
isotherms are in good agreement with those reported previ-
ously (Tamm and McConnell, 1985; Caruso et al., 1991,
1993a). The m-A isotherms of DMPC and pyrene-DPPE
measured on a 0.1 M NaClO, subphase were found to be
identical to those measured on a basic 0.1 M NaClO, sub-
phase. Stability of ODDMA at the air-water interface was
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FIGURE 1 Surface pressure-area isotherms of the pure amphiphile mono-
layers on a 0.1 M NaClO, subphase at 20 * 1°C: () ODDMA; (b) CAT-16;
(c) DPPC; (d) DMPC; (e) pyrene-DPPE.

only obtained by incorporating 0.1 M NaClO, in the sub-
phase. The pH was adjusted to 12.5 to prevent protonation
of the amino group and consequent loss of quenching ca-
pacity. The m-A isotherm is of the LE type, with no dis-
continuities suggestive of phase changes.

Surface pressure isotherms of the mixed monolayers con-
taining probe, quencher, and diluent (in mole percentages
used in the quenching experiments) were recorded to deter-
mine whether the presence of the probe and quencher mol-
ecules in the film affected the packing properties of the pure
diluent. The 7-A isotherms recorded for the mixed mono-
layers of pyrene-DPPE and CAT-16 or ODDMA diluted with
DMPC showed the monolayer to be in the LE state at all
measured surface pressures. The isotherms of the mixed
monolayers containing CAT-16 showed little deviation from
the isotherm of pure DMPC. Addition of ODDMA to the
monolayer film caused a significant decrease in the average
area per molecule of the isotherm of pure DMPC (see above).
The isotherms of the mixed monolayers of pyrene-DPPE,
CAT-16, and DPPC were similar to that of pure DPPC.

Steady-state fluorescence

Fig. 2 shows the normalized steady-state monomer (400 nm)
and excimer (500 nm) emission intensities monitored as a
function of monolayer compression for a 2 mole % pyrene-
DPPE/DPPC monolayer. Above an average area of 1.10 nm?
molecule™, there is an equilibrium between gaseous and LE
phases that results in heterogeneous lipid distribution
(Losche et al., 1983). If the fluorescence intensity is moni-
tored over time, fluctuations in the fluorescence intensity are
observed, which is indicative of large mobile domains. In this
region there is no correlation between fluorescence intensity
and surface concentration of pyrene-DPPE.

Fig. 2 shows no large domains were detected by continu-
ous compression of the monolayer. At average areas per mol-
ecule between about 0.85 and 1.10 nm?, the monolayer is in
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FIGURE 2 Normalized steady-state fluorescence behavior of 2 mole %
pyrene-DPPE in a DPPC monolayer during monolayer compression. (@)
surface pressure-area isotherm of 2 mole % pyrene-DPPE diluted into
DPPC; b and c are the normalized fluorescence intensity versus area per
molecule curves for monomer and excimer emission; (b) monomer, Ay, =
400 nm; (c) excimer, A, = 500 nm. Excitation wavelength = 350 nm.
Temperature = 20 = 1°C. Subphase: 0.1 M NaClQ,.

the LE state, where we have a homogeneous fluid monolayer
with a decreasing compressibility as the monolayer is com-
pressed (Tamm and McConnell, 1985). Pyrene-DPPE has a
LE-type isotherm and is therefore expected to be miscible in
the LE phase of the DPPC monolayer (Dérfler, 1990;
Urqubhart et al., 1992). Fig. 2 shows only monomer emission
in this region, which indicates that the two components are
miscible in the monolayer film. This is in agreement with the
work of Dorfler (1990), who reported that if two phospho-
lipids individually exhibit LE behavior, they are miscible in
any proportion, independent of the chemical structure of the
components.

Further compression of the monolayer results in a plateau
region that has been reported to be a coexistence region of
LE and LC phases where LC domains form periodic patterns
(Peters and Beck, 1983; Tamm and McConnell, 1985). Fig.
2 shows that at the onset of this region (~0.85 nm? mol-
ecule™?) there is a gradual increase in the excimer intensity
and a corresponding decrease in the monomer emission. The
presence of excimer emission provides evidence that pyrene-
DPPE is phase separated and/or aggregated in this region.

At an average area per molecule of about 0.65 nm?, the LC
lipid domains are interconnected but still coexist with fluid
lipid, and at areas below 0.55 nm? molecule™! all lipid is in
a solid state (Tamm and McConnell, 1985). The probe mol-
ecules are immiscible in these regions of the isotherm. Simi-
lar mixing behavior for dye molecules in DPPC monolayers
at the air-water interface has been reported in the literature
(Peters and Beck, 1983; Meller, 1988; Urquhart et al., 1992),

The fluorescence spectra (excitation 337 nm) for a 2 mole
% pyrene-DPPE/DPPC monolayer recorded at various areas
per molecule are shown in Fig. 3. The fluorescence spectrum
at an average area per molecule of 1.05 nm? (LE phase)
shows peaks at 378, 397, and 417 (shoulder) nm, with only
monomer emission observed. Further compression to 0.95
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FIGURE 3 Steady-state fluorescence spectra of a 2 mole % pyrene-
DPPE/DPPC monolayer at different average areas per molecule. (a) 1.05
nm?; (b) 0.95 nm?; (c) 0.48 nm?. Excitation wavelength = 337 nm. All
spectra were recorded at 20 = 1°C. Subphase: 0.1 M NaClO,.

nm? molecule~! (LE phase) results in no change in the struc-
ture of the fluorescence spectrum but shows an increase in
fluorescence intensity. The increase in fluorescence intensity
can be attributed to an increase in concentration and an in-
crease in lifetime upon monolayer compression (Caruso
et al., 1993a). The fluorescence spectrum in the solid phase
at an average area per molecule of 0.48 nm? shows a “tail”
around 480 nm, which is characteristic of the formation of
excimers of pyrene (Espenson, 1981). This indicates that
pyrene-DPPE is aggregated in the monolayer film, and as a
consequence, the monomer intensity is reduced as a result of
excimer formation and/or concentration quenching.

Curve a in Fig. 4 shows the steady-state fluorescence in-
tensity monitored as a function of monolayer compression
for a of 2 mole % pyrene-DPPE/DMPC monolayer. Only
monomer emission is seen. The fluorescence spectra (exci-
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FIGURE 4 Steady-state monomer fluorescence intensity of a 2 mole %
pyrene-DPPE/DMPC monolayer as a function of monolayer compression
for different amounts of CAT-16. (a) 0 mole %; (b) 5 mole %; (c) 10 mole
%; (d) 15 mole %. Ay = 350 nm and A, = 400 nm. Temperature = 20
*+ 1°C. Subphase: 0.1 M NaClO,.
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tation 337 nm) for this monolayer at various surface pres-
sures are shown in Fig. 5. Only the characteristic monomer
peaks are observed, which indicates that pyrene-DPPE is not
aggregated in the monolayer film. The nonlinear increase in
fluorescence intensity with surface concentration of pyrene-
DPPE (as a result of compression of the monolayer) has
recently been attributed to diminished oxygen quenching
with increasing surface pressure (Caruso et al., 1993a).

The fluorescence emission spectra of the mixed mono-
layers containing pyrene-DPPE and CAT-16 or ODDMA
diluted with either DPPC (only in the LE phase) or DMPC
showed monomer emission only. The fluorescence intensi-
ties from these monolayers were also constant with time.
Both of these observations indicate homogeneous mixing of
the monolayer components (Caruso et al., 1991; Urquhart
et al., 1992; Caruso et al., 1993a).

For the analysis of diffusional quenching data and hence,
determination of lateral diffusion coefficients from a two-
dimensional environment, a single exponential decay time
for the fluorophore in the absence of quencher is required.
Thus, steady-state and time-resolved quenching measure-
ments for the DPPC matrix were performed only in the LE
phase of the surface pressure-area isotherm.

Steady-state quenching measurements

We have previously shown that pyrene-DPPE is quenched by
CAT-16 at a diffusion controlled rate both in homogeneous
solution and in different matrix air-water monolayers
(Caruso et al., 1993a, b). Quenching of pyrene-DPPE by
ODDMA in methanol solution is somewhat slower (k5 = 8.5
X 10® M~ s71) than the diffusion limited rate (k, = 6 X 10°
M1 s71) estimated from the Debye-Smoluchowski equation
for a diffusion-controlled reaction in solution (Espenson,
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FIGURE 5 Steady-state fluorescence spectra of a 2 mole % pyrene-
DPPE/DMPC monolayer at different surface pressures. (a) # = 5 mN m™1,
average area = 0.92 nm? molecule™?!; (b) 7 = 15 mN m™!, average area =
0.76 nm? molecule~!; (¢) w = 25 mN m™?, average area = 0.66 nm> mol-
ecule™!; (d) 35 mN m™, average area = 0.57 nm? molecule!. Excitation
wavelength = 337 nm. All spectra were recorded at 20 = 1°C. Subphase:
0.1 M NaClO,.
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1981). This indicates that there is a small activation energy
barrier to quenching and may lead to underestimated lateral
diffusion coefficients. The quenching efficiency of aromatics
by amines is known to be polarity sensitive (Birks, 1970), and
if the effective polarity at the air-water interface is greater
than that of methanol, the quenching of pyrene-DPPE
by ODDMA may proceed at a faster rate. Furthermore,
ODDMA has been shown to efficiently quench pyrene-
DPPE in dioleoyl-L-a-phosphatidylcholine (DOPC) mono-
layers (Caruso et al., 1993a) and therefore has been employed
in this study.

Fig. 4 shows the steady-state fluorescence intensity (moni-
tored at 400 nm) for a 2 mole % pyrene-DPPE/DMPC mono-
layer as a function of monolayer compression for different
concentrations of CAT-16 quencher. Curve a is the un-
quenched fluorescence intensity, and curves b, ¢, and d are
the quenched curves containing 5, 10, and 15 mole % of
CAT-16, respectively. Fig. 4 clearly shows that CAT-16 ef-
ficiently quenches the fluorescence of pyrene-DPPE embed-
ded in a DMPC monolayer, with the degree of quenching
increasing as the concentration of CAT-16 is increased. The
quenching curves as a function of compression for pyrene-
DPPE quenched by ODDMA in a DMPC monolayer, and for
pyrene-DPPE quenched by CAT-16 in a DPPC monolayer
(LE phase), show similar quenching behavior (data not
shown).

The ratio of the fluorescence intensity in the absence of
quencher to the quenched fluorescence intensity, at a given
surface pressure, can be calculated from Fig. 4. Stern-Volmer
plots for the quenching of 2 mole % pyrene-DPPE by
CAT-16 in a DMPC and a DPPC monolayer, at various sur-
face pressures, are shown in Fig. 6. Fig. 7 shows the cor-
responding plot for the quenching of pyrene-DPPE by

[am - 11

o '
0 0.1 0.2 0.3 0.4 0.5

[CAT-16] (molecules nm’ %)

FIGURE 6 Stern-Volmer plots for the quenching of 2 mole % pyrene-
DPPE by CAT-16 in DPPC and DMPC monolayers at various surface pres-
sures. O, DPPC, 3 mN m~!; 0, DMPC, 10 mN m~!; ll, DMPC, 30 mN m"!,
Aex = 350 nm and A, = 400 nm. Temperature = 20 * 1°C. Subphase:
0.1 M NaClO,. The solid curves are the theoretical fits to the experimental
data calculated using Eq. 6, with parameters given in the text. The dashed
curves represent theoretical fits for a variation of +20% in the diffusion
coefficient for the DPPC data.
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FIGURE 7 Stern-Volmer plots for the quenching of 2 mole % pyrene-
DPPE by ODDMA in DMPC monolayers at various surface pressures. O,
SmNm; A 10 mN m™!; 0, 20 mN m~L. A, = 350 nm and A.,, = 400
nm. Temperature = 20 *= 1°C. Subphase: 0.1 M NaClO,. The solid curves
are the theoretical fits to the experimental data calculated using Eq. 6, with
parameters given in the text.

ODDMA in a DMPC monolayer at various surface pressures.
The quenching behavior in each of the systems studied shows
the expected upward curvature characteristic of quenching in
a two-dimensional environment (Owen, 1975; Kano et al.,
1981; Caruso et al., 1991, 1993b). Eq. 6 was used to calculate
the lateral diffusion coefficients from the steady-state
quenching data. The solid curves in Figs. 6 and 7 are the
NLLS best-fit curves to the experimental steady-state
quenching data for 5, 10, and 15 mole % quencher. The 20
and 25 mole % data have been omitted from the fits (see
later). An indication of the magnitude of the error in the
diffusion coefficient is given by the dashed curves in Fig. 6,
which represent theoretical fits for a variation of +20% in
the diffusion coefficient for the DPPC data. The values of the
lateral diffusion coefficients are given in Table 1.

Time-resolved quenching measurements

Time-resolved fluorescence spectroscopy allows the detec-
tion of aggregated species, which have lifetimes different
from those of the monomeric species and do not contribute
significantly to the intensity of the steady-state spectra. Thus,
the emission of the aggregated species may not be clearly
observed in the fluorescence spectrum (possibly due to a low
quantum yield of fluorescence) but will result in nonexpo-
nential decay behavior of the temporal response of the emis-
sion, Moreover, the comparison of time-resolved and steady-
state results can demonstrate the presence of static quenching
(Weber, 1966). Time-resolved measurements were therefore
performed on the monolayer systems covered by the steady-
state experiments over the same surface pressure range.
Fig. 8 shows the fluorescence decay behavior of a 2 mole
% pyrene-DPPE/DMPC monolayer at surface pressures of 5,
15, and 25 mN m™'. The decays are best fitted by a single-
exponential function, indicating that pyrene-DPPE is not ag-
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TABLE 1 Fluorescence decay lifetimes and mutual lateral diffusion coefficients for 2 mole % pyrene-DPPE diluted with DPPC
or DMPC measured for different surface pressures on 0.1 M NaClO,

D X 107/cm? s7!

Steady state

Time-resolved

m/mN CAT-16 CAT-16 ODDMA*
Matrix m-! To/ns CAT-16 ODDMA (10%) (20%) (20%)
“"DPPC 3 72 79 — 1.7 14 —
DMPC 5 6.4 5.7 8.3 13 2.2 0.65
10 7.6t 5.4 55 — — —
15 8.8 45 4.0 0.69 0.91 0.44
20 9.9¢ 3.1 34
25 11.2 2.5 2.9 0.50 0.38 027
30 12.3 2.0 2.6 032 0.32 0.20
35 132 1.7 2.3 022 023 0.16

Excitation wavelength = 320 nm, emission wavelength = 400 nm, temperature = 20 * 1°C.
* The fluorescence lifetimes used in determining these values have been corrected for differences in the average areas per molecule between the reference
monolayer and monolayers containing ODDMA quencher (see text). The lifetime values for 5, 15, 25, 30, and 35 mN m™! are 6.9, 10.4, 13.6, 15.0, and

16.3 ns, respectively.

* These lifetime values have been calculated from a linear fit to the experimental data since there is a linear relationship between the lifetime of pyrene-DPPE

and surface pressure in the DMPC matrix (Caruso et al., 1993a).
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FIGURE 8 Fluorescence decays of a 2 mole % pyrene-DPPE/DMPC
monolayer at various surface pressures. (@) w = SmN m™; (b) w = 15mN
m™; (c) 7 = 25 mN m™. Subphase: 0.1 M NaClO,. A, = 320 nm and A,
= 400 nm. Temperature = 20 * 1°C. All fluorescence decays have been
normalized to the same maximum intensity.

gregated in the monolayer film. The values of the fluores-
cence lifetimes at different surface pressures are given in
Table 1. The fluorescence decay curves at 25 mN m™ for this
monolayer, quenched by CAT-16, are shown in Fig. 9. The
quenched decays (curves b and ¢) are clearly nonexponential,
as expected for diffusional quenching in a two-dimensional
environment (Owen, 1975; Medhage and Almgren, 1992).
The solid lines are the fitted curves, and the results of the
fittings are shown in Table 1. The fluorescence decays ob-
served for the quenching of pyrene-DPPE by ODDMA in a
DMPC monolayer are also nonexponential (data not shown)
and are well described by the theory of diffusional quenching
in two dimensions.

The fluorescence decays for 2 mole % pyrene-DPPE di-
luted with DPPC, at different areas per molecule, are shown

Normalized counts

1$ L 1 1 1 A ] 1
0 5 10 15 20 25 30 35 40

Times (ns)

FIGURE 9 Fluorescence decays of a 2 mole % pyrene-DPPE/DMPC
monolayer for various concentrations of CAT-16 at w = 25 mN m™.
(a) 0 mole % CAT-16; (b) 10 mole % CAT-16; (c) 20 mole % CAT-16.
All fluorescence decays have been normalized to the same maximum in-
tensity. Subphase: 0.1 M NaClO,. A, = 320 nm and A., = 400 nm.
Temperature = 20 + 1°C.

in Fig. 10. The fluorescence decay curve a was recorded at
an average area per molecule of 0.97 nm? and follows single-
exponential decay kinetics, which confirms that pyrene-
DPPE is miscible in the LE phase of DPPC. The solid line
is a fit to a single exponential decay function and yields a
value of 7.2 ns for the decay time. The decay behavior of this
monolayer becomes nonexponential at higher compression,
as shown by the fluorescence decay curves b and c. The
fluorescence decay curve b was measured at an average area
per molecule of 0.69 nm? and the fluorescence decay curve
c at 0.49 nm?. This nonexponentiality shows that pyrene-
DPPE is aggregated when the monolayer film is in a phase
other than the LE phase of DPPC. These results are in agree-
ment with the steady-state measurements. The solid lines in



2500

Fig. 10 represent fits to a double-exponential decay function.
Fig. 11 shows the quenching of 2 mole % pyrene-DPPE by
10 mole % CAT-16 (curve b) and 20 mole % (curve c)
CAT-16 in DPPC at an average area of 0.97 nm? molecule™?
(LE phase). The solid curves are NLLS fits to the experi-
mental data, obtained from Eq. 1 with the approximation
0,*. The lateral diffusion coefficients obtained are given in
Table 1.

DISCUSSION

Table 1 clearly shows that the lateral diffusion coefficient for
the matrix monolayer DMPC, using either CAT-16 or
ODDMA as quencher, decreases as the surface pressure in-
creases. A decrease in the lateral diffusion coefficient with
surface pressure is observed for both steady-state and time-
resolved fluorescence measurements. This observation re-
flects the expected decrease of monolayer fluidity with com-
pression (Peters and Beck, 1983; Caruso et al., 1991, 1993b).

Examination of Table 1 shows that the lateral diffusion
coefficients obtained from steady-state measurements are
significantly larger than those obtained from time-resolved
data. For the steady-state measurements, the quencher con-
centration ranges from a value of 5 to 25 mole %. The 20 and
25 mole % experimental data points for the quenching of
pyrene-DPPE by CAT-16 in DMPC or DPPC monolayers,
as shown in Fig. 6, clearly show positive deviation from the
theoretical curves that fit the lower quencher concentration
data. This is also observed in Fig. 7 for ODDMA as the
quencher molecule. This positive deviation of the experi-
mental data points from the calculated curves is characteristic
of static quenching (Weber, 1966). Since static quenching
would be more pronounced at higher concentration levels,
the 20 and 25 mole % experimental data points have been
omitted from the fits (Figs. 6 and 7). The fact that the steady-
state data give higher diffusion coefficients for both the

10*
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FIGURE 10 Fluorescence decays of a 2 mole % pyrene-DPPE/DPPC

monolayer at different average areas per molecule. (a) 0.97 nm?; (b) 0.69

nm?; (c) 0.49 nm2. Subphase: 0.1 M NaClO,. A., = 320 nm and A.,, = 400

nm. Temperature = 20 = 1°C. All fluorescence decays have been nor-
malized to the same maximum intensity.
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FIGURE 11 Fluorescence decays of a 2 mole % pyrene-DPPE/DPPC
monolayer for various concentrations of CAT-16 at 0.97 nm? molecule™?,
(a) 0 mole % CAT-16; (b) 10 mole % CAT-16; (c) 20 mole % CAT-16.
All fluorescence decays have been normalized to the same maximum in-
tensity. Subphase: 0.1 M NaClO,. A., = 320 nm and A, = 400 nm. Tem-
perature = 20 *+ 1°C.

DMPC and DPPC systems than do the time-resolved data
also suggests that static quenching is influencing the emis-
sion intensity in the steady-state measurements. The model
used for analysis of the steady-state data does not take into
account static quenching, and therefore reliable lateral dif-
fusion coefficients are not obtainable from the data. Further
evidence for static quenching comes from the difference be-
tween the calculated lateral diffusion coefficients obtained
from the steady-state and time-resolved data being greatest
at high surface pressure (with the exception for the pyrene-
DPPE/ODDMA/DMPC system at 5 mN m™1), where diffu-
sion is minimal and hence any contribution from static
quenching would be most evident.

The lateral diffusion coefficients obtained from the steady-
state measurements for the pyrene-DPPE/ODDMA/DMPC
system and the pyrene-DPPE/CAT-16/DMPC system are
essentially the same. In light of the conclusions that will
be drawn from the time-resolved data, this similarity ap-
pears to reflect the distortion of the steady-state data by
static quenching.

The lateral diffusion coefficients obtained from time-
resolved data using CAT-16 as the quencher are somewhat
larger than those obtained from time-resolved data for the
pyrene-DPPE/ODDMA/DMPC system. The parameter ha,
which weights reaction against diffusion, extracted from the
time-resolved fits using CAT-16 as quencher, yields values
greater than 10°, which suggests that the quenching reaction
of pyrene-DPPE by CAT-16 is diffusion controlled
(Medhage and Almgren, 1992; Medhage, 1993). This is in
agreement with previous monolayer fluorescence quenching
experiments (Caruso et al., 1991, 1993b). The lower diffu-
sion coefficients obtained from the time-resolved measure-
ments when ODDMA is used as the quencher may reflect an
interaction of ODDMA with the lipid matrix (DMPC)
through hydrogen bonding, retarding its motion and leading
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to lower values for the diffusion coefficients. The ha values
also indicated that the quenching of pyrene-DPPE by
ODDMA was diffusion controlled. As mentioned earlier, the
addition of ODDMA to the monolayer film causes a reduc-
tion in the average area per molecule for a particular surface
pressure, when compared to the reference monolayer. This
introduces some unavoidable uncertainty into the determi-
nation of the lateral diffusion coefficients when using
ODDMA as quencher. -

Since the steady-state measurements are affected by static
quenching, only diffusion coefficients obtained from the
time-resolved data will be compared to values reported in the
literature. The lateral diffusion coefficients measured for the
DPPC matrix in the LE phase are about 1-2 X 107 cm? s™*
(see Table 1). These values are similar to those reported by
Peters and Beck (2-3 X 1077 cm? s7Y) for the diffusion of
N-[4-nitrobenz-2,1,3-0xadiazole] egg phosphatidylethanol-
amine (NBD-egg-PE) in DPPC at the upper surface pressure
range of the LE phase, using the FRAP technique (Peters and
Beck, 1983). Assuming that the lateral diffusion coefficients
of the lipid probe molecules used in the FRAP (NBD-egg-
PE) and fluorescence quenching experiments (pyrene-
DPPE) are similar, one would expect the lateral diffusion
coefficients obtained from FRAP measurements to be
smaller than our reported values, since the fluorescence
quenching technique gives a mutual diffusion coefficient be-
tween the probe and quencher. However, it can be seen from
the above comparison that the FRAP values are essentially
the same as those extracted from the fluorescence quenching
measurements. An explanation for this may be the surface
flow caused by minute temperature gradients at the air-water
interface present in FRAP measurements (Wu et al., 1977;
Kim and Yu, 1992). Such surface flow can interfere with
Brownian diffusion and may lead to larger values of the
lateral diffusion coefficients.

The lateral diffusion coefficients obtained for the DMPC
matrix using CAT-16 as the quencher at 5 mN m™! are
(within experimental error) the same as those determined for
the DPPC matrix using CAT-16 as the quencher at 3 mN m™!
(see Table 1). Both of the monolayers are in the LE phase
and occupy about the same average area per molecule (see
Fig. 1) at the surface pressures indicated above. The agree-
ment between the lateral diffusion coefficients for these two
matrices at about the same average area per molecule sug-
gests that the presence of two additional -CH,- units in each
chain of DPPC does not significantly affect the rate at which
pyrene-DPPE and CAT-16 diffuse within the monolayer.

Recently we reported mutual lateral diffusion coefficients
ranging from 6 X 1077 to 2 X 10~7 cm? s™! over the surface
pressure range of 5 to 35 mN m™! for pyrene-DPPE and
CAT-16 in DOPC monolayers (Caruso et al., 1991), using
the same fluorescence quenching technique employed in this
study. These values are about a factor of 5 larger at low
surface pressures and almost an order of magnitude larger at
high surface pressures than the diffusion coefficients ob-
tained in this work for the DMPC matrix using CAT-16 as
the quencher. Surface pressure-area isotherms reveal that
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when monolayers of DOPC (di-C, g, unsaturated) and DMPC
(di-C,4, saturated) are in the LE state, there is about a 10—
15% difference in the average area per molecule occupied by
the lipid molecules at the air-water interface at any given
surface pressure (Caruso et al., 1991, 1993a). Although the
difference in the average area per molecule is small, there is
a major difference in the values of the lateral diffusion co-
efficients. In order to explain this large difference, lateral
diffusion coefficients reported for the analogue fatty acid
molecules, myristic acid (C,4, saturated), and oleic acid (C,g,
unsaturated) will be discussed. Using the density fluctuation
model of Blank and Britten (1965), Agrawal and Neuman
(1988) reported theoretical values ranging from 3.44 X 1077
cm? s~} (at 0.46 nm? molecule™!) to 0.37 X 107 cm? s™! (at
0.34 nm? molecule™) over the surface pressure range of
about 1 to 10 mN m™!, for the lateral self-diffusion coeffi-
cients of myristic acid monolayers in the LE phase. These
values are in good agreement with results obtained experi-
mentally using radiotracer techniques (Agrawal and Neu-
man, 1988). Loughran et al. (1980) studied a spread mono-
layer of 12-(1-pyrenyl)dodecanoic acid in oleic acid at the
air-water interface using the pyrene excimer technique. Em-
ploying the random walk model and Monte Carlo simulations
they estimated a range of 9—-17 X 107 cm? s! for the lateral
diffusion coefficient of 12-(1-pyrenyl)dodecanoic acid. This
range agrees well with the theoretical value of 11 X 1077 cm?
s7! (at 0.47 nm® molecule™?) for the lateral self-diffusion
coefficient for oleic acid monolayers reported by Agrawal
and Neuman (1988). The above results show that lateral dif-
fusion in oleic acid is considerably faster than in myristic
acid. Myristic acid and oleic acid differ in chemical structure
by four -CH,- units and the presence of a cis-double bond in
the acyl chain of oleic acid. It has long been known that the
introduction of unsaturation (especially cis-double bonds) in
molecules can interfere with close packing in air-water
monolayers (Gaines, 1966), and this can explain the differ-
ences in the lateral diffusion coefficients for myristic acid
and oleic acid (see below). Similarly, the large differences in
the lateral diffusion coefficients obtained between DOPC
and DMPC monolayers clearly demonstrate that the presence
of the cis-double bond in both the acyl chains of DOPC
facilitates lateral diffusion, presumably by reducing the
packing density of the lipids in the monolayer compared to
DMPC and thus increasing the fluidity.

The difference in the above results may be explained in
light of the free area model of Sackmann et al. (Trauble and
Sackmann, 1972; Galla et al., 1979), which is the two-
dimensional analogue of the free volume model of Cohen and
Turnbull (1959). The diffusion coefficient of lipid molecules,
modeled as hard rods of cross-sectional area a,, confined to
a cage bounded by immediate neighbors, and moving with
local velocity u, is derived as

D = gdu exp(—vya*/ay) @)

where g is a geometric factor of the diffusant close to unity,
d is approximately the molecular diameter of the diffusant,
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v is a numerical factor between one-half and unity account-
ing for overlap of the free volume, a* is the critical free area
at which displacement and hence diffusion becomes pos-
sible, and a; is the free area per lipid molecule defined as ag
= A - a,, where A is the average area per molecule. Equation
7 shows that the diffusion coefficient has an exponential
dependence on the free area per molecule; that is, small dif-
ferences in the free area per molecule lead to large changes
in the diffusion coefficient. The lateral diffusion coefficients
obtained in this study indicate that the DOPC matrix is more
fluid than DPPC, which suggests that the free area per mol-
ecule for DOPC is larger than that for DPPC. It is therefore
plausible that rotational motion of the bent hydrocarbon
chains of DOPC is one basic mechanism of creating free
volume in unsaturated monolayers.

With regard to the relation between phospholipid bilayers
and monolayers, it is relevant to mention the general obser-
vations of diffusion of lipid molecules in phospholipid bi-
layers. In these systems the lateral diffusion coefficients for
the lipid molecules have been measured to be on the order
of 1078 to 1077 cm? s™1. Peters and Beck (1983) obtained a
value of 7.7 = 0.1 X 1078 cm? s7! for the lateral diffusion
of NBD-PE in a DLPC bilayer. This value is approximately
a factor of 2 smaller than that of 1.5 X 1077 cm? s! at 38
mN m™%, obtained for the same lipid probe in DLPC mono-
layers at the same temperature. This suggests that the equiva-
lent pressure of the DLPC bilayer is considerably greater than
38 mN m™! and/or that lateral diffusion in bilayers is “re-
stricted” by additional cohesive forces and/or interdigitation
between the hydrocarbon chains in the bilayer. We are cur-
rently investigating the hydrocarbon-hydrocarbon chain in-
teractions by using model bilayer systems to determine what
influence they have on lateral diffusion in natural bilayers
and membranes.

CONCLUSIONS

The fluorescence quenching of a lipoidal pyrene derivative
by two amphiphilic quenchers, in air-water monolayers of
the phospholipids DMPC and DPPC, has been studied by
steady-state and time-resolved methods. The results have
been analyzed in the theoretical framework of diffusion-
controlled quenching in a two-dimensional environment to
yield the mutual lateral diffusion coefficients.
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