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ABSTRACT A method is described that eliminates surface flow
in monolayers at the air-water interface and makes possible dif-
fusion measurements by fluorescence microphotolysis (“photo-
bleaching”). In contrast to previous studies that did not account
for surface flow, lipid probe diffusion has been found to be similar
in densely packed monolayers and in related bilayers. Further-
more, it seems that lipid diffusion is based on the same molecular
mechanism in monolayers, bilayers, and potentially also cell mem-
branes. In monolayers of L-a-dilauroylphosphatidylcholine (Laus-
PtdCho) the translational diffusion coefficient D of the fluores-
cent lipid probe N-4-nitrobenzo-2-oxa-1,3 diazole egg phosphati-
dylethanolamine decreased from 110 um?/s at a surface pressure
I =1 mN/m to 15 um®/s at I1 = 38 mN/m (T = 21-22°C). Data
could be fitted by the “free volume model.” In monolayers of L-
a-dipalmitoylphosphatidylcholine (Pam¢-PtdCho) D decreased by
>3 orders of magnitude upon increasing II at constant temper-
ature, thus indicating a fluid-to-crystalline phase transition. In Laug-
PtdCho/Pamg-PtdCho monolayers phase separation has been vis-
ualized in the fluorescence microscope and the effect on D mea-
sured. These results suggest that monolayers are a promising model
system for studying the molecular mobility of lipids and other cell

membrane components.

Molecular mobility in cell membranes has been studied by flu-
orescence microphotolysis (“photobleaching”) (for review, see
refs. 1-3) and various other techniques. Thus, the role of trans-
lational diffusion in electron transfer (4), receptor-mediated
processes (5), and visual transduction (6) has been worked out
in some detail. Frequently, however, the complex architecture
of cell membranes makes it difficult to relate molecular mo-
bility to function and suggests resort to simpler model systems.
It has been recognized for many years (7) and emphasized re-
cently (8) that monolayers spread at the air-water interface have
large potentialities for studies of diffusion in two dimensions.

Previous studies of translational diffusion in monolayers spread
at the air-water interface have yielded diffusion coefficients 1-
2 orders of magnitude larger (9-11) than in bilayers (e.g., ref.
12). Furthermore, the well-known fluid-to-crystalline phase
transition of phospholipid monolayers was reported (10) to have
little effect on the diffusion coefficient. It appears that these
discrepancies can now be understood on the basis of recent flu-
orescence microscopic observations (8): normally, monolayers
at the air-water interface are subject to vigorous streaming
probably induced by temperature fluctuations and bulk flow in
both subphase and air. Surface streaming, of course, interferes
with diffusion measurements and potentially can lead to gross
overestimates of diffusion coefficients.

Therefore, we have developed a simple method (for an ab-
stract, see ref. 13) for light-microscopic monolayer studies that
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minimizes surface streaming and renders possible diffusion
measurements by fluorescence microphotolysis. The depen-
dence on surface pressure (II), fluid-to-crystalline phase tran-
sition, and fluid-crystalline phase separation of lipid probe dif-
fusion in diacyl phosphatidylcholine monolayers has been
measured. Results indicate that diffusion in monolayers is not
so much different from that in bilayers as suggested previously.
Rather, it appears that lipid diffusion in monolayers, bilayers,
and membranes is based on the same molecular mechanism.

MATERIALS AND METHODS
Phospholipids. L-a-Dilauroylphosphatidylcholine  (Laus-
PtdCho) and L-a-dipalmitoylphosphatidylcholine (Pamg-PtdCho)
were obtained from Sigma and used without further purifica-
tion. N-4-Nitrobenzo-2-0xa-1,3 diazole egg phosphatidyletha-
nolamine (NBD-egg-PtdEtn) was from Avanti Polar Lipids, Bir-
mingham, AL.

Monolayer Techniques. A small trough for microscopic stud-
ies (Fig. 1; details will be published elsewhere) was milled from
polytetrafluoroethylene, with a surface of 70 cm®. The surface
balance was constructed according to Kuhn et al. (14). Its ac-
curacy was about 0.1 mN/m. The trough was thermostated
and furthermore situated in a thermostated compartment built
around the stage of the microscope. Experiments were initi-
ated by an extensive cleaning of the trough. The trough was
then filled to the brim with double-distilled water. The air-water
interface was cleaned several times before spreading lipids from
chloroform solutions (1 mM). Monolayers were allowed to stay
at a IT <0.2 mN/m for 10-30 min and then were slowly com-
pressed to give I increments of about 2.5 mN/m. After each
compression, equilibration of IT was awaited before starting with
diffusion measurements. I1-@ isotherms were recorded by us-
ing a sensitive surface balance designed by Albrecht (15).

Multilamellar Vesicles. Large multilamellar vesicles with di-
ameters of up to 100 um were prepared as described (16).

Fluorescence Microphotolysis. The basic concepts of fluo-
rescence microphotolysis (17), also quoted as fluorescence re-
covery after photobleaching (18) and fluorescence photobleach-
ing recovery (19), have been described (17-22). The instrumental
setup used in this study was essentially as described by Peters
and Richter (23). The 488-nm line of an argon laser was used
and focused to a spot of gaussian intensity profile with an ™2
radius of 18 um (X 16 objective lens). Fluorescence was mea-
sured by single-photon counting equipment and data were pro-
cessed by a microcomputer (DEC MINC 11/23). Data were in
most cases evaluated according to equation 19 of Axelrod et al.

Abbreviations: NBD-egg-PtdEtn, N-4-nitrobenzo-2-oxa-1,3 diazole egg
phosphatidylethanolamine; Laug-PtdCho, L-a-dilauroylphosphatidyl-
choline; Pamy-PtdCho, L-a-dipalmitoylphosphatidylcholine; D, trans-
lational diffusion coefficient; I1, surface pressure.
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219). Selected data were analyzed according to Yguerabide et al.
24).

Microphotography. Photographs, taken on Kodak Tri-X film
and developed with Emofin (Tetanal, Hamburg, FRG) to 3,200
ASA, required usually 8 s of exposure time.

RESULTS

The Monolayer Technique. Our method is based on the ob-
servation that vigorous streaming normally observed in mono-
layers at the air—water interface can be eliminated by isolating
a small area of the monolayer from that remaining. A schematic
drawing of the setup is given in Fig. 1. A small trough that fits
on the stage of a fluorescence microscope has been milled from
a piece of polytetrafluoroethylene. A surface balance of the
Whilhemy type and a barrier provide for control of IT and mean
molecular area @. The essential new feature simply consists of
a 2-mm-thick plate that is placed across the trough at one end.
The plate contains holes of 3-5 mm in diameter for microscopic
and II measurements, respectively. Holes and free surface are
connected by canals, which, in the present study, were 2 mm
wide. However, canal width can be made larger if required by
monolayer viscosity. Experiments are initiated by filling the
trough to the brim with a suitable subphase, which was pure
water in experiments reported here. The monolayer-forming
substance is spread at the free air-water interface and com-
pressed as desired. Absence of surface streaming has been
checked by an analysis of the fluorescence recovery curves ac-
cording to Yguerabide et al. (24), by direct fluorescence mi-
croscopic observations, and by microphotography. Micro-
graphs of inhomogeneously fluorescent monolayers as shown
in Figs. 3 and 4 possibly provided the most sensitive indicator
for absence of flow because sharp images have been obtained
even if exposure times were much larger than diffusion times
(i.e., half-time of fluorescence recovery).

Translational Diffusion in Laug-PtdCho Monolayers. Lau,-
PtdCho monolayers, at 21-22°C, are in a fluid phase through-
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Fic. 1. A trough for measurement of translational diffusion in
monolayers spread at the air-water interface (not drawn to scale). To
prevent surface flow, a 2-mm-thick plate is placed across the air-water
interface at one end of the trough. The plate contains holes (diameter,
3-5 mm) for microscopic and surface balance measurements, respec-
tively. Holes and free surface are connected by 2-mm-wide canals.
Translational diffusion has been measured by fluorescence micropho-
tolysis (photobleaching).
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out the range of Il applied in this study—i.e., 1-38 mN/m.
Our measurements concerned monolayers of Lauy-PtdCho and
NBD-egg-PtdEtn mixed at a molar ratio of 100:1. This probe
concentration did not have any effect on monolayer properties,
as judged from I1-a isotherms (not shown). Results of diffusion
measurements are displayed in Fig. 2. According to the “free
volume model” of translational diffusion (26-28), which will be
discussed below, data have been plotted as In D vs. 1/a;, in
which asis the free molecular area; ayis defined as @ minus min-
imum molecular area ag. The direct experimental variable I1
and @ as derived from I1-a diagrams are also given. D decreased
monotonously from 110 um?/s at IT = 1 mN/m to 15 um?/s
at 38 mN/m. After photobleaching, fluorescence recovered to
100% in all cases, indicating absence of immobile fractions.
Fluorescence microscopic observations showed monolayer flu-
orescence to be completely homogeneous throughout the I range
studied.

Translational Diffusion in Laug-PtdCho Bilayers. To pro-
vide a direct comparison of monolayers and bilayers, diffusion
in large multilamellar vesicles has been measured. By using the
same instrumental parameters and Lau,-PtdCho/NBD-egg-
PtdEtn mixtures as in the monolayer studies, D has been de-
termined to be 7.7 = 1.0 wm?/s (mean * SD of 15 measure-
ments; T = 21-22°C).

Translational Diffusion in Pamg-PtdCho Monolayers. In
contrast to Lau,-PtdCho monolayers, Pamy-PtdCho monolay-
ers are known to undergo a phase transition upon raising II at
constant temperature. This isothermal fluid-to-crystalline tran-
sition has been studied by surface balance techniques (25, 29,
30). The transition is apparent as a shoulder of the II-a iso-
therm, which, according to our measurements on Pam,-PtdCho/
NBD-egg-PtdEtn (100:1, mol/mol) monolayers, extends from
4 to 14 mN/m at 21-22°C. In the following, we quote this II
range as the “intermediate region.” Results are given in Fig.
3. D decreased to <1/1,000 with increasing II. The steepest
decline of D has been observed between 8 and 10 mN/m, in
which IT range D dropped from >10 um?/s to <0.2 um?/s.
After photobleaching, fluorescence recovered to 100% in all
cases of II =9 mN/m. In contrast to Laug-PtdCho monolayers,
the fluorescence of Pam,-PtdCho monolayers was not homo-
geneous throughout the whole II range (Fig. 3 Insets): in the
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Fic. 2. Lipid probe diffusion in Lauz-PtdCho monolayers. The
translational diffusion coefficient (D) of the fluorescently labeled phos-
pholipid NBD-egg-PtdEtn has been measured in Lau,-PtdCho mono-
layers (T = 21-22°C). Values are mean + SD of about 10 measurements
using 3 monolayers. Data are plotted according to the free volume model
(see text) as In D vs. 1/a;, in which a; is the free area per molecule.
Scales of IT and mean molecular area a are also given.



Biophysics: Peters and Beck

Fluid Intermediate Crystalline

50 F

§\§
334
gé\’}\
10F
5F
\0

=<
NE 1 -
3
S

II, mN/m

Fic. 3. The fluid-to-crystalline phase transition in Pamy-PtdCho
monolayers. The D of the fluorescently labeled phospholipid NBD-egg-
PtdEtn in Pam,-PtdCho monolayers has been measured as a function
of IT (T = 21-22°C). Values are mean =+ SD of about 10 measurements
using 3 monolayers. Arrows indicate that D values are upper limits.
Monolayer phases and corresponding I1 ranges are indicated at the top.
(Insets) Typical monolayer fluorescence at 2.5 mN/m (upper) and 7.0
mN/m (lower), respectively (bar = 10 um). In the crystalline phase (I
= 14 mN/m) monolayer fluorescence was as homogeneous (micrograph
not shown) as in the fluid phase. In the micrographs the irradiated area
is the same one employed in diffusion measurements (gaussian inten-
sity profile, e~% radius = 18 um).

intermediate region, nonfluorescent patches were visible, which
first appeared at =4 mN/m, became larger with increasing II,
and gradually vanished again at =14 mN/m.

Translational Diffusion in Monolayers Prepared from Lau,-
PtdCho/Pam;-PtdCho Mixtures. Both fluorescence inhomo-
geneity and the steep decline of D suggest the intermediate
region of Pamy-PtdCho monolayers to be a state of coexisting
fluid and crystalline domains. To substantiate this hypothesis,
we have studied a monolayer system in which phase separation
was to be anticipated—namely, monolayers of Lauy-PtdCho/
Pam,-PtdCho mixtures. Lauy-PtdCho and Pamy-PtdCho differ
in chain length by four CH; groups. In bilayers, depending of
course on parameters such as molar ratio, temperature, ionic
strength, etc., such a difference in chain length leads to sep-
aration of crystalline and fluid domains (31). In monolayers of
Lau,-PtdCho/Pamg-PtdCho mixtures to which NBD-egg-PtdEtn
had been added to a final molar fraction of 0.01, evidence for
phase separation has been obtained by surface balance mea-
surements (not shown). At 21-22°C I1-@ isotherms were smooth
for monolayers in which the mol fraction of Pamy-PtdCho
Xpamg-Pacho Was <0.5. At Xpamg-pracho = 0.5, first indications
of a shoulder appeared, which became increasingly prominent
with increasing XPa.m,-PtdCho-

A micrograph and diffusion measurements are given in Fig.
4 for the case in which IT had been adjusted to a constant value
of 20 mN/m. At Xpym, prache < 0.5, monolayer fluorescence
was completely homogeneous and diffusion coefficients de-
creased only moderately with Xpym, pracho: At Xpams-pracho =
0.5, nonfluorescent patches appeared, which were similar to
those observed in the intermediate region of Pamy-PtdCho
monolayers. The area fraction of nonfluorescent patches in-
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Fic. 4. Phase separation in mixed monolayers. The D of the flu-
orescently labeled phospholipid NBD-egg-PtdEtn in monolayers of
Laug-PtdCho/Pam,-PtdCho mixtures is given as a function of monolay-
er composition. Values are mean + SD of about 10 measurements; IT
= 20 mN/m; T = 21-22°C. (Inset) Typical monolayer fluorescence
at a mol fraction of Pam;-PtdCho Xpam;pracho = 0.70 (bar = 10 um).
S‘gr XpamgPtacno < 0.5, monolayer fluorescence was homogeneous (not

own).

creased With Xpam,-pracho- A rather steep decline of D occurred
between 0.6 = Xp,m,-pracho = 0.8. After photobleaching, flu-
orescence recovered to 100% in all cases of Xpams.pracho = 0.8.

DISCUSSION

Similarities and differences between monolayers and bilayers
have been the subject of a long-standing discussion (25, 29, 30,
32-35). Argumentation was mainly based on surface balance
measurements and thermodynamic considerations. The main
objective of this communication is to provide direct experi-
mental evidence revealing new analogies of monolayers and bi-
layers: in both systems, the lipid probe diffusion coefficient is
similar at comparable molecular density, diffusion apparently
is based on the same molecular mechanism, and the fluid-to-
crystalline phase transition of the monolayer is accompanied by
a >1,000-fold reduction of diffusion coefficient as is the liquid—
liquid crystalline transition of the bilayer. In the following, some
of these aspects will be discussed in detail and on a more quan-
titative level.

Simultaneously with us, v. Tscharner and McConnell (8) have
observed that monolayers at the air-water interface can be sub-
ject to vigorous streaming. In Pamy-PtdCho monolayers this
streaming was found to be rapid at large and slow at small mean
molecular area @. Transfer of the monolayer onto alkylated glass
slides (36-38) abolished streaming, while lipid probe mobil-
ity—to a certain extent—was retained. Thus, in transferred
monolayers the lipid probe diffusion coefficient has been de-
termined to be about 1 wm?/s for all values of @ equal to or
larger than 45 A% Fluorescence inhomogeneities very similar
to those reported in this study have been also observed in NBD-
egg-PtdEtn-doped Pam,-PtdCho monolayers on solid sub-
strates (R. Weis and H. M. McConnell, personal communi-
cation).

The Molecular Mechanism of Translational Diffusion in
Monolayers, Bilayers, and Cell Membranes. The mobility of
proteins in cell membranes and reconstituted bilayers has been
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frequently discussed with respect to the hydrodynamic theory
of Saffman and Delbriick (39-41). We have recently provided
an experimental test of the Saffman-Delbriick equations by
measuring both translational and rotational diffusion of bac-
teriorhodopsin in dimyristoylphosphatidylcholine bilayers (16),
which suggests that the Saffman-Delbriick equations correctly
describe diffusive mobility of integral proteins in fluid bilayers.
However, it is not evident that a hydrodynamic approach also
holds for the diffusion of lipids and other small molecules in
bilayers. Rather, the molecular discontinuous character of the
bilayer is expected to become effective. This requires appli-
cation of different models (42, 43), such as the free volume model
to be discussed now.

Originally introduced by Cohen and Turnbull in 1959 (26) for
molecular transport in liquids, the free volume model has been
adopted to lipid probe diffusion in liquid—crystalline bilayers by
Sackmann, Triuble, and colleagues (27, 28). Lipid molecules
are modeled by hard rods of cross section gy moving in the
membrane plane with a local velocity u. Most of the time,
movement is confined to a cage bounded by immediate neigh-
bors. Density fluctuation occasionally opens up a hole that is
large enough to allow for a displacement of the trapped mol-
ecule. On these grounds, the following expression for the D has
been derived: -

D = g d u exp(—y a*/ay), S

in which g is a geometric factor close to unity, d approximately
equals the molecular diameter, ayis the free area as defined (af
= — aq), a* is the critical free area at which a displacement
becomes possible, and ¥ is a factor accounting for overlap of
free area (0.5 < y < 1.0).

We have applied the free volume model to lipid probe dif-
fusion in fluid monolayers. This was particularly interesting be-
cause free area can be varied over a large range in the case of
nll:l)nolayers. Eq. 1 may be rearranged to give a linear relation-
ship:

InD = A - B/a, 2]

in which A = g d u and B = y a*. Plotting the data of Lauy-
PtdCho monolayers as In D vs. 1/as (Fig. 2) yields a straight
line as predicted by Eq. 2. Linearity has been optimized by
systematically varying ao. The correlation coefficient of linear
regression had a maximum value of 0.9973 at ao = 42.5 A% a
molecular area that is in excellent agreement with structural
data of crystalline mono- and bilayers (44). In Fig. 2 a signif-
icant deviation from linearity is only observed at large as (a5 >
2 ao). Leaving this a; range out of consideration, an ev:I(laﬁon
of coefficients A and B yields 124 um?®/s as a limiting upper
value of D (1/as— 0) and 26.0 A® for ya*—i.e., 26 A% < a*
< 52 A2, These results clearly speak for the applicability of the
free volume model to lipid probe diffusion in monolayers and
therefore also suggest that lipid diffusion is based on the same
molecular mechanism in monolayers and bilayers.

Absolute D values are somewhat smaller in bilayers than
monolayers—e.g., D = 7.7 um?/s for Lauy-PtdCho bilayers
and 15 um?/s for Lauy-PtdCho monolayers at IT = 38 mN/m.
Evidence obtained by fluorescence anisotropy decay measure-
ments (45) and x-ray (46) and neutron diffraction (47) suggests
a substantial degree of interdigitation of hydrocarbon chains at
the bilayer midplane. Rotational isomerization of the hydro-
carbon chains and the formation of “kinks” presumably is the
basic mechanism of creating free volume in bilayers. Once
formed in a segment of a chain, a kink can be easily propagated
along the same chain. It is conceivable that interdigitation hind-
ers propagation of kinks and that in this manner effective free
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volume is reduced in bilayers as compared to monolayers.

The question arises whether diffusion in cell membranes can
be also understood on the basis of the free volume model. Dif-
fusion coefficients of lipid probes in cell membranes range from
approximately 0.2 to 2.0 um?/s (see, e.g., ref. 1 for review).
Studies of bacteriorhodopsin/dimyristoylphosphatidylcholine
bilayers (16) have shown that integral membrane proteins re-
duce lipid probe diffusion. Much of this reduction can be at-
tributed to geometrical parameters: at high weight and volume
fraction integral membrane proteins form a geometric obstacle
to the long-range diffusion of lipids. More important than the
absolute D value possibly is the insensitivity of lipid probe dif-
fusion to chain length. This speaks for a diffusion mechanism
according to the free volume model but certainly needs further
experimental testing.

The Monolayer Phase Transition. On the basis of surface
balance studies (25, 29, 30) parallels between the isothermal
phase transition of the monolayer and the liquid crystalline—
crystalline phase transition of bilayers have been drawn. How-
ever, a matter of much discussion was the circumstance that the
I1-g isotherm in the intermediate region between fluid and
crystalline monolayer phase is not completely horizontal—i.e.,
I is not constant. In a strict sense, this fact appeared to be in-
consistent with a first-order transition mechanism and thus
seemed to devaluate a direct comparison of phase transitions
in monolayers and bilayers. However, Albrecht et al. (30) have
proposed that a finite slope of the I1-g isotherm would be com-
patible with a first-order transition mechanism if cooperativity
were restricted to units of limited size. If so, a Pamg-PtdCho
monolayer in the intermediate region should be made up of
coexisting fluid and solid domains. We have indeed observed
(Fig. 3 Insets) that monolayer fluorescence is inhomogeneous
between 4 and 14 mN/m. We assume that nonfluorescent
patches are crystalline domains and that the probe NBD-egg-
PtdEtn, if it has a choice, partitions almost exclusively in the
fluid phase (see ref. 48 for discussion of phase partition pref-
erence of fluorescent lipid probes). Support for this interpre-
tation is provided by the studies of phase separation in Lau,-
PtdCho/Pamy-PtdCho monolayers. With the onset of phase
separation at Xpame-pracho = 0.5 (IT = 20 mN/m), fluorescence
became inhomogeneous and D decreased in a fashion (Fig. 4)
very similar to that in the intermediate region of Pamy-PtdCho
monolayers.

The isothermal monolayer phase transition is accompanied
by a reduction to <1/1,000 of lipid probe diffusion (Fig. 3).
This is very similar to the reduction of lipid probe diffusion in
phospholipid bilayers by the liquid crystalline—crystalline main
phase transition (for review, see ref. 12). This confirms the con-
clusion that previously had been drawn mainly from indirect
evidence such as I1-@ isotherms—namely, that Pam,-PtdCho
monolayers undergo a transition from a fluid to a crystalline
phase. In the monolayer case the largest decrease of D occurs
over a narrow II range (8—10 mN/m), whereas the phase tran-
sition region extends from 4 to 14 mN/m. From statistical cal-
culations (49) simulating the effect on diffusion of impermeable
clusters dispersed in a fluid membrane, such behavior can in-
deed be expected. The reduction of lipid probe diffusion can
be understood as a percolation phenomenon (for review, see
also ref. 50): depending on the area fraction of solid clusters,
long-range diffusion in the fluid phase will be reduced and
eventually, at the percolation threshold, will be completely
blocked. Laug-PtdCho/Pam,-PtdCho monolayers, again, showed
an analogous behavior. The steep decrease of D was observed
around Xpam,prache = 0.70, right in the middle of phase sep-
aration region.

Thus, diffusion measurements and fluorescence microscopic



Biophysics: Peters and Beck

observations support the contention that Pam,-PtdCho mono-
layers undergo a fluid-to-crystalline phase transition passing
through a region in which fluid and solid domains coexist. Ac-
cording to Albrecht et al. (30), this fact can explain why the
I1-a isotherm is not completely horizontal in the intermediate
region. However, cooperative units, as calculated by Albrecht
et al. (30) from the slope of I1-g isotherms, comprise =10 mol-
ecules, whereas nonfluorescent patches seen in the microscope
are made up of =~10° molecules. These patches may be aggre-
gates of the primary cooperative units because solid domains,
as long as they are small, will retain a high diffusional mobility
and will aggregate quickly.

CONCLUSION

Monolayers as a Model System for Studying Molecular Mo--

bility of Cell Membrane Components. Monolayers have been
frequently used to study lipid-protein interaction and refined
techniques have been developed for that purpose (e.g., see ref.
51). In many cases, of course, protein denaturation at interfaces
sets a limit to meaningful experiments. However, the produc-
tion of bilayer membranes from monolayer precursors (52) sug-
gests that at least a number of important integral membrane
proteins can pass through a monolayer state in functional form.
Regardless of the question of .whether it is wise to employ
monolayers for protein studies, monolayers certainly are an ex-
cellent system for basic studies of lipid diffusion in two di-
mensions. Easy control of molecular density is an outstanding
feature of monolayers and we have shown how this can be ex-
ploited to-study the molecular basis of translational diffusion

and phase transition.

We thank Dr. O. Albrecht for permission to use his surface balance.
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