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ABSTRACT An image-based technique of fluorescence recovery after photobleaching (video-FRAP) was used to measure
the lateral diffusion coefficients of a series of nine fluorescent probes in two model lipid bilayer systems, dimyristoylphos-
phatidylcholine (DMPC) and DMPC/cholesterol (40 mol%), as well as in human stratum corneum-extracted lipids. The probes
were all lipophilic, varied in molecular weight from 223 to 854 Da, and were chosen to characterize the lateral diffusion of small
compounds in these bilayer systems. A clear molecular weight dependence of the lateral diffusion coefficients in DMPC
bilayers was observed. Values ranged from 6.72 X 1078 to 16.2 X 1078 cm?/s, with the smaller probes diffusing faster than
the larger ones. Measurements in DMPC/cholesterol bilayers, which represent the most thorough characterization of
small-solute diffusion in this system, exhibited a similar molecular weight dependence, although the diffusion coefficients
were lower, ranging from 1.62 X 1078 to 5.60 X 10~8 cm?/s. Lateral diffusion measurements in stratum corneum-extracted
lipids, which represent a novel examination of diffusion in this unique lipid system, also exhibited a molecular weight
dependence, with values ranging from 0.306 x 1078 to 2.34 X 107® cm?/s. Literature data showed that these strong
molecular weight dependencies extend to even smaller compounds than those examined in this study. A two-parameter
empirical expression is presented that describes the lateral diffusion coefficient in terms of the solute’s molecular weight and
captures the size dependence over the range examined. This study illustrates the degree to which small-molecule lateral
diffusion in stratum corneum-extracted lipids can be represented by diffusion in DMPC and DMPC/cholesterol bilayer

systems, and may lead to a better understanding of small-solute transport across human stratum corneum.

INTRODUCTION

Over the past two decades, lateral diffusion in phospholipid
bilayer systems has been extensively studied by use of a
variety of experimental and theoretical techniques. The ma-
jority of these studies have been performed with the ulti-
mate purpose of developing a better understanding of the
fundamental and practical aspects of lateral diffusion in cell
membranes. As such, these studies have focused on the
diffusion of lipids and integral membrane proteins and on
the relationships between lateral diffusion rates and the
probe’s intrinsic properties, such as molecular size and
shape (Clegg and Vaz, 1985; Saffman and Delbriick, 1975).
For example, integral protein diffusion has been found to
exhibit a weak dependence on molecular size and is effec-
tively described by use of existing continuum theories
(Clegg and Vaz, 1985; Saffman and Delbriick, 1975). The
effects of temperature, cholesterol content, and lipid tail
length on the diffusion of lipid probes in model bilayer
systems have also been effectively evaluated experimentally
and theoretically (Almeida et al.,, 1992; Clegg and Vaz,
1985; Derzko and Jacobson, 1980; Rubenstein et al., 1979;
Tocanne et al., 1989; Vaz et al., 1985).
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In contrast, lateral diffusion in the lipid multibilayers of
the stratum corneum (SC), the outermost layer of the skin,
which constitutes the primary barrier to solute transport
(Scheuplein and Blank, 1971), has been essentially unex-
plored despite the tremendous attention paid to SC trans-
port. A better understanding of transdermal transport will
facilitate the development of, for example, therapeutically
effective drug delivery systems. To this end, measurements
have been made of the SC permeability of more than 100
compounds, almost all of which are lipophilic and smaller
than 500 Da in molecular weight (Flynn, 1990; Johnson et
al., 1995a; Kasting et al., 1992). These compounds diffuse
through the SC primarily via the interkeratinocyte lipids,
which include ceramides, fatty acids, and sterols but essen-
tially no phospholipids (Lampe et al., 1983). Detailed stud-
ies with electron microscopy (Hou et al., 1991; Madison et
al., 1987) and small-angle x-ray diffraction (Bouwstra et al.,
1991; Friberg and Osborne, 1985) have further revealed that
the SC lipids exist in the form of multibilayers.

Comparisons of the molecular weight dependence of SC
permeabilities have been made with transbilayer permeabil-
ity measurements of various phospholipid bilayer systems
(Potts and Guy, 1992; Scheuplein and Blank, 1971). These
studies have shown that the molecular weight dependence
of SC permeation of small, lipophilic drugs is strong and is
similar to that exhibited by small, mostly hydrophilic com-
pounds diffusing across phospholipid bilayers. In contrast,
little attention has been devoted to the potential importance
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of lateral diffusion in SC transport, even though lateral and
transbilayer diffusion are different processes and occur at
significantly different rates (Diamond and Katz, 1974;
Lange-Lieckfeldt and Lee, 1992). This lack of attention is
largely due to the unavailability of experimental data on the
lateral diffusion coefficients of compounds of any size (with
the exception of molecular oxygen (Hatcher and Plachy,
1993)) in stratum corneum—extracted (SCE) bilayers and on
the lateral diffusion coefficients of small probes (<500 Da)
in other bilayer systems.

We explore lateral diffusion in SCE lipid bilayers by
using the technique of image-based fluorescence recovery
after photobleaching (video-FRAP) to measure the diffusion
coefficients of a series of nine fluorescent probes of various
molecular weights (223—854 Da) in SCE lipids. Diffusion
of these nine probes is also measured in two model lipid
systems, dimyristoylphosphatidylcholine (DMPC) and
DMPC/cholesterol (40 mol%, referred to hereafter as
DMPC/cholesterol). The goals of this paper are to 1) char-
acterize experimentally lateral diffusion in SCE bilayers, 2)
characterize experimentally lateral diffusion of small lipid
and nonlipid probes in DMPC and DMPC/cholesterol
model bilayer systems, 3) determine the molecular weight
dependence of lateral diffusion in DMPC and DMPC/cho-
lesterol model bilayer systems, using our data supplemented
with available literature data to extend the size range to
smaller probes, and 4) determine the molecular weight
dependence of lateral diffusion in SCE bilayers by using our
data as well as the diffusion coefficient of a previously
examined probe (Hatcher and Plachy, 1993).

MATERIALS AND METHODS
Materials

The fluorescent probes examined in this paper were obtained from Molec-
ular Probes (Eugene, OR) and used without further purification. The
structures of these probes, namely, (a) 4-(dimethylaminocinnamylidene)-
malononitrile (DACM, 223 Da), (b) 4,4-difluoro-1,3,5,7,8-pentamethyl-4-
bora-3a, 4a-diaza-s-indacene (BOD, 262 Da), (c) 4-(N, N-dioctyl)amino-
7-nitrobenz-2-oxa-1,3-diazole (NBD-dioct, 405 Da), (d) 4,4-difluoro-5,7-
dimethyl-4-bora-3a, 4a-diaza-s-indacene-3-hexadecanoic acid (BOD-FA,
474 Da), (e) N-(4, 4-difluoro-5, 7-dimethyl-4-bora-3a, 4a-diaza-s-inda-
cene-3-pentanoyl)sphingosine (BOD-Cer, 602 Da), (f) 4-(N, N-dihexa-
decyl)amino-7-nitrobenz-2-oxa-1,3-diazole (NBD-dihexdec, 629 Da), (g)
cholesteryl 12-(N-methyl-N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)amino)do-
decanoate (NBD-Chol, 761 Da), (h) cholesteryl 4,4-difluoro-5,7-dimethyl-
4-bora-3a, 4a-diaza-s-indacene-3-dodecanoate (BOD-Chol, 787 Da), and
(§) N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)-1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (NBD-PE, 854 Da), are shown in Fig. 1. The wave-
lengths of the peak absorptions and emissions of these probes are listed in
the caption of Fig. 1.

DMPC was obtained from Avanti Polar Lipids (Alabaster, AL) and
stored in chloroform at —20°C. Cholesterol was obtained from Sigma
Chemical (St. Louis, MO) and also stored at —20°C. All lipids were used
without further purification.

SC lipids were extracted from human cadaver skin. The skin was from
the chest, back, and abdominal regions and was obtained from local
hospitals and the National Disease Research Institute (Philadelphia, PA).
Cadaver skin was generally harvested within 24 h. Note that the SC lipid
composition is fairly uniform for various body sites (Lampe et al., 1983).
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The skin was stored at —80°C until it was used. The epidermis was
separated from the full-thickness tissue after immersion in 60°C water for
2 min. We then separated the SC from the heat-stripped epidermis by
soaking the epidermis in a 0.5% trypsin solution overnight at 5°C (Ander-
son et al., 1988). The SC was cleaned with distilled water, rinsed in cold
hexane to remove exogenous lipids, and lyophilized for 24 h or more to
remove all water. Dried SC was cut into pieces of approximately 10 mg,
weighed, and placed in a 7-ml vial with a ground glass cap. 5 ml of
chloroform:methanol (2:1 v/v) were added to the vial. After at least 24 h,
the delipidized SC (specifically, the remaining keratinocytes) was re-
moved, lyophilized, and again weighed (Anderson et al., 1988). We de-
termined the amount of lipids in the vial by taking the difference between
the weights of the SC before and after delipidization. Typical lipid contents
of the SC were 10-20% on a weight basis. Extracted SC lipid solutions
were stored at —20°C until they were used.

Sample preparation

We prepared the DMPC and DMPC/cholesterol multibilayers with the
appropriate probes by first combining the lipids and the probe in chloro-
form. The lipid-to-probe mole ratio was at least 1000. The solvent was
removed by rotary evaporation followed by lyophilization. Milli-Q water
heated to 45°C was added to the lipid film and vigorously mixed to produce
an overall lipid concentration of ~10 mg/ml. The resulting liposome
solutions were annealed at 45°C under a nitrogen atmosphere for 1 h. 10 ul
of solution, representing 100 ug of total lipids, were placed on a micro-
scope slide cover slip and dried for at least 4 h at 45°C. We finally hydrated
the lipid films by placing the cover slips upon a microscope slide with a
10-u1 drop of phosphate-buffered saline (pH 7.4, 10 mM phosphate, 137
mM NaCl). The cover slip was sealed with silicone paste (Baxter SP,
#S9003-1) to prevent water evaporation (Almeida et al., 1992). Sealed
samples were annealed at 45°C overnight and utilized within three days.
Large multibilayer liposomes were selected by inspection with the FRAP
video system, which is described below.

Extracted SC lipid solutions were combined with the fluorescent probes
in chloroform:methanol (2:1 v/v). The lipid-to-probe mole ratio was 1000.
50 pg of lipids in solution were placed upon a microscope slide cover slip
through successive application of a small amount of solution and drying.
Once all the lipids were deposited, the cover slips were dried under low
pressure to ensure removal of all the solvent. We dehydrated the SC lipid
films by placing the cover slips upon a microscope slide onto which a
10-u1 drop of phosphate-buffered saline had been placed, sealed them with
silicone paste to prevent water evaporation, and annealed them at 45°C
overnight. Large lipid domains were selected by inspection with the FRAP
video system.

Diffusion measurements

Diffusion coefficients were measured by the FRAP technique. The reli-
ability of this method was previously established for the measurement of
diffusion in gels and aqueous systems (Berk et al., 1993; Johnson et al.,
1995b). Utilization of the image-based FRAP technique offers several
advantages over that of the conventional photomultiplier FRAP technique,
including a simplified solution to the two-dimensional diffusion equation
(see Eqs. 1-4 below). Detailed knowledge about the size, shape, and radial
intensity distribution of the laser-beami radius is not needed. Moreover, the
image-based FRAP technique utilizes the fluorescence intensities mea-
sured at more than 10,000 spatial locations at each time point to yield the
diffusion coefficient. This allows for the characterization of diffusion in
heterogeneous media (Tsay and Jacobson, 1991).

The microscope slide was placed upon the stage of an upright micro-
scope (Universal; Zeiss, Thornwood, NY), and the sample was examined
with epi-illumination. A beam splitter allowed the samples to be either
illuminated by a mercury-arc lamp (100-W lamp; Osram, Munich) with
stabilized power supply and convection-cooled housing (models 68306 and
60000; Oriel Corp., Stratford, CT) or exposed to a laser pulse for fluoro-
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Chemical structures of the fluorescent probes examined in this paper: (@) DACM (223 Da), (b) BOD (262 Da), (¢) NBD-dioct (404 Da), (d)

BOD-FA (474 Da), (¢) BOD-Cer (602 Da), (f) NBD-dihexdec (629 Da), (g) NBD-Chol (761 Da), (k) BOD-Chol (787 Da), and (i) NBD-PE (856 Da). The
absorption peaks for these probes are 482, 491, 486, 474, 505, 485, 482, 504, and 460 nm, respectively, and their emission peaks are 577, 505, 543, 505,
511, 542, 540, 511, and 534 nm, respectively (Molecular Probes, Eugene, OR).

phore bleaching. An argon laser (model 2020; Spectra-Physics, Mountain
View, CA) operated in the TEM,,, mode, such that the beam intensity was
radially symmetric and obeyed a Gaussian profile, was used for the
fluorophore bleaching. The beam passed through a focusing lens into the
microscope epi-illumination port and was focused by the objective onto the
sample. A 40X objective (N.A. 0.65) produced a laser spot radius (that is,
the Gaussian radius of the attenuated beam projected onto a fluorescent
sample) of 5 um. Experiments were performed at 27 * 1.0°C. This warm
temperature resulted from the heat produced by the arc lamp, computers,
monitors, and other equipment in the small FRAP room. For those few
cases when the temperature was below 26.5°C, an electric heat source
placed near the microscope was used to elevate the temperature.
Samples were examined and suitable lipid structures were chosen by
conventional epi-fluorescence illumination, an intensified CCD camera
(model 2400; Hamamatsu, Japan), and a video monitor. The fluorescence
image of the 33 um X 33 pm region of each sample was digitized with a
monochrome video digitization board (model S1V; EDT, Beaverton, OR).
Only a portion (128 X 128 pixels) of the full (640 X 480 pixel) images was
stored for analysis. The spatial sampling rates (that is, the vertical and
horizontal distances between pixels) were determined with a stage micro-
meter (Edmund Scientific, Barrington, NJ). We performed FRAP experi-
ments by briefly exposing each sample to the laser, typically for 10-100
ms, to produce a bleached spot on the sample. A longer exposure time of
200 ms was used for the probe DACM because this probe was found to be

especially resistant to photobleaching. Under conventional epi-illumina-
tion, 50 postbleach images were obtained over the course of 20-120 s,
depending on the diffusion coefficient of the probe/lipid system. The first
10 images were obtained at the maximum sampling rate of 30 images/s,
and 10 or more additional images were obtained at one-tenth of the
maximum sampling rate, or 3 images/s. Thirty additional images were
obtained at rates suitable to the time scale of the experiment.

Analysis of FRAP data

Two-dimensional diffusion is described by Fick’s second law:

IC(x, y, t
(xTy) = DV*C(x, y, 1), ¢}

where C is the concentration of the probe species, D is the lateral diffusion
coefficient, ¢ is time, and x and y are the two-dimensional spatial coordi-
nates. The Fourier-transform representation of this partial differential equa-
tion is a simple ordinary differential equation, namely,

dC(u, v, 1)

& = —4mD? + vV)Clu, v, 1), (2)
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where C(u, v, 1) is the Fourier transform of the concentration and u and v
are the spatial frequency components. The solution of Eq. 2 is a simple
exponential equation rather than the more complex and cumbersome so-
lutions of Eq. 1. Specificalily,

Clu, v, 1) = C(u, v, 0)exp(—47¢*D1), 3)

where g represents the spatial frequencies and is given by ¢ = u? + 2.
The fluorescence intensity in Fourier space, I(u, v, 1), is related to the
fluorophore concentration, C(u, v, 1), such that

i(u, v, t) B C'(u, v, 1)
Iu,v,0) C(u,v,0)

= exp(—41°¢*Dt). ()]

Equation 4 describes a complete dissipation of the photobleached pattern.
However, the fluorophore pattern in some FRAP experiments performed
with lipid bilayer systems exhibits an incomplete or biphasic recovery. We
used a modified form of Eq. 4, based on the assumption of an immobile or
slow component, to analyze the FRAP data and obtain the primary param-
eter of interest, D. Specifically,

i(u, v, 1)

- = € + (1 — e)exp(—4q°Dy), (5)
Iu, v, 0)
where € represents the immobile fraction.
Analyses of representative FRAP recovery profiles for each probe in
each lipid system were also performed with a two-diffusion-coefficient
model, namely,

Iu, v, )

p = f, exp(—47%¢*D\t) + (1 — fexp(—47°q*Dt),
I(u, v,0)

(6)

where D, and D, are the diffusion coefficients and f, represents the fraction
of the probe diffusing in a regime characterized by D,. Use of Eq. 6 proved
statistically unnecessary for all but one of the probe/lipid systems, as we
determined by using the F statistic, namely,

_(Xa-1 — xp(N—2n—1)
Fn_ 2X2n ’ (7)

where x2 is the chi-squared goodness-of-fit statistic for n diffusing com-
ponents and N is the number of experimentai data points (1000) (Wright et
al.,, 1988). F, values less than the critical value of 3.0 indicated that
analyses that used Eq. 6 did not result in a statistically significant improve-
ment over those for which Eq 5 was used. However, the diffusion of one
probe, BOD-Chol in SCE bilayers, did consistently exhibit F, values
greater than 3.0 and is considered more thoroughly in the Discussion.
We obtained values of i(u, v, f) from the real values of the digitized
images by first subtracting each postbleach image from the prebleach
image and then subjecting the result to a discrete Fourier transform (Berk
et al., 1993). Artifacts associated with the discrete transform were mini-
mized by a digital windowing technique, as previously described (Johnson
et al., 1995b). Specifically, each differential image was padded at its edges
(to a size of 256 X 256 pixels) and then multiplied by a two-dimensional
windowing function that smoothly attenuated the intensity to zero at the
boundaries. A two-dimensional fast-Fourier-transform algorithm was then
applied to produce an array of complex coefficients corresponding to
discrete spatial frequencies, iAu and jAv (where i and j ranged from —127
to 128). From each of the 50 postbleach images a total of 20 unique
components were utilized for fitting to the decay equations (Eqs. 4—6). The
components most useful for this purpose were the low-spatial-frequency
components, although the lowest-frequency group was ignored because it
does not decay. More frequencies were utilized in this study (20) than in
earlier studies (8) because of the use here of a video digitization board that
could acquire images at a sixfold faster rate. The faster sampling rate

Lateral Diffusion in Lipid Bilayer System

2659

resulted in an increased signal-to-noise ratio of the higher frequencies, thus
enabling more frequencies to be useful. The set of Fourier coefficients was
then fitted to the decay equation with one, two, or three parameters (Eqgs.
4-6) by use of a nonlinear least-squares algorithm, as described previously
(Berk et al., 1993; Johnson et al., 1995b).

RESULTS

Diffusion in DMPC and DMPC/cholesterol
lipid bilayers

Representative recovery plots of the recovery of the diffu-
sion of BOD in DMPC, DMPC/cholesterol, and SCE lipid
bilayers are shown in Fig. 2, where the Fourier coefficients,
I/, corresponding to the 20 lowest spatial frequencies from
each of the 50 postbleach images, are plotted against fre-
quency-scaled time, 47°¢*¢. Inasmuch as each component is
scaled by its value in the first postbleach image, dissipation
of the photobleached pattern is represented by a decay from
1 to 0. The recovery of BOD in DMPC is faster than in
DMPC/cholesterol; hence its diffusion coefficient, 1.25 X
1077 cm?/s (R = 0.998), is greater than that in DMPC/
cholesterol, 2.33 X 107% cm?s (R = 0.989). Fig. 2 also
shows that the recovery profiles are all well represented by
Eq. 5, from which the diffusion coefficient D and the
immobile fraction € were determined by a least-squares
regression. The recovery profiles for the other eight probes
in DMPC and DMPC/cholesterol lipid bilayers are qualita-
tively similar to those shown in Fig. 2 and are also well
described by Eq. 5.

Results of the analyses for the nine fluorescent probes
examined in DMPC bilayers are summarized in Table 1.
The diffusion coefficients in DMPC, measured at 27°C,
range from as large as 16.2 X 10™® cm?/s for DACM, the
smallest probe, to 6.75 X 10~ cm?/s for NBD-Chol. The
diffusion coefficient for NBD-PE is 6.88 X 1078 cm?s.
This value is in good agreement with previously reported
values of the NBD-PE diffusion coefficient in DMPC lipid
bilayers, which range from 4.3 X 10™® cm?s (Galla et al.,
1979) t0 8.2 X 107% cm?/s (Wu et al., 1977) (Table 2). [The
lengths of the alkyl chains of the various NBD-PE probes
used in previous studies were not all the same. The NBD-PE
probe used in this and other studies (Balcom and Petersen,
1993; Paprica, 1994), NBD-dipalmitoylphosphatidyleth-
anolamine, has an alkyl chain length of 16. NBD-dimyris-
toylphosphatidylethanolamine, with an alkyl chain length of
14, was also used (Vaz et al., 1985), whereas Almeida et
al.(1992) used NBD-didecanoylphosphatidylethanolamine.
At the time of the earlier studies (Chang et al., 1981; Derzko
and Jacobson, 1980; Galla et al., 1979; Rubenstein et al.,
1979; Wu et al., 1977), the NBD-PE probe that was com-
mercially available (Avanti Polar Lipids, Alabaster, AL)
had a slightly larger molecular weight of 880 Da. Inasmuch
as previous studies showed that differences in alkyl tail
length of a series of NBD-PE probes do not substantially
affect the diffusion coefficient in distearoylphosphatidyl-
choline lipid bilayers because of the restrictions on the large
headgroup in the more highly ordered headgroup region
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(Vaz et al., 1985), the diffusion coefficients of these similar
probes should be comparable.] The average immobile frac-
tions of the probes in the DMPC bilayer experiments (Table
1) range from 2.6% to 4.6%, which are also in good agree-
ment with the results of others (Balcom and Petersen, 1993).
These favorable comparisons of our results with those in the
literature confirm that video-FRAP is an effective and ac-
curate method for measuring lateral diffusion in lipid bi-
layer systems.

Results of analyses for the nine fluorescent probes in
DMPC/cholesterol bilayers are also summarized in Table 1.
Values of the diffusion coefficients in DMPC/cholesterol,
obtained at 27°C, range from 5.60 X 10~® cm?s for
DACM, the smallest probe, to 1.32 X 107® cm?%s for
NBD-Chol. Our value for the diffusion coefficient of
NBD-PE in DMPC/cholesterol lipid bilayers, 1.62 X 1078
cm?/s, is also in good agreement with previously reported
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measurements of NBD-PE in DMPC bilayers with 40-50
mol% cholesterol: 1.1 X 10™% cm®s at 30°C (Chang et al.,
1981), 1.3 X 10~ cm?/s at 26°C (Rubenstein et al., 1979),
2 X 107® cm?s at 30°C (Wu et al., 1977), and 2.7 X 107%
cm?¥/s at 30°C (Almeida et al., 1992). Combined with the
results obtained for NBD-PE diffusion in DMPC, these
results confirm the ability of the video-FRAP technique to
measure diffusion coefficients spanning a wide range of
values. The immobile fractions of the probes in DMPC/
cholesterol are 5-7% (*3%), except for DACM, which has
an immobile fraction of 16% (*+9%) because of the higher
noise levels obtained with this probe. Table 1 also shows
that the diffusion coefficient values in DMPC are all greater
than those in DMPC/cholesterol. This finding is in agree-
ment with the general findings of many others that the
isothermal addition of cholesterol to fluid phase phospho-
lipid bilayers (that is, at T > T, where T,, = 23.9°C for

TABLE 1 Diffusion coefficients and immobile fractions of low-molecular-weight probes in DMPC and DMPC/cholesterol

(40 mol. %) bilayers

DMPC DMPC/Cholesterol (40 mol%)
D (1078 D (1078

Probe cm?/s) € (%) n cm?/s) € (%) n
DACM 16.2 = 2.0 46+23 12 560+ 1.5 16 £ 8.5 13
BOD 125+ 1.3 26*1.0 14 2.33+0.20 65*19 32
NBD-dioct 10.1 = 1.2 48+ 14 12 2.87 = 0.38 52*43 27
BOD-FA 7.89 = 041 33+x10 20 1.92 = 0.17 45+19 36
BOD-Cer 7.52 £ 0.29 36+04 16 1.88 = 0.07 72+28 24
NBD-dihexdec 7.80 + 0.47 43+ 1.2 16 1.65 * 0.16 49+ 19 26
NBD-Chol 6.75 = 045 48 1.7 11 1.32 * 0.09 6715 14
BOD-Chol 7.24 + 046 43 *0.6 12 1.69 * 0.18 7.5+32 27
NED-PE 6.88 *+ 0.59 41 *1.2 23 1.62 * 0.16 6.5*26 44

Values were measured at 27°C and are given as mean * SD. n is the number of measurements.
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TABLE 2 Summary of literature values of lipid and small-probe lateral diffusion coefficients in DMPC lipid bilayers

D* (1078 D (1078

Probe T(°C) cm?/s) cm?/s) Reference
NBD-PE 30 5.9 5.9 (Almeida et al., 1992)
Nifedipine analog 47 130% 710 (Alper and Stouch, 1995)
NBD-citronello 29 4.8 5.0 (Balcom and Petersen, 1993)
NBD-PE 29 5.0 52 (Balcom and Petersen, 1993)
NBD-solanesol 29 53 55 (Balcom and Petersen, 1993)
NBD-dolichol 29 4.6 4.8 (Balcom and Petersen, 1993)
Tetracene 29 11 11 (Balcom and Petersen, 1993)
Rubrene 29 5.8 6.0 (Balcom and Petersen, 1993)
Benzene 47 280% 154 (Bassolino-Klimas et al., 1993)
NBD-PE 30 7.6 7.6 (Chang et al., 1981)
NBD-dodecanoic acid 24 7.2 11 (Derzko and Jacobson, 1980)
3,3'-Dihexyloxacarbocyanine iodide 33 8.2 1.7 (Derzko and Jacobson, 1980)
3,3’-Didodecanoylindocarbocyanine iodide 24 5.2 73 (Derzko and Jacobson, 1980)
3,3'-Dioctadecyloxacarbocyanine iodide 24 6.7 7.7 (Derzko and Jacobson, 1980)
3,3'-Dioctadecylindocarbocyanine iodide 24 8.4 9.8 (Derzko and Jacobson, 1980)
NBD-PE 24 6.3 7.7 (Derzko and Jacobson, 1980)
NBD-PE 30 4.3 4.3 (Kapitza et al., 1984)
NBD-Macrocyclic polyamide dimer 36 7.5 5.9 (Paprica, 1994)
NBD-Macrocyclic polyamide trimer 36 74 5.8 (Paprica, 1994)
NBD-PE 36 8.0 6.3 (Paprica, 1994)
NBD-Macrocyclic polyamide quatramer 36 6.3 5.0 (Paprica, 1994)
NBD-Macrocyclic polyamide pentamer 36 6.6 5.2 (Paprica, 1994)
NBD-Macrocyclic polyamide hexamer 36 4.2 33 (Paprica, 1994)
3,3'-Dioctadecyloxacarbocyanine iodide 29 6.9 74 (Peters and Cherry, 1982)
NBD-PE 26 4.8 5.7 (Rubenstein et al., 1979)
Oxygen 40 2700" 1800 (Subczynski et al., 1991)
1-methylpyrene 30 55%* 55 (Van den Zegel et al., 1984)
NBD-PE 30 5.3 5.3 (Vaz et al., 1985)
3,3'-Dioctadecyloxacarbocyanine iodide 30 55 5.5 (Wu et al,, 1977)
NBD-PE 30 8.2 8.2 (Wu et al., 1977)

*Diffusion coefficients were measured with FRAP unless otherwise noted.

*Diffusion coefficient corrected to 30°C by use of either the activation energy reported in the same reference in which the diffusion coefficient measurement
was reported or of the typical value of 7.4 kcal/mol (Almeida et al., 1992; Chang et al., 1981; Peters and Cherry, 1982; Van den Zegel et al., 1984).
fAverage values of the calculated diffusion coefficients in a DMPC bilayer determined from a molecular dynamic simulation.

ICalculated from measurements of the bilayer permeability P, with D = P&/K, where & is the bilayer thickness and K is the bilayer/water partition
coefficient, estimated from its octanol/water partition coefficient, K, (3.68; Hansch and Leo (1979)), by K = K2%%7. This value constitutes an upper

ofw *

estimate of the diffusion coefficient that is due to the resistance associated with crossing the bilayer headgroup region (Diamond and Katz, 1974).

**Measured with the fluorescence decay technique.

DMPC (Mabrey and Sturtevant, 1976)) produces a more
ordered bilayer structure in which the diffusion coefficients
are reduced. The diffusion coefficient of each probe in
DMPC is consistently greater than that in DMPC/choles-
terol, by an average factor of 4.3 (SD 18%).

Diffusion in SCE lipid bilayers

The recovery profile of BOD in SCE lipid bilayers is
qualitatively similar to those for BOD diffusion in DMPC
and DMPC/cholesterol bilayers (Fig. 2), except that it ex-
hibits a significantly longer characteristic recovery time,
which corresponds to a smaller value of the diffusion coef-
ficient, 1.22 X 1078 cm%s (R = 0.980). Fig. 2 also shows
that there was incomplete recovery of BOD diffusion in
SCE, with an immobile fraction of 27%. Importantly, this
figure also shows that the recovery was fairly uniform,
confirming that the fluorescence recovery process was gov-
emned by diffusion of a single population. The recovery

profiles for DACM, NBD-dioct, NBD-dihexdec, and NBD-
Chol were also uniform and are well described by Eq. 5.
The diffusion coefficients and immobile fractions of these
five probes in SCE bilayers are shown in Table 3. The
diffusion coefficients of DACM, BOD, NBD-dioct, NBD-
dihexdec, and NBD-Chol in SCE lipids range from as great
as 2.34 X 107 cm?/s for the smallest probe, DACM, to
3.06 X 10~° cm?/s for NBD-dihexdec. The immobile frac-
tions of these probes vary from 17% to 32%. Similar im-
mobile fractions (17-60%) have also been observed in other
complex lipid systems, including multicomponent bilayers
(Vaz et al., 1989, 1990), biological membranes character-
ized by slow diffusion (D < 10~° cm?/s) (Cherry, 1979), and
gel-phase phospholipid bilayers (Balcom and Petersen, 1993).

Recovery curves of BOD diffusion in SCE bilayers were
analyzed with the two-diffusion-coefficient model, Eq. 6,
because the F statistic, Eq. 7, revealed that Eq. 6 provides a
statistically significant improvement in accuracy over Eq. 5.
These results suggested that the majority of BOD-Chol,
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TABLE 3 Diffusion coefficients and immobile fractions of
low-molecular-weight probes in SCE bilayers

D (107*

Probe cm?/s) € (%) n
DACM 2.34 £ 041 17x36 16
BOD 1.22 = 0.17 27+ 10 20
NBD-dioct 0.712 = 0.20 19 + 8.0 22
BOD-FA * * 27
BOD-Cer * * 29
NBD-dihexdec 0.306 = 0.181 3220 12
NBD-Chol 0.385 = 0.19 2*12 16
BOD-Chol 0.125 *+ 0.07* 22 + 4.8 22
NBD-PE * * 24

Values were measured at 27°C and are given as mean * SD. n is the
number of measurements.

*The fluorescence intensity recovery curves in Fourier space did not
exhibit an exponential decay.

#Analyzed with Eq. 6. The two calculated diffusion coefficients were
0.125(%0.07) X 107% and 1.59(*0.57) X 10~® cm?/s, and the distribution
coefficient was f, = 78%(*5%). That is, 78% of the probe appeared to
diffuse at the slower rate and 22% at the faster rate.

78 *+ 5%, diffused at a rate of 1.25 X 10~ ° cm?%/s, whereas
the remainder of the probe, 22%, exhibited a diffusion
coefficient that was more than an order of magnitude
greater, 1.59 X 10~% cm?/s. The recovery profiles for BOD-
FA, BOD-Cer, and NBD-PE in SCE bilayers did not exhibit
exponential decays, in contrast to the results for BOD (Fig.
2) and the other probes examined, and are considered fur-
ther in the Discussion.

DISCUSSION

Molecular weight dependence of lateral diffusion
in DMPC lipid bilayers

The measured diffusion coefficients of the nine probes in
DMPC bilayers are shown in Fig. 3a plotted against the
probe molecular weight. These data exhibit a molecular
weight dependence, with the smaller probes tending to
diffuse faster than the larger probes. The diffusion coeffi-
cient of the fastest probe, DACM, is 2.4-fold greater than
that of the slowest probe, NBD-Chol. With respect to dif-
fusion in DMPC bilayers, this change is dramatic. To illus-
trate the significance of this finding, consider the Saffman—
Delbriick equation (Saffman and Delbriick, 1975), which
effectively describes the diffusion of integral proteins in
fluid-phase lipid bilayers, namely,

(kT \[. (moh
(e

where k;, is Boltzmann’s constant, T is temperature (303 K),
7, is the effective viscosity of the bilayer, 7 is the viscosity
of the surrounding aqueous medium, / is the “height” of the
protein, which is assumed to span the bilayer and is equiv-
alent to the bilayer thickness (55 A), . is the solute radius,
and v, is Euler’s constant (0.5772). When one uses a value
of 0.75 P for n, (Vaz et al., 1984) and 0.01 P for n (Bird et
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al., 1960) and assumes a specific gravity of 0.9, the Saffman—
Delbriick equation predicts that a 470,000 Da probe, which has
a molecular mass nearly 3 orders of magnitude greater than
those of the probes that we have examined, would have a
diffusion coefficient that is only 2.4-fold less than that of
NBD-Chol. [We relate the molecular weights of the probes to
their molecular volumes through M = vN,g, where M is the
molecular weight, v is the molecular volume, N, is Avogadro’s
number, and g is the specific gravity. The specific gravity of
the probes is taken to be a typical value for organic molecules,
0.9 (Weast, 1975).] Equation 8 illustrates that the diffusion
coefficients of larger probes in DMPC bilayers exhibit a very
weak dependence on probe size. In contrast, the diffusion
coefficients of smaller compounds in DMPC bilayers increase
dramatically with decreasing probe molecular weight (Fig. 3 a
and the discussion below).

Fig. 3 a shows several cases, including the pair NBD-
dihexdec and BOD-Cer as well as the pair BOD-Chol and
NBD-Chol, in which a larger probe has an apparently
greater diffusion coefficient than a smaller probe. However,
these differences are not statistically significant at the 95%
confidence level when the two-tailed Student’s t-test is
used. Table 1 and Fig. 3 a also show that the standard
deviation of the DACM diffusion coefficient is unusually
large (13%). This is due, in part, to the photostability of
DACM, which makes it more resistant to bleaching than the
other probes and, hence, results in weaker bleach spots and
noisier recovery profiles.

Also shown in Fig. 3 a is the dependence of the diffusion
coefficient on molecular weight, obtained by least-squares
regression on the DMPC data with the equation

- kyT Mok
D=aM™+ (41moh)[m( ) Yb ©)

where M is the probe molecular weight and a and b are
empirically determined parameters. The probe radius, r., in
the second term of Eq. 9 and M are related by r, =
[M/(7hN,p)]"%, where p is the solute density. The remain-
ing parameters in Eq. 9 were described above. Equation 9
combines a term exhibiting a strong molecular weight de-
pendence, aM™®, with a term exhibiting a weak size depen-
dence as given by the Saffman—Delbriick relationship (Eq.
8). The first term, aM™°, which has been used effectively to
describe the diffusion of small solutes in various biological
tissues, including human stratum corneum permeabilities
(Anderson and Raykar, 1989), red blood cells (Lieb and
Stein, 1986), and stroma (Cooper and Kasting, 1987), is
included to capture the dramatic increase in diffusion coef-
ficients as the probe molecular weight decreases below
~400 Da, and the second term is included to account for the
weaker molecular weight dependence that appears to begin
at ~500 Da. These terms are effectively used in an additive
manner because, in the low-molecular-weight regime, the
contribution of the first term is much greater than that of
the second, whereas in the high-molecular-weight regime
the contribution of the first term becomes insignificant
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and the second term dominates. The values obtained for the
empirical parameters, a and b, are 1.45 X 10™* cm?/s and
1.32, respectively. Equation 9 describes well the molecular
weight dependence of the diffusion coefficient in DMPC
bilayers, as shown in Fig. 3 a.

Molecular weight dependence of lateral diffusion
in DMPC/cholesterol lipid bilayers

Fig. 3 b shows a plot of the diffusion coefficients of the nine
fluorescent probes in DMPC/cholesterol bilayers versus the
probe molecular weight. Similar to the results obtained in
DMPC bilayers (Fig. 3 a), the diffusion coefficients initially
decrease rapidly with increasing probe molecular weight,
whereas the values for probes larger than ~500 Da decrease
at a more moderate rate. The fastest probe in this system,
DACM, diffuses 4.2-fold faster than the slowest probe,
NBD-Chol. This increase suggests that the molecular
weight dependence of diffusion in DMPC/cholesterol is
greater than that in DMPC, for which a 2.4-fold increase is
found. For SCE lipids this dependence is even greater, as
discussed in the following section. The error of the DACM
diffusion coefficient (SD 26%) is larger than that of the
other probes, in part because of the higher noise level
resulting from the photostability of the probe, as discussed
above.

The diffusion coefficient of BOD in DMPC/cholesterol,
2.33 X 1078 cm?/s, lies below the expected trend (Fig. 3 b),
in contrast to the results for DMPC shown in Fig. 3 a. The
reason for the observed discrepancy is not clear. One pos-
sible explanation is that the localization of BOD within the
bilayer is different from that of the other probes. In fact,
small solutes are not evenly distributed across lipid bilayers
but exhibit characteristic concentration profiles that depend
on the chemical-physical properties of the solute (Basso-
lino-Klimas et al., 1993; Gawrisch and Janz, 1991; Mar-
qusee and Dill, 1986; Martel et al., 1993; White et al., 1981;
Alper and Stouch, 1995; Dix et al., 1978; Marrink and
Berendsen, 1994). The diffusion coefficient of a given sol-
ute has been shown to vary with its location in the bilayer.
However, this explanation does not account for the observed
behavior because a given probe (namely, BOD) is likely to
have similar bilayer distribution profiles in DMPC and
DMPC/cholesterol systems. A second possible explanation
is that cholesterol causes BOD to segregate laterally, as
previously reported for proteins in DMPC bilayers (Cherry
et al., 1980; Nigg and Cherry, 1979). However, it is not
clear why BOD would segregate while the other probes did
not, particularly given the low concentrations of the probes
in the bilayers (0.1 mol%). A third possible explanation is
that the diffusion coefficient scales more precisely with
molecular area or molecular volume than with molecular
weight. However, inasmuch as the sizes of the probes do not
change from one lipid system to the other, this explanation
does not account for the qualitative variations in the profiles
observed in DMPC (Fig. 3 a) and DMPCl/cholesterol (Fig. 3
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b). Such variations suggest the need for more-sophisticated
models to describe small-solute diffusion in lipid bilayer
systems.

Fig. 3 b also shows the results of a least-squares regres-
sion of Eq. 9 applied to the DMPC/cholesterol diffusion
data. We used 3.9 P as the bilayer viscosity, 7, rather than
the value of 0.75 P that describes DMPC bilayers, to ac-
count for the lower values of the diffusion coefficients. This
viscosity was determined such that the ratio of the diffusion
coefficients (calculated with Eq. 8) of the largest probe,
NBD-PE, in DMPC and DMPC/cholesterol was the same as
the experimentally measured ratio of 4.3. The values of the
empirical parameters, a and b, are 2.32 X 1072 cm?/s and
2.48, respectively. Fig. 3 b shows that Eq. 9 describes well
the molecular weight dependence of the diffusion coeffi-
cient in DMPC/cholesterol bilayers.

Molecular weight dependence of lateral diffusion
in SCE lipid bilayers

The diffusion coefficients of DACM, BOD, NBD-dioct,
NBD-dihexdec, and NBD-Chol in SCE lipid bilayers are
plotted in Fig. 3 ¢ versus the probe molecular weight. As
observed in DMPC and DMPC/cholesterol bilayers, the
diffusion coefficients in SCE bilayers decrease with increas-
ing probe molecular weight. The values shown in Fig. 3 ¢,
however, are considerably lower than those for diffusion in
DMPC and DMPC/cholesterol, by average ratios of 15 (*7)
and 3.4 (*1.4), respectively. The ratio of the largest diffu-
sion coefficient in SCE bilayers (that of DACM) to the
smallest (that of NBD-dihexdec) is 7.6, which is consider-
ably greater than the corresponding ratios in DMPC (2.4)
and DMPC/cholesterol (4.4). Although this ratio constitutes
only a rough indication of the molecular weight dependen-
cies of diffusion in these three lipid systems, it does show
that those lipid systems characterized by lower diffusion
coefficients exhibit greater molecular weight dependencies.
The reason for this may be that the diffusion coefficients of
the smallest compounds (such as the molecular gas, O,) are
less sensitive to the effective viscosity of the system than
are those of the larger compounds, and hence that the
diffusion coefficient in more “viscous” systems (SCE >
DMPC/cholesterol > DMPC) increases to a greater extent
with decreasing solute molecular weight. This conjecture is
supported by literature data for a variety of systems, as
discussed below.

The molecular weight dependence given by Eq. 9 nicely
describes the SCE bilayer experimental data (Fig. 3 c¢). The
value for the effective bilayer viscosity, n,, used in this
equation is 21.3 P. This viscosity was determined such that
the ratio of the diffusion coefficients (calculated with Eq. 8)
of the two largest probes in SCE (NBD-dihexdec and NBD-
Chol) with their diffusion coefficients in DMPC was the
same as the experimentally measured ratio of 24. For ref-
erence, note that the viscosity of glycerol is 11 P at 20°C
(Bird et al., 1960). Caution should be exercised in interpret-
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ing these bilayer viscosities and in making comparisons
with the viscosities of bulk fluids, such as glycerol. Whereas
the diffusion of large probes can be modeled in terms of a
viscosity, this property has yet to be linked with the chem-
ical structure of the lipids and hence represents an effective
property of the bilayer (see Clegg and Vaz (1985) for a
thorough critique of bilayer hydrodynamic theories). Free-
area/free-volume theories can also effectively describe dif-
fusion of lipid probes in bilayers under a variety of condi-
tions (Almeida et al., 1992). The values of the empirical
parameters a and b for the SCE diffusion data obtained with
Eq. 9 are 13 cm?/s and 3.75, respectively. The value of b,
the exponent of Eq. 9, 3.75 (£0.83), is in agreement with
the exponent previously obtained for describing SC perme-
abilities, 4.6 (Anderson and Raykar, 1989).

The predominant diffusion coefficient describing BOD-
Chol diffusion in SCE bilayers, 1.25 X 10~° em?%/s, corre-
sponds to 78% of the diffusing species, as determined with
the two-diffusion-coefficient model (Eq. 6). As BOD-Chol
has a molecular weight of 787 Da, this value is consistent
with the molecular weight dependence shown in Fig. 3 c.
Interestingly, the diffusion coefficient of the smaller popu-
lation, 1.59 X 10™8 cm?%/s, is essentially the same as that of
BOD-Chol in DMPCl/cholesterol, 1.69 X 10® cm?/s. Var-
ious physical explanations have been proposed to rational-
ize the results of polymodal models in other complex bi-
layer systems, including 1) “fast” probe diffusion along
structural defects or partially disordered bands in single-
component, gel-phase DMPC bilayers (Derzko and Jacob-
son, 1980; Schneider et al., 1983), 2) kinetic binding of
proteins coupled with lateral diffusion (Huang et al., 1994),
and 3) probe distribution between the inner and outer leaf-
lets of erythrocyte membranes (Schroeder et al., 1991).
However, these explanations are not applicable to diffusion
in SCE lipids because 1) the DMPC gel phase represents a
special case in that it is a highly ordered, single-component
system, the transport characteristics of which are not ob-
served even in two-component lipid systems (Almeida et
al., 1992), let alone in SCE lipids, 2) there is no physical
basis for assuming that there is kinetic binding in the present
study, as there was in previous studies with proteins (Huang
et al., 1994), and 3) there is no evidence that SCE bilayer
leaflets exhibit the anisotropy observed in erythrocytes.
Therefore, it is not clear whether the results for BOD-Chol
in SCE, which suggest bimodal diffusion, are correctly
capturing probe diffusion in two distinct domains of SCE
lipids or whether the results could be induced by some other
mechanism.

Experiments on BOD-FA and BOD-Cer diffusion in SCE
lipids did not exhibit the discernible exponential decays
observed with the other probes and lipid systems, such as
those shown in Fig. 2, although qualitative observations of
the bleach spots revealed that there was fluorescence recov-
ery on a time scale similar to those of the other probes in
SCE lipids (~20-~30 s). This apparent failure of the data
to collapse into a discernible pattern when plotted against
the frequency-scaled time indicates that phenomena other
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than simple, homogeneous diffusion are affecting the recov-
ery process. In contrast, qualitative observations of the
NBD-PE bleach spot in SCE lipids revealed that there was
very little fluorescence recovery, even after more than 10
min. Similarly, the noise of the data in the NBD-PE decay
profiles was greater than any recovery that took place. One
possible explanation for these results is that there are dis-
clinations or domain boundaries within SCE lipid bilayers
and that a given probe has to cross such boundaries to reach
more-distant parts of the lipid structure. These crossings
may involve transbilayer diffusion, also referred to as flip-
flop for phospholipid molecules. Large, long-tailed lipids
exhibit great difficulty in crossing bilayers (Homan and
Pownall, 1988; Lipka et al., 1991), and hence their recovery
in these experiments could be significantly hindered by such
boundary crossings. This conjecture could explain the re-
sults obtained for BOD-FA, BOD-Cer, and NBD-PE in SCE
lipids. An analogous finding was made by Kitson et al.
(1994), who examined palmitic acid in human stratum cor-
neum, using deuterium nuclear magnetic resonance, and
concluded that the diffusion of palmitic acid effectively
does not occur. In contrast, small, lipophilic compounds
have been shown to diffuse readily across lipid bilayers
(Lieb and Stein, 1969), suggesting that boundary crossings
in SCE lipids would not play a significant role in the
diffusive recoveries of such probes as DACM, BOD, NBD-
dioct, and NBD-dihexdec. Cholesterol is also able to diffuse
across bilayers much better than phospholipid molecules
(Bittman, 1993), suggesting that NBD-Chol and BOD-Chol
are similarly unhindered by any potential domain bound-
aries in SCE lipids. Hence, the experimental observations of
the nine probes in SCE lipids are at least in qualitative
agreement with this mechanism, although additional studies
are needed to elucidate these issues fully.

The transport of molecular oxygen in human stratum
corneum and model SC lipids has been examined by elec-
tron paramagnetic resonance spectroscopy (Hatcher and
Plachy, 1993). The effective diffusion coefficient in the SC,
3 X 1077 em?/s, was not corrected for SC tortuosity. Hence
the diffusion coefficient measured in the model SC lipids,
2 X 107% em%s, represents a better estimation of the true
oxygen diffusion coefficient. This relatively large diffusion
coefficient illustrates the significant molecular weight de-
pendence of diffusion in the very low-molecular-weight
regime (<200 Da).

Comparison of the lateral diffusion coefficient-
molecular weight dependence of small probes in
SCE and model lipid bilayer systems

The probes examined in this study exhibit increasing lateral
diffusion coefficients with decreasing probe molecular
weight, down to 223 Da (DACM) (Fig. 3). The extent to
which this trend continues for even smaller probes cannot
be discerned from these data, nor is it likely to be deter-
mined with the FRAP technique because of the lack of
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smaller (<223 Da), lipophilic, fluorescent probes that can
absorb and emit light at appropriate wavelengths. Fortu-
nately, lateral diffusion coefficients for several small mol-
ecules have been determined by other techniques. A sum-
mary of literature values of various lipid and nonlipid
probes in DMPC fluid bilayers (T > T,) are shown in Table
2. Table 2 also shows the lateral diffusion coefficients
corrected to 30°C by use of the activation energies reported
in the same reference in which the diffusion coefficients are
reported or by use of the typical value of 7.4 kcal/mol. 7.4
kcal/mol is the average of the activation energies of diffu-
sion of 1-methylpyrene [7.0 kcal/mol (Van den Zegel et al.,
1984)], NBD-PE [8.1 kcal/mol (Almeida et al., 1992) and
6.9 kcal/mol (Chang et al., 1981)], and 3,3'-dioctadecylox-
acarbocyanine iodide [7.6 kcal/mol (Derzko and Jacobson,
1980)]. Table 2 illustrates the sparsity of lateral diffusion
measurements of small probes in DMPC and the lipid nature
of the majority of these probes. Nevertheless, DMPC is one
of the most studied lipid bilayer systems; hence these data
provide one of the clearest portraits of small-probe lateral
diffusion (Table 2).

Lateral diffusion coefficients, including both our data
(Table 1; corrected to 30°C using an activation energy of
7.4 kcal/mol) and those from the literature (Table 2), are
shown in Fig. 4 as a function of probe molecular weight.
The top curve in Fig. 4 represents the results of a least-
squares regression using Eq. 9 to all the DMPC data re-
ported in Tables 2 and 3 and describes the data well. Also
shown in this figure are our results for probe diffusion in
DMPC/cholesterol (Table 1) and SCE (Table 3) lipid bi-
layer systems as well as literature values for diffusion in
DMPC/cholesterol 40—-50 mol% (NBD-PE values are listed
in the Results; the diffusion coefficient for molecular oxy-
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gen was determined in the same manner as that for molec-
ular oxygen in DMPC bilayers (see Table 2)) and in SCE
(molecular oxygen, discussed above). The middle and bot-
tom curves in Fig. 4 represent the regressions using Eq. 9 of
the total data sets for the DMPC/cholesterol and the SCE
lipid systems, respectively, and describe these data reason-
ably well. As the diffusion of small and of large solutes is
not generally considered together, because of the solutes’
different mechanisms of diffusion, it is remarkable that a
two-parameter empirical equation (Eq. 9) is able to effec-
tively describe the data presented in Fig. 4. These findings
suggest the need for additional study of the fundamental
nature of lateral diffusion in lipid bilayers.

The lateral diffusion coefficients for probes smaller than
~200 Da increase by orders of magnitude in DMPC,
DMPC/cholesterol, and SCE bilayer systems (Fig. 4) (note
that the value for molecular oxygen in DMPC, 1.8 X 107>
cm?/s, is off the scale). This suggests that the 2.4-fold to
7-fold increases observed for DACM (223 Da) over those of
larger probes in DMPC, DMPC/cholesterol, and SCE (Fig.
3) represent the beginnings of the low-molecular weight
regime that is characterized by this strong molecular weight
dependence. Diffusion experiments performed in other sin-
gle-component phospholipid bilayer systems support the
findings in Fig. 4 that small probes (molecular weights of
less than ~200 Da) diffuse very rapidly relative to larger
probes. Dix et al. (1978) examined diffusion of four small
probes in dipalmitoyl-lecithin bilayers, using electron spin-
resonance spectroscopy at 50°C: di-z-butyl nitroxide (144
Da), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 156
Da), carbonyl-TEMPO (170 Da), and benzoyloxy-TEMPO
(276 Da). Their reported diffusion coefficients, 1.0 X 107,
0.9 X 107%, 0.7 X 107%, and 0.6 X 10~® cm%/s, respec-

FIGURE 4 Comparisons of the de-
pendencies of lateral diffusion coef-
ficients on molecular weight in
DMPC fluid phase bilayers (@, O),
DMPC/cholesterol (40-50 mol%
cholesterol) bilayers (A, A), and SCE
bilayers (H, (7). @, A, B, Measure-
ments presented in this paper; O, A,
[, literature data (see Table 2 for
details on the DMPC literature data
and the text for details on the DMPC/
cholesterol and SCE literature data).
All DMPC data points were corrected
to 30°C (see Table 2 for details). The
curves are the results of least-squares
regressions of the semiempirical
model (Eq. 9) to the combined data
sets for these lipid systems, using
T=30°Cand n, =0.75,39,21.3P
for the effective viscosities of
DMPC, DMPC/cholesterol, and SCE
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tively, agree very well with the trend shown in Fig. 4 for
DMPC bilayers. Likewise, the diffusion coefficient of
pyrene (202 Da) measured in dipalmitoylphosphatidylcho-
line bilayers by the fluorescence decay technique, 1.2 X
1076 cm?/s at 50°C, is also in good agreement with the trend
of DMPC in Fig. 4 (Daems et al., 1985).

Whereas the molecular weight dependencies for DMPC,
DMPC/cholesterol, and SCE lipid bilayer systems appear to
be analogous (Fig. 4), it is still not clear what simple model
bilayer system, if any, constitutes a reasonable model of
SCE bilayers. The results in Figs. 3 and 4 suggest that
DMPC is not a quantitatively accurate model of SCE bilay-
ers, as their diffusion coefficients differ by an average of
15-fold. Diffusion coefficients in DMPC/cholesterol and
SCE bilayers also differ, but only by an average factor of 3.
Several other findings suggest that this difference may not
be significant and that DMPC/cholesterol bilayers may be a
reasonable model of SCE bilayers. First, a comparison of
SCE diffusion data with that of gel-phase (T < T,,,) DMPC
bilayers, which is another potential model of the SCE sys-
tem, suggests dramatic differences. For example, the aver-
age NBD-PE diffusion coefficient in gel-phase DMPC bi-
layers (17.5 =< T =< 20.5°C) is 1.6 X 107'° cm?/s (Balcom
and Petersen, 1993; Chang et al., 1981; Fahey and Webb,
1978; Rubenstein et al., 1979; Smith and McConnell, 1978;
Wu et al.,, 1977), which is 100-fold lower than that in
DMPC/cholesterol bilayers (Table 1), corresponding to a
30-fold difference with diffusion in SCE bilayers. Two
recent studies of the structural aspects of SCE bilayers have
also noted striking similarities between SCE lipids and
phospholipid/cholesterol bilayers (Kitson et al., 1994; Ong-
pipattanakul et al., 1994), again suggesting that SCE bilay-
ers may be reasonably modeled by DMPC/cholesterol bilayers.

The importance of lateral diffusion to the macroscopic
stratum corneum permeability has yet to be elucidated, in
large part because of the absence of a clear understanding of
the nature of small-solute diffusion in lipid bilayers. The
results and analysis presented in this paper, which establish
the magnitude of diffusion in SCE lipids as well as the
qualitative molecular weight dependence of lateral diffu-
sion, are an important step in this direction. Further studies
are currently under way to evaluate the contribution of
lateral diffusion to transdermal transport at both qualitative
and quantitative levels.
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