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Abstract. Permeability coefficients (Pro) across planar 
egg lecithin/decane bilayers and bulk hydrocarbon/wa- 
ter partition coefficients (Kw_~hc) have been measured for 
24 solutes with molecular volumes, V, varying by a 
factor of 22 and Pm values varying by a factor of 107 to 
explore the chemical nature of the bilayer barrier and the 
effects of permeant size on permeability. A proper bulk 
solvent which correctly mimics the microenvironment 
of the barrier domain was sought. Changes in Pm/Kw__,hc 
were then ascribed to size-dependent partitioning and/or 
size-dependent diffusivity. The diffusion coefficient- 
size dependency was described by Dbarri~ r = D,/V". 
When n-decane was used as a reference solvent, the cor- 
relation between log Pm/Kw_~hc and log V was poor (r 
= 0.56) with most of the lipophilic (hydrophilic) per- 
meants lying below (above) the regression line. Corre- 
lations improved significantly (r = 0.87 and 0.90, re- 
spectively) with more polarizable solvents, l-hexa- 
decene and 1,9-decadiene. Values of the size selectivity 
parameter n were sensitive to the reference solvent (n 
= 0.8 -+ 0.3, 1.2 _+ 0.1 and 1.4 _+ 0.2, respectively, for 
decane, hexadecene, and decadiene). Decadiene was se- 
lected as the most suitable reference solvent. The val- 
ue for n in bilayer transport is higher than that for bulk 
diffusion in decane (n = 0.74 -+ 0.10), confirming the 
steep dependence of bilayer permeability on molecular 
size. Statistical mechanical theory recently developed 
by the authors suggests that a component of this steep 
size dependence may reside in size-dependent solute 
partitioning into the ordered chain region of bilayers. 
This theory, combined with the above diffusion model, 
yielded the relationship, P,n/Kw~hc = Doexp(-r ~. A 
fit of the experimental data to this model gave the best 
fit (r = 0.93) with r = 0.0053 + 0.0021 and n = 0.8 
+ 0.3, suggesting that both diffusion and partitioning 
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mechanisms may play a role in determining the size de- 
pendence of lipid bilayer permeabilities. 
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Introduction 

Unlike diffusion in a continuous fluid medium, which 
exhibits a relatively small dependence on the volume of 
the diffusing molecule (D o~ V ,i where n = 2/3 (Wilke 
& Chang, 1955; Hayduk & Buckley, 1972; Hildebrand, 
1977)), a large body of evidence suggests that perme- 
abilities in biological membranes and lipid bilayers ex- 
hibit a very steep dependence on diffusant size (Lieb & 
Stein, 1986; Walter & Gutknecht, 1986; Anderson & 
Raykar, 1989). By analogy with diffusivities in poly- 
mers, which also exhibit a higher sensitivity to the size 
of the permeant (Lieb & Stein, 1969), the size selectiv- 
ity observed in lipid bilayers and biomembranes has 
traditionally been viewed as having its molecular origin 
in the effects of lipid chain ordering on diffusion (Stein, 
1986; Walter & Gutknecht, 1986). Stein and cowork- 
ers were the first to propose that biological membranes 
behave as polymeric networks with respect to the dif- 
fusion of nonelectrolytes (Lieb & Stein, 1969, 1971). 
More recently, Walter and Gutknecht (1986) have com- 
piled a relatively large database of permeability coeffi- 
cients for nonelectrolytes and have treated the effects of 
permeant size on bilayer permeability in the framework 
of the hypothesis proposed by Stein and coworkers. 
Although the rather large scatter in their data due to the 
variation of experimental methods used by different 
laboratories prevented them from drawing quantitative 
conclusions regarding the permeant size--permeabili ty 
relationship, they noted a steeper size dependence for 
very small molecules than that for medium-sized mol- 
ecules. 
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According to the "solubility-diffusion" model for 
membrane transport, permeability coefficients are re- 
lated to the product of the partition coefficient of the 
permeant between the membrane barrier domain and 
water, K,,,, and the normal component of the diffusion 
coefficient within the barrier region, D m. While later- 
al diffusivities within bilayers (Almeida, Vaz & Thomp- 
son, 1992; Vaz, Clegg & Hallmann, 1985) and local mi- 
croviscosities (Chen et al., 1977; Brown, Ribeiro & 
Williams, 1983; Pfeiffer et al., 1988) are routinely mea- 
sured, diffusion coefficients in the normal direction are 
not available except in liquid crystals (Moscicki, Shin 
& Freed, 1993). Walter and Gutknecht (1986) argued 
that size effects on permeant partitioning into the bilayer 
interior are unimportant, however, on the basis of the 
similarity in the solubilities of small n-alkanes (up to n- 
butane) in lipid bilayers (Miller, Hammond & Porter, 
1977; Simon, Stone, Busto-Latorre, 1977) and it is now 
common practice to assume that size-dependent per- 
meabilities are explained solely by changes in the dif- 
fusion coefficient (Finkelstein, 1976; Walter, 1981; 
Walter & Gutknecht, 1986). 

It is well known, however, that the solubilities of 
higher alkanes in lipid bilayers exhibit substantial de- 
creases with increasing chain length (White, 1977, 
1978). Moreover, statistical mechanical theory recent- 
ly developed in the authors' laboratories suggests a 
strong molecular size dependence for permeant parti- 
tioning into the rate-limiting barrier domain, which is 
assumed to be in the highly ordered chain region (Xi- 
ang & Anderson, 1994). Therefore, the size selectivi- 
ty for transport across lipid bilayers may be a com- 
bined result of size-dependent diffusion and partition- 
ing. 

Although membrane/water partition coefficients 
can be measured directly, they may have limited value 
in predicting relative permeability coefficients if the 
domain probed in partitioning studies is not the rate-lim- 
iting domain for transport. Lipid bilayers are hetero- 
geneous systems which can be divided roughly into 
three distinct regions: an ordered, highly polar interra- 
cial (head group) region, a highly ordered hydrocarbon 
chain region, and a region of relatively disordered hy- 
drocarbon chains near the center of the bilayer. Each 
region has its own chemical and diffusional properties 
(Diamond, Szabo & Katz, 1974; Xiang, 1993). To pre- 
dict the effects of permeant size on permeability across 
a lipid bilayer, it is therefore essential to choose a ref- 
erence solvent system which mimics as closely as pos- 
sible the chemical microenviromnent of the barrier do- 
main. Historically, various solvents have been utilized 
as reference solvents but the prevailing view is that 
alkane solvents (i.e., hexadecane) most closely resem- 
ble the partitioning behavior of the permeability barri- 
er in lipid bilayers (Finkelstein, 1976; Lieb & Stein, 

1986; Walter & Gutknecht, 1986). However, as noted 
in a separate study recently conducted in our laborato- 
ries of functional group contributions to lipid bilayer 
permeability (Xiang, Chen & Anderson, 1992; T.-X. Xi- 
ang and B.D. Anderson, submitted) hexadecane does not 
mimic the barrier microenvironment for the transport of 
nonelectrolytes over a wide range of lipophilicity as 
well as more polarizable hydrocarbon solvents (e.g., 
hexadecene or 1,9-decadiene). 

The primary objective of this study was to exam- 
ine the size dependence of lipid bilayer permeability in 
a more systematic manner. We approached this prob- 
lem by measuring solute fluxes across egg lecithin/de- 
cane planar lipid bilayers and bulk hydrocarbon sol- 
vent/water partition coefficients for 24 permeants with 
molecular sizes differing by a factor of 22 and perme- 
ability coefficients differing by a factor of 107. The ex- 
perimental results were analyzed by the conventional 
approach which assumes only size-dependent diffusion 
coefficients and by a model which combined the effects 
of solute size on diffusivity and on partitioning in the 
bilayer interior using our recently developed statistical 
mechanical theory (Xiang & Anderson, 1994). 

Materials and Methods 

MATERIALS 

Egg lecithin in chloroform obtained from Avanti Polar Lipids (Pel- 
ham, AL) was dried under nitrogen gas and dispersed in decane 
which had been passed through an alumina column before use. Four 
radiolabeled compounds, 3H-water, 14C-formic acid, 3H-acetic acid 
and 3H-acetamide were used. 3H-water, t4C-formic acid and 3H- 
acetic acid were purchased from ICN Biomedicals (Costa Mesa, CA). 
-~H-acetamide was synthesized in our laboratory by reaction of 10 
mmol 3H-acetic anhydride (New England Nuclear, Boston, MA) with 
60 mmol NH4OH (30% in H20 ) and the crude product was purified 
by HPLC. The unlabeled compounds, o~-substituted p-toluic acids and 
21 -[(7-amino- 1,7-dioxoheptyl)oxy]- 11, t 7-dihydroxy-pregn-4-ene- 
3,20,dione (hc-21-pimelamide), were synthesized previously (Raykar, 
Fung & Anderson, 1988; T.-X. Xiang and B.D. Anderson, submitted). 
ddA (2',3'-dideoxyadenosine) and ddI (2',3'-dideoxyinosine) with re- 
ported purities of 99% were supplied by the National Cancer Institute. 
All other compounds were obtained commercially and used without 
further purification. 

LIPID BILAYER PERMEABILITY COEFFICIENTS 

Detailed descriptions of the transport experiments have been report- 
ed previously (Xiang et al., 1992). Briefly, lipid bilayers were formed 
by applying a phospholipid solution (2% w/v, egg lecithin in decane) 
across a 1 mm diameter hole in a Teflon partition separating two wa- 
ter-jacketed chambers each containing =4.5 ml aqueous buffer. Both 
chambers were stirred continuously with magnetic fleas and main- 
tained at 25.0 + 0.05~ during the transport experiments. The ion- 
ic strength was held at I = 0.1 with NaC1 and the pH in both cham- 
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bers was monitored with a microcombination pH probe (M1-421, Mi- 

croelectrodes, Londonderry, NH). 
The thinning of the lipid membrane to a bilayer thickness of =50 

was monitored by capacitance measurements (Xiang et al.. 1992), 
After a constant capacitance was attained, a small amount (= 10 - 40 
p.l) of solution containing permeant at a known concentration was in- 
jected into the donor solution and a corresponding volume of buffer 
was added to the receiver solution. Samples were withdrawn from 
both chambers at various time intervals. Samples containing ra- 
dioactive permeants were mixed with Aquasol scintillation cocktail 
and counted in a liquid scintillation counter (Beckman LS 1801, 
Beckman Institute. Fullerton, CA). Unlabeled permeants were ana- 
lyzed by HPLC. 

Apparent permeability coefficients were calculated from the 
slopes of plots of receiver concentration vs. time interval At and bi- 
layer area, volume of the aqueous solution in both chambers and 
solute concentration in the donor solution (Xiang et al,, 1992). Point- 
by-point areas were monitored continuously during the experiments 
either microscopically or by the capacitance method described pre- 
viously. Apparent permeability coefficients were calculated using the 
average area over each time interval. The absolute area of the Teflon 
hole in which bilayers were formed was determined with verifier mi- 
crocalipers. Microscopic determinations of the areas of the "'black" 
(bilayer) portion of lipid fihns during the transport experiments were 
made using a StereoZoom microscope (Bausch and Lomb, Rochester, 
NY) aligned normal to the membrane. Photographs were taken with 
a 3-I/4 • 4-I/4" Polaroid Land camera (Bausch and Lomb, Rochester, 
NY). The membrane was transilluminated with an illuminator (M 650, 
Reichert Scientific Instruments. Buffalo, NY). After photographing 
the membrane, the area of the bilayer was determined by the weight- 
area melhod. 

BULK ORGANIC SOLVENT/WATER 

PARTITION COEFFICIENTS 

Partition coefficients were measured using the shake flask method. 
The organic solvents were washed three times with roughly equal vol- 
umes of water before the partition experiments. A I ml aqueous so- 
lution of the desired solute was filtered and placed in a 5-10 ml cen- 
trifuge tube. A 1 5 ml portion of organic solvent was then added. Af- 
ter vortex mixing tot 5 min and centrifugation, the sample was allowed 
to stand in a water bath (25.0 • 0.05~ for 5 hr. Aliquots of the sam- 
ple were carefully withdrawn from both phases and appropriately di- 
luted or enriched for subsequent concentration analyses either by 
scintillation counting or HPLC. For ionizable species, the pH in the 
aqueous phase was maintained well below the solute's p K  value so 
that more than 99% of the solute was in its nonionized form. Hy- 
drocarbon/water partition coefficients were calculated using molar 
concentrations. 

pK a DETERMINATIONS 

The p K  values for o~- and [3-naphthoic acid were determined by the 
solubility-pH method. Five samples, each having 2 ml of 0.05 M acetic 
acid buffer at a given pH between 3.0 and 5.5, were placed in a bath 
at 25 + 0.05~ Excess solid was added and the mixtures were shak- 
en. When equilibrium was reached, aliquots were withdrawn from the 
solution, passed immediately through 0.45 pm filters equilibrated at 
the same temperature, and their pH values were measured. The fil- 
trates were then diluted appropriately and assayed by HPLC. The p K  
values were determined from least-squares fits of the solubility (S)-- 

pH data with the equation 

S [HAl,,,(1 + K,/IH:I) r 

where [HA],,, is the solubility of an unionized free acid. 

HPLC ANALYSES 

An HPLC system consisting of a syringe-loaded sample injector 
(Rheodyne Model 7125, Rainin Instruments, Woburn, MA) with 100 
JJl lonp, a solvent pump (Model 110A, Beckman Instruments, Fuller- 
ton, CA), a dual-wavelength absorbance detector (Model 441, Water 
Associates, Milford, MA) operated at 254 nm, an integrator (Model 
3392A, Hewlett-Packard, Awmdale, PAL and a reversed-phase col- 
unto packed with 5 lum Spheri-5 RP-18 (Brownlee OD-MP, 4.6 mm 
ID • 10 cm, Rainin) was used at ambient temperature for the analy- 
ses of the unlabeled solutes in samples taken from the transport and 
diffusion experiments. The mobile phase contained acetonilrile 
(5-40%) in deionized water and was buffered to a pH of 3.0 for the 
weak acids or a pH of 7.0 for the nonionizable solutes using 0.01 M 
phosphate buffer. 

Results  

BULK ORGANIC SOLVENT/WATER 

PARTITION COEFFICIENTS 

Partition coefficients between n-decane, l-hexadecene 
or 1,9-decadiene and water at 25~ are presented in 
Table 1. The apparent partition c o e f f i c i e n t s  (K.tpp = 

Chc/C, where Chc and C are, respectively, the ~olar  
concentrations of solute in the hydrocarbon solvent and 
in water) of the carboxylic acids examined in this study 
were found to vary with solute concentration as shown 
in Fig. 1 for the partitioning of benzoic acid, c~-naph- 
thoic acid, and 9-anthroic acid between decane and wa- 
ter. This behavior is attributed to self-association of car- 
boxylic acids in the nonpolar hydrocarbon solvent (Pi- 
mental & McClelland, 1960). This concentration 
dependence can be described by the following thermo- 
dynamic relationship b e t w e e n  Kap p and C W, 

+i- I p: I Kap p Chc/C w = Kw+hc ( I  + nK K,,,+hc C,,, ) (2) 

assuming that a monomer-single polymer equilibrium 
(K,) model is applicable and that self-association in the 
aqueous phase is negligible. Referring to Fig. 1, the da- 
ta for benzoic acid and ccnaphthoic acid are well de- 
scribed by a monomer-dimer equilibrium model (n = 2) 
while the apparent partition coefficient for 9-anthroic 
acid appears to be independent of  C W below 10 -4 M, re- 
flecting the probable effects of  steric hindrance. Dimer- 
ization constants of (2 .1  + 0.4) • 104 M 1 and (2.5 _+ 
0 . 4 )  )< 1 0 4  M -I were obtained from the fits for benzoic 
acid and c~-naphthoic acid. The dimerization constant 
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Table  1. n-Decane, l-hexadecene and 1,9-decadiene/water partition coefficients (molar concentrations) for various solutes at 25~ 

Partition coefficient 

Permeant Decane/water Hexadecene/water Decadiene/water 

1 Water (2.0 + 0 . 2 )  • 10 _5 (5.9 •  • 10 5 (1.2 • 0.1) • 10 4 
2 Formic acid (1.8 • 0.1) • 10 ̀ 4 (3.0 +_ 0.6) • 10 -4 (6.2 • 0.4) X 10 -4 
3 Acetic acid (3.1 • 0.5) x 10 ̀ 4 (7.8 § 0.2) • 10 4 (1.3 • 0.2) • 10 3 
4 Acetamide 9.3 • 10 6 (3.8 + 0 . 5 )  • 10 5 (1.3 •  • 10 4 
5 Butyric acid (9.5 + 0 . 4 ) •  10 -3 ( l .8  • 0.1) • 10 2 (3.9 • 0.1) • 10 2 
6 Adenine (3.7 • 0.1) • 10 `7 (3.1 _+ 0.5) • 10 6 (5.8 _+ 1.7) • 10 -6 
7 Benzoic acid (4.9 •  • 10 ̀ 2 (1.5 •  • 10 i (3.1 •  • 10 
8 p-Toluic acid (2.0 • 0.1) • 10 -I  (5.2 • 0.1) • 10 ~ (9.0 • 0.1) • 10 
9 a-Hydroxy-p-toluic acid (5.0 • 0.2) • 10 -5 (2.5 + 0.1) • 10 4 (7.3 + 0.7) • 10 4 

10 a-Chloro-p-toluic acid (2.8 • 0.3) x 10 -I (4.2 • 0.1) • 10 i (5.3 • 2.4) • 10 i 
11 a-Cyano-p- toluicacid  (3.7 + 0 . 1 ) •  10 ̀ 3 (9.6 +- 1.9) • 10 3 (1.7 2 0 . 1 )  • l0 -2 
12 a-Methoxy-p-toluic acid (4.3 • 1.2) • 10 ̀ 2 (6.4 - 0.5) • 10 2 (1.1 2 0.1) • 10 
13 a-Naphthoic acid (6.9 • 0.4) • 10 -1 2.0 _+ 0.2 2.2 +_ 0.2 
14 /3-Naphthoic acid 2.0 • 0.1 4.1 _+ 0.1 5.7 2 0.2 
15 a-Carboxy-p-toluic acid (1.4 • 0.2) • 10 -5 (4.0 + 0.2) • 10 5 (1.2 + 0.2) • 10 4 
16 o~-Carbamido-p-toluic acid (1.8 • 0.3) • 10 ,6 (7.0 • 0.6) • 10 -6 (4.0 _+ 0.7) • 10 -5 

17 9-Anthroic acid 1.2 • 0.1 3.0 • 0.1 6.4 • 0.5 
18 2' ,3 '-Dideoxyadenosine (3.6 • 0 . 2 ) •  10 ̀ 6 (5.0 -+ 0.1) • 1 0  .5 (6.4 • 1.1) • 10 -5 
19 2 '-Deoxyadenosine (8.0 • 0.4) • 10 -s  6.0 • 10 7 (2.4 • 0.9) • 10 -6 
20 Prednisolone (1.5-+ 0 . 2 ) •  10 ̀ 5 (1.6 • 0.1) • 10 4 (7.9 • 1.0) • 10  4 
21 Hydrocortisone (6.6 • 0.1) • 10 -5 (5.1 • 0.8) • I0 -4 (1.75 + 0.05) • 10 3 
22 hc-21-pimelamide - -  (2.44 • 0.01) N 10 -4 (1.3 2 0.1) • 10 3 

for benzoic acid in hexane has been previously report- 
ed to be 2.1 • 104 M (Takeda, Yamashita & Akiyama, 
1987). The intrinsic bulk solvent/water partition coef- 
ficients, Kw_~h c, determined in this manner, are the val- 
ues presented in Table 1. 

LIPID BILAYER PERMEABILITY COEFFICIENTS 

To proper ly  cor rec t  for  the ef fec ts  of  permeant  
lipophilicity on the size dependence of permeability, 
permeant molecules with different lipophilicity were 
utilized. The more lipophilic permeants included com- 
pounds having a single carboxylate group attached to an 
aliphatic chain or an aromatic ring. Because many of 
these permeants have high membrane permeabilities, the 
method of pH adjustment (Gutknecht & Tosteson, 1973; 
Walter l  Hast ings & Gutknecht ,  1982; Wal ter  & 
Gutknecht, 1984; Xiang et al., 1992) was used to iden- 
tify for each permeant a pH "window" in which trans- 
port is membrane, rather than unstirred water layer con- 
trolled. In the absence of boundary layer pH gradients 
and assuming that only the neutral species diffuse across 
the bilayer, one can relate the apparent permeability 
(Papp) tO the fraction of unionized species ( fHA)  by 

1 1 1 
- - - -  + -  (3) 

Papp PmfHA P a q  

I0 

~ v . �9 J 

i ~ -- �9 �9 

.01 ....... �9 ....... , ........ , ........ 

10 -6 i0 -5 i0 -4 i0 -3 
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Fig. 1. Representative plots of apparent partition coefficients (Kapp) 
in decane/water for benzoic acid ( I ) ,  c~-naphthoic acid (�9 and 9-an- 
throic acid (Q) as a function of their aqueous concentration, C w, at 
25~ 

w h e r e  Paq is the permeability coefficient across the un- 
stirred layer. Values o f f H  A w e r e  determined at each pH 
from pK a values which were available in the literature 
or measured by these investigators (T.-X. Xiang and 
B.D. Anderson, submitted," or this study). Paq w a s  as- 
sumed to be independent of solution pH as both charged 
and neutral species have nearly the same diffusion co- 
efficients in aqueous solution (Albery, Greenwood & 
Kibble, 1967; Xiang & Anderson, 1993). Regression 
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Fig. 2. Permeability--pH profiles for ot-naphthoic acid (@) and [3- 
naphthoic acid (11) at 25~ Curves are nonlinear least-squares fits us- 
ing Eq. (3). 

analyses of the Papp--pH profiles according to Eq. (3), 
illustrated in Fig. 2 for ct- and ]3-naphthoic acids, yield- 
ed estimates of b o t h  Paq and Pro' For c~- and [3-naphthoic 
acid, values o f f H  A w e r e  determined from measured pK a 
values, corrected for ionic strength, of 3.85 + 0.06 and 
4.08 _+ 0.02, respectively (literature values were 3.70 
and 4.17, respectively (Hodgman et al., 1963)). As ex- 
pected, the apparent permeability coefficients were pH 
independent at low pH and virtually independent of 
permeant structure, reflecting unstirred layer controlled 
transport (Paq)" Pm values were obtained from the pH 
region in which apparent permeability coefficients de- 
creased with increasing pH (i.e., as the fraction of neu- 
tral species decreased), indicating that the transport was 
bilayer membrane controlled. 

The permeability coefficients obtained in this work, 
listed in Table 2, vary by a factor of 107. Estimates of 
upper limits for the permeability coefficients of ddI and 
ddG were determined from the known sensitivity of the 
assay and our failure to detect transported ddI and ddG. 
The permeability coefficient for water, Pm = (1.9 -+ 0.9) 
X 10 -3 cm/sec, was calculated from the observed ap- 
parent permeability, Papp = (9 .8  + 0 .7)  >( 10 -4  cm/sec, 
according to, 1/P m = l/Pap p - daq/D w. D w is the self- 
diffusion coefficient of water, 2.45 • 10 -s cm2/sec 
(Robinson & Stokes, 1959) and daq is the sum of the un- 
stirred water layer thicknesses on the two sides of the 
membrane. The value of d a used in obtaining Pm for 
water was the a v e r a g e  daq (1 ~0 + 40 g) determined ex- 
perimentally from the Papp--pH profiles of several ion- 
izable permeants. 

Table 2. Permeability coefficients (Pro) for various nonelectrolyte 
solutes across egg lecithin bilayer membranes at 25~ 

Permeant V (,~,~)~ P,,, Icm/sec) 

I Water 20.6 (1.9 • 0.9) • 10 3 
2 Formic acid 38.5 (2.9 • 0 . 1 )x  I0 -~ 
3 Acetic acid 55.5 (5.0 2 0.2) • 10 3 
4 Acetamide 59.7 (2.9 -+ 0 .3 )x  10 4 

5 Butyric acid 89.5 (1.0 • 0.2) x 10 
6 Adenine 107 (1.38 2 0.02) x 10 5 
7 Benzoic acid 108 (5.7 -+ 0.5) • 10 ] 
8 p-Toluic acid 125 1.1 • 1).2 
9 a-Hydroxy-p-toluic acid 133 (I.6 • 0.4)X 10 -~ 

10 o~-Chloro-p-toluic acid 139 (6.4 • 0.1) • 10 / 
I 1 o~-Cyano-p-toluic acid 144 (2.7 • 0.5) • 10 2 
12 a-Methoxy-p-toluic acid 148 (3.5 • 0.1) • 10 i 
13 /3-Naphthoic acid 149 (1.7 2 0.2) x 10 ~ 
14 a-Naphthoic acid I49 2.3 _~ 0.6 
15 c~-Carboxy-p-toluic acid 152 (1.8 _+ 0.3) • 10 4 
16 o~-Carbamido-p-toluic acid 157 (4.1 • 0 .4 )x  10 5 

17 9-Anthroic acid 190 3.2 _+ 0.8 
18 2',3'-Dideoxyadenosine 195 (6.3 + 0 .1 ) •  10 5 

2',Y-Dideoxyinosine < I(Y 6 
2',3'-Dideoxyguanine < 10 r 

19 2'-Deoxyadenosine 203 (9.4 • 0 .7 ) •  10 7 
20 Prednisolone 309 (1.5 _+ 0.6) x 10 4 
21 Hydrocortisone 316 (5.6 + 0.3) • 10 4 
22 Hydrocortisone-21-pimelamide 452 (I.8 • 0.5) • 10 4 

Molecular volume calculated by the atomic increment method (Ed-  

w a r d ,  1970). 

ecular organization with depth from the surface (Seel- 
ig & Seelig, 1974; Dill & Flory, 1981 ). Solutes are ex- 
cluded from regions of high local order, concentrating 
preferentially in the more disordered midbilayer region 
(White, King & Cain, 1981; Marqusee & Dill, 1986). In 
a similar fashion, free volume is distributed nonuni- 
formly with depth (Xiang, 1993) possibly leading to gra- 
dients in diffusion coefficients (Barenholz et al., 1991). 
Taking membrane heterogeneity into account, the per- 
meability coefficient (Pm) c a n  be expressed in terms of 
K__,~ and D ,  both functions of depth (z), by the fol- 
lowing kinetic integral (Diamond & Katz, 1974) 

1 _ f~t & 
Pm o K ~ D ' Z Z 

(4) 

where d is the thickness of the membrane. If, on the oth- 
er hand, permeation is rate-limited by a distinct region 
within the bilayer (e.g., the ordered chain region as de- 
picted in Fig. 3) with an effective thickness of 8, the 
above equation reduces to 

SELECTION OF A MODEL SOLVENT 

Constraints imposed by interfacial forces in bilayers 
result in partial chain ordering and a variation in mol- 

Pm8 

Kw~hc 
- -  = Dbarrier~ (5) 

where/~ represents the size selectivity for solute parti- 
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Fig. 3. A schematic illustration of the three distinct regions within a 
lipid bilayer. The free energy plot serves as a qualitative indicator of 
the barrier properties in the lipid bilayer. 

tioning into the bilayer barrier domain relative to that 
between the hydrocarbon chosen as a reference solvent 
and water. The above expression is valid only if the ref- 
erence solvent chosen appropriately describes the chem- 
ical environment of the barrier domain. In the follow- 
ing analysis, the effective thickness of the barrier do- 
main, 8, was assumed to be the same for all solutes 
studied, with a value of 18 4.  

Assuming that the rate-limiting region in the bilayer 
behaves like a continuous liquid medium, an equation 
having the form of the Stokes-Einstein relation is often 
assumed for the diffusion coefficient in the barrier re- 

gion, Dbarrie r 

O o 

Dbarrie r V n (6) 

where D O is a constant depending on the microviscosi- 
ty in the barrier domain and V is the molecular volume 
(V) of the diffusing permeant. Molecular volumes were 
calculated by the atomic increment method (Edward, 
1970) 

N 

V = 2 liVi 
i = l  

(7) 

where there are N atomic species in the chemical for- 
mula, and I i a t o m s  of type i having atomic volumes of 
V r Although n was originally assumed to be one-third 
for spherical molecules diffusing in continuous liquid 
media, Hildebrand (1977) suggested that the diffusion 
coefficient depends mainly on the cross-sectional area 
of the permeant, or n = 2/3. Wilke and Chang (1955) 
also concluded from experimental data in bulk liquids 
that n is close to 0.6. 

In the absence of size-dependent partitioning (~ = 
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Fig. 4. Plots of log PmSIKw~hc vs. log of permeant volume (A3/mol- 
ecule), using n-decane (A), l-hexadecene (B), or 1,9-decadiene (C) as 
reference solvents. The unbroken lines are linear least-squares fits ac- 
cording to Eq. (8). 

1), Eqs. (5) and (6) can be combined to yield the fol- 
lowing relationship 

Pro8 
l o g - -  - logD o - nlogV (8) 

Kw-ehc 

In Fig. 4A-C, the logarithms o f  PmS/Kw~hc are plotted 
against log V, with Kw__,h c representing the partition co- 
efficients between n-decane (Fig. 4A), 1-hexadecene 
(Fig. 4B), or 1,9-decadiene (Fig. 4C) and water, re- 
spectively. The parameter and statistical values gener- 
ated from regression analyses of these data according to 
Eq. (8) are listed in Table 3. 

Using decane as a reference solvent (Fig. 4A), the 
data are relatively scattered (r = 0.56) with the more hy- 
drophilic (lipophilic) permeants lying above (below) 
the regression line. This correlation coefficient is sim- 
ilar to that obtained by Walter and Gutknecht (1986) us- 
ing n-hexadecane as a reference solvent to analyze the 
relationship between permeant size and permeability 
for 23 permeants (r = 0.67; n = 1.2). The correlations 
improved significantly (P < 0.05, F-test) when more po- 
lar/polarizable hydrocarbon solvents were used as ref- 
erence solvents, as indicated by the results in Fig. 4B 
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T a b l e  3. Parameter  and statist ical  values derived from Eqs. (8) or 

( 11 ) to account  for the size select ivi ty  for transport  across lecithin 

bi layers  

Solvent  It Intercept a' / '  

n-Decane 0.8 + 0.3 - 4 . 1  + 0.6 0.56 

1-Hexadecene 1.2 ~- 0.1 3.7 _+ 0.3 0.87 h 

1,9-Decadiene 1.4 _+ 0.2 3.6 -+ 0.3 0.90 b 

1,9-Decadiene 0.8 +- 0.3 4.7 _+ 0.5 0.0053 + 0.002 0.93 b 

1.9-Decadiene 5.9 -~ 0.1 /).010 ~ 0.001 0.90 b 

F3 

L 
O 

~d 

:~ Square root of the coeff icient  of determination.  

t, Significantly improved fit (P < 0.05. F-test for equality of variances) 

over the model using decane partit ion coefficients.  

and C, where l-hexadecene and 1,9-decadiene were 
used, respectively. 

The relatively poor fit when decane is used as a ref- 
erence solvent and that significantly improved fits are 
obtained with l-hexadecene and 1,9-decadiene suggest 
that the lipid bilayer barrier domain is more polar/po- 
larizable than an alkane solvent. However, it is well 
known that partitioning between water and different 
solvents or biomembranes can be correlated by linear 
free energy relationships as long as the differences in the 
partitioning behavior of the solvents and membranes are 
small (Collander, 1951; Diamond & Katz, 1974). This 
may hold in our present analysis as no strong interac- 
tions such as hydrogen bonding exist between the per- 
meants and the three model solvents used. Applying 
this principle, one can correlate permeability coeffi- 
cients with both partition coefficients and solute mole- 
cular volumes by 

l o g P  = logD,/8 + slogKw~h~ - nlogV (9) 

The selectivity coefficient, s, provides information on 
the degree to which the lipid bilayer resembles the sol- 
vent properties of the reference solvent used. The most 
appropriate reference solvent yields an s value equal to 
one. Multiple regression analyses of the permeability 
data according to Eq. (9) resulted in no significant im- 
provement in fit for the 1-hexadecene and 1,9-decadi- 
erie data, but the decane data were fit significantly bet- 
ter (P < 0.05) when compared to the fit using Eq. (8). 
There were no longer any statistically significant dif- 
ferences in the regressions using the various model sol- 
vents when s was included as an adjustable parameter. 
Values of the selectivity coefficient, s, were 0.88 + 
0.02, 0.97 _+ 0.02, and 1.03 _+ 0.02 for decane, 1-hexa- 
decene, and 1,9-decadiene, respectively, confirming the 
previous finding that the more polarizable hydrocarbon 
solvents more closely resemble the partitioning behav- 
ior of lipid bilayer membranes. The values obtained for 
n, which differ significantly depending on the refer- 
ence solvent, were not appreciably altered by the in- 
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Fig. 5. Plot of log D for diffusion of various solutes in decane (Wal- 

ter & Ioakimidis ,  1976; Evans, Tominaga  & Chan, 1979) vs. molec- 

ular volume. V, (,~3/molecule) (upper curve) in comparison to the plot 

of log P, ,SIKh~.  vs, V using 1.9-decadiene as a reference solvent.  

The unbroken curves are best fits of the data using Eq. (6) (upper 
curve) or Eq. ( I 1 ) ( lower curve). 

clusion of s as an adjustable parameter (n = 0.7 -+ 0.2, 
1.2 _+ 0.1, and 1.4 _+ 0.2, for decane, 1 -hexadecene, and 
1,9-decadiene, respectively). 

P E R M E A B I L I T Y - - P E R M E A N T  SIZE RELATIONSHIPS 

We now focus attention on the proper form for the re- 
lationship between diffusion coefficients in lipid bilay- 
er membranes and permeant size. Figure 5 shows the 
logarithms of the diffusion coefficients of several non- 
electrolytes in bulk decane at 298 K as a function of 
molecular volume along with the lecithin/decane bilay- 
er permeability data corrected for the assumed barrier 
domain thickness and normalized by decadiene/water 
partition coefficients. A fit of the decane diffusion da- 
ta to an equation having the same form as Eq. (6) gave 
n = 0.74 _+ 0.10, close to the two-thirds dependence 
suggested by Hildebrand (1977) for diffusion in bulk 
solvents, but about half that obtained for permeation in 
the bilayer (n = 1.4) when the appropriate (i.e., 1,9- 
decadiene) reference solvent is used. 

The steep size dependence for transport across bi- 
ological membranes is generally attributed to the effects 
of chain ordering on the diffusion coefficient (Lieb & 
Stein, 1986), but this ignores the possibility that parti- 
tioning into bilayers is also likely to exhibit a depen- 
dence on solute size due to the unfavorable configura- 
tional entropy and high lateral pressures in the highly 
ordered chain region of bilayers (Marqusee & Dill, 
1986; Xiang & Anderson, 1994). We have recently 
developed a mean-field statistical mechanical theory for 
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molecular partitioning into interphases (Xiang & An- 
derson, 1994). The excluded volume interaction is 
modeled in terms of a reversible work which is required 
to create a cavity for the solute having size V in an in- 
terphase against a pressure tensor exerted by the sur- 
rounding interphase molecules. Model calculations 
show that increased lateral pressures p• (bar) result in 
solute exclusion from the interphase. Provided that the 
reference solvent mimics closely the chemical mi- 
croenvironment of the bilayer barrier domain, the size 
selectivity ~ for partitioning of globular permeants in- 
to the rate-limiting domain is predicted to decrease ex- 
ponentially with permeant volume 

= e-2(p~ 1)V/3kBT (10) 

where k 8 is the Boltzmann constant and T the absolute 
temperature. Equation (10) is also an excellent ap- 
proximation for elongated solutes due to the relatively 
weak dependence of solute partitioning on molecular 
shape (Xiang & Anderson, 1994). 

Including the effects of molecular size on solute 
partitioning into bilayers in Eq. (8), we obtain the over- 
all predicted effect of permeant size on membrane per- 
meability 

logPmS/Kw~h~ = logD ~ - nlogV - otW2.303 (11) 

where c~ = 2/3 (p• - 1)/ksT. Since decadiene was pre- 
viously selected as a suitable model solvent for the 
chemical properties of egg phospholipid bilayers, Eq. 
(11) was applied to the permeabilities divided by deca- 
diene/water partition coefficients, with logD o, n and c~ 
as adjustable parameters. The lower curve in Fig. 5 is 
the best fit of the data assuming this model�9 By setting 
either n or a equal to zero in Eq. (11) it was possible 
to test models which ascribe the entire molecular size 
dependence in permeability coefficients to either size- 
dependent partitioning (n = 0) or size-dependent dif- 
fusion coefficients (c~ = 0). The regression results are 
presented in Table 3. Although the coefficient of de- 
termination was highest when both size-dependent par- 
titioning and diffusion were allowed, application of the 
F-test for equality of variances indicated no significant 
differences in the fits of the  Pm~)/gw~decadiene data re- 
gardless of the form of the size dependence relationship 
used. 

Discussion 

RELIABILITY OF THE PERMEABILITY MEASUREMENTS 

As noted by previous investigators (Walter et al., 1982) 
and evident from an inspection of Eq. (3), the membrane 

permeabilities of relatively small or lipophilic permeants 
may be so high that diffusion through unstirred water 
layers adjacent to the membrane is the rate-limiting 
step for diffusion (i.e., P << P ) and the true P val- a q. m m 
ue cannot be obtained rehably from simple flux mea- 
surements. For this reason, we have, where possible 
(i.e., ionizable permeants) used the method of pH ad- 
justment, described in previous publications (Xiang et 
al., 1992; Xiang & Anderson, 1993) to identify for each 
permeant a pH "window" in which transport is clearly 
membrane controlled, as illustrated in Fig. 2 for a- and 
[~-naphthoic acids In this manner, P values could be 

�9 aq 
determined for each of the ionizable permeants and 
substituted into Eq. (3) or included as fitted parameters 
in applying Eq. (3) to the permeability vs. pH profiles 
to generate the Pm values listed in Table 1. Paq values 
should be independent of lipophilicity and only weak- 
ly dependent on molecular v o l u m e  (Paq~V 1/3) through 
the Stokes-Einstein relationship. Consistent with this 
expectation, estimates of the unstirred layer thickness, 
daq," varied over a narrow range from experiment to ex- 
periment (120 _+ 40 p.). The variation in d ,  from ex- 

a N 
periment to experiment was due perhaps to differences 
in hole size in the Teflon sheets used, or to changes in 
positioning of the hole where the lipid bilayers were 
formed in relation to the position of the magnetic fleas 
after cell disassembly and reassembly. With the ex- 
ception of Pm for water, the unstirred water layer cor- 
rections applied to nonionizable permeant Papp da t a  

were small and not significantly affected by the exper- 
iment-to-experiment variation in daq. The unstirred wa- 
ter layer correction for the diffusion of 3H20 is rather 
large, however, and the uncertainty reported for water's 
Pm is mainly from the uncertainty in the unstirred lay- 
er thickness estimation. 

The permeability coefficient for water obtained in 
this study (1.9 _+ 0.9 X 10 -3 cm/sec) agrees reasonably 
well with values reported by Finkelstein (1976), 2.2 X 
10 -3 cm/sec, and Walter (1981), 3.4 • 10 3 cm/sec. 
The permeability coefficients for acetic acid and butyric 
acid from this study are in close agreement with those 
observed by Walter and Gutknecht (1984), 6.9 X 10 -3 
cm/sec and 9.5 • 10 -2 cm/sec, respectively, whereas 
our permeability coefficient for formic acid, (2.9 _+ 
0.1) x 10 -3 cm/sec, is 2.5 times smaller than the val- 
ue given by Walter and Gutknecht (1984) of 7.3 X 
10 -3 cm/sec. Formic acid was not included in their re- 
gression analysis of the permeability--size profile be- 
cause of its anomalously high permeability coefficient. 

Some of the values in Table 1, notably those for p- 
toluic acid and its R-substituted analogues were report- 
ed elsewhere (T.-X. Xiang and B.D. Anderson, submit- 
ted). They were used to generate apparent functional 
group contributions to the free energy of transfer of 
permeant from water to the bilayer barrier domain. For 
example, a value of 3.9 kcal/mol was estimated for the 
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- O H  group contribution, indicating that addition of 
well-isolated primary - O H  to a permeant molecule de- 
creases its permeability across egg lecithin bilayers by 
a factor of =600. In contrast to this prediction, a com- 
parison of the permeability coefficients between U-de- 
oxyadenosine and 2',3'-dideoxyadenosine indicates that 
the addition of an - O H  group at position 3'-C de- 
creases permeability by a factor of only 60. This rela- 
tively small - O H  group effect on permeability suggests 
the existence of a strong intramolecular interaction of 
the T-OH group with neighboring substituent(s), prob- 
ably with the 5'-OH group. 

ON THE SELECTION OF A MODEL BULK SOLVENT TO 

DESCRIBE THE CHEMICAL NATURE OF THE BARRIER 

DOMAIN IN LIPID BILAYER MEMBRANES 

As originally pointed out by Diamond and Katz (1974), 
the resistance to permeation across lipid bilayer mem- 
branes (1/Pm) may be expressed as a sum of interfacial 
resistances and the resistance offered by the hydrocar- 
bon chain region of the bilayer. The contributions of the 
bilayer interfacial regions to the overall transport bar- 
rier are generally assumed to be negligible, based on the 
findings of several groups, including our own, that the 
chemical selectivity of the permeability barrier resem- 
bles that of hydrocarbon solvents more closely than 
more polar, hydrogen bonding solvents which would be 
closer in properties to the highly polar interfacial region 
(Finkelstein, 1976; Lieb & Stein, 1986; Walter & 
Gutknecht, 1986; T.-X. Xiang and B.D. Anderson, sub- 
mitted). Thus, the resistance to permeability in lipid bi- 
layer membranes can be expressed by the integral of the 
inverse of the products of local partition coefficients 
(Kw_,z) and diffusion coefficients (Dr) within the hy- 
drocarbon chain region of the bilayer, [~oth of which are 
dependent on depth (z), as described in Eq. (4). We 
have assumed in the present treatment that a distinct re- 
gion within the bilayer (i.e., the highly ordered chain re- 
gion) with an effective thickness 5 constitutes the rate- 
limiting region. Both experimental and theoretical ev- 
idence justify this assumption. Experimentally, we 
have recently shown (Xiang et al., 1992) the perme- 
ability of acetamide to be independent of lecithin/decane 
bilayer thickness when the solvent-filled region of the 
bilayer was systematically varied, suggesting that the 
disordered solvent domain contributes negligibly to the 
overall barrier. It is reasonable that the ordered chain 
region should constitute the barrier domain as partial 
chain ordering leads to solute exclusion (White et al., 
1981; Marqusee & Dill, 1986; Xiang & Anderson, 1994) 
and a reduction in free volume (Xiang, 1993). The 
overall thickness of solvent-free egg lecithin bilayers 
has been previously determined to be =25 ,~ (Xiang et 

al., 1992), whereas molecular order parameters mea- 
sured by deuterium NMR (Stockton & Smith, 1976) 
indicate that about 72% of the chain segments in the bi- 
layer are in the highly ordered region with Smo I ~ 0.3. 
This justifies our selection of 18 A for the thickness of 
the proposed barrier domain. 

Direct measurement of the relevant barrier domain 
parameters (i.e., Kbarrie r and Obarrier) is not readily ac- 
complished for several reasons. First, as pointed out by 
Diamond and Katz (1974) the zone of minimum parti- 
tion accounts disproportionately for the resistance so 
that equilibrium determinations of bilayer/water parti- 
tion coefficients may not reflect the properties of the 
barrier domain. Determinations of Obarrie r m u s t  take in- 
to account the anisotropy of translational diffusion in 
such highly ordered systems and require knowledge of 
the translational distribution function of the diffusing 
species within the bilayer (Moscicki et al., 1993). 

We have proposed in a recent statistical mechani- 
cal study combined with molecular dynamics simula- 
tions (Xiang & Anderson, 1994) that Kbarrie r may be 
expressed as 

Kbarrie r =-- Kw_,hc~ (12) 

where Kw+hc represents the partition coefficient of 
solute between an appropriate bulk organic solvent and 
water. If the organic solvent is chosen to closely mim- 
ic the chemical microenvironment of the barrier region, 
then { accounts for the additional work required to cre- 
ate a cavity the size of the solute against the pressure 
tensor exerted by the surrounding interphase chain mol- 
ecules. To understand or even properly define the re- 
lationship between molecular size and permeability in 
lipid bilayer systems, therefore, it is essential to iden- 
tify an appropriate model bulk solvent to correct for the 
chemical selectivity of bilayer transport. 

Although alkane solvents are regarded by many as 
the most suitable model solvents for describing the bar- 
rier microenvironment in lipid bilayers (Finkelstein, 
1976; Stein, 1986; Walter & Gutknecht, 1986), a recent 
comparison in the authors' laboratories of functional 
group contributions to lipid bilayer permeabilities with 
the effects of the same groups on partitioning in vari- 
ous bulk solvent/water systems using a series of seven 
solutes with minimal differences in molecular size in- 
dicated that the partially unsaturated hydrocarbons 1- 
hexadecene or 1,9-decadiene more closely resemble the 
chemical selectivity of egg lecithin bilayers than either 
hexadecane or octanol. Selectivity coefficients (Eq. 9), 
s, obtained in that study were 0.85, 0.91, 0.99, and 2.4 
for hexadecane, hexadecene, 1,9-decadiene, and oc- 
tanol, respectively, leading to the selection of 1,9-deca- 
diene as the most suitable model solvent. The results 
of the present study, displayed in Figs. 4A-C and sum- 
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marized in Table 3, are consistent with our previous ev- 
idence favoring 1,9-decadiene or hexadecene over de- 
cane as model solvents. While both hexadecene and 
decadiene partition coefficients gave statistically sig- 
nificant improvements in the fits of log Pm~]Kw_~hc vs. 
log V using Eq. (8), the difference in fit obtained using 
1,9-decadiene partition coefficients rather than hexa- 
decene/water partition coefficients was not significant. 
Including an additional parameter in the model to allow 
the selectivity coefficient, s, to have a value other than 
one (Eq. 9) resulted in a substantial improvement in the 
fit using decane/water partition coefficients and result- 
ed in all three fits becoming virtually identical. In the 
treatment described by Eq. (9), however, one must con- 
sider the value of s in addition to the degree of fit in de- 
termining which bulk solvent is the most suitable as a 
model of bilayer chemical selectivity. Again, hexa- 
decene and decadiene are superior to decane. 

The possibility that the barrier domain is more po- 
lar/polarizable than an alkane solvent can be rational- 
ized by one or both of the following factors: (a) there 
is a broad distribution of double bonds in the acyl chain 
molecules within egg lecithin (Fettiplace, Andrews & 
Haydon, 1971) and since (i) the first double bond in a 
fatty acid chain is usually located between carbons 9 and 
10 with the majority of chains having lengths of 16 or 
18 carbons (Fettiplace et al., 1971), (ii) the fluctuation 
of chain motions along the bilayer normal is on the or- 
der of several angstroms (Wiener & White, 1992), and 
(iii) about 72% of the chain segments in the bilayer are 
in the highly ordered region with Smo 1 ~> 0.3 (Stockton 
& Smith, 1976), some double bonds in the lipid chains 
may be present in the effective barrier region; (b) the ef- 
fective dielectric constant in the barrier domain may be 
elevated as a result of its proximity to the interface. Un- 
like in bulk partition experiments where only a very 
small number of solute molecules are in the vicinity of 
the interfacial region, a permeant located in the barrier 
region within a bilayer may be less than 10 A from the 
interface. Egg lecithin is a zwitterionic lipid with a car- 
bonyl group dipole moment on the order of 2 D (Smyth, 
1955). The electrostatic potential induced by the dipole 
array of the head groups can reach up to 500 mV in the 
bilayer interior (McLaughlin, 1977). Substantial pen- 
etration of water beyond the head group region of the 
lipid bilayer can also not be ruled out (Leermakers, 
Scheutjens & Lyklema, 1983; Egberts & Berendsen, 
1988; Nicklas et al., 1991). 

The alteration of van der Waals (vdW) attractive in- 
teractions between a permeant and the surrounding acyl 
chains in a bilayer should have only a minor effect on 
its diffusion coefficient as previous studies have shown 
that dipole moment does not affect the experimental dif- 
fusion coefficients (Chan, 1983). This is also consis- 
tent with the rough-hard-sphere model which assumes 
that molecular translational motions in a liquid are de- 

termined primarily by the harsh repulsive parts of the in- 
termolecular forces (Chandler, 1974). 

MOLECULAR VOLUME DEPENDENCE OF LIPID 
BILAYER PERMEABILITY 

According to Eq. (5), lipid bilayer permeability coeffi- 
cients which have been corrected for an assumed barri- 
er thickness of 18 ~ and normalized by Kw~decadiene, re- 
flect the product of the diffusion coefficient in the bar- 
rier domain, Dbarrier, and the size-dependent part of the 
partition coefficient, ~. Figure 5 displays the compari- 
son of the size-dependent components of lipid bilayer 
transport with diffusion in the bulk hydrocarbon solvent, 
decane. The disparity in these curves provides addi- 
tional evidence that the barrier region of egg lecithin/de- 
cane bilayers does not resemble the essentially disor- 
dered (McIntosh, Simon & MacDonald, 1980; Pope, 
Walker & Dubro, 1984) decane-filled center of the bi- 
layer, as the permeant size--Pm~/Kw~decadien e profiles 
should have resembled the size-diffusion coefficient 
profile in bulk decane solvent if the bilayer center were 
rate limiting. When the size dependence in lipid bi- 
layer permeability was attributed solely to changes in 
Dbarrie r (i.e., ~ = 1; c~ = 0), the n values obtained by ap- 
plication of Eq. (6) (Table 3) proved to be extremely 
sensitive to the model solvent chosen to correct for 
lipid bilayer barrier/water partitioning, further estab- 
lishing the importance of choosing the most appropri- 
ate model solvent. Using 1,9-decadiene as the reference 
solvent, an n of 1.4 was obtained. The value of n in egg 
lecithin bilayers resembles that for diffusion in polymers 
when determined in the same manner, where n values 
of 3.8 and 1.1 were found for diffusion in polymethy- 
lacrylate and natural rubber, respectively (Lieb & Stein, 
1969). Local chain order in amorphous polymers results 
from the parallel alignment of several neighboring 
chains to form chain bundles (Pace & Datyner, 1979) 
and persists over distances of a few tens of angstroms. 
This observation along with our present results strong- 
ly suggest that the transport barrier is located in the or- 
dered hydrocarbon chain region of the bilayer, depict- 
ed in Fig. 3. 

Free-volume theory for self-diffusion in a liquid of 
hard spheres, developed by Cohen and Turnbull (Cohen 
& Turnbull, 1959), suggests that translational diffusion 
of a solute occurs when statistical redistribution of free 
volume opens up a void of a critical size in the imme- 
diate vicinity of the solute. This theory has been utilized 
extensively to describe diffusion behavior in polymers 
(Fujita, 1968; Vrentas et al., 1985 a,b). Recent studies 
have shown, however, that in contrast to the original as- 
sumption by Cohen and Turnbull, elementary diffusive 
displacement may involve only a fraction of the total 
molecular volume (Mauritz, Storey & George, 1990; 
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Vrentas & Vrentas, 1990). Taking this into account, dif- 
fusion of globular solutes in polymers and simple liq- 
uids exhibits size dependencies described by Eq. (6) 
with n in the range of 2/3-2 (Mauritz et al., 1990). It 
should be noted, however, that the mathematical form 
of Eq. (10), which describes the size selectivity for par- 
titioning of globular permeants into the rate-limiting 
domain of bilayers, resembles the form of the Cohen and 
Turnbull relationship. 

Taking size-dependent partitioning into account by 
allowing ~ to vary (Table 3) resulted in a reduction in 
the value ofn  to 0.8, close to the value obtained for dif- 
fusion in decane, suggesting that the size dependence of 
the diffusional behavior in bilayers may be less than pre- 
viously thought (Stein, 1986). From Eqs. (10) and (11), 
the value o~ obtained corresponds to a lateral pressure 
of 300 _+ 100 bar in the rate-limiting region in the bi- 
layer. The authors have previously calculated the lat- 
eral pressure profile in a model lipid bilayer having a 
chain length of 16 carbons and surface density of 30 
A2/chain molecule as a function of depth in the bilayer 
interior by means of molecular dynamics simulation 
(Xiang & Anderson, 1994). The lateral pressure corre- 
sponding to this surface density is 300 bar in the high- 
ly ordered barrier region and decreases abruptly in the 
center of the bilayer. The egg lecithin bilayer has an av- 
erage chain length of 17.8 carbons and the same surface 
density as the simulated bilayer (Fettiplace et al., 1971 ). 
The good fit of the model and the close agreement be- 
tween the lateral pressures in the rate-limiting region in 
the egg lecithin bilayer and the highly ordered chain re- 
gion in the model bilayer make plausible the hypothe- 
sis that a portion of the size dependence in lipid bilay- 
er permeabilities resides in the partitioning component. 
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