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Chapter 5
Factors Determining the Oxygen Permeability 
of Biological Membranes: Oxygen Transport 
Across Eye Lens Fiber-Cell Plasma 
Membranes

Witold Karol Subczynski, Justyna Widomska, and Laxman Mainali

Abstract  Electron paramagnetic resonance (EPR) spin-label oximetry allows the 
oxygen permeability coefficient to be evaluated across homogeneous lipid bilayer 
membranes and, in some cases, across coexisting membrane domains without their 
physical separation. The most pronounced effect on oxygen permeability is observed 
for cholesterol, which additionally induces the formation of membrane domains. In 
intact biological membranes, integral proteins induce the formation of boundary and 
trapped lipid domains with a low oxygen permeability. The effective oxygen perme-
ability coefficient across the intact biological membrane is affected not only by the 
oxygen permeability coefficients evaluated for each lipid domain but also by the 
surface area occupied by these domains in the membrane. All these factors observed 
in fiber cell plasma membranes of clear human eye lenses are reviewed here.
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1  �Introduction

The most fundamental function of biological membranes is the creation of barriers 
between intracellular and extracellular environments as well as between different 
cellular compartments. This is largely due to the hydrophobicity of the membrane 
interior. Water soluble components such as ions and sugars can cross biological 
membranes through channels or transporters. Nonelectrolytes, like molecular oxy-
gen, can cross the lipid bilayer membrane component by passive diffusion, 
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permeating directly through the bilayer. The oxygen flux across the lipid bilayer (J) 
is proportional to the difference in oxygen concentration in water on either side of 
the membrane (C″ − C′) and the membrane permeability coefficient (PM):

	
J P C C= - -( )¢¢ ¢

M 	
(5.1)

Here, PM describes bulk membrane properties without detailed analysis of mech-
anisms involved in membrane permeation. This equation implies that PM can be 
easily measured using a stop-flow rapid-mixing approach to create an oxygen gradi-
ent. These studies have been criticized, however, because the presence of a thick (~2 
μm) unmixed water layer prevents immediate contact of oxygenated water with the 
membrane. It was determined that these methods can be used only for solutes with 
PM < 10−2  cm/s [1]. Fortunately, Diamond and Katz [2] derived an expression for 
the permeability coefficient of nonelectrolyte solutes across the lipid bilayer:

	
1 / / /P C C J r dx K x D x rM = - -( ) = + ( ) ( ) +¢¢ ¢ ¢ ¢¢ò 	

(5.2)

The oxygen partition coefficient K(x) and the oxygen diffusion coefficient D(x) 
are allowed to vary across the bilayer. The integration is taken across the hydropho-
bic portion of the membrane. Resistances r’ and r” are, conceptually, connected to 
transport across the head-group region [3]. Thus, the knowledge of profiles of the 
oxygen diffusion-concentration product across the hydrophobic region of the lipid 
bilayer allows evaluation the oxygen permeability coefficient across that region.

2  �Methods

Electron paramagnetic resonance (EPR) spin-label oximetry approaches allowed 
the oxygen diffusion-concentration product in any site which can be spin labeled or 
spin probed by nitroxide spin labels to be obtained. Based on measurements of spin-
lattice relaxation time T1 using the saturation-recovery EPR technique, Kusumi 
et al. [4] defined an oxygen transport parameter as:

	
W x T air x T N x( ) = ( ) ( )- -
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(5.3)

Since W(x) is proportional to the collision rate of oxygen with the nitroxide spin 
label group, it is a function of both the concentration C(x) and the translational dif-
fusion coefficient D(x) of oxygen at depth x in the air-equilibrated membrane,

	
W x AD x C x( ) = ( ) ( ) 	

(5.4)

Using different lipid spin labels, with nitroxide groups located at different depths 
in membranes, profiles of W(x), and, thus, profiles of D(x)C(x) across membranes, 
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can be easily obtained (see [5] for an evaluation of A). Combining the theory devel-
oped by Diamond and Katz [3] and spin-label oximetry methods, Subczynski et al. 
[6] developed a procedure to calculate PM based on the profiles of W(x) across the 
membrane for samples equilibrated with air. Since the nitroxide moiety of the lipid 
spin labels can be placed in the headgroup region as well as in the hydrophobic 
region, r’ and r” in Eq. (5.2) can also be estimated within the integral. For samples 
equilibrated with air, the local oxygen concentration C(x) and the oxygen concen-
tration in the water phase Cw(air) are related by the equation:

	
K x C x C air( ) = ( ) ( )/ w 	

(5.5)

and Eq. (5.2) becomes:

	
1 / /P AC air dx W xM w= ( ) ( )ò 	

(5.6)

Thus, PM can be evaluated in terms of experimental observable W(x) and Cw(air) 
can be taken from published tables. Profiles of W(x) are obtained for samples equili-
brated with air without the creation of oxygen gradients across the membrane.

3  �Results

The EPR spin-labeling method turned out to be very powerful for oximetry mea-
surements, allowing measurements of PM across homogeneous lipid bilayers and 
across coexisting membrane domains in model membranes made of commercially 
available phospholipids and total lipids isolated from biological membranes. It was 
also successfully applied to evaluate PMs across lipid domains induced by mem-
brane integral proteins in intact membranes. Our recent research is focused on the 
permeability properties of the lipid bilayer portion of fiber cell plasma membranes 
of eye lenses. These membranes, with their unique lipid composition (extremely 
high cholesterol (Chol) content) and high load with integral membrane proteins can 
serve as a good illustration, showing how different factors can affect the oxygen 
permeability of biological membranes.

3.1  �Model Lipid Bilayer Membranes

3.1.1  �Effect of Acyl Chains Unsaturation

Incorporation of either a cis or trans double bond at the C9–C10 position of the acyl 
chain decreased the oxygen diffusion-concentration product at all locations (depths) 
in the phospholipid bilayers [5]. We think that the key feature of oxygen transport in 
the lipid bilayer is the small size of the molecule. Since molecular oxygen is small, 
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its diffusion in the membrane must be quite different from that of lipids and other 
molecules of larger sizes. Oxygen transport in the membrane is closely related to the 
creation and movements of many small, vacant pockets due to rapid gauche-trans 
isomerization of acyl chains and conformational mismatch between lipid molecules. 
The presence of a rigid double bond would reduce the dynamics of the chain around 
the double bond. These data indicate that the dynamic gauche-trans isomerization 
of acyl chains plays an important role in oxygen diffusion in the membrane and are 
in agreement with the arguments advanced by Pace and Chan [7] on the relationship 
between the diffusion of small molecules in the membrane and kink migration and/
or kink formation due to the acyl chain isomerization.

3.1.2  �Effect of Cholesterol Intercalation

Based on our observations, we can conclude that the intercalation of Chol in satu-
rated membranes decreases the oxygen diffusion-concentration product in the polar 
headgroup and hydrocarbon regions (to the depth to which the rigid ring structure 
of Chol is immersed), but little affects this product in the membrane center [6]. In 
unsaturated membranes, intercalation of Chol also decreases the oxygen diffusion-
concentration product in and near the polar headgroup region but increases this 
product in the membrane center [5]. Since the major barrier for oxygen permeation 
is located in and near the polar headgroup region, the presence of Chol decreases 
total membrane permeability for oxygen despite the increase in the oxygen diffusion-
concentration product in the bilayer center. Interestingly, a high cholesterol content 
is responsible for creating hydrophobic channels for oxygen transport parallel to the 
membrane surface, concurrently, is responsible for creating the rigidity barrier to 
oxygen transport across the membrane [8].

3.1.3  �Cholesterol-Induced Phases and Domains

When investigating effects of Chol on oxygen transport across lipid bilayer mem-
branes, one must to take into account the membrane phases and domains presented 
in membranes at different Chol contents. Membranes made of dimyristoylphospha-
tidylcholine (DMPC) and Chol form one of the simplest paradigms for the study of 
formation, coexistance, and separation of phases and domains. As shown in the 
phase diagram presented by Almeida et al. [9] and extended by Mainali et al. [10], 
at a physiological temperature, the liquid-disordered phase can adopt up to ~10 
mol% Chol. This is a homogenous phase with properties (that is, the profile of the 
oxygen diffusion-concentration product) that change smoothly up to 10 mol% Chol. 
Above this concentration, a new liquid-ordered phase is formed with a Chol concen-
tration of ~30 mol%. Thus, for Chol contents ranging between 10–30 mol%, these 
two phases coexist with very different oxygen diffusion-concentration product pro-
files [11]. The liquid-ordered phase can adopt ~30–50 mol% Chol. Increased Chol 
concentration drastically changed the profile of the oxygen diffusion-concentration 
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product, which is bell-shaped at 30 mol% and rectangular-shaped (with abrupt 
increase of three–four times between C9 and C10) at 50 mol% Chol. Because the 
liquid-ordered phase of DMPC cannot adopt more than 50 mol% Chol, at higher 
contents, the excess of Chol forms the pure Chol bilayer domains (CBDs) sur-
rounded by the phospholipid bilayer saturated with Chol [10]. At a Chol content 
above 66 mol% Chol (which is the Chol solubility threshold for DMPC), these pure 
CBDs collapse, forming Chol crystals, presumably outside the lipid bilayer. The 
EPR spin-labeling approach allows estimation of the permeability coefficient for 
oxygen across the CBD with the use of only two Chol analogue spin labels; thus, 
based only on approximate profiles of the oxygen diffusion-concentration product 
[12]. These data indicate that CBDs most strongly affect the total oxygen permea-
bility coefficient. We conclude that oxygen permeation through all these phases and 
domains should be considered when the total oxygen permeability across lipid 
bilayer membranes is evaluated.

3.1.4  �Lens Lipid Membranes

Lens lipid membranes are formed from the total lipid extracts from different regions 
of eye lenses. The Chol content in the eye lens fiber-cell plasma membrane is 
extremely high. Chol saturates the bulk phospholipid bilayer and induces formation 
of CBDs within the membrane [13]. The saturating Chol content in fiber-cell mem-
branes keeps the bulk physical properties of lens-lipid membranes (including pro-
files of the oxygen-diffusion concentration product) consistent and independent of 
changes in phospholipid composition [14]. The phospholipid composition of fiber-
cell membranes changes significantly with age and between different regions of the 
lens. Surprisingly, independent of these differences, profiles of the oxygen diffusion-
concentration product across phospholipid domains are very similar in all of the 
investigated membranes [15]. They have a rectangular shape with an abrupt increase 
in the oxygen diffusion-concentration product at the C9–C10 position. In the head-
groups and hydrocarbon regions to the depth of C9, the product is as low as in gel-
phase membranes. At locations deeper than C9, it is as high as in fluid-phase 
membranes. These profiles are typical for lipid bilayers saturated with Chol and are 
very different from the bell-shaped profile across membranes without Chol.

3.2  �Intact Fiber Cell Plasma Membranes of Eye Lenses

Integral membrane proteins are practically impermeable to oxygen [16]. However, 
they affect (decrease) the oxygen permeability of the lipid bilayer, creating bound-
ary lipids (around integral proteins) and trapped lipids (in protein-rich domains) for 
which oxygen transport is significantly lower [17]. In human lens membranes, more 
than 50% of lipid molecules are in contact with integral proteins.
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3.2.1  �Lipid Domains

Our most recent studies have focused on intact lens membranes isolated from 
human lenses [18]. We hypothesized that we should find the presence of the four 
purported lipid domains that are induced in the lipid bilayer portion because of the 
presence of integral membrane proteins, namely, bulk, boundary, and trapped lipids, 
as well as pure CBDs. We were able to confirm the existence of three of them: bulk, 
boundary, and trapped lipid domains [18].

3.2.2  �Oxygen Permeability across Domains in Intact Fiber Cell 
Membranes

The EPR spin-labeling approach allowed us to evaluate PM across bulk plus bound-
ary lipid domains, and across trapper lipids in both cortical and nuclear eye lens 
membranes [18]. Separation of results for bulk lipids and boundary lipids is not 
possible because the lipids exchange too quickly between these domains. Results 
obtained for clear lenses from donors from groups age 0–20, 21–40, 41–60, and 
61–80 years [18] indicate that for all membrane domains in cortical and nuclear 
fiber cell membranes, the permeability for oxygen was significantly lower than 
across water layers of the same thickness as these domains. The lowering effect was 
mainly due to the presence of membrane proteins and the formation of boundary 
and trapped lipid domains. For all age groups investigated, the PM across the bulk 
plus boundary domain was always smaller (by 30%, on average) in nuclear than in 
cortical membranes. This difference was even greater for trapped lipids where the 
PM across trapped lipids in nuclear membranes, on average, was 45% smaller com-
pared to that in cortical membranes. The permeability of the trapped lipid domain in 
cortical and nuclear membranes was ~4.7 and ~8.5 times smaller, respectively, then 
the permeability across water layers of the same thickness as the domain. Thus, the 
trapped lipid domain forms a major membrane barrier for oxygen transport into the 
lens center, and this barrier was significantly greater in the lens nucleus. However, 
for all investigated age groups, the values of the PM measured for corresponding 
membrane domains did not change significantly with age.

4  �Conclusions

The effective PM across the lipid bilayer portion of the fiber cell plasma membrane 
is, in the first approximation, equal to the weighted sum of the PMs evaluated for 
each lipid domain. The weight for each domain is proportional to the surface area 
occupied by the domain, divided by the total surface occupied by the lipid bilayer 
portion of the membrane. An EPR spin-labeling method has been developed that 
allows quantitative evaluation of the amounts of phospholipids and Chol (which 
determines the surface of the domain) in lipid domains of intact membranes [19]. 
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Application of this method to fiber-cell plasma membranes isolated from cortical 
and nuclear regions of clear eye lenses indicates that the relative amounts of bound-
ary and trapped phospholipids, and trapped Chol in nuclear membranes increase 
significantly with donor age. The amount of lipids in those domains in cortical 
membranes did not change significantly with age. The combination of results for 
oxygen permeability across lipid domains with those regarding the amount of lipids 
in domains allowed us to conclude that trapped lipids in the lipid bilayer portion of 
nuclear fiber cell membranes form a high barrier to oxygen permeation into the lens 
center, and that this barrier increases with age. In cortical fiber cell membranes, bar-
riers formed by the lipid bilayer domains were significantly lower than in nuclear 
fiber cells and did not change with age, although these barriers were still consider-
ably greater than across a water layer of the same thickness as domains. Proteins are 
nearly impermeable to oxygen [16]. Thus, the total effective PM across the intact 
membrane is equal to the oxygen permeability coefficient evaluated for the lipid 
bilayer portion of the membrane, multiplied by the factor proportional to the surface 
area of the lipid bilayer portion, divided by the surface area of the entire 
membrane.
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