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Abstract 
Oxygen and nitric oxide are small hydrophobic molecules 
that usually need to diffuse a considerable distance to 
accomplish their biological functions and necessarily need 
to traverse several lipid membranes. Different methods 
have been used to study the diffusion of these molecules 
in membranes and herein we focus in the quenching of 
fluorescence of pyrenes inserted in the membrane. The 
pyrene derivatives have long fluorescence lifetimes 
(around 200 ns) that make them very sensitive to 
fluorescence quenching by nitric oxide, oxygen and other 
paramagnetic species. Results show that the apparent 
diffusion coefficients in membranes are similar to those in 
water, indicating that diffusion of these molecules in 
membranes is not considerably limited by the lipids. This 
high apparent diffusion in membranes is a consequence of 
both a favorable partition of these molecules in the 
hydrophobic interior of membranes and a high diffusion 
coefficient. Altering the composition of the membrane 
results in slight changes in diffusion, indicating that in 
most cases the lipid membranes will not hinder the 
passage of oxygen or nitric oxide. The diffusion of nitric 
oxide in the lipid core of low density lipoprotein is also 
very high, supporting its role as an antioxidant. In contrast 
to the high permeability of membranes to nitric oxide and 
oxygen, the permeability to other reactive species such as 
hydrogen peroxide and peroxynitrous acid is nearly five 
orders of magnitude lower.  
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Abbreviations: O2, oxygen; NO, nitric oxide; PCA, 1-
pyrenecarboxylate; PMTMA, (1-(1-pyrenyl)methyl)-
trimethylammonium; PUTMA, 11-(1-pyrenyl)undecyl-
trimethylammonium; PDA, 1-pyrenedodecanoate; -Py-
C10-HPC, 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glyce-
ro-3-phosphocholine; PMCho, 1-(pyrenyl)-methyl-3-(9-
octadecenoyloxy)-22,23-bisnor-5-cholenate; EYPC, egg 
yolk phosphatidylcholine; DMPC, dimyristoyl-

phosphatidylcholine; DLPC, dilauroylphosphatidylcholine; 
DPPC, dipalmitoylphosphatidylcholine; RBC, red blood 
cell; LDL, low density lipoprotein; VLDL, very low density 
lipoprotein; 𝐼଴, fluorescence intensity in the absence of 
quencher; 𝐼, fluorescence intensity with quencher; KSV, 
Stern-Volmer constant; kq, quenching bimolecular rate 
constant; 0, fluorescence lifetime; 𝐷௔௣௣

௤ , apparent 
diffusion coefficient; 𝐷௠

௤ , “true” diffusion coefficient in 
the membrane; 𝐾௉, partition coefficient; 𝐷௪

ேை , diffusion 
coefficient of NO in water; EPR, electron paramagnetic 
resonance; NMR, nuclear magnetic resonance; 𝑃௠,  
permeability coefficient of the membrane; Pw, 
permeability coefficient of an equally thick layer of water; 
NO2, nitrogen dioxide; H2S, hydrogen sulfide; H2O2, 
hydrogen peroxide; ONOOH, peroxynitrous acid. 
 

Introduction 
Oxygen (O2) is the fundamental molecule for aerobic life, 
and is also the precursor of important reactive species, 
such as superoxide, hydrogen peroxide and hydroxyl 
radical [1, 2]. Nitric oxide (NO) is involved in several 
physiological functions, including vasodilation, 
neurotransmission and immune response [2, 3].  
To accomplish their functions these molecules must 
traverse several lipid membranes. This is evident for O2, 
that travels from the air through the plasma membranes 
of epithelial cells in the alveoli, through endothelial cells 
in capillaries and then through the membranes of red 
blood cells to be stored in hemoglobin and then do the 
reverse path to the peripheral cells’ mitochondria. Nitric 
oxide also has to cross several plasma membranes to 
accomplish its function. In vasodilation, for instance, NO 
that is produced intracellularly in endothelial cells has to 
exit the cell and reach soluble guanylate cyclase in the 
cytosol of smooth muscle cells to trigger relaxation [3-5].  
Plasma membranes separate the cell from its 
surroundings and act as selective permeability barriers. 
Both O2 and NO are small slightly hydrophobic molecules 
that diffuse across lipid membranes very rapidly and this 
conditions the methods that can be used to study this 
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process. Stopped-flow, for instance, cannot be used to 
study their diffusion in membranes because of unstirred 
layer effects [6]. Both NO and O2 are paramagnetic 
species that deactivate fluorescent molecules in the 
excited state, so that fluorescent probes inserted in the 
membrane were used to study diffusion by these 
molecules.  
 

Fluorescent probes: pyrene derivatives 
Pyrene itself is a hydrophobic molecule that locates 
preferentially in lipid membranes relative to water, and 
several derivatives are available to control how deep in 
the membrane they are inserted (Figure 1A). In the 
absence of membranes, 1-pyrenecarboxylate (PCA) can be 
used to measure diffusion of O2 in water [7]. In lipid 
bilayers, pyrene itself locates preferentially in the acyl 
chain region [8, 9], (1-(1-
pyrenyl)methyl)trimethylammonium (PMTMA) locates 
near the headgroup region, whereas 11-(1-
pyrenyl)undecyltrimethylammonium (PUTMA), 1-
pyrenedodecanoate (PDA) and 1-hexadecanoyl-2-(1-
pyrenedecanoyl)-sn-glycero-3-phosphocholine (-Py-C10-
HPC) locate in the acyl chain region closer to the middle of 

the bilayer (Figure 1A)[7, 10-13]. The cholesteryl ester 
derivative 1-(pyrenyl)-methyl-3-(9-octadecenoyloxy)-
22,23-bisnor-5-cholenate (PMCho) was used to probe the 
lipid core of the low density lipoproteins [14, 15].  
 
Pyrene derivatives show a structured absorption 
spectrum with a maximum at 345 nm that is sensitive to 
the solvent (Figure 1B). The extinction coefficients for 
these derivatives are around 40000 M-1cm-1 at 345 nm 
[16]. The fluorescence spectrum shows well defined 
emission peaks between 377 and 397 nm called vibronic 
bands, the most intense numbered 1 to 5 and clearly 
visible in apolar solvents such as hexadecane. Vibronic 
band 3 corresponds to an allowed transition and its 
intensity is independent of solvent polarity, whereas band 
1 corresponds to a forbidden transition and its intensity 
depends on the solvent polarity. The intensity ratio 3/1 
has been extensively used to study solvent polarity and 
also micellar aggregation [17-19]. Care must be taken to 
use pyrenes at relatively low concentrations to avoid the 
formation of excimers that emit at 470 nm and provide an 
alternative route to deactivate the excited state of 
pyrenes.   

 

Figure 1. A. Pyrene derivatives used to measure NO and O2 diffusion. The preferential locations in phospholipid 
bilayers and lipoproteins are indicated. Dimyristoylphosphatidyl-choline (DMPC) is shown for reference. B. 
Fluorescence spectra of PDA inserted in DMPC membranes. The emission (red) and excitation (black) spectra were 
obtained using ex = 345 nm and em = 377 nm, respectively, that correspond the observed maxima in the spectra. C. 
Pulse experiments show that the fluorescent lifetime of PDA in DMPC with (blue) and without (red) 21% O2 is 140 and 
207 ns, respectively [7].  
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Paramagnetic species such as O2 and NO can deactivate 
the excited state of pyrene and other fluorescent 
molecules at diffusion-controlled rates [20]. The long 
fluorescent lifetimes of pyrenes in the range 50-200 ns 
make them highly sensitive to O2 and NO that are only 
sparingly soluble in water [10], and pyrene probes 
inserted in lipid membranes allow us to study the diffusion 
of NO and O2 in this environment by following changes in 
fluorescence intensity or lifetime [9-11]. Figure 1C shows 
a representative determination of the lifetime of PDA in 
dimyristoylphosphatidyl-choline (DMPC) liposomes, 
where a short pulse of light is used to excite the pyrene 
and then the decay in fluorescence is measured. In this 
case the monoexponential decay indicates that in the 
absence of O2 the lifetime is 207 ns, whereas it shortens 
to 140 ns in the presence of air [7]. 
 
Quenching of pyrenes by NO and O2  
From relatively simple experiments, valuable information 
concerning the molecular interaction between NO or O2 
with lipids can be obtained.  
The quenching experiment is performed using a 
suspension of membranes preincubated with the pyrene 
probe that has been purged of O2 with nitrogen or argon, 
and then increasing concentrations of NO or O2 are 
added. The addition of the quenchers can be done from a 
saturated solution using gastight syringes to a septum-
sealed fluorescence quartz cuvette with no headspace or 
by bubbling the gas directly in the suspension of 
membranes [7, 10]. The final concentration can then be 
determined electrochemically or by ensuring saturation of 
the sample [7, 10]. Nitric oxide can also be added using a 
very short lifetime NO donor such as PROLI NONOate 
[21]. Note that NO donors of longer lifetimes will yield a 
fluorescence decrease with time that is going to reflect 
the lifetime of the donor rather than diffusion properties 
of NO [14]. Further details and explanations on how to 
set up the experiment are provided in the Supplementary 
material.  
The decrease in fluorescence is analyzed using the Stern-
Volmer relation:  
 
𝐼଴ 𝐼⁄ = 1 + 𝐾ௌ௏[𝑄]௕௨௙௙௘௥    Eq. 1 
 
Where I0 is the intensity of fluorescence in the absence of 
quencher, and I is the intensity in the presence of a given 
concentration of quencher [Q]buffer. The slope of a plot of 
𝐼଴ 𝐼⁄  vs. [Q]buffer is the Stern-Volmer constant 𝐾ௌ௏  (Figure 
2). In the case of studying quenching in the membrane, 
the apparent Stern-Volmer constant  𝐾ௌ௏

௔௣௣ is obtained, 
because the actual concentration of the quencher in the 
membrane is not known. This 𝐾ௌ௏

௔௣௣ is the product of the 

apparent quenching bimolecular rate constant (𝑘௤
௔௣௣) and 

the lifetime of the fluorophore (0):  
 
𝐾ௌ௏

௔௣௣
= 𝜏଴𝑘௤

௔௣௣     Eq. 2 
 
In Figure 2, the different slopes indicate that 𝐾ௌ௏  for the 
quenching of PCA in water by O2 is lower than 𝐾ௌ௏

௔௣௣ for 
the quenching of PDA in DMPC and dilauroyl 
phosphatidylcholine (DLPC) membranes. However, the 
accessibility of the fluorophore to the quencher is given by 
𝑘௤  that is obtained using the corresponding 0 (39.2, 207, 
and 205 ns respectively), so the order changes: DMPC < 
water < DLPC, 𝑘௤

௔௣௣ = 6.2, 𝑘௤  = 9.9 and 𝑘௤
௔௣௣ = 14.6  109 

M-1s-1, respectively [7].  
This is sometimes corrected to include an efficiency factor, 
but in the case of pyrenes and O2 or NO, the quenching is 
known to be limited only by diffusion and this efficiency is 
1 [10, 20]. The apparent diffusion coefficient of the 
molecules in the lipid environment (𝐷௔௣௣

௤ ) can then be 
calculated from 𝑘௤

௔௣௣, using the Einstein-Smoluchowski 
equation: 
 
𝑘௤

௔௣௣
= ൫𝐷௣௬௥ + 𝐷௔௣௣

௤
൯ 4𝜋𝑅𝑁஺ 1000⁄       Eq. 3 

 
 Where 𝑅 is the sum of molecular radii of pyrene and 
quencher, (𝑅 = 5  10-8 cm for O2 [7]), 𝑁஺ is Avogadro’s 
number, and 𝐷௣௬௥  is the pyrene’s diffusion coefficient. In 
membranes, 𝐷௣௬௥  is much lower than 𝐷௔௣௣

௤  and can be 
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Figure 2. Stern-Volmer plots for pyrene quenching by 
O2. These results were obtained at 20°C [7]. PCA was 
used for the quenching experiments in water, 
whereas PDA was used for the experiments in 
phospholipid liposomes of dimyristoylphosphatidyl-
choline (DMPC) and dilauroylphosphatidylcholine 
(DLPC). 
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considered insignificant [9]. Quenching experiments in 
membranes yield an apparent diffusion coefficient 𝐷௔௣௣

௤  
because the concentration of the quencher inside the 
membrane is generally not known and the concentration 
in water is taken as reference. This 𝐷௔௣௣

௤  then depends on 
both the “true” diffusion coefficient in the membrane 𝐷௠

௤  
and on the partition coefficient of the quencher in the 
membrane (𝐾௉):   
 
 𝐷௔௣௣

௤
= 𝐷௠

௤
 𝐾௉         Eq. 4 

 
Independent measurements of 𝐾௉ allow us to calculate 
𝐷௠

௤  and gain insight at the mechanisms that control 
diffusion itself in lipid membranes, as discussed below. 
 

Diffusion of NO and O2 
Diffusion and transport across lipid membranes 
Fluorescence quenching experiments have been very 
important to understand how O2 and NO can diffuse 
across lipid membranes and into other lipid-containing 
structures such as lipoproteins. As mentioned before, the 
apparent diffusion coefficent 𝐷௔௣௣  obtained from 
quenching experiments is the product of 𝐷௠  by 𝐾௉ (Eq. 4) 
and 𝐷௠  itself is difficult to obtain. Nonetheless, the 
processes that interest us such as transport and reactivity 
depend on both 𝐷௠  and 𝐾௉. The permeability coefficient 
𝑃௠ is related to the diffusion coefficient, in its simplest 
form, by: 
 
 𝑃௠ = 𝐷௠  𝐾௉ / 𝛿        Eq. 5 
 

Where 𝛿 is the thickness of the membrane, usually around 
4 nm. Therefore, 𝐷௔௣௣  provides the necessary information 
to assess the transport properties of a molecule in a given 
membrane.  
In EYPC liposomes it was found that 𝐷௔௣௣

ேை  in the acyl chain 
region measured by quenching of PUTMA was 1.5  10-5 
cm2s-1, and that 𝐷௔௣௣

ேை  near the headgroup region probed 
by PMTMA was 1.7   10-5 cm2s-1, [10], comparable to the 
diffusion coefficient of NO in water 𝐷௪

ேை = 2.2   10-5 cm2s-

1 [22] (Table I). The results indicate there was almost no 
resistance to the diffusion of NO by lipid membranes 
compared to water. In membranes from red blood cells 
𝐷௔௣௣

ேை  was higher in the acyl region (𝐷௔௣௣
ேை  = 1.5   10-5 cm2s-

1) than near the headgroup region (0.5   10-5 cm2s-1), 
indicating a higher resistance to permeation than in EYPC 
membranes [10].  
Considering this heterogeneity in 𝐷௔௣௣ at different depths 
in the membrane a more complicated formula than 
Equation 5 is used to calculate 𝑃௠, that considers the 
contributions of different 𝐷௠  and 𝐾௉ at the different 
depths in the membrane (𝑧), as well as the resistance 
found at the lipid-water interfaces (𝑟௜) [23].  
 

𝑃௠ =  ቆන
ଵ

௄(௭)஽(௭)
𝑑𝑧

ఋ/ଶ

ିఋ/ଶ

+ 2𝑟௜ቇ

ିଵ

    Eq. 6 

 
It is based on considering the membrane as a set of 
resistors in series. The resistance at a given depth in the 
membrane is calculated as the inverse of the permeability 
at that region. The inverse of the sum of resistances at all 
depths in the membrane gives 𝑃௠. Therefore, even though 

the headgroup region usually 
shows a higher resistance to the 
transport of NO, the overall 
contribution to limit NO transport 
across the membrane is small.   
Further detail was offered by EPR 
probes at different depths in the 
membrane that showed  𝐷௔௣௣

ேை  in 
the middle of the bilayer of EYPC 
was 1.8 times higher than in the 
region close to the interface, and 
the addition of 30% cholesterol 
resulted in 𝐷௔௣௣

ேை  increasing in the 
middle region and decreasing at the 
interface  [24].  In any case, the 
𝐷௔௣௣

ேை  of the membrane was similar 
to that of water, meaning that 
membranes posed virtually no 
barrier to the transport of NO [10, 
24].  

Table I. Apparent diffusion coefficients of NO and O2 obtained using pyrene 
probes in different systems. 
System T  

(°C) 
𝐷௔௣௣

ேை   105 
(cm2s-1) 

𝐷௔௣௣
ைమ   105 
(cm2s-1) 

References 

Water 22 2.2a 2.1 [7, 22] 
EYPC / PMTMA 20 1.7 2.9 [10] 
EYPC / PUTMA 20 1.5 2.7 [10] 
RBC / PMTMA 20 0.5 1.2 [10] 
RBC / PUTMA 20 1.3 2.6 [10] 
LDL / PMTMA 22 2.3 - [14] 
LDL / PMCho 22 1.7 2.0 [14, 15] 
DLPC / PDA 20 - 3.9 [7] 
DLPC / PDA 40 - 7.2 [7] 
DMPC / PDA 20 - 1.6 [7] 
DMPC / PDA 37 - 6.5 [7] 
DPPC / PDA 25 - 0.9 [7] 
DPPC / PDA 37 - 2.0 [7] 
aThis diffusion coefficient was not obtained by fluorescence quenching [22].  
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In the case of O2, using pyrenes probes that located at 
different depths in the membrane of red blood cells it was 
found that 𝐷௔௣௣

ைమ  increased toward the center of the bilayer 
[11]. In RBC, EYPC and other phospholipid fluid 
membranes 𝐷௔௣௣

ைమ was on average twice as much as that 
observed for NO and higher than 𝐷௪

ைమ  [7, 10], supporting 
the conclusion that membranes do not limit transport of 
O2 either [7, 9, 10]. This conclusion is further supported by 
several experiments using EPR probes [25].  
Changes in membrane fluidity have an effect on the 
diffusion of NO and O2 in membranes, but it is not very 
pronounced. In DPPC membranes in the gel phase, 𝐷௔௣௣

ைమ  is 
only half that of 𝐷௪

ைమ  [7](Table I). In contrast, a five orders 
of magnitude decrease in O2 diffusion compared to water 
was observed in compressed DPPC monolayers [26]. 
Cholesterol decreases the fluidity of membranes and also 
decreases 𝐷௔௣௣

ைమ  and  𝐷௔௣௣
ேை  [9, 12, 13, 24, 27], but the effect 

is not very important (30% decrease) except in pure 
cholesterol bilayer domains (10-fold decrease) [28]. 
This knowledge that cellular membranes present virtually 
no resistance to the transport of NO has been applied to 
model the diffusion of NO in tissues in different 
situations, such as in inflammation [29], vasodilation [4, 
5], neurotransmission [30], and neurovascular coupling 
[31, 32]. Using electrodes inserted in tissue slices it has 
been shown that NO can indeed diffuse very far from the 
producing cells [33, 34].  
To give some perspective, in the vascular system NO is 
produced by the endothelial cells that are located facing 
the lumen of blood vessels, but it acts on smooth muscle 
cells that are a few µm apart [35]. Because the lipid 
membranes do not limit NO diffusion, NO produced in 
the endothelial cells spreads in every direction and part of 
it reaches the underlying smooth muscle cells, activate the 
soluble guanylate cyclase and then cause vasorelaxation. 
An important part of the NO is consumed by red blood 
cells in the lumen of the arteries [36, 37] but this 
inefficiency in NO utilization is likely compensated by the 
unimpeded diffusion through membranes, in that there is 
no need for special transport proteins. Although 
aquaporins have been proposed to transport NO through 
the membrane [38], it is very improbable. The transport of 
water through the membrane of RBC occurs mostly by 
aquaporin 1 and has a 𝑃௠ = 5  10-3 cm s-1 in humans [39]. 
If you consider this value as the maximal possible 𝑃௠ for 
NO through a membrane with aquaporins, it is five orders 
of magnitude lower than 𝑃௠ for NO through the lipids in 
the membrane [24, 40] and thus it is unlikely that 
aquaporins contribute significantly to NO transport. 
Another related example to illustrate the complexity of 
NO diffusion and its interaction with cellular membranes 

derives from the red blood cells (RBC), which are 
considered the most important sinks of NO in the 
vascular system [36, 37]. The consumption of NO by free 
oxyhemoglobin is very rapid, but occurs 650 times more 
slowly when oxyhemoglobin is encapsulated in RBC [41]. 
Although there is still some debate about the role of 
changes in membrane permeability in regulating NO 
uptake by RBC, Liu et al. showed that the main reason was 
actually unstirred layer effects [6, 41]. In short, the high 
rate of reaction of NO with oxyhemoglobin, and the high 
𝑃௠ to NO result in a concentration of NO at the surface 
of the cell of essentially zero, with a steep gradient 
extending a short distance outward (the “unstirred 
layer”). The rate of NO consumption by red blood cells 
was independent of the internal oxyhemoglobin 
concentration, indicating that the rate-limiting step is the 
entry into the cell through this layer and not a low 
membrane permeability to NO [6, 41]. 
 
Diffusion in lipoproteins 
Low density lipoproteins (LDL) are important in 
cholesterol transport and its oxidation is considered to be 
a key event in the development of atherosclerosis [42, 43]. 
Nitric oxide was found to inhibit LDL oxidation by 
preventing lipid oxidation [44, 45]. Using a cholesteryl-
ester pyrene probe (PMCho) it was shown that NO could 
easily reach and diffuse unhindered through the LDL’s 
core [14]. The values for 𝐷௔௣௣

ேை  were slightly smaller in the 
core than near the interface, but still very similar to 𝐷௪

ேை  
(Table I). In oxidized LDL, 𝐷௔௣௣

ேை  increased two-fold both at 
the core and near the surface, indicating that the 
oxidation resulted in a less packed lipid structure, 
facilitating diffusion and probably increasing solubility 
[14].  
It was hypothesized that an increase in omega-3 
unsaturated fatty acids in the diet could lead to a more 
fluid LDL that would allow an easier diffusion of NO and 
an improvement of its antioxidant activity, but no 
differences in NO diffusion rates were observed in 
lipoproteins (LDL + VLDL) obtained from rats fed with 
either maize oil or fish oil [46]. Although omega-3 fatty 
acids were significantly higher in the lipoproteins from fish 
oil-fed rats, the total content of PUFAs was higher in the 
maize oil-fed rats’ lipoproteins, and this may explain the 
observed results [46].   
 
Partition coefficients 
Until 2005 there was only data concerning NO solubility 
in organic solvents, that suggested the solubility of NO in 
lipids could be as much as 10 times higher than in water 
[34, 47]. Some studies indicated that this resulted in lipids 
accelerating the rate of NO reaction with O2 [48] and also 
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suggested a partition coefficient between the lipid 
fraction and water of nearly 10.  
The actual partition coefficients (𝐾௉) were then measured 
using an equilibrium-shift method that depended on 
electrochemical measurement of either NO or O2 [15]. 
These experiments showed that NO and O2 were 4.4 and 
3.9 times more soluble in the hydrophobic region of EYPC 
membranes than in water (Table II). The solubility in the 
LDL core was slightly lower, 3.4 and 2.9 more soluble than 
in water for NO and O2, respectively [15] (Table II). The 
lower solubility in LDL than in membranes was probably 
because cholesteryl-esters are tightly packed in the LDL 
core, resulting in a lower free volume. 
These values of 𝐾௉ were confirmed by experiments that 
showed that PC liposomes and LDL could accelerate NO 
autoxidation approximately 30 times, supporting that 
both NO and O2 are 3 times more soluble in the lipids 
than in water [21]. The consequences of this accelerated 
production of reactive nitrogen species have already been 
discussed [49].    
Experiments on O2 solubility in phospholipid membranes 
of different composition have shown that 𝐾௉ depends on 
temperature and even more on the physical state of the 
membrane [7, 50, 51]. With DLPC membranes, that are 
fluid above 0°C, 𝐾௉ increased with temperature, whereas 
with DMPC membranes, there was a sharp increase in 𝐾௉ 
from 1 to 3 at the main transition temperature [7, 50, 51] 
(Table II).  
 

 

Molecular diffusion in lipids 
The independent determination of 𝐾௉ allowed the 
determination of  𝐷௠  for NO and O2 in the different 
systems. It was calculated that 𝐷௠

ேை  in EYPC and in LDL 
were 6.4  10-6 and 7  10-6 cm2s-1, respectively [15]. These 
results were striking at first because even though these 
lipid structures are 100 times more viscous than water, 
the diffusion of NO in lipids was only 10 times slower than 
water[15]. It is usual to assume that diffusion should 
always be “Stokesian”, meaning that diffusion is inversely 
proportional to viscosity [53]. However, this is true for 
molecules that are much larger than the solvent 
molecules, such as a proteins in water. On the other hand, 
the phospholipid molecules from membranes are much 
larger than O2, NO and other reactive species, and Stokes-
Einstein relation does not apply directly [53].  
There was a recent attempt to study true diffusion of O2 
in phospholipid membranes using pyrenes fluorescence 
quenching to measure 𝐷௔௣௣

ைమ  and independent 
determinations of 𝐾௉ at different temperatures and at 
different physical states of the membrane. Surprisingly, it 
was found that 𝐷௠

ைమ  had the same value for all the 
different conditions [7]. The null response to changes in 
temperature and membrane fluidity suggested that the 
bulky pyrenes probes are disturbing the packing of the 
surrounding lipids [8], creating a similar 
microenvironment even at different physical states of the 
membrane [7]. Therefore, using pyrene probes provide 

values of 𝐷௔௣௣
ைమ  in that semi-fluid membrane, 

but data regarding the effect of membrane 
fluidity on 𝐷௠

ைమcannot be extracted [7].  
 
Alternative methods    
There are other methods by which diffusion 
of NO and O2 in the membrane can be 
studied, like electron paramagnetic 
resonance EPR spectroscopy  [54, 55], 
molecular dynamics simulations [56, 57] and 
more recently nuclear magnetic resonance 
NMR spectroscopy [58, 59]. 
EPR methods are based on using spin probes 
that have been designed to locate at different 
depths in the membrane. Both NO and O2 
are paramagnetic but are not visible by EPR 
when in solution. Their collisions with the 
spin probes lead to changes in EPR spectral 
parameters and this can be quantified and 
used to calculate 𝐷௔௣௣  at different depths in 
the membrane [24]. Nitroxyl groups are 
smaller than pyrene and therefore provide 

Table II. Partition coefficients of NO and O2 between different 
hydrophobic phases and water. 
Molecule Hydrophobic 

phase 
T 

(°C) 
𝐾௉ Reference 

NO hexane 25 9.2 [47] 
 1-octanol 37 6.5 [34] 
 EYPC  25 4.4 ± 0.4 [15] 
 LDL 25 3.4 ± 0.7 [15] 
     
O2 EYPC 25 3.9 ± 0.4 [15] 
 LDL 25 2.9 ± 0.3 [15] 
 RBC membranes 37 5 ± 4 [52] 
 DLPC 25 2.7 ± 0.2 [7] 
 DLPC 40 3.9 ± 0.5 [7] 
 DMPC 20 1.0 ± 0.1 [7] 
 DMPC 37 3.2 ± 0.3 [7] 
 DPPC 25 0.3 ± 0.1 [7] 
 DPPC 37 1.0 ± 0.2 [7] 
𝐾௉ values are presented as the ratio of the molar concentration of 
the molecule in the hydrophobic phase and in water 
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higher resolution of 𝐷௔௣௣  across the membrane. 
Most of the studies using EPR to measure 𝐷௔௣௣ for O2 and 
NO across the membrane come from Subczynski et al. 
These studies succinctly show that in fluid membranes 
𝐷௔௣௣  in the headgroup region is similar to 𝐷௪ , and it 
increases toward the acyl chains in a bell-shaped manner 
[24, 60]. Cholesterol has been observed to narrow the 
bell-shaped profile in the mid-bilayer and decrease 𝐷௔௣௣  
near the headgroup region, where the packing effect of 
cholesterol is larger [24, 27]. The bell-shaped profile was 
lost in gel-state membranes, where a flat profile was 
observed [61]. In every case, Subczynski et al have 
observed that membranes present virtually no barrier to 
the diffusion of either O2 or NO [24, 27]. 
Molecular dynamics of O2 in membranes was pioneered 
by Marrink and Berendsen [57]. These calculations 
provide molecular details of the interaction between 
these molecules and the lipids and both solubility and 
diffusion can be calculated separately at different depths 
in the membrane. All studies show that in phospholipid 
membranes in the fluid phase the solubility of both NO 
and O2 increase toward the center of the bilayer and a 
similar profile is observed for the diffusion profile [28, 56, 
57, 62-64]. This allows the calculation of the permeability 
coefficient of the membrane. However, care should be 
taken to cross-validate the model with experimental 
results and in interpreting the results, because so far the 
interaction of O2 with alkanes cannot be modelled entirely 
correctly, so that the results do not reproduce the 
experimental data quantitatively [65]. 
More recently a 13C NMR method has been used to study 
the profile of 𝐷௔௣௣  of O2 in a lipid membrane. It uses sn-2-
perdeuterio-1-myristelaidoyl, 2-myristoyl-sn-glycero-3-
phosphocholine as a probe and has the advantage that all 
the carbon atoms are sensitive to O2 and so a high 
resolution profile of O2 across the membrane can be 
obtained [58, 59]. The disadvantages are that so far only 
this lipid can be used, pressures of 50 atm O2 should be 
kept in the NMR tube and molecular dynamics 
calculations are needed to interpret the results [58, 59].  

 
Comparison with other reactive species 

The very high permeability of membranes to NO and O2 
can be better appreciated when compared to the 
permeability to other reactive species like nitrogen 
dioxide, hydrogen peroxide and peroxynitrite, among 
others [40].  
In the case of either O2 or NO, there is no resistance to 
the transfer from the water to the lipid phase in most 
membranes [7, 10, 24], and it was calculated that 𝑃௠ in 
EYPC and RBC membranes for NO was 73 and 18 cm s-1, 

respectively [24, 40], and for O2 was 62 and 32 cm s-1, 
respectively [24, 40].  
It is useful to compare these 𝑃௠ values with the 
permeability coefficient of an equally thick layer of water. 
Considering that the diffusion coefficients of NO and O2 
in water are similar (𝐷௪  = 2.2  10-5 cm2s-1, Table I [7, 22]), 
and those of the other reactive species are similar Pw = 55 
cm s-1 will be used as a reference (Figure 3).   
Most of the reactive species’ diffusion in lipids cannot be 
studied by fluorescence quenching either because they 
are not paramagnetic or because they are too short-lived. 
Nitrogen dioxide (NO2), for instance, is a radical but has a 
very short lifetime in water [66]. In this case, experimental 
solubility data [67] in conjunction with quantum 
calculations were used to calculate its solubility in organic 
solvents and membranes [68]. It was estimated that the 
permeability of membranes to NO2 should be relatively 
high, 𝑃௠ = 5 cm s-1, only 10 times lower than that of NO 
[68].    
Hydrogen sulfide (H2S) has attracted a lot of attention 
lately because it can be formed endogenously and exert 
several physiological responses [69]. The diffusion of H2S 
across membranes proved to be too fast to be studied by 
either stopped-flow or electrochemical approaches [70, 
71]. Based on its favorable partition in lipid membranes it 
was estimated that H2S could diffuse across membranes 

 

Figure 3. Permeability coefficients of reactive 
species. The direction of the arrow indicates 
increasing permeability. The permeability of an 
equally thick layer of water is indicated as a reference 
(Pw). 
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relatively unimpeded, 𝑃௠ = 3 cm s-1, approximately 10 
times more slowly than NO [70, 71]. 
The diffusion of hydrogen peroxide (H2O2) across 
membranes is slow enough so that enzyme-dependent 
techniques can be used to determine the permeability 
[72]. Recent studies have shown that some aquaporins 
may facilitate diffusion of H2O2 across membranes [73-
75]. Plasma membranes from human cells have shown a 
relatively low permeability to H2O2 , 𝑃௠ = 2  10-4, 4.4   
10-4  and 1.6  10-3 cm s-1 for Jurkat, HeLa and HUVEC cells 
respectively [72, 76, 77].  
The diffusion of peroxynitrous acid (ONOOH) across lipid 
membranes is also slow enough that stopped-flow 
approaches can be used. In pure phospholipid membranes 
it was observed that 𝑃௠ for ONOOH was on average  1  
10-3 cm s-1 [78, 79], nearly 105 times lower than the 
permeability to NO. In red blood cells, it was observed 
that apart from ONOOH diffusion through the lipid 
fraction of the membrane, peroxynitrite (ONOO-) could 
use the band 3 anion transport proteins, and enter the red 
cells at fluxes similar to ONOOH [80].  
Average values of 𝑃௠ for the different reactive species are 
shown in Figure 3 and summarized values can be found in 
[40]. The reactive species under consideration can be 
separated into three groups according their 𝑃௠. The 
permeabilities of lipid membranes to NO and O2 are very 
high and similar to the permeability of an equally thick 
layer of water, indicating that most membranes are not 
limiting the diffusion of NO and O2. The diffusion of NO2 
and H2S is only slightly limited by membranes whereas the 
permeability of membranes to H2O2 and ONOOH is similar 
to that of water, indicating that there is a much higher 
barrier to the diffusion of these molecules across 
membranes. This does not necessarily mean that 
permeation of the latter group is slow, but that it is 
amenable to experimental determination by stopped-flow 
and other fast-kinetic methods that are too slow to study 
the diffusion of NO or H2S. As low reference points, the 
permeability of phospholipid membranes to other polar 
molecule such as glycerol is 𝑃௠ = 5.4  10-6 cm s-1 [81], and 
the ion chloride have even lower 𝑃௠ = 10-11 cm s-1 [82]. In 
these cases of low 𝑃௠, the role of transport proteins is 
more important.  
 

Conclusions and Perspectives 
Both NO and O2 can diffuse across membranes 
unhindered and this fast diffusion can be studied by 
pyrene probes inserted in the membrane. The high 
permeability of membranes to NO and O2 is because of a) 
favorable partition into membranes, and b) high diffusion 
coefficient in lipids. The diffusion of both NO and O2 to 
the core of LDL is also very fast and similar to that in water. 

In comparison, the diffusion of NO2 and H2S across 
membranes occurs 10 times more slowly, whereas that of 
ONOOH and H2O2 occurs nearly 105 times more slowly.  
Pyrene fluorescence quenching offers a simple 
experimental approach to study diffusion of these 
reactive species, but pyrenes as diffusion probes have 
some drawbacks that should be mentioned. They are 
bulky molecules that affect the packing of the lipids in 
membranes [8], thus the effects of membrane fluidity on 
diffusion cannot be observed [7]. A fluorescent probe that 
is more similar to acyl chains may avoid affecting the 
packing of the lipids and may provide more detailed 
information on the molecular mechanisms of diffusion of 
O2 and NO in membranes. The available probes such as 
parinaric acid have short lifetimes, so they are not as 
sensitive to NO or O2. The other problem is that pyrenes 
inserted in plasma membranes other than red blood cells 
generally present multiexponential decay, indicating that 
the probe is located in several different 
microenvironments. The presence of multiple lifetimes 
preclude the calculation of quenching rate constants and 
thus of apparent diffusion coefficients.  
The ultimate experiment would be to use a fluorescent 
probe that incorporates in cell membranes causing 
minimal distortion in its physical properties and that can 
report the apparent diffusion of NO and O2 with high 
sensitivity using fluorescence microscopy such as 
fluorescence-lifetime imaging microscopy.  
 
Acknowledgements: The authors are grateful to Dr 
Leonor Thomson, Dr Gerardo Ferrer and Dr Beatriz 
Alvarez for helpful discussions.  
 
Funding: This work was partially supported by CSIC 
Universidad de la República, ANII (Agencia Nacional de 
Investigación e Innovación) and PEDECIBA (Programa de 
Desarrollo de las Ciencias Básicas), Uruguay. 
 
Conflict of interest: The authors declare that there are no 
conflicts of interest with the contents of this article.  
 
References 
[1] B. Halliwell, J.M.C. Gutteridge, Free radicals in biology and medicine, 
3rd ed., Oxford University Press, Oxford, UK, 1999. 
[2] B. Kalyanaraman, Teaching the basics of redox biology to medical and 
graduate students: Oxidants, antioxidants and disease mechanisms, 
Redox Biology, 1 (2013) 244-257. 
[3] J.S. Beckman, W.H. Koppenol, Nitric oxide, superoxide, and 
peroxynitrite: the good, the bad, and ugly, American Journal of 
Physiology-Cell Physiology, 271 (1996) C1424-C1437. 
[4] J.R. Lancaster, Simulation of the diffusion and reaction of 
endogenously produced nitric oxide, Proceedings of the National 
Academy of Sciences, 91 (1994) 8137-8141. 



Free Radical Biology and Medicine 2018-Preprint  https://doi.org/10.1016/j.freeradbiomed.2018.04.553 

 

9 
 

[5] J. Lancaster Jr, A tutorial on the diffusibility and reactivity of free nitric 
oxide, Nitric Oxide, 1 (1997) 18-30. 
[6] X. Liu, A. Samouilov, J.R. Lancaster, J.L. Zweier, Nitric oxide uptake by 
erythrocytes is primarily limited by extracellular diffusion not membrane 
resistance, Journal of Biological Chemistry, 277 (2002) 26194-26199. 
[7] M.N. Möller, Q. Li, M. Chinnaraj, H.C. Cheung, J.R. Lancaster Jr, A. 
Denicola, Solubility and Diffusion of Oxygen in Phospholipid Membranes, 
Biochimica et Biophysica Acta (BBA) - Biomembranes, 1858 (2016) 2923-
2930. 
[8] J. Čurdová, P. Čapková, J. Plášek, J. Repáková, I. Vattulainen, Free 
Pyrene Probes in Gel and Fluid Membranes:  Perspective through 
Atomistic Simulations, The Journal of Physical Chemistry B, 111 (2007) 
3640-3650. 
[9] S. Fischkoff, J.M. Vanderkooi, Oxygen diffusion in biological and 
artificial membranes determined by the fluorochrome pyrene, Journal of 
General Physiology, 65 (1975) 663-676. 
[10] A. Denicola, J.M. Souza, R. Radi, E. Lissi, Nitric oxide diffusion in 
membranes determined by fluorescence quenching, Archives of 
Biochemistry and Biophysics, 328 (1996) 208-212. 
[11] E. Lissi, T. Caceres, Oxygen diffusion-concentration in erythrocyte 
plasma membranes studied by the fluorescence quenching of anionic 
and cationic pyrene derivatives, Journal of Bioenergetics and 
Biomembranes, 21 (1989) 375-385. 
[12] D. Dumas, S. Muller, F. Gouin, F. Baros, M.L. Viriot, J.F. Stoltz, 
Membrane fluidity and oxygen diffusion in cholesterol-enriched 
erythrocyte membrane, Archives of Biochemistry and Biophysics, 341 
(1997) 34-39. 
[13] S. Miersch, M.G. Espey, R. Chaube, A. Akarca, R. Tweten, S. 
Ananvoranich, B. Mutus, Plasma membrane cholesterol content affects 
nitric oxide diffusion dynamics and signaling, Journal of Biological 
Chemistry, 283 (2008) 18513-18521. 
[14] A. Denicola, C. Batthyany, E. Lissi, B.A. Freeman, H. Rubbo, R. Radi, 
Diffusion of nitric oxide into low density lipoprotein, Journal of Biological 
Chemistry, 277 (2002) 932-936. 
[15] M. Möller, H. Botti, C. Batthyany, H. Rubbo, R. Radi, A. Denicola, 
Direct measurement of nitric oxide and oxygen partitioning into 
liposomes and low density lipoprotein, Journal of Biological Chemistry, 
280 (2005) 8850-8854. 
[16] P. Somerharju, Pyrene-labeled lipids as tools in membrane 
biophysics and cell biology, Chemistry and Physics of Lipids, 116 (2002) 
57-74. 
[17] D.C. Dong, M.A. Winnik, The Py scale of solvent polarities. Solvent 
effects on the vibronic fine structure of pyrene fluorescence and 
empirical correlations with ET and Y values, Photochemistry and 
Photobiology, 35 (1982) 17-21. 
[18] D.C. Dong, M.A. Winnik, The Py scale of solvent polarities, Canadian 
Journal of Chemistry, 62 (1984) 2560-2565. 
[19] K. Kalyanasundaram, J. Thomas, Environmental effects on vibronic 
band intensities in pyrene monomer fluorescence and their application 
in studies of micellar systems, Journal of the American Chemical Society, 
99 (1977) 2039-2044. 
[20] W.M. Vaughan, G. Weber, Oxygen quenching of pyrenebutyric acid 
fluorescence in water. A dynamic probe of the microenvironment, 
Biochemistry, 9 (1970) 464-473. 
[21] M.N. Möller, Q. Li, D.A. Vitturi, J.M. Robinson, J.R.J. Lancaster, A. 
Denicola, Membrane "lens" effect: focusing the formation of reactive 
nitrogen oxides from the NO/O2 reaction, Chemical Research in 
Toxicology, 20 (2007) 709-714. 
[22] I.G. Zacharia, W.M. Deen, Diffusivity and solubility of nitric oxide in 
water and saline, Annals of Biomedical Engineering, 33 (2005) 214-222. 
[23] J.M. Diamond, Y. Katz, Interpretation of nonelectrolyte partition 
coefficients between dimyristoyl lecithin and water, Journal of 
Membrane Biology, 17 (1974) 121-154. 
[24] W.K. Subczynski, M. Lomnicka, J.S. Hyde, Permeability of nitric oxide 
through lipid bilayer membranes, Free Radical Research, 24 (1996) 343-
349. 

[25] W.K. Subczynski, J.S. Hyde, Membranes. Barriers or pathways for 
oxygen transport, Advances in Experimental Medicine and Biology, 454 
(1998) 399-408. 
[26] M.A. Borden, M.L. Longo, Oxygen permeability of fully condensed 
lipid monolayers, The Journal of Physical Chemistry B, 108 (2004) 6009-
6016. 
[27] J. Widomska, M. Raguz, W.K. Subczynski, Oxygen permeability of the 
lipid bilayer membrane made of calf lens lipids, Biochimica et Biophysica 
Acta (BBA) - Biomembranes, 1768 (2007) 2635-2645. 
[28] E. Plesnar, R. Szczelina, W.K. Subczynski, M. Pasenkiewicz-Gierula, Is 
the cholesterol bilayer domain a barrier to oxygen transport into the eye 
lens?, Biochimica et Biophysica Acta (BBA) - Biomembranes, 1860 (2018) 
434-441. 
[29] C. Prolo, M.N. Álvarez, N. Ríos, G. Peluffo, R. Radi, N. Romero, Nitric 
oxide diffusion to red blood cells limits extracellular, but not 
intraphagosomal, peroxynitrite formation by macrophages, Free Radical 
Biology and Medicine, 87 (2015) 346-355. 
[30] J. Garthwaite, From synaptically localized to volume transmission by 
nitric oxide, The Journal of Physiology, 594 (2016) 9-18. 
[31] C.F. Lourenço, A. Ledo, R.M. Barbosa, J. Laranjinha, Neurovascular-
neuroenergetic coupling axis in the brain: master regulation by nitric 
oxide and consequences in aging and neurodegeneration, Free Radical 
Biology and Medicine, 108 (2017) 668-682. 
[32] C.F. Lourenço, R.M. Santos, R.M. Barbosa, E. Cadenas, R. Radi, J. 
Laranjinha, Neurovascular coupling in hippocampus is mediated via 
diffusion by neuronal-derived nitric oxide, Free Radical Biology and 
Medicine, 73 (2014) 421-429. 
[33] A. Ledo, R.M. Barbosa, G.A. Gerhardt, E. Cadenas, J. Laranjinha, 
Concentration dynamics of nitric oxide in rat hippocampal subregions 
evoked by stimulation of the NMDA glutamate receptor, Proceedings of 
the National Academy of Sciences of the United States of America, 102 
(2005) 17483-17488. 
[34] T. Malinski, Z. Taha, S. Grunfeld, S. Patton, M. Kapturczak, P. 
Tomboulian, Diffusion of nitric oxide in the aorta wall monitored in situ 
by porphyrinic microsensors, Biochemical and Biophysical Research 
Communications, 193 (1993) 1076-1082. 
[35] R.F. Furchgott, Endothelium-derived relaxing factor: discovery, early 
studies, and identification as nitric oxide, Bioscience reports, 19 (1999) 
235-251. 
[36] N.M. Tsoukias, Nitric oxide bioavailability in the microcirculation: 
insights from mathematical models, Microcirculation, 15 (2008) 813-834. 
[37] D.G. Buerk, Nitric oxide regulation of microvascular oxygen, 
Antioxidants & redox signaling, 9 (2007) 829-843. 
[38] M. Herrera, N.J. Hong, J.L. Garvin, Aquaporin-1 transports NO across 
cell membranes, Hypertension, 48 (2006) 157-164. 
[39] R. Ye, A. Verkman, Simultaneous optical measurement of osmotic 
and diffusional water permeability in cells and liposomes, Biochemistry, 
28 (1989) 824-829. 
[40] M.N. Möller, J.R. Lancaster, Jr., A. Denicola, The interaction of 
reactive oxygen and nitrogen species with membranes, in: S. Matalon 
(Ed.) Free radical effects on membranes, vol. 61, Academic Press Inc., 
2008, pp. 23-43. 
[41] X. Liu, M.J. Miller, M.S. Joshi, H. Sadowska-Krowicka, D.A. Clark, J.R. 
Lancaster, Diffusion-limited reaction of free nitric oxide with 
erythrocytes, Journal of Biological Chemistry, 273 (1998) 18709-18713. 
[42] D. Steinberg, Low density lipoprotein oxidation and its 
pathobiological significance, Journal of Biological Chemistry, 272 (1997) 
20963-20966. 
[43] U. Förstermann, N. Xia, H. Li, Roles of vascular oxidative stress and 
nitric oxide in the pathogenesis of atherosclerosis, Circulation Research, 
120 (2017) 713-735. 
[44] H. Rubbo, R. Radi, M. Trujillo, R. Telleri, B. Kalyanaraman, S. Barnes, 
M. Kirk, B.A. Freeman, Nitric oxide regulation of superoxide and 
peroxynitrite-dependent lipid peroxidation. Formation of novel 
nitrogen-containing oxidized lipid derivatives, Journal of Biological 
Chemistry, 269 (1994) 26066-26075. 



Free Radical Biology and Medicine 2018-Preprint  https://doi.org/10.1016/j.freeradbiomed.2018.04.553 

 

10 
 

[45] H. Rubbo, R. Radi, D. Anselmi, M. Kirk, S. Barnes, J. Butler, J.P. 
Eiserich, B.A. Freeman, Nitric oxide reaction with lipid peroxyl radicals 
spares alpha-tocopherol during lipid peroxidation. Greater oxidant 
protection from the pair nitric oxide/alpha-tocopherol than alpha-
tocopherol/ascorbate, Journal of Biological Chemistry, 275 (2000) 
10812-10818. 
[46] D. López, M. Möller, A. Denicola, K. Casós, H. Rubbo, J.I. Ruiz-Sanz, 
M.T. Mitjavila, Long-chain n-3 polyunsaturated fatty acid from fish oil 
modulates aortic nitric oxide and tocopherol status in the rat, British 
Journal of Nutrition, 100 (2008) 767-775. 
[47] A.W. Shaw, A.J. Vosper, Solubility of nitric oxide in aqueous and 
nonaqueous solvents, Journal of the Chemical Society, Faraday 
Transactions 1: Physical Chemistry in Condensed Phases, 8 (1976) 1239-
1244. 
[48] X. Liu, M.J. Miller, M.S. Joshi, D.D. Thomas, J.R. Lancaster, Jr., 
Accelerated reaction of nitric oxide with O2 within the hydrophobic 
interior of biological membranes, Proceedings of the National Academy 
of Sciences, 95 (1998) 2175-2179. 
[49] M.N. Möller, Q. Li, J.R. Lancaster, Jr., A. Denicola, Acceleration of 
nitric oxide autoxidation and nitrosation by membranes, IUBMB Life, 59 
(2007) 243-248. 
[50] W.K. Subczynski, J.S. Hyde, Concentration of oxygen in lipid bilayers 
using a spin-label method, Biophysical Journal, 41 (1983) 283-286. 
[51] E.S. Smotkin, F.T. Moy, W.Z. Plachy, Dioxygen solubility in aqueous 
phosphatidylcholine dispersions, Biochimica et Biophysica Acta (BBA) - 
Biomembranes, 1061 (1991) 33-38. 
[52] G.G. Power, H. Stegall, Solubility of gases in human red blood cell 
ghosts, Journal of Applied Physiology, 29 (1970) 145-149. 
[53] W.R. Lieb, W.D. Stein, Non-Stokesian nature of transverse diffusion 
within human red cell membranes, Journal of Membrane Biology, 92 
(1986) 111-119. 
[54] W.K. Subczynski, J.S. Hyde, The diffusion-concentration product of 
oxygen in lipid bilayers using the spin-label T1 method, Biochimica et 
Biophysica Acta (BBA) - Biomembranes, 643 (1981) 283-291. 
[55] L. Mainali, M. Raguz, W.J. O'Brien, W.K. Subczynski, Properties of 
membranes derived from the total lipids extracted from the human lens 
cortex and nucleus, Biochimica et Biophysica Acta (BBA) - 
Biomembranes, 1828 (2013) 1432-1440. 
[56] R.M. Cordeiro, Reactive oxygen species at phospholipid bilayers: 
distribution, mobility and permeation, Biochimica et Biophysica Acta 
(BBA)-Biomembranes, 1838 (2014) 438-444. 
[57] S.J. Marrink, H.J.C. Berendsen, Permeation process of small 
molecules across lipid membranes studied by molecular dynamics 
simulations, The Journal of Physical Chemistry, 100 (1996) 16729-16738. 
[58] M.S. Al-Abdul-Wahid, F. Evanics, R.S. Prosser, Dioxygen 
transmembrane distributions and partitioning thermodynamics in lipid 
bilayers and micelles, Biochemistry, 50 (2011) 3975-3983. 
[59] M.S. Al-Abdul-Wahid, C.H. Yu, I. Batruch, F. Evanics, R. Pomes, R.S. 
Prosser, A combined NMR and molecular dynamics study of the 
transmembrane solubility and diffusion rate profile of dioxygen in lipid 
bilayers, Biochemistry, 45 (2006) 10719-10728. 
[60] W.K. Subczynski, M. Pasenkiewicz-Gierula, R.N. McElhaney, J.S. 
Hyde, A. Kusumi, Molecular dynamics of 1-palmitoyl-2-
oleoylphosphatidylcholine membranes containing transmembrane α-
helical peptides with alternating leucine and alanine residues, 
Biochemistry, 42 (2003) 3939-3948. 
[61] W.K. Subczynski, J.S. Hyde, A. Kusumi, Oxygen permeability of 
phosphatidylcholine-cholesterol membranes, Proceedings of the 
National Academy of Sciences, 86 (1989) 4474-4478. 
[62] P. Jedlovszky, M. Mezei, Effect of Cholesterol on the Properties of 
Phospholipid Membranes. 2. Free Energy Profile of Small Molecules, The 
Journal of Physical Chemistry B, 107 (2003) 5322-5332. 
[63] T. Sugii, S. Takagi, Y. Matsumoto, A molecular-dynamics study of 
lipid bilayers: effects of the hydrocarbon chain length on permeability, 
The Journal of Chemical Physics, 123 (2005) 184714. 

[64] R.J. Dotson, C.R. Smith, K. Bueche, G. Angles, S.C. Pias, Influence of 
cholesterol on the oxygen permeability of membranes: insight from 
atomistic simulations, Biophysical Journal, 112 (2017) 2336-2347. 
[65] M. Javanainen, I. Vattulainen, L. Monticelli, On atomistic models for 
molecular oxygen, The Journal of Physical Chemistry B, 121 (2017) 518-
528. 
[66] O. Augusto, M.G. Bonini, A.M. Amanso, E. Linares, C.C.X. Santos, 
S.l.L. De Menezes, Nitrogen dioxide and carbonate radical anion: two 
emerging radicals in biology, Free Radical Biology and Medicine, 32 
(2002) 841-859. 
[67] G.L. Squadrito, E.M. Postlethwait, On the hydrophobicity of nitrogen 
dioxide: Could there be a “lens” effect for NO2 reaction kinetics?, Nitric 
Oxide, 21 (2009) 104-109. 
[68] S. Signorelli, M.N. Moller, E.L. Coitino, A. Denicola, Nitrogen dioxide 
solubility and permeation in lipid membranes, Archives of Biochemistry 
and Biophysics, 512 (2011) 190-196. 
[69] E. Cuevasanta, M.N. Möller, B. Alvarez, Biological chemistry of 
hydrogen sulfide and persulfides, Archives of Biochemistry and 
Biophysics, 617 (2017) 9-25. 
[70] E. Cuevasanta, A. Denicola, B. Alvarez, M.N. Möller, Solubility and 
permeation of hydrogen sulfide in lipid membranes, PLoS One, 7 (2012) 
e34562. 
[71] J.C. Mathai, A. Missner, P. Kügler, S.M. Saparov, M.L. Zeidel, J.K. Lee, 
P. Pohl, No facilitator required for membrane transport of hydrogen 
sulfide, Proceedings of the National Academy of Sciences, 106 (2009) 
16633-16638. 
[72] F. Antunes, E. Cadenas, Estimation of H2O2 gradients across 
biomembranes, FEBS letters, 475 (2000) 121-126. 
[73] G.P. Bienert, A.L. Møller, K.A. Kristiansen, A. Schulz, I.M. Møller, J.K. 
Schjoerring, T.P. Jahn, Specific aquaporins facilitate the diffusion of 
hydrogen peroxide across membranes, Journal of Biological Chemistry, 
282 (2007) 1183-1192. 
[74] G.P. Bienert, F. Chaumont, Aquaporin-facilitated transmembrane 
diffusion of hydrogen peroxide, Biochimica et Biophysica Acta (BBA)-
General Subjects, 1840 (2014) 1596-1604. 
[75] T. Henzler, E. Steudle, Transport and metabolic degradation of 
hydrogen peroxide in Chara corallina: model calculations and 
measurements with the pressure probe suggest transport of H2O2 
across water channels, Journal of Experimental Botany, 51 (2000) 2053-
2066. 
[76] N. Makino, K. Sasaki, K. Hashida, Y. Sakakura, A metabolic model 
describing the H2O2 elimination by mammalian cells including H2O2 
permeation through cytoplasmic and peroxisomal membranes: 
comparison with experimental data, Biochimica et Biophysica Acta (BBA) 
- General Subjects, 1673 (2004) 149-159. 
[77] J.B. Lim, T.F. Langford, B.K. Huang, W.M. Deen, H.D. Sikes, A 
reaction-diffusion model of cytosolic hydrogen peroxide, Free Radical 
Biology and Medicine, 90 (2016) 85-90. 
[78] R.F. Khairutdinov, J.W. Coddington, J.K. Hurst, Permeation of 
phospholipid membranes by peroxynitrite, Biochemistry, 39 (2000) 
14238-14249. 
[79] S.S. Marla, J. Lee, J.T. Groves, Peroxynitrite rapidly permeates 
phospholipid membranes, Proceedings of the National Academy of 
Sciences, 94 (1997) 14243-14248. 
[80] A. Denicola, J.M. Souza, R. Radi, Diffusion of peroxynitrite across 
erythrocyte membranes, Proceedings of the National Academy of 
Sciences, 95 (1998) 3566-3571. 
[81] A. Walter, J. Gutknecht, Permeability of small nonelectrolytes 
through lipid bilayer membranes, Journal of Membrane Biology, 90 
(1986) 207-217. 
[82] R.B. Gennis, Biomembranes. Molecular Structure and Function, 
Springer-Verlag New York Inc, Harrisonbourg, VI, 1989. 

 


