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The solubility of molecular oxygen, or dioxygen, in low weight percent (!.5%) sonicated dimyristoylphosphatidylcholine 
(DMPC) aqueous dispersions saturated with air has been measured as a function of temperatm-e between 10*C and 
40"C. A modified Winkler technique was used involving a dual cell eoulometd¢ titration with vollammelrie endpoint 
detection in a mixed solvent (methanol/water). The results indicate that dioxygen is approximately four times more 
soluble in the liquid crystalline bilayers (above 24*C) than in the gel slate bilayers (below 240C). The solubility of 
dioxygen in the bilayer does trot appear to be strongly temperature dependent on either side of the 24°C phase 
transition. The dioxygen solubility in gel slate DMPC is approximately equal to that in water at the same temperature. 
Our results are contrasted with recent measurements made using EPR spin labels. 

Inlroduct ion 

The solubility of dioxygen in both biomembranes 
and model phospholipid bilayer dispersions has been 
studied using a variety of direct (manometric [1]) and 
indirect (fluorescence [2], phosphorescence [3], NMR 
[4], and EPR [5-8]) techniques. We have developed a 
simple and direct method for dissolved dioxygen de- 
termination in phospholipid bilayer membrane disper- 
sions as a function of temperature that is based on the 
classical Winlder titration technique [9,10] modified by 
us for work with phospholipids. 

The Winlder technique is based on the quantitative 
oxidation of Mn(ll) to Mn(III) by dioxygen in alkaline 
solution with the subsequent oxidation of iodide ion to 
triiodide by the Mn(III) in acidic solution. Winkler 
titrated the triiodide formed using thiosulfate and a 
starch indicator. 
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In this study, we measure the solubility of dioxygen 
in a water blank simultaneously with the solubility in a 
dilute (1.5~ w/w) dispersion of phospholipids in water. 
From the difference in solubility between the blank and 
the lipid dispersion we calculate the solubility in the 
lipid phase. This measured difference is small compared 
to the measured values of dioxygen in the sample or 
blank. Hence, a very accurate, precise and reproducible 
methodology had to be developed to obtain the mea- 
surements. 

The following weaknesses of the classical Winkler 
method were addressed in this study. (1) The starch 
indicator is not reliable in the presence of surfactants. 
(2) The iodine formed in the processing of the sample 
can be lost due to volatilization. (3) Air oxidation of 
iodide can occur in the acidified solution during the 
slow titration. (4) Due to the limited availability of 
highly purified lipids small sample sizes were required 
(35 ml versus the 300 ml used in typical water analysis). 
(5) Thiosulfate is not stable over long periods of time 
and requires frequent restandardization. 

In this study we eliminate iodine volatilization by 
reducing the triiodide with excess reducing agent and 
back-titrating the remaining reducing agent with coulo- 
metrically generated iodine using a voltammetric end- 
point. The sample and blat~ are titrated simultaneously 
with the coulometric current passed through both cells 
in series. By using a methanol/water mixture during 
the titration we eliminate interference caused by the 
surfactants at the platinum indicator electrodes. Phenyl- 
arsineoxide, PAO, rather than thiosulfate is used as the 
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reducing agent because it is more stable. A schematic of 
the reactions and procedure is as follows: 
(1) Sample equilibration with thermostatted water 
saturated air. 
(2) Addition of alkaline iodide and Mn 2 + to sample. 

Mn 2+ +20H- -~ Mn(OH)2 

2 Mn(OH)2 + ½0 z + H20--, 2Mn(OH)3 

(3) Acidification by concentrated phosphoric acid. 

2 Mn(OH)3 + 6 H ÷ + 3 !-  -~ 2 Mn 2 * + I ~" + 6 H 20 

I~" ~ 1 2 + ! -  

(4) Addition of excess PAO. 

I~" +C6HsAsO+2 H:O -~ 4 H + +3 l -  +C~H~AsO~- 

(5) Voltammetric titration in methanol/water solution 
(1/1 by volume) where the excess PAO is oxidized by 
electrogenerated 12. 

A special sample bottle and protocol, described in 
the experimental section, was developed to minimize 
loss due to volatilization of 12 and air oxidation of l -  
during the titration. 

Experlmental 

Sample bottle. The sample bottle shown in Fig. 1 is 
calibrated for net volume while containing one glass 
covered stirbar and with the 14/20 standard taper 
displacement stopper inserted. The volume of the bottle 
is about 35 ml. The annular region immediately above 
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Fig. 1. Glass sample bottle and displacement stopper. When assem- 
bled a definate sample volume of about 35 ml is enclosed. The term 
'chemical resevoir' in the text refers to the anular volume above the 

ground glass joint between the two parts of the apparatus. 

the assembled joint and adjacent to the displacement 
stopper arm is the chemical reservoir. Glass coated 
magnetic stirbars are used since Teflon can absorb 
significant quantities of dioxygen. 

Sample preparation. Approx. 0.5 g of DMPC lipid 
(Sigma Chemical Co.) is dried in vacuo and weighed 
into the sample bottle. A sodium azide solution (3.0 
mM) prepared from glass dist.;lied Milli-Q water is 
added to a level of about one centimeter below the 
ground glass joint. The fipid sample is then sonicated in 
a 40 watt bath type sonicator (Ultrasonic Devices) for 6 
h. Distilled water is added to a level of about 2 mm 
above the bottom of the ground glass joint. The sample 
is placed in a stirred water bath inside a double-walled 
enclosed chamber. Thermostated water is recirculated in 
the space between the double walls. The stirred sample 
is equilibrated in this chamber with water saturated 
filtered air. After equilibration, (at least 24 h of stirring), 
0.25 ml of alkaline iodide reagent is added well below 
the surface of the sample. This is followed by 0.25 ml of 
a concentrated MnSO4 solution (364 g MnSO4. H20/I) 
dispensed in the same way, The displacement stopper is 
immediatel5, placed into the sample container displacing 
about 0.3 ml of sample. The displaced sample is care- 
fully removed from the sample bottle chemical reservoir 
with a pasteur pipet. This displaced lipid sample is 
dried and then weighed in order to make a correction 
for the weight of the lipid in the final sample. The 
samples are then stirred in the constant temperature 
bath for about 5 min to ensure that all the 02 is 
converted to an equivalent amount of Mn(OH)3. The 
stirring is stopped and the Mn(OH)3 precipitate is 
allowed to settle. The glass displacement stopper is then 
removed from the sample bottle with care not to disturb 
the Mn(OH)3 precipitate, and 0.5 ml of concentrated 
H3PO 4 is added below the sample surface. The dis- 
placement stopper is replaced and the sample is stirred 
to ensure stoichiometric generation of 12. A known 
volume (6-7 ml) of PAO (0.0182 M) is added to the 
reservoir of the sample bottle. The displacement stopper 
is carefully removed and rinsed into the sample bottle, 
layering the PAO over the analyte. The sample is then 
stirred slowly in such way that the yellow iodine solu- 
tion never makes contact with the upper surface of the 
PAO solution, thus eliminating the possibility of loss of 
iodine due to volatifization. The sample and a NaN3 
containing blank are each decanted and rinsed into 
titration cells which have been previously charged with 
100 ml of reagent grade methanol and two grams of KI, 
(required for the couiometric generation of iodine). 
Argon gas is passed into and over the cells through a 
sidearm tube. The titration cell overhead stirrers are 
turned on and the back-titration of the excess PAO in 
both the sample and blank cells in series is begun. The 
stirring rate is optimized to prevent excessive foaming 
of the solution during the titration. 
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Fig. 2. Typical titration endpoints. Dual channel recorder tracing of 
the endpoint region of the sample (lipid) and blank (water) coulomet- 
tic titrations measured at a common electrolysis current. Detection for 
each sample is potentiemetfi¢ at a constant one microamper¢ detec- 

tion current between platinum raicrcelectrodes. 

Titration apparatus. The excess PAO in both the 
sample and blank is titrated simultaneously with elec- 
trometrically formed 12. A constant current (2.9540 :t= 
0.0002 mA) is passed through the two cells in series to 
insure that the sample and the blank are subjected to 
the same current. 12 evolves at the 20 cm 2 platinum 
gauze anodes and H~ evolves at the carbon rod cathodes. 
A fritted glass disc serves as a salt bridge and prevents 
the PAO from entering the cathode chambers. 

The end points are observed using two electrode 
potentiometry at constant detector current [11]. A pair 
of polarizable platinum microelectrodes (t, mm 2) is 
placed in the anode chamber of each cell. Each micro- 
electrode pair is connected to a one microampere cur- 
rent supply (a 9 V battery in series with a 10 megohm 
resistor). The potential required to maintain this current 
across these indicator ekctrodes is simultaneously 
monitored in each cell using a HP Model 7128A dual 
pen recorder. The electrolysis ,:ircuit and the endpoint 
indicating circuits must not have a common ground. 
The recorder tracings are used for endpoint detection. 
Beyond the equivalence point the potential across the 
indicator electrodes drops precipitously due to excess 
I2. The straight line regions before and after the end- 

point are extrapolated to yield the equivalence point at 
their intersection. An example of a pair of endpoints 
from the titration of a lipid containing sample and an 
aqueous blank are shown in Fig. 2. 

Results 

The solubility parameter used is the Bunsen coeffi- 
cient, ct, which is defined as the ratio of the volume of 
gas (reduced to 0°C and 760 tort) which, at the temper- 
ature of measurement, is dissolved in one volume of the 
solvent. The blank sample is used to determine the 
Bunsen coefficient of dioxygen in water (a,,,) Our val- 
ues for "w between 15 and 45°C are given by the 
following power series in the temperature, t: 

103,w = 44.2728 - 0.7957. t + 0.0067. t 2 

We also determine the Bunsen coefficient for di- 
oxygen in the entire lipid containing sample (~zs). The 
Bunsen coefficient for dioxygen in the lipid bilayer, ot b, 
can be calculated from the following equation: 

~s ----" Xw(Iw + Xbd~b 

where X,,, is the volume fraction of water: 

X w = { Vs - M L / D L } / V  s 

4' 
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Fig. 3. Dioxygen partition coefficients vs. temperature. Partition coef- 
ficients (concentration ratio) are for dioxygen between the DMPC 
bilayer membrane (1.5%, w/w) and the surrounding water. The solu- 
bility of dioxygen in the membrane increas¢~ by a factor of 3 or 4 
above the gel to liquid-crystalline phase transition (23-24°C) of the 

lipid bilayers. 



and Xb is the volume fraction of the lipid in the 
sample: 

xb = { ML/~L }/V~ 

V s is the total volume of the sample and M L is the mass 
of the lipid. The density of the DMPC bilayers, DL, has 
been determined to be approx. 1.03 g/mi at 25°C [12]. 

The partition coefficient, Kpar, for dioxygen between 
the bilayer phase and water is calculated from the ratio 
of the Bunsen coefficients: 

Kpa r = 0~b/Iv w 

In Fig. 3 the partition coefficient for dioxygen be- 
tween the bilayer phase and water is plotted as a 
function of temperature. The temperature dependence 
Of Kpa r (away from the lipid phase transition tempera- 
ture) is due largely to the decreased solubility of di- 
ox~,ge:~, in water with increasing temperature. 

Discussion 

Some of the advantageL of our methodology of di- 
oxygen measurement are: 
(1) The method is accurate. Using the above equation 
for a ,  we are able to reproduce accepted literature 
values for the solubility of dioxygen in fresh water 
between 15 and 45°C to within 3 ppt [10]. 
(2) Our method uses a smaller sample volume (35 ml) 
than is ordinarily used in Winkler dioxygen determina- 
tions. This makes application possible to some biologi: 
cal systems where sample size is limited. 
(3) The small weight percentage of phospholipid in our 
samples, 1.5%, allows us to approximate the dioxygen 
solubility of the aqueous phase by the solubility of 
dioxygen in water. In studies with a large weight frac- 
tion of lipid a significant amount of the aqueous phase 
consists of non-solvent water. It has been estimated by 
Katz and Diamond [13] that ten molecules of water are 
required to solvate the head group of each DMPC 
molecule. These ten molecules of head group water were 
shown to be unavailable for solvation of sucrose. Simi- 
larly, it is reasonable to suppose that water bound to the 
head group will not solvate dioxygen to the same degree 
as bulk water. From the (tara presented in the work by 
Subczynski and Hyde [5] we calculate that about 45% of 
the water content of their sample is head group water. 
This may explain why our values for dioxygen solubility 
in bilayer membranes do not agree with theirs. 
(4) Of the available methods for determining dioxygen 
solubility in bilayer membranes our method has the 
advantage of being a simple chemical determination. 
The results do not depend on assumptions about spec- 
troscopic parameters. 

The chemical stability of the lipids bathed in oxygen 
is a potential problem. We attempted to extend this 
study (F.T. Moy, M.S. thesis, San Francisco State Uni- 
versity, 1987) to include mixed bitayers containing 
cholesterol and DMPC to study the effect of the sterol 
on the oxygen solubi:ity. We were unable to obtain 
consistent dioxygen solubility results with this binary 
lipid system. We believe that the sterol is subject to 
chemical attack under the experimental conditions. Sub- 
stitution of the saturated cholesterol analog dihydro- 
cholesterol in place of cholesterol was to no avail In 
addition we noted that after equilibration with air each 
sample had a characteristic odor not present in the 
freshly prepared lipid dispersion. We suspect that the 
sterol molecules were attacked by oxygen radicals pre- 
sent, in spite of the use of glass distilled water to 
prepare the samples. Evidently the binary lipid system 
was more susceptible to this attack than the pure DMPC 
sample. The attack of oxygen free radicals on lipids and 
other organic molecules is well documented [14,15]. In 
earlier work in this laboratory we attempted to use this 
modified Winider technique to study dioxygen solubil- 
ity in DMPC bilayer membranes at one atmosphere 
partial dioxygen pressure (E.S. Smotkin, M.S. thesis, 
San Francisco State University, 1985). These experi- 
ments resulted in unacceptable experimental scatter, 
which may have been due to lipid oxidation at an 
enhanced rate due to the large dioxygen partial pres- 
sure. It is also interesting to note that Subczynski and 
Hyde [5] reported that their initial experiments in a 
brass sample container were unsuccessful due to 'oxygen 
consumption'. It may be that their brass apparatus gave 
rise to copper ions which are known to catalyze the 
Fenton reaction resulting in oxy radicals [16]. 

C6ndusions 

The results indicate that dioxygen is three to four 
times more soluble in the liquid crystalline state (above 
24°C) than in the gel state (below 24°C). The dioxygen 
solubility in gel state DMPC is approximately equal to 
that in water at the same temperature. Except for the 
solubility increase noted at the 24°C phase transition, 
the solubility of dioxygen in the bilayer does not appear 
to be strongly temperature dependent. 

In a previous report from this laboratory Windrem 
and Plachy [17] reported on the use of EPR with doxyl 
fatty acid spin probes in dialkyl lecithin bilayers to 
obtain the product of the dioxygen Bunsen coefficient, 
a(O2), times the dioxygen diffusion coefficient, D(O2). 
By using a family of doxyl fatty acids they were able to 
demonstrate that this product is a function of position 
in the bilayer, rising to a maximum at mid-bilayer. 
Similar results have been recently obtained by Subczyn- 
ski and Hyde [8] using the same family of spin probes. 
These workers also observed that cholesterol causes a 



dramatic decrease in the dioxygen diffusion-solubility 
product. Fisehkoff and Vanderkooi [21 had earlier ob- 
tained similar results for the D(O2)a(O2) product in 
phospholipid bilayers using the effect of dioxygen on 
the lifetime of a pyrene fluorescence probe dissolved in 
a bilayer membrane. 

The D(O2)a(O2) product is of considerable interest 
because of its importance in determining the dioxygen 
transport rate through membranes. The dioxygen Bun- 
sen coefficients determined above now allow us to fac- 
tor this prod,_,ct and thus obtain an average value for 
the dioxygen diffusion coefficient, D(O2), in the bilayer 
membrane. In this manner we have determined that 
D(O2) in DMPC is about 1.0.10 -5 cm2/s at 30°C 
increasing to 1.2-10 -5 cm2/s at 40°C. These values 
agree with earlier estimates by Fischkoff and Vanderkooi 
[2] based on an assumed dioxygen solubility in bilayer 
membranes by analogy to the measured dioxygen solu- 
bility in olive oil [18]. This large diffusion coefficient 
should be considered an estimate of the in plane com- 
ponents of the anisotropic diffusion tensor of dioxygen 
in the hydrocarbon region of the bilayer. The compo- 
nent of this tensor normal to the bilayer plane is likely 
to be smaller due to the high diffusion resistance of the 
crystalline DMPC headgroup. 

We have attempted to reconcile our results with the 
results of Subczynski and Hyde [5]. The dioxygen parti- 
tion coefficients that we report in Fig. 3 cannot be 
directly compared to those in Reference 5, since their 
values are the dioxygen partition coefficients of the 
alkyl chain region of the bilayer relative to bulk water, 

t • 
Kpa r. The  calculation of Kpa r from measured Kpa r val- 

ues requires both an assumption of the solubility of 
dioxygen in the bilayer head group region, and an 
estimate of the fraction of the bilayer volume occupied 
by the head group. In the calculations below this head 
group volume fraction is assumed to be 0.33 for DMPC 
[12]. Subczynski and Hyde make an arbitrary assump- 
tion that the DMPC head group dissolves dioxygen to 
the same extent as does bulk water. When we recalcu- 
late our results using this same assumption, we find that 
K~a , ~ 1.38 K ~  for all temperature points above the 
main phase transition of the DMPC. Thus Subczynski 

p 
and Hyde report Kp~--2.7 at 26°C and 3.5 at 40°C, 
while from our data we calculate these values to be 4.9 
and 6.6, respectively. Therefore, with a consistent set of 
assumptions, we find at least 80% more dioxygen dis- 
solved in the hydrocarbon chain region of the bilayer 
membrane. 

An alternate assumption about the head group re- 
gion is that essentially no dioxygen will be found in this 
region. Our reasons for this suggestion are (1) that 
dioxygen is essentially salted out of saturated aqueous 
brine solutions (the head group region has a charge 
density similar to saturated brine) and (2) that the head 
group region is essentially crystalline, not liquid, and 

dioxygen tends to be excluded from ionic crystalline 
materials. However, making this zero head group sotu- 

p 
bility assumption increases our Kp~, value by less than 
10~ over the value obtained by applying the Subczynski 
and Hyde assumption to our data above the 24°C phase 
transition. Below the 240C phase transition the nature 
of the head group assumption is more critical. At 20°C, 
where we determined K~,ar to be 1.2, we calculate 
K~ar = 1.8 using our zero head group solubifity assump- 
tion and Kpa , = 1.3 using the Subczynski and Hyde 
assumption. 

The aqueous solubility of dioxygen in air saturated 
fresh water at 25°C is 0.25 mM while the value in liquid 
hydrocarbons (and most other simple organic solvents) 
is about 2 mM. Thus if the hydrocarbon chains of the 
bilayer resembled an isotropic solvent one might expect 

p 
the Kpa , value at this temperature to be about 2/0.25 = 
8. De Young and Dill [19] used hexane partitioning data 

p 
to study how Kp~ r is reduced on going from a isotropic 
hydrocarbon solvent into the anisotropic hydrocarbon 
chains of a bilayer membrane. They propose that the 
concentration of a nonpolar solute will approach the 
isotropic solvent value only at mid-bilayer. These 
workers predict a solute concentration profile across the 
bilayer similar to that found experimentally by White 
[20] using neutron diffraction on pd-hexane in a bilayer 
membrane or the one for dioxygen in a bilayer mem- 
brane suggested by EPR spin label results [17,8]. Our 

s value of Kpa r for dioxygen in DMPC bilayers at 25°C 
of about 5 seems reasonable in view of this theory. 
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