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We have studied the stability of a range of oxygen transport emulsions made from perfluorodecalin, stabilised by both a 
polymeric stabiliser (Pluronic F68) and an electrostatic stabihser (lecithin) at a range of temperatures. The results demonstrate that 
the Pluronic-stabilised emulsions are significantly more stable than those stabilised by lecithin. The lecithin-stabihsed emulsions 
showed significant coalescence over a storage period of 120 days. The effects of the stabilising additives soya oil and perfluoroperhy- 
drofhtoranthene were also examined: both were found to improve the long-term stability of the Pluronic-stabilised emulsions. Soya 
oii was essential to stabilise the emulsions containing Pluronic F-68 at tire elevated temperatures required for autoclave sterihsation, 
while perfluoro~rhydrofluor~~ene did not itself stabilize the emulsions during autoclaving. 

Introduction 

For several years there has been interest in the 
production of artificial media to transport oxygen 
in vivo. The importance of such materials has 
been increased recently, mainly due to the atten- 
tion being paid to the problem of infection from 
blood products. Several candidate oxygen trans- 
port systems have been studied, of which some of 
the most important are those based on perfluorin- 
ated molecules, with perfiuorodecalin being one of 
the most widely studied (Clarke et al., 1975). These 
materials have a considerable capacity to dissolve 
oxygen, but cannot be injected directly into the 
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circulation due to their immiscibility with water or 
body fluids. Consequently they are normally for- 
mulated as emulsions with a submicron particle 
size distribution. The emulsions can circulate freely 
in the body for an extended period before being 
trapped by the liver and eliminated, usually via 
the pulmonary route. 

Only a small range of surface active materials 
are acceptable for the production of large volume 
parenteral emulsions, the most common being 
lecithin. This naturally derived material has been 
used for some time to stab&e parenteral feeding 
emulsions and its properties are reasonably well 
understood. The initial fo~ulations of perfluoro- 
carbon emulsions described in the literature were 
stabilised by Pluronic F-68, a block copolymer 
with a mean molecular weight of 8500 and an 
WLB number of 29. Early formulations stabilised 
by this material showed a range of undesirable 
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effects in v&o, p~ti~ular~y transient pulmonary 
dysfunc~o~ due to complement activation {Vercel- 
iotti et ai., 1982). These effects were initizlily 
ascribed to the PIuronic stabiliser, but recent work 
in onr laboratories has suggested that ~mp~ties in 
the surfactants used are likely to be the cause, and 
that Piuronic F-58 itseIf is of remarkabIy low 
toxicity (Bentley et al., 1989). However, concern 
with this problem has led to a decline in interest in 
the use of Pluronics as emulsifiers in large volume 
parenterals. Our initial experiments (Bentley et al,, 
1989) have identified ultraviolet-absorbing impuri- 
ties, reducing activity, and fluorescent impurities. 
This is consistent with the presence of short-chain 
aldehydes from the ethylene oxide polyme~satio~ 
and cresol stabihsing agents added to commercid 
grades of Pluronie, We are currently attempting to 
isolate and identify these impurities. 

The in viva beha~our of injected disperse sys- 
tems is highly dependent on their particle or 
droplet diameter. Particu$ates larger than approx. 
5 pm diameter are trapped in the lungs; any 
si~fic~t deposition could lead to severe clinical 
consequences. Intravenous emulsions are thus sub- 
ject to a high degree of quality control and must 
display an extremely low coalescence rate. This is 
achieved routinely in the probation of in- 
travenous fat emulsions, which have a shelf life of 
l-2 years; an intravenous ffuor~arbon emulsion 
would need to display a similar stability in order 
to be commerciaffy viable. The most widely known 
~uor~arbon emulsion, Fhtosol-DA, must be 
stored deep-frozen in order to prevent large drop- 
let accumulation. 

Studies from this laboratory (Davis et al., 1981) 
have suggested that an import~t rn~h~srn by 
which the droplet diameter of per~uor~~i~ 
~rnu~~ons can increase is Ostwafd ripening. We 
have proposed the use of a ~r~uo~~at~ ad- 
ditive, per~uoroperhydro~uoran~~e, to reduce 
the rate of this process significantly. We have also 
demonstrated that perfluorodecalin emulsions 
stabilised by Pluronic F-68 become unstable above 
the polymer cloud point of approx. 110°C and 
consequently cannot be sterilised by autoclaving 
(Johnson et al., 1990). The addition of soya oil 
was found to increase the cloud point of the 
po&mer, and resulted in emulsions whkh. could be 

autoclaved without major coalescence occurring. 
We have studied the long-term stability of a 

range of 20% perfluorodecalin emulsions, stabi- 
fised by either Pluronic F-68 or lecithin, at various 
storage temperatures. The emulsions were stabi- 
hsed both by addition of a high boiling point 
perfhtorocarbon or a t~~yc~~de oil. The most 
stable of the formulations were studied for 350 
days. 

Materials and Methods 

Perfluorodecalin (FDC, 99% pure) and perfluo- 
roperhydrofluoranthene (PPF, 99% pure) were 
kindly donated by ISC Chemicals, Avo~outh~ 
and were used as received. Phtronic F-68 (PF68; 
Atochem batch no. GlOTSN~O~ was purified using 
the method described previously (Bentley et al., 
1989). The lecithin used was ~traven~~s grade 
Lipoid E80, and was kindly donated by Lipoid 
KG ~Lud~gsh~fen, F.R.G.). Soya oil was 
purchased from J. Sainsbury PLG. 

Seven formulations were prepared.. AI1 con- 
tained 20% w/v FDC, with emulsifiers and ad- 
ditives as shown in Table 1. 

Emulsions were prepared using a laboratory 
~i~ro~~d~er (model 110T; ~icro~uidics, New- 
ton, MA) and were processed for 4 cycles at 
10000 psi. They were then sealed in glass vaccine 
bottles and autocfaved {Fe = 1.5, 121°C). Samples 
were stored at 4, 25 and 37% 

T‘he droplet mean diameter was rn~su~d by 
photon correlation spectroscopy (Mafvern 7025). 
Since this technique is not sensitive to the forma- 

1 20 4 1 
2 20 4 2 
3 20 4 1 2 
4 20 4 
5 20 d 2 
6 20 I 4 
7 20 I 4 2 
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Fig. 1. PCS diameter as a function of time for formulation 1. 
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Fig. 2. PCS diameter as a function of time for formulation 2. 
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Fig. 3. PCS diameter as a function of time for formulation 3. 

SW 

300 

1 
- 4°C 

- 25°C 

- 37°C 

100 
0 20 40 60 80 100 120 

Fig. 4. PCS diameter as a function of time for formulation 4. 
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Fig. 5. PCS diameter as a function of time for formulation 5. 
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Fig. 6. PCS diameter as a function of time for formulation 6. 
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Fig. 7. PCS diameter as a function of time for formulation 7. 

tion of very large (> 2 pm) droplets of oil, the 
emulsions were also observed visually to check for 
free oil separation. The extremely close refractive 
index matching between the perfluorodecalin and 
water precluded the use of laser diffraction to 
study the droplet size distribution in the l-100 
pm range. Zeta potentials of the formulations 
were measured with a Malvern Zetasizer 2 in 
freshly distilled water (pH 6.0). 

ReSUlt.5 

The PCS mean diameter of formulations l-7 is 
shown in Figs 1-7, respectively, as a function of 
time and storage temperature. Formulation 1 was 
unstable to autoclaving and showed a large conse- 
quent increase in droplet diameter. Formulations 
2 and 3 retained their initial diameter of 200 f 10 
nm throughout the duration of the experiment at 
all storage temperatures. These formulations 

slowly sedimented their fluorocarbon droplets over 
a period of several days to form a gelatinous layer 
which was, however, easily redispersible without 
measurable increase in droplet diameter. Formula- 
tion 4 retained its PCS diameter but showed free 
oil at 25 and 37°C after 100 days storage. Formu- 
lations 5-7 showed increased PCS diameter after 

TABLE 2 

Zeta potentials of 20 % perfruorodecalin emdsions 

Formulation 

no. 

Zeta potential (mv) 

1 - 1.5 
2 -4.8 
3 -4.5 
4 - 24.0 
5 - 19.7 
6 - 24.7 
7 - 22.1 

For comparison: zeta potential of Intraiipid 20%: - 45 mV. All 
zeta potentials f 2 mV SD. 
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100 days at 4 and 25”C, and free oil was visible 
after 100 days in all three formulations at 37’C. 
The two leci~n-stabilised form~ations which 
contained soya oil {formulations 5 and 7) had a 
significantly larger droplet diameter than those 
which did not (formulations 4 and 6). 

All the formulations stabilised by Pluronic F-68 
were colourless; formulation 1 was nearly trans- 
parent but became significantly more cloudy after 
autoclaving. Formulations 2 and 3, containing soya 
oil, were more turbid. All the formulations stabi- 
lised by lecithin were pale cream on manufacture, 
but darkened with age, the greatest darkening 
being seen in the emulsions stored at 37°C. 

The zeta potentials of the emulsions are listed 
in Table 2. All the pluronic-stabilized emulsions 
had a zeta potential below - 5 mV, whereas the 
lecit~n-stabi~zed systems had zeta potentials in 
the range -20 to -25 mV. 

Discussion 

Formulation 1 is the only Pluronic F-68-stabi- 
lised system which did not contain soya oil. As we 
have shown recently (Johnson et al., 1990), 
Pluronic F-68-stabilised emulsions are unstable to 
autoclave sterilisation due to the fact that the 
cloud point of the polymer solution is llO*C, 
below the normal autoclave temperature of 121°C. 
The addition of 2% soya oil raised the cloud point 
above the autoclave temperature to 128’C and 
thus allowed the emulsion to be autoclaved without 
major coalescence. Formulation 1 was not so 
stabilized and its droplet diameter increased to 
approx. 600 nm on autoclaving. The increased 
droplet diameter in the system caused a fraction 
of the perfluorocarbon oil to form a white sedi- 
ment. 

Formulations 2 and 3, containing soya oil with 
or without PPF, were stable for the duration of 
the experiment. We have previously described the 
use of high-boiling perfluorinated hydrocarbons as 
inhibitors of Ostwald ripening (Davis et al., 1981) 
and demonstrated that they improve the stability 
of perfluorodecalin emulsions. The method by 
which soya oil improves the storage stability is 
unclear since it is not significantly miscible with 

perfluorocarbons; we suggest that a fraction of the 
soya oil is present in the interfacial film between 
the aqueous and fluorocarbon phases. The parti- 
tion of soya oil between the droplet interface, the 
polymer micelles, and the bulk phase (excess 
droplets of soya oil) has not yet been measured. 
Our preliminary experiments (with fluorescently 
labelled soya oils) indicate that the majority of the 
soya oil is present as stabilized droplets, not un- 
like those present in a parenteral nutrition emul- 
sion such as Intralipid. A small amount of soya oil 
is also present at the fluorocarbon-water interface. 

All of the emulsions stabilized by lecithin 
showed an increase in droplet diameter with in- 
creasing storage time. Even the emulsions stored 
at 4°C showed noticeable sedimentation of fluoro- 
carbon droplets after 100 days, visible as a coarse 
white sediment which resettled rapidly after agita- 
tion. This is in contrast to the Pluronic formula- 
tions 2 and 3, which only slowly sedimented fluo- 
rocarbon droplets. The high density of perfluoro- 
decalin (1.9 g/cm3) caused it to sediment even in 
stable formulations; interestingly, in the PF68- 
stabilized formulations, the droplets sedimented as 
a clear gel which could be redispersed with vigor- 
ous shaking, without apparent increase in droplet 
diameter while sedimented. 

The lecithin-stabilized formulations were, not 
surprisingly, stable to autoclaving at 121°C. 
Lecithin-stabilised fat emulsions are also termi- 
nally sterilised at elevated temperatures without 
significant coalescence. The lecithin used in the 
present work was an unsaturated material similar 
to that used in the preparation of parenteral fat 
emulsions, and did not undergo a signific~t phase 
tr~sition on heating, since its characteristic tran- 
sition temperature was below 0°C. However, none 
of the lecithin-stabilized formulations were suffi- 
ciently stable to provide an extended shelf life. 

The zeta potentials of the emulsions stabilized 
by Pluronic F-68 were low, since this material 
confers stability by steric means rather than by 
electrostatic repulsion. Addition of soya oil in- 
creased the zeta potential by approx. 3 mV, prob- 
ably due to the presence of charged impurities 
such as fatty acids or soya lecithin residues. The 
zeta potentials of the emulsions stabilised by 
lecithin were considerably higher. However, it 
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would appear that they are not sufficiently high to 
produce a formulation with extended stability. 

Parenteral grades of lecithin normally lead to 
surface potentials of - 40 to -45 mV when used 
in the emulsification of vegetable triglycerides for 
intravenous feeding; these emulsions have a shelf 
life of several years. The zeta potential is primarily 
due to the acidic lipids phosphatidylserine and 
phosphatidylglycerol which are minor (2-5s) 
components. The majority of the emulsifier con- 
sists of uncharged phospholipids (phosphati- 
dylcholine and phosphatidylethanolamine, which 
probably contribute to the structural rigidity of 
the interfacial film. We suggest that the zeta 
potential is anomalously low in the fluorocarbon 
emulsions studied here, since the lecithin only 
adsorbs weakly to the perfluorocarbon. The 
surface charge density is therefore low which leads 
to a low interfacial potential. Trial formulation 
experiments (Davis et al., unpublished work) have 
demonstrated that 4% lecithin is necessary to pro- 
duce the emulsion stability observed in these ex- 
periments; this is in marked contrast to parenteral 
fat emulsions, which only normally contain 1.2% 
lecithin and display superior stability. Both emul- 
sions have similar droplet diameters (200-300 nm) 
and so the variations in emulsifier requirement 
probably reflect variation in adsorption strength 
to the droplet surface. 

It may be possible to increase the zeta potential 
of the lecithin-stabilized systems by using a lecithin 
with a higher level of charged impurities. Ad- 
ditionally, a small amount ( < 0.1%) of oleic acid is 
often added to parenteral feeding emulsions to 
improve their stability, although data concerning 
the real effect of this additive is sparse. However it 
would appear that at present, Pluronic F-68 could 
still be the emulsifier of choice for the production 
of perfluorodecalin emulsions for clinical use. 

Conclusions 

Simple 20% perfluorodecalin formulations 
stabilized by Pluronic F-68 require the addition of 
a high boiling fluorocarbon oil to stabilize against 
Ostwald ripening, and a triglyceride oil to raise 
the cloud point above the autoclave temperature. 
The emulsions stabilized by lecithin are less stable 
than those emulsified with Pluronic F68, possibly 
due to their relatively low zeta potential. Experi- 
ments are in progress to stabilize these systems by 
increasing the zeta potential. 
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