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Abstract: The purpose is to prepare 2% w/v emulsions of dodecafluoropentane, perfluorodecalin, and perfluoroctylbromide and

compare them for their ability to absorb oxygen.

The oxygen uptake capability and volume expansion of each emulsion and the blank vehicle were evaluated in water at 218C and

378C. The average particle size of the dodecafluoropentane emulsion isB400 nm stored at room temperature for 6 months. In

comparison to water treated with either the blank vehicle, the perfluorodecalin emulsion, or the perfluoroctylbromide emulsion, the

dodecafluoropentane emulsion absorbs 3 times more oxygen at 218C and 7 times more oxygen at 378C. Furthermore, a significantly

higher in vitro expansion (5 times) is observed with the dodecafluoropentane emulsion at 378C. As such, DDFP has been hypothesized

to be a better oxygen carrier and delivery agent in vivo. This may be applicable to a variety of hypoxic medical conditions where oxygen

delivery might be therapeutically beneficial.

INTRODUCTION

There is a need to develop an intravenous injectable that

can increase the exchange of respiratory gases in certain

clinical and field situations (e.g. hemorrhagic shock)

[1,2]. It is well known that the body needs a constant

supply of oxygen as well as an efficient carbon dioxide

removal mechanism in order for the cells to maintain

healthy metabolic processes. In addition, the extent of

benefit from efficient oxygen and carbon dioxide ex-

change may be dependent upon the time of restoration of

this exchange process after a hypoxic event (ischemia-

reperfusion) [3,4]. The potential applications of a product

that can conveniently supplement these needs are wide-

spread, including tumor radiation sensitization [5], elim-

ination of tissue nitrogen in decompression sickness [6],

treatment of carbon monoxide poisoning [7], and treat-

ment of various hypoxic conditions that cause cellular

damage. Stroke is a serious and widespread condition that

can result in neural damage. Such damage is known to be

caused in part by a reduction in the opportunity for local

brain cells to exchange oxygen and carbon dioxide.

Current approved treatments for stroke, such as aspirin,

are designed to limit the process of thrombus formation

but are not designed to restore tissue viability. Agents

such as tissue plasminogen activator (tPA) can currently

only be utilized for a three-hour window of time

following onset of stroke due to an increased incidence

of intra-cranial hemorrhage when administered later [8,9].

It would be interesting and quite beneficial if an agent

could be used to extend the window of time for tissue

viability so either thrombus dissolving or recanalization

life-saving treatment paradigms can be used beyond the

3-hour limit. A 2% w/v sub-microemulsion of dodeca-

fluoropentane (DDFP) (also known as perfluoropentane)

was developed and has been shown to be safe in humans

[10]. This emulsion was proven by Lundgren et al. [11] to

carry out respiratory gas transport and maintain tissue

viability as well as normal physiological processes in

severely anemic rats. Furthermore, Koch et al. [5] have

shown that by facilitating the oxygenation of anaerobic

tumor cells the formulation can render those cells aerobic,

thus making them vulnerable to radiation. The in vitro

experiments detailed herein suggest physical character-

istics and a gas transport mechanism that indicate how

this 2% w/v DDFP emulsion (DDFPe) may function to

help maintain tissue oxygen perfusion. The data may also

offer insight into how the formulation might be useful as a

cellular protectant during stroke or heart attack. When

administered in relatively small doses these submicron-

sized particles (5�10�smaller than red blood cells) may

be able to perfuse to the distal end of vascular occlusions,

when blood cells are unable, and provide vital oxygen.
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Hemoglobin is the sole natural transporter of

oxygen in the body. By volume comparison, fluorocar-

bons are known to dissolve gases more efficiently than

other fluids or packed red blood cells [12]. Thus, there

are other fluorocarbon emulsions under investigation for

gas transport. These other products in development

contain relatively large, non-volatile perfluorocarbons

(PFCs) such as perfluorodecalin (PFD) and perfluor-

ooctylbromide (PFOB) [13], both having boiling points

of 1428C�1448C. They are formulated in high concen-

tration (20% to 60% w/v) in order to provide adequate

oxygen [14�16]. The solubility of oxygen is reported to

be 42% and 50% v/v in PFD and PFOB [17,18],

respectively. These 2 PFCs also are known to experi-

ence a large volume of distribution due to their extreme

hydrophobicity. While they are not attracted to lipids,

they are strongly repelled by the hydrogen bonding of

water, rendering them strongly hydrophobic but only

relatively lipophobic. Therefore, they predominantly

distribute to the tissues, are notably taken up by the

RES macrophages and, due to the high degree of

accumulation, they exhibit relatively long secondary

phase half-lives [19,20]. This makes their utility as

oxygen therapeutics somewhat limited. Alternatively,

because the DDFP molecule is smaller, dissolves a

higher concentration of oxygen (80% v/v), has a boil-

ing point of 298C, and thus may volatilize to some

degree at biological temperature (further enhancing

oxygen load), a much smaller volume of it is needed

to supply sufficient oxygen in vivo [6,21,22]. In

addition, studies show that DDFP has a 2-minute

half-life in the blood and is 99% cleared through the

lungs in 2 hours after intravenous administration [23].

Although this short half-life may appear to be a

disadvantage, animal studies suggest that a low dose

of DDFPe, around 0.7 cc per kg, administered one time

as an IV infusion, may be sufficient for resuscitation of

severely anemic animals [6,11]. Another consideration

is that an oxygen therapeutic does not need to replace

blood; it might still have a useful role to stabilize

patients with critical anemia or ischemia until additio-

nal definitive therapy (e.g. blood transfusion) can be

administered. As previously stated, it has been sug-

gested that DDFP has an advantage in solubilizing

gases over many other PFCs due to its short linear

chain length [1,17] and low boiling point [6,21]. This

more efficient oxygen absorption may be attributed to

the fact that DDFP has the highest ratio of primary CF3

groups relative to secondary CF2 groups compared to

longer chain perfluorocarbons (PFD and PFOB). The

CF3 groups, being strongly electronegative, are largely

responsible for the attraction of gases [24]. Thus, on a

volume basis, liquid DDFP can dissolve more respira-

tory gases than other linear liquid PFCs. Possibly more

important for oxygen-carrying capacity is the fact that

DDFP expands from the liquid to the gaseous state

[7,25,26] at biological temperatures and as a result

transfers gases based on local pressure gradients. It is

believed that the gaseous state of DDFP can absorb,

deliver, and exchange much more oxygen not only

in comparison to its own liquid state but also in

comparison to the liquid states of other larger PFCs

[21,27]. The current goal is to compare the ability of

2% w/v DDFPe with equivalent emulsions of PFD and

PFOB for their abilities to pick up oxygen, thus

simulating a scenario where oxygen would be available

to be carried and delivered to a hypoxic environment.

Furthermore, as the 2% DDFPe is the main focus of

this manuscript, the physical stability of only the

DDFPe is addressed.

METHODS

Preparation of the Product

Three separate batches of 2% w/v PFC (DDFP, PFD and

PFOB) emulsions were prepared as previously described

by Lundgren et al. [6]. In addition, a blank formulation

was prepared in the same manner as the 3 emulsions but

without any PFC. Specifically, for each 1 liter batch, 3

grams of PEG-Telomer B and 20 grams of PFC (except

for the blank) were homogenized along with a 33%

sucrose solution using a custom-built semi-closed stain-

less steel containment system attached to an Avestin

Emulsiflex-C5 homogenizer. Each homogenate was pro-

cessed for 6 passes through the chamber at 14,000 psi and

then terminally sterile filtered immediately prior to filling

into 5 mL vials. The vials were stoppered and crimped

and then stored at room temperature.

Product Analysis

Particle Sizing. Three vials were selected at random from

each formulated batch. Vials were vortexed for 5 seconds

and 10 uL aliquots of the liquid formulation were

removed by syringe, injected into 3 mL cuvettes contain-

ing 2 mL of a phosphate buffered saline diluent (of known

viscosity), and chilled in an ice bath. The cuvettes were

covered and gently inverted 3 times. The temperature of

the sample was then measured and each sample was

analyzed using a Malvern Zetasizer HS100 at the

temperature and viscosity settings determined. The 9

selected vials were each sampled once, unless an error

message was given by the Malvern, in which case

sampling was repeated until a passing test was achieved.

Because it is the main focus of this study, only the DDFPe

particle size was monitored over a 6-month time period.
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pH Analysis. A Symphony SB21 pH meter and a

Symphony 850 pH probe were used to determine the

pH of the final formulation. Analysis of the hydrogen ion

concentration was performed in triplicate. The meter was

calibrated with pH standards at 4.0 and 7.0 and then, in

order to confirm intra-batch uniformity, 1 vial was

selected from the beginning, middle, and end of each

batch for measurement.

Statistical Analyses. All descriptive statistics, such as

mean and standard deviation calculations for particle size,

pH, oxygen uptake, and volume expansion, were per-

formed using the Microsoft Excel 2003 Data Analysis

Kit.

In Vitro Performance Testing

Oxygen Transport. The in vitro set�up to measure

oxygen uptake by the formulations, shown in Figure 1,

was adapted from Lundgren et al. [11]. Three hundred mL

beakers with stir bars were filled with 250 mL of

deionized water and placed in temperature-controlled

water baths. The water baths were set on top of stirring

hotplates. The probes of portable oxygen meters were

submerged into the beakers and dissolved oxygen read-

ings were allowed to stabilize. Once stabilization was

established, the water surfaces were first covered with

Styro-foam† disks and then sealed in Parafilm† to

eliminate any headspace and prevent further gas exchange

with the atmosphere. A needle and syringe were used to

inject 5 mL of formulation through the parafilm and into

the 250 mL volume of water (1:50, v:v). The injection

hole was resealed each time with adhesive tape. Dissolved

oxygen readings were recorded at 30-second intervals on

a computer using custom-designed communications port

data logger software [28] for 1 hour after each injection.

This procedure was carried out in triplicate for the

DDFPe, PFDe, PFOBe, and the blank formulation at

both temperatures of 208C and 378C.

Volume Expansion. Because DDFP is expected to vola-

tilize at 378C, the volume expansion of each formulation

upon injection was tested using a manometer apparatus

shown in Figure 2. In parallel experiments, 5 mL volumes

of the DDFPe, PFDe, PFOBe, the blank formulation, and

deionized water were injected into 250 mL of stirred DI

water while the temperature of the stoppered 250 mL

Erlenmeyer flask containing the 250 mL of DI water

was maintained at 378 C. A 25 mL burette was inserted

through the stopper and its tip submerged into the water

such that any volume increase would be forced up into the

burette and then could be measured.

Results

Particle Sizing. The initial average particle diameters

were determined to be 215956 nm, 10398 nm and

15596 nm for DDFPe, PFDe and PFOBe, respectively.

Figure 3 shows that the DDFPe particle size remains

stable at a diameter below 400 nm for 6 months at room

temperature (238C928C). Note that the open diamonds

represent less than 2% of the particles in the sample and

these bimodal distributions were only observed for the

first 2 months.

Figure 1. The set-up used for measuring oxygen absorption.

The vials on the left contain one of the PFC emulsions and the

vials on the right contain the blank formulation.

Figure 2. The set-up used to measure the volume expansion

upon injection at 378C.
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pH Analysis. The pH values of DDFPe, PFDe and

PFOBe were found to be 5.5, 6.1 and 5.7, respectively.

In Vitro Performance Testing

Oxygen Transport. Figure 4 shows the oxygen uptake

data for all of the samples and controls tested. The PFDe

and PFOBe formulations were determined to absorb no

more oxygen than the blank formulation at both test

temperatures of 218C and 378C. By contrast, DDFPe

absorbed significantly more oxygen than the PFDe,

the PFOBe, and the blank formulation at both tempera-

tures. Specifically, at 60 minutes, DDFPe absorbed

approximately 3 times more oxygen at 218C (p�0.03)

and 7 times more oxygen at 378C (p�0.001). This can be

attributed to two important things. One is the fact that the

DDFPe contains approximately twice the molar amount

of perfluorocarbon vs. PFC wt amount and the other is the

higher ratio of trifluoromethyl groups present per unit

volume compared to the other formulations.

Volume Expansion. Figure 5 shows the differences in

volume expansion of all the samples and controls when

introduced into a 378C semi-sealed flask. Although there

are expansions observed with PFDe and PFOBe, neither

is significantly larger than the expansion of an equal

injection of water (p�0.35 and p�0.06 for PFDe and

PFOBe, respectively). There does appear to be a modest

difference between the volume increase of PFOBe and the

blank formulation (p�0.01) but not between water and

the blank formulation (p�0.12). The reason for the

apparent difference between the blank and PFOBe is

unknown; however, it is possible that PFOB expands

-50

0

50

100

150

200

250

300

350

400

450

0 10 20 30 40 50 60 70

Time (minutes)

A
m

ou
nt

 o
f O

xy
ge

n 
ab

so
rb

ed
 b

y 
5 

m
L 

in
je

ct
io

n
of

 P
F

C
 e

m
ul

si
on

 (
ug

)

DDFPe 37C DDFPe 21C PFDe 37C PFOBe 37C

Blank 37C Blank 21C PFDe 21C PFOBe 21C

Figure 4. The amount of oxygen absorbed by 5 mL injections

of DDFPe (triangles), PFDe (diamonds), PFOBe (squares), and

the formulation blank (open circles) at 21C (blue) and 37C (red)

over the course of 60 minutes.

0

500

1000

1500

2000

0 1 2 3 4 5 6

Time (months)

P
ar

tic
le

 D
ia

m
et

er
 (

nm
)

Figure 3. The particle-size distribution of DDFPe for 6 months at 238C928C. The error bars represent one standard deviation of the

triplicate measurements. The open diamonds represent measurements of less than 2% of the particle distribution at that timepoint.

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

Blank H2O PFOBe PFDe DDFPe

In
cr

ea
se

 in
 v

ol
um

e 
(m

Ls
)

Figure 5. Volume increase upon heating 5 mL injections of the

3 PFC emulsions, the blank formulation, and water to 378C.
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more than PFD at raised temperature. The most notable

result is seen in the expansion of the DDFPe. It is

significantly greater (pB0.00001) than all of the other

test injections by at least 5 times.

DISCUSSION

It has been explained that liquid PFCs dissolve oxygen

proficiently due to the relative positions of the fluorine

atoms [24]. Because the fluorine atoms are larger than

hydrogen, the tetrahedral arrangement becomes slightly

twisted around the carbon chain and renders the molecule

relatively rigid. In addition, PFCs experience negligible

Van der Waals attractions, thus making it easier for

cavities to form in the liquid, allowing the entrance of

gases that also lack attractive forces [1]. Furthermore, the

strongly electronegative fluorine atoms, especially the

CF3 groups, create pockets where the electron density of

gas molecules can be stabilized. These three combined

aspects are responsible for the solubility of oxygen in

liquid DDFP, PFD, and PFOB.

The fact that DDFP boils at 298C may at first seem

disadvantageous for oxygen delivery, as gas solutes are

inherently less soluble at higher temperatures. This is

likely to be true once a certain threshold of expansion is

reached, but if one considers that PFCs neither reduce

nor increase in attraction to each other when heated there

will be an initial phase of expansion where solvent

cavity space in the liquid simply increases. Nevertheless,

it is not simply the inherent solubility of gas in DDFP

that allows it to absorb so much more oxygen than other

PFCs at biological temperature. In theory, this increased

oxygen carrying capacity is primarily attributable to the

relative lower boiling point of DDFP [7]. The theory

states that further expansion of the DDFP will eventually

create bubbles, which are respiratory gas sinks into

which dissolved oxygen, in the surrounding medium,

can rapidly diffuse. Thus, once these oxygen rich

microenvironments are present, they should be able to

circulate and release their oxygen payload out into

relatively hypoxic regions at a more rapid rate than

would be true for larger PFCs that experience less

expansion and consequently less oxygen absorption. We

stress the theoretical aspect of how DDFP functions to

carry oxygen because while a true expansion from nano-

droplet to micro-bubble is known to occur in vitro and

some degree of expansion must also occur in vivo, there

is no solid proof that actual bubbles are formed in a

living vascular system.

It should be clearly noted that the oxygen uptake

concentrations measured in these in vitro experiments

cannot be scaled quantitatively to an in vivo situation. The

additional pressures exerted in the semi-closed circulatory

system would be expected to result in a relative hindrance

of the expansion of DDFP. It is even possible that, due to

the blood pressure, DDFP does not form actual bubbles

in vivo, but rather areas of a plasma-like interface between

the edge of the DDFP droplet and the blood. In short, it is

not concluded herein that the DDFP formulation forms

true micro-bubbles in vivo. Rather it is suggested that the

trend would be expected to remain the same in that DDFP

should be able to hold more oxygen due its relatively

higher ability to expand at biological temperature. Hence,

it should deliver more oxygen than the same volume of

PFD or PFOB. Another limitation of these experiments is

that while they do show a superior ability of DDFP to

absorb oxygen, they do not show the ability to release that

oxygen under hypoxic conditions. Although evidence that

the formulation does release oxygen in vivo has already

been published [6,11], it would be beneficial to provide

in vitro support of the process. Future experiments are

planned to investigate this.

Another concern with oxygen delivery is the potential

accompanying increase in oxygen free radical product-

ion. It is well known that oxidative stress caused by the

presence of free radicals causes cellular damage. Although

some oxidative stress is physiologically unavoidable,

unnecessary life-altering damage can result from an excess

of such exposure. Since reactive oxygen species (ROS)

are small molecules with unpaired electrons they may

be scavengable by DDFP due to a combination of its

electrophilic nature and tendency toward gaseous form at

biological temperature. Furthermore, formulation changes

to incorporate antioxidants in the DDFPe may provide

chemical protection from ROS. Thus, additional studies

are also planned to test the ability of the DDFPe to

minimize cellular damage that can result from exposure to

damaging oxygen free radicals.

CONCLUSION

A 2% w/v DDFP emulsion was prepared and tested

against equivalent emulsion concentrations of PFD and

PFOB for oxygen absorption ability. The final DDFPe has

a pH of 5.5, appears milky white, and the initial particle

size is 215956 nm. The 2% DDFPe was found to carry

7 times more oxygen than 2% w/v emulsions of PFD or

PFOB. These differences were determined to be signifi-

cant at a p�0.001 level of confidence. Thus, the ability

of DDFP to expand at physiological temperature appears

to provide it with a substantial advantage over PFD and

PFOB to deliver a higher payload of oxygen. This is most

likely the reason formulations with PFD and PFOB,

intended for oxygen delivery, have commonly been

prepared at 40% to 60% concentrations. It is clear that

DDFP offers a strong advantage over PFD and PFOB in

that a much smaller dose of PFC can be administered to

achieve the desired result. This is not only less invasive
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for the patient but also for the environment, as it has been

clearly documented that PFCs exit the body through the

lungs [23,29,30].

The data herein support the contentions of Burkard

and Van Liew [21] as well as Lundgren et al. [6,11] in

that DDFP should be able to provide enhanced oxygen

delivery over other PFCs due to its expansion from a

liquid to a gas at physiological temperature. These in vitro
studies coupled with the in vivo results obtained by

Lundgren et al. [11] in rats appear to indicate that small

doses of the DDFP emulsion may also be useful to

manage preservation of tissue during acute hypoxic

events. Furthermore, results may indicate an additional

use for supporting neuroprotection during hypoxic epi-

sodes of cardiovascular accidents or stroke.

Declaration of interest: The authors report no conflicts of
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