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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority to U.S. Provisional Patent Application 60/867,432 filed November
28, 2006.

STATEMENT ON FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support awarded by the following agencies: NSF grant CHE-0518112.
The United States government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] Nanoemulsions are composed of nanoscale droplets of one immiscible liquid dispersed within another. Many
drugs are hydrophobic, which leads to limited water solubility, causing the delivery of water-insoluble drugs to be a
primary focus of drug delivery research. Emulsions provide a central oil core, stably dispersed in water, that can act as
a reservoir for hydrophobic drugs. While emulsions have long been used for topical administration, the small size of
nanoemulsions makes them potentially attractive for parenteral delivery. In addition to solubilization of hydrophobic
drugs, emulsions can reduce pain or irritation upon injection, improve pharmacokinetics, allow for new forms of admin-
istration and can provide for sustained or targeted release.
[0004] Phospholipid-stabilized soybean oil emulsions were the first approved intravenous emulsion and have been
used clinically as i.v. nutritional supplements for over 40 years. Emulsions have also been employed clinically for the
delivery of anesthetic, anti-inflammatory and analgesic drugs as well as for blood substitutes. Clinical trials have inves-
tigated emulsion formulations for anti-fungal drugs, anti-cancer agents, and radio contrast agents. However, there has
not been extensive study of emulsion formulations for the delivery of volatile anesthetics. Figure 1 provides the chemical
structures of several common fluorinated volatile general anesthetics. This class of general anesthetics comprises highly
fluorophilic compounds comprising perfluoroethers and substituted perfluoroethers. Fluorine substitution in these com-
pounds provides for use substantially safer than their corresponding hydrocarbon counterparts. Desflurane and sevoflu-
rane, in particular, are the dominant fluorinated volatile anesthetics used in half the general anesthetics supplied in North
America. Nanoemulsion delivery systems for anesthetic compounds has promise to enable a new class of intravenously
deliverable anesthetic formulations potentially providing a viable alternative to conventional administration of anesthetics
via inhalation.
[0005] There are many clinical scenarios where the use of intravenous formulations of fluorinated volatile anesthetics
offers significant advantages. New applications of intravenous delivery of volatile agents in the modern operating room
relate primarily to speed of onset of drug action. When drugs are delivered by inhalation there is an inherent delay in
onset, as the concentration in the anesthetic circuit that leads to the patient rises more slowly than at the outflow from
the anesthetic vaporizer. The concentration in the lungs rises more slowly still because delivery to the alveoli and transfer
to the blood are limited by the rate of ventilation and blood flow. Thus, even with "overpressurization", in which concen-
trations higher than the desired equilibrium concentration are delivered transiently, changes in the level of anesthesia
are much slower (minutes) than optimal in a rapidly changing clinical environment. This is the primary reason that
intravenous agents such as thiopental and propofol are used for "induction" of anesthesia, followed by a transition to
inhaled agents as the effects of the intravenous agents dissipate. If it were possible to perform intravenous induction
using volatile agents themselves there would be no need to replace one anesthetic with another, thus simplifying the
induction process and adding a measure of stability and safety.
[0006] There are a number of situations in which rapid changes in the level of anesthesia are required not just for
induction of anesthesia and insertion of an endotracheal tube for mechanical ventilation, but also during the middle of
surgical procedures. These are typically situations associated with intense but brief stimuli, such as the insertion of "head
pins" to stabilize the skull for neurosurgical procedures or direct laryngoscopy for examination of the airway. Deep levels
of anesthesia are required to blunt the hemodynamic consequences of these intense stimuli, which are sudden in onset
but brief. The ability to rapidly change the level of anesthesia by injecting an agent directly into the bloodstream would
prove extremely useful for these and other clinical applications. Further, the brief duration of anesthetic action following
a single bolus injection may allow the duration of anesthetic effect to be matched precisely with the duration of the
surgical stimulus, thus minimizing hemodynamic consequences and improving safety.
[0007] Similarly, during the majority of surgical procedures there is a period of time following intubation of the trachea
that the level of surgical stimulation is very low or absent, as the patient is positioned and a sterile field is established.
During this time a light plane of anesthesia is required so that blood pressure is maintained. At the time of the surgical
incision anesthesia must be deepened quickly. At present this is accomplished by attempting to anticipate the timing of
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the incision by a minute or two and increasing the level of anesthesia early, so that as the blood pressure falls the incision
is made and the blood pressure rises to the desired level. Thus, this is a time of rapid changes in blood pressure and
heart rate. One of the major challenges facing the anesthesiologist is maintaining stable hemodynamics in the face of
rapidly changing anesthetic requirements at the beginning of a surgical procedure. Again, by more closely matching the
onset of anesthetic action with the onset of the surgical stimulus using intravenous anesthetic delivery, stability and
safety may be improved substantially.
[0008] Beyond the advantages imparted by more rapid titration of drug levels, intravenous delivery has potential to
allow or facilitate the use of volatile anesthetics outside of the traditional realm of the operating theater. These include
the use of volatile agents for sedation, and for induction and maintenance of general anesthesia under circumstances
where delivery via inhalation is difficult or impossible. For example, sedation is occasionally required in the MRI or CT
suite, where it is necessary that patients remain still. In addition, sedation is also often required in the clinic for colonoscopy
and other uncomfortable procedures. The rapid recovery profile permitted by volatile anesthetics would be ideal in these
situations, and significantly more rapid than for the most popular current regimen of fentanyl and midazolam. Further,
their ability to blunt responses to noxious stimuli would confer a distinct advantage over propofol, a new intravenous
anesthetic that is increasingly used for sedation because of its rapid recovery profile, but that has little or no analgesic
property
[0009] Recently, substantial research has been directed at developing lipid-based delivery systems for the intravenous
administration of fluorinated volatile anesthetics. Warltier et al. and Liu et al. have recently addressed the intravenous
administration of halogenated anesthetics via lipid emulsions. (See, Chiari, P. C.; Pagel, P. S.; Tanaka, K.; Krolikowski,
J. G.; Ludwig, L. M.; Trillo, R. A.; Puri, N.; Kersten, J.R.; Warltier, D. C. "Intravenous Emulsified Halogenated Anesthetics
produce Acute and Delayed Preconditioning against Myocardial Infarction in Rabbits" Anesthesiology 2004, 101,
1160-1166; and Zhou, J.-X.; Luo, N.-F.; Liang, X.-M.; Liu, J. "The Efficacy and Safety of Intravenous Emulsified Isoflurane
in Rats" Anesth. Analg. 2006, 102, 129-134). Warltier et al. report that emulsified anesthetics produce acute and delayed
preconditioning against myocardial infarction. Liu et al. report that combinations of simple lipids such as soy bean oil
and glycerol (Intralipid) could be used for making anesthetic emulsions. While these results demonstrate the potential
feasibility of lipid emulsions for the delivery of volatile anesthetics, there are significant drawbacks to this approach which
hinder its practical implementation. First, emulsions of volatile fluorinated anesthetics based on Intralipid are not expected
to be stable over time at high anesthetic concentrations. The effectiveness of these formulations for intravenous admin-
istration of volatile anesthetics, therefore, is expected to degrade significantly as a function of time. This property is
undesirable as it renders such lipid-based formulations short practical lifetimes and shelf lives. Second, common lipids
such as Intralipid have been shown to emulsify a maximum of 3.6 % in volume of sevoflurane. This substantial limitation
on the volume of anesthetic capable of emulsification is expected to present a significant challenge for practical imple-
mentation of lipid-based delivery systems for intravenously administered fluorinated volatile anesthetics.
[0010] An alternative approach to emulsions, which employ micelle systems for the delivery of fluorinated volatile
anesthetics, is described in U.S. Patent Publication US2005/0214379 (Mecozzi et al.) published on September 29, 2005.
Delivery systems are described comprising fluorinated block copolymers having a hydrophilic block and a fluorinated or
semifluorinated block. Applicability of the delivery system for encapsulation and administration of a variety of fluorine
containing therapeutic compositions, including sevoflurane, is reported. In this delivery system, fluorinated block copol-
ymers are provided at a concentration larger than the critical micelle concentration so as to form stable supramolecular
structures for encapsulating fluorophilic chemical compounds. Specifically, the block copolymers self assemble into
micelles wherein the fluorinated or semifluorinated blocks of the copolymer orient toward and surround a fluorous core
of the fluorine containing therapeutic. A variety of block copolymer compositions are report as useful for administration
of fluorinated therapeutic compositions, include dual block copolymers having a poly(ethylene glycol) block and a per-
fluorinated alkane block.
[0011] It will be appreciated from the foregoing that delivery systems enabling the intravenous administration of fluor-
inated volatile anesthetics are needed to provide an alternative to vapor inhalation in general anesthesia. Systems and
formulations capable of providing highly concentrated emulsions of anesthetic are needed to enable intravenous delivery
of anesthetics in amounts required for important clinical applications. Systems and formulations providing concentrated
emulsions of anesthetic exhibiting stable particle sizes and anesthetic concentrations are needed to allow practical
implementation of intravenous fluorinated volatile anesthetics. Systems and formulations for intravenous delivery of
fluorinated volatile anesthetics exhibiting a high degree of biocompatibility and low toxicity are needed.

SUMMARY OF THE INVENTION

[0012] The present disclosure provides therapeutic formulations, including therapeutic emulsions and nanoemulsions,
and related methods for the delivery of fluorinated anesthetic compounds, including an important class of low boiling
point perfluorinated and/or perhalogenated volatile anesthetics. Emulsion-based fluorinated volatile anesthetic formu-
lations compatible with intravenous administration are provided that are capable of delivering and releasing amounts of
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fluorinated volatile anesthetic compounds effective for inducing and maintaining anesthesia in patients. Intravenous
delivery of the present emulsion-based fluorinated volatile anesthetic formulations permits anesthetic levels in a patient
to be selectively adjusted very rapidly and accurately without the need to hyperventilate patients and without the use of
irritating agents.
[0013] The present disclosure provides a therapeutic formulation comprising: an aqueous solution; semi-fluorinated
block copolymers having a hydrophilic block and a fluorophilic block; a fluorinated anesthetic compound; and a stabilizing
additive wherein said stabilizing additive is a perhalogenated fluorocarbon; wherein said formulation is a nanoemulsion
comprising a continuous phase and a dispersed phase, wherein said continuous phase comprises said aqueous solution
and said dispersed phase comprises said semi-fluorinated block copolymers, said fluorinated anesthetic compound and
said stabilizing additive; wherein said fluorinated anesthetic compound is greater than or equal to 5 % by volume of said
therapeutic formulation, said perhalogenated fluorocarbon is 1 % to 20 % by volume of said therapeutic formulation;
and said semi-fluorinated block copolymers have a concentration selected over the range of 1 mg ml-1 to 45 mg ml-1.
The present formulations comprise a combination of a surfactant, such as one or more semi-fluorinated block copolymers,
and a stabilizing additive, such as one or more perhalogenated fluorocarbons, capable of generating an emulsion of a
large amount of a fluorinated volatile anesthetic dispersed in an aqueous solution. Therapeutic formulations of the present
disclosure are nanoemulsions comprising submicron droplets of fluorinated volatile anesthetic and stabilizing additive,
dispersed in a continuous phase comprising an aqueous solution. The droplets of fluorinated volatile anesthetic and
stabilizing additive of the emulsion are stabilized by the formation of supramolecular structures of self assembled semi-
fluorinated block copolymer surfactants that reduce the interfacial tension with fluorinated liquids at the droplet interface.
The surfactant comprising semi-fluorinated block copolymers having a hydrophilic block and a fluorophilic block self-
assemble upon emulsification to form supramolecular structures dispersed in an aqueous continuous phase, thereby
encapsulating and stabilizing significant quantities of the fluorinated volatile anesthetic component in a fluorous inner
droplet core. For example, the fluorophilic block of the semi-fluorinated block copolymer surfactant may be preferentially
oriented toward and proximate to the fluorous internal core of the supramolecular structure, thereby functioning as a
molecular recognition element for the fluorinated volatile anesthetic. The dispersed phase droplets of fluorinated volatile
anesthetic also have a stabilizing additive component for providing useful chemical and physical properties. Anesthetic
formulations of the present disclosure comprising nanoemulsions having a perhalogenated fluorocarbon stabilizing
additive component, exhibit enhanced stability with respect to droplet size by decreasing the rate of Ostwald ripening,
coagulation and/or phase separation processes.
[0014] The present therapeutic formulations provide enhanced delivery performance relative to conventional lipid-
base delivery systems by enabling emulsions having higher concentrations of fluorinated volatile anesthetics. Compo-
sitions of this aspect of the present invention allow for efficient formulation, administration and delivery of anesthetic to
a patient or subject. In some embodiments, the present emulsion-based formulations provide effective delivery to specific
active sites on ion channels and neurotransmitter receptors of a patient. Therapeutic formulations of this aspect of the
present invention also provide a high degree of versatility, as the composition of the semi-fluorinated block copolymer
surfactant (e.g. length of the hydrophilic block, length of the fluorophilic block, number of carbon - fluorine bonds, etc.)
and the amount and chemical composition of perhalogenated fluorocarbon stabilizing additive(s) may be selectively
adjusted to: (i) enhance stability under delivery conditions, (ii) optimize the kinetics of release of the fluorinated therapeutic
for a specific application (e.g. provide faster or slower release rates), and (iii) enhance the overall formulation stability
of therapeutic nanoemulsions under storage conditions (e.g., increase useful self life).
[0015] In an aspect, the present disclosure provides therapeutic formulations, including nanoemulsions for the admin-
istration of fluorinated therapeutic compounds. A therapeutic formulation of this aspect comprises an aqueous solution;
semi-fluorinated block copolymers having a hydrophilic block and a fluorophilic block; a fluorinated therapeutic compound;
and a stabilizing additive. In an embodiment, the semi-fluorinated block copolymers function as a surfactant for encap-
sulating and/or stabilizing dispersed phase droplets of fluorinated therapeutic compound(s) and stabilizing additive(s).
The stabilizing additive is one or more perhalogenated fluorocarbon compounds. Useful therapeutic formulations of the
present invention may be provide as a therapeutic emulsion comprising: a continuous phase comprising the aqueous
solution; and a dispersed phase where the semi-fluorinated block copolymers stabilize the fluorinated therapeutic com-
pound, and the perhalogenated fluorocarbon stabilizing additive, wherein the droplets of the dispersed phase are dis-
persed in the continuous phase. As used herein, the term formulation refers to compositions prepared for a desired
therapeutic use. Formulations of the present invention may be present in a form ready for administration to a subject or
may be provided in a form that requires one or more additional steps prior to administration to a subject. Formulations
of the present invention include therapeutic emulsions and include precursor compositions for therapeutic emulsions.
[0016] This aspect of the present invention is attractive for therapeutic formulations for delivery of fluorinated therapeutic
compounds comprising an anesthetic, such as sevoflurane, isoflurane, desflurane, enflurane and/or methoxyflurane. In
an embodiment, the therapeutic formulation of this aspect of the present invention comprises a nanoemulsion formulation
wherein dispersed phase droplets comprise a fluorinated anesthetic and one or more stabilizing agents, wherein said
dropets have an average diameter less than or equal to 1000 nanometers, preferably for some applications an average
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diameter less than or equal to 500 nanometers, and more preferably for some applications an average diameter less
than or equal to 300 nanometers. Optionally, the therapeutic formulation of this aspect of the present invention is capable
of delivery to a patient via parenteral administration, such as via intravenous injection.
[0017] The composition of the semi-fluorinated copolymer surfactant component is an important parameter for con-
trolling the stability, pharmacokinetic properties and biocompatibility of the present formulations. For example, selection
of the composition of the fluorophilic block (e.g., the number of carbons of a fluorinated or perfluorinated alkyl chain,
number of carbon - fluorine bonds etc.) and/or the composition of the hydrophilic block (e.g., composition, size, molecular
weight etc.) is selected so as to establish useful chemical or physical properties of the nanoemulsion for a given application,
such as to enhance stability (e.g., shelf life) and/or provide desired release properties of the therapeutic formulation. In
an embodiment, for example, the fluorophilic block of the semi-fluorinated copolymer surfactant component is a fluorinated
alkyl chain, such as perfluorinated alkyl chain, semifluorinated alkyl chain, perhalogenated alkyl chain and/or saturated
fluorinated or perfluorinated alkyl chain. Exemplary fluorophilic blocks of semi-fluorinated copolymers of the present
invention have lengths of 6 to 16 carbons. In an embodiment, the hydrophilic block of the semi-fluorinated copolymer
comprises polyoxygenated block of the polymer, such as a poly(ethylene glycol) block. Exemplary hydrophilic blocks of
semi-fluorinated copolymers of the present invention include a poly(ethylene glycol) block having a molecular weight
selected over the range of 500 g mol-1 to 12,000 g mol-1. Selection of the size / molecular weight of the poly(ethylene
glycol) block in some compositions establishes the release rate of fluorinated anesthetic and/or stability with respect to
ripening, coagulation and phase separation processes.
[0018] In an embodiment of the present invention particularly useful for delivery of fluorinated volatile anesthetic
compounds, the semi-fluorinated block copolymer has the formula:

CmF2m+1-L1-(-CH2CH2-O-)n-R; (FX1)

wherein m is selected from the range of 5 to 25, n is selected from the range of 10 to 270, L1 is a linking group; and
wherein R is a hydrogen, a methyl group, a substituted or unsubstituted alkoxy group, a substituted or unsubstituted
alkyl group, a substituted or unsubstituted aryl group, a substituted or unsubstituted alkenyl; or a substituted or unsub-
stituted alkynyl group. Linking groups (L1) in this aspect function to connect hydrophilic blocks (e.g. PEG) and fluorophilic
blocks (e.g., fluorinated alkyl group) of the semifluorinated block copolymers. In an embodiment, the semi-fluorinated
block copolymer has the chemical formula FX1, and the linking group (L1) is selected from the group consisting of a
substituted or unsubstituted alkyl group, a substituted or unsubstituted alkenyl; and a substituted or unsubstituted alkynyl
group. In an embodiment, the linking group (L1) is a C1-10 alkyl group. In an embodiment, the semi-fluorinated block
copolymer has the formula FX1, wherein R is a hydrogen, methyl group or an alkyl group.
[0019] In an embodiment of the present invention particularly useful for delivery of fluorinated volatile anesthetic
compounds, the semi-fluorinated block copolymer has the formula:

CmF2m+1-(CH2)p-O-(-CH2CH2-O-)n-R; or (FX2)

CmF2m+1-O-(-CH2CH2-O-)n-R; (FX3)

wherein m is selected from the range of 5 to 25, n is selected from the range of 10 to 270, p is selected from the range
1 to 10; and wherein R is a hydrogen, a methyl group, a substituted or unsubstituted alkoxy group, a substituted or
unsubstituted alkyl group, a substituted or unsubstituted aryl group, a substituted or unsubstituted alkenyl; or a substituted
or unsubstituted alkynyl group. In an embodiment, the semi-fluorinated block copolymer has the formula FX2 or FX3,
wherein R is a hydrogen, methyl group or an alkyl group.
[0020] Selection of stabilizing additives, such as perhalogenated fluorocarbon compounds, having specific and well
defined physical and chemical properties is also important in the present invention for providing therapeutic formulations
providing enhanced delivery performance and stability, and for accessing therapeutic emulsions having large concen-
trations of fluorinated therapeutic compounds, such as emulsions having large concentrations of fluorinated volatile
anesthetics. In some embodiments, for example, stabilizing agents are provided that comprise a component of the
dispersed droplet phase that controls the release rate of fluorinated anesthetic from the droplets, thereby lowering the
rate of droplet ripening processes such as Ostwald ripening. Stabilizing additives of this aspect are useful for providing
therapeutic emulsions, including nanoemulsions, exhibiting stable droplets sizes and/or comprising droplets that undergo
growth at rates sufficiently low to allow their use a therapeutic agents.
[0021] First, stabilizing additives, such as perhalogenated fluorocarbon stabilizing additives, preferably exhibit high
fluorophilicity. Exemplary stabilizing additives, such as perhalogenated fluorocarbon stabilizing additives, have a high
affinity for the fluorous block of the semifluorinated block copolymer, which leads to a low interfacial tension with the
block copolymer. For some applications, the number of fluorine-carbon bonds is an important parameter in selecting a
stabilizing additive, such as a perhalogenated fluorocarbon stabilizing additive, having an appropriately high fluorophilic-



EP 2 099 408 B1

6

5

10

15

20

25

30

35

40

45

50

55

ity. Perhalogenated fluorocarbon stabilizing additives having between 12 to 25 carbon - fluorine bonds are desirable for
some therapeutic formulations of the present invention. Alternatively, the number of carbon-fluorine bonds of the perh-
alogenated fluorocarbon stabilizing additive may be appropriately matched or otherwise related to the number of carbon-
fluorine bonds of the fluorophilic block of the semi-fluorinated block copolymers.
[0022] Second, stabilizing additives, such as perhalogenated fluorocarbon stabilizing additives, preferably exhibit low
solubility in water. Selection of stabilizing additives with low water solubility is useful for avoiding degradation of the
present therapeutic emulsion caused by over-ripening of fluorinated therapeutic containing particles dispersed in a
continuous aqueous phase. In an embodiment, the stabilizing additive, such as a perhalogenated fluorocarbon stabilizing
additive, has a solubility in water less than or equal to 20 nanomolar. The particle ripening rate depends on the solubility
of the additive. Accordingly, use of perfluorooctyl bromide (abbreviated as pfob), which has a solubility of 5 nM, provides
for slow ripening. In principle, however, an additive that is slightly more water-soluble, for example 20 nM, will also slow
the ripening but not as much as fluoroderivatives that are less soluble.
[0023] Third, stabilizing additives, such as perhalogenated fluorocarbon stabilizing additives, useful in the present
therapeutic formulations are preferably chemically inert. Perfluorinated compounds, bromine substituted perfluorinated
compounds and chlorine substituted perfluorinated compounds provide useful chemically inert perhalogenated fluoro-
carbon stabilizing additives in the present invention.
[0024] Fourth, stabilizing additives, such as perhalogenated fluorocarbon stabilizing additives, useful in the present
therapeutic formulations preferably are rapidly excreted, for example having a circulatory half-time (i.e., the time for the
concentration of perhalogenated fluorocarbon stabilizing additive to decrease by half in the circulation) less than two
weeks.
[0025] Fifth, stabilizing additives, such as perhalogenated fluorocarbon stabilizing additives, useful in the present
therapeutic formulations preferably have a molecular weight selected over the range of 460 amu to 520 amu. Compounds
having molecular weights below this range are typically susceptible to having too high a vapor pressure, which can lead
to lung emphysema and other pulmonary complications. Compounds having molecular weights below this range typically
exhibit excretion times that are undesirably long.
[0026] Sixth, stabilizing additives, such as perhalogenated fluorocarbon stabilizing additives, useful in the present
therapeutic formulations preferably are provided as high purity reagents. Benefits of the use of high purity reagents are
that no toxicity, carcinogenic, mutagenic, teratogenic effects, or immunological reactions, have been reported for many
fluorocarbons when provided in a sufficiently pure form and chosen within the appropriate molecular weight range (See
above).
[0027] Useful perhalogenated fluorocarbon stabilizing additives include perfluorocarbons; bromine substituted per-
fluorocarbons; chlorine substituted perfluorocarbons; and bromine and chlorine substituted perfluorocarbons. In an
embodiment, the perhalogenated fluorocarbon is one or more compounds selected from the group consisting of per-
fluorooctyl bromide; perfluorononyl bromide, perfluorodecyl bromide, perfluorodecalin; perfluorodichlorooctane; and bis-
perfluorobutyl ethylene and perfluoro(methyldecalin). The present invention includes therapeutic formulations comprising
a plurality of different perhalogenated fluorocarbon stabilizing additives.
[0028] In a therapeutic emulsion of the present invention, droplets dispersed in the continuous phase comprise self
assembled supramolecular structures encapsulating the fluorinated therapeutic compound and, optionally the stabilizing
agent. In an embodiment, supramolecular structures have an interior fluorous core comprising droplets of fluorinated
therapeutic compound and stabilizing agent(s) encapsulated by the semi-fluorinated block copolymer surfactant. For
example, the present invention includes formulations wherein the fluorophilic blocks of semi-fluorinated block copolymer
surfactants are oriented toward and/or proximate to the interior fluorous core of the droplet comprising a mixture of
fluorinated volatile anesthetic and stabilizing agent; and wherein the hydrophilic block is oriented distal to the interior
fluorous core of the droplets (i.e. oriented toward the continuous aqueous phase).
[0029] The therapeutic formulations of the present invention include nanoemulsions comprising an aqueous continuous
phase and dispersed phase droplets of fluorinated volatile anesthetic and stabilizing agent. In some embodiment, dis-
persed phase droplets of the nanoemulsion have an average diameter less than 1 micron, for example an average
diameter selected from the range of 50 to 1000 nanometers. In some embodiments, dispersed phase droplets of na-
noemulsions of the present invention have an average diameter less than or equal to 400 nanometers, for example
droplets having average diameter selected over the range of 50 nanometers to 400 nanometers. Use of dispersed phase
droplets having an average diameter less than or equal to 400 nanometers is beneficial for minimizing or eliminating
toxicity of these droplets upon introduction into the blood stream. In some embodiments, dispersed phase droplets of
nanoemulsions of the present invention are substantially homogeneous droplets.
[0030] In a therapeutic formulation of the present invention, the fluorinated therapeutic compound has a percentage
by volume selected over the range of 5 % to 25 %, the perhalogenated fluorocarbon stabilizing additive has a percentage
by volume selected over the range of 1 % to 10 %; and the semi-fluorinated block copolymers have a concentration
selected over the range of 1 mg ml-1 to 45 mg ml-1. In a therapeutic emulsion of the present invention providing enhanced
delivery performance relative to conventional lipid-base delivery systems the fluorinated therapeutic compound comprises



EP 2 099 408 B1

7

5

10

15

20

25

30

35

40

45

50

55

greater than 5% of the volume of the therapeutic emulsion, for example comprising 5% to 30% of the volume of the
therapeutic emulsion, and in some embodiments comprising 5% to 25% of the volume of the therapeutic emulsion.
[0031] In an embodiment, the fluorinated therapeutic compound is 5 % to 25 % by volume of the therapeutic formulation,
the perhalogenated fluorocarbon stabilizing additive is 1 % to 10 % by volume of the therapeutic formulation; and the
semi-fluorinated block copolymers have a concentration selected over the range of 1 mg ml-1 to 45 mg ml-1.
[0032] In another aspect, methods of administering the therapeutic formulations of the present are provided, including
methods of administering therapeutic formulations containing fluorinated volatile anesthetics. In an embodiment, a meth-
od of administering a fluorinated therapeutic compound to a patient comprises the steps of: (i) providing a therapeutic
formulation comprising: an aqueous solution; semi-fluorinated block copolymers having a hydrophilic block and a fluor-
ophilic block; a fluorinated therapeutic compound; and a stabilizing additive such as a perhalogenated fluorocarbon
stabilizing additive; (ii) emulsifying the therapeutic formulation, thereby making a therapeutic emulsion; and (iii) delivering
the therapeutic emulsion to the patient. Therapeutic formulations useful for these methods of the present invention
include all embodiments, compositions, preparations, phases (e.g., colloidal phases) and variations described above.
In an embodiment, the therapeutic emulsion is delivered to the patient via intravenous injection. For example, the present
invention includes methods wherein a volume of therapeutic emulsion selected over the range of 1 ml to 100 ml is
injected to a patient at a rate selected over the range of 0.1 ml min-1 to 20 ml min-1, more preferably for some applications
a rate selected over the range of 0.1 ml min-1 to 5 ml min-1. Alternatively, the present invention includes formulation and
methods wherein a therapeutic emulsion is delivered to the patient via dialysis, absorption, transdermal delivery, or oral
delivery.
[0033] In an exemplary embodiment of this aspect of the present invention the step of emulsifying the therapeutic
formulation comprises the steps of: (i) adding the fluorinated therapeutic compound and the stabilizing additive, such
as a perhalogenated fluorocarbon stabilizing additive, to the aqueous solution having the semi-fluorinated block copol-
ymers therein, thereby generating a therapeutic mixture; and (ii) homogenizing the therapeutic mixture, thereby gener-
ating the therapeutic emulsion. Optionally, this method of the present invention further comprises the step of lowering
the temperature of the therapeutic mixture during the homogenizing step. The step of homogenizing the therapeutic
mixture may be carrier out by any means known in the art of colloid science and pharmacology including using a lower
energy mixer and/or a microfluidizer. In some embodiments, a portion or all of the components of the therapeutic
formulation are mixed below the critical micellar concentration. The temperature is subsequently lowered, the concen-
tration of semifluorinated block copolymer is subsequently raised and/or other solution condition(s) is changed so as to
initiate formation of supramolecular structures encapsulating the fluorinated therapeutic compound.
[0034] In another aspect, the present invention provides a method of making a therapeutic emulsion containing a
fluorinated therapeutic compound comprising the steps of: (i) providing a therapeutic formulation comprising: an aqueous
solution; semi-fluorinated block copolymers having a hydrophilic block and a fluorophilic block; a fluorinated therapeutic
compound; and a stabilizing additive, such as a perhalogenated fluorocarbon stabilizing additive; and (ii) emulsifying
the therapeutic formulation, thereby making the therapeutic emulsion.
[0035] Alternatively, the present include methods of making a therapeutic emulsion containing a fluorinated therapeutic
compound, wherein an aqueous solution containing supramolecular structures, such as micelles, comprising the present
block copolymers is provided. Next, the stabilizing additive, such as a perhalogenated fluorocarbon stabilizing additive,
and fluorinated therapeutic compound are added and taken up by the preformed micelles, thereby resulting in a thera-
peutic formulation.
[0036] In another aspect, the present invention provides a method of stabilizing a therapeutic emulsion containing a
fluorinated therapeutic compound, comprising the steps of: (i) providing a therapeutic formulation comprising: an aqueous
solution; semi-fluorinated block copolymers having a hydrophilic block and a fluorophilic block; and a fluorinated thera-
peutic compound; (ii) adding a stabilizing additive, such as a perhalogenated fluorocarbon stabilizing additive, to said
therapeutic formulation; and (iii) emulsifying said therapeutic formulation, thereby stabilizing said therapeutic emulsion.
[0037] Without wishing to be bound by any particular theory, there can be discussion herein of beliefs or understandings
of underlying principles relating to the invention. It is recognized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of the invention can nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038]

Fig. 1 provides chemical structures of common volatile general anesthetics.

Fig. 2 provides a schematic diagram illustrating transition from micelles to emulsions in the binding of fluorinated
anesthetics by semi-fluorinated polymers.
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Fig. 3 provides a schematic diagram illustrating the self-assembly of a micelle in aqueous solution.

Fig. 4 provides plots showing the effects on the size of the nanoparticles upon changing the concentration of: a.
The anesthetic (isoflurane). b. The stabilizing additive. c. The fluoropolymer. Concentrations of isoflurane and per-
fluorooctyl bromide are in % V/V. Concentrations of the polymers are in mg/mL. iso = isoflurane, pfob = perfluorooctyl
bromide. Y axis = diameter (nm), X axis = time (days). Droplet diameter in nanometers is plotted (y-axis) versus
time (days).

Fig. 5 provides plots showing the effect on the size of the nanoparticles upon changing the size of the PEG and
keeping everything else constant. Droplet diameter in nanometers is plotted (y-axis) versus time (days). Figure 5
provides data corresponding to a time interval of approximately 15 days. It is noted that Figure 18 provides a similar
plot, including this data, wherein additional data is provided corresponding to a time interval extended to approximately
50 days.

Fig. 6 provides plots of effects on the size of the nanoparticles upon changing the stabilizing additive. Concentrations
of the three emulsion constituents are 20/20/15 (sevoflurane/stabilizing additive/F13M5). FC-72 = perfluorohexanes,
PFOB = perfluorooctyl bromide, FDC = perfluorodecalin. Droplet diameter in nanometers is plotted (y-axis) versus
time (days). Figure 6 provides data corresponding to a time interval of approximately 3 days. It is noted that Figure
17 provides a similar plot, including this data, wherein additional data is provided corresponding to a time interval
extended to approximately 50 days.

Fig. 7 provides a schematic showing the synthesis of the fluorosurfactant F13M5, used as an emulsifier.

Fig. 8 provides dose-response curves for the determination of the ED50 value (left) and the LD50 value (right).

Fig. 9 provides a summary of average duration of anesthesia for rats that were anesthetized during the ED50
determination.

Fig. 10 provides a general synthetic scheme for the reaction of the fluorinated surfactants.

Fig. 11 provides a plot showing the stability of sevoflurane (percent v/v) emulsified in 20% Intralipid. The 10% and
20% lines do not continue because there was phase separation after only one day. Droplet diameter in nanometers
is plotted (y-axis) versus time (days).

Fig. 12 provide plots showing the Maximum amount of sevoflurane that can be stably emulsified. All emulsions
contain 8% v/v perfluorooctyl bromide and 2.5% w/v F13M5. Fig. 12a shows a plot of the changes in particles
diameter (nanometers) with time (days). Fig. 12b shows changes in the cube of particle radius with time.

Fig. 13 provides a plot showing the effect of perfluorooctyl bromide (pfob) amount (% v/v) of emulsion stability. All
emulsions contain 20% v/v sevoflurane and 1.5% w/v F13M5. Droplet diameter in nanometers is plotted (y-axis)
versus time (days).

Fig. 14 provides a plot showing the effect of the amount of F13M5 polymer (% w/v on emulsion stability. All emulsions
contained 20% v/v sevoflurane and 10% v/v perfluorooctyl bromide. Droplet diameter in nanometers is plotted (y-
axis) versus time (days).

Fig. 15 provides a plot showing ripening with 0.5 and 4.5% w/v F13M5 replotted as the cube of the radius, with the
linear best-fit line added.

Fig. 16 provides a plot showing ripening with perfluorooctyl bromide as the sole emulsified oil. All emulsions were
prepared with 2.5% w/v F13M5. Droplet diameter in nanometers is plotted (y-axis) versus time (days).

Fig. 17 provides a plot showing ripening rates with different stabilizing additives. All emulsions contained 20% v/v
sevoflurane, 10% v/v stabilizing additive and 2.5% w/v. F13M5. Droplet diameter in nanometers is plotted (y-axis)
versus time (days).

Fig. 18 provides a plot showing ripening rates for polymers with different PEG chain lengths. All emulsions contained
20% v/v sevoflurane, 10% v/v perfluorooctyl bromide and 2.5% w/v polymer. Droplet diameter in nanometers is
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plotted (y-axis) versus time (days).

Fig. 19 provides a plot showing ripening rates with FC-72 as the primary oil and perfluorotridecane as the stabilizing
additive. Both samples contained 20% v/v FC-72, 2% w/v perfluorotridecane and 1.5% w/v F13M5. Droplet diameter
in nanometers is plotted (y-axis) versus time (days).

Fig. 20 provides a plot showing ripening rates with perfluorooctyl bromide as the primary oil and perfluorotridecane
as the stabilizing additive. Both samples contained 20% v/v perfluorooctyl bromide, 2% w/v perfluorotridecane and
1.5% w/v F13M5. Droplet diameter in nanometers is plotted (y-axis) versus time (days).

Fig. 21 provides a plot showing ripening rates with sevoflurane as the primary additive and perfluorotridecane as
the additive. Both samples contained 20% v/v sevoflurane, 1.5% w/v perfluorotridecane and 1.5% w/v F13M5.
Droplet diameter in nanometers is plotted (y-axis) versus time (days).

Figure 22 provides plots showing ripening as function of the amount of stabilizing additive. Figure 22A shows a plot
of droplet diameter as a function of time for perfluorooctyl bromide (pfob) percentages by volume ranging from 1%
to 10%. Figure 22B shows a plot of ripening rate as a function of amount of additive. In these experiments the
emulsions contain 20% by volume sevflurane and 1.5% weight by volume of the semifluorinated block copolymer
surfactant F13M5.

DETAILED DESCRIPTION OF THE INVENTION

[0039] Referring to the drawings, like numerals indicate like elements and the same number appearing in more than
one drawing refers to the same element. In addition, hereinafter, the following definitions apply:
[0040] "Supramolecular structure" refers to structures comprising an assembly of molecules. Supramolecular struc-
tures include assemblies of molecules, such as block copolymers having hydrophilic and fluorophilic blocks, which are
selectively oriented such that hydrophilic portions of the molecules is oriented outward toward a continuous aqueous
phase and such that fluorophilic portions of the molecules are oriented inward toward a fluorous inner core of the
supramolecular structure. Supramolecular structures include, but are not limited to, micelles, vesicles, tubular micelles,
cylindrical micelles, bilayers, folded sheets structures, globular aggregates, swollen micelles, and encapsulated droplets.
Supramolecular structures of the present invention include self assembled structures. Supramolecular structures may
comprise the dispersed phase of a colloid, such as an emulsion or nanoemulsion.
[0041] "Semi-fluorinated" refers to chemical compounds having at least one fluorine atom, for example molecules
having at least one carbon - fluorine bond.
[0042] Fluorocarbons as used herein refer to chemical compounds that contain at least one carbon-fluorine bond.
Many volatile anesthetics, such as sevoflurane, isoflurane, desflurane, enflurane and methoxyflurane, are fluorocarbons.
[0043] "Perfluorinated" and "perfluorocarbon" refers to chemical compounds that are analogs of hydrocarbons wherein
all hydrogen atoms in the hydrocarbon are replaced with fluorine atoms. Perfluorinated molecules can also contain a
number of other atoms, including bromine, chlorine, and oxygen. A bromine substituted perfluorocarbon is a perfluoro-
carbon wherein one or more of the fluorine atoms have been replaced with a bromine atom. A chlorine substituted
perfluorocarbon is a perfluorocarbon wherein one or more of the fluorine atoms have been replaced with a chlorine atom.
A chlorine and bromine substituted perfluorocarbon is a perfluorocarbon wherein one or more of the fluorine atoms have
been replaced with a chlorine atom and wherein one or more of the fluorine atoms have been replaced with a bromine atom.
[0044] "Emulsion" refers to a mixture of two or more immiscible substances, such as a mixture of two immiscible
liquids. Emulsions are a type of colloid that comprise at least one dispersed phase dispersed in a continuous phase.
Emulsions are broadly defined as two immiscible phases dispersed within another, such as a two-phase system in which
one liquid is dispersed throughout another liquid in the form of small droplets. This energy can either be supplied by
mechanical equipment or the chemical potential inherent within the components. The two phases of an emulsion are
generally referred to as the continuous phase and the dispersed phase, with the dispersed phase typically present as
a smaller volume percentage. A dispersion of oil in water is referred to as an oil-in-water (o/w) emulsion. For o/w emulsions
the emulsifying agent is typically more soluble in the aqueous phase. The reverse emulsion, water-in-oil, is abbreviated
w/o and is stabilized by surfactants that are more stable in the oil phase. In an aqueous emulsion, the continuous phase
is an aqueous solution.
[0045] Emulsions are not thermodynamically stable, but the stability can be improved by additives such as surfactants.
As non-equilibrium systems, the formation of nanoemulsions generally requires an input of energy. High-energy emul-
sification methods commonly involve the introduction of mechanical shear through such equipment as high-shear stirrers,
high-pressure homogenizers, microfluidizers or ultrasound generators. A microfluidizer is the piece of equipment used
in the pharmaceutical industry for the production of emulsions that works by dividing a stream of liquid into two parts,
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passing each through a narrow opening and then colliding the streams under high pressure. The high shear forces
created by the collision provide very fine emulsions with generally narrow particle size distributions. In typical usage, a
coarse emulsion (diameter > 1 mm) is first formed by some other method, and the size of that larger emulsion is reduced
in the microfluidizer. The final droplet size and distribution shape will be dependent upon both the emulsion components
(surfactant amount, oil volume percent, etc.) and the processing parameters (time, temperature, pressure etc.). As the
desired droplet size decreases, the energy required for formation increases. Ultrasonic emulsification is also effective
to reduce the size of emulsion droplets into the nanoscale. Emulsion can also be formed by changing the temperature
of a mixture of immiscible liquids, for example by rapid cooling or heating to produce kinetically stable emulsions with
small droplet sizes and narrow size distributions.
[0046] Emulsion includes nanoemulsions comprising nanoscale droplets of one immiscible liquid dispersed within
another. As used herein a nanoemulsion is a heterogeneous system composed of one immiscible liquid dispersed as
droplets within another liquid, where the average droplet diameter is below 1000 nm.
[0047] "Flocculation" refers to a process in which clusters of two or more droplets behave kinetically as a unit, but
individual droplets still maintain their identity. Flocculation may be reversible, or lead to coalescence, which is irreversible.
[0048] "Coalescence" is the collision, and subsequent irreversible fusion, of two droplets. The ultimate end of coales-
cence is complete phase separation. Flocculation precedes coalescence, so the same methods that are appropriate for
prevention of flocculation also prevent coalescence. A thick, surfactant film adsorbed at the interface is often sufficient
to prevent coalescence, whether in nano- or macroemulsions.
[0049] "Ostwald ripening" refers to the growth in the size of emulsion droplets as the contents of one drop diffuse into
another. The driving force for this growth is the difference in chemical potential between droplets, which is generally not
substantial for droplets larger than 1 mm. Therefore, Ostwald ripening primarily affects nanoemulsions, and is an important
factor for nanoemulsions for therapeutic applications.
[0050] "Polymer" refers to a molecule comprising a plurality of repeating chemical groups, typically referred to as
monomers. A "copolymer", also commonly referred to as a heteropolymer, is a polymer formed when two or more different
types of monomers are linked in the same polymer. "Block copolymers" are a type of copolymer comprising blocks or
spatially segregated domains, wherein different domains comprise different polymerized monomers. In a block copoly-
mer, adjacent blocks are constitutionally different, i.e. adjacent blocks comprise constitutional units derived from different
species of monomer or from the same species of monomer but with a different composition or sequence distribution of
constitutional units. Different blocks (or domains) of a block copolymer may reside on different ends of a polymer (e.g.
[A][B]), or may be provide in a selected sequence ([A][B][A][B]). "Diblock copolymer" refers to block copolymer having
two different chemical blocks. Polymers of the present invention include block copolymers having a first block comprising
a smaller polymer (e.g., 2 to 30 monomers), such as a fluorocarbon, including but not limited to, a fluorocarbon such as
a fluorinated or perfluorinated alkane, and a second block comprising a larger polymer (e.g., 10-300) such as a PEG
polymer having 10 to 270 monomers. Block copolymers of the present invention are capable of undergoing self assembly
to make supramolecular structures, such as encapsulated droplets and micelles. As used herein, the term block copolymer
includes compositions comprising a first block comprising a PEG polymer conjugated to a second block comprising a
perfluorinated or semifluorinated molecular domain, such as a perfluorinated or semifluorinated alkane or a perfluorinated
or semifluorinated tail. As used herein, the term block copolymer also include functionalized block copolymers, such as
copolymer having additional moieties for targeting a supramolecular structure to an active site, for stabilizing a supramo-
lecular structure or for selecting the release kinetics of a supramolecular structure containing a fluorinated therapeutic
compound. As used herein, the abbreviation FXMY is used to refer to semifluorinated block copolymers having perfluor-
inated alkane and polyethylene glycol components, wherein FX refers to a perfluorinated alkane block having X carbons
and MY refers to a PEG block having an molecular weight equal to Y thousand (i.e., Y,000) amu.
[0051] As used herein "hydrophilic" refers to molecules and/or components (e.g., functional groups, block of block
polymers etc.) of molecules having at least one hydrophilic group, and hydrophobic refers to molecules and/or components
(e.g., functional groups of polymers, and blocks of block copolymers etc.) of molecules having at least one hydrophobic
group. Hydrophilic molecules or components thereof tend to have ionic and/or polar groups, and hydrophobic molecules
or components thereof tend to have nonionic and/or nonpolar groups. Hydrophilic molecules or components thereof
tend to participate in stabilizing interactions with an aqueous solution, including hydrogen boding and dipole-dipole
interactions. Hydrophobic molecules or components tend not to participate in stabilizing interactions with an aqueous
solution and, thus often cluster together in an aqueous solution to achieve a more stable thermodynamic state. In the
context of block copolymer of the present invention, a hydrophilic block is more hydrophilic than a hydrophobic group
of an amphiphilic block copolymer, and a hydrophobic group is more hydrophobic than a hydrophilic block of an amphiphilic
polymer.
[0052] As used herein "fluorophilic" refers to molecules and/or components (e.g., functional groups, blocks of block
polymers etc.) of molecules having at least one fluorophilic group. A fluorophilic group is one that is capable of participating
in stabilizing interactions with a fluorous phase. Fluorophilic groups useful in block copolymers of the present invention
include, but are not limited to, fluorocarbon groups, perfluorinated groups and semifluorinated groups.
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[0053] In the context of the present invention the term patient is intended to include a subject such as an animal.
Patient includes a mammal, for example human subject. Patient includes a subject undergoing a medical procedure,
such as undergoing the administration of anesthesia or other medical procedure.
[0054] Alkyl groups include straight-chain, branched and cyclic alkyl groups. Alkyl groups include those having from
1 to 30 carbon atoms. Alkyl groups include small alkyl groups having 1 to 3 carbon atoms. Alkyl groups include medium
length alkyl groups having from 4-10 carbon atoms. Alkyl groups include long alkyl groups having more than 10 carbon
atoms, particularly those having 10-30 carbon atoms. Cyclic alkyl groups include those having one or more rings. Cyclic
alkyl groups include those having a 3-, 4-, 5-, 6-, 7-, 8-, 9- or 10-member carbon ring and particularly those having a 3-,
4-, 5-, 6-, or 7-member ring. The carbon rings in cyclic alkyl groups can also carry alkyl groups. Cyclic alkyl groups can
include bicyclic and tricyclic alkyl groups. Alkyl groups are optionally substituted. Substituted alkyl groups include among
others those which are substituted with aryl groups, which in turn can be optionally substituted. Specific alkyl groups
include methyl, ethyl, n-propyl, iso-propyl, cyclopropyl, n-butyl, s-butyl, t-butyl, cyclobutyl, n-pentyl, branched-pentyl,
cyclopentyl, n-hexyl, branched hexyl, and cyclohexyl groups, all of which are optionally substituted. Substituted alkyl
groups include fully halogenated or semihalogenated alkyl groups, such as alkyl groups having one or more hydrogens
replaced with one or more fluorine atoms, chlorine atoms, bromine atoms and/or iodine atoms. Substituted alkyl groups
include fully fluorinated or semifluorinated alkyl groups, such as alkyl groups having one or more hydrogens replaced
with one or more fluorine atoms. An alkoxy group is an alkyl group linked to oxygen and can be represented by the
formula R-O.
[0055] Alkenyl groups include straight-chain, branched and cyclic alkenyl groups. Alkenyl groups include those having
1, 2 or more double bonds and those in which two or more of the double bonds are conjugated double bonds. Alkenyl
groups include those having from 2 to 20 carbon atoms. Alkenyl groups include small alkenyl groups having 2 to 3 carbon
atoms. Alkenyl groups include medium length alkenyl groups having from 4-10 carbon atoms. Alkenyl groups include
long alkenyl groups having more than 10 carbon atoms, particularly those having 10-20 carbon atoms. Cyclic alkenyl
groups include those having one or more rings. Cyclic alkenyl groups include those in which a double bond is in the ring
or in an alkenyl group attached to a ring. Cyclic alkenyl groups include those having a 3-, 4-, 5-, 6-, 7-, 8-, 9- or 10-
member carbon ring and particularly those having a 3-, 4-, 5-, 6- or 7-member ring. The carbon rings in cyclic alkenyl
groups can also carry alkyl groups. Cyclic alkenyl groups can include bicyclic and tricyclic alkyl groups. Alkenyl groups
are optionally substituted. Substituted alkenyl groups include among others those which are substituted with alkyl or aryl
groups, which groups in turn can be optionally substituted. Specific alkenyl groups include ethenyl, prop-1-enyl, prop-
2-enyl, cycloprop-1-enyl, but-1-enyl, but-2-enyl, cyclobut-1-enyl, cyclobut-2-enyl, pent-1-enyl, pent-2-enyl, branched
pentenyl, cyclopent-1-enyl, hex-1-enyl, branched hexenyl, cyclohexenyl, all of which are optionally substituted. Substi-
tuted alkenyl groups include fully halogenated or semihalogenated alkenyl groups, such as alkenyl groups having one
or more hydrogens replaced with one or more fluorine atoms, chlorine atoms, bromine atoms and/or iodine atoms.
Substituted alkenyl groups include fully fluorinated or semifluorinated alkenyl groups, such as alkenyl groups having
one or more hydrogens replaced with one or more fluorine atoms.
[0056] Aryl groups include groups having one or more 5- or 6-member aromatic or heteroaromatic rings. Aryl groups
can contain one or more fused aromatic rings. Heteroaromatic rings can include one or more N, O, or S atoms in the
ring. Heteroaromatic rings can include those with one, two or three N, those with one or two O, and those with one or
two S, or combinations of one or two or three N, O or S. Aryl groups are optionally substituted. Substituted aryl groups
include among others those which are substituted with alkyl or alkenyl groups, which groups in turn can be optionally
substituted. Specific aryl groups include phenyl groups, biphenyl groups, pyridinyl groups, and naphthyl groups, all of
which are optionally substituted. Substituted aryl groups include fully halogenated or semihalogenated aryl groups, such
as aryl groups having one or more hydrogens replaced with one or more fluorine atoms, chlorine atoms, bromine atoms
and/or iodine atoms. Substituted aryl groups include fully fluorinated or semifluorinated aryl groups, such as aryl groups
having one or more hydrogens replaced with one or more fluorine atoms.
[0057] Arylalkyl groups are alkyl groups substituted with one or more aryl groups wherein the alkyl groups optionally
carry additional substituents and the aryl groups are optionally substituted. Specific alkylaryl groups are phenyl-substituted
alkyl groups, e.g., phenylmethyl groups. Alkylaryl groups are alternatively described as aryl groups substituted with one
or more alkyl groups wherein the alkyl groups optionally carry additional substituents and the aryl groups are optionally
substituted. Specific alkylaryl groups are alkyl-substituted phenyl groups such as methylphenyl. Substituted arylalkyl
groups include fully halogenated or semihalogenated arylalkyl groups, such as arylalkyl groups having one or more alkyl
and/or aryl having one or more hydrogens replaced with one or more fluorine atoms, chlorine atoms, bromine atoms
and/or iodine atoms.
[0058] Optional substitution of any alkyl, alkenyl and aryl groups includes substitution with one or more of the following
substituents: halogens, -CN, -COOR, -OR, -COR, - OCOOR, -CON(R)2, -OCON(R)2, -N(R)2, -NO2, -SR, -SO2R,
-SO2N(R)2 or -SOR groups. Optional substitution of alkyl groups includes substitution with one or more alkenyl groups,
aryl groups or both, wherein the alkenyl groups or aryl groups are optionally substituted. Optional substitution of alkenyl
groups includes substitution with one or more alkyl groups, aryl groups, or both, wherein the alkyl groups or aryl groups
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are optionally substituted. Optional substitution of aryl groups includes substitution of the aryl ring with one or more alkyl
groups, alkenyl groups, or both, wherein the alkyl groups or alkenyl groups are optionally substituted.
[0059] Optional substituents for alkyl, alkenyl and aryl groups include among others:

-COOR where R is a hydrogen or an alkyl group or an aryl group and more specifically where R is methyl, ethyl,
propyl, butyl, or phenyl groups all of which are optionally substituted;

-COR where R is a hydrogen, or an alkyl group or an aryl groups and more specifically where R is methyl, ethyl,
propyl, butyl, or phenyl groups all of which groups are optionally substituted;

-CON(R)2 where each R, independently of each other R, is a hydrogen or an alkyl group or an aryl group and more
specifically where R is methyl, ethyl, propyl, butyl, or phenyl groups all of which groups are optionally substituted;
R and R can form a ring which may contain one or more double bonds;

-OCON(R)2 where each R, independently of each other R, is a hydrogen or an alkyl group or an aryl group and
more specifically where R is methyl, ethyl, propyl, butyl, or phenyl groups all of which groups are optionally substituted;
R and R can form a ring which may contain one or more double bonds;

-N(R)2 where each R, independently of each other R, is a hydrogen, or an alkyl group, acyl group or an aryl group
and more specifically where R is methyl, ethyl, propyl, butyl, or phenyl or acetyl groups all of which are optionally
substituted; or R and R can form a ring which may contain one or more double bonds.

-SR, -SO2R, or -SOR where R is an alkyl group or an aryl groups and more specifically where R is methyl, ethyl,
propyl, butyl, phenyl groups all of which are optionally substituted; for -SR, R can be hydrogen;

-OCOOR where R is an alkyl group or an aryl groups;

-SO2N(R)2 where R is a hydrogen, an alkyl group, or an aryl group and R and R can form a ring;

-OR where R=H, alkyl, aryl, or acyl; for example, R can be an acyl yielding -OCOR* where R* is a hydrogen or an
alkyl group or an aryl group and more specifically where R* is methyl, ethyl, propyl, butyl, or phenyl groups all of
which groups are optionally substituted;

[0060] Specific substituted alkyl groups include haloalkyl groups, particularly trihalomethyl groups and specifically
trifluoromethyl groups. Specific substituted aryl groups include mono-, di-, tri, tetra- and pentahalo-substituted phenyl
groups; mono-, di-, tri-, tetra-, penta-, hexa-, and hepta-halo-substituted naphthalene groups; 3- or 4-halo-substituted
phenyl groups, 3- or 4-alkyl-substituted phenyl groups, 3- or 4-alkoxy-substituted phenyl groups, 3- or 4-RCO-substituted
phenyl, 5- or 6-halo-substituted naphthalene groups. More specifically, substituted aryl groups include acetylphenyl
groups, particularly 4-acetylphenyl groups; fluorophenyl groups, particularly 3-fluorophenyl and 4-fluorophenyl groups;
chlorophenyl groups, particularly 3-chlorophenyl and 4-chlorophenyl groups; methylphenyl groups, particularly 4-meth-
ylphenyl groups, and methoxyphenyl groups, particularly 4-methoxyphenyl groups.
[0061] As to any of the above groups which contain one or more substituents, it is understood, that such groups do
not contain any substitution or substitution patterns which are sterically impractical and/or synthetically non-feasible. In
addition, the compounds of this invention include all stereochemical isomers arising from the substitution of these
compounds.
[0062] Before the present methods are described, it is understood that this invention is not limited to the particular
methodology, protocols, cell lines, and reagents described, as these may vary. It is also to be understood that the
terminology used herein is for the purpose of describing particular embodiments only, and is not intended to limit the
scope of the present invention which will be limited only by the appended claims.
[0063] It must be noted that as used herein and in the appended claims, the singular forms "a", "an", and "the" include
plural reference unless the context clearly dictates otherwise. Thus, for example, reference to "a cell" includes a plurality
of such cells and equivalents thereof known to those skilled in the art, and so forth. As well, the terms "a" (or "an"), "one
or more" and "at least one" can be used interchangeably herein. It is also to be noted that the terms "comprising",
"including", and "having" can be used interchangeably.
[0064] Unless defined otherwise, all technical and scientific terms used herein have the same meanings as commonly
understood by one of ordinary skill in the art to which this invention belongs. Although any methods and materials similar
or equivalent to those described herein can be used in the practice or testing of the present invention, the preferred
methods and materials are now described.
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[0065] The present invention provides therapeutic formulations, including therapeutic nanoemulsions, for delivering
fluorinated therapeutic compounds, that are well suited for the intravenous administration of fluorinated volatile anes-
thetics. Supramolecular delivery systems are provided for encapsulating, stabilizing and delivering droplets of fluorinated
therapeutic compounds to the blood stream and/or active sites in an organism. At the same time, an internal fluorous
phase acts as a recognition element for highly fluorinated molecule. The present semifluorinated block copolymer sta-
bilized emulsions, including present semifluorinated block copolymer stabilized nanoemulisons, are an ideal vector for
encapsulating fluorinated molecules, such fluorinated volatile anesthetics, and for providing clinical administration and
delivery.
[0066] The present invention provides novel drug delivery systems that are based on the self-association properties
of fluorinated molecules. Experimental results show that emulsions stabilized by semi-fluorinated polymers are able to
encapsulate highly fluorinated, low boiling-point anesthetics. Experimental results also demonstrate that the present
block copolymers are capable of solubilizing large amounts of fluorinated volatile anesthetics in water as nanoemulsions.
Electrophysiology-based binding experiments on the GABAA receptor indicate that the concentration of anesthetic
released by the present nanoemulsions may be enough to induce and maintain anesthesia in human patients. A principal
advantage of the present emulsion-based formulations is that they allow intravenous delivery of volatile anesthetics.
Accordingly, formulations of the present invention provide a viable alternative to vapor inhalation in general anesthesia
and, thus has significant application in a range of important clinical settings. More specifically, the present block copolymer
surfactants having a combination of hydrophilic and fluorophilic domains are capable of directly binding and safely
delivering anesthetics such as isoflurane and sevoflurane by intravenous injection rather than by either intranasal or
transdermal delivery. This aspect of the present invention is beneficial, as intravenous delivery of fluorinated anesthetics
permits anesthetic levels to be deepened rapidly without the need to hyperventilate patients and without the use of
irritating agents such as desflurane.
[0067] Nanoemulsion-based formulations of the present invention allow incorporation of large amounts of fluorinated
volatile anesthetics, such as up to 25% by volume. In contrast, previous data published in the literature and referring to
the ability of the lipid emulsion known as Intralipid™ (a mixture of various lipids) to deliver intravenously fluorinated
anesthetics, indicate that the maximum concentration of anesthetic (sevoflurane) achievable with non-fluorinated sur-
factants/lipids is only 3.6%. (See, Eger, R. P.; Macleod, B. A. "Anesthesia by Intravenous Emulsified Isoflurane in Mice"
Can. J. Anesth. 1995, 42, 173-176; and Zhou, J.-X.; Luo, N.-F.; Liang, X.-M.; Liu, J. "The Efficacy and Safety of Intravenous
Emulsified Isoflurane in Rats" Anesth. Analg. 2006, 102, 129-134).
[0068] The possibility of preparing extremely concentrated emulsions of anesthetic enables highly effective clinical
use of the present formulations. A single injection of 30 mL of the present therapeutic emulsion formulation is enough
to induce anesthesia in a human patient. Maintenance of anesthesia is then achievable by simple slow IV infusion of
the present therapeutic formulations. Conventional Intralipid formulations cannot currently be used in human patients
because large volumes are expected to be required to achieve effective anesthetic results.
[0069] The present nanoemulsions are optionally stabilized by the addition of a stabilizing additive. Perfluorooctyl
bromide and perflurodecalin are effective stabilizers in terms of nanoparticle size and anesthetic concentration in the
present invention. It is noteworthy that perfluorooctyl bromide and perfluorodecalin are approved for human use in large
concentrations by the FDA.
[0070] Experimental results show that the present therapeutic formulations safely and very quickly induce anesthesia
in rats. The ability of exactly dosing the amount of anesthetic given via intravenous delivery, compared to classical
inhalation, allows the subject to be provided with only the amount of anesthetic needed for a certain duration of anesthesia.
In these conditions, recovery from general anesthesia is very rapid, eliminating problems due to the accumulation of
unused anesthetic in various tissues, which is a problem that always accompanies general anesthesia by inhalation.
[0071] In the some embodiments, perfluorinated molecular domains of block copolymer surfactants are used as ele-
ments for directing and enhancing the self-assembly of regular supramolecular structures useful for making an stabilizing
fluorinated volatile anesthetic containing nanoemulsions. For example, the fluorinated polymers of the present invention
greatly reduce the interfacial tension with fluorinated liquids. Importantly, the reduction of interfacial tension is one of
the elements for providing a stable emulsion.
[0072] The enhanced stability of the nanoemulsions during long term storage is also an important attribute of the
present emulsion-based therapeutic formulations. The present formulations are capable of being provided to the an-
esthesiologist as fully formed emulsions. In these embodiments, it is useful that the size of the nanodroplets in these
emulsions does not change rapidly with time. Strategies of the present invention to suppress ripening of nanodroplets
of emulsions of the present invention include the addition of a perhalogenated fluorocarbon stabilizing additive, such as
perfluorooctyl bromide, prevents suppresses the rate of ripening of the encapsulated nanodroplets, for example via
Ostwald ripening.
[0073] The present therapeutic formulations include compositions having different stabilizing additives. In some for-
mulations and methods of the present invention, for example, the stabilizing additive perfluorooctyl bromide (PFOB) is
replaced with perfluorodecyl bromide (PFDB). The lower water solubility of PFDB (0.05 nM) compared to the water
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solubility of PFOB (5.1 nM) results in larger emulsion stabilization by PFDB than for PFOB. Both PFDB and PFOB are
FDA approved for use in human patients. PFDB has also been used as an additive to stabilize oxygen emulsions in
fluorocarbons.
[0074] The present therapeutic delivery approach is based on formation of nanoemulsions. In some embodiments,
nanoemulsions of the present inventions comprise particles where the inner core is composed of a droplet of anesthetic
with diameter less than 1 mm. Figure 2 provides a schematic diagram illustrating: (i) formation of micelle supramolecular
structures encapsulating anesthetic using the present block copolymers having hydrophilic and fluorophilic blocks, and
(ii) transition of the micelle supramolecular structures into a nanoemulsion. As shown in the Figure, the droplets are
surrounded and stabilized by a layer of block copolymer molecules. In an embodiment, the polymer is organized around
the droplets in such a way that its fluorophilic region is in contact with the fluorophilic core of anesthetic. The nanoemulsions
generated by mixing volatile anesthetics with our fluoropolymers are more stable at high anesthetic concentrations and
are more homogenous in size than the emulsions prepared by using a non-fluorinated lipid. This aspect of the present
invention allows extremely large amounts of anesthetic, up to 25% in volume, to be solubilized. It is also worth noticing
that the use of stable nanoemulsions is particularly indicated for intravenous injections or infusions as it reduces the
risks of cardiovascular blockages.
[0075] Methods of this invention comprise the step of administering a "therapeutically effective amount" of the present
therapeutic formulations containing fluorinated volatile anesthetics, including therapeutic emulsions, to establish, main-
tain and/or regulate anesthesia in a patient. The term "therapeutically effective amount," as used herein, refers to the
amount of the therapeutic formulation, that, when administered to the individual is effective to establish and, optionally
maintain or regulate anesthesia or sedation in a patient. As is understood in the art, the therapeutically effective amount
of a given compound or formulation will depend at least in part upon, the mode of administration (e.g. intraveneous
administration), any carrier or vehicle employed, and the specific individual to whom the formulation is to be administered
(age, weight, condition, sex, etc.). The dosage requirements need to achieve the "therapeutically effective amount" vary
with the particular formulations employed, the route of administration, and clinical objectives. Based on the results
obtained in standard pharmacological test procedures, projected daily dosages of active compound (e.g. fluorinated
volatile anesthetic) can be determined as is understood in the art.
[0076] Any suitable form of administration can be employed in connection with the therapeutic formulations of the
present invention. The therapeutic formulations of this invention can be administered intravenously, in oral dosage forms,
intraperitoneally, subcutaneously, or intramuscularly, all using dosage forms well known to those of ordinary skill in the
pharmaceutical arts.
[0077] The therapeutic formulations of this invention can be administered alone, but may be administered with a
pharmaceutical carrier selected upon the basis of the chosen route of administration and standard pharmaceutical
practice.
[0078] The therapeutic formulations of this invention and medicaments of this invention may further comprise one or
more pharmaceutically acceptable carrier, excipient, or diluent. Such compositions and medicaments are prepared in
accordance with acceptable pharmaceutical procedures, such as, for example, those described in Remingtons Phar-
maceutical Sciences, 17th edition, ed. Alfonoso R. Gennaro, Mack Publishing Company, Easton, Pa. (1985), which is
incorporated herein by reference in its entirety.
[0079] This invention additionally relates to the use of semi-fluorinated block copolymers, fluorinated therapeutic com-
pounds and perhalogenated fluorocarbon stabilizing additives in the manufacture of a medicament for anesthesia. More
specifically, the invention relates to the use of semi-fluorinated block copolymers having a hydrophilic block and a
fluorophilic block, fluorinated therapeutic compounds and perhalogenated fluorocarbon stabilizing additives in the man-
ufacture of a medicament for anesthesia. In specific embodiments the medicament manufactured is in the form of an
emulsion, such as a nanoemulsion, for intravenous administration. In specific embodiments, the medicament further
comprises a pharmaceutically acceptable carrier or diluent and particularly a carrier or diluent suitable for intravenous
administration.

Example 1: Emulsion-based therapeutic formulations for the delivery of fluorinated therapeutic compounds.

[0080] The physical and chemical properties of organic compounds are deeply affected by the introduction of fluorine
substituents. While the introduction of one single atom of fluorine in an organic molecule can already change the properties
of a molecule, perfluorination of organic molecules can generate a new phase of liquid matter, the so-called fluorous
phase. This phase does not mix with both polar and non-polar hydrogenated phases. The formation of a fluorous phase
is at the origin of the unusual behavior of heavily fluorinated molecules and polymers. Perfluorinated polymers have a
low surface energy, they are both lipo- and hydrophobic, and they are unsurpassed in their high chemical and thermal
stabilities. Their potential for drug delivery has only recently started to be explored. Most importantly, a host of fluorinated
molecules, from fluorinated steroids (used as anti-inflammatory drugs), to fluorinated nucleotides and nucleosides, to
volatile anesthetics are now part of the repertoire of drugs available to the physician.
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[0081] Fluorinated molecules have revolutionized anesthesia. The fluorinated group of anesthetics illustrates the use
of fluorine substitution for the development of safer therapeutic agents. Today, desflurane and sevoflurane are used in
half the general anesthetics supplied in North America. Molecular recognition of highly fluorinated molecules such as
sevoflurane is extremely challenging as fluorinated compounds are hyper-hydrophobic and do not mix with both hy-
drophilic and hydrophobic components. As an example, perfluorooctane does not mix with water or octane and a mixture
of these three compounds produces separation into three phases.
[0082] Perfluorinated molecules and molecules containing perfluorinated alkyl chains appear to combine two properties
that are usually considered antinomic: hydrophobicity and lipophobicity. The situation is different when fluorinated am-
phiphilic molecules are considered. Due to the increased hydrophobicity of perfluoro-derivatives and to the concomitant
presence of water-solubilizing groups, these amphiphiles form a special class of surfactants. Fluorinated surfactants
are characterized by a high surface activity and a strong tendency to self-organize into ordered, stable supramolecular
complexes. Microtubules, vesicles, bilayers and complex three-dimensional ordered assemblies can be formed by or-
ganic molecules bearing perfluorinated substituents. These complexes and the corresponding multi-phase colloidal
systems are useful in the present invention as novel drug delivery systems able to protect sensitive drugs from the
surrounding environment.
[0083] A principal goal of the present therapeutic formulations for delivery of fluorinated volatile anesthetics is use in
vivo for inducing and maintaining general anesthesia. In vivo and in vitro results show that the fluorocarbon moiety in
the block copolymers of the present invention does not have any intrinsic toxic action.

1.a. Synthesis and physical-chemical characterization of a series of semifluorinated polymers for the intravenous 
delivery of volatile anesthetics.

[0084] Surfactants or surface-active agents are able to lower the surface tension of the medium in which they are by
selective absorption at the interface. Surfactants are by definition amphiphilic, that is, they consist of two different parts
widely differing in solubility properties. One part is solvophilic and the other is solvophobic. Conventional water-soluble
amphiphilic molecules contain a charged or polyoxygenated moiety for water solubility and a hydrocarbon or fatty acid
derivative part that ensures hydrophobicity. The shape, size and nature of these two different parts determine the
aggregation properties of the surfactant. Carefully changing parameters such as relative size of the two parts, sterical
hindrance of hydrocarbon chain substituents and addition of polar functionalities can lead to the design of molecules
that specifically self-assemble in solution. Function, described by the properties of these supramolecular structures,
such as micelles, then emerges as the result of selective self-assembly.
[0085] Therapeutic formulations and methods of the present invention include, but are not limited to, the class of
semifluorinated diblock copolymers comprising a water-solubilizing and biocompatible poly(ethylene glycol) (PEG) do-
main coupled to a fluorocarbon domain. In an embodiment, the semifluorinated diblock copolymers have the formula:

or
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In a specific embodiment, the semifluorinated diblock copolymers of this embodiment have the formula FX4 or FX5,
wherein p is equal to 1 or 2.
[0086] Scheme 1 provides an example synthetic pathway for making semi-fluorinated block polymers of the present
invention.

[0087] A second more efficient synthetic pathway for making the semi-fluorinated block copolymers of the present
invention is shown in Scheme 2. an example of this process makes use of monomethylated PEG with a molecular weight
of 5,000 (M5). We have used this synthesis to prepare polymers F8M5, F10M5, F13M1, F13M2, F13M5, and F15M5
(Scheme 2) that have been further characterized and used for preliminary encapsulation and stability studies. This high-
yield, two-steps synthesis is promising for the commercial development of these compounds.

As used herein, the abbreviation FXMY is used to refer to compounds of scheme 2, wherein FX refers to a perfluorinated
alkane block having X carbons and MY refers to a PEG block having an molecular weight equal to Y thousand (i.e.,
Y,000) amu.
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[0088] The general synthetic methodology used to make these polymers shown in scheme 2. All the needed perfluoro-
alcohols are commercially available (Aldrich and Synquest laboratories). Purification of
C8F17-CH2-O-(CH2-CH2-O)136-OH, F8M5, F10M5, and F15M5 is challenging due to their unusual self-assembling and
solubility properties. We succeeded in the purification of these polymers by using a combination of polymer precipitation
and traditional column chromatography. This procedure has proven effective for all synthesized semifluorinated polymers.
[0089] Polymers F8M5, F10M5, F13M5 and F15M5 (See, scheme 2) as well as molecules having the general com-
position C8F17-CH2-O-(CH2-CH2-O)136-OH (See, scheme 1) have been studied to experimentally verify the solubility of
these molecules and the nature of the aggregates that they can form. We have done this by studying solutions of polymer
at different concentrations by dynamic light scattering and fluorescence correlation spectroscopy.

1.b. Nano-emulsions containing fluorinated volatile anesthetic

[0090] The semiflourinated block copolymers of the present invention undergo self assembly in aqueous solution by
forming an internal fluorous phase between their fluorinated parts. Figure 3 provides a schematic diagram illustrating
the self-assembly of a semiflourinated block copolymers of the present invention, thereby making a micelle structure in
solution. While a formulation with polymers alone form micelles, addition of the anesthetic leads to suspension of sub-
micron droplets, a nanoemulsion. We also found that these fluorinated nanoemulsions are stabilized by the addition of
an additive such as perfluorooctyl bromide.
[0091] The stability of both the fluoropolymers and the present anesthetic emulsions may be evaluated by measurement
of changes in the size of the nanoparticles over time. Figure 4 provides plots illustrating the effects on the size of the
nanodroplet of an emulsion of the present invention observed upon changing various system parameters. In Figure 4a,
the concentration of the anesthetic (isoflurane) was systematically changed. In Figure 4b, the concentration of the
stabilizing additive (perfluorooctyl bromide) was systematically changed. In Figure 4a, the concentration of the semif-
luorinated block copolymer surfactant was systematically changed. Concentrations of isoflurane and perfluorooctyl bro-
mide are in % V/V. Concentrations of the polymers are in mg/mL. iso = isoflurane, pfob = perfluorooctyl bromide. Y axis
= diameter (nm), X axis = time (days). The graphs in figure 4 clearly show that our formulations are quite stable.
[0092] An additional study was done by changing the size of the PEG domain of the semifluorinated block copolymer
surfactant of the emulsion. Figure 5 provides plots illustrating the effects on the size of the nanoparticles upon changing
the size of the PEG and keeping everything else constant. (Refer to Scheme 2 for the polymer nomenclature). The y
axis is Figure 5 is the size of the droplets in nanometers and the x axis is time in days.

1.c. Use of perhalogentated fluorocarbon stabilization additives.

[0093] The present therapeutic formulations comprise one or more perhalogentated fluorocarbon stabilization addi-
tives, such as perfluorooctyl bromide, to enhance stability and delivery performance. Useful physical and chemical
properties of additives in the present formulations include:
[0094] a. High fluorophilicity: The additive should have a high affinity for the fluorous block of the stabilizing polymer,
which leads to a low interfacial tension with the polymer.
[0095] b. Low water solubility: Additives should have sufficiently low water solubility. Ripening is directly related to
water solubility. The less water the additive, the slower ripening will occur. Perfluorooctyl bromide has a solubility of 5.1
nm. In some embodiments, therefore, additives have water solubility on the nanomolar range or lower.
[0096] c. Chemical inertness: Additives should be sufficiently chemically inert. Perfluorinated compounds tend to be
very chemically inert. Also, because of the strong electron withdrawing character of a perfluorinated block, other halogen
atoms (bromine or chlorine) on the additive tend to be unreactive.
[0097] d. Rapid excretion: Additives should be capable of rapid excretion. Fluorocarbons investigated for blood sub-
stitute emulsions were deemed to be acceptable if the circulatory half-time (the time for the PFC concentration to decrease
by half in the circulation) was less than two weeks. Perfluorooctyl bromide has a half life in the body of four days.
Other suitable candidates include, but are not limited to, perfluorodecalin (7 days), perfluorodichlorooctane (7 days),
bis-perfluorobutyl ethylene (7 days) and perfluoro(methyldecalin) (11 days).
[0098] e. Appropriate molecular weight: IN some embodiments, additives have a molecular weight selected from the
mass range of 400-600 amu, and preferably for some applications a molecular weight selected from the mass range of
460-520 amu. Below this range the vapor pressure may be too high, which can lead to lung emphysema and other
pulmonary complications. Above this range the excretion time may be too long.
[0099] f. High purity: Additives should be provided as high purity reagents. No toxicity, carcinogenic, mutagenic, or
teratogenic effects, nor immunological reactions, have ever been reported for fluorocarbons when pure and chosen with
the appropriate molecular weight range.
[0100] In some experimental studies, perfluoroctyl bromide was chosen as an additive for the stabilization of our
emulsions because it is FDA approved for use in human patients. Figure 6 shows the effects of various perflurocompounds
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on the stability of the fluoromeulsions. Note how FC-72 (a mixture of perfluorohexanes) is not able to stabilize the
nanoemulsions. This is due to the higher water solubility of this compound compared to perfluorooctyl bromide: 300 nM
vs. 5.1 nM. Perfluorodecalin is 5 times cheaper than perfluorooctyl bromide and represents a useful alternative to its
use as a nanoemulsion stabilizer as shown in Figure 6. In this plot PFOB refers to perfluorooctyl bromide, FC-72 refers
to a mixture of perfluorohexanes and FDC refers to Perfluorodecalin.

1.d Semifluorinated block copolymer surfactants having a PEG domain

[0101] The present example demonstrates the synthesis and the self-assembly properties of polymers responding to
the molecular formulas C8F17-O-(CH2-CH2-O)n-OH and CmFm+1-O-(CH2-CH2-O)n-OMe The self-assembling and en-
capsulation abilities of polymers are particularly promising wherein the size of the fluorocarbon moiety is m=8, 10, 13,
15, 20 and the molecular weight of the PEG (methoxy terminal) is 5,000, 2,000, 1,000, and 500 g/mol for each of the
fluorocarbon moieties. Increasing the number of fluorine atoms has several effects:

1. The polymer water solubility and its critical micelle concentration decrease.

2. The micelle aggregation number (number of polymer molecules in each enlarged micelle in the nano-emulsion)
can change due to a variation in the size of the internal fluorophilic phase.

[0102] On the other hand, increasing the number of ethylene oxide units in the PEG increases the water solubility and
the CMC of the micelles. Therefore, controlling the number of fluorine atoms and size of the PEG block may be useful
in the present invention to selective control the pharmacokinetic properties (e.g, release properties etc.) of the encap-
sulated (fluorophilic) anesthetics.

1.d. Nano-emulsions.

[0103] Nano-emulsification of sevoflurane and isoflurane was using the stabilizing additives and semifluorinated block
copolymers of the present invention. The maximum amount of anesthetic that can be solubilized in a submicron emulsion
starting from various concentrations of the fluoropolymers and of the additive (PFOB) was determined.
[0104] The following is the experimental protocol for generating a 20% V/V / 10 % V/V / 25 mg/mL nanoemulsion
between the anesthetic, the additive, and the fluoropolymer respectively. The same procedure can be adapted for any
combination of the emulsions three components. Sevoflurane (3.4 mL, 20%) and perfluorooctyl bromide (1.7 mL, 10%)
were added to an aqueous solution (11.9 mL) of F13M5 (298 mg, 25 mg/mL) and NaCl (107.1 mg, 0.9%) for a total
volume of 17 mL. The two phase mixture was homogenized with a low energy mixer (Power Gen 500, Fisher Scientific)
for 1 min at 21000 rpm at room temperature. The crude emulsion was further homogenized under high pressure (5000
psi, 1 min) using a Microfluidizer (model 110 S, Microfluidics Corp.) with the temperature maintained at 20.0° C with a
cooling bath. The product emulsions were stored in 15 mL sterile centrifuge tubes (Corning Inc.) at 4° C until use.

Example 2. Toxicity studies on the anesthetic-containing nanoemulsions.

[0105] In vitro toxicity studies. In vitro toxicity studies at this stage were carried out by determining the ability of solutions
of C8F17-CH2-O-(CH2-CH2-O)136-OH at various concentrations to induce lysis in mice red blood cells. It was found that
this semifluorinated block copolymer is completely inert and does not induce any appreciable cell lysis at concentrations
ranging from 0.003 mM, below the critical micelle concentration, to 1.8mM, fifteen times greater than the critical micelle
concentration. Procedures were adapted from Lavasanifar, A.; Samuel, J.; Kwon, G.S. "Micelles Self-Assembled from
poly(ethylene oxide)-block-poly(N-hexyl stearate L-aspartamide) by a Solvent Evaporation Method: Effect on the Solu-
bilization and haemolytic Activity of Amphotericin B" J. Control. Rel. 2001, 77, 155-160.
[0106] In our studies, we show that our formulations safely and very quickly induce anesthesia in rats. The ability of
dosing the amount of anesthetic given via intravenous delivery, compared to classical inhalation, allows us to provide
the animal with only the anesthetic needed for a certain duration of anesthesia. In these conditions, recovery from general
anesthesia is very rapid, eliminating problems due to the accumulation of unused anesthetic in various tissues. This is
a problem that always accompanies general anesthesia by inhalation. Accumulation of unused anesthetic in various
tissues is observed in some instances, however, upon infusion of the present therapeutic emulsions.

In vitro Toxicity Studies.

[0107] Toxicity and design of the semifluorinated block copolymers. The main toxicity of perfluoro compounds
is related to perfluoroacids. The present block copolymers are constructed in such a way that the metabolic formation
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of perfluoroacids is very difficult if not impossible. The perfluorocarbon segment of the polymer is linked to the PEG via
an ether linkage (See, scheme 1 and 2,). This linkage is selected to provide beneficial properties, such as low toxicity.
Easier synthetic procedures to prepare fluorinated surfactants call for ester formation and for other carboxylic acids
derivatives. However, most acid derivatives are prone to be enzymatically cleaved to yield toxic perfluorocarboxylic
acids. On the contrary, an ether linkage, such as the one used in the block copolymers of the present invention, is stable
and unlikely to undergo enzymatic cleavage. In addition, one hydrogenated methylene group has been interposed
between the ethereal oxygen and the fluorocarbon. This has been done to minimize activation of the ether linkage by
the strongly electron-withdrawing fluorines.

Example 3. Fluoropolymer-Based Emulsions for the Intravenous Delivery of Sevoflurane

Abstract

[0108] The intravenous delivery of halogenated volatile anesthetics has been previously achieved using phospholipid-
stabilized emulsions, especially with Intralipid. However, fluorinated volatile anesthetics, such as sevoflurane, are partially
fluorophilic and do not mix well with classic non-fluorinated lipids. This effect limits the maximum amount of sevoflurane
that can be stably emulsified in Intralipid to 3.5% v/v. This is a significant limitation to the potential clinical use of Intralipid-
based emulsions.
[0109] The present Example demonstrates formulation of a 20% v/v sevoflurane emulsion using a novel fluorinated
surfactant and stabilizing agent. The Example also shows the effectiveness and therapeutic index of the present emulsion-
based formulations by administering it to male Sprague-Dawley rats via intravenous injection into the jugular vein. The
median effective dose to induce anesthesia (ED50), median lethal dose (LD50), and therapeutic index (LD50 / ED50)
were determined. Anesthesia was measured by loss of the forepaw righting reflex. The ED50 and LD50 values were
found to be 0.41 and 1.05 mL emulsion / kg body weight, respectively. These lead to a therapeutic index of 2.6, which
compares favorably to previously determined values of emulsified isoflurane, as well as values for propofol and thiopental.
[0110] The present emulsion-based formulations increase the maximum amount of stably emulsified sevoflurane
compared to Intralipid. These formulations can be used to rapidly induce anesthesia with bolus dosing from which
recovery is smooth and rapid.

Introduction

[0111] The intravenous delivery of halogenated volatile anesthetics has been of interest for over 40 years, due to the
possibility of improving upon traditional methods of delivery. Direct injection into the blood stream eliminates the time
for the anesthetic to equilibrate with the lungs and leads to a more rapid onset of anesthesia. Initial instances of direct
IV delivery of neat halothane, whether intentional or not, caused significant pulmonary damage and death in both animals
and humans. Later efforts successfully utilized fat emulsions as a means of delivery for halothane and more recently
isoflurane and sevoflurane. Studies on these emulsions also showed that intravenous delivery of fluorinated volatile
anesthetics can be used to produce preconditioning and thereby reduce the extent of myocardial infarction. All of these
examples have used either Intralipid (a phospholipid-stabilized soybean oil emulsion sold commercially) or directly used
phospholipids as the emulsifier. However, fluorinated volatile anesthetics are partially fluorophilic and they do not mix
well with classic non-fluorinated lipids. This property is evident in the limited concentrations of anesthetics that are soluble
in Intralipid.
[0112] Perfluorocarbon emulsions have been widely studied for use as blood substitutes. The second generation
emulsion OxygentTM (Alliance Pharmaceutical Corp., San Diego, CA) incorporates 30% by volume of perfluorooctyl
bromide (perflubron). In an in vitro analysis, Cuignet et al. have demonstrated that the presence of Oxygent greatly
increases the blood:gas partition coefficent of isoflurane, sevoflurane and desflurane compared to Intralipid. Highly
fluorinated compounds such as perfluorooctyl bromide are characterized by both lipophobicity and extreme hydropho-
bicity, the hallmark of fluorophilicity. The physical-chemical properties of organic molecules are deeply affected by the
introduction of fluorine substituents to the point that highly fluorinated organic molecules can generate a new phase of
liquid matter, usually referred to as a fluorous phase. This phase does not mix with both polar and non-polar hydrogenated
phases. As an example, perfluorooctyl bromide presents only a limited solubility in either water or hydrocarbons, but it
is completely miscible with perfluorosolvents. For the same reason, highly fluorinated anesthetics such as isoflurane,
sevoflurane, and desflurane will prefer the environment provided by fluorophilic molecules such as perfluorooctyl bromide
versus Intralipid. In addition, fluorinated surfactants have been shown to form highly stable o/w emulsions with fluorinated
compounds by significantly reducing the interfacial tension between the perfluorocarbon and water.
[0113] In the present Example we demonstrate the successful induction of anesthesia in rats via intravenous delivery
of sevoflurane, emulsified by the novel semi-fluorinated surfactant 3 (Figure 7, F13M5) and stabilized by perfluorooctyl
bromide. Furthermore, we have determined the median effective dose (ED50) and median lethal dose (LD50) of such
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emulsions. This study is the first example of emulsification of halogenated anesthetics using surfactants other than
phospholipids.

Methods

[0114] All animal studies were conducted according to the guidelines laid out in the Guide for the Care and Use of
Laboratory Animals and were approved by the University of Wisconsin Animal Care and Use Committee.

Polymer synthesis

[0115] A novel semifluorinated surfactant was synthesized for use as an emulsifier as indicated in Figure 7. The
synthesis starts with the activation of the hydroxyl functionality of polyethylene glycol monomethyl ether (mPEG, MW
5000) with methanesulfonyl chloride. The resulting polymeric methanesulfonate ester is then coupled to 1H,1H-perfluoro-
1-tetradecanol (SynQuest Laboratories, Inc., Alachua, FL) to afford the final product, F13M5, in high overall yield. The
polymer nomenclature FXMY indicates that a certain polymer contains X number of perfluorocarbons and a monomethyl-
poly (ethylene glycol) block of averaged molecular weight Y (in thousands g/mol).

Experimental

[0116] Polyethylene glycol monomethyl ether 1 (average MW=5000 g/mol), was purchased from Fluka and lyophilized
before use. Methanesulfonyl chloride (99.5%) and triethylamine (99.5%) were purchased from Aldrich and used as
provided. Methylene chloride (GC Resolv) and THF (Optima) were purchased from Fisher Scientific and dried by flowing
through alumina-containing columns. Anhydrous diethyl ether was purchased from EMD. 1 H, 1 H-perfluoro-1-tetrade-
canol was purchased from SynQuest Labs. Dry NaH (95%) was purchased from Aldrich. 19F-NMR and 1H-NMR spectra
were obtained on a Varian Inova spectrometer operating at 400 MHz. HPLC chromatograms for product purity determi-
nation were obtained on a Gilson HPLC system, with a Jordi RP-DVB column with particle size of 5mm and pore size
of 1000A, and detected with a prepELS detector from Gilson. The solvent gradient started at 10% MeCN / 90% H2O
and increased to 100% MeCN over 20 min. The flow rate was 1 mL / min.
[0117] Polyethylene glycol monomethyl ether mesylate 2. Lyophilized polyethylene glycol monomethyl ether 1
(30.67g, 6.1 mmol) was dissolved in anhydrous CH2Cl2 (200 ml) with mild heating. After cooling to room temperature,
triethylamine (1.7 ml, 12 mmol) and mesyl chloride (0.7 ml, 9 mmol) were added and the reaction mixture was stirred
overnight under argon at room temperature. The precipitated salts were removed by vacuum filtration, and the filtrate
was rotary evaporated to dryness. The remaining solid was taken up in CHCl3 and purified through silica gel with CHCl3,
followed by 10:1 CHCl3:methanol to remove any residual salts. The filtrate was evaporated to dryness and taken up in
THF (200 ml). Diethyl ether (250 ml) was added and the solution was cooled in a refrigerator at 4°C for 30 minutes until
precipitation was complete. The solid product was collected by vacuum filtration, dissolved in water and lyophilized to
yield polyethylene glycol monomethyl ether mesylate, 2, as a white powder (27.4g, 88%).
[0118] 1H NMR CDCl3 δ3.09 (s, 3H), 3.38 (s, 3H), 3.46-3.83 (m, 450H), 4.38 (m, 2H)
[0119] Polyethylene glycol monomethyl ether-perfluorocarbon conjugate 3 (F13M5). Mesylate 2 (8.14g, 1.6
mmol) and 1H, 1H-perfluoro-1-tetradecanol (2.789g, 3.98 mmol) were dissolved in anhydrous THF (500 ml) with mild
heating. After cooling to room temperature NaH (0.356g, 14.8 mmol) was added. After reflux for 48 hrs the reaction was
quenched with dropwise addition of H2O. The precipitated salts were removed by vacuum filtration. The filtrate volume
was reduced by half by rotary evaporation, diethyl ether was added (250 mL) and the solution was cooled until precipitation
was complete. The solid was collected by vacuum filtration, taken up in CHCl3 and flowed through silica gel with 10:1
CHCl3:methanol to remove any residual salts. The filtrate was evaporated to dryness and taken up in THF (200 mL).
Diethyl ether (250 ml) was added and the solution was cooled in a refrigerator at 4°C for 30 minutes until precipitation
was complete. The solid product was collected by vacuum filtration, dissolved in water and lyophilized to yield 14H, 14H-
perfluorotetradecane polyethylene glycol monomethyl ether, 3, (F13M5) as a white powder (7.8g, 85%).
[0120] 1H NMR CDCl3 δ3.38 (s, 3H), 3.46-3.83 (m, 450H), 4.04 (t, J= 13.6 Hz, 2H)
[0121] 19F NMR (CDCl3) δ -81.103 (t, J=10.5, 3F), -120.131 (m, 2F), -122.014 (m, 16F),-123.014 (m, 2F), -123.785
(m, 2F), -126.451 (m, 2F). Polymer purity was confirmed by HPLC. Chromatogram is provided as supporting information.

Emulsion preparation

[0122] Sevoflurane (Abbott Labs, N. Chicago, IL, 3.4 mL) and perfluorooctyl bromide (SynQuest Laboratories, Inc.,
Alachua, FL, 1.7 mL) were added to an aqueous 0.9% NaCl solution (11.9 mL) of F13M5 (298 mg, 25 mg/mL), for a
total volume of 17 mL. The two-phase mixture was homogenized with a low energy mixer (Power Gen 500, Fisher
Scientific, Hampton, NH) for 1 min at 21000 rpm at room temperature. In an embodiment, a formulation of 20% v/v
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sevoflurane, 10% v/v perfluorooctyl bromide and 25 mg/mL F13M5 in 0.9% NaCl, was used. The crude emulsion was
further homogenized under high pressure (5000 psi, 1 min) using a Microfluidizer (model 110 S, Microfluidics Corp.,
Newton, MA) with the temperature maintained at 20.0° C with a cooling bath. The product emulsions of 20% (v/v)
sevoflurane were stored in 15 mL sterile centrifuge tubes (Corning Inc., Corning, NY) at 4° C until use. Similar emulsions
but containing isoflurane were also prepared. Initial studies employing tail vein injection utilized the isoflurane emulsions,
and full dose-response studies employing implanted catheters utilized the sevoflurane emulsions.
[0123] The emulsions were sized by dynamic light scattering prior to use. For these measurements, the emulsions
were mixed by inversion of the centrifuge tube to eliminate inhomogeneity due to either flocculation or sedimentation.
The emulsions were then diluted by a factor of 300 by adding 10 mL of the emulsion to 2.990 mL of 0.9% NaCl. Sizing
was done by dynamic light scattering (NICOMP 380 ZLS, Particle Sizing Systems, Santa Barbara, CA) with a 639 nm
laser at a scattering angle of 90°. Each sample was run for 15 min and all numbers are reported as Gaussian volume
weighted. The emulsions were only used if the average diameter was less than 350 nm. This cutoff was established to
ensure consistent physical characteristics of the emulsion and to prevent acute toxicity that can develop with increased
particle size.15 Additionally, the emulsion was filtered through a 0.45 mm nylon syringe filter. The final nano-emulsions
are milky-white.
[0124] Intralipid emulsions were prepared by emulsifying the corresponding amount of sevoflurane with commercially
available Intralipid using the same methods and equipment described for the nanoemulsions. Intralipid emulsions were
not tested in animals due to the small amount of anesthetic that could be stably emulsified.

Animal Studies

[0125] Preliminary experiments performed to test for the efficacy of the anesthetic emulsions were performed using
tail vein injections in adult male Sprague-Dawley rats (Harlan Sprague Dawley, Inc., Indianapolis, IN) weighing approx-
imately 300g. For these studies rats were restrained using a commercially available rodent restraint tube (manufacturer)
during the injection. For complete dose-response measurements, adult male Sprague-Dawley rats (Harlan Sprague
Dawley, Inc., Indianapolis, IN) weighing approximately 300g with a jugular catheter surgically implanted prior to purchase
were used. Each dose was tested on five rats. The same rats were used on multiple days, but rats were only injected
once a day to prevent any cumulative effects. Each rat was weighed, so that the dose could be adjusted to be consistent
with varying body weights. To determine the dose which was effective for anesthetizing fifty percent of the population
(ED50), groups composed of five rats each were injected with doses of emulsified anesthetic of 0.33, 0.36, 0.39, 0.43,
0.47, 0.55 and 0.62 mL/kg, respectively. Using a syringe pump (11 plus, Harvard Apparatus, Holliston, MA) the rate was
adjusted so that the bolus dose was always administered over 20 s regardless of volume. Table 3.1 provides a summary
of the doses of emulsified anesthetic utilized and the number of rats anesthetized (out of 5) upon administration.

To determine the dose which was lethal for fifty percent of the population (LD50), groups composed of five rats each
were injected with doses of emulsified anesthetic of 0.945, 0.982, 1.018, 1.055, 1.091, and 1.127 mL/kg, respectively.
Directly prior to the injections for the LD50 measurements the rats were allowed to spontaneously breathe pure oxygen
by placing them for 3 minutes in an induction chamber, to simulate the "preoxygenation" that is commonly used prior to
induction in human patients. As a control experiment, emulsions containing only 10% perfluorooctyl bromide and no
sevoflurane were prepared in the same manner as described above. Five rats were injected with a volume of 1.091
mL/kg, equal to the sevoflurane emulsion volume at which 100% of the rats died.
[0126] For the actual injection, animals were restrained and the catheter wire port plug was removed and replaced
with a flushing assembly (23g hypodermic needle connected to a 1 cc syringe). The syringe plunger was gently drawn

Table 3.1: Summary of dose administered for determination of ED50

Dose (mL/kg)
#Rats Anesthesized

(out of 5)

0.33 0

0.36 0

0.39 2

0.43 3

0.47 5

0.55 5

0.62 5
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back until blood was seen in the tubing to ensure that there was no blockage of the catheter. If resistance was encountered,
gentle pressure was applied to the plunger in an attempt to dislodge the obstruction. Once the catheter was completely
filled with blood it was connected to a syringe containing the experimental solution that was controlled by the syringe
pump. The catheter was primed with 40 mL of solution (the volume of the catheter) so that flow into the body was
immediate upon the start of the injection, and then the full injection was given. After the injection was complete the rat
was rolled onto its back, with a loss of forepaw righting reflex considered inducement of anesthesia. If the righting reflex
was lost, the right hind foot was pinched with a steel forceps to determine if there was response to a painful stimulus. If
the foot was not withdrawn the pinch was applied every five seconds until there was a response. After injection the rat
was observed for three minutes, to measure the time required to regain the righting reflex, and to observe for the presence
of uncoordination (unsteady gait) or disorientation (repeated episodes of rearing and falling) during recovery. A "smooth
recovery" was defined as resumption of grooming or purposeful exploration without evidence of uncoordination or dis-
orientation during the recovery period. When recovery was complete (within three minutes in all cases), the catheter
was flushed with 0.08 mL of a saline solution to remove the residual anesthetic emulsion and then refilled with 0.08 mL
of a heparin based fill solution. The sterile wire port plug was restored to seal the catheter.
[0127] Estimates for ED50 and LD50 were calculated through non-linear regression, fitting data to a sigmoidal dose-
response relationship using the program Prism (version 4.0a, GraphPad Software, Inc., San Diego, CA). The data were
fit to the equation: 

where X is the logarithm of concentration and Y is the response.
[0128] The duration of anesthesia vs. dose graph (Figure 9) was made using DeltaGraph (version 5.6.1, SPSS Inc.
and Red Rock Software, Inc.)

Results

[0129] In a set of preliminary experiments conducted using tail vein injections, anesthetic emulsions were found to
induce anesthesia rapidly (within approximately 15 seconds, during the course of the injection) and for very brief durations
(approximately 30 seconds). On recovery, animals showed no evidence of irritation, such as grooming or biting of their
legs or tail, nor was there any obvious visual evidence of irritation at the injection site. Within approximately one minute
of the termination of injection, animals had returned to exploring their environment or grooming, with no evidence of
uncoordination, disorientation, or residual sedation.
[0130] Because of the rapid onset, the ultrashort duration of action, and the need to repeatedly inject animals to
establish ED50 and LD50 values, we used rats with catheters surgically implanted into the jugular vein and a syringe
pump to deliver anesthetic emulsion for further studies. The dose-response curves for the ED50 and LD50 are presented
in Figure 8. The calculated ED50 value was 0.41 mL emulsion / kg body weight, with a 95% confidence interval from
0.37 to 0.45. This ED50 value corresponds to 0.081 mL pure sevoflurane / kg body weight based on an emulsion containing
20% v/v of sevoflurane. The calculated LD50 value was 1.05 mL / kg body weight, with a 95% confidence interval between
1.03 to 1.07. This LD50 value corresponds to 0.21 mL pure sevoflurane / kg body weight based on 20% v/v sevoflurane
emulsion. The therapeutic index (LD50 / ED50) was calculated to be 2.6.
[0131] In the rats in which the righting reflex was lost, there was a response to the initial foot pinch (as indicated by a
slight withdrawal of the foot) in all rats but one. One rat that was injected with the highest dose of 0.62 mL/kg did not
respond to three foot pinches given at five second intervals, but did respond to the fourth pinch.
[0132] Control experiments were performed by using anesthetic-free emulsions to test for effects of the fluoropolymer
/ perfluorocarbon emulsion. In these studies, there was no evidence of any anesthetic effects, gross neurological deficit,
or mortality. All rats were living five days later, giving no evidence of acute toxicity from circulating emulsions that had
released the sevoflurane content.
[0133] When anesthesia was induced, it happened before the completion of the bolus dose, typically 17-20s from the
start. The average duration of anesthesia before recovery of the righting reflex is shown in Figure 9. The duration was
recorded at every concentration where anesthesia was induced, though by the nature of the ED50 experiments some
points had more rats anesthetized than others. The error bars indicate standard deviations, but the number of included
points varies from 2-5 based on the number of rats in which anesthesia was induced.
[0134] The stability of the nanoemulsions was checked with dynamic light scattering. Over a period of two months,
emulsions containing 20% v/v of sevoflurane, 10% v/v of perfluorooctyl bromide and 25 mg/mL of fluoropolymer did not
show phase separation and the particle size was always in the submicron range. On the contrary, we found that Intralipid
emulsions prepared under the same conditions used for the fluorous formulations and containing just 10% v/v of sevoflu-
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rane were extremely unstable and complete phase separation was easily detected within one day.

Discussion

[0135] This Example demonstrates that a novel intravenous formulation of sevoflurane prepared using a fluoropolymer
surfactant and perfluorocarbon is stable as an emulsion yet releases sevoflurane rapidly enough following intravenous
injection that it can be used to induce anesthesia in vivo. The emulsification of volatile anesthetics in lipid formulations
has previously been shown. However, for any emulsion formulation to become clinically useful, the volume that can be
stably emulsified must be significantly increased from current lipid formulations. The present study is the first use of an
emulsifier other than phospholipids for a volatile anesthetic. The fluoropolymer-based emulsion that we tested here can
stably emulsify 20% v/v sevoflurane, which is almost a six-fold increase over the recently reported value of 3.46% v/v
as the maximum solubility of sevoflurane in 30% Intralipid. Furthermore, the instability of concentrated emulsions of
sevoflurane in Intralipid presents a significant limitation to the clinical utility of intravenous delivery using Intralipid in
human patients. On the contrary, the use of fluorosurfactants allows a considerably more convenient use of stable and
concentrated emulsions of the volatile anesthetic.
[0136] While the use of sevoflurane emulsions has been demonstrated before, this work also presents the first meas-
urement of a therapeutic index for emulsified sevoflurane. Our calculated value of 2.6 compares reasonably well to
previously published values for emulsified isoflurane of 3.2 and 3.1 as well as 3.1 for propofol and 2.2 for thiopental.
This finding suggests that a sevoflurane emulsion may provide an effective and convenient means of inducing anesthesia
in human patients.
[0137] Doses that were near the ED50 for LORR were effective for shorter periods of time than higher amounts. In all
instances, both the time to onset of anesthesia and the recovery of the righting reflex was very rapid in comparison to
other commonly used intravenous induction agents such as thiopental and propofol.10 The ability to rapidly induce or to
deepen existing anesthesia by intravenous injection, combined with its rapid recovery profile, may prove beneficial under
some circumstances. For example, it may be possible to achieve more stable hemodynamics by matching the depth of
anesthesia with the intensity of stimulus during intubation, incision, or other brief but intense stimuli such as insertion of
cranial pins for neurosurgical procedures.
[0138] In conclusion, this Example shows that a mixture of fluoropolymers and a fluorous additive such as perfluorooctyl
bromide can stably emulsify 20% by volume of sevoflurane, a highly fluorinated volatile anesthetic. This is at least in
part due to the increased affinity of the anesthetic for a fluorophilic surfactant. These formulations can be used to induce
anesthesia with bolus dosing, from which recovery is smooth and rapid. The observed difference between the measured
ED50 and LD50 of our formulations supports that these emulsions may be suitable for clinical use.

Example 4. Ostwald Ripening in Sevoflurane Emulsions Stabilized by Fluorinated Surfactants

[0139] This Example provides experimental results characterizing the physical properties and stability of an emulsion
of sevoflurane, a moderately water-soluble highly fluorinated ether used clinically as a volatile anesthetic, stabilized with
a nonionic fluorinated surfactant and stabilizing agent. The affinity of sevoflurane for the fluorinated surfactant allowed
a significant increase in the amount of sevoflurane that could be stably emulsified compared to a hydrogenated emulsion.
Though stable to coalescence, the emulsions were susceptible to Ostwald ripening, which was limited by the presence
of a secondary, less soluble additive, perfluorooctyl bromide. An even less water-soluble additive, perfluorotridecane,
completely stopped ripening, but also allowed coalescence through its preferential adsorption at the interfacial polymeric
layer. Excess surfactant, present as micelles, had no effect on the ripening rate. It is found that a reduction in the size
of the polar head group of the surfactant, without modifying the fluorocarbon block, led to a reduction in the rate of
Ostwald ripening.

Introduction

[0140] The physical-chemical properties of organic molecules are deeply affected by the introduction of fluorine sub-
stituents to the point that highly fluorinated organic molecules can generate a new phase of liquid matter, usually referred
to as a fluorous phase. Highly fluorinated compounds are characterized by both lipophobicity and extreme hydrophobicity
and do not mix with both polar and non-polar hydrogenated phases. As an example, perfluorooctane presents only a
limited solubility in either water or hydrocarbons, but it is completely miscible with perfluorosolvents. The modern volatile
anesthetics isoflurane, desflurane and sevoflurane are all highly fluorinated, and should thus prefer a fluorous environment
over any other phase. Figure 1 provides the structures of several fluorinated volatile anesthetics.
[0141] The intravenous delivery of halogenated volatile anesthetics has been of interest for over 40 years, due to the
possibility of improving upon traditional methods of delivery. Direct injection into the blood stream eliminates the time
for the anesthetic to equilibrate with the lungs and leads to a more rapid onset of anesthesia. Initial instances of direct
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IV delivery of neat halothane, whether intentional or not, caused significant pulmonary damage and death in both animals
and humans. Later efforts have successfully utilized fat emulsions as a means of delivery for halothane and, more
recently, isoflurane and sevoflurane. All of these examples have used either Intralipid (a commercially available phos-
pholipid-stabilized soybean oil emulsion) or directly used phospholipids as the emulsifier.
[0142] However, fluorinated volatile anesthetics are partially fluorophilic and do not mix well with classic non-fluorinated
lipids. This property is evident in the limited concentrations of anesthetics that are soluble in Intralipid. It has also been
shown that an emulsion containing 30% v/v perfluorooctyl bromide increased the blood:gas partition coefficient of iso-
flurane, sevoflurane and desflurane compared to Intralipid, further supporting the hypothesis that the anesthetics would
prefer a fluorous environment.
[0143] Emulsions are heterogeneous systems composed of one immiscible liquid dispersed as droplets within another
liquid. They are not thermodynamically stable, but the stability can be improved by additives such as surfactants, finely
divided solids etc. Perfluorocarbon-in-water emulsions have been widely studied for use as blood substitutes. Though
hydrogenated surfactants have generally been used, fluorinated surfactants have been shown to form highly stable oil-
in-water (o/w) emulsions with fluorinated compounds by significantly reducing the interfacial tension between the per-
fluorocarbon and water.
[0144] The two primary mechanisms for emulsion destabilization through droplet size growth are coalescence and
Ostwald ripening (molecular diffusion). Coalescence is the irreversible collision and subsequent fusion of droplets. If
unchecked, the ultimate result is phase separation. With Ostwald ripening the contents of the disperse phase diffuse
into the continuous phase causing large droplets to grow continuously larger at the expense of smaller ones due to
differences in chemical potential. Ostwald ripening has been shown to be the dominant method of particle size growth
in fluorocarbon-in-water emulsions. According to Lifshitz-Slyozov-Wagner (LSW) theory, the rate of Ostwald ripening,
ω, can be expressed by the following equation: 

where r is the radius of the droplets, t is the time of storage, D is the diffusion coefficient of the molecules of the disperse
phase in the continuous phase, C∞ is the bulk solubility of the disperse phase in the continuous phase, γ is the interfacial
tension between phases, M is the molar mass of the disperse phase, ρ is the density of the disperse phase, R is the
gas constant and T is the absolute temperature. As can be seen in Eq. 1, for an o/w emulsion the rate of ripening is
directly related to the water solubility of the oil. With a water solubility of 6 mM, emulsified sevoflurane will likely be
susceptible to Ostwald ripening.
[0145] Higuchi and Misra suggested that the addition of a secondary, less water soluble, component, could slow
ripening. The slower diffusion of the secondary component will lead to a heterogeneous distribution with smaller droplets
enriched in the less soluble component and larger droplets enriched in the more soluble component. However, this
internal segregation will be thermodynamically opposed as osmotic pressure will act to limit differences between droplets
and equilibrium will eventually be reached. This principle has been successfully applied with previous fluorocarbon
emulsions.
[0146] Examples 2 and 3 demonstrate the in vivo effectiveness of these emulsions for inducing anesthesia in rats and
would like to report the complete physical characterization of the emulsion droplets. In addition to describing the first
example of emulsification of a volatile anesthetic using surfactants other than phospholipids, the present Example also
presents the first comprehensive physical characterization of emulsion stability for an emulsified volatile anesthetic.

Experimental Section

Polymer synthesis

[0147] A series of novel semifluorinated surfactants were synthesized for use as emulsifiers as indicated in Figure 10.
The synthesis starts with the activation of the hydroxyl functionality of the corresponding polyethylene glycol monomethyl
ether (mPEG, MW 5000, 2000, 1100, 550) with methanesulfonyl chloride. The resulting polymeric methanesulfonate
ester is then coupled to 1H,1H-perfluoro-1-tetradecanol to afford the final product in overall yields ranging from 68 -78%.
Conversion at each step was quantitative, but some mass was lost during purification. The polymer nomenclature FXMY
indicates that a certain polymer contains X number of perfluorinated carbon atoms and a monomethyl-poly (ethylene
glycol) block of averaged molecular weight Y (in thousands g/mol).
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Materials

[0148] Polyethylene glycol monomethyl ether of all molecular weights (average MW=5000, 2000, 1100 and 550 g/mol),
methanesulfonyl chloride (99.5%), triethylamine (99.5%) and dry NaH (95%) were purchased from Aldrich and used as
provided. Methylene chloride (GC Resolv) and THF (Optima) were purchased from Fisher Scientific and dried by flowing
through alumina-containing columns. Chloroform and methanol were purchased from Fisher and used as provided.
Anhydrous diethyl ether was purchased from EMD. 1 H, 1 H-perfluoro-1-tetradecanol was purchased from SynQuest
Laboratories.

Compound characterization

[0149] 19F-NMR and 1H-NMR spectra were obtained on a Varian Inova spectrometer operating at 400 MHz. HPLC
chromatograms for product purity determination were obtained on a Gilson HPLC system, with a Jordi RP-DVB column
with particle size of 5mm and pore size of 1000A, and detected with a prepELS detector from Gilson. The solvent gradient
started at 10% MeCN / 90% H2O and increased to 100% MeCN over 20 min. The flow rate was 1 mL / min.
[0150] Polyethylene glycol monomethyl ether mesylate 2a. Polyethylene glycol monomethyl ether 1 a (30.67g,
6.1 mmol) was dissolved in anhydrous CH2Cl2 (200 ml) with mild heating. After cooling to room temperature, triethylamine
(1.7 ml, 12 mmol) and mesyl chloride (0.7 ml, 9 mmol) were added and the reaction mixture was stirred overnight under
argon at room temperature. The precipitated salts were removed by vacuum filtration, and the filtrate was rotary evap-
orated to dryness. The remaining solid was taken up in CHCl3 and purified through silica gel with CHCl3, followed by
10:1 CHCl3:methanol, to remove any residual salts. The filtrate was evaporated to dryness, taken up in water and
lyophilized to yield polyethylene glycol monomethyl ether mesylate, 2a, as a white powder (27.4g, 90%). The same
procedure was followed for the mesylation of mPEG 550, 1100 and 2000, with the exception that those reaction mixtures
were cooled to -78°, -78° and 0° C, respectively, before the addition of the mesyl chloride. 1H NMR CDCl3 δ3.09 (s, 3H),
3.38 (s, 3H), 3.46-3.83 (m, approximately 450H), 4.38 (m, 2H)
[0151] Polyethylene glycol monomethyl ether-perfluorocarbon conjugate 3a (F13M5). Mesylate 2a (8.14g, 1.6 mmol)
and 1 H, 1 H-perfluoro-1-tetradecanol (2.789g, 3.98 mmol) were dissolved in anhydrous THF (500 ml) with mild heating.
After cooling to room temperature NaH (0.356g, 14.8 mmol) was added. After reflux for 48 hrs the reaction was quenched
with dropwise addition of H2O. The precipitated salts were removed by vacuum filtration, and the filtrate was evaporated
to dryness. The remaining solid was taken up in CHCl3 and purified through silica gel with 10:1 CHCl3:methanol to
remove any residual salts. The filtrate was evaporated to dryness and taken up in THF (200 mL). Diethyl ether (250 ml)
was added and the solution was cooled in a refrigerator at 4°C for 30 minutes until precipitation was complete. The solid
product was collected by vacuum filtration, dissolved in water and lyophilized to yield 14H, 14H-perfluorotetradecane
polyethylene glycol monomethyl ether, 3a, (F13M5) as a white powder (7.8g, 85%). The same procedure was followed
for the alkylation of mPEG-Ms 550, 1100 and 2000. 1H NMR CDCl3 δ3.38 (s, 3H), 3.46-3.83 (m, approximately 450H),
4.04 (t, J= 13.6 Hz, 2H) 19F NMR (CDCl3) δ -81.10 (t, J=10.5, 3F), -120.13 (m, 2F),-122.01 (m, 16F), -123.01 (m, 2F),
-123.79 (m, 2F), -126.45 (m, 2F). Polymer purity was confirmed by HPLC and the chromatograms are provided in the
supporting information.

Emulsion preparation

[0152] As a typical example, sevoflurane (Abbott Labs, N. Chicago, IL, 3.4 mL) and perfluorooctyl bromide (SynQuest
Laboratories, Inc., Alachua, FL, 1.7 mL) were added to an aqueous 0.9% NaCl solution (11.9 mL) of F13M5 (298 mg,
25 mg/mL), for a total volume of 17 mL. The two-phase mixture was homogenized with a low energy mixer (Power Gen
500, Fisher Scientific, Hampton, NH) for 1 min at 21000 rpm at room temperature. The crude emulsion was further
homogenized under high pressure (5000 psi, 1 min) using a Microfluidizer (model 110 S, Microfluidics Corp.,Newton,
MA) with the temperature maintained at 20.0° C with a cooling bath. The product emulsions were stored in 15 mL sterile
centrifuge tubes (Corning Inc., Corning, NY) at 4° C until use. All emulsions were prepared in this same manner with
the requisite percentages of each component as necessary. Intralipid emulsions were prepared by adding sevoflurane
to Intralipid (20%, Fresenius Kabi, Uppsala, Sweden) and then homogenizing and microfluidizing as above.

Particle Sizing

[0153] Prior to sizing the emulsions were mixed by inversion of the centrifuge tube to eliminate inhomogeneity due to
either flocculation or sedimentation. The emulsions were diluted by a factor of 300 by adding 10 mL of the emulsion to
2.990 mL of 0.9% NaCl. Sizing was done by dynamic light scattering (NICOMP 380 ZLS, Particle Sizing Systems, Santa
Barbara, CA) with a 639 nm laser at a scattering angle of 90°. Each sample was run for 15 min and all numbers are
reported as Gaussian volume weighted.
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Results and Discussion

[0154] It has previously been determined that the maximum amount of sevoflurane that can be stably emulsified in
30% Intralipid is 3.46% v/v. The experimental methodology used for that determination allowed a gas containing 2.2%
sevoflurane to diffuse into the Intralipid emulsion until equilibrium was reached. Because emulsions are thermodynam-
ically unstable they generally require the input of energy for their formation. It is possible that an emulsification procedure,
such as homogenization, that provides an energy input could enable more sevoflurane to be stably emulsified. Sevoflurane
in concentrations of 1, 2 and 5% v/v formed stable emulsions with Intralipid when prepared with homogenization and
microfluidization (See, Figure 11). However, concentrations of 10 and 20% showed almost complete phase separation
after only one day. These results confirm that the maximum amount of sevoflurane that can be emulsified in Intralipid
is limited, regardless of the method of emulsification. By contrast, there was no evidence of phase separation in any
system that only used the semi-fluorinated surfactant F13M5, even up to volumes of 25% sevoflurane (See, Fig. 12a).
[0155] As shown by LSW theory, emulsions that undergo Ostwald ripening will exhibit linear growth with the cube of
the radius over time. If coalescence is the dominant mechanism, the change of the cube of the radius should be exponential
with time. Furthermore, of the two mechanisms for emulsion destabilization, coalescence is the only one that directly
leads to phase separation. In addition to not visually observing any signs of gross phase separation, the linear growth
rate (See, Fig. 12b) gives no indication that coalescence is happening. This is unsurprising as it has previously been
demonstrated that the steric layer provided by a polymer such as PEG can be effective as a barrier against coalescence.
If coalescence is prevented and Ostwald ripening is the primary destabilization mechanism, then particle growth will be
linear with the cube of the radius in all cases. While this is the case in Fig. 12b and for graphs throughout the paper, for
the sake of clarity subsequent graphs will show the change in diameter over time (which is not linear) because from
those graphs the actual size is more readily understood.
[0156] An emulsion of 20% v/v sevoflurane, without additive and stabilized by F13M5, showed no visual phase sep-
aration, indicating that coalescence was prevented. However, ripening was rapid enough that the DLS was unable to
converge upon a value for the size within the 15 min period of measurement, which prevented the acquisition of statistically
meaningful data. The addition of perfluorooctyl bromide slowed ripening enough to allow measurement. This additive
was chosen because it is fluorophilic, non-toxic, has a limited retention time in the body and is commercially available.
As might be expected, increasing amounts of additive slows the ripening, but the relationship is not linear (See, Fig. 13).
While there is a significant change between 1, 3, and 5%, the variation between 5, 7 and 10% is minimal. This effect of
diminishing benefit has been noted before with other hydrocarbon and fluorocarbon-in-water emulsions. The rate of
ripening of a two-component disperse phase system is represented by the following equation :18 

where φ represents the volume fraction and the subscripts 1 and 2 refer to the more and less water-soluble components,
respectively. As φ2 becomes larger, it becomes the dominant term until it solely controls the ripening rate.
[0157] Because the addition of perfluorooctyl bromide alone wasn’t sufficient to completely stop ripening, measure-
ments were taken with varying amounts of polymer and constant amounts of the other components. Figure 14 shows
the starting size and ripening rates for polymer amounts between 0.5 - 4.5% w/v. Mathematically, as the size of the
average droplet decreases, the amount of total surface area increases, thus requiring more surfactant for complete
coverage. At 0.5% w/v the significantly larger initial droplet size indicates that there was not enough available surfactant.
An increase from 0.5 to 1.5% w/v polymer leads to a drop in the starting size from 550 to 241 nm. As expected, each
subsequent polymer increase leads to a further reduction in the starting size (Table 1). Despite the changing initial size,
however, the ripening rate is unaffected by different amounts of polymer. Figure 15 shows the change in the cube of the
radius for the graphs with the least (0.5% w/v) and greatest amount of polymer (4.5% w/v), with the others removed for
clarity. In comparison of those two, the slope between the best-fit lines changes by only 6%, a statistically insignificant
difference considering the nine-fold increase in polymer amount and inherent experimental error.

Table 1. Droplet starting size with varying polymer amount. All emulsions contained 20% v/v sevoflurane and 10% 
v/v perfluorooctyl bromide.

Polymer Amount (% w/v) Initial size (nm)

0.5 550.6

1.5 241.5

2.5 181.5
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[0158] The effect of polymer amount on emulsion stability can be studied by keeping the volume constant and varying
the polymer amount, as above, or by keeping the polymer amount constant and varying the volume of emulsified oil.
The latter was measured in emulsions of perfluorooctyl bromide alone, with the polymer fixed at 2.5% w/v, and the
volume fraction of the oil varied between 10, 20 and 30% (See, Figure 16). The actual droplet sizes over time, and
therefore the rate of growth, are the same for all three volumes, suggesting that ripening has no dependence upon the
volume fraction. It is clear, then, that in this system, excess surfactant, present in the form of micelles, has no effect on
the ripening.
[0159] There have been contradictory reports within the literature regarding the effect of excess surfactant upon
emulsion stability. In some instances the rate of ripening has increased as the amount of surfactant has increased,
whether the excess surfactant is present in the form of vesicles or micelles. One of the justifications cited for such an
effect is that the supramolecular aggregate (micelle or vesicle) provides a reservoir to solubilize excess oil, thus increasing
the effective solubility of the oil in water. As can be seen in Eq. 1, as the solubility, C∞, increases, so too does the rate
of ripening. However, a decrease in the ripening rate as the amount of surfactant increases has also been reported. In
these cases, it has been proposed that the oil solubilized in the micelles is not dispersed in the continuous phase, and
therefore is not subject to the same mass transfer between droplets. In this argument, C∞ is lowered as oil is withdrawn
from the continuous phase into micelles, thus causing the ripening rate to decrease. An additional study showed that
alkane emulsions stabilized by hexaethylene glycol dodecyl ether were unaffected by surfactant concentration. Our own
results better agree with the conclusions of this latter study. As shown in Figures 15, 16 and 17, changes in the rate of
ripening as the surfactant concentration increases are not statistically significant.
[0160] Although ripening was slowed by addition of the additive, it wasn’t ever really prevented or significantly retarded.
To confirm that the ripening was behaving classically, with a direct dependence upon water solubility, a comparison was
made between different additives. All are highly fluorophilic, but differ in their water solubility. Perfluorohexanes (FC-72)
has a water solubility of 2.7 x 10-7 mol/L, perfluorooctyl bromide 5.1 x 10-9 and perfluorodecalin 9.9 x 10-9. Figure 17
shows the comparison in ripening. As expected, FC-72, which is two orders of magnitude more water soluble, ripens
much quicker. Perfluorodecalin and perfluorooctyl bromide, which have similar solubilities, also ripen similarly.
[0161] Riess has previously shown that an F-alkylated derivative of trehalose was sufficient to slow the ripening of
perfluorooctyl bromide to acceptable levels as the sole surfactant. However, maltose coupled to the same perfluorocarbon
block was unable to emulsify perfluorooctyl bromide at all. These results show that the conformation of the polar head
group can play a significant role in emulsion stability. Using that idea, the fluorocarbon block was kept the same and the
PEG chain was shortened from 5000 to 2000 (F13M2), 1100 (F13M1) and 550 (F13M05). The F13M05 was significantly
less water-soluble than the other polymers and further comparative study was not undertaken. Figure 18 shows the
ripening for the different polymers, with the component mixture kept the same. As the length of the PEG chain decreased,
so too did the rate of ripening. This data, combined with the ripening for different polymer amounts (See, Fig. 14) suggests
that while the steric bulk of each polymer is effective in preventing coalescence it also prevents sufficient amounts of
polymer from tightly packing around each droplet. When there is less steric hindrance between each individual chain,
as is presumably the case with F13M2 and F13M1, more polymer molecules can surround each droplet in a more dense,
less penetrable polymeric monolayer and ripening is slowed.
[0162] To determine if the design of the head group was allowing ripening or if ripening was exclusively mediated by
the additive, a significantly less water-soluble additive, perfluorotridecane, n-C13F28, was studied. Though its high MW
would lead to an unacceptably long residence time in the body, and thus preclude its use in any formulations intended
for in vivo use, it was still useful as a probe to determine the physical properties of the emulsion. Three primary oils were
investigated, FC-72, perfluorooctyl bromide and sevoflurane, all with perfluorotridecane as the additive. With both FC-
72 (See, Fig. 19) and perfluorooctyl bromide (See, Fig. 20), after an initial equilibration time, the size stabilized and
Ostwald ripening appeared to be stopped. With sevoflurane (See, Fig. 21) the results were even more promising as
there was no initial equilibration and the size was constant from the beginning. Though the emulsion droplets had no
change in size, at day 6 there was visual evidence of phase separation.
[0163] Figure 22 provides plots showing ripening as function of the amount of stabilizing additive. Figure 22A shows
a plot of droplet diameter as a function of time for perfluorooctyl bromide (pfob) percentages by volume ranging from
1% to 10%. Figure 22b shows a plot of ripening rate as a function of amount of additive. In these experiments the
emulsions contain 20% by volume sevflurane and 1.5% weight by volume of the semifluorinated block copolymer sur-

(continued)

Polymer Amount (% w/v) Initial size (nm)

3.5 163.9

4.5 139.3
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factant F13M5.
[0164] As stated previously, coalescence is the only mechanism that can lead to phase separation and polymeric
stabilizers are generally sufficient to prevent coalescence. Though sevoflurane with perfluorotridecane had the same
polymeric stabilizer as the other emulsions studied, it was the only system to show coalescence. This suggests that the
polymeric monolayer was modified, most likely by the intercalation of the perfluorotridecane between the perfluorocarbon
blocks of F13M5. Then, if there were droplets that had a higher content of perfluorotridecane, it is possible that smaller
amounts of F13M5 in the monolayer were insufficient to prevent coalescence. Interestingly, though some phase sepa-
ration did happen after day 5, the sample never showed total phase separation, even after three months.
[0165] If intercalation of perfluorotridecane between the perfluorocarbon blocks of F13M5 is the reason that phase
separation occurred with sevoflurane, the same effect might be expected to happen when perfluorotridecane is used as
an additive to stabilize emulsions of either FC-72 and perfluorooctyl bromide. However, this is not the case as neither
of the latter systems shows coalescence. The difference in emulsion stability is likely due to the different solubility of
perfluorotridecane in the three fluorinated compounds. Perfluorotridecane is very miscible with both FC-72 and per-
fluorooctyl bromide, while the maximum solubility of perfluorotridecane in sevoflurane is only 78 mg/mL. It is likely that
the limited solubility of perfluorotridecane in sevoflurane led to its preferential adsorption at the interface, rather than at
the center of the droplet. The greater solubility of perfluorotridecane in the other solvents allowed it to more easily reside
in the center of the droplet and act truly as a secondary oil additive.

Conclusions

[0166] A semi-fluorinated surfactant allowed the emulsification of considerable amounts of sevoflurane, up to 25%
v/v, by exploiting the greater solubility of the anesthetic in a fluorous phase. This is a significant improvement over the
maximum amount of sevoflurane that can be emulsified in classic lipid emulsions (Intralipid) and makes such formulations
promising for potential clinical development. Though there was no any evidence of coalescence and ultimate phase
separation, the sevoflurane/fluoropolymer emulsions were susceptible to Ostwald ripening. The addition of perfluorooctyl
bromide as a secondary component did slow the ripening. It was demonstrated that both reduction of the size of the
polar head group, as well as modification of the interfacial polymeric layer can lead to greater stability.
[0167] Pharmaceutically acceptable salts comprise pharmaceutically-acceptable anions and/or cations. Pharmaceu-
tically-acceptable cations include among others, alkali metal cations (e.g., Li+, Na+, K+), alkaline earth metal cations
(e.g., Ca2+, Mg2+), non-toxic heavy metal cations and ammonium (NH4

+) and substituted ammonium (N(R’)4+, where
R’ is hydrogen, alkyl, or substituted alkyl, i.e., including, methyl, ethyl, or hydroxyethyl, specifically, trimethyl ammonium,
triethyl ammonium, and triethanol ammonium cations). Pharmaceutically-acceptable anions include among other halides
(e.g., Cl-, Br-), sulfate, acetates (e.g., acetate, trifluoroacetate), ascorbates, aspartates, benzoates, citrates, and lactate.
[0168] The compounds of this invention may contain one or more chiral centers. Accordingly, this invention is intended
to include racemic mixtures, diasteromers, enantiomers and mixture enriched in one or more steroisomer. The scope
of the invention as described and claimed encompasses the racemic forms of the compounds as well as the individual
enantiomers and non-racemic mixtures thereof.
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Claims

1. A therapeutic formulation comprising:

an aqueous solution;
semi-fluorinated block copolymers having a hydrophilic block and a fluorophilic block;
a fluorinated anesthetic compound; and
a stabilizing additive wherein said stabilizing additive is a perhalogenated fluorocarbon;

wherein said formulation is a nanoemulsion comprising a continuous phase and a dispersed phase, wherein said
continuous phase comprises said aqueous solution and said dispersed phase comprises said semi-fluorinated block
copolymers, said fluorinated anesthetic compound and said stabilizing additive;
wherein said fluorinated anesthetic compound is greater than or equal to 5 % by volume of said therapeutic formu-
lation, said perhalogenated fluorocarbon is 1 % to 20 % by volume of said therapeutic formulation; and said semi-
fluorinated block copolymers have a concentration selected over the range of 1 mg ml-1 to 45 mg ml-1.

2. The therapeutic formulation of claim 1 wherein said fluorophilic block is a perfluorinated alkyl chain having a length
of 6 to 16 carbons.

3. The therapeutic formulation of claim 1 wherein said hydrophilic block is a poly(ethylene glycol) block having a
molecular weight selected over the range of 500 g mol-1 to 12,000 g mol-1.

4. The therapeutic formulation of claim 1 wherein said semi-fluorinated block copolymers have the chemical formula:

CmF2m+1-(CH2)p-O-(-CH2CH2-O-)n-R; or (FX2)

CmF2m+1-O-(-CH2CH2-O-)n-R; (FX3)

wherein m is selected from the range of 5 to 25;
n is selected from the range of 10 to 270;
p is selected from the range 1 to10; and
wherein R is a hydrogen, a methyl group, a substituted or unsubstituted alkoxy group, a substituted or unsub-
stituted alkyl group, a substituted or unsubstituted aryl group, a substituted or unsubstituted alkenyl; or a sub-
stituted or unsubstituted alkynyl group.

5. The therapeutic formulation of claim 1 wherein said fluorinated anesthetic compound is selected from the group
consisting of sevoflurane, isoflurane, desflurane, enflurane and methoxyflurane.

6. The therapeutic formulation of claim 1 wherein said stabilizing additive is a perhalogenated fluorocarbon having
between 12 to 25 carbon - fluorine bonds.

7. The therapeutic formulation of claim 1 wherein said perhalogenated fluorocarbon stabilizing additive has a solubility
in water less than or equal to 20 nanomolar.

8. The therapeutic formulation of claim 1 wherein said perhalogenated fluorocarbon stabilizing additive has a molecular
weight selected over the range of 460 amu to 520 amu.

9. The therapeutic formulation of claim 1 wherein said perhalogenated fluorocarbon stabilizing additive is selected
from the group consisting of: a perfluorocarbon; a bromine substituted perfluorocarbon; a chlorine substituted per-
fluorocarbon; and a bromine and chlorine substituted perfluorocarbon.

10. The therapeutic formulation of claim 1 wherein said perhalogenated fluorocarbon is selected from the group consisting
of perfluorooctyl bromide; perfluorononyl bromide, perfluorodecyl bromide, perfluorodecalin; perfluorodichlorooac-
tane; and bis-perfluorobutyl ethylene and perfluoro(methyldecalin).

11. The therapeutic formulation of claim 1 wherein the fluorinated anesthetic compound is 5 % to 30 % by volume of
said therapeutic formulation.
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12. The therapeutic formulation of claim 1 wherein said fluorinated anesthetic compound is 5% to 50% by volume of
said therapeutic emulsion.

13. The therapeutic formulation of claim 1 wherein said dispersed phase comprises a plurality of droplets dispersed in
said continuous phase.

14. The therapeutic formulation of claim 13 wherein said droplets have an average diameter less than or equal to 1000
nanometers.

15. A formulation according to any of the preceding claims for use in a method of administering a fluorinated therapeutic
compound to a patient, said method comprising the steps of:

providing the formulation;
emulsifying said therapeutic formulation, thereby making a therapeutic emulsion; and
delivering said therapeutic emulsion to said patient.

16. The formulation for use according to claim 15 wherein said step of emulsifying said therapeutic formulation comprises
the steps of:

adding said fluorinated therapeutic compound and said stabilizing additive to said aqueous solution having said
semi-fluorinated block copolymers therein, thereby generating a therapeutic mixture; and
homogenizing said therapeutic mixture, thereby generating said therapeutic emulsion.

Patentansprüche

1. Therapeutische Formulierung, die umfasst:

eine wässrige Lösung;
halbfluorierte Blockcopolymere mit einem hydrophilen Block und einem fluorphilen Block;
eine fluorierte anästhetische Verbindung; und
einen stabilisierenden Zusatzstoff, wobei der stabilisierende Zusatzstoff ein perhalogenierter Fluorkohlenstoff
ist;

wobei die Formulierung eine Nanoemulsion ist, die eine kontinuierliche Phase und eine dispergierte Phase umfasst,
wobei die kontinuierliche Phase eine wässrige Lösung umfasst und die dispergierte Phase die halbfluorierten Block-
copolymere, die fluorierte anästhetische Verbindung und den stabilisierende Zusatzstoff umfasst;
wobei die fluorierte anästhetische Verbindung größer gleich 5 Vol.-% der therapeutischen Formulierung ist, wobei
der perhalogenierte Fluorkohlenstoff 1 Vol.-% bis 20 Vol.-% der therapeutischen Formulierung ist; und die halbflu-
orierten Blockcopolymere eine Konzentration aufweisen, die aus dem Bereich von 1 mg ml-1 bis 45 mg ml-1 aus-
gewählt ist.

2. Therapeutische Formulierung nach Anspruch 1, wobei der fluorphile Block eine perfluorierte Alkylkette mit einer
Länge von 6 bis 16 Kohlenstoffen ist.

3. Therapeutische Formulierung nach Anspruch 1, wobei der hydrophile Block ein Poly(ethylenglykol)block mit einem
Molekulargewicht ist, das aus dem Bereich von 500 g mol-1 bis 12.000 g mol-1 ausgewählt ist.

4. Therapeutische Formulierung nach Anspruch 1, wobei die halbfluorierten Blockcopolymere die chemische Formel
aufweisen:

CmF2m+1-(CH2)p-O-(-CH2CH2-O-)n-R; (FX2) oder

CmF2m+1-O-(-CH2CH2-O-)n-R; (FX3)

wobei m aus dem Bereich von 5 bis 25 ausgewählt ist;
n aus dem Bereich von 10 bis 270 ausgewählt ist;
p aus dem Bereich von 1 bis 10 ausgewählt ist; und
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wobei R ein Wasserstoff, eine Methylgruppe, eine substituierte oder unsubstituierte Alkoxygruppe, eine substi-
tuierte oder unsubstituierte Alkylgruppe, eine substituierte oder unsubstituierte Arylgruppe, ein substituiertes
oder unsubstituiertes Alkenyl; oder eine substituierte oder unsubstituierte Alkynylgruppe ist.

5. Therapeutische Formulierung nach Anspruch 1, wobei die fluorierte anästhetische Verbindung aus der Gruppe
ausgewählt ist, bestehend aus Sevofluran, Isofluran, Desfluran, Enfluran und Methoxyfluran.

6. Therapeutische Formulierung nach Anspruch 1, wobei der stabilisierende Zusatzstoff perhalogenierter Fluorkoh-
lenstoff mit zwischen 12 und 25 Kohlenstoff-Fluor-Bindungen ist.

7. Therapeutische Formulierung nach Anspruch 1, wobei der stabilisierende Perhalogenierte-Fluorkohlenstoff-Zusatz-
stoff eine Löslichkeit in Wasser von kleiner gleich 20 Nanomolar aufweist.

8. Therapeutische Formulierung nach Anspruch 1, wobei der stabilisierende Perhalogenierte-Fluorkohlenstoff-Zusatz-
stoff ein Molekulargewicht aufweist, das aus dem Bereich von 460 amu bis 520 amu ausgewählt ist.

9. Therapeutische Formulierung nach Anspruch 1, wobei der stabilisierende Perhalogenierte-Fluorkohlenstoff-Zusatz-
stoff aus der Gruppe ausgewählt ist, bestehend aus: einem Perfluorkohlenstoff; einem bromsubstituierten Perflu-
orkohlenstoff; einem chlorsubstituiertem Perfluorkohlenstoff; und einem brom- und chlorsubstituierten Perfluorkoh-
lenstoff.

10. Therapeutische Formulierung nach Anspruch 1, wobei der perhalogenierte Fluorkohlenstoff aus der Gruppe aus-
gewählt ist, bestehend aus Perfluoroctylbromid; Perfluornonylbromid, Perfluordecylbromid, Perfluordecalin; Perflu-
ordichloroactan; und Bisperfluorbutylethylen und Perfluor(methyldecalin).

11. Therapeutische Formulierung nach Anspruch 1, wobei die fluorierte anästhetische Verbindung 5 Vol.-% bis 30 Vol.-
% der therapeutischen Formulierung ist.

12. Therapeutische Formulierung nach Anspruch 1, wobei die fluorierte anästhetische Verbindung 5 Vol.-% bis 50 Vol.-
% der therapeutischen Emulsion ist.

13. Therapeutische Formulierung nach Anspruch 1, wobei die dispergierte Phase eine Mehrzahl von Tropfen umfasst,
die in der kontinuierlichen Phase dispergiert sind.

14. Therapeutische Formulierung nach Anspruch 13, wobei die Tropfen einen durchschnittlichen Durchmesser von
kleiner gleich 1000 Nanometern aufweisen.

15. Formulierung nach einem der vorstehenden Ansprüche zur Verwendung in einem Verfahren zum Verabreichen
einer fluorierten therapeutischen Verbindung an einen Patienten, wobei das Verfahren die Schritte umfasst:

Bereitstellen der Formulierung;
Emulgieren der therapeutischen Formulierung, wodurch eine therapeutische Emulsion gebildet wird; und
Abgeben der therapeutischen Emulsion an den Patienten.

16. Formulierung zur Verwendung nach Anspruch 15, wobei der Schritt des Emulgierens der therapeutischen Formu-
lierung die Schritte umfasst:

Hinzufügen der fluorierten therapeutischen Verbindung und des stabilisierenden Zusatzstoffs zur wässrigen
Lösung, die die halbfluorierten Blockcopolymere darin aufweist, wodurch eine therapeutische Mischung erzeugt
wird; und
Homogenisieren der therapeutischen Mischung, wodurch die therapeutische Emulsion erzeugt wird.

Revendications

1. - Formulation thérapeutique comprenant :

une solution aqueuse ;
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des copolymères à blocs semi-fluorés ayant un bloc hydrophile et un bloc fluorophile ;
un composé anesthésique fluoré ; et
un additif stabilisant, ledit additif stabilisant étant un fluorocarbure perhalogéné ;

ladite formulation étant une nanoémulsion comprenant une phase continue et une phase dispersée, ladite phase
continue comprenant ladite solution aqueuse et ladite phase dispersée comprenant lesdits copolymères à blocs
semi-fluorés, ledit composé anesthésique fluoré et ledit additif stabilisant ;
ledit composé anesthésique fluoré représentant une quantité supérieure ou égale à 5 % en volume de ladite for-
mulation thérapeutique, ledit fluorocarbure perhalogéné représentant 1 % à 20 % en volume de ladite formulation
thérapeutique ; et lesdits copolymères à blocs semi-fluorés ayant une concentration choisie sur la plage de 1 mg
ml-1 à 45 mg ml-1.

2. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit bloc fluorophile est une chaîne alkyle
perfluorée ayant une longueur de 6 à 16 carbones.

3. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit bloc hydrophile est un bloc de poly(éthylène
glycol) ayant une masse moléculaire choisie sur la plage de 500 g mol-1 à 12 000 g mol-1.

4. - Formulation thérapeutique selon la revendication 1, dans laquelle lesdits copolymères à blocs semi-fluorés ont la
formule chimique :

CmF2m+1-(CH2)p-O-(-CH2CH2-O-)n-R ; ou (FX2)

CmF2m+1-O-(-CH2CH2-O-)n-R ; (FX3)

où :

m est choisi dans la plage de 5 à 25 ;
n est choisi dans la plage de 10 à 270 ;
p est choisi dans la plage de 1 à 10 ; et
où R représente un hydrogène, un groupe méthyle, un groupe alcoxy substitué ou non substitué, un groupe
alkyle substitué ou non substitué, un groupe aryle substitué ou non substitué, un alcényle substitué ou non
substitué ; ou un groupe alcynyle substitué ou non substitué.

5. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit composé anesthésique fluoré est choisi
dans le groupe consistant en le sévoflurane, l’isoflurane, le desflurane, l’enflurane et le méthoxyflurane.

6. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit additif stabilisant est un fluorocarbure
perhalogéné ayant entre 12 et 25 liaisons carbone-fluor.

7. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit additif stabilisant fluorocarbure perhalogéné
a une solubilité dans l’eau inférieure ou égale à 20 nanomolaire.

8. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit additif stabilisant fluorocarbure perhalogéné
a une masse moléculaire choisie sur la plage de 460 amu à 520 amu.

9. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit additif stabilisant fluorocarboné perhalogéné
est choisi dans le groupe consistant en : un perfluorocarbure ; un perfluorocarbure substitué par brome ; un per-
fluorocarbure substitué par chlore ; et un perfluorocarbure substitué par brome et chlore.

10. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit fluorocarbure perhalogéné est choisi dans
le groupe consistant en bromure de perfluorooctyle ; bromure de perfluorononyle, bromure de perfluorodécyle,
perfluorodécaline ; perfluorodichloroactane ; et bis-perfluorobutyléthylène et perfluoro(méthyldécaline).

11. - Formulation thérapeutique selon la revendication 1, dans laquelle le composé anesthésique fluoré représente 5
% à 30 % en volume de ladite formulation thérapeutique.

12. - Formulation thérapeutique selon la revendication 1, dans laquelle ledit composé anesthésique fluoré représente
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5 % à 50 % en volume de ladite émulsion thérapeutique.

13. - Formulation thérapeutique selon la revendication 1, dans laquelle ladite phase dispersée comprend une pluralité
de gouttelettes dispersées dans ladite phase continue.

14. - Formulation thérapeutique selon la revendication 13, dans laquelle lesdites gouttelettes ont un diamètre moyen
inférieur ou égal à 1000 nanomètres.

15. - Formulation selon l’une quelconque des revendications précédentes pour une utilisation dans une méthode d’ad-
ministration d’un composé thérapeutique fluoré à un patient, ladite méthode comprenant les étapes de :

se procurer la formulation ;
émulsifier ladite formulation thérapeutique, formant par là une émulsion thérapeutique ; et
administrer ladite émulsion thérapeutique audit patient.

16. - Formulation pour une utilisation selon la revendication 15, dans laquelle ladite étape d’émulsification de ladite
formulation thérapeutique comprend les étapes de :

ajouter ledit composé thérapeutique fluoré et ledit additif stabilisant à ladite solution aqueuse renfermant lesdits
copolymères à blocs semi-fluorés, générant par là un mélange thérapeutique ; et
homogénéiser ledit mélange thérapeutique, générant par là ladite émulsion thérapeutique.
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