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NANODROPLETS WITH IMPROVED
PROPERTIES

REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/472,524, filed Mar. 16, 2017, and
U.S. Provisional Application No. 62/571,886, filed Oct. 13,
2017, each of which 1s herein incorporated by reference 1n
its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with partial government
support by funding from the Cancer Prevention and
Research Institute of Texas under grant number RR150010.
The government has certain rights 1n the imvention.

FIELD OF THE INVENTION

[0003] The present invention relates to the field of medical
diagnostics and therapeutics, and more specifically to the
development of stabilized nanodroplets (NDs) for ultra-

sound (US) imaging or therapeutic use.

BACKGROUND OF THE INVENTION

[0004] Contrast-enhanced ultrasound (CEUS) imaging
provides advantages over conventional ultrasound tech-
niques by increasing image contrast and improving diag-
nostic accuracy. Existing strategies for contrast-enhanced
ultrasound 1maging are based on intravenous injection or the
introduction of microbubbles 1nto tissue to achieve increased
contrast. Recent mvestigations have focused on the devel-
opment of phase-change contrast agents (PCCAs), including
liquid pertluorocarbon nanodroplets that can be activated by
an ultrasonic pulse to form microbubbles 1n vivo to enhance
contrast. However, the use of PCCAs has been severely
limited by the large particle size of existing nanodroplets and
their spontaneous vaporization into microbubbles in the case
of low-boiling point fluorocarbon nanodroplets, as well as
unfavorable increases in liquid pertluorocarbon nanodroplet
boiling points as particle size 1s decreased. A need therefore
exists for low-boiling point nanodroplets that exhibit small
particle size and improved stability in vivo.

SUMMARY OF THE INVENTION

[0005] In one aspect, the invention provides stabilized
nanodroplet compositions comprising a pertluorocarbon
(PFC), a surfactant, and a co-surfactant, wherein the nano-
droplet compositions have an average particle diameter of
less than 300 nm. In certain embodiments, the PFC has a
boiling point of less than about 0° C. In some embodiments,
the PFC 1s decafluorobutane (DFB) or octatluoropropane
(OFP). The co-surfactant may comprise a semifluorinated
alkane, such as an FnHm diblock, a linear semifluorinated
alkane with the chemical formula C F, . C H, .. In fur-
ther embodiments, the composition comprises an average
particle diameter of less than about 250 nm, for example less
than about 200 nm or less than about 150 nm. Other
embodiments of the 1nvention provide compositions
wherein at least 90% of the nanodroplets 1n said composition
have a particle size of less than about 300 nm, for example
compositions having at least 90% of the nanodroplets in said
composition have a particle size of less than about 200 nm.
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In certain embodiments, the composition i1s substantially
free of microbubbles. In other embodiments, the composi-
tion has a nanodroplet concentration of at least 10"" NDs/
mL, for example at least 10'* NDs/mL. In further embodi-
ments the composition exhibits less than a 10% change in
average particle diameter over a period of 1 week at 4° C.,
and 1n yet further embodiments the composition exhibaits less
than a 10% change 1n average particle diameter over a period
of 1 hour at 37° C. The invention further provides embodi-
ments 1 which the stabilized nanodroplet composition
undergoes a phase change to form microbubbles when
exposed to ultrasound stimulus at 8 MHz with a mechanical
index (MI) of at least 0.4 for DFB or at least 0.16 for OFP
nanodroplets.

[0006] In another aspect, the imnvention provides methods
of enhancing contrast in ultrasound 1imaging, comprising the
steps of: (a) providing a ND composition of the invention to
a tissue; and (b) exposing said composition to an ultrasound
stimulus at 8 MHz with a MI of at least 0.4 for DFB
nanodroplets or at least 0.16 for OFP nanodroplets.

[0007] In yet another aspect, the mnvention provides meth-
ods of producing a nanodroplet, comprising the step of:
emulsifying a PFC with surfactant and co-surfactant to form
a nanodroplet composition having an average particle diam-
eter of less than 300 nm. In some embodiments, the PFC has
a boiling point of less than about 0° C. In other embodi-
ments, the co-surfactant comprises a semitluorinated alkane.
The mvention further provides methods wherein emulsity-
ing 1s carried out at less than about -15° C. for DFB
nanodroplets or —=35° C. for OFP nanodroplets, or wherein
emulsifying 1s carried out at a pressure between about 2,000
ps1 and 13,000 psi. Nanodroplet compositions produced by
the methods disclosed herein are further provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1A shows an illustrative representation of
exemplary DFB ND production steps: (panel a) representa-
tive picture of dry film composed of DSPC and DSPE-
PEG2000 or DSPC, DSPE-PEG2000 and FnHm, (panel b)
dry film dispersion in 2 mL of phosphate-buflered saline
(PBS)/propylene glycol/glycerol in a 16:3:1 v/v/v ratio,
(panel ¢) clear solution post sonication at 68° C., (panel d)
liguid DFB 1n the syringe kept on dry ice, (panel €) sample
cooling down for 2 min mn a minus 20° C. 1ce/sodium
chloride bath, (panel 1) first pass through the LV1, (panel g)
ninth pass, (panel h) Low Volume Microfluidizer (LV1,
Microfluidics) with both coil, tray and 3 mL syringes.
[0009] FIG. 1B shows an illustrative representation of
exemplary OFP ND production steps: (panel a) OFP gas
condensed by cooling at —70° C. with an ethanol-dry ice
bath. Syringe containing clear lipid film dispersed 1n excipi-
ent (propylene glycol/water 60:40) cooled down 1n the same
cooling bath. (panel b) 100 uL of liquid OFP measured with
a 1 mL syringe and (panel ¢) liquid OFP transfer into the
sample syringe. (panel d) Emulsification using the LV
microtluidizer cooled at -35 C using a sodium chloride/ice/
dry 1ce cooling bath. (panel ) Milky solution obtained after
nine passes at 13.000 Psi. (panel 1) Additional sample
obtained by washing the system with 1.5 mL excipient.
[0010] FIG. 2 shows size distributions of decafluorobutane
(DFB) and octafluoropropane (OFP) nanodroplets measured
by Tunable Resistive Pulse Sensing (TRPS, histograms,
concentration 1n number of nanodroplets/mL) and Dynamic
Light Scattering (DLS, solid lines, intensity 1in %). (panel A)
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DFB nanodroplets (NDs) stabilized with the semifluorinated
alkane F8HI18, (panel B) non-stabilized DFB NDs and
(panel C) non-stabilized OFP NDs produced by high pres-
sure¢ homogenizer. Red lines were drawn at 200 nm to
emphasize the larger population of ND below 200 nm 1n the
stabilized sample. Panel D shows size distributions
(weighted by intensity, volume and number), and correlation
functions of non-stabilized DFB NDs when 1n coexistence
with Defimty MBs (1, 10 and 50%). Panel E shows repre-
sentative non-stabilized DFB ND emulsion size distribu-
tions measured by TRPS (concentration in NDs/mL) as a

function of counting events (500, 1000, 2000, and 3000).

[0011] FIG. 3A shows size distributions (DLS) over 96 h
ol storage at room temperature of non-stabilized DFB nano-
droplets.

[0012] FIG. 3B shows mean diameters (TRPS) over 96 h
ol storage at room temperature of non-stabilized DFB nano-
droplets.

[0013] FIG. 3C shows concentrations (TRPS) over 96 h of
storage at room temperature ol non-stabilized DFB nano-
droplets.

[0014] FIG. 4 shows the stability of non stabilized DFB
ND emulsions stored at 4° C. over 18 days. Size distribution
(panel A) and Z-average (panel B) measured by DLS, and
mean diameter (panel C) and concentration (panel D) mea-
sured by TRPS.

[0015] FIG. 5 shows the representative correlation func-
tions of non stabilized DFB NDs over an 18-day observation
pertod. A smooth, single exponential decay functions con-
firm the presence of mono-size particle dispersions.

[0016] FIG. 6 shows (panel A) size distribution (DLS),
(panel B) 7, and derived count rate (DLS) over 35 days
and (panel C) correlation curves of F8HI18 stabilized DFB

nanodroplets emulsions over 35 days of storage at 4° C.
[0017] FIG. 7 shows (panel A) intensity-weighted size
distribution, (panel B) Z, . and derived count rates, (panel
C) number-weighted size distribution, (panel D) volume-
weilghted size distribution of ND emulsions with no FSHI8
over 2 h incubation at 37° C.

[0018] FIG. 8 shows correlation curves of non-stabilized
DFB NDs at diflerent temperatures.

[0019] FIG. 9 shows non-stabilized NDs concentrations
determined by TRPS as a function of incubation time at
room temperature (22° C.) (panels A and B) and physiologic
temperature (37° C.) (panels C and D).

[0020] FIG. 10 shows (panels A-B) size distribution and
(panel C) correlation curves of DFB NDs stabilized with
F8HI1R at temperatures ranging from 30 to 350° C.

[0021] FIG. 11 shows (panel A) a schematic representation
of an exemplary US vaporization setup, (panel B) a repre-
sentative photograph of the transfer pipet bulb containing
ND emulsions prior and post vaporization.

[0022] FIG. 12 shows calibration of peak negative pres-
sure (PNP) output measurement by the clinical ultrasound
machine used for vaporization experiments. (Panel A) A
broadband hydrophone (Onda HGL-200) was oriented
towards the Siemens 1518 transducer, with tip and aperture
of the hydrophone held at the electronic focus of the
transducer, 2 cm away from the transducer face. (Panel B)
To obtain recorded PNPs more accurately representing the
experimental setup, agarose/cellulose and half of a pipette
wall were placed 1in the path between the transducer and
hydrophone. With settings identical to those used in the
vaporization experiments, the maximal PNP amplitudes
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were recorded on an oscilloscope, with persistence record-
ing mode used to find the largest amplitude peak at 10
different mechanical indices. PNPs recorded (panel C) using
agarose/cellulose/pipette attenuation medium and (panel D)
without attenuation medium, showing that attenuation
medium resulted 1n recorded PNPs very similar to those
calculated from on screen mechanical indices.

[0023] FIG. 13 shows contrast enhancement of DFB NDs
(~1.6x10” NDs/mL) as a function of US input power for
(panel A) non-stabilized NDs and (panel B) F8HI18 stabi-
lized NDs.

[0024] FIG. 14 shows the number of MBs created as a
function of the US output power for non-stabilized DFB
NDs and F8HI18 stabilized DFB NDs (MB counted with
Image] software, ~4x10®> NDs/mL).

[0025] FIG. 15 shows contrast enhancement of OFP NDs
(~4.5x10” NDs/mL) as a function of US input power.

[0026] FIG. 16 shows a representative size distribution of
precursor microbubbles measured by Multisizer (panel A),
representative DFB ND emulsions and liposome size distri-
butions measured by TRPS obtained by condensation (panel
B) and our direct formulation (panel C). Particles with
diameter on the left of the red bar are liposomes not NDs.

[0027] FIG. 17 shows contrast enhancement of 1.6x10”
NDs/mL DFB and 4.5x107 NDs/mL OFP as a function of
peak negative pressure (PNP). Representative US 1mages
and mean 1mage intensity are shown as well as photographs
of the transfer pipet bulb containing DFB NDs before and
alter US exposure (direct). Change in sample opacity is a
hallmark feature of PCCA activation. “Direct” and “con-
densation” refer to the direct formulation of NDs by high
pressure microfluidization and condensation of preformed
MBs into NDs respectively.

[0028] FIG. 18 shows contrast enhancement of 1.6x10”
NDs/mL DFB as a function of incubation time at 37° C. at
a sub-threshold insonation (MI=0.32, PNP=0.86). Represen-
tative US 1mages (panel A) and mean image intensity
(panels B and C) are shown. Grey bar in panel C represent
the mean 1mage mtensity range above vaporization threshold
at this concentration.

[0029] FIG. 19 shows DiD-labeled targeted DFB NDs
(panels A and B) remained attached after washing but not
control DiD-labeled NDs (panels C and D). Arrows pointing
to DiD wvisible NDs 1n panel B are co-registered on the
brightfield micrograph panel A. Panels A and C are repre-
sentative brightfield microscopy images. Panels B and D are
representative tluorescence microscopy 1mages.

DETAILED DESCRIPTION

[0030] Phase-change contrast agents (PCCAs) such as
superheated perfluorocarbon (PFC) nanodroplets (NDs) are
uselul 1n the field of contrast-enhanced ultrasound (CEUS)
imaging and ultrasound guided therapy. However, existing
strategies for producing PCCAs of superheated PFCs rely on
the production of microbubbles (MBs), followed by con-
densation to form NDs. This approach results 1n condensed
ND compositions with polydisperse distributions further
comprising high concentrations of larger MBs. Due to
polydispersity, NDs produced by MB condensation methods
have an unpredictable boiling point, limiting the utility of
these NDs as PCCAs in imaging and therapeutic applica-
tions. A need therefore exists for stabilized low-boiling point
ND compositions with a low mean ND diameter. In particu-
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lar, NDs having a diameter of less than or equal to 500 nm,
in particular less than about 300 nm, are needed for ultra-
sound 1imaging applications.

[0031] The invention therefore provides novel methods to
achieve stabilized ND compositions comprising very low-
boiling point PFCs near or below O-degree C. that have a
narrow size distribution and high concentration of NDs. The
DFB NDs provided by the mvention are stable at physi-
ological temperatures and are acoustically activated to form
MBs when ultrasound pressure exceeds 0.4 mechanical
index units (MI) at 8 MHz. The OFP NDs also provided by
the 1invention are stable at physiological temperatures and
are acoustically activated to form MBs when ultrasound
pressure exceeds 0.15 MI at 8 MHz. In certain embodiments,
the invention provides DFB NDs having an average diam-
cter of less than or equal to about 300 nm. In certain
embodiments, the mvention provides OFP NDs having an
average diameter of less than or equal to about 200 nm. The

invention further provides methods of producing the stabi-
lized NDs disclosed herein.

II. Stabilized Nanodroplets

[0032] The present invention provides methods to achieve
stabilized ND compositions exhibiting improved properties
for diagnostic and therapeutic ultrasound applications. In
some embodiments, stabilized ND compositions of the
present invention comprise a PFC emulsified with a surfac-
tant and co-surfactant to provide concentrated, monodis-
perse ND compositions having a small average particle size
and low boiling pomnt. ND compositions of the present
invention are monodisperse, and comprise high concentra-
tions of low-boiling point NDs having a small particle size.
The invention further provides methods of preparing the
disclosed stabilized ND compositions 1n a highly reproduc-
ible manner, and preventing the phenomenon of irreversible
droplet-to-bubble transition, which 1s diflicult to control at
physiological temperature.

[0033] In some embodiments, the stabilized ND compo-
sitions of the mvention exhibit a monodisperse distribution
and are substantially free of MBs compared to conventional
PCCA compositions. In certain embodiments, “substantially
free of microbubbles™ or “substantially free of MBs™ refers
to emulsion with no detectable MBs having a diameter
above 500 nm as detected by TRPS, or no detection of NDs
with diameter above 800 nm as detected by DLS. In further
embodiments, the invention provides emulsions with no
residual MBs present in the emulsions. As used herein,
“monodisperse” refers to an ND composition wherein at
least about 90% of the particles have diameters of less than
about 300 nm and a polydispersity index (PDI)<0.2, as
assessed by DLS. Further embodiments of the invention
provide monodisperse DFB ND compositions wherein at
least about 95%, for example at least about 96%, at least
about 97%, at least about 98%, at least about 99%, or 100%
ol particles have diameters less than about 300 nm. Further
embodiments of the invention provide monodisperse OFP
ND compositions wherein at least about 95%, for example
at least about 96%, at least about 97%, at least about 98%,
at least about 99%, or 100% of particles have diameters less
than about 200 nm. As used herein, “small” or a “small-
diameter nanodroplet” or “small-diameter” refers to an ND
having a smaller 1nitial size or smaller initial diameter 1n the
liquid state than a corresponding ND composition compris-
ing the same components, but lacking a co-surfactant. By
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providing a large particle count and optimal distribution
throughout the vascular space, the stabilized NDs of the
present invention exhibit superior targeting of intravascular
targets compared to larger NDs or MBs and are capable of
targeting extravascular sites more efliciently than existing
ND manufacturing technology by virtue of a smaller diam-
cter and enhanced stability.

[0034] The methods of the present invention further pro-
vide stabilized ND compositions having a concentration of
NDs of at least 10"* NDs/mL or greater. The stabilized ND
compositions provided by the present invention may com-
prises NDs 1n much higher concentrations compared with
conventional MB compositions that typically comprise
approximately 10° MBs/mL. In certain embodiments, the
stabilized ND compositions of the present invention com-
prise at least about 10'* NDs/mL, for example at least 107

NDs/ml..

[0035] The stabilized ND compositions provided by the
invention further exhibit stability over greater periods of
time and at higher temperatures than corresponding ND
compositions lacking a co-surfactant. In certain embodi-
ments, the stabilized ND compositions provided by the
invention exhibit no significant changes in size or derived
count rate over a period of one week, two weeks, three
weeks, one month, or more, when stored at a low tempera-
ture, for example a temperature about 4° C. or about -20° C.
As used herein. “no significant change in size” refers to a
change of less than 10%, for example less than 5%, or less
than 1% in average particle diameter.

[0036] In further embodiments, the stabilized ND compo-
sitions of the present invention do not exhibit significant
dissociation of NDs at temperatures of up to about 45° C.,
for example temperatures of up to 40° C. As used herein
“significant dissociation™ refers to the vaporization of at
least 1%, for example at least about 2%, or at least about 5%
of NDs to form MBs. In contrast, non-stabilized ND com-

positions lacking a co-surfactant exhibit significant disso-
ciation of NDs above 40° C.

[0037] As used herein, “stable” or “stabilized nanodrop-
let” or “stable nanodroplet” refers to a nanodroplet having a
longer circulation time 1 vivo than a corresponding ND
composition comprising the same components, but lacking
a co-surfactant. NDs obtained by the method disclosed
herein will present higher vaporization signals compared to
NDs obtained with the condensation method at the same
concentration, as the majority of small particles present 1n
the ND sample from the condensed method are non-echo-
genic liposomes and not NDs. The mvention further pro-
vides stabilized nanodroplets prepared using the direct emul-
sification method provided herein that exhibit improved
properties compared to NDs prepared according to previ-
ously used methods, including improved concentration and
monodispersity (absence of residual MBs and liposomes
post-formulation).

[0038] The invention further provides stabilized ND com-
positions wherein the NDs are stable under in vivo condi-
tions until activated by ultrasound stimulus. In certain
examples, the DFB ND compositions of the present inven-
tion undergo a phase change in response to an ultrasound
pressure of at least 0.4 MI at 8 MHz, for example under a
pressure of 0.5 MI at 8 MHz. In further examples, the OFP
ND compositions of the present mnvention undergo a phase
change 1n response to an ultrasound pressure of at least 0.15
MI at 8 MHz. In specific embodiments, the stabilized ND
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compositions of the ivention are stable in the absence of
ultrasound stimulus up to at least 37° C., but could begin to
phase transition without ultrasound at approximately 45° C.
[0039] In certain embodiments, the mvention provides
NDs with reduced and narrow vaporization thresholds com-
bined with a thermal stability above physiological tempera-
ture. The formulation and emulsification techniques pro-
vided herein result in several unique properties, mncluding:
1) sub-300 nm NDs with narrow size distribution (PDI<0.2);
2) an absence of residual MBs; 3) high particle count (>10">
NDs/mL); 4) high stability over days of storage at room
temperature; 5) high stability over weeks of storage at 4° C.;
and 6) stability at 37° C. and above without spontaneous
phase transition of NDs to MBs until exposed to ultrasound
at clinically relevant power (0.4 MI for DFB or =0.15 for
OFP NDs). When the NDs of the invention phase transition
to MBs they produce a high contrast-to-noise ratio using
standard B-mode 1imaging at diagnostic MI. In addition, the
NDs of the invention are longer lived than previously
reported formulations, exhibiting stability over weeks to
months when refrigerated.

[0040] In further embodiments of the invention, the addi-
tion of amphiphilic diblock F8HI18 co-surfactants has been
shown to stabilize NDs and make them more resilient to US
exposure. Without wishing to be bound by theory, this
enhanced stability 1s not only due to the production of
smaller droplets that are more stable than larger ones but
also results from the Dowell eflect. The enhanced stability
obtained at 37° C. may be associated with the disordering of
the H18 blocks, which leads to better interdigitation of the
F8HI18 chains with the lipidic tails of the phospholipids
constituting the shell of the ND.

[0041] The inventors have therefore shown that phase-
change ultrasound contrast agents with enhanced properties
can be developed using direct emulsification of phospholip-
1ids 1n combination with fluorinated amphiphile diblocks as
co-surfactant that self-assemble and play a significant role 1n
the cohesiveness of the phospholipid based MB shells.
Superheated perfluorobutane emulsions with semi-fluori-
nated co-surfactants were made with improved yield, sta-
bility, and shelf life compared to current acoustic droplet
vaporization agents.

[0042] The compositions provided by the mmvention are
therefore useful for a broad range of phase transition-
assisted US theranostic platiorms, for example the use of
low boiling point perfluorocarbon NDs as PCCAs 1n ultra-
sonic diagnosis and treatment by enabling endothelial
extravasation into tumor tissue. Compared to advocated MB
condensation method, both stabilized and non stabilized ND
compositions of the present invention provide more targeted
NDs/cell and produce smaller aggregates in the circulation,
avoiding potential plugging of small arteries and capillaries.
Further, compositions of the invention comprising a nearly
monodisperse ND diameter 1n the range of approximately
100 nm to 200 nm are capable of extravasating to perfuse
tumor cells outside the vasculature.

I1I. Pertluorocarbon Nanodroplets

[0043] Acoustic droplet vaporization (ADV) of super-
heated pertluorocarbon (PFC) nanodroplets (NDs) demon-
strates potential as an extravascular ultrasound contrast
agent for facilitating ultrasound-based therapeutic applica-
tions, yet these agents are metastable and dithicult to manu-
tacture 1n high yield. The present inventors have shown that
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specific emulsification techniques and a surfactant/co-sur-
factant strategy improve the yield, stability, and shelf life of
these agents.

[0044] In certain embodiments, the invention provides
emulsions of pertluorobutane obtained through direct high-
pressure homogenization combined with semi-fluormated
amphiphiles as co-surfactants. In certain embodiments, the
invention provides emulsions of octafluoropropane obtained
through direct high-pressure homogenization. Compositions
of the mvention were characterized using particle counters
and sizers, and their acoustic response mvestigated with an
Acuson Sequoia C512 ultrasound system with 1518 trans-
ducer.

[0045] The formulation and emulsification methods of the
invention result i several unique properties, such as: 1)
sub-300 nm NDs with narrow size distribution (PDI<0.2); 2)
high particle count (>10"* NDs/mL); 3) high stability over
weeks of storage at 4° C.; and 4) stability at =37° C. without
spontaneous phase transition to MBs until exposed to ultra-
sound at moderate power (20.40 for DFB or 20.15 or OFP
NDs). In certain embodiments, ND compositions provided
by the mvention exhibit no significant changes in size or
concentration over a period of at least 50 h when stored at
room temperature. As used herein, “no significant change in
s1ze” refers to a change of less than 10%, for example less
than 5%, or less than 1% 1n average particle diameter. As
used herein, “no significant change in concentration” refers
to a change of less than 20%, for example less than 10%, or
less than 5% 1n concentration.

[0046] When the NDs phase transitioned to MBs they
produced a high contrast-to-noise ratio using standard
B-mode imaging at diagnostic MI.
[0047] While methods of producing PFC droplets with
high boiling points have been previously developed, the
PFC NDs of the invention exhibit low boiling points to allow
for a phase transition to MBs at physiological temperatures,
thereby enhancing contrast in 1maging applications. The
invention therefore provides stabilized ND compositions
comprising low-boiling point PFC NDs.

[0048] Conventional methods of producing PFC droplets
using low-boiling point PFC require the production of MBs
from standard lipids using sonication or high-speed
mechanical agitation. The MBs are then compressed to be
condensed into nanodroplets. MB condensation methods
result 1n polydisperse ND compositions and batch to batch
variability. This less eflicient approach results 1 polydis-
perse NDs exhibiting lower particle count and a lack of
stability at body temperature wherein the NDs spontane-
ously convert to MBs.

[0049] Previous attempts to produce PFC NDs with small
particle sizes have resulted 1n an increase 1n the boiling point
of an ND as the particle size was reduced. Thus, prior to the
present disclosure, ND compositions having average particle
diameters below approximately 1 um produced a reduced
number of MBs for a given pressure. In addition, conven-
tional ND compositions have exhibited a higher rate of
recondensation of vaporized droplets, leading to a decreased
number of MBs providing contrast for imaging. The stabi-
lized ND compositions of the present invention overcome
these limitations in the art by providing stabilized low-
boiling point NDs with significantly reduced diameters
compared to conventional PFC droplets. In certain embodi-
ments, the stabilized ND compositions provided by the
invention exhibit monodisperse particle size with diameters
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in the range of approximately 100 nm to 300 nm, high
concentrations in the range of approximately 10'* NDs/mL.,
and stability over extended periods at about 4° C.

[0050] The compositions and methods provided by the
present invention therefore represent a significant advance in
the field. For example, 1t was previously believed that 1t was
not possible to prepare high quality DFB or OFP nanoemul-
sions following a direct, one-step method. However, the
present inventors have remarkably shown that DFB and OFP
nanoemulsions with beneficial properties can be produced
using the methods of the present invention. In certain
embodiments, temperature control over the span of the
formulation 1s used to emulsity DFB or OFP mto NDs,
resulting 1n NDs with improved properties. In other embodi-
ments, the introduction of semi fluorinated alkanes as co-
surfactants 1mproves stability at body temperature and
allows a sharper transition from NDs to MBs with a more
defined vaporization threshold.

IV. Surtfactants

[0051] As used herein, the term “surfactant” refers to an
amphiphilic phospholipid-based compound capable of
encapsulating low boiling point pertluorocarbons 1n nano-
droplets. Surfactants may include purified natural phospho-
lipid denivatives and synthetic phospholipid derivatives.
Improved stability i1s achieved by the addition of co-surfac-
tant. Optimal stabilization 1s expected with surfactant and

co-surfactant with lipid chain length that match with each
other, for example C18: F8HI18 and DSPC (18:0 PC); and
DSPE-PEG.

V. Co-Surfactants

[0052] The present invention provides emulsions of PFC
liquids to provide stabilized ND compositions having favor-
able properties for use as PCCAs. In certain embodiments,
the mvention provides emulsions of PFC liquid combined
with a co-surfactant, for example a semifluorinated alkane.
Co-surfactants useful 1n the present invention include linear
FnHm diblocks with the general formula C F,,  ,C H, ..
for example n=8, m=18. n and m may vary depending on the
surfactant used, for example n=5, 8, 10, and m=12, 16, 18,
20. When used in conjunction with phospholipids and
because of theirr amphiphilic characteristics, fluorocarbon/
hydrocarbon diblocks play the role of co-surfactant and
provide unmatched stabilization of fluorocarbons 1n water
emulsions. Despite their simple structure (an F-chain cova-
lently attached to an H-chain), FnHm diblocks display
unique properties due to both energetic and steric frustra-
tions generated. FnHm diblocks are amphiphilic (diflerent
aflinities: Fn portion 1s fluorophilic, hydrophobic and
lipophobic, while Hm portion 1s lipophilic, hydrophobic and
fluorophobic), amphisteric (Fn and Hm chains have different
cross sections ~28 A and ~19 A respectively, different
conformations and different space requirements) and amphi-
dynamic (distinct dynamic regimes: Fn 1s stifl and rodlike
with a twisted helical structure, Hm 1s more flexible with a
planar zigzag configuration).

V1. Methods of Producing Stabilized Nanodroplets

[0053] The mnvention further provides methods of produc-
ing the stabilized PFC nanodroplet compositions provided
by the invention, comprising low-boiling point nanodroplets
with low particle size at high concentrations. In certain
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embodiments, methods provided by the invention include
emulsion of a low-boiling point PFC with a semitluorinated
alkane. In further embodiments, emulsion comprises use of
a homogenizer, for example a high-pressure homogenizer. In
some embodiments of the invention, emulsion is carried out
at temperatures below 0° C., for example at about -20° C.
or at about -35° C.

[0054] In exemplary embodiments, stabilized nanodrop-
lets may be obtained using methods comprising the steps
listed below and described herein. A person of skill 1n the art
will readily understand that that modifications and variations
are possible and within the scope of the mvention. Such
modifications include variations 1 phospholipid composi-
tion, temperatures, and pressures.

[0055] Step 1) Dissolution of the phospholipid mixture 1n
the excipient solution. In certain embodiments, the excipient
mixture comprised 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC) and 1,2-distearoyl-sn-glycero-3-phospho-
cthanolamine-N-methoxy(polyethylene-glycol)-2000
(DSPE-PEG2000) 1n a 9:1 molar ratio. Minor modifications
in the phospholipid composition (both structures and molar
ratio) will not affect the quality of the emulsion. Alternative
phospholipids and lipids investigated were: 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-methoxy(polyethyl-
ene-glycol)-5000 (DSPE-PEG3000), 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[maleimide(polyethylene
glycol)-2000] (DSPE-PEG2000-Mal), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide(polyethyl-
ene glycol)-5000] (DSPE-PEGS5000-Mal) and 1,2-dis-
tearoyl-3-trimethylammonium propane (DSTAP). In certain
embodiments, the excipient solution comprised PBS 1x,
propylene glycol, and glycerol (16:3:1) or propylene glycol
and PBS 1x (6:4). Total phospholipid concentration may
range from 1-3.5 mg/mlL to give stable emulsions. Typically,
the sample was warmed up at 70° C. for 5-15 min followed
by 5-15 min of bath sonication at 65° C. to 70° C. m
degassed water until the dispersion is clear.

[0056] Step 2) Cooling down of the phospholipid mixture.
In certain embodiments, the glass vial containing phospho-
lipid dispersion at 70° C. was placed 1n a -20° C. 1ce bath
for 2 min transferred i a 3 mL syringe and kept in the ice
bath for one additional minute. Alternatively, the phospho-
lipid dispersion can be transierred into the syringe and
cooled down until a sample temperature between —15° C.
and -20° C. In certain embodiments, the phospholipid
dispersion was directly transferred in a 3 mL syringe and
cooled down for 3 min 1 a -72° C. ethanol-dry ice bath.

[0057] Step 3) Addition of liquid PFC. In certain embodi-
ments, PEFC was directly condensed 1na 1 mL syringe cooled
down 1n a dry ice bath. In certain embodiments, PFC was
condensed 1n a glass vial cooled down at -72° C. 1n a dry
ice/ethanol bath prior transfer to a 1 mL syringe cooled
down 1n the same cooling bath.

[0058] Step 4) Direct emulsification through direct high-
pressure homogenization. In certain embodiments, 150 uL
of liquid PFC was introduced into the lipid solution and
directly 1njected 1n the high pressure homogenizer (9 cycles
at a 13,000 ps1) using a Low Volume Microfluidizer (LV1,
Microtluidics) with both coil and tray cooled with 1ce and
sodium chloride (T=-15 to -20° C.). In certain embodi-
ments, 100 ul. of liguid PFC was introduced into the lipid
solution and directly injected 1n the high pressure homog-
emzer (9 cycles at a 13,000 ps1) using a Low Volume

Microfluidizer (LV1, Microfluidics) with both coil and tray
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cooled with 1ce, sodium chlonde, dry ice and ethanol
(T==-301to0 -35° C.). In certain embodiments, the syringe was
centrifuged for 1 to 2 min at 250 g and the resulting emulsion
was stored at —20° C. or 4° C.

[0059] In certain embodiments, PFC emulsions were
obtained through high pressure homogenization at pressures
between 2,000 ps1 and 13,000 psi to give stable emulsions.

High pressure homogenization may, in some embodiments,
occur at pressures of 2,000, 2,500, 3,000, 3,500, 4,000,

4,500, 5.000, 5,500, 6,000, 6.500, 7,000, 7,500, 8,000,
3,500, 9,000, 9,500, 10,000, 10,500, 11,000, 11,500, 12,000,
12,500, or 13,000 ps1 or any range comprising these, such as

between 2.000 and 13,000, between 2,500 and 13,000,
between 3,000 and 13,000, between 3,500 and 13,000,
between 4,000 and 13,000, between 4,500 and 13,000,
between 5,000 and 13,000, between 5,500 and 13,000,
between 6,000 and 13,000, between 6,500 and 13,000,
between 7,000 and 13,000, between 7,500 and 13,000,
between 8,000 and 13,000, between 8,500 and 13,000,
between 9,000 and 13,000, between 9,500 and 13,000,
between 10,000 and 13,000, between 10,500 and 13,000,
between 11,000 and 13,000, between 11,500 and 13,000,
between 12,000 and 13,000, between 12,500 and 13,000,
between 2,000 and 12,500, between 2,000 and 12,000,
between 2,000 and 11,500, between 2,000 and 11,000,
between 2,000 and 10,500, between 2,000 and 10,000,

between 2,000 and 9,500, between 2,000 and 9,000, between
2,000 and 8,500, between 2,000 and 8,000, between 2,000
and 7,500, between 2,000 and 7,000, between 2,000 and
6,500, between 2,000 and 6,000, between 2,000 and 5,500,
between 2,000 and 5,000, between 2,000 and 4,500, between
2,000 and 4,000, between 2,000 and 3,500, between 2,000
and 3,000, and between 2,000 and 2,500. Attempts to
prepare NDs at 23,000 ps1 resulted 1n non-stable emulsion,
most likely due to the elevation 1n temperature generated at
high pressure that cannot be counteracted with the salt water
bath to stay below DFB boiling point.

[0060] In {further embodiments, PFC emulsions were
obtained at temperatures between -15° C. and -35° C.
producing stable emulsions. No freezing was observed at
-20° C. (PBS 1Ix:propylene glycol:glycerol mm a 16:3:1
rat10). No Ireezing was observed at -33° C. (propylene
glycol:PBS 1x 1n a 6:4 ratio).

VII. Applications of Stabilized Nanodroplets

[0061] Stabilized ND compositions of the present inven-
tion exhibit low boiling points, small particle size, higher
concentration, and improved stability compared with previ-
ously known ND compositions. These properties allow for
improved performance 1n ultrasound 1maging and therapeu-
tic applications.

[0062] In certain embodiments, the stabilized ND compo-
sitions of the present invention are useful in ultrasound
imaging methods. Compositions provided by the mvention
exhibit stability at physiological temperatures without spon-
taneous vaporization and conversion to MBs. However,
compositions of the invention vaporize to MBs when
exposed to ultrasound at moderate power, allowing for
controlled activation of the compositions for use as contrast
agents 1n ultrasound 1maging.

[0063] The small particle size of the compositions of the
invention allows for targeting to extravascular sites,
endothelial cells, and stem cells, and further allows for the
accumulation of high particle counts 1n tissue, which 1s not

Feb. 9, 2023

accessible to larger particles. The ability of the disclosed
stabilized ND compositions to access a variety of tissue
types 1s further usetul 1n the therapeutic use of nanodroplets,
for example 1n delivering pharmaceutical or gene therapies
to cells. In one embodiment, the improved stability of the
compositions provided herein allows passive accumulation
of nanodroplets 1n tissue, for example tumor tissue. Addi-
tionally NDs can be used as contrast agents for imaging
guided therapy, non-invasive pressure estimation, blood-
brain barrier opening, sonoporation, blood clot ablation, or
therapeutic embolization.

EXAMPLES

Example 1

[0064] Production of Non-Stabilized and Stabilized
Decaftluorobutane Nanodroplets

[0065] Monodisperse decatluorobutane nanodroplets were
formulated by dissolution of DSPC and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-methoxy(polyethyl-
eneglycol)-2000 (DSPE-PEG2000) 1n a 9:1 molar ratio at a
total lipid concentration of 3.5 mg/mL. Lipids were pur-
chased from Avanti and Corden Pharma, and decatluorobu-
tane purchased from F2 Chemicals Ltd. The excipient solu-
tion was comprised of PBS 1x, propylene glycol and
glycerol in a 16:3:1 v/v/v ratio. Dry lipid film was dispersed
in the excipient solution at 70° C. for 15 min followed by 15
min of bath sonication at 68° C. (Branson) in degassed
water. The resulting sample was cooled down for 2 min in
a —20° C. ice bath, transierred 1n a 3 mL syringe and kept 1n
the 1ce bath for 1 additional minute. DFB was condensed by
flowing DFB gas mto a 1 mL syringe cooled 1n dry 1ce until
150 L. of liquid DFB 1s recovered. Upon addition of 150 uL
of liquud DFB 1nto the lipid solution, the DFB emulsion was
obtained through direct high-pressure homogenization (9
cycles at 13,000 ps1) using a Low Volume Microfluidizer
(LV1, Microflmidics) with both cooling coil and tray cooled
with 1ce and sodium chloride. Finally, the syringe was
centrifuged for 2 min at 250 g and the resulting emulsion
was stored at 4° C. Illustrative photographs are presented in
FIG. 1A. F8HIR8 stabilized NDs samples were prepared
using an equimolar amount of diblock co-surfactant with
respect to the phospholipid content.

[0066] In alternative experiments, prior to transier to the
syringe, the lipid solution was cooled down for 2 min 1n a
—-20° C. 1ce bath, 150 uLL of liguid DFB transterred in the
vial, and the resulting mixture was transferred in a 3 mL
Syringe.

[0067] It was further shown that specific functionalities
can be incorporated 1nto the outer surface of the ND’s shell.
DFB NDs were fabricated using DSPE-PEG functionalized
with maleimide end groups followed by the coupling with
targeting ligand (proteins, antibodies, peptides) using a
thiol-maleimide coupling. As long as the shell presents a
reactive group on the outer surface, any coupling chemistry
1s available (coupling with dyes, thiolated molecules, drugs).
Formulations can be purified by centrifugation without
significant loss (>50% recovery after 20 minutes at 400 g)
which assure the best purity of the functionalized NDs.
Formulations can be frozen and thawed without significant
loss of concentration.

Synthesis of F8SHI18

[0068] Brietly, FRH18 was synthesized 1n a 2-step proce-
dure, starting from the addition of the pertluorooctyliodide
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to 1-octadecene, followed by a treatment with zinc powder
to reduce the 1odine-containing adduct. Finally, FSH18 was
purified by repeated crystallizations from methanol.

[0069] Pertluorooctyliodide (328 mg, 0.6 mmol, 0.16 mL),
NaHCO, (43.1 mg, 0.05 mmol) and 85% Na,S,O, (103 mg,
0.5 mmol) were added at 0° C. to a solution of 1-octadecene
(127 mg, 0.05 mmol, 0.16 mL) in acetomtrile (2.5 mL) and
deionized water (0.5 mL) under argon. The reaction mixture
was stirred for 4 h at room temperature. The resulting
mixture was diluted with deionized water and extracted with
dichloromethane (DCM). Organic layers were washed with
brine and then dried with MgSO,, and filtered. After filtration
and evaporation of the solvent, the residue was dissolved 1n
glacial acetic acid (1.5 mL), then zinc dust was added (98.8
mg, 1.5 mmol) and the reaction mixture was stirred at room
temperature overnight under argon. The zinc slurry was
triturated with DCM, filtered and the solvents were removed
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eter=170+60 nm, d90=230 nm, concentration ~2.10° NDs/
mlL). Illustrative photographs are presented in FIG. 1B.

Example 3

Size Distribution of Non-Stabilized and Stabilized
Decafluorobutane Nanodroplets

[0071] Emulsion conducted using a high pressure homog-
cmzer at —20° C. yielded highly monodisperse, stable emul-
sions with a high concentration of stabilized NDs as mea-
sured by tunable resistive pulse sensing (TRPS) and
dynamic light scattering (DLS), as shown 1n Table 1. Table
1 shows DFB ND distribution statistics using DLS (N=3,
n=3) and TRPS (N=2, n=3)£SD. d,, or 90th percentile 1s the
diameter value for which 90% of the distribution have a
diameter below this value.

TABLE 1
DLS TRPS
Z g Mean Diam. Concentration
(nm) PDI (nm) d90 (#/mL)
DEFB only 294 + 20 0.16 282 + 28 416 +71 1.33 x 10" £ 0.36
OFP only 199 £ 10*  0.27 210 £ 30%* 208 £+ 63  5.16 x 10'Y £ 3.6
DEFB + F8H18 247 £ 9 0.14 213 = 15 323 £24  1.27 x 1012 £ 0.19

“dgg or 90” percentile is the diameter value for which 90% of the distribution have a diameter below this
value.

*N=3,n=1.
*EIN=2,n=1.

under reduced pressure. The residue was purified by three
successive recrystallizations in methanol to yield the desired
compound as a white waxy solid (281 mg, 84% over 2
steps ).

Example 2
Production of Non-Stabilized Octafluoropropane
Nanodroplets
[0070] Monodisperse octafluoropropane nanodroplets

were formulated by dissolution of DSPC and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-methoxy(polyethyl-

eneglycol)-2000 (DSPE-PEG2000) 1 a 9:1 molar ratio at a
total lipid concentration of 3.5 mg/mlL. Lipids were pur-
chased from Avanti and Corden Pharma, and octafluoropro-
pane (OFP) purchased from F2 Chemicals Ltd. The excipi-
ent solution was comprised of propylene glycol and PBS 1x
in a 6:4 v/v ratio. Dry lipid film was dispersed in the
excipient solution at 70° C. for 5 min followed by 15 min of
bath sonication at 68° C. (Branson) in degassed water. The
resulting sample was transferred in a 3 mL syringe and
cooled down for 3 min 1n a -72° C. 1 an ethanol/dry ice
bath. OFP was condensed by flowing OFP gas into a glass
vial cooled at —72° C. 1n an ethanol/dry 1ce bath until 100 uL
liguud DFB was recovered. Upon addition of 100 ul. of
liquid OFP 1nto the lipid solution, the emulsion was obtained
through direct high-pressure homogemzation (9 cycles at a
13,000 ps1) using a Low Volume Microfluidizer (LV1,
Microfluidics) with both coil and tray cooled at —35° C. with
a mixture of 1ce, sodium chloride, dry ice, and ethanol.
Finally, the syringe was centrifuged for 2 min at 250 g and
the resulting emulsion was sized stored at -20° C. (DLS:

Z-average <200 nm, PDI=0.29; TRPS: Mean Diam-

[0072] DLS showed that although all samples were
monodispersed 1n size, there were consistently decreases in
hydrodynamic diameter and polydispersity index (PDI)
upon the introduction of F8H18 1n the formulation (2479
nm and 0.14 vs. 294+20 nm and 0.16 with and without
co-surfactant respectively) (Table 1 and FIG. 2A-C, lines).
The size distribution of the ND emulsions was also analyzed
by tunable resistive pulse sensing (TRPS, Table 1 and FIG.
2A-C, bars). TRPS allows single particle measurements as
NDs are driven through pores one at a time and provide
accurate size and concentration determinations. Samples
containing F8H18 appeared to present smaller mean diam-
eters (213+15 nm vs. 28228 nm and SD=41 vs. 358 nm with
and without co-surfactant respectively). F8S8HI18 stabilized
NDs showed lower d90 values: 90% of the distribution have
a diameter below 323x+24 nm, while samples that do not
contain F8H18 have an average d90 value o1 41671 nm. As
expected, F8H18 diblock incorporated 1n the emulsion for-
mulation provide a tighter packing by reducing the area

occupied by the PL at the droplets’ surface, resulting in
smaller ND sizes.

[0073] While DLS 1s not wuseful for measuring
microbubbles or multimodal particle populations, the fact
that a single nearly normally distributed peak was observed
suggests the absence of microbubbles in the emulsion
sample. Positive controls consisting of NDs in coexistence
with various concentration of Defimity MBs (1, 10 and 50%)
confirmed that DLS pick up the peak associated with the
MBs 1n addition to the NDs (FIG. 2D). TRPS was done with
500, 1000, 2000 and 3000 counting events (FIG. 2E) and the
fraction of the population with diameters greater than 500
nm was measured. While large droplets will likely contrib-
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ute the most to thermal instability due to their lower Laplace
pressure, they did not represent more than 0.9+0.3% of the
droplet count (n=3).

Example 4

Stability at 4° C. and 22° C. of Non-Stabilized and
Stabilized Decatluorobutane Nanodroplets

[0074] Storage stability 1s an essential requirement for

DFB-1n-water nanoemulsions to be of practical use. Non-
stabilized NDs were stable after at least 24 h at 22° C. (FIG.

3A-C and FIG. 9A-B) and at least 18 days of storage at 4°
C. (FIGS. 4 and 5) as measured by dynamic light scattering
(DLS) and tunable resistive pulse sensing (TRPS) respec-
tively. Stabilized NDs were stable after 35 days of storage at
4° C. as measured by DLS (FIG. 6). At 4° C., no significant
changes 1n size, derived count rate and concentration were
observed, as shown 1n FIG. 5 (Non-stabilized NDs) and 6
(Stabilized NDs). DLS confirms the complete absence of
micron-sized MBs. No fluctuations 1n the correlation coet-
ficient curve 1n terms of Y intercept, exponential decay
lifetime, and baseline quality were observed. These results
are consistent with the absence of large particles, aggregates
or multimodal distribution. As mentioned above, some
variations 1n the concentrations determined by TRPS are
most likely due to the fact that different nanopores have been
used over time. When not specified, DLS data are intensity
weighted.

Example 5

Thermal Stability of Non-Stabilized and Stabilized
Decafluorobutane Nanodroplets

[0075] In addition to their stability at low temperatures for
extended periods as assessed by DLS, non-stabilized NDs
exhibit optimal stability at 37° C. over a period of at least 2
h with no changes 1n size distribution by DLS (distribution
weighted by intensity, volume and number; FIGS. 7A, C,
and D), derived particle count rate (FIG. 7B) and concen-
tration (measured by TRPS, FIG. 9 C-D). While no
decreases 1in concentration or changes 1n size were observed
at 37° C. the non-stabilized ND sample showed some
instability at 40° C., with the appearance of MBs and
liposomes. This destabilization was also confirmed by
changes in shape of the correlation curve that were charac-

teristic ol unstable samples with polydisperse populations
after heating at 40° C. (FIG. 8).

[0076] Further experimental evidence for a direct effect of
the FnHm co-surfactant on the PL shell of the DFB droplets
emulsion 1s provided by observed significant increase of the
ND thermal stability. It was found that F8HI18-stabilized
NDs are stable up to 45° C. (FIGS. 10A and C), as this
temperature increase did not induce any spontaneous vapor-
ization of ND into MB. However, when the temperature
reaches 50° C. which 1s well above the range of temperatures
in the human body, most NDs vaporize to MBs (FIG. 10B)
and the correlation curve showed the characteristic plateau

(FI1G. 10C). After reaching this temperature threshold. MBs
were observed by naked eye in the DLS sample.

[0077] While non-stabilized NDs spontaneously vapor-
1zed at 40° C., NDs stabilized with a FEH18 cosurfactant
were stable up to 45° C. These results demonstrate that the
thermal stability of the DFB droplets can be tuned by
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moditying the properties of the nanodroplets shell with the
inclusion of a diblock amphiphile co-surfactant.

Example 6

Ultrasound Triggered Phase Change of
Non-Stabilized and Stabilized Decafluorobutane

Nanodroplets

[0078] ND emulsions with or without F8HI8 were
exposed to icreasing acoustic output power on the clinical
diagnostic ultrasound scanner Acuson Sequoia 512 to char-
acterize droplet vaporization as a function of mechanical
index (MI) at 37° C. FIG. 11 shows the schematic repre-
sentation of the experimental setup. Droplet vaporization
was achieved with transducer frequencies at 0.4 MI at 8
MHz and 1.4 MI at 2 MHz. Corresponding 1in situ peak
negative pressure (PNP) output by the ultrasound transducer
was measured using a calibrated hydrophone (FIG. 12)
[0079] Both non-stabilized and stabilized NDs were stable
at 37° C. (physiologic temperature) until exposed to ultra-
sound at moderate power, within the capabilities of diag-
nostic ultrasound machines (0.4 mechanical i1ndex or
greater). DFB NDs underwent an ultrasound-triggered phase
change at an 1n vivo compatible mechanical index (MI) of
0.5at37° C., as shown in FIGS. 13 and 14 (MI~0.5, 8 MHz,
Siemens Acuson Sequoia C512).

[0080] A striking difference was observed at low MI
(MI<0.45) between the two types of emulsions (~1.6x10"
NDs/mL in both samples). In the case of non-stabilized NDs,
tew MBs were visible at low MI (FIG. 13A) MI=0.1 and b)
MI=0.32), which 1s indicative of the vaporization of the
liquid DFB core of some NDs without F8SH18 into gas at the
lowest tested US input power. In contrast, FSRHI18 stabilized
emulsion showed no spontaneous phase transition to MBs
until exposed to US at moderate power (20.45 MI) suggest-
ing a prevention of phase transition at low US 1nput power
(F1G. 13B). To better quantity this stabilization from F8H18
co-surfactant, the number of MBs created was counted with
Imagel] as a function of the US output power (FIG. 14).
Altogether, these results proved that the introduction of
F8HI18 increases both the thermal and acoustic stability of
the NDs.

Example 7

Ultrasound Triggered Phase Change of
Non-Stabilized Octafluoropropane Nanodroplets

[0081] OFP NDs were stable at 37° C. (physiologic tem-
perature) until exposed to ultrasound at low power (0.15
mechanical index or greater). NDs (~3.10” NDs/mL) under-
went an ultrasound-triggered phase change at an m vivo
compatible mechanical index (MI) of 0.15 at 37° C., as
shown 1 FIG. 15.

[0082] OFP ND emulsions were exposed to increasing
acoustic output power on the clinical diagnostic ultrasound
scanner Acuson Sequoia 512 to characterize droplet vapor-
ization as a function of mechanical index (MI) at 37° C.

Example 8

Attributes of Non-Stabilized Decafluorobutane and
Octafluoropropane Nanodroplets Produced Using
Emulsification Vs. Condensation

[0083] DFB NDs prepared by condensation were prepared
tollowing the advocated reported procedure Importantly, the
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same lipid composition, concentration and excipient as
described in Example 1 were used to form precursor MBs
(FIG. 16 A-B). In parallel, liposomes obtained with both
techniques were prepared and used as control experiment
(FIG. 16B). To generate those liposomes, we used the same
lipid composition and excipient and used both procedures
without the addition of DFB (sonication and subsequent
amalgamation or high pressure homogenizer). Using the
currently advocated ND preparation techmque through con-
densation of MBs, the concentration of ND samples 1is
limited to the concentration of the precursor microbubbles
(~10° MBs/mL). While it is well known that liposomes are
generated during the production of MBs, there 1s no com-
prehensive report on their concentration. However, it 1s
essential to evaluate the fraction of the population composed
of liposomes post condensation, because those small size
non echogenic liposomes will contribute to the count of
sub-200 nm particles 1n the sample, which leads to overes-
timation of the ND concentration 1in the sample (FIG. 16B).
Manufacturing DFB emulsions using the condensation
method yielded a low concentration of NDs (up to 2.7x10”
MBs/mL 1in 1 mL, FIG. 16A) in coexistence with a high
number of liposomes. The concentration of small particles
(ND+liposomes) obtained by condensation was measured at
4.3x10"" particles/'mL using TRPS (FIG. 16B). This con-
centration includes both NDs and liposomes with a maximal
concentration of NDs of 2.7x10” NDs/mL (100% conversion
of all MBs 1into NDs). As a control, liposomes obtained using
the same technique in the absence of DFB and obtained a
concentration of 6.1x10"" liposomes/mL were formulated,
which further demonstrates that in the absence of multiple
washes to 1solate MBs from liposomes, the majority of small
particles present in the ND sample obtained by condensation
1s 1n fact liposomes. On the other hand, liposomes formu-
lated by high pressure homogenization (FIG. 16C) are
sub-150 nm and do not represent a significant portion in the
ND formulation. In average, a concentration of 10'* NDs/
ml. was obtained for a final volume of 3 mL using the
method of the present invention. When OFP and DFB NDs
were exposed to icreasing acoustic power at 37° C., signal
intensity remained at baseline without vaporization until the
PNP passed 0.38 for OFP and 1.07 for DFB (FIG. 17, black
spheres and black squares). Also note that while vaporiza-
tion of DFB was gradual with increasing PNP. OFP signal
reached a plateau at an PNP>0.8. As expected, these results
confirm that PFC boiling point influences NDs vaporization
threshold. NDs obtained by the condensation method only
presented a low vaporization signal at an i1dentical concen-
tration (FI1G. 17, white squares), which 1s in agreement with
our hypothesis that the majority of small particles present in
the ND sample 1s non echogenic liposomes and not NDs.

Example 9

Thermal Stability of Non-Stabilized
Decatfluorobutane Nanodroplets at a Sub-Threshold
Insonation Pressure

[0084] Non-stabilized DFB NDs were monitored for

microbubble formation due to thermal 1nstability (1.e., spon-
taneous vaporization) over 20 minutes at 37° C., using
B-mode, (FIG. 18). An experimental setup identical as
shown 1 FIG. 11 was employed, but at an 1n situ peak
negative pressure (PNP) of 0.86 (sub-threshold acoustic
power) and with the same ND concentration used in the
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acoustic droplet vaporization evaluation (FIG. 13). When
DFB NDs were exposed to a sub threshold acoustic power
(onscreen MI=0.32, measured PNP=0.86) at 37° C., signal
intensity remained at baseline without significant vaporiza-
tion. As expected, only a very limited B-mode signal was
observed during 20 minutes of incubation at 37° C. (mean
intensity <10 a.u. vs ~125 a.u. for PNP at 2.68). This low
signal was attributed to the small population of the largest
droplets 1n the sample (the right-weighted tail 1n the distri-
bution), less stable due to their lower Laplace pressure.
B-mode 1s extremely sensitive and can detect a single

microbubble. The lack of microbubble formation on B-mode
over 20 minutes at 37° C. with a sub-threshold MI confirmed

the thermal stability observed with DLS and TRPS.

Example 10

Preparation of DiD-Labeled EpCAM-Targeted

Non-Stabilized Decafluorobutane Nanodroplets,
Purification and In Vitro Cell Targeting

[0085] DiD-labeled non-stabilized DFB NDs were pre-
pared by first mixing DSPC, DSPE-PEG2000, 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide
(polyethylene glycol)-35000] (DSPE-PEG5000Mal) in a
molar ratio of 9:0.8:0.2. 8 uL. of a 1 mM DiD solution in
cthanol was then added once the lipid suspension was clear,
followed by two more min of sonication at 68° C. The
emulsion was then made using the same procedure as
described above. Using the technique described by GX Shi
et al., anti-Fc IgG was thiolated using Traut reagent and
purified through a Zeba Spin Desalting column. Each anti-
body had approximately 3 thiol groups as measured with
Measure-1T™ Thiol Assay Kit. One molar equivalent of
thiolated anti EpCAM antibody or non-specific IgG as
control, were added to 5x10'° maleimide-terminated NDs
and the mixture rotated for 1 h at room temperature on a
rotating plate at 11 rpm. NDs were then washed twice by
centrifugation (400 g, 25 min, 4° C.), incubated with one
molar equivalent of anti-human CD326 antibody and
washed again to remove excess antibodies. SK-BR-3 cells
(5x105) were plated 1n a cell culture chamber slide (Millicell
EZ SLIDES, Millipore, Billerica, Mass.) and 0.5 mL of
McCoy’s 5a medium added. Once cells were adherent, an
excess ol anti-human EpCAM labeled or control NDs
(1x10”) was added and allowed to incubate at room tem-
perature for 30 min. Cells were then washed 3 times with
PBS to remove unbound NDs prior to microscopy (FI1G. 19).
A key advantage of ND formulations 1s their greater oppor-
tunity to target receptors 1n vivo compared to MBs because
of their smaller size, larger particle count and longer circu-
lation time. The challenge of producing targeted ND of low
boiling point PFCs, 1s the additional time and manipulation
required to attach and then wash excess ligands. Anti-
EpCAM or non-specific IgG antibodies were attached to
DiD-labeled DFB NDs and 1t was shown by fluorescence
microscopy that targeted but not control NDs bound to
EpCAM positive SK-BR-3 cells (FIG. 19).

[0086] An 1deal PCCA formulation should produce NDs
with a vaporization threshold achievable by diagnostic clini-
cal ultrasound systems combined with an optimal thermal
stability at room and physiological temperatures to allow for
practical handling and performance. The formulation and
emulsification technique presented here resulted in several
unique properties to achieve this goal including: 1) sub-300
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nm DFB NDs with narrow size distribution (PDI<0.2); 2)
absence of MBs; 3) high ND concentration (1012 NDs/
ml); 4) high stability over 3 weeks at 4° C., and over 27 h
at room temperature; and more mmportantly, over 2 h at
physiological temperature (37° C.). In contrast, DFB NDs
made with the condensation method were reported to be
unstable at 4° C. after 5 h. Further, the condensation method
resulted 1n droplets with a broad particle size distribution,
and low particle concentration.

[0087] Another important distinction 1s that neither DFB
nor OFP NDs vaporized at physiological temperature until
they were exposed to ultrasound at clinically relevant power
(z0.4 MI for DFB, and =0.14 MI for OFP). As expected,
when the NDs phase transitioned to MBs they produced a
high contrast-to-noise ratio on B-mode US imaging.
[0088] In one embodiment, an element of the direct emul-
sification technique 1s that the resultant NDs are stable to
allow further processing to produce labeled and functional-
1zed systems, allowing the removal of non-PFC containing
liposomes as well as unbound small molecules or antibodies.
This purification capability assures optimal purity and paves
the way for use of targeted NDs for molecular US-based
theranostics. The 1n vitro results confirmed that NDs pro-
duced by direct emulsification and subsequent functional-
ization are able to target their intended receptors.

[0089] This invention confirms that direct emulsification
of low boiling pomnt PFC into liquid nanodroplets for
phase-shift ultrasound controlled vaporization 1s possible.
Emulsions of DFB were stable for >18 days (entire obser-
vation periods) at 4° C. and >1 day at room temperature
allowing further processing for functionalization and puri-
fication. More important, DFB formulations were stable for
at least 2 h at physiologic temperature without spontaneous
vaporization, allowing ample time for targeting and tissue
accumulation. They transitioned into MBs 1n vitro only
when exposed to ultrasound at low PNP (0.38 for OFP and
1.07 for DFB) producing marked enhancement on B-mode
US 1maging.

[0090] While the present invention has been disclosed
with reference to certain embodiments, 1t will be apparent
that modifications and wvariations are possible without
departing from the spirit and scope of the present invention
as disclosed herein and as provided by the appended claims.
Furthermore, 1t should be appreciated that all examples 1n
the present disclosure, while 1llustrating embodiments of the
invention, are provided as non-limiting examples and are,
therefore, not to be taken as limiting the various aspects so
illustrated. The present invention 1s mtended to have the full
scope defined by the present disclosure, the language of the
tollowing claims, and any equivalents thereof. Accordingly,
the drawings and detailed description are to be regarded as
illustrative and not as restrictive.

1-29. (canceled)

30. A method of producing a liquid pertluorocarbon (PFC)
nanodroplet composition, comprising the steps of:
combining a PFC liquid with a surfactant and a co-
surfactant to produce a fluid composition; and

emulsitying said PFC liquid with said surfactant and said
co-surfactant within said fluild composition through
direct microfluidization at a pressure of at least about
3,000 ps1 and no greater than about 13,000 psi to reduce
the size of PFC droplets within said fluid composition
to form nanodroplets having an average particle diam-
eter of less than 300 nm,
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wherein said surfactant comprises an amphiphilic phos-
pholipid-based compound,
wherein said cosurfactant comprises a semi-tluorinated
alkane,
wherein the PFC 1s decafluorobutane, and
wherein the emulsiiying 1s carried out at less than about
-15° C.
31. The method of claim 30, wherein the emulsifying 1s
carried out at a pressure of about 13,000 psi.
32. The method of claim 30, wherein the emulsifying 1s
carried out at a pressure of at least about 8,000 psi and no
greater than about 13,000 psi.
33. The method of claim 30, wherein the nanodroplet
composition having an average particle diameter of less than
300 nm 1s
stable at 4° C. for at least 18 days;
stable at 22° C. for at least one day;
stable upon heating to physiological temperature;
stable upon heating to 40° C.; and/or
stable upon heating to 45° C.
34. The method of claim 30, wherein the semifluorinated
alkane has a formula of C F,, _,C H, ..
35. The method of claim 30, wherein the concentration of
the surfactant in the composition 1s no greater than about 3.5
mg/ml, and wherein the amount of the co-surfactant in the
composition 1s about equimolar to the amount of said
surfactant in the composition.
36. The method of claim 30, wherein the nanodroplet
composition has a concentration of at least 10'' nanodrop-
lets/mlL..
37. The method of claim 30, further comprising fabricat-
ing the outer surface of a shell of the nanodroplet for
coupling with a targeting ligand.
38. Amethod of producing a liquid pertluorocarbon (PFC)
nanodroplet composition, comprising the steps of:
combining a PFC liquid with a surfactant and a co-
surfactant to produce a fluid composition; and

emulsifying said PFC liquid with said surfactant and said
co-surfactant within said fluild composition through
direct microfluidization at a pressure of at least about
3,000 ps1 and no greater than about 13,000 ps1 to reduce
the size of PFC droplets within said fluid composition
to form nanodroplets having an average particle diam-
eter of less than 300 nm,

wherein said surfactant comprises an amphiphilic phos-

pholipid-based compound,

wherein said cosurfactant comprises a semi-fluorinated

alkane,
wherein the PFC 1s octafluoropropane, and
wherein the emulsitying 1s carried out at less than about

-35° C.

39. The method of claim 38, wherein the emulsifying 1s
carried out at a pressure ol about 13,000 psi.

40. The method of claim 38, wherein the emulsifying 1s
carried out at a pressure of at least about 8,000 psi and no
greater than about 13,000 psi.

41. The method of claim 38, wherein the nanodroplet
composition having an average particle diameter of less than
300 nm 1s substantially free of microbubbles at 37° C.

42. The method of claim 38, wherein the semifluorinated
alkane has a formula of C F,, _,C H, ..

43. The method of claim 38, wherein the concentration of
the surfactant 1n the composition 1s no greater than about 3.5
mg/ml, and wherein the amount of the co-surfactant in the
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composition 1s about equimolar to the amount of said
surfactant in the composition.
44. The method of claim 38, wherein the nanodroplet
composition has a concentration of at least 10'" nanodrop-
lets/mlL.
45. A method of producing a liquid pertluorocarbon (PFC)
nanodroplet composition, comprising the steps of:
combining a PFC liquid with a surfactant and a co-
surfactant to produce a fluid composition, wherein said
PFC has a boiling point of less than about 0° C.; and

emulsitying said PFC liquid with said surfactant and said
co-surfactant within said fluild composition through
direct microfluidization to reduce the size of PFC
droplets within said fluid composition to form nano-
droplets having an average particle diameter of less
than 300 nm,

wherein said surfactant comprises an amphiphilic phos-

pholipid-based compound,

wherein said cosurfactant comprises a semi-fluorinated

alkane,

wherein said emulsiiying 1s performed at a temperature

below 0° C., and

wherein said emulsitying 1s performed at about 13,000

PS.
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46. The method of claim 45, wherein the surfactant
comprises one or more of 1,2-distearoyl-sn-glycero-3-phos-
phocoline (DSPC), 1,2-distearoyl-sn-glycero-3-phospho-
cthanolamine-N-methoxy(polyethylene-glycol)-2000
(DSPE-PEG2000), 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-methoxy(polyethylene-glycol)-5000
(DSPE-PEG5000), 1,2-distearoyl-sn-glycero-3-phospho-
cthanolamine-N-[maleimide(polyethylene-glycol )-2000]
(DSPE-PEG2000-Mal), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[maleimide(polyethylene-glycol )-
5000] (DSPE-PEG5000-Mal), and 1,2-distearoyl-3-trimeth-
ylammomum propane (DSTAP); and wherein the
concentration ol said surfactant 1 the composition 1s no
greater than about 3.5 mg/mlL.

47. The method of claim 45, wherein the semi-fluorinated
alkane has a formula of C F,,  ,C H

2m+1"

48. The method of claim 45, wherein the nanodroplet
composition having an average particle diameter of less than
300 nm 1s substantially free of microbubbles at 37° C.

49. The method of claim 45, wherein the nanodroplet
composition has a concentration of at least 10'" nanodrop-
lets/mL.
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