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ABSTRACT 

Methods of and apparatus for preparing gas-?lled micro 
spheres are described. Gas-?lled microspheres prepared by 
these methods are particularly useful, for example, in ultra 
sonic imaging applications and in therapeutic drug delivery 
systems. 
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METHODS OF PREPARING GASEOUS 
PRECURSOR-FILLED MICROSPHERES 

RELATED APPLICATIONS 

[0001] This application is a divisional of copending US. 
Ser. No. 09/118,329, ?led Jul. 17, 1998, noW allowed, Which 
in turn is a divisional of US. Ser. No. 08/487,230, ?led Jun. 
6, 1995, now US. Pat. No. 5,853,752, Which is a divisional 
of US. Ser. No. 08/159,687, ?led Nov. 30, 1993, now US. 
Pat. No. 5,585,112, Which is a continuation-in-part of US. 
Ser. No. 08/160,232 ?led Nov. 30, 1993, now US. Pat. No. 
5,542,935, and a continuation-in-part of US. Ser. No. 
08/159,674, ?led Nov. 30, 1993, noW abandoned. Said 
08/160,232 and 08/159,674 are continuations-in-part of US. 
Ser. No. 08/076,239 ?led Jun. 11, 1993, now US. Pat. No. 
5,469,854, Which is a continuation-in-part of US. Ser. No. 
07/717,084, now US. Pat. No. 5,228,446, and US. Ser. No. 
07/716,899, noW abandoned, both of Which Were ?led Jun. 
18, 1991. Said 07/717,084 and 07/716,899 are continua 
tions-in-part of US. Ser. No. 07/569,828, ?led Aug. 20, 
1990, now US. Pat. No. 5,088,499, Which in turn is a 
continuation-in-part of application U.S. Ser. No. 07/455, 
707, ?led Dec. 22, 1989, noW abandoned. The disclosures of 
each of these patent applications are incorporated herein by 
reference in their entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to novel methods and appa 
ratus for preparing gaseous precursor-?lled liposomes. Lipo 
somes prepared by these methods are particularly useful, for 
example, in ultrasonic imaging applications and in thera 
peutic delivery systems. 

[0004] 2. Background of the Invention 

[0005] Avariety of imaging techniques have been used to 
detect and diagnose disease in animals and humans. X-rays 
represent one of the ?rst techniques used for diagnostic 
imaging. The images obtained through this technique re?ect 
the electron density of the object being imaged. Contrast 
agents such as barium or iodine have been used over the 
years to attenuate or block X-rays such that the contrast 
betWeen various structures is increased. X-rays, hoWever, 
are knoWn to be someWhat dangerous, since the radiation 
employed in X-rays is ioniZing, and the various deleterious 
effects of ioniZing radiation are cumulative. 

[0006] Another important imaging technique is magnetic 
resonance imaging (MRI). This technique, hoWever, has 
various draWbacks such as expense and the fact that it cannot 
be conducted as a portable examination. In addition, MRI is 
not available at many medical centers. 

[0007] Radionuclides, employed in nuclear medicine, pro 
vide a further imaging technique. In employing this tech 
nique, radionuclides such as technetium labelled compounds 
are injected into the patient, and images are obtained from 
gamma cameras. Nuclear medicine techniques, hoWever, 
suffer from poor spatial resolution and expose the animal or 
patient to the deleterious effects of radiation. Furthermore, 
the handling and disposal of radionuclides is problematic. 

[0008] Ultrasound is another diagnostic imaging tech 
nique Which is unlike nuclear medicine and X-rays since it 
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does not expose the patient to the harmful effects of ioniZing 
radiation. Moreover, unlike magnetic resonance imaging, 
ultrasound is relatively inexpensive and can be conducted as 
a portable examination. In using the ultrasound technique, 
sound is transmitted into a patient or animal via a transducer. 
When the sound Waves propagate through the body, they 
encounter interfaces from tissues and ?uids. Depending on 
the acoustic properties of the tissues and ?uids in the body, 
the ultrasound sound Waves are partially or Wholly re?ected 
or absorbed. When sound Waves are re?ected by an interface 
they are detected by the receiver in the transducer and 
processed to form an image. The acoustic properties of the 
tissues and ?uids Within the body determine the contrast 
Which appears in the resultant image. 

[0009] Advances have been made in recent years in ultra 
sound technology. HoWever, despite these various techno 
logical improvements, ultrasound is still an imperfect tool in 
a number of respects, particularly With regard to the imaging 
and detection of disease in the liver and spleen, kidneys, 
heart and vasculature, including measuring blood ?oW. The 
ability to detect and measure these regions depends on the 
difference in acoustic properties betWeen tissues or ?uids 
and the surrounding tissues or ?uids. As a result, contrast 
agents have been sought Which Will increase the acoustic 
difference betWeen tissues or ?uids and the surrounding 
tissues or ?uids in order to improve ultrasonic imaging and 
disease detection. 

[0010] The principles underlying image formation in 
ultrasound have directed researchers to the pursuit of gas 
eous contrast agents. Changes in acoustic properties or 
acoustic impedance are most pronounced at interfaces of 
different substances With greatly differing density or acous 
tic impedance, particularly at the interface betWeen solids, 
liquids and gases. When ultrasound sound Waves encounter 
such interfaces, the changes in acoustic impedance result in 
a more intense re?ection of sound Waves and a more intense 

signal in the ultrasound image. An additional factor affecting 
the ef?ciency or re?ection of sound is the elasticity of the 
re?ecting interface. The greater the elasticity of this inter 
face, the more ef?cient the re?ection of sound. Substances 
such as gas bubbles present highly elastic interfaces. Thus, 
as a result of the foregoing principles, researchers have 
focused on the development of ultrasound contrast agents 
based on gas bubbles or gas containing bodies and on the 
development of ef?cient methods for their preparation. 

[0011] Ryan et al., in US. Pat. No. 4,544,545, disclose 
phospholipid liposomes having a chemically modi?ed cho 
lesterol coating. The cholesterol coating may be a monolayer 
or bilayer. An aqueous medium, containing a tracer, thera 
peutic, or cytotoxic agent, is con?ned Within the liposome. 
Liposomes, having a diameter of 0.001 microns to 10 
microns, are prepared by agitation and ultrasonic vibration. 

[0012] D’Arrigo, in US. Pat. Nos. 4,684,479 and 5,215, 
680, teaches a gas-in-liquid emulsion and method for the 
production thereof from surfactant mixtures. US. Pat. No. 
4,684,479 discloses the production of liposomes by shaking 
a solution of the surfactant in a liquid medium in air. US. 
Pat. No. 5,215,680 is directed to a large scale method of 
producing lipid coated microbubbles including shaking a 
solution of the surfactant in liquid medium in air or other 
gaseous mixture and ?lter steriliZing the resultant solution. 

[0013] WO 80/02365 discloses the production of 
microbubbles having an inert gas, such as nitrogen; or 
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carbon dioxide, encapsulated in a gellable membrane. The 
liposomes may be stored at loW temperatures and Warmed 
prior and during use in humans. WO 82/01642 describes 
microbubble precursors and methods for their production. 
The microbubbles are formed in a liquid by dissolving a 
solid material. Gas-?lled voids result, Wherein the gas is 1.) 
produced from gas present in voids betWeen the micropar 
ticles of solid precursor aggregates, 2.) absorbed on the 
surfaces of particles of the precursor, 3.) an integral part of 
the internal structure of particles of the precursor, 4.) formed 
When the precursor reacts chemically With the liquid, and 5.) 
dissolved in the liquid and released When the precursor is 
dissolved therein. 

[0014] In addition, Feinstein, in Us. Pat. Nos. 4,718,433 
and 4,774,958, teaches the use of albumin coated 
microbubbles for the purposes of ultrasound. 

[0015] Widder, in Us. Pat. Nos. 4,572,203 and 4,844,882, 
discloses a method of ultrasonic imaging and a microbubble 
type ultrasonic imaging agent. 

[0016] Quay, in WO 93/05819, describes the use of agents 
to form microbubbles comprising especially selected gases 
based upon a criteria of knoWn physical constants, including 
1) siZe of the bubble, 2) density of the gas, 3) solubility of 
the gas in the surrounding medium, and 4) diffusivity of the 
gas into the medium. 

[0017] Kaufman et al., in US. Pat. No. 5,171,755, disclose 
an emulsion comprising an highly ?uorinated organic com 
pound, an oil having no substantial surface activity or Water 
solubility and a surfactant. Kaufman et al. also teach a 
method of using the emulsion in medical applications. 

[0018] Another area of signi?cant research effort is in the 
area of targeted drug delivery. Targeted delivery means are 
particularly important Where toxicity is an issue. Speci?c 
therapeutic delivery methods potentially serve to minimiZe 
toxic side effects, loWer the required dosage amounts, and 
decrease costs for the patient. 

[0019] The methods and materials in the prior art for 
introduction of genetic materials, for example, to living cells 
is limited and ineffective. To date several different mecha 
nisms have been developed to deliver genetic material to 
living cells. These mechanisms include techniques such as 
calcium phosphate precipitation and electroporation, and 
carriers such as cationic polymers and aqueous-?lled lipo 
somes. These methods have all been relatively ineffective in 
vivo and only of limited use for cell culture transfection. 
None of these methods potentiate local release, delivery and 
integration of genetic material to the target cell. 

[0020] Better means of delivery for therapeutics such as 
genetic materials are needed to treat a Wide variety of human 
and animal diseases. Great strides have been made in 
characteriZing genetic diseases and in understanding protein 
transcription but relatively little progress has been made in 
delivering genetic material to cells for treatment of human 
and animal disease. 

[0021] Aprincipal dif?culty has been to deliver the genetic 
material from the extracellular space to the intracellular 
space or even to effectively localiZe genetic material at the 
surface of selected cell membranes. Avariety of techniques 
have been tried in vivo but Without great success. For 
example, viruses such as adenoviruses and retroviruses have 
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been used as vectors to transfer genetic material to cells. 
Whole virus has been used but the amount of genetic 
material that can be placed inside of the viral capsule is 
limited and there is concern about possible dangerous inter 
actions that might be caused by live virus. The essential 
components of the viral capsule may be isolated and used to 
carry genetic material to selected cells. In vivo, hoWever, not 
only must the delivery vehicle recogniZe certain cells but it 
also must be delivered to these cells. Despite extensive Work 
on viral vectors, it has been dif?cult to develop a success 
fully targeted viral mediated vector for delivery of genetic 
material in vivo. 

[0022] Conventional, liquid-containing liposomes have 
been used to deliver genetic material to cells in cell culture 
but have mainly been ineffective in vivo for cellular delivery 
of genetic material. For example, cationic liposome trans 
fection techniques have not Worked effectively in vivo. More 
effective means are needed to improve the cellular delivery 
of therapeutics such as genetic material. 

[0023] The present invention is directed to addressing the 
foregoing, as Well as other important needs in the area of 
contrast agents for ultrasonic imaging and vehicles for the 
effective targeted delivery of therapeutics. 

SUMMARY OF THE INVENTION 

[0024] The present invention provides methods and appa 
ratus for preparing temperature activated gaseous precursor 
?lled liposomes suitable for use as contrast agents for 
ultrasonic imaging or as drug delivery agents. The methods 
of the present invention provide the advantages, for 
example, of simplicity and potential cost savings during 
manufacturing of temperature activated gaseous precursor 
?lled liposomes. 

[0025] Preferred methods for preparing the temperature 
activated gaseous precursor-?lled liposomes comprise shak 
ing an aqueous solution comprising a lipid in the presence of 
a temperature activated gaseous precursor, at a temperature 
beloW the gel state to liquid crystalline state phase transition 
temperature of the lipid. 

[0026] Unexpectedly, the temperature activated gaseous 
precursor-?lled liposomes prepared in accordance With the 
methods of the present invention possess a number of 
surprising yet highly bene?cial characteristics. For example, 
gaseous precursor-?lled liposomes are advantageous due to 
their biocompatibility and the ease With Which lipophilic 
compounds can be made to cross cell membranes after the 
liposomes are ruptured. The liposomes of the invention also 
exhibit intense echogenicity on ultrasound, are highly stable 
to pressure, and/or generally possess a long storage life, 
either When stored dry or suspended in a liquid medium. The 
echogenicity of the liposomes is of importance to the 
diagnostic and therapeutic applications of the liposomes 
made according to the invention. The gaseous precursor 
?lled liposomes also have the advantages, for example, of 
stable particle siZe, loW toxicity and compliant membranes. 
It is believed that the ?exible membranes of the gaseous 
precursor-?lled liposomes may be useful in aiding the accu 
mulation or targeting of these liposomes to tissues such as 
tumors. 

[0027] The temperature activated gaseous precursor-?lled 
liposomes made according to the present invention thus have 
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superior characteristics for ultrasound contrast imaging. 
When inside an aqueous or tissue media, the gaseous pre 
cursor-?lled liposome creates an interface for the enhanced 
absorption of sound. The gaseous precursor-?lled liposomes 
are therefore useful in imaging a patient generally, and/or in 
diagnosing the presence of diseased tissue in a patient as 
Well as in tissue heating and the facilitation of drug release 
or activation. 

[0028] In addition to ultrasound, the temperature activated 
gaseous precursor-?lled liposomes made according to the 
present invention may be used, for example, for magnetic 
imaging and as MRI contrast agents. For example, the 
gaseous precursor-?lled liposomes may contain paramag 
netic gases, such as atmospheric air, Which contains traces of 
oxygen 17; paramagnetic ions such as Mn+2, Gd+2, Fe+3; 
iron oxides; or magnetite (Fe3O4) and may thus be used as 
susceptibility contrast agents for magnetic resonance imag 
ing. Additionally, for example, the gaseous precursor-?lled 
liposomes made according to the present invention may 
contain radioopaque metal ions, such as iodine, barium, 
bromine, or tungsten, for use as x-ray contrast agents. 

[0029] The temperature activated gaseous precursor-?lled 
liposomes are also particularly useful as drug carriers. 
Unlike liposomes of the prior art that have a liquid interior 
suitable only for encapsulating drugs that are Water soluble, 
the gaseous precursor-?lled liposomes made according to 
the present invention are particularly useful for encapsulat 
ing lipophilic drugs. Furthermore, lipophilic derivatives of 
drugs may be incorporated into the lipid layer readily, such 
as alkylated derivatives of metallocene dihalides. Kuo et al., 
J. Am. Chem. Soc. 1991, 113, 9027-9045. 

BRIEF DESCRIPTION OF THE FIGURES 

[0030] FIG. 1 is a vieW, partially schematic, of a preferred 
apparatus according to the present invention for preparing 
the gaseous precursor-?lled liposome microspheres of the 
present invention. 

[0031] FIG. 2 shoWs a preferred apparatus for ?ltering 
and/or dispensing therapeutic containing gaseous precursor 
?lled liposome microspheres of the present invention. 

[0032] FIG. 3 shoWs a preferred apparatus for ?ltering 
and/or dispensing therapeutic containing gaseous precursor 
?lled liposome microspheres of the present invention. 

[0033] FIG. 4 is an exploded vieW of a portion of the 
apparatus of FIG. 3. 

[0034] FIG. 5 is a micrograph Which shoWs the siZes of 
gaseous precursor-?lled liposomes of the invention before 
(A) and after (B) ?ltration. 

[0035] FIG. 6 graphically depicts the siZe distribution of 
gaseous precursor-?lled liposomes of the invention before 
(A) and after (B) ?ltration. 

[0036] FIG. 7 is a micrograph of a lipid suspension before 
(A) and after (B) extrusion through a ?lter. 

[0037] FIG. 8 is a micrograph of gaseous precursor-?lled 
liposomes formed subsequent to ?ltering and autoclaving a 
lipid suspension, the micrographs having been taken before 
(A) and after (B) siZing by ?ltration of the gaseous precur 
sor-?lled liposomes. 
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[0038] FIG. 9 is a diagrammatic illustration of a tempera 
ture activated gaseous precursor-?lled liposome prior to 
temperature activation. The liposome has a multilamellar 
membrane. 

[0039] FIG. 10 is a diagrammatic illustration of a tem 
perature activated liquid gaseous precursor-?lled liposome 
after temperature activation of the liquid to gaseous state 
resulting in a unilamellar membrane and expansion of the 
liposome diameter. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0040] The present invention is directed to methods and 
apparatus for preparing temperature activated gaseous pre 
cursor-?lled liposomes. Unlike the methods of the prior art 
Which are directed to the formation of liposomes With an 
aqueous solution ?lling the interior, the methods of the 
present invention are directed to the preparation of lipo 
somes Which comprise interior gaseous precursor and/or 
ultimately gas. 

[0041] As used herein, the phrase “temperature activated 
gaseous precursor” denotes a compound Which, at a selected 
activation or transition temperature, changes phases from a 
liquid to a gas. Activation or transition temperature, and like 
terms, refer to the boiling point of the gaseous precursor, the 
temperature at Which the liquid to gaseous phase transition 
of the gaseous precursor takes place. Useful gaseous pre 
cursors are those gases Which have boiling ponts in the range 
of about —100° C. to 70° C. The activation temperature is 
particular to each gaseous precursor. This concept is illus 
trated in FIGS. 9 and 10. An activation temperature of about 
37° C., or human body temperature, is preferred for gaseous 
precursors of the present invention. Thus, a liquid gaseous 
precursor is activated to become a gas at 37° C. HoWever, 
the gaseous precursor may be in liquid or gaseous phase for 
use in the methods of the present invention. The methods of 
the present invention may be carried out beloW the boiling 
point of the gaseous precursor such that a liquid is incor 
porated into a microsphere. In addition, the methods may be 
performed at the boiling point of the gaseous precursor such 
that a gas is incorporated into a microsphere. For gaseous 
precursors having loW temperature boiling points, liquid 
precursors may be emulsi?ed using a micro?uidiZer device 
chilled to a loW temperature. The boiling points may also be 
depressed using solvents in liquid media to utiliZe a precur 
sor in liquid form. Alternatively, an upper limit of about 70° 
C. may be attained With focused high energy ultrasound. 
Further, the methods may be performed Where the tempera 
ture is increased throughout the process, Whereby the pro 
cess starts With a gaseous precursor as a liquid and ends With 
a gas. 

[0042] The gaseous precursor may be selected so as to 
form the gas in situ in the targeted tissue or ?uid, in vivo 
upon entering the patient or animal, prior to use, during 
storage, or during manufacture. The methods of producing 
the temperature-activated gaseous precursor-?lled micro 
spheres may be carried out at a temperature beloW the 
boiling point of the gaseous precursor. In this embodiment, 
the gaseous precursor is entrapped Within a microsphere 
such that the phase transition does not occur during manu 
facture. Instead, the gaseous precursor-?lled microspheres 
are manufactured in the liquid phase of the gaseous precur 



US 2005/0163716 A1 

sor. Activation of the phase transition may take place at any 
time as the temperature is allowed to exceed the boiling 
point of the precursor. Also, knowing the amount of liquid 
in a droplet of liquid gaseous precursor, the siZe of the 
liposomes upon attaining the gaseous state may be deter 
mined. 

[0043] Alternatively, the gaseous precursors may be uti 
liZed to create stable gas-?lled microspheres Which are 
pre-formed prior to use. In this embodiment, the gaseous 
precursor is added to a container housing a suspending 
and/or stabiliZing medium at a temperature beloW the liquid 
gaseous phase transition temperature of the respective gas 
eous precursor. As the temperature is then exceeded, and an 
emulsion is formed betWeen the gaseous precursor and 
liquid solution, the gaseous precursor undergoes transition 
from the liquid to the gaseous state. As a result of this 
heating and gas formation, the gas displaces the air in the 
head space above the liquid suspension so as to form 
gas-?lled lipid spheres Which entrap the gas of the gaseous 
precursor, ambient gas (e.g. air) or coentrap gas state gas 
eous precursor and ambient air. This phase transition can be 
used for optimal mixing and stabiliZation of the contrast 
medium. For example, the gaseous precursor, per?uorobu 
tane, can be entrapped in liposomes and as the temperature 
is raised, beyond 3° C. (boiling point of per?uorobutane) 
liposomally entrapped ?uorobutane gas results. As an addi 
tional example, the gaseous precursor ?uorobutane, can be 
suspended in an aqueous suspension containing emulsifying 
and stabilizing agents such as glycerol or propylene glycol 
and vortexed on a commercial vortexer. Vortexing is com 
menced at a temperature loW enough that the gaseous 
precursor is liquid and is continued as the temperature of the 
sample is raised past the phase transition temperature from 
the liquid to gaseous state. In so doing, the precursor 
converts to the gaseous state during the microemulsi?cation 
process. In the presence of the appropriate stabiliZing agents, 
surprisingly stable gas-?lled liposomes result. 

[0044] Accordingly, the gaseous precursors of the present 
invention may be selected to form a gas-?lled liposome in 
vivo or designed to produce the gas-?lled liposome in situ, 
during the manufacturing process, on storage, or at some 
time prior to use. 

[0045] As a further embodiment of this invention, by 
pre-forming the liquid state of the gaseous precursor into an 
aqueous emulsion and maintaining a knoWn siZe, the maxi 
mum siZe of the microbubble may be estimated by using the 
idea gas laW, once the transition to the gaseous state is 
effectuated. For the purpose of making gaseous micro 
spheres from gaseous precursors, the gas phase is assumed 
to form instantaneously and no gas in the neWly formed 
microbubble has been depleted due to diffusion into the 
liquid (generally aqueous in nature). Hence, from a knoWn 
liquid volume in the emulsion, one actually Would predict an 
upper limit to the siZe of the gaseous liposome. 

[0046] Pursuant to the present invention, a emulsion of 
lipid gaseous precursor-containing liquid droplets of de?ned 
siZe may be formulated, such that upon reaching a speci?c 
temperature, the boiling point of the gaseous precursor, the 
drpolets Will expand into gas liposomes of de?ned siZe. the 
de?ned siZe represents an upper limit to the actual siZe 
because factors such as gas diffusing into solution, loss of 
gas to the atmosphere, and the effects of increased pressure 
are factors for Which the ideal gas laW cannot account. 

Jul. 28, 2005 

[0047] The ideal gas laW and the equation for calculating 
the increase in volume of the gas bubbles on transition from 
the liquid to gaseous states folloWs: 

[0048] The ideal gas laW predicts the folloWing: 

PV=nRT 

[0049] Where 

[0050] P=pressure in atmospheres 

[0051] V=volume in liters 

[0052] n=moles of gas 

[0053] T=temperature in ° K 

[0054] R=ideal gas constant=22.4 L atmospheres deg-1 
mole“1 

[0055] With knoWledge of volume, density, and tempera 
ture of the liquid in the emulsion of liquids, the amount (eg 
number of moles) of liquid precursor as Well as the volume 
of liquid precursor, a priori, may be calculated, Which When 
converted to a gas, Will expand into a liposome of knoWn 
volume. The calculated volume Will re?ect an upper limit to 
the siZe of the gaseous liposome assuming instantaneous 
expansion into a gas liposome and negligible diffusion of the 
gas over the time of the expansion. 

[0056] Thus, stabiliZation of the precursor in the liquid 
state in an emulsion Whereby the precursor droplet is spheri 
cal, the volume of the precursor droplet may be determined 
by the equation: 

Volume(sphere)=4/3 m3 

[0057] 
[0058] 

[0059] Thus, once the volume is predicted, and knoWing 
the density of the liquid at the desired temperature, the 
amount of liquid (gaseous precursor) in the droplet may be 
determined. In more descriptive terms, the folloWing can be 
applied: 

Where 

r=radius of the sphere 

Vgas=4/3 “(@333 
[0060] by the ideal gas laW, 

PV=nRT 

[0061] substituting reveals, 
Vgas=nRT/Pgas 

[0062] or, 

[0063] (A) n=4/3 [rcrgaS3]P/RT 
[0064] amount n=4/3 [s'crgas3 P/RT]*MWn 
[0065] Converting back to a liquid volume 

[0066] (B) V1iq=[4/3[nrgas3]P/RT]*MWn/D] 
[0067] Where D=the density of the precursor 

[0068] Solving for the diameter of the liquid droplet, 

[00639] (C) diameter/2=[3/4J'c[4/3*[rcr¥“S3]P/RT]MWn/D] 

[0070] Which reduces to 

[0071] Diameter=2 [[rgaS3]P/RT [MWn/D]]1/3 
[0072] As a further embodiment of the present invention, 
With the knoWledge of the volume and especially the radius, 
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the appropriately sized ?lter sizes the gaseous precursor 
droplets to the appropriate diameter sphere. 

[0073] A representative gaseous precursor may be used to 
form a microsphere of de?ned size, for example, 10 microns 
diameter. In this example, the microshpere is formed in the 
bloodstream of a human being, thus the typical temperature 
Would be 37° C. or 310° K. At a pressure of 1 atmosphere 
and using the equation in (A), 754x10‘17 moles of gaseous 
precursor Would be required to ?ll the volume of a 10 micron 
diameter microsphere. 

[0074] Using the above calculated amount of gaseous 
precursor, and 1-?uorobutane, Which possesses a molecular 
Weight of 76.11, a boiling point of 325° C. and a density of 
6.7789 grams/mL'1 at 20° C., further calculations predict 
that 5.74><10_15 grams of this precursor Would be required 
for a 10 micron microsphere. Extrapolating further, and 
armed With the knoWledge of the density, equation (B) 
further predicts that 847x10“16 mLs of liquid precursor are 
necessary to form a microsphere With an upper limit of 10 
microns. 

[0075] Finally, using equation (C), an emulsion of lipid 
droplets With a radius of 0.0272 microns or a corresponding 
diameter of 0.0544 microns need be formed to make a 
gaseous precursor ?lled microsphere With an upper limit of 
a 10 micron microsphere. 

[0076] An emulsion of this particular size could be easily 
achieved by the use of an appropriately sized ?lter. In 
addition, as seen by the size of the ?lter necessary to form 
gaseous precursor droplets of de?ned size, the size of the 
?lter Would also suf?ce to remove any possible bacterial 
contaminants and, hence, can be used as a sterile ?ltration as 
Well. 

[0077] This embodiment of the present invention may be 
applied to all gaseous precursors activated by temperature. 
In fact, depression of the freezing point of the solvent system 
alloWs the use gaseous precursors Which Would undergo 
liquid-to-gas phase transitions at temperatures beloW 0° C. 
The solvent system can be selected to provide a medium for 
suspension of the gaseous precursor. For example, 20% 
propylene glycol miscible in buffered saline exhibits a 
freezing point depression Well beloW the freezing point of 
Water alone. By increasing the amount of propylene glycol 
or adding materials such as sodium chloride, the freezing 
point can be depressed even further. 

[0078] The selection of appropriate solvent systems may 
be explained by physical methods as Well. When substances, 
solid or liquid, herein referred to as solutes, are dissolved in 
a solvent, such as Water based buffers for example, the 
freezing point is loWered by an amount that is dependent 
upon the composition of the solution. Thus, as de?ned by 
Wall, one can express the freezing point depression of the 
solvent by the folloWing: 

[0080] xa=mole fraction of the solvent 

[0081] xb=mole fraction of the solute 

[0082] AHfuS=heat of fusion of the solvent 

[0083] TO=Normal freezing point of the solvent 
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[0084] The normal freezing point of the solvent results. If 
Xb is small relative to x,, then the above equation may be 
reWritten: 

xb=AHfuS/R[T—TQ/TQT]=AHfuSAT/RTQ2 
[0085] The above equation assumes the change in tem 
perature AT is small compared to T2. The above equation 
can be simpli?ed further assuming the concentration of the 
solute (in moles per thousand grams of solvent) can be 
expressed in terms of the molality, m. Thus, 

Xb=m/[m+1000/ma]=mMa/1000 

[0086] Where: 

[0087] Ma=Molecular Weight of the solvent, and 

[0088] 
grams. 

m=molality of the solute in moles per 1000 

[0089] Thus, substituting for the fraction xb: 

AT=[M,RTf/1000AHfuS]m 

[0090] or AT=Kfm, Where 

Kt=MaRTO2/1000AHfus 
[0091] Kf is referred to as the molal freezing point and is 
equal to 1.86 degrees per unit of molal concentration for 
Water at one atmosphere pressure. The above equation may 
be used to accurately determine the molal freezing point of 
gaseous-precursor ?lled microsphere solutions of the 
present invention. 

[0092] Hence, the above equation can be applied to esti 
mate freezing point depressions and to determine the appro 
priate concentrations of liquid or solid solute necessary to 
depress the solvent freezing temperature to an appropriate 
value. 

[0093] Methods of preparing the temperature activated 
gaseous precursor-?lled liposomes include: 

[0094] vortexing an aqueous suspension of gaseous 
precursor-?lled liposomes of the present invention; 
variations on this method include optionally auto 
claving before shaking, optionally heating an aque 
ous suspension of gaseous precursor and lipid, 
optionally venting the vessel containing the suspen 
sion, optionally shaking or permitting the gaseous 
precursor liposomes to form spontaneously and cool 
ing doWn the gaseous precursor ?lled liposome sus 
pension, and optionally extruding an aqueous sus 
pension of gaseous precursor and lipid through a 
?lter of about 0.22 pm, alternatively, ?ltering may be 
performed during in vivo administration of the 
resulting liposomes such that a ?lter of about 0.22 
pm is employed; 

[0095] a microemulsi?cation method Whereby an 
aqueous suspension of gaseous precursor-?lled lipo 
somes of the present invention are emulsi?ed by 
agitation and heated to form microspheres prior to 
administration to a patient; and 

[0096] forming a gaseous precursor in lipid suspen 
sion by heating, and/or agitation, Whereby the less 
dense gaseous precursor-?lled microspheres ?oat to 
the top of the solution by expanding and displacing 
other microspheres in the vessel and venting the 
vessel to release air. 
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[0097] Freeze drying is useful to remove Water and 
organic materials from the lipids prior to the shaking gas 
instillation method. Drying-gas instillation method may be 
used to remove Water from liposomes. By pre-entrapping the 
gaseous precursor in the dried liposomes (i.e. prior to 
drying) after Warming, the gaseous precursor may expand to 
?ll the liposome. Gaseous precursors can also be used to ?ll 
dried liposomes after they have been subjected to vacuum. 
As the dried liposomes are kept at a temperature beloW their 
gel state to liquid crystalline temperature the drying chamber 
can be sloWly ?lled With the gaseous precursor in its gaseous 
state, eg per?uorobutane can be used to ?ll dried liposomes 
composed of dipalmitoylphosphatidylcholine (DPPC) at 
temperatures betWeen 3° C. (the boiling point of per?uo 
robutane) and beloW 40° C., the phase transition temperature 
of the lipid. In this case, it Would be most preferred to ?ll the 
liposomes at a temperature about 4° C. to about 5° C. 

[0098] Preferred methods for preparing the temperature 
activated gaseous precursor-?lled liposomes comprise shak 
ing an aqueous solution having a lipid in the presence of a 
gaseous precursor at a temperature beloW the gel state to 
liquid crystalline state phase transition temperature of the 
lipid. The present invention also provides a method for 
preparing gaseous precursor-?lled liposomes comprising 
shaking an aqueous solution comprising a lipid in the 
presence of a gaseous precursor, and separating the resulting 
gaseous precursor-?lled liposomes for diagnostic or thera 
peutic use. Liposomes prepared by the foregoing methods 
are referred to herein as gaseous precursor-?lled liposomes 
prepared by a gel state shaking gaseous precursor installa 
tion method. 

[0099] Conventional, aqueous-?lled liposomes are rou 
tinely formed at a temperature above the phase transition 
temperature of the lipid, since they are more ?exible and 
thus useful in biological systems in the liquid crystalline 
state. See, for example, SZoka and Papahadjopoulos, Proc. 
Natl. Acad. Sci. 1978, 75, 4194-4198. In contrast, the 
liposomes made according to preferred embodiments of the 
methods of the present invention are gaseous precursor 
?lled, Which imparts greater ?exibility since gaseous pre 
cursors after gas formation are more compressible and 
compliant than an aqueous solution. Thus, the gaseous 
precursor-?lled liposomes may be utiliZed in biological 
systems When formed at a temperature beloW the phase 
transition temperature of the lipid, even though the gel phase 
is more rigid. 

[0100] The methods of the present invention provide for 
shaking an aqueous solution comprising a lipid in the 
presence of a temperature activated gaseous precursor. 
Shaking, as used herein, is de?ned as a motion that agitates 
an aqueous solution such that gaseous precursor is intro 
duced from the local ambient environment into the aqueous 
solution. Any type of motion that agitates the aqueous 
solution and results in the introduction of gaseous precursor 
may be used for the shaking. The shaking must be of 
sufficient force to alloW the formation of foam after a period 
of time. Preferably, the shaking is of suf?cient force such 
that foam is formed Within a short period of time, such as 30 
minutes, and preferably Within 20 minutes, and more pref 
erably, Within 10 minutes. The shaking may be by micro 
emulsifying, by micro?uidiZing, for example, sWirling (such 
as by vortexing), side-to-side, or up and doWn motion. In the 
case of the addition of gaseous precursor in the liquid state, 
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sonication may be used in addition to the shaking methods 
set forth above. Further, different types of motion may be 
combined. Also, the shaking may occur by shaking the 
container holding the aqueous lipid solution, or by shaking 
the aqueous solution Within the container Without shaking 
the container itself. Further, the shaking may occur manually 
or by machine. Mechanical shakers that may be used 
include, for example, a shaker table, such as a VWR 
Scienti?c (Cerritos, Calif.) shaker table, a micro?uidiZer, 
Wig-L-BugTM (Crescent Dental Manufacturing, Inc., Lyons, 
Ill.) and a mechanical paint mixer, as Well as other knoWn 
machines. Another means for producing shaking includes 
the action of gaseous precursor emitted under high velocity 
or pressure. It Will also be understood that preferably, With 
a larger volume of aqueous solution, the total amount of 
force Will be correspondingly increased. Vigorous shaking is 
de?ned as at least about 60 shaking motions per minute, and 
is preferred. Vortexing at at least 1000 revolutions per 
minute, an example of vigorous shaking, is more preferred. 
Vortexing at 1800 revolutions per minute is most preferred. 

[0101] The formation of gaseous precursor-?lled lipo 
somes upon shaking can be detected by the presence of a 
foam on the top of the aqueous solution. This is coupled With 
a decrease in the volume of the aqueous solution upon the 
formation of foam. Preferably, the ?nal volume of the foam 
is at least about tWo times the initial volume of the aqueous 
lipid solution; more preferably, the ?nal volume of the foam 
is at least about three times the initial volume of the aqueous 
solution; even more preferably, the ?nal volume of the foam 
is at least about four times the initial volume of the aqueous 
solution; and most preferably, all of the aqueous lipid 
solution is converted to foam. 

[0102] The required duration of shaking time may be 
determined by detection of the formation of foam. For 
example, 10 ml of lipid solution in a 50 ml centrifuge tube 
may be vortexed for approximately 15-20 minutes or until 
the viscosity of the gaseous precursor-?lled liposomes 
becomes suf?ciently thick so that it no longer clings to the 
side Walls as it is sWirled. At this time, the foam may cause 
the solution containing the gaseous precursor-?lled lipo 
somes to raise to a level of 30 to 35 ml. 

[0103] The concentration of lipid required to form a 
preferred foam level Will vary depending upoli the type of 
lipid used, and may be readily determined by one skilled in 
the art, once armed With the present disclosure. For example, 
in preferred embodiments, the concentration of 1,2-dipal 
imitoylphosphatidylcholine (DPPC) used to form gaseous 
precursor-?lled liposomes according to the methods of the 
present invention is about 20 mg/ml to about 30 mg/ml 
saline solution. The concentration of distearoylphosphati 
dylcholine (DSPC) used in preferred embodiments is about 
5 mg/ml to about 10 mg/ml saline solution. 

[0104] Speci?cally, DPPC in a concentration of 20 mg/ml 
to 30 mg/ml, upon shaking, yields a total suspension and 
entrapped gaseous precursor volume four times greater than 
the suspension volume alone. DSPC in a concentration of 10 
mg/ml, upon shaking, yields a total volume completely 
devoid of any liquid suspension volume and contains 
entirely foam. 

[0105] It Will be understood by one skilled in the art, once 
armed With the present disclosure, that the lipids or lipo 
somes may be manipulated prior and subsequent to being 
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subjected to the methods of the present invention. For 
example, the lipid may be hydrated and then lyophiliZed, 
processed through freeze and thaW cycles, or simply 
hydrated. In preferred embodiments, the lipid is hydrated 
and then lyophiliZed, or hydrated, then processed through 
freeZe and thaW cycles and then lyophiliZed, prior to the 
formation of gaseous precursor-?lled liposomes. 

[0106] According to the methods of the present invention, 
the presence of gas, such as and not limited to air, may also 
be provided by the local ambient atmosphere. The local 
ambient atmosphere may be the atmosphere Within a sealed 
container, or in an unsealed container, may be the external 
environment. Alternatively, for example, a gas may be 
injected into or otherWise added to the container having the 
aqueous lipid solution or into the aqueous lipid solution 
itself in order to provide a gas other than air. Gases that are 
not heavier than air may be added to a sealed container While 
gases heavier than air may be added to a sealed or an 
unsealed container. Accordingly, the present invention 
includes co-entrapment of air and/or other gases along With 
gaseous precursors. 

[0107] The preferred methods of the invention are carried 
out at a temperature beloW the gel state to liquid crystalline 
state phase transition temperature of the lipid employed. By 
“gel state to liquid crystalline state phase transition tem 
perature”, it is meant the temperature at Which a lipid bilayer 
Will convert from a gel state to a liquid crystalline state. See, 
for example, Chapman et al., J. Biol. Chem. 1974, 249, 
2512-2521. The gel state to liquid crystalline state phase 
transition temperatures of various lipids Will be readily 
apparent to those skilled in the art and are described, for 
example, in Gregoriadis, ed., Liposome Technology, Vol. I, 
1-18 (CRC Press, 1984) and Derek Marsh, CRC Handbook 
of Lipid Bilayers (CRC Press, Boca Raton, Fla. 1990), at p. 
139. See also Table I, beloW. Where the gel state to liquid 
crystalline state phase transition temperature of the lipid 
employed is higher than room temperature, the temperature 
of the container may be regulated, for example, by providing 
a cooling mechanism to cool the container holding the lipid 
solution. 

[0108] Since gaseous precursors (e.g. per?uorobutane) are 
less soluble and diffusable than other gases, such as air, they 
tend to be more stable When entrapped in liposomes even 
When the liposomes are composed of lipids in the liquid 
crystalline state. Small liposomes composed of liquid-crys 
talline state lipid such as egg phosphatidyl choline may be 
used to entrap a nanodroplet of per?uorobutane. For 
example, lipid vesicles With diameters of about 30 nm to 
about 50 nm may be used to entrap nanodroplets of per 
?uorobutane With With mean diameter of about 25 nm. After 

temperature activated conversion, the precursor ?lled lipo 
somes Will create microspheres of about 10 microns in 
diameter. The lipid in this cae, serves the purpose of de?ning 
the siZe of the microsphere via the small liposome. The 
lipids also serve to stabiliZe the resultant microsphere siZe. 
In this case, techniques such as microemulsi?cation are 
preferred for forming the small liposomes Which entrap the 
precursor. A micro?uidiZer (Micro?uidics, NeWton, Mass.) 
is particularly useful for making an emulsion of small 
liposomes Which entrap the gaseous precursor. 
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TABLE I 

Saturated Diacyl-sn-Glycero-3-Phosphocholines 
Main Chain Gel State to Liquid Crystalline State 

Phase Transition Temperatures 

Liquid Crystalline 
Phase Transition 

Temperature (O C.) 
# Carbons in Acyl 

Chains 

1,2-(12;0) -1.0 
1,2-(13;0) 13.7 
1,2-(14;0) 23.5 
1,2-(15;0) 34.5 
1,2-(16z0) 41.4 
1,2-(17;0) 48.2 
1,2-(1s;0) 55.1 
1,2-(19;0) 61.8 
1,2-(20;0) 64.5 
1,2-(21;0) 71.1 
1,2-(22;0) 74.0 
1,2-(23;0) 79.5 
1,2-(24;0) 80.1 

[0109] Conventional, aqueous-?lled liposomes are rou 
tinely formed at a temperature above the gel to liquid 
crystalline phase transition temperature of the lipid, since 
they are more ?exible and thus useful in biological systems 
in the liquid crystalline state. See, for example, SZoka and 
Papahadjopoulos, Proc. Natl. Acad. Sci. 1978, 75, 4194 
4198. In contrast, the liposomes made according to preferred 
embodiments of the methods of the present invention are 
gaseous precursor-?lled, Which imparts greater ?exibility 
since gaseous precursor is more compressible and compliant 
than an aqueous solution. Thus, the gaseous precursor-?lled 
liposomes may be utiliZed in biological systems When 
formed at a temperature beloW the phase transition tempera 
ture of the lipid, even though the gel phase is more rigid. 

[0110] A preferred apparatus for producing the tempera 
ture activated gaseous precursor-?lled liposomes using a gel 
state shaking gaseous precursor instillation process is shoWn 
in FIG. 1. A mixture of lipid and aqueous media is vigor 
ously agitated in the process of gaseous precursor installa 
tion to produce gaseous precursor-?lled liposomes, either by 
batch or by continuous feed. Referring to FIG. 1, dried 
lipids 51 from a lipid supply vessel 50 are added via conduit 
59 to a mixing vessel 66 in either a continuous ?oW or as 
intermittent boluses. If a batch process is utiliZed, the mixing 
vessel 66 may comprise a relatively small container such as 
a syringe, test tube, bottle or round bottom ?ask, or a large 
container. If a continuous feed process is utiliZed, the mixing 
vessel is preferably a large container, such as a vat. 

[0111] Where the gaseous precursor-?lled liposomes con 
tain a therapeutic compound, the therapeutic compound may 
be added, for example, in a manner similar to the addition of 
the lipid described above before the gaseous precursor 
installation process. Alternatively, the therapeutic compound 
may be added after the gaseous precursor installation pro 
cess When the liposomes are coated on the outside With the 
therapeutic compound. 

[0112] In addition to the lipids 51, an aqueous media 53, 
such as a saline solution, from an aqueous media supply 
vessel 52, is also added to the vessel 66 via conduit 61. The 
lipids 51 and the aqueous media 53 combine to form an 
aqueous lipid solution 74. Alternatively, the dried lipids 51 










































