US005362478A
United States Patent po (1] Patent Number: 5,362,478
Desai et al. (451 Date of Patent: Nov. 8, 1994
[54] MAGNETIC RESONANCE IMAGING WITH
FLUOROCARBONS ENCAPSULATED IN A OTHER PUBLICATIONS
CROSS-LINKED POLYMERIC SHELL Edelman and Warach, “Magnetic Resonance Imaging
[75] Inventors: Neil P, Desai; Patrick Soon-Shiong; (Fu'sjc .Of Two Parts)” The New England Journal of
. Medicine 328:708-716 (1993).
Paul A. Sandford, all of Los Angeles; ce . .
. Edelman and Warach, “Magnetic Resonance Imaging
Mark W. Grinstaff, Pasadena, ali of "
o, . (Second of Two Parts),” The New England Journal of
Calif.; Kenneth S, Suslick, -
Champaign, Ill ﬁm& 3e2t8:2185-::121 grge?ii)l‘inary Report Comparing
[73] Assignee: Vivox_'x Phar{naceuﬁcals, Inc., Santa Magnetic Resonance Coronary Angiography with
Monica, Calif. Conventional Angiography,” The New England Journal
[21] Appl. No.: 35,150 of Medicine 328:828-832 (1993).
2 Fiet: M, 26,1993 Primay Examiner—Gary . Holloden
[51] Int. CLS worvverrreoroneee A61B 5/055; A61K 31/715 Bmegg}é’mafm & Clark v ’
[52] US.CL 424/9; 436/173;
436/806; 128/653.4; 128/654; 514/12; 514/54, D7l ABSTRACT
514/57; 514/59 In accordance with the present invention, compositions
58] Field of Search ..........cccoee... 424/9; 436/173, 806; comprising fluorine-containing magnetic resonance
128/653.4, 654; 514/12, 54, 57, 59 imaging agent(s) contained within polymeric shells are
[56] References Cited provided. Invention compositions are useful, fqr exam-
ple, as contrast agents for magnetic resonance imaging
U.S. PATENT DOCUMENTS (MRI). Fluorinated compounds in general are hydro-
4,639,364 1/1987 Hoey 42479.  phobic and as such have limited water solubility; thus
4,951,673 8/1990 LONE .rvrerrrermmrersarecermennes 128/653.1  the invention method permits preparation of such com-
5,114,703 5/1992 Wolfet al. ....coeereereerrriennrneens 424/5 pounds in a biocompatible form suitable for ready deliv-
5,116,599 5/1992 Rogers, JI. et al. cvcreerrccnnenes 424/9 ery. The shell diameter is typically approximately 2
5,143,716 9/1992 Unger 424/9  microns in diameter. Consequently, these materials
5,171,755 12/1992 Kaufmann et al. ......coeeveene 514/749

WO089/03693
WQ090/01953
W091/01759

FOREIGN PATENT DOCUMENTS

0307863 3/1989
5/1989
3/1950
2/1991
9115753 10/1991
9218165 10/1992

European Pat. Off. .
WIPO .
WIPO .
WIPO .
WIPO .
WIPO .

have organ specificity due to rapid scavenging by the
reticuloendothial system (RES) or the mononuclear
phagocyte (MNP) system upon intravenous injection.
Furthermore, fluorocarbon filled polymeric shells of
the invention can be used to measure and monitor local
oxygen and temperature.

16 Claims, No Drawings



5,362,478

1

MAGNETIC RESONANCE IMAGING WITH
FLUOROCARBONS ENCAPSULATED IN A
CROSS-LINKED POLYMERIC SHELL

The present invention relates to medical imaging,
specifically to the use of contrast agents for magnetic
resonance imaging (MRI). In a particular aspect, mag-
netic resonance agent(s) is(are) encased in a polymeric
shell formulated from a biocompatible polymer.

BACKGROUND OF THE INVENTION

Contrast agents are desirable in radiological imaging
because they enhance the visualization of organs (i.e.,
their location, size and conformation) and other cellular
structures from the surrounding medium. The soft tis-
sues, for example, have similar cell composition (i.e.,
they are primarily composed of water) even though
they may have remarkably different biological func-
tions (e.g., liver and pancreas).

The technique of magnetic resonance imaging (MRI)
or nuclear magnpetic resonance (NMR) imaging relies
on the detection of certain atomic nuclei at an applied
magnetic field strength using radio,frequency radiation.
In some respects it is similar to X-ray computer tomog-
raphy (CT), in that it can provide (in some cases) cross-
sectional images of organs with potentially excellent
soft tissue resolution. In its current use, the images con-
stitute a distribution map of protons in organs and tis-
sues. However, unlike X-ray computer tomography,
MRI does not use ionizing radiation. MRI is, therefore,
a safe non-invasive technique for medical imaging.

While the phenomenon of NMR was discovered in
1954, it is only recently that it has found use in medical
diagnostics as a means of mapping internal structure.
The technique was first developed by Lauterbur [Na-
ture 242:190~191 (1973)}

It is well known that nuclei with the appropriate
nuclear spin align in the direction of the applied mag-
netic field. The nuclear spin may be aligned in either of
two ways: with or against the external magnetic field.
Alignment with the field is more stable; while energy
must be absorbed to align in the less stable state (i.e.
against the applied field). In the case of protons, these
nuclei precess or resonate at a frequency of 42.6 MHz in
the presence of a 1 tesla (1 tesla=104 gauss) magnetic
field. At this frequency, a radio-frequency (RF) pulse of
radiation will excite the nuclei and change their spin
orientation to be aligned against the applied magnetic
field. After the RF pulse, the excited nuclei “relax” or
return to equilibrium or alignment with the magnetic
field. The decay of the relaxation signal can be de-
scribed using two relaxation terms. T, the spin-lattice
relaxation time or longitudinal relaxation time, is the
time required by the nuclei to return to equilibrium
along the direction of the externally applied magnetic
field. The second, T, or spin-spin relaxation time, is
associated with the dephasing of the initially coherent
precession of individual proton spins. The relaxation
times for various fluids, organs and tissues in different
species of mammals is well documented.

One advantage of MRI is that different scanning
planes and slice thicknesses can be selected without loss
of resolution. This permits high quality transverse, cor-
onal and sagittal images to be obtained directly. The
absence of any mechanical moving parts in the MRI
equipment promotes a high degree of reliability. It is
generally believed that MRI has greater potential than
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X-ray computer tomography (CT) for the selective
examination of tissues. In CT, the X-ray attenuation
coefficients alone determine the image contrast,
whereas at least three separate variables (Tj, Ta, and
nuclear spin density) contribute to the magnetic reso-
nance image.

Due to subtle physio-chemical differences among
organs and tissue, MRI may be capable of differentiat-
ing tissue types and in detecting diseases that may not be
detected by X-ray or CT. In comparison, CT and X-ray
are only sensitive to differences in electron densities in
tissues and organs. The images obtainable by MRI tech-
niques can also enable a physician to detect structures
smaller than those detectable by CT, due to its better
spatial resolution. Additionally, any imaging scan plane
can be readily obtained using MRI techniques, includ-
ing transverse, coronal and sagittal.

Currently, MRI is widely used to aid in the diagnosis
of many medical disorders. Examples include joint inju-
ries, bone marrow disorders, soft tissue tumors, medias-
tinal invasion, lymphadenopathy, cavernous hemangi-
oma, hemochromatosis, cirrhosis, renal cell carcinoma,
uterine leiomyoma, adenomyosis, endometriosis, breast
carcinomas, stenosis, coronary artery disease, aortic
dissection, lipomatous hypertrophy, atrial septum, con-
strictive pericarditis, and the like [see, for example,
Edelman & Warach, Medical Progress 328:708-716
(1993); Edelman & Warach, New England J. of Medi-
cine 328:785-791 (1993)].

Routinely employed magnetic resonance images are
presently based on proton signals arising from the water
molecules within cells. Consequently, it is often difficult
to decipher the images and distinguish individual organs
and celtular structures. There are two potential means
to better differentiate proton signals. The first involves
using a contrast agent that alters the Ty or T2 of the
water molecules in one region compared to another.
For example, gadolinium diethylenetriaminepentaacetic
acid (Gd-DTPA) shortens the proton T relaxation time
of water molecules in near proximity thereto, thereby
enhancing the obtained images.

Paramagnetic cations such as, for example, Gd, Mn,
and Fe are excellent MRI contrast agents, as suggested
above. Their ability to shorten the proton T relaxation
time of the surrounding water enables enhanced MRI
images to be obtained which otherwise would be un-
readable.

The second route to differentiate individual organs
and cellular structures is to introduce another nucleus
for imaging (i.e., an imaging agent). Using this second
approach, imaging can only occur where the contrast
agent has been delivered. An advantage of this method
is the fact that imaging is achieved free from interfer-
ence from the surrounding water. Suitable contrast
agents must be bio-compatible (i.e. non-toxic, chemi-
cally stable, not reactive with tissues) and of limited
lifetime before elimination from the body.

Although, hydrogen has typically been selected as
the basis for MRI scanning (because of its abundance in
the body), this can result in poorly imaged areas due to
lack of contrast. Thus the use of other active MRI nu-
clei (such as fluorine) can, therefore, be advantageous.
The use of certain perfluorocarbons in various diagnos-
tic imaging technologies such as ultrasound, magnetic
resonance, radiography and computer tomography has
been described in an article by Mattery [see SPIE, 626,
XIV/PACS 1V, 18-23 (1986)]. The use of fluorine is
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advantageous since fluorine is not naturally found
within the body.

Prior art suggestions of fluorine-containing com-
pounds useful for magnetic resonance imaging for medi-
cal diagnostic purposes are limited to a select group of
fluorine-containing molecules that are water soluble or
can form emulsions. Accordingly, prior art use of fluo-
rocarbon emulsions of aqueous soluble fluorocarbons
suffers from numerous drawbacks, for example, 1) the
use of unstable emulsions, 2) the lack of organ specific-
ity and targeting, 3) the potential for inducing allergic
reactions due to the use of emulsifiers and surfactants
(e.g., egg phophatides and egg yolk lecithin), 4) limited
delivery capabilities, and 5) water soluble fluorocarbons
are quickly diluted in blood after intravenous injection.

BRIEF DESCRIPTION OF THE INVENTION

In accordance with the present invention, there are
provided compositions useful for obtaining fluorine
magnetic resonance images of organs and tissues of the
body. Invention compositions comprise organofluorine
compounds entrapped in a biocompatible polymer shell.
Also provided are methods for entrapping fluorinated
compounds in a polymeric shell. Still further in accor-
dance with the present invention, there are provided
means for obtaining local oxygen and temperature data,
and for obtaining fluorine magnetic resonance images of
body organs and tissues.

For example, a suspension of polymeric shells of the
invention can be administered intravenously, making
imaging of vascularized organs (e.g., liver, spleen, and
lung) and bone marrow possible. Organ target specific-
ity is achieved as a result of uptake of the micron-sized
organofluorine-containing polymeric shells by the retic-
uloendothelial system (RES) (also known as the
mononuclear phagocyte (MNP) system). Organs such
as the liver and spleen play an important role in remov-
ing foreign species (e.g., particulate matter) from the
bloodstream, and hence are often referred to as the
“blood filtering organs”. These organs make up a major
part of the RES. In addition, lymph nodes within the
lymphatic circulation contain cells of the RES. Conse-
quently, imaging of the lymphatic system is possible
employing micron-sized organofluorine-containing pol-
ymeric shells of the present invention. Given orally or
as a suppository, imaging of the stomach and gastroin-
testinal tract can be carried out. Such suspensions can
also be injected into non-vascular space, such as the
cerebro-spinal cavity, allowing imaging of such space as
well.

As a further embodiment of the present invention,
paramagnetic cations such as Gd, Mn, Fe, and the like
can be bound to polyanions, such as alginate, and used
as an effective MRI contrast agent.

The present invention overcomes the drawbacks of
the prior art by providing 1) injectable suspensions of
polymeric shells containing organofluorine-containing
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in a form having enhanced stability compared to simple
emulsions, 3) organ targeting specificity (e.g., liver,
spleen, lung etc.) due to uptake of the polymeric shells
of the invention by the RES or MNP system, 4) emul-
sifier-free system, thereby avoiding agents that may
potentially cause allergic reactions, and 5) the ability to
inject relatively small doses and still acquire good im-
ages because the organofluorine compound-containing
polymeric shells of the invention are concentrated in
the targeted organ.
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DETAILED DESCRIPTION OF THE
INVENTION

In accordance with the present invention, there are
provided compositions for obtaining in vivo fluorine
magnetic resonance images, said composition compris-
ing fluorine-containing magnetic resonance imaging
agent(s) substantially completely contained within a
polymeric shell.

In accordance with the present invention, it has been
found that organofluorine-containing compounds,
which in general are hydrophobic, water immiscible
and consequently difficult to administer, can be en-
trapped in polymeric shells for ease of delivery. Or-
ganofluorine-containing compounds entrapped within
polymeric shells are readily usable and biocompatible.
The particle size of polymeric shells produced in accor-
dance with the present invention have an average diam-
eter of approximately 2 microns, which is ideal for
medical applications, since intravenous or intraarterial
injections can be accomplished without risk of small
blood vessel blockage and subsequent tissue damage
(e.g., caused by ischemia due to oxygen depravation).
For comparison, red blood cells are approximately 8
microns in diameter (thus injectable biomaterial should
be smaller than 8-10 microns in diameter to prevent
blood vessel blockage).

Naturally occurring fluorine atoms (19F) give a clear
nuclear magnetic resonance signal and thus can func-
tion as contrast agents or “probes” in MRI. The specific
advantages for the use of 19F include: 1) an extremely
low native concentration in the body (fluorine is not
naturally found in the body), 2) a high nuclear magnetic
resonance sensitivity, 3) a magnetogyric ratio close to
that of !H, thus permitting 1F magnetic resonance
imaging to be carried out with only minor modifications
of existing MRI devices, and 4) low toxicity of most
organofluorine-containing compounds.

In general, fluorocarbons are non-toxic and biocom-
patible. Fluorocarbons are stable and unreactive, and
consequently are not likely to be metabolized due to
their strong carbon-fluorine bonds (approximately 130
kcal/mole). For comparison, carbon-hydrogen bonds
(approximately 100 kcal/mole) are weaker and much
more reactive. The FDA has approved two fluorocar-
bomns, perfluorotripropyl amine and perfluorodecalin,
for medicinal use as blood substitutes under the trade
name of Fluosol DA.

A number of different fluorocarbons can be used in
the practice of the present invention. For example,
compounds satisfying the following generic formulae
can be incorporated into polymeric shells employing
the invention procedure as described herein:

(@) CxFax4.y—zAz wherein:

x=1-30, preferably 5-15,

y=2; or 0 or —2, when xZ2; or —4 when x=4,

z=any whole number from 0 up to 2x+y—1), and

A is selected from H, halogens other than F, —CN,
—OR, wherein R is H, alkyl, fluoroalkyl, alke-
nyl, fluoroalkenyl, alkynyl, fluoroalkynyl, aryl,
fluoroaryl, alkanoyl, fluoroalkanoyl, alkenoyl,
fluoroalkenoyl, alkynoyl, fluoroalkynoyl,

(b) [CxFax 4y —zAz]aJRs—a, Wherein:

X, Z, A and R are as defined above,

Y'=+1; or —1 or —3, when x=2; or —5 when
x=4,

J=0, §, N, P, A}, or Si,

a=1, 2,3, or 4, and
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b=2 for a divalent J, or 3 for a trivalent J, 4 for a
tetravalent J,

(c) A’—[(CF3)x—0].—A", wherein:

x is as defined above,

A’ is selected from H, halogens, —CN, —OR,
wherein R is H, alkyl, fluoroalkyl, alkenyl, fluo-
roalkenyl, alkynyl, fluoroalkynyl, aryl, fluoroa-
ryl, alkanoyl, fluoroalkanoyl, alkenoyl, fluoroal-
kenoyl , alkynoyl , fluoroalkynoyl,

A" is selected from H or R, wherein R is as defined
above,

c=1-200, preferably 2-50, or

d
[ﬁﬂjh
wherein:

x is as defined above, and
c'=2-20, preferably 2-8,
as well as mixtures of any two or more thereof.

Included within the above generic formulae are com-
pounds having general formulae such as:

CxFax, such as, for example perfluoro-1-hexene
(CéF12), perfluoro-2-hexene (CgFj3), perfluoro-3-
hexene (CgF12), and the like,

cyclo-CxFyy, such as, for example, perfluorocy-
clohexane (CgF12), perfluorocyclooctane (CsFi¢),
and the like,

CxFax—2, such as, for example, perfluoro-1-hexyne
(C6F10) , perfluoro-2-hexyne (CgF10), perfluoro-3-
hexyne (CgF10), and the like,

bicyclo-CxFax.-3, such as, for example,
fluorodecalin (CjoF1s), and the like,

CxFox12, such as, for example, perfluorononane
(CoF30) , perfluorodecane (CioF2;), perfluorodo-
decane (Cj2F2¢), and the like,

CxFax_4, such as, for example, perfluoro-2,4-hexadi-
ene, and the like,

CxFax.+14, such as, for example, perfluorotripropyl
amine [(C;F7)3N], perfluorotributyl amine
[(C4F9)3N], perfluoro-tert-tributyl amine, and the
like,

CxFax_2A3, such as, for example, C1oF13H>, and the
like, and the like.

Besides linear, branched-chain and cyclic fluorine-
containing compounds as noted above, fluorinated
crown ethers (such as, for example, perfluoro 12-
crown-4, perfluoro 15-crown-5, perfluoro 18-crown-6,
and the like) are also contemplated for use in the prac-
tice of the present invention. _

In order to obtain good magnetic resonance images
with high signal to noise ratios, it is advantageous to
have a high number of equivalent fluorines. As used
herein, the term “equivalent fluorines” refers to those
fluorine substituents of a fluorine-containing compound
which exist in a substantially similar micro-environment
(ie., substantially similar magnetic environment).
Equivalent fluorines will produce one imaging signal. A
high number of equivalent fluorines will produce a
strong signal, undiluted by competing signals of “non-
equivalent” fluorines.

As used herein, the term “non-equivalent fluorines™
refers to those fluorine substituents of a fluorine-con-
taining compound which exist in a substantially dis-
similar micro-environment (i.e., substantially dissimilar
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magnetic environment), relative to other fluorine sub-
stituents on the same fluorine-containing compound.
Thus, in contrast to equivalent fluorines, non-equivalent
fluorines will give multiple signals due to their different
chemical shifts. Thus, while compounds with a large
number of non-equivalent fluorines are satisfactory for
MRI applications, such compounds are not ideal for
maximum imaging,

Fluorine-containing compounds entrapped in poly-
meric shells according to the present invention can be
used for a variety of purposes, e.g., to obtain magnetic
resonance images of various organs and/or tissues, to
obtain oxygen profiles in organs and/or tissues, and also
to measure local temperature. Invention contrast agents
are not limited to use in MRI applications, but can also
be used for such applications as ultrasonography and
radiology. The other isotope of fluorine, 18F, can be
used as a positron emission tomography (PET) contrast
agent. Thus, with one fluorine-containing contrast
agent, both PET and MRI diagnosis can be accom-
plished. Entrapment of other imaging agents, such as
technetium ard thallium compounds that are used in
radiocontrast media, is also possible. Two examples of
such contrast agents include Neurolyte and cardiolyte.

The use of invention compositions for oxygen detec-
tion is based upon the dramatic changes in NMR relax-
ation rate of 1F in the presence of a paramagnetic spe-
cies such as oxygen. Since oxygen is paramagnetic, it
will interact with the fluorine nucleus, increasing the
relaxation rate of 19F from the excited state to the nor-
mal state. By monitoring this change in relaxation rate,
it is possible to determine the oxygen concentration in a
local area (by calibrating the MRI signal to a known
concentration of oxygen).

The novelty of this system lies, for example, in 1) the
use of MRI to obtain oxygen information, 2) the use of
the oxygen paramagnetic influence on the 19F MRI
(NMR) signal, 3) the use of polymeric shells to provide
a constant and protective environment that is also per-
meable to oxygen, and the like.

By using fluorine-containing compounds that are
solids which undergo a phase transition over physiolog-
ical temperature ranges (e.g., high molecular weight
compounds, or combinations of fluorine-containing
compounds), MRI can also be used to measure local
temperature. Relaxation times are much longer in solids
than in liquids, thus relaxation times will decrease dra-
matically as the transition temperature (i.e., from solid
to liquid) is reached. Dramatic changes are observed in
the NMR spectrum during phase transition of solid to
liquid. The shape of the MRI signal for a given fluorine-
containing compound can be calibrated to a known
temperature. By using a high molecular weight fluo-
rine-containing compound within the polymeric shell
(i.e., 2 fluorine-containing compound having a melting
point of =15° C.), or by using a combination of fluo-
rine-containing compound with non-fluorinated com-
pound within the polymeric shell, the contents of the
interior of the polymeric shell can be selected so as to
provide a desired temperature range for phase transition
to occur (typically in the range of about 22°-55° C.).
The fluorocarbons within the shell will undergo a solid
to liquid phase transition over the desired temperature
range, altering substantially the observed relaxation
rates, thus permitting in vivo temperature determina-
tion. Local temperature information would be espe-
cially useful, for example, in monitoring cancer patients



























