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METHOD FOR THE PREPARATION OF
FLUOROCARBON-CONTAINING
POLYMERIC SHELLS FOR MEDICAL
IMAGING

This application is a divisional of application U.S. Ser.
No. 08/326,116 filed Oct. 19, 1994, which is a continuation
of U.S. Ser. No. 08/035,150 filed Mar. 26, 1993, U.S. Pat.
No. 5,362,478 the entire contents of which are hereby
incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to medical imaging, specifi-
cally to the use of contrast agents for magnetic resonance
imaging (MR1), ultrasonography (US), and X-ray computer
tomography (CT). In a particular aspect, contrast agent(s)
is(are) entrapped in a polymeric shell formulated from a
biocompatible polymer.

BACKGROUND OF THE INVENTION

In 1895, Roentgen (Nature 53:274-276 (1896)) discov-
ered X-rays and their use to visualize bones and organs in a
living body. In a typical experiment/diagnosis, X-rays would
be directed to the patient and the resulting image would be
collected on a film residing behind the patient. The devel-
oped film would show a qualitative picture of where the
X-rays passed through the body. For example, soft tissues
appear darker than dense structures such as bones, which
absorb more of the X-rays. It was not until the 1970’s,
however, with the advent of computer technology coupled
with X-ray technology, that this became a breakthrough in
medical imaging (i.e., X-ray Computer Tomography; CT)
(G. N. Hounsfield British Pat. 1283915; Am. J. Radiol.
131:103 (1978)). By using mathematical methods/models
developed by A. M. Cormack (J. Appl. Physics
34:2722-2727 (1978)) one can reconstruct an image of the
tissues that the X-rays have passed through. This ability to
map tissue density (i.e., X-ray attention) allowed X-ray CT
to become a common and routine medical diagnostic tech-
nique used world-wide today.

Contrast agents for X-rays have been used for a number
of years. One of the first and by far one of the most
extensively used X-ray contrast agents are barium salts.
Barjum salts are typically used for gastrointestinal imaging.
Besides barium salts other radiopaque compounds are
known. Essentially any organic molecule with one or more
iodines or bromines will attenuate X-rays. This inherent
property of the bromines and iodines allows compounds
containing such atoms to be used as CT contrast agent. One
particular class of CT contrast agents are brominated fluo-
rocarbons such as perfluorooctylbromide (PFOB).

Perfluorooctylbromide has been effectively used in a
number of indications as a CT contrast agent including: 1)
determination of acute renal and hepatic microvascular
volumes in acute renal failure (Hillman et al., Invest Radiol.
17:41-45 (1982)); 2) a liver/spleen specific tumor imaging
agent (Mattrey et al., Radiology 145:755-758 (1982); Pat-
ronas et al., Invest Radio. 19:570-573 (1984)); 3) PFOB
blood pool contrast agent with imaging of the kidneys, liver,
spleen, and mediastinum (Mattrey et al., J. Comput. Assist.
Tomogr. 8:739-744 (1984); Peck et al., Invest. Radiol.
19:129-132 (1984)); 4) enhancement of liver abscesses with
PFOB (Mattrey, R. F, Invest. Radio. 19:438-446, (1984);
Mattrey et al., Invest. Radiol. 26:792-798 (1991); Adam et
Invest. Radial. 27:698-705 (1992)); 5) hepatosplenic com-
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puted tomography in humans with PFOB (Bruneton et al.,
Invest. Radiol. 23:306-307 (1988)); 6) determination of
liver metastatic cancer in humans (Bruneton et al., Radiol-
ogy 170:179-183 (1989)); 7) bronchiolography with PFOB
(Stern et al., J. Thorac. Imaging 8:300-304 (1993)); and 8)
GI imaging with PFOB (Mattrey et al., Invest. Radiol.
26:65-71 (1991)).

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

The technique of magnetic resonance imaging (MRI) or
nuclear magnetic 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 tomography (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 constitute a distribution map of
protons in organs and tissues. However, unlike X-ray com-
puter tomography, MRI does not use ionizing radiation. MRI
is, therefore, a safe nomn-invasive technique for medical
imaging.

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

It is well known that nuclei with the appropriate nuclear
spin align in the direction of the applied magnetic 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 in alignment with the magnetic field. The
decay of the relaxation signal can be described 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 reso-
lution. This permits high quality transverse, coronal 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 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 (T, T,, and nuclear
spin density) contribute to the magnetic resonance image.

Due to subtle physio-chemical differences among organs
and tissue, MRI may be capable of differentiating tissue
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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 techniques 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, including transverse, coronal and sagittal.

Currently, MRI is widely used to aid in the diagnosis of
many medical disorders. Examples include joint injuries,
bone marrow disorders, soft tissue tumors, mediastinal inva-
sion, lymphadenopathy, cavernous hemangioma, hemochro-
matosis, cirrhosis, renal cell carcinoma, uterine leiomyoma,
adenomyosis, endometriosis, breast carcinomas, stenosis,
coronary artery disease, aortic dissection, lipomatous hyper-
trophy, atrial septum, constrictive pericarditis, and the like
(see, for example, Edelman & Warach, Medical Progress
328:708-716 (1993); Edelman & Warach, New England J.
of Medicine 328:785-791 (1993)).

Routinely employed magnetic resonance images are pres-
ently based on proton signals arising from the water mol-
ecules within cells. Consequently, it is often difficult to
decipher the images and distinguish individual organs and
cellular structures. There are two potential means to better
differentiate proton signals. The first involves using a con-
trast agent that alters the T, or T, 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 prox-
imity 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 unreadable.

The second route to differentiate the individual organs and
cellular structures is to introduce another nucleus for imag-
ing (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 interference from the sur-
rounding water. Suitable contrast agents must be bio-com-
patible (i.e. non-toxic, chemically 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 nuclei (such as
fluorine) can, therefore, be advantageous. The use of certain
perfluorocarbons in various diagnostic imaging technologies
such as ultrasound, magnetic resonance, radiography and
computer tomography has been described in an article by
Mattery (see SPIE, 626, XIV/PACS IV, 18-23 (1986)). The
use of fluorine is advantageous since fluorine is not naturally
found within the body.

Prior art suggestions of fluorine-containing compounds
useful for magnetic resonance imaging for medical diagnos-
tic purposes are limited to a select group of fluorine-
containing molecules that are water soluble or can form
emulsjons. Accordingly, prior art use of fluorocarbon emul-
sions of aqueous soluble fluorocarbons suffers from numer-
ous drawbacks, for example, 1) the use of unstable emul-
sions, 2) the lack of organ specificity and targeting, 3) the
potential for inducing allergic reactions due to the use of
emulsifiers and surfactants (e.g., egg phophatides and egg
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yolk lecithin), 4) limited delivery capabilities, and 5) water
soluble fluorocarbons are quickly diluted in blood after
intravenous injection.

Another medical imaging application for perfluorocarbon
filled polymeric shells is ultrasonography. This non-inva-
sive, non-iodizing radiation medical imaging technique is
safe and currently used world-wide for a number of indica-
tions. Ultrasonic imaging (i.e., sonography) is based on the
reflection of ultrasonic sound waves from an object. Thus,
the acoustic properties of the material will have dramatic
effects on the reflected (i.e., scattered) radiation or sound
waves. The reflected or scattered ultrasound radiation is
received by a probe that covers the area to be imaged. In a
typical medical diagnosis, an ultrasonic transducer (ultra-
sonic frequency is typically in the MHz region) transmits
ultrasound into a living body for which one wishes to obtain
an image or diagnosis. The ultrasound travels through the
region and scatters on structures (e.g., organs). This scat-
tered ultrasound is then collected and an image is produced.

The magnitude of the reflected sound waves is dramati-
cally dependent on the acoustic properties of the material.
The acoustic properties of a substance depend both on the
density as well as the velocity of the transmitted ultrasound.
Materials typically have their greatest differences of acoustic
properties at interfaces such as liquid-gas or liquid-solid.
This difference in acoustic properties (i.e., the acoustic
impedance) results in more intense reflected ultrasonic
radiation. In a physical sense the reflected sound waves are
influenced by the following: 1) the size of the scattering
center, 2) the differences in density from the scattering
center and the surrounding area, 3) the compressibility of the
scattering center, and 4) the acoustic properties of the
surrounding area. However, the scattered ultrasound that is
received from an image and processed often lacks signal
intensity, sharpness and clarity. Thus, contrast agents that
will help to distinguish organs and tissues are of great need.
By using materials that have different acoustic properties
than the surrounding area it is possible to improve the
resolution of the acquired image. One class of materials that
have been used as ultrasonography contrast agents are
perfluorchalocarbons.

Another medical imaging application for polymeric shells
is electron paramagnetic resonance (EPR) imaging and
spectroscopy. This non-invasive, non-iodizing radiation
medical spectroscopy and imaging technique is safe and
currently in preclinical development.

In order for EPR spectroscopy and imaging to be accom-
plished, the nitroxide free radical needs to be detected by the
EPR instrument. However most nitroxide free radicals are
not stable in vivo because they are bioreduced. This short
half-life in vivo prevents this technique from being used for
imaging. Yet, this technique has better sensitivity than
magnetic resonance imaging and thus would be a medically
useful technique. Accordingly, means to protect nitroxide
free radicals from bioreduction by the in vivo environment
would be of great value.

BRIEF DESCRIPTION OF THE INVENTION

In accordance with the present invention, there are pro-
vided compositions useful for obtaining magnetic resonance
images of organs and tissues of the body. Invention com-
positions comprise imaging agents entrapped in a biocom-
patible polymer shell. Also provided are methods for entrap-
ping imaging agents in a polymeric shell. Still further in
accordance with the present invention, there are provided
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means for obtaining local oxygen and temperature data, and
for obtaining fluorine and/or proton magnetic resonance
images, ultrasonography and X-ray computer tomography of
body organs and tissues.

For example, a suspension of polymeric shells of the
invention can be administered intravenously, making imag-
ing of the vascularized organs (e.g., liver, spleen, and lung)
‘and bone marrow possible. Organ target specificity is
achieved as a result of uptake of the micron-sized polymeric
shells (containing imaging agent) by the reticuloendothelial
system (RES) (also known as the mononuclear phagocyte
(MNP) system). Organs such as the liver and spleen play an
important role in removing 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 polymeric shells of the present
invention (containing imaging agent). Given orally or as a
suppository, imaging of the stomach and gastrointestinal
tract can be carried out. Such suspensions can also be
injected into nonvascular space, such as the cerebro-spinal
cavity, allowing imaging of such space as well.

As a further embodiment of the present invention, para-
magnetic 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 imaging agents, 2) imaging agents in a
form having enhanced stability compared to simple emul-
sions, 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) emulsifier-free system,
thereby avoiding agents that may potentially cause allergic
reactions, and 5) the ability to inject relatively small doses
and still acquire good images because the polymeric shells
of the invention (containing imaging agents) are concen-
trated in the targeted organ.

DETAILED DESCRIPTION OF THE
INVENTION

In accordance with the present invention, there are pro-
vided compositions for obtaining in vivo medical diagnostic
images, said composition comprising an imaging agent(s)
substantially completely contained within a polymeric shell.

As used herein, the term “imaging agent” refers to any
compound or combination of compounds which enhance the
visualization (and, therefore, the differentiation) of organs
and other cellular structures from the surrounding medium.
As used herein, the term imaging agent embraces contrast
agents, such as organofluorine compounds, oils, paramag-
netic compounds, paramagnetic or superparamagnetic par-
ticles, stable free radicals, and the like.

In accordance with one aspect of the present invention, it
has been found that organofiuorine-containing compounds,
which in general are hydrophobic, water immiscible and
consequently difficult to administer, can be entrapped in
polymeric shells for ease of delivery. Organofiuorine-con-
taining compounds entrapped within polymeric shells are
readily usable and biocompatible. The particle size of poly-
meric shells produced in accordance with the present inven-
tion have an average diameter of approximately 2 microns,
which is ideal for medical applications, since intravenous or
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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).

The high concentration of fluorine (and the consequent
lack of protons) in the polymeric shell facilitates the use of
this material as an effective fluorine (*°F) magnetic reso-
nance imaging contrast agent. Alternatively, this lack of
protons also allows this contrast agent to be a suitable proton
contrast agent. Performing a typical proton magnetic reso-
nance scan highlights the region where there is a lack of
protons (generated by the presence of fluorine) and allows
imaging of the desired area. Consequently, it is possible to
image where this polymeric shell contrast agent resides
within the body as a diamagnetic T2 agent. Thus, this unique
polymeric shell containing any number of different fluoro-
carbons can be used as both a !°F and a 'H magnetic
resonance contrast agent.

Naturally occurring fluorine atoms (*°F) give a clear
nuclear magnetic resonance signal and thus can function as
contrast agents or “probes” in MRI. The specific advantages
for the use of '°F 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
5F magnetic resonance imaging to be carried out with only
minor modifications of existing MRI devices, and 4) low
toxicity of the organofluorine-containing compounds.

In general, fluorocarbons are non-toxic and biocompat-
ible. Fluorocarbons are stable and unreactive, and conse-
quently 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 fluorocarbons, 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 incorpo-
rated into polymeric shells employing the invention proce-
dure as described herein:

(@) C,F,, A, wherein:

x=1-30, preferably 5-15,

y=2; or 0 or -2, when x22; or -4 when x24,

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, alkenyl, fluoro-
alkenyl, alkynyl, fluoroalkynyl, aryl, fluoroaryl,
alkanoyl, fluoroalkanoyl, alkenoyl, fluoroalkenoyl,
alkynoyl, fluoroalkynoyl,

(®) [CiForiy—AJIR, ., Wherein:

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

y'=+1; or —1 or -3, when x=2; or -5 when x24,

J=0, S, N, P, Al, or §i,

a=l, 2, 3, or 4, and

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

(c) A—{(CF,),~0] —~A", wherein:

x is as defined above,

A' is selected from H, halogens, -CN, -OR, wherein R
is H, alkyl, fluoroalkyl, alkenyl, fluoroalkenyl, alky-
nyl, fluoroalkynyl, aryl, fluoroaryl, alkanoyl, fluoro-
alkanoyl, alkenoyl, fluoroalkenoyl, alkynoyl, fluoro-
alkynoyl,






















































