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With the intent of increasing the signal-to-noise ratio
(SNR) of fluorine magnetic resonance imaging and en-
abling new applications, we have developed a novel
class of agents based on protein encapsulation of flu-
orocarbons. Microspheres formed by high-intensity ul-
trasound have a gaussian size distribution with an
average diameter of 2.5 pm. As with conventional
emulsions, these microspheres target the reticuloen-
dothelial system. However, our sonochemically pro-
duced microspheres, because of a high encapsulation
efficiency, show increases in the SNR of up to 300%
compared to commercially available emulsions. We
also demonstrate an increase in the circulation life-
time of the microspheres within the bloodstream by
more than 30-fold with a chemical modification of the
outer surface of the microsphere. Finally, by encap-
sulating mixtures of fluorocarbons that undergo solid/
liquid phase transitions, we can map temperature in
the reticuloendothelial system, with signal changes of
approximately 20-fold over a 5°C range.

Index terms: Magnetic resonance imaging = Perfluorvcarbons « Sonochem-
istry » Temperature mapping + Microspheres
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THE INCREASING USE OF FLUORINE in magnetic
resonance imaging is based on its high sensitivity, its
lack of background signal in vivo, its low toxicity, and the
ability to measure local oxygen pressure in tissues via
changes in the fluorine spin-lattice relaxation time (T1).
Fluorine MR has been used in a number of diverse areas
of biomedical interest: the biodistribution of fluorinated
anesthetics (1-3) and drugs (4-6); measurements of cer-
ebral blood volume {7) and myocardial vascular volume
(8); the distribution of fluorocarbons in the lung (9);
applications in ophthalmology (10,11) and imaging the
reticuloendothelial system (RES) (12-14); and measuring
the spatially dependent cerebral and hepatic oxygen
pressure (15-21) as well as the oxygen tension in tumors
(21-27). A brief review of this literature is given below.
Chew et al (1) have shown that halothane, a gaseous
anesthetic, was mainly localized in the lipophilic regions
of the rabbit head, but they did not see fluorine signal
arising from brain tissue, Wyrwicz and Conboy (2) used
rotating frame experiments to investigate the nonuniform
distribution of halothane within the brain, finding the
highest concentration in the base of the brain. They also
observed fluorine signal intensity in the brain up to 6.5
hours postanesthesia. Hashimoto et al (3) studied the
biodistribution of enflurane, another anesthetic, in rats
and obtained signal from the dorsal neck as well as man-
dibular adipose tissues. No definitive signal was observed
from the brain, whereas a large signal intensity was re-
corded from the liver, intra-abdominal adipose tissue,
and trunk adipose tissue. Arndt et al (4) investigated the
bulk distribution of a trifluorinated neuroleptic (fluphen-
azine), spectroscopically detecting signal in vivo in the
whole head, and ex vivo in the brain after excision. Na-
kada et al (5] showed that 2-fluoro-2-deoxy-D-glucose
was taken up in the brain, spinal cord, and heart,
whereas 3-fluoro-3-deoxy-D-glucose gave the highest sig-
nal intensity in the brain and ocular lens. The variation
observed was attributed to different aldose reductase ac-
tivity in the respective tissues. Maxwell et al (6) demon-
strated that a fluorinated representative of a class of
quinazoline antifolates (inhibitors of thymidylate syn-
thase used in antibacterial and anticancer treatments)
accumulated in the gallbladder, urinary bladder, and
small intestine. Lu et al (7) used fluorine imaging to
measure the local cerebral blood volume (LCBV) in cats
as a function of the arterial pressure of CO,. The authors
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reported that the surface of the cortex has a high LCBV
because of the large number of blood vessels found there.
Thomas et al (9) showed that breathing of liquid perfluo-
rocarbons could be used to image the lungs in mice, sug-
gesting a viable method of gaining diagnostic information
concerning pulmonary ventilation performance. Berkow-
itz et al (10,11) have applied fluorine imaging and spec-
troscopy to ophthalmology. Using surface coil localization
and an inversion-recovery sequence with adiabatic
pulses, they determined the intraocular pO, in vivo using
perfluorotributylamine (PTBA).

Fluorine imaging of the RES is a natural application of
fluorine MR because fluorocarbon emulsions are re-
moved from the blood circulation by the liver and spleen.
Ratner et al (12) and Freeman et al (13) used emulsified
perfluorooctyl bromide (PFOB) and a driven equilibrium
spin-echo imaging sequence to study the kinetics of the
uptake of the perfluorinated emulsion in the liver and
spleen: they also observed small signals from the lungs
and salivary glands. The retention time of perfluorocar-
bons within the body was studied by Meyer et al (14), who
established that the exponential half-lives for perfluoro-
tripropylamine (PTPA) in the liver and spleen ranged from
100 to 190 days and the linear half-lives ranged from 175
to 300 days. The elimination pathway was determined to
be primarily through exhalation via the lungs.

The measurement of the partial pressure of oxygen
(pO.) is made possible by the high solubility of oxygen in
fluorocarbons as well as the reduction in the fluorine T1
value. The change in the relaxation parameter is caused
by dipolar interactions between the paramagnetic oxygen
molecule and the fluorine nuclei. This topic has been re-
viewed by Clark et al (15). Mason et al (16) measured the
linear variation in T1 with oxygen for the perfluorocarbon
emulsion oxypherol-ET (which contains PTBA). They
used surface coil spectroscopy to determine that the pO,
in a meth-A murine tumor in a mouse did not change
significantly as the oxygen concentration of the breathing
gas was increased to 95%. However, a large change in the
pO, was observed in the liver. A similar calibration for
fluosol-DA (PTBA)} was carried out by Reid et al (17). Us-

676 « JMRI « July/August 1996

Concentration {count/ml)

4.50E+07

4.00E+D7 |

3.50E+D7 |

3.00E407

2,5pE+07 |

2.00E+07

1.60E+07

1.00E+07

5.00E+D6

0.00E+00 -
o 2 4 6 8 10 12 14 16 18

Channel Diameter {m}

b.

Figure 1. (a) Transmission electron micrograph of a single perfluorononane-filled microsphere. The TEM preparation involves cross-
linking with glutaraldehyde, staining with osmium tetroxide and potassium ferrohexacyanate, and embedding in a nonpolar medium.
The sample is then ultramicrotomed to a thickness of 70 and imaged on a JEOL-100 TEM instrument. Staining techniques darken
regions of high prolein concentration. (b) Size distribution of sonochemically produced perfluorononane-filled microspheres. Particle
size distribution was determined with an Elzone particle counter (model 180XY) and confirmed by light microscopy. Analysis showed
that the purified n-C9F20 microspheres are present in concentrations of approximately 1.6 X 10° microspheres/ml with a Gaussian-
like size distribution (mean diameter 2.5 microns, standard deviation 1.0 microns).

ing the same fluorocarbon, Holland et al (18) used a
novel chemical-shift-selective partial-saturation spin-
echo imaging sequence for increased speed in determin-
ing the fluorine T1 and, hence, tissue oxygenation.
Eidelberg et al (19) used PTBA to determine the cerebral
intravascular pO, in cat brain. They found a fairly uni-
form distribution in the vascular structures but sug-
gested a bimodal distribution in the cerebral cortex
corresponding to arterial and venous capillary values.
Fishman et al (20), using PTPA, showed that spleen and
lung exhibit large increases in pO, in a rat when pure
0, is breathed, whereas liver exhibits a much smaller
rise. This observation was attributed to the low pO, in
portal venous blood. Mason et al (21) have gone one step
further in using oxypherol to measure both pO and tem-
perature, establishing that the T1 of the CF3 and pB-CF,
in the fluorine spectrum depend on temperature and
pO, to differing degrees.

Mapping oxygen tension in tumors is important in the
area of radiotherapy. Oxygen-free radicals, formed by the
interaction of ionizing radiation and molecular oxygen,
are the toxic agents that destroy tumor cells. Solid tu-
mors, which have a low concentration of oxygen, are par-
ticularly resistant to radiotherapy. Longmaid et al (22)
showed that there was significant uptake of PTBA in the
Walker sarcinoma in rats. Hees and Sotak (23) studied
radiation-induced fibrosarcoma (RIF-1) tumors in C3H
mice using trans-1,2-bis(perfluorobutyl}-ethylene. Oxy-
gen levels in the tumor were found to be significantly en-
hanced after treatment with nicotinamide, a radiosensi-
tizer, as compared to saline-treated controls. Fishman et
al (24) used rats injected subcutaneously with mammary
adenocarcinoma cells. After infusion with PTPA, the tu-
mor oxygen level was unaffected by changing the inspired
atmosphere from air to pure O,. These results suggest
that blood flow to this particular tumor is very low. Ma-
son et al (25) studied the biodistribution of oxypherol and
a mixture of perfluorodecalin and fluosol-DA. They found
that less than 3% of the perfluorocarbons accumulated
in the meth-A tumors in Balb/C mice but concentrated
instead within the spleen and liver.
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Figure 2. Comparison of fluorine (a) and proton (b) images through the abdominal region of the rat, acquired with a double-tuned
Alderman-Grant RF coil without any repositioning. The arrows indicate the liver and bone marrow in which the microspheres accu-

mulated. The image is viewed from the tail of the rat.

Most perfluorocarbon emulsions used in the studies
described above have the disadvantage of multiple chem-
ical shifts and short values of the spin-spin relaxation
time (T2). Sotak et al (26) proposed the use of perfluoro-
2,2,2",2-tetramethyl-4,4’-bis(1,3-dioxalane) (PTBD) as a
partial solution to these limitations. Two-thirds of the flu-
orine molecules resonate at a single frequency, these CF3
groups have relatively long T2 values, and homonuclear
fluorine-fluorine scalar coupling is essentially absent.
Dardzinski and Sotak (27) have also used perfluoro-15-
crown-5-ether, which contains a single peak from the 20
chemically equivalent fluorine atoms. The T2 value is
long, and there is no scalar coupling. The authors used
inversion-recovery echo-planar imaging (EPI} to measure
tissue oxygenation in mice with RIF-1 tumors using this
compound.

A number of imaging techniques have been developed
to increase the low sensitivity of fluorine imaging. Barker
et al (28) have used EPI and Bornet et al (29) have used
fast imaging using the ultra-fast-low-angle-RARE (U-
FLARE) technique and Freeman et al (13) and Ratner et
al (12) employed a driven equilibrium spin-echo se-
quence. In each of these studics, the total data acquisi-
tion time was reduced substantially compared with a
standard spin-echo imaging sequence, but no quantita-
tive comparison between the techniques has been estab-
lished. It should be noted that the multiple chemical
shifts present in most perfluorocarbon spectra present
two problems for imaging. The first is a misselection
when a slice-selection gradient is applied in the imaging
sequence. Ozdemirel and Nalcioglu (30) and Lee et al (31)
have combined multislice imaging, where the misselec-
tion artifact was matched to the desired slice gap with
the Dixon technique to overcome this effect. The second
is the chemical shift artifact that is manifest during the
readout gradient in the imaging sequence. Busse et al
(32) have used two postprocessing techniques (noise-
masked deconvolution and maximum entropy deconvo-
lution} to remove the chemical shift artifacts from images
using cis/transperfluorodecalin and PTBA. They reported
that the processed images had a similar or enhanced sig-
nal-to-noise ratio (SNR) to the unprocessed images.

Almost all of the in vivo studies have used fluorocarbon
or perflucrocarbon emulsions, which are simply disper-
sionis of micron-sized fluorocarbon droplets stabilized in
an aqueous environment. Although emulsions have been
proven to be effective and safe, there is little or no possi-
bility to alter their biodistribution characteristics through
chemical modification. A second general problem exists,
in that many commercial emulsions only contain 10% to
40% weight per volume (w/v) of the active fluorocarbon.
The low effective dose means that multiple injections are
often necessary or that the SNR for fluorine imaging is
insufficient to measure pO, or temperature.

In this study, we consider an alternative approach: the
use of sonochemically produced protein microspheres (33)
filled with a fluorocarbon liquid. Similar air-filled micros-
pheres are currently in clinical trials as contrast agents in
ultrasound imaging (34-37). This paper presents initial re-
sults of in vitro and in vivo studies of microspheres using
bovine serum albumin (BSA) as the protein shell and con-
taining a fluorocarbon. A single compound, perfluoron-
onane (n-C,F,), is used in fluorine imaging, whereas a
mixture of fluorocarbons and hydrocarbons is used for
temperature mapping. As conventional fluorocarbon
emulsions, the microspheres target the RES and give rise
to high SNR fluorine images. Clearance studies show that
the half-life of the agent is comparable to emulsions. How-
ever, the new formulation offers several advantages. First,
because the encapsulation process is extremely efficient,
the volume of the fluorocarbon that can be delivered per
unit injection volume is up to six times greater than for
typical emulsion preparations, increasing signal intensity
and/or decreasing data acquisition time. Second, the sur-
face reactive groups of the microspheres’ shell can be mod-
ified chemically to control the lifetime of the spheres within
the bloodstream. Third, the encapsulation process allows
a mixture of compounds of exact formulation to be deliv-
ered to the RES, This final property has enabled us to
carry out temperature mapping via changes in the mag-
netic resonance signal caused by solid/liquid phase tran-
sitions.

It should be noted that standard polymeric micro-
spheres and chemically cross-linked protein micro-
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Figure 3. (a) Transverse fluorine projection images at various time points after injection of the microcapsules. The liver is seen clearly
with a small signal from the bone marrow. The images are scaled to the same noise level. Spin-echo imaging sequence parameters are
in the main text. (b) Corresponding coronal fluorine projection images, showing accumulation of the microspheres within the spleen,
posterior to the liver, as well as the liver itself. Imaging parameters are as for the transverse images.

spheres (using, for example, glutaraldehyde) have a po-
tential disadvantage when compared to sonochemically
produced microspheres, namely the induction of an im-
mune response. Studies using albunex (a sonochemically
produced, air-filled albumin microsphere) have shown
that no immune response is produced in humans (38).
Perfluorocarbons themselves have a long history of being
used as blood substitutes because of their inertness and
high oxygen-carrying capability.

¢ MATERIALS AND METHODS

Generation of Microcapsules

Ultrasound irradiation at the interface of an aqueous
protein solution and a nonpolar liquid has been shown
to produce proteinaceous microspheres at high concen-
trations with narrow size distributions (33,34). The for-
mation of these spheres involves both emulsification and
a chemical cross-linking of protein molecules. The pro-
tein forms a thin shell surrounding the encapsulated
nonpolar liquid. The cross-linking reaction principally in-
volves disulfide bond formation by sonochemically pro-
duced superoxide-free radicals. These radicals arise from
the sonolysis of water during acoustic cavitation (39). The
n-C,F,, microspheres are very stable, showing minimal
degradation (<10%) after storage in .1-M Hepes buffer,
pH 7.4, over 6 months at 4°C. Microencapulation of n-
C,F,, was carried out using high-intensity ultrasound ir-
radiation of a 1:2 (v/v) mixture of n-C,F,, with 5% (w/v)
aqueous BSA solution. The BSA solution was layered
over the n-C,F,, at an initial temperature of 23°C and pH
7.0. With a titanium acoustic horn (diameter 1.3 cm) po-
sitioned at the organic-aqueous interface, the mixture
was irradiated (Heat Systems X1.2020, Farmingdale, NY)
for 3 minutes at an acoustic power of approximately 150
W/cm?, The microspheres remained as a suspension in
the native protein solution. To separate the microspheres
from the nonreacted protein, a centrifuge filter with a mo-
lecular weight cutoff of 100 kD was used (native BSA has
a molecular weight of 66.5 kD). Centrifugation was per-
formed at 5,000 G for 5 minutes, and the microspheres
were then resuspended in buffer. This process was re-
peated five times. Particle size distribution was deter-
mined with an Elzone particle counter (model 180XY,

Elmhurst, IL) and confirmed by light microscopy. Analy-
sis showed that the purified n-CF,, microspheres are
present in concentrations of approximately 1.6 X 10° mi-
crospheres/ml with a gaussian-like size distribution
(mean diameter 2.5 pm, standard deviation 1.0 pm).
Transmission electron micrographs (TEM) of a single mi-
crocapsule were obtained (Fig. 1a). The TEM preparation
involves cross-linking with glutaraldehyde, staining with
osmium tetroxide and potassium ferrohexacyanate, and
embedding in a nonpolar medium. The sample is then ul-
tramicrotomed to a thickness of 70nm and imaged on a
JEOL-100 TEM instrument. Staining techniques darken
regions of high protein concentration. Figure 1b shows the
size distribution achieved: diameters below 1 um cannot
be measured using the present experimental apparatus.
Immediately before injection into rats, a final filtration step
is performed using a .45-um centrifuge filter (Millipore, St.
Louis, MO). Any denatured protein, native protein, and
unencapsulated fluorocarbon pass through the filter and
are separated from the microspheres.

Magnetic Resonance Imaging

All magnetic resonance imaging experiments were car-
ried out at a magnetic field strength of 4.7 T, using a 22-
cm clear-bore horizontal superconducting magnet. Pulse
programming and data acquisition were performed using
a SISCO VIS imager/spectrometer (Spectroscopy Imaging
Systems Corporation, Palo Alto, CA). For phantom stud-
ies, a two-turn solenoidal coil was used for transmission
and reception. For imaging of the RES of rats, an Alder-
man-Grant coil (4 cm in diameter} was constructed (40),
which could be tuned to 200 MHz for protons and 188
MHz for fluorine. Anesthesia of the animals was induced
by metofane, followed by intramuscular injection of .1
ml/100 g body weight of ketamine/acepromazine (10:1
v/ ).

Two-dimensional fluorine projection images, ie, no slice
selection, were obtained using a spin-echo imaging se-
quence, a field of view of 6 X 6 cm, an echo time of 20
ms, with a recycle delay of 2 s. Four signal averages were
acquired using a data matrix size of 128 X 64, zero-filled
to 128 X 128, and the total imaging time was 8.5 minutes
per image. Proton images were acquired using identical
data acquisition parameters on a 2-mm-thick slice. For
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Figure 4. Fluorine SNR as a function of time postinjection, av-
eraged over the whole liver, of the images presented in Figure 3.
Each data point represents the mean of three animals, with error
bars indicating one standard deviation above and below the
mean. The elimination half-life was calculated to be 35 +/— 4
days.

three-dimensional fluorine imaging, 16 phase-encoding
steps were taken in the second encoding direction using
a field of view of 2.4 cm. One signal average was acquired
with a relaxation delay of 1 second, for a total data ac-
quisition time of 16 minutes.

Chemical Modification aof the Protein Shell

The outer surface protein shell of the microsphere con-
tains a number of chemically active moieties. The pri-
mary amine groups from the sidechains of the amino acid
lysine offer the opportunity of attaching polyethylene gly-
col (PEG) to the outer surface of the microspheres. The
polymer inhibits phagocytosis of particulate matter by
the RES and increases the blood circulation time of the
microspheres.

After microencapsulation of the n-C,F,,, PEG was at-
tached using the procedure of Abuchowski et al (41).
With a threefold excess of monomethoxy PEG 2000 pol-
vmer (Aldrich, Milwaukee, WI; 8.0 g, 3.75 mmol), the ter-
minal hydroxyl group of the glycol is coupled via an
intermediate formed with cyanuric chloride to the pri-
mary amine groups of the protein. The microspheres were
suspended in an aqueous solution of sodium tetraborate
(Aldrich; 50 ml, .1 M). After cooling to 4°C, the activated
PEG-2000 was added and the solution was stirred for 10
to 12 hours. Unreacted PEG was removed through dial-
ysis with a 300-kD molecular weight cutoff membrane
(Spectrum, Los Angeles, CA). HEPES buffer was used as
the dialyzing solution (Sigmo, St. Louis, MO; .1M, pH
7.4). Dialysis continued for 3 days with a change in the
dialyzing solution every 12 hours. The covalent attach-
ment of PEG was confirmed by absorbance measure-
ments at 340 nm from 2,4,6-trinitrobenzenesulphonic
acid (TNBS) (42). This compound reacts with primary
amine groups. Any group on the protein surface that has
not been conjugated by PEG will therefore react with the
TNBS. This method of increasing the lifetime of particles
within the bloodstream has been used in previous stud-
ies using liposomes and other particulate agents (43).

Figure 5. Three-dimensional fluorine imaging using 16 phase-
encoding steps in the third dimension. The 128 % 64 X 16 data
matrix was zero-filled to 128 X 128 X 16: tolal data acquisition
time was approximately 16 minutes.

e RESULTS

Determination of Capture Rate, Biodistribution, and
In Vivo Half'Life

The first experiment measured the capture rate of the
microspheres. Equal volumes (1 ml) of neat n-C/F,, and
encapsulated microspheres were separately placed in a
two-turn solenoidal coil within the magnet. SNR measure-
ments were made using a single 90° excitation pulse and
the statistics of 10 experiments were computed. The av-
erage signal intensity from the microspheres was calcu-
lated to be 70% of the neat liquid, equivalent o a w/v
value of approximately 140% and v/ v of 70%. Previous flu-
orine imaging of commercial preparations of emulsions in-
clude oxypherol-containing perfluorotributylamine (FC-
43) at 25% w/v (23), fluosol-DA, a mixture containing
14.5% w/v perfluorodecalin and 6% perfluorotripropylam-
ine (FTPA) (15). perfluorooctylbromide (PFOB) at 100% w/
v, perfluoro-15-crown-5-ether at 40% v/uv (14), and FTPA
emulsified in egg yolk lecithin and Tyrode’s buffer at 40%
w/v (17). It should be noted thal many of these prepa-
rations are used in blood substitiute studies and are not
optimized for fluorine imaging. Because this microencap-
sulation process can be applied potentially to any non-
polar liquid, it should provide a significant increase in the
sensitivity of fluorine imaging of any number of different
fluorocarbons.

To study the biodistribution and clearance time of n-
CyFao-filled microspheres, magnetic resonance imaging
studies were performed on 21 rats (Fischer 344, female,
150-200 g). These animals were injected via the tail vein
with 10 ml of the microsphere suspension per kilogram
of body weight, corresponding to a dose of 1.3 g n-C.F,,/
kg. The biodistribution of the microspheres can be seen
by comparing fluorine and proton images of the same an-
imal as shown in Figure 2. High intensity is seen in the
liver, as expected, with no signal from the muscle, al-
though there is evidence of minor uptake in the bone
marrow, as expected. Within the liver, the signal intensity
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Figure 6. Reaction of BSA native solution, BSA n-C9F20 microspheres without a PEG coating and BSA n-C9F20 microspheres with
PEG covalently attached, in the presence of 2,4,6-trinitrobenzenesulphonic acid. This reacts with any primary amine groups that have
not been conjugated by PEG, producing an absorption maximum at 340 nm. The n-C9F20 PEG-coated microspheres showed greater
than 85% reduction in the free primary amine groups at the protein surface.

is not uniform because the projection image contains sig-
nal from all of the various lobes of the liver and also sig-
nal from the spleen, which typically lies on one side of
the animal. Although the fluorine spectrum of n-C,F,,
shows three distinct groups of peaks, widely separated in
the chemical shift domain, selective radiofrequency ex-
citation was used to ensure that the only fluorine nuclei
contributing to the final image are those of the CF3
groups. Any chemical shift artifacts in the image are
therefore eliminated.

To determine the retention time of the perfluorocarbon
within the RES, 21 animals were assigned to seven sep-
arate groups of three animals each. The animals were im-
aged and then killed at 4 hours, 1 day, and 3, 5, 7, 9,
and 21 weeks after injection of the microspheres. Figure
3a shows representative transverse images obtained for
one of the rats in each group. The decrease in signal in-
tensity as a function of time postinjection is clear. Once
again, the signal intensity is not uniform. Because each
image corresponds to a different animal, it seems reason-
able that the differences are caused by the particular ori-
entation of the lobes of the liver and the spleen. Figure
3b shows corresponding coronal images in which the
spleen can be identified below the liver. The SNR was
computed for each transverse image using an average
signal intensity over the whole liver. The mean of the ra-
tios was computed for the three rats in each group, and
the results are shown in Figure 4, with error bars repre-
senting one standard deviation above and below the
mean. The values indicate an approximate half-life of n-
CyF,, 0f 35 + /— 4 days, which is comparable to a number
of the fluorocarbon emulsions. It should be emphasized
that this is not a measurement of the half-life of the mi-
crospheres themselves. Low pH has been shown to de-
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stroy the microspheres in vitro; thus, the acidic
environment within the digestive organelles of the mac-
rophages probably ruptures and digests the protein shell.
The n-C,F,, is then most likely excreted through the
lungs via expiration, as has been documented for many
other fluorocarbon emulsions (24-26). No long-term
physiologic effects were seen during the period of the ex-
periment and weight gain was normal. Three-dimen-
sional imaging of the RES was also performed using the
same RF coil. Imaging parameters are reported under

(b)
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Figure 7. Transverse in vivo fluorine projection image of rats 2
days after injection of (@) PEGylated and (b) nonPEGylated mi-
crospheres. The signal intensities are the same in both cases,
showing that PEGylation does not effect the efficacy of RES flu-
orine imaging while offering the advantage of controlling the life-
time of the microspheres in the bloodstream,
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Figure 8. DSC of phase-transition agent, consisting of 2-tri-
fluoromethyl benzamide and methyl laurate in a molar ratio of
5.2:1. The results show a reasonably sharp transition over the
temperature range of 42 to 44°C.

Materials and Methods. These images are shown in Fig-
ure 5, in which the full nonuniformity of the signal rom
the various liver lobes, previously alluded to, can be seen.

Effect of Chemical Modification

Figure 6 shows the absorbance of nonPEGylated and
PEGylated microspheres: the absorbance spectra indi-
cate that more than 85% of the amine groups on the sur-
face of the BSA shell have reacted with PEG. The extent
of chemical moedification can be easily controlled stoichi-
ometrically. The blood circulation time of the PEGylated
microspheres was measured in vivo by obtaining blood
samples at regular intervals via cannulation of the exter-
nal jugular vein and measuring the n-C,F,, content from
the fluorine NMR signal intensity. Anesthesia was in-
duced using ketamine/acepromazine as described ear-
lier. Three animals were injected with nonPEGylated and
three were injected with PEGylated microspheres (iden-
tical doses 1.3 g n-C,F,,/kg). After injection, 100 pl of
blood was removed at appropriate time points and stored
in heparinized saline. The circulation half-lives of mi-
crospheres with and without PEG attachment were 70
minutes and 2.5 minutes, respectively. The unmodified
microspheres are removed almost immediately from the
blood by the RES, while the modified microspheres re-
mained in the circulation almost 30 times longer. Imag-
ing studies were also performed to investigate whether
the chemical modification altered the biodistribution of
the microspheres and whether the NMR signal intensity
of the encapsulated perfluorocarbon was altered. Trans-
verse projection images of four rats (Sprague-Dawley, fe-
male, 250 g) injected with equal doses (1.3 g n-C,F,,/kg)
of PEGylated and nonPEGylated microspheres were
taken 2 days after injection of the agent using data-ac-
quisition parameters described previously. Representa-
tive images are shown in Figure 7, showing accumulation
of both forms of microspheres within the RES. The fluo-
rine NMR signal intensity from each was the same within
experimental error.

Encapsulation of Fluorocarbon Mixtures for
Temperature Mapping

A number of proton MRI techniques have been devel-
oped to map temperature; the relevant parameters are
the chemical shift of the water peak (44,44a), the proton
T1 relaxation time (45-48), the total water magnetization

Signal intensity

44 <

temperature (°C)

37 4;uency

Figure 9. SNR as a function of temperature for 2-trifluoromethyl
benzamide and methyl laurate in a molar ratio of 5.2:1. There is
a 20-fold change in signal intensity over a 5°C temperature range.

(49), and the diffusion coefficient of the water protons in
tissue (50-52). Liposome-encapsulated cobalt complexes
also have been shown to be effective in vivo (53,53a). The
main advantages of the MRI technique are its noninvasive
character, the high spatial and temporal resolution at-
tainable, and that whole-body temperature analysis is
feasible, unlike microwave and infrared techniques,
which are limited to surface characterizations caused by
the limited tissue penetration of these electromagnetic
techniques. Using such MRI methods, the field of map-
ping temperature in vivo has shown a recent rapid ex-
pansion. The proton-based methods of mapping temper-
ature are particularly suited to studies of muscle and
other relatively stationary organs. The RES, in particular,
presents problems because of motion artifacts and local
changes in magnetic susceptibility due to respiration. An
alternative approach to temperature measurement is to
use the magnetic resonance properties of compounds un-
dergoing a phase transition. One such method investi-
gated the in vitro change in proton relaxation times of
liquid crystals arising from smectic to nematic phase
changes (54). This study concluded that the technique
was impractical for in vivo studies because of the small
changes in proton signal intensity being masked by the
large background signal.

Our new approach uses the magnetic resonance prop-
erties of solid/liquid phase transitions. Signal intensity
is present when a compound is in the liquid phase and
absent when it becomes solid. The key problem thus far
has been the lack of a single fluorocarbon compound,
which combines high NMR signal intensity with a phase-
transition temperature in a range relevant to, for exam-
ple, hyperthermia studies. We have developed a mixture
of compounds that has these desirable properties. The
sonochemical encapsulation of a fluorocarbon-hydrocar-
bon mixture, designed to melt at a specific temperature
range, can be prepared and targeted to the RES. Two
such formulations have been investigated for use in the
temperature range of 35 to 45°C. First, 2-trifluoromethyl
benzamide (PCR, Gainesville FL; melting point 161-
162°C) and methyl laurate {Sigma Chemicals; melting
point 4.3°C) were combined in a molar ratio of 5.2:1. 2-
Trifluoromethyl benzamide has three equivalent fluorines
that give rise to a single NMR peak and is commercially
available. Methyl laurate serves to colligatively depress
the melting point of the fluorocarbon. Differential scan-
ning calorimetry (DSC) studies were carried out to deter-
mine the melting point range of the formulation when
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Figure 10. Change in SNR as a function of temperature for the
a mixture of poly(chlorotrifluoroethylene) (2 g) and n-C9F20 (.15
ml) in excised rat liver. The liver was heated with a surface con-
tact microwave diathermy applicator. A reversible signal increase
on heating and decrease on cooling is seen.

encapsulated. The results are shown in Figure 8, dis-
playing a transition at 42 to 44°C as desired. In vitro im-
aging experiments have been carried out to test the
dependence of the MRI signal intensity on temperature;
1 ml of the encapsulated mixture was heated to 44°C and
allowed to cool in the magnet. Fluorine spectra were ac-
quired every 10 seconds, using a single signal average,
and correlated with temperature measurements from a
fiber optic probe (Luxtron, Mountain View, CA, model
755) inserted into the sample. Figure 9 shows the de-
crease in signal intensity in transition from the liquid to
the solid phase, corresponding to a 20-fold decrease in
signal intensity over a 5° temperature range.

A second mixture used consisted of poly(chlorotri-
fluoroethylene) (2 g, mp 58-60°C, Halocarbon) and n-
CoFy (115 mi, bp 125-126°C), which were combined to
give a mixture that melted in the range 45 to 50°C. Once
encapsulated in the microspheres, this {luorocarbon mix-
ture was injected into the rat via the tail vein at a dose of
1 ml/100 g. After 30 minutes, the rat was sacrificed and
the liver was excised. The liver was then heated with a
15-mm-diameter ceramic-filled surface contact micro-
wave diathermy applicator (2.45 GHz, power rating 15W,
Elmed Corporation, Addison, IL). The change in the flu-
orine NMR signal intensity was monitored upon heating
and subsequent cooling. As the core of the microsphere
melts, the fluorine linewidth narrows and a substantial
increase in SNR was observed. Figure 10 shows the flu-
orine signal intensity plotted as a function of tempera-
ture, showing a reversible phase-transition upon heating
and subsequent cooling. Data acquisition parameters
and RF coils were as described for the previous heating
experiment.

¢ CONCLUSION

The data presented in this paper show that protein mi-
croencapsulation of perfluorocarbons results in a new
imaging agent that targets the RES and provides high-
quality fluorine images in a reasonable data acquisition
time. Compared with commercially available emulsions,
the attainable SNR is up to three times larger, based on
a high encapsulation efficiency, and this method can be
used for any fluorocarbon. The sonochemically produced
microspheres have BSA as the shell structure, which can
easily be chemically modified: attachiment to polyethylene
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glycol was shown to significantly increase the blood life-
time by more than a factor of 30.

Because the microcapsules can be formed using any
nonpolar liquid, these particles offer a new method for
entrapping and delivering MR imaging agents that con-
sist of single compounds or mixtures of more than one
chemical species. Using a suitable combination of differ-
ent fluorocarbons, such that the solid/liquid phase tran-
sition temperature of the mixture lies within physiologic
limits, local temperature changes can be monitored non-
invasively.
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