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Abstract

Background—Magnetic resonance (MR) techniques using hyperpolarized 13C have successfully
produced examples of angiography and intermediary metabolic imaging, but to date no receptor
imaging has been attempted. The goal of this study is to synthesize and evaluate a novel
hyperpolarizable molecule, tetrafluoropropyl 1-13C-propionate-d3 (TFPP), for detecting
atheromatous plaque in vivo. TFPP binds to lipid bilayers and its use in hyperpolarized MR could
prove to be a major step towards receptor imaging.

Results—The precursor, Tetrafluoropropyl 1-13C-acrylate (TFPA) binds to
dimyristoylphosphatidylcholine (DMPC) lipid bilayers with a 1.6 ppm chemical shift in the 19F
MR spectrum. This molecule was designed to be hyperpolarized through addition of parahydrogen
to 13C acrylate moiety by Parahydrogen Induced Polarization (PHIP). 13C TFPA was
hyperpolarized to Tetrafluoropropyl 1-13C-propionate (TFPP) to a similar extent to that of
hydroxyethylacrylate (HEA) to hydroxyethylpropionate (HEP); 17% +/— 4 % for TFPP vs 20%
for HEP; T relaxation times (45s + 2 vs 55s + 2) were comparable and the hyperpolarized
properties of TFPP were characterized. HEA, like TFPA has a chemical structure with an acrylate
moiety but do not have the lipid binding Tetrafluoropropyl functional group. Hyperpolarized 13C
TFPP binds to lipid bilayer appearing as a second, chemically shifted 13C hyperpolarized MR
resonance with further reduction in longitudinal relaxation time (T4 = 21s + 1). In aortas harvested
from Low Density Lipoprotein Receptor (LDLR) knock-out mice fed with a high fat diet for nine
months, and in which atheroma is deposited in aorta and heart, 13C TFPP showed greater binding
to lipid on the intimal surface than in normal diet control mice. When 13C TFPP was
hyperpolarized and administered in vivo to atheromatous mice in a pilot study, increased binding
was observed on the endocardial surface of the intact heart compared to normal fed controls.

Conclusions—Hyperpolarized 13C TFPP has bio-sensing specificity for lipid, coupled with
42,000 fold sensitivity gain in MR signal at 4.7 Tesla. Binding of TFPP with lipids results in the
formation of a characteristic second peak in MR spectroscopy. TFPP therefore has the potential to
act as an in vivo molecular probe for atheromatous plaque imaging and may serve as a model of
receptor targeted bioimaging with enhanced MR sensitivity.
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Institutes, 10 Pico Street Pasadena, CA 91105 pratip@hmri.org Phone: +1-626-397-5840 Fax: +1-626-397-5846.
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Background

Magnetic Resonance Imaging (MRI) can non-invasively measure cardiac energetics and has
had an important impact on the diagnosis and understanding of cardiac function and
disorders (1). The early promise of MR Spectroscopy (MRS), as a means of defining normal
and disordered cardiac metabolism has not been fully realized. Current practical problems
due to low sensitivity and high costs of traditional MR imaging hinder large scale
applications of this technology in both basic and clinical sciences. The MR signal intensity
is a function of the product of the number of spins and the fractional nuclear spin
polarization; the latter is only 1076-107 for typical high field equilibrium initial conditions.
This severely limits the utility of MR imaging and spectroscopy in biomedical diagnosis and
research, especially for nuclei such as 13C and 15N. Conventional MR is simply not sensitive
enough — polarization is only a few parts per million, which translates into a relatively a
small number of nuclear “spins' available for image reconstruction. The difference in the
spin population is proportional to the magnetic field strength, so that 3T “buys' twice the
signal available at 1.5T and so on. Conventional MR is also too slow — an examination may
take 30 minutes or more. At relatively low cost, hyperpolarization has the potential of
solving many of these problems by amplifying MR signal 10,000 — 100,000 fold. With this
sensitivity gain, hyperpolarization may enable in vivo nanochemistry and metabolomics,
decreases the time needed to observe a metabolite concentration change, better extracts the
signal of a target molecule against a background of low spin species in a mixture, or in vivo
(i.e.13C background is only 1.1% while water protons fall to zero in a hyperpolarized 13C
imaging study) and permits studies to be performed faster and at considerably lower cost.

Dynamic Nuclear Polarization (DNP)(2) and Parahydrogen Induced Polarization (PHIP)
(3,4) allow nuclear spin polarization to reach order of unity, where nearly all nuclear
magnetic moments contribute to the MR signal. These techniques constitute the emerging
field of hyperpolarization that increases signal-to-noise ratio by a factor of 10° at reasonable
costs. This has been successfully demonstrated for 13C labeled compounds with spin lattice
relaxation times T, of tens of seconds with demonstrated sensitivity enhancements by
factors of 104-10° by both DNP (5-9) and PHIP (10-12). These hyperpolarized 13C MR
agents allow fast in vivo 13C imaging and spectroscopy. To date, a few biologically relevant
agents have been explored including 1-13C-pyruvic acid (5-8) and bicarbonate (9) by DNP
and 1-13C-succinic acid (10,11) by PHIP. These molecules were primarily designed to target
enzymatic biochemical processes at cellular and tissue levels by providing an instantaneous
snapshot of uptake and metabolism of the 13C-tracer. In addition, a small number of
angiographic reagents (12,13) have been designed and tested in vivo to provide real-time
coronary angiography, catheter positioning and myocardial perfusion.

Here, we present a novel class of 13C hyperpolarized “receptor imaging” molecular agents
which have both enhanced MR sensitivity and a moiety capable of targeted biosensing. This
is exemplified by the —-CH,-CF,-CF,H fluorocarbon group which has a lipophilic propensity
in aqueous medium. This moiety facilitates chemical exchange into lipids (14) shown here
to manifest as a unique 13C hyperpolarized spectroscopic signature. The work described
here is the first step toward designing targeted enhanced MR contrast agents and initial
proof of concept in vivo. In particular, the lipophilic functionality presented here may
potentially allow for targeting of lipid rich atherosclerotic plaque (15-17) in vivo.
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Results and Discussion

Hyperpolarization of Tetrafluoropropyl 1-13Cpropionate

The design and the selection of the marker has been described elsewhere (13,14). This new
molecular agent has two important moieties: the lipophilic fluorocarbon motif —-CH,-CF,-
CF,H (15,16) and the C=C-13C functionality for 13C PHIP hyperpolarization (13,14). Figure
1b demonstrates the 13C spectrum of hyperpolarized TFPP, a single carbonyl resonance at
177 ppm. Analysis of the peak areas of the 13C spectrum in Fig. 1b yields a %P—g
(Percentage of Polarization at time 0) = 17+4 % for TFPP, which corresponds to a 42,000
10,000 fold enhancement of the TFPP 13C MR signal at 4.7 T.

Characterization of Hyperpolarization

The percentage of hyperpolarization in TFPP is similar to ~20% polarization previously
obtained with Hydroxyethylpropionate (HEP), which has a similar PHIP hyperpolarization
moiety (14). The hyperpolarized signal of TFPP like HEP, is not dependent on pH,
temperature and osmolarity. In addition to a high level of hyperpolarization, the lipophilic
PHIP 13C reagent, TFPP, retained the important MR property of a long spin lattice
relaxation time (T1) upon substitution of the 2-hydroxyethyl group in HEP by 2,2,3,3-
tetrafluoropropy! group. The spin lattice relaxation time of 45+2 s was measured using
hyperpolarized material at 4.7 T with 7.5° excitation pulses. This is similar to T; =552 s
for aqueous HEP under identical conditions. When hyperpolarized TFPP is mixed with
synthetic 1,2-dimyristoylphosphatidylcholine (DMPC) bilayers (Avanti Polar Lipids, Inc.,
Alabaster, AL), an additional 13C resonance at 174 ppm is detected (Fig. 2b). This
significantly broader (full width at half maximum: 2.5 ppm) and chemically shifted (by
3ppm) resonance is interpreted as the fraction of TFPP signal bound to the DMPC
membranes. A similar shift was observed for TFPA detected by 1°F spectroscopy (14).
Mixing hyperpolarized TFPP with DMPC also reduced the 13C spin lattice relaxation time
of hyperpolarized TFPP from 45 s to ~20 s (Fig. 2b). As TFPP is a lipophilic reagent and
may be useful for distinguishing of vulnerable plaque in vivo by sensing chemical exchange
with lipids, it was also tested for interactions with porcine blood (Sierra Medical, California)
(Fig. 2c). While 13C T4 is reduced to 15 s (Fig. 2c), there is no additional 13C resonance, as
observed for TFPP interacting with lipid membranes (Fig. 2c). This validates the hypothesis
that the second 13C TFPP NMR resonance at ~174 ppm is a signature of interaction with
lipids, but not with blood.

Preliminary In Vivo and In Vitro Studies

To study the feasibility of the model of in vivo lipid sensing with MR hyperpolarized
reagents, we examined genetically modified mice with a deficiency in low density
lipoprotein receptor (LDLR). These mice will develop massive atheroma deposits in the
aorta and, tricuspid and mitral valves when placed on a nine month high fat Western diet
(17,18). Wild type mice with normal LDL receptor will not develop atheroma under these
conditions. Specifically, we studied the interaction of TFPP with aortas (ex vivo) and heart
(in vivo) of LDLR deficient and control mice. First, the animals were injected with 1 mL
(based on survival, mice tolerate i—v loading with up to 1 mL of hyperpolarized reagent
unpublished) of 11-42 mM solution of hyperpolarized TFPP into the heart and then a series
of 13C spectra (Figs. 3g and 3h) was recorded 15+5s after injection. Representative in

vivo 13C non-localized hyperpolarized NMR spectra are shown in Fig. 3g (LDLR deficient)
and Fig. 3h (control mice). A representative in vivo time course of signal decay after
intracardiac injection of 13C hyperpolarized TFPP into LDLR deficient mice is shown in
Fig.4. In two out of seven experiments, one control and one LDLR deficient mouse, fast 13C
2D image (Fig. 3f) were acquired prior to spectroscopic acquisition of hyperpolarized TFPP
in vivo. The co-registration of 13C images with proton images revealed that 13C NMR signal
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was confined to the heart region in both cases. This is consistent with the view that the
detected 13C NMR spectra also originated from the heart (Figs. 3g and 3h). The ratio of the
hyperpolarized NMR signal from TFPP molecules bound to lipids to that in solution was
markedly higher in LDLR deficient mice compared to that of controls. This result is more
interesting given the fact that LDLR mice are 50% larger on average than control mice and
same absolute dosage has been employed in the in vivo trials. This demonstrates positive
correlation of the quantity of lipids in aorta and heart with the experimental hyperpolarized
signal ratio of (lipid TFPP):(total TFPP). We do not have enough data to explain the
dramatic loss of (lipid TFPP):(total TFPP) at high dosage of TFPP but one can speculate that
the toxicity of the molecule may play a role. Detailed study of in vivo toxicity of TFPP is in
progress in our laboratory. Moreover, non-localized proton spectra acquired over the whole
body of the two types of mice confirm the presence of elevated lipid content in LDLR
deficient mice compared to control mice (Figs. 3¢ and 3d). The in vivo 13C T, of
hyperpolarized TFPP varied between 14 s and 22 s which is sufficiently long for imaging
and spectroscopy experiments as hyperpolarized signal persists upto 5X T4 (i.e. ~70-110 s
for TFPP). The persistence of hyperpolarized signal in vivo is also evident in the time course
studies (Fig. 4).

Following the in vivo experiments, the animal aortas were harvested and washed with ice-
cold, 0.9% saline solution to remove the blood from the endothelial surfaces of the vessel
walls. A small piece of aorta (inset of Fig. 3e) from the animal was packed in 4 mm solid
state NMR rotor and mixed with the same TFPP solution used for the in vivo experiments
described above. We utilized 19F solid state magic angle spinning (MAS) NMR
spectroscopy to monitor TFPP lipid binding within aortas directly. This was markedly
higher in LDLR deficient mice (Fig. 3a) compared to control mice (Fig. 3b). Thus it seemed
justified to rationalize that TFPP has sufficient chemical affinity to structural atheroma
lipids and can therefore undergo chemical exchange with the arterial wall. Binding with any
blood constituents was minimal, since the characteristic chemical shift signature from the
saline incubations was also present in our 19F assays, when the blood was removed from the
aorta. If these rationales are valid, our data show, 1°F TFPP MR is capable of sensing
elevated lipid content on arterial and heart vessel walls in mice ex vivo (Figs. 3a and 3b).

An additional NMR resonance at 186 ppm was observed in some in vivo 13C hyperpolarized
spectra with sufficiently high signal-to-noise ratio in both LDLR and control animals. There
were also two NMR resonances (177 ppm and 174 ppm) corresponding to free and lipid-
bound TFPP. Furthermore, the solution 13C TFPP NMR resonance at 177 ppm and 19F
TFPP solution NMR resonance (Fig. 3) exhibited either splitting into two lines or the
appearance of shoulders. While these additional resonances and shoulders were not
identified in this proof-of-principle study, we hypothesize that there are possibly more than
two (free and lipid-bound) exchange compartments. These could include chemical exchange
with additional distribution spaces or compartments like endothelial cell membranes and/or
sequestration into intercellular clefts with desmosomal lipoprotein structures.

It is also plausible that a small fraction of hyperpolarized TFPP could interact with enzymes
of the plasma or the red and/or white blood cells. For example, the ester group in TFPP
could be hydrolyzed by the ubiquitous esterases in the blood. This could explain a
drastically different chemical shift of the resonance at 186 ppm, which is within the range of
chemical shifts of carboxylic acids in deprotonated form. We expect to assign these
additional minor resonances and shoulders in the future.

Additional in vivo experimental work is necessary to determine the efficacy and specificity
of hyperpolarized agents such as TFPP to sense lipids in atheromas and compare with the
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published molecular imaging data on LDLR mouse models (19). The experiments described
above were performed under conditions in which binding is not in equilibrium with the free
tracer. These are all non-steady state, transitional data. It remains to be seen whether the
non-steady state analysis combined with appropriate corrections for T, changes during the
time of exposure will enable the determination of the number of compartments that
contribute to the overall signal under the constraints of in vivo hyperpolarization conditions.
We are currently attempting to model the non-steady state dynamics of hyperpolarized TFPP
in in vivo situations. Furthermore, the experiments presented here required TFPP to be
dissolved in 30% ethanol to achieve adequate delivery to the animal. This is a problem as
almost any lipophilic molecule could be potentially solubilized in ethanol and when injected
directly into the heart might be expected to localize there. It is not clear if ethanol will
inactivate or even precipitate plasma proteins/enzymes or possibly change the permeability
characteristics and kinetics of cellular membranes, both within the atheroma as well in the
surrounding intact endothelial layers. This shortcoming can be overcome by developing a
delivery mechanism devoid of ethanol solvent, using perhaps albumin or other common
drug delivery systems. Work is in progress in our laboratory to design, synthesize and test a
family of other water soluble molecules that target lipid rich atheroma. Nanoparticular
liposomal formulations are also under consideration.

Conclusions

Methods

We demonstrated a novel strategy for sensing lipid content on arterial wall in vivo by
employing 13C hyperpolarized MR. This general strategy may represent a powerful way to
target biological receptors for MR imaging and spectroscopy. Since this novel use of 13C
hyperpolarization sufficiently generated an MR signal in vivo, it may be possible to design
hyperpolarized molecules with diverse binding properties like that currently employed in
Positron Emission Tomography (PET).

Hyperpolarization

Parahydrogen addition and transfer of spin order to 13C has been previously described (20,
21). The design and the selection of the reagent has been described elsewhere (13,14). This
molecular agent has two important moieties: the lipophilic fluorocarbon motif —CH,-CF»-
CF,H and C=C-13C functionality for 13C PHIP hyperpolarization. A custom built PHIP
polarizer (Huntington Medical Research Institutes (HMRI) (22,23) was employed to
hydrogenate the double bond of the acrylate moiety in TFPA to yield 2,2,3,3-
tetrafluoropropyl 1—13C-propionate—d2,3,3 (TFPP) (Fig. 1a). The spin order was transferred
from 1H nuclei to 13C at 1.76 mT in the reactor by the heteronuclear pulse sequence
described by Goldman and Johannesson (21) using the hetero- and homonuclear J coupling
of 2-hydroxyethyl 1—13C-propionate—d2,3,3 (HEP). The resulting hyperpolarized TFPP
product dissolved in aqueous ethanol (30%) was delivered to the 4.7 T MR scanner (Bruker
Avance, Bruker AG, Germany) and was detected 25-40 s following production, using

a IH/13C MR solenoid coil and TH/13C full body mouse volume coil (Doty Scientific, South
Carolina, USA) (22).

To quantify the degree of hyperpolarization, we used the reference of a single scan spectrum
of thermally polarized natural abundance ethanol at 4.7 T using the following formula:

[reference] signal (polarized) ~ 100%

%P getection= . .
o7 t=detection [polarized] = signal (reference) 246, 600 (1)

NMR Biomed. Author manuscript; available in PMC 2012 October 1.
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where 1/246,600 corresponds to 13C nuclear polarization at 298 K and at 4.7 T, according to
the Boltzmann distribution. The degree of hyperpolarization produced in the PHIP polarizer
at time zero was back calculated, using the delivery time and spin-lattice relaxation time T,

of the hyperpolarized agent as follows:

delivery time)

%oP=0=0P =getection * exp ( T,

(2)

The reported % hyperpolarization refers to %P;—.

In vivo experiments in mice

The in vivo portion of this study involved non-survival, intracardiac injections of
hyperpolarized TFPP into C57BL/6 mice. Three LDLR deficient mice (Jackson
Laboratories) were fed a high fat, Western type of diet (Harland Teklad) for nine months.
They reached 30-35 g while four normal control mice weighed only 20-25 g after nine
months on a regular diet. Necropsy revealed that the LDLR deficient /high fat diet mice
acquired atherosclerotic lesions in the aorta and aortic valve. For each scan, a mouse was
anesthetized with 1.5% isoflurane gas, 0.8 L/min oxygen per facemask After being placed in
a heated volume coil, the 4.7 T Bruker MR scanner was shimmed. The mouse was then
taken out of the scanner for laparotomy, which allowed for a transdiaphragmatic intracardiac
injection of 1 mL of 11-42 mM TFPP under direct visualization using a 28-gauge needle.
The mouse was then quickly re-inserted into the scanner, with care to maintain shim
geometry. The time from injection to beginning of scan averaged 15 seconds. After the scan,
the mouse was immediately dissected to harvest the portion of aorta that spanned the root to
the diaphragm. All animal experiments were approved by IUCAC of HMRI and Burnham
Institute. 13C non-localized spectra were acquired either as a single spectrum with large
angle excitation pulse or multiple spectra (up to 512 scans as shown in Figs. 3g, 3h and 4)
with small angle excitation pulse.
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DMPC 1,2-dimyristoylphosphatidylcholine
DNP Dynamic Nuclear Polarization
HEP Hydroxyethylpropionate

LDLR Low Density Lipoprotein Receptor
LDL Low Density Lipoprotein

MR Magnetic Resonance

MRI Magnetic Resonance Imaging
MRS Magnetic Resonance Spectroscopy
NMR Nuclear Magnetic Resonance
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PHIP Parahydrogen Induced Polarization
TFPA tetrafluoropropylacrylate
TFPP tetrafluoropropylpropionate
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2,2,3,3-tetrafluoropropyl 2,2,3,3-tetrafluoropropyl
1-%C-acrylate-d, 3 3(TFPA)  1-'3C-propionate-dy 3 3(TFPP)

hyperpolarized 3.2 mM TFPP

natural abundance ethanol
~50 mM '°C per site (reference)

x512

JL 100 90 80 70 60 50 40 30 20
200 180 160 140 120 100 80 60 40 20
13C chemical shift (ppm)

Figure 1.

a) Molecular cis addition of parahydrogen to TFPA to produce TFPP. The catalytic reaction
was carried out at 62°C but the hyperpolarized solution was cooled to 35-40°C by the time
it comes out of the polarizer. b) Quantification of PHIP 13C signal enhancement by 13C
spectroscopy of hyperpolarized 3.2 mM TFPP at 4.7 T in vitro. Polarization of 17% was
achieved in this representative example. The inset spectrum shows a reference signal
obtained from the natural abundance 4.5 M ethanol, 13C concentration = 50 mM per carbon
site.
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13C T1=45+1
a
TFPP
13C T,=2041
b
13C 7,=21%1
TFPP + DMPC
13C T,=15%1
c
TFPP + blood
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Figure 2.

13C hyperpolarized spectra of TFPP in aqueous solutions acquired with 10° excitation pulse
at 35-40°C: a) 6 mM TFPP, 4.5 M ethanol (EtOH), b) 2 mM TFPP, 1.5 M EtOH, 20 mM
DMPC, ¢) 2mM TFPP, 1.8 M EtOH in 60% porcine blood. 13C T4 value shown for each
resonance was measured by recording 13C hyperpolarized signal decay with small angle
excitation pulses.
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Figure 3.

19F ex vivo NMR spectra of LDLR (a) and control (b) mouse aorta demonstrating lipid
binding of TFPP from 30% EtOH aqueous solution. Spectra recorded using Magic Angle
Spinning (MAS) at 6-10 kHz without proton decoupling at 11.7 T. In vivo non-localized 1H
spectra acquired in LDLR (c) and control (d) mice confirm excess lipid in LDLR mice. (e)
the photograph of harvested aorta. (f) proton image, RARE factor 4, 2 averages, 0.3 mm x
0.3 mm in plane resolution, 9 min acquisition provides the anatomical location, where
proton spectra were acquired. In vivo 13C PHIP hyperpolarized non-localized NMR spectra
acquired after 1 mL 13 mM TFPP intracardiac injection in LDLR, animal #2, (g) and
control, animal #4 (h) mice. 512 spectra (0.178 s each) were acquired with 10° excitation
pulse for each animal during 76 s acquisition time course. The average of 64 individual
scans acquired in 9.5 s is shown in Figs. 3g and 3h. The detailed time course is provided in
Figure 4. In a separate experiment, fast 13C image, 2D FISP sequence 3 mm x3 mm
resolution, 1 average, 30° flip angle, 0.12 s acquisition, shown as a red overlay over proton
image in Fig. 3e was acquired prior to hyperpolarized 13C spectroscopy acquisition. 13C
and H in vivo spectra are acquired using 1H/13C double-tuned volume coil at 4.7 T. (i) the
distribution of the in vivo hyperpolarized 13C signal (hyperpolarized lipid TFPP):
(hyperpolarized total TFPP) in LDLR (blue) and control (red) mice under two different
concentrations of injected hyperpolarized substrate.
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Figure 4.
In vivo time course of 13C hyperpolarized TFPP signal decay after intracardiac injection of
1mL 13 mM TFPP in a LDLR mouse corresponding to Fig. 3D. Each spectrum (temporal
resolution is 1.78 s) is an average of 12 individual scans acquired using 1H/13C double
resonance volume coil (Doty Scientific, South Carolina, USA) at 4.7 T. Acquisition
parameters: excitation pulse = 10°, spectral width=4,000 Hz, acquisition time=128 ms,
repetition time = 148 ms. MR scan # 1 (first) and #300 (last) were recorded 15 s and 60 s
after injection respectively.
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