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ABSTRACT: Polymers are concentration-amplified with re- % Conventional  Probe-Targeted
spect to the monomeric units. We show here that a o 1T H-MRI 1H-{3C} MRI Merge

phosphorylcholine polymer enriched with “C/"*N at the
methyl groups is self-traceable by multiple-resonance (hetero-
nuclear-correlation) NMR in tumor-bearing mice inoculated
with the mouse rectal cancer cell line (colon 26). Preliminary
measurements indicated that the present polymeric nanoprobe
was satisfactorily distinguished from lipids and detectable with

. g e Self-Traceable
far sub-micromolar spectroscopic and far sub-millimolar -3¢ polymeric
imaging sensitivities. Detailed ex vivo and in vivo studies for Nanoprobe
the tumor-bearing mice administered the probe with a mean
molecular weight of 63 000 and a mean size of 13 nm, revealed the following: (1) this probe accumulates in the tumor highly
selectively (besides renal excretion) and efficiently (up to 30% of the injected dose), (2) the tumor can thus be clearly in vivo
imaged, the lowest clearly imageable dose of the probe being 100 mg/kg or 2.0 mg/20-g mouse, and (3) the competition
between renal excretion and tumor accumulation is size-controlled; that is, the larger (higher molecular-weight) and smaller
(lower molecular-weight) portions of the probe undergo tumor accumulation and renal excretion, respectively. The observed size
dependence suggests that the efficient tumor-targeting of the present probe is stimulated primarily by the so-called enhanced
permeability and retention (EPR) effect, that is, size-allowed invasion of the probe into the tumor tissue via defective vascular
wall. Self-traceable polymers thus open an important area of magnetic resonance imaging (MRI) of tumors and may provide a
highly potential tool to visualize various delivery/localization processes using synthetic polymers.

Bl INTRODUCTION lymphatic vessel, so that nanoparticles of the size range of
10—100 nm can permeate into the tumor and are retained
therein. This is the so-called enhanced permeability and
retention (EPR) effect.” Although the EPR effect has been
widely utilized for passive tumor-targeting, its performance in

Polymers are widely used in various delivery/localization events
as drug carriers,"” stabilizers of clinical protein and nucleic acid
medications,>* and lesion targeters. An obvious merit of
polymers with an appropriate (>10 nm) size is that they escape
from facile renal excretion.”® The size has another significance
in case of tumor targeting. Tumor tissues usually have defective Received: October 12, 2014
endothelial cells with a wide opening and undeveloped
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terms of selectivity and efficiency is modest at best in most
cases.” In addition, details of the EPR effect may still be far
from fully elucidated. In this context, it is a pity that polymers
are invisible and their direct pharmacokinetic analysis is usually
very difficult. Invisibility of polymers may be one of obstacles to
be overcome for their wide applications in diagnostic and
therapeutic areas. We stepped toward the objective to visualize
EPR polymers without using foreign labels such as
fluorophores,”'° radioactive isotopes,'' or paramagnetic
contrast agents,'” which may change the pharmacokinetics of
the parent polymers.'!

In this work, we focused on the applicability of multiple-
resonance (heteronuclear-correlation) NMR to polymeric
species and paid particular attention here to a zwitterionic
phosphorylcholine moiety (—OPO; —CH,CH,—N*(CH,);)
as a repeating unit. Though phosphorylcholine polymers have
recently received increasing attention,'”'* we were also
interested in the structural characteristics of this unit.
Monomeric phosphorylcholine and its n-meric polymer
possess, respectively, 9 and 9n (1800 for n = 200) equivalent
methyl protons, which, upon enrichment of *C (I = 1/2) and
SN (I = 1/2), are easily rendered unique ("H—"*C—"N) so as

detected by double-
resonance' 'S or triple—resonance”’l NMR based on magnetic
coherence transfer, '"H — *C — 'H (double) or '"H — *C —
N — BC — 'H (triple), upon successive excitation of the
relevant nuclei. The selectivity factor (atom-based, probe/
nonprobe) would be 1/0.011 = 91 (double) or 1/(0.011 X
0.0037) = 25000 (triple), where 0.011 and 0.0037 are the
natural abundance of C and N, respectively, and the
sensitivity, which should be proportional to the number of
respective protons ("H-"C—"N), increases in proportion to
the repetition number, that is, the degree of polymerization ().
Low selectivity and low sensitivity are the general weak points
of NMR. With respect to the simultaneous improvement of
these two key issues, synthetic polymers may be ideal targets of
multiple-resonance NMR. Nevertheless, to the best of our
knowledge multiple-resonance NMR (to say nothing of MRI)
has not been applied to synthetic polymers. In the present
work, we studied the pharmacokinetics of a 13C /'5N-enriched
phosphorylcholine polymer (PMPC) as a self-reporting or self-
traceable probe in tumor-bearing mice, where multiple-
resonance NMR/MRI turned out to be remarkably useful for
revealing several characteristics of this probe, not only as a
highly selective tumor-targeter but also as a tumor-imager. The
direct observation of size-dependence in the competition
between renal excretion and tumor accumulation is another
important point. The performance of polymers in delivery/
localization processes, which has so far been only indirectly
evaluated in most cases, may become directly evaluable by
using self-traceable polymers in combination with multiple-
resonance NMR/MRL

to be selectively and sensitivel

Bl RESULTS

'3C/'SN-enriched choline chloride (HO-
CH,CH,—"*N*("3CH,), CI™) was converted by the phosphor-
amidite method into 2-methacryloyloxyethylphosphorylcholine
(*C/""N-MPC, M = 299) (Supporting Information), which
underwent atom transfer radical polymerization (ATRP)'*?
with furan-protected maleimide bromide (R-Br) as an initiator
by the Cu(I)Br/2,2 -bipyridine catalyst system to give *C/'*N-
enriched poly(2-methacryloyloxyethylphosphorylcholine), that

is, *C/"N-PMPC, according to the scheme R-Br + n(MPC)
— R-(MPC),-Br (Figure 1a). The *C/"*N-PMPC used in this
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Figure 1. Preparation and properties of '*C/"*N-PMPC. (a)
Polymerization of monomer "“C/""N-MPC to afford polymer
BC/BN-PMPC. (b) DLS analysis of '*C/""N-PMPCgg (1 mg/
mL) in water shows a mean hydrodynamic diameter of dpp g = 13.1 +
0.13 nm (n = S). (c) Conventional 'H single-resonance (top), 1D
"H—{3C} double-resonance (middle), and 1D 'H—{"*C—""N} triple-
resonance (bottom) NMR spectra of *C/**N-PMPC;0 (1 M) in 2
mM Tris—HCl/D,O (pH 8.0) containing 0.1 mM EDTA and 0.1 mM
2-mercaptoethanol in the presence of a mouse liver lysate (10% v/v).
The symbol * denotes a noise derived from the buffer solution (see
also ref 18c).

study had a mean molecular weight of M,, = 63 000 (n = 210),
unless otherwise indicated, and a polydispersity index of M,,/
M, = 1.6. The *C/"N-PMPCy, polymer was independently
shown by dynamic light scattering (DLS) to form nanoparticles
with a mean hydrodynamic diameter of 13.1 + 0.13 nm (Figure
1b) and a slightly negative surface potential ({) of —1.66 + 0.45
mV. One-dimensional (1D) multiple-resonance NMR spectra
of BC/*N-PMPC (1.0 uM), even in the presence of 10%
mouse liver lysate, show a single, sharp resonance for the
SN//B3C-enriched methyl protons ("H—"*C—'"*N) at 3.18 ppm
(Figure 1c). This figure shows how the overwhelming lysate-
derived signals in conventional 'H single-resonance (top) are
mostly suppressed in "H—{"*C} double-resonance (middle),
and several residual noise signals therein that arise from
naturally occurring "H—">C moieties in the lysate completely
disappear in 'H—{"*C—"N} triple-resonance (bottom) (see
the caption for the peak marked with * at § ~ 3.7 ppm). The
mole-based sensitivity is in the nM range; signal-to-noise ratio
(S/N) = 16.90 + 0.27 (double-resonance, 16 scans taking ~1
min) or 6.94 + 0.31 (triple-resonance, 16 scans taking ~1 min)
for a 50 nM solution of the *C/*N-PMPCgj polymer (50 X
210 = 10 500 nM = 10.5 uM for the choline unit and 10.5 X 9
= 945 uM for 'H-C—'N atoms). For the monomer
BC/®N-MPC (n = 1), a similar sensitivity of S/N = 14.42 +
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0.16 (double) or 9.92 + 0.45 (triple) is attained only for a 10
uM (10 X 9 = 90 uM for 'H—"*C—"5N atoms) solution under
the same conditions; the increase in sensitivity for the polymer
over the monomer is thus 10 #M/50 nM = 200. The sensitivity
increases in proportion to the repetition number (n = 210)
(Supporting Information Figure S6 for more details).
Preliminary MR images (Figure 2) were taken at 7T for four
phantom samples: water as the ubiquitous “medium” of the
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Figure 2. Magnetic resonance (MR) images of water, oleic acid (neat
liquid with 1.1% natural abundance of *C), *C-PMPC (M,, = 35 000)
in H,0 (0.23 mM = 8 mg/mL), and *C/"*N-PMPC (M, = 44 000) in
H,0 (0.18 mM = 8 mg/mL) in a test tube. (a) 'H single-resonance
MR images. (b) 'H—{"*C} double-resonance MR images under
nonselective conditions using block pulses. (c) 'H—{*C} double-
resonance MR images under selective conditions using Gaussian-
shaped pulses optimized for PMPC (§¢ = 55.0 ppm). (d) 'H-{"*C}
double-resonance MR images under selective conditions using
Gaussian-shaped pulses optimized for oleic acid (5 = 30.0 ppm).
(e) 'TH—{"*C—"N} triple-resonance MR images. See the Supporting
Information for details.

body, oleic acid (neat liquid with a 1.1% natural abundance of
3C) as a model lipid, singly enriched *C-PMPC (M,, = 35 000;
8 mg/mL in H,0, 0.23 mM), and doubly enriched *C/"*N-
PMPC (M, = 44 000; 8 mg/mL in H,O, 0.18 mM). Data were
acquired by the spin—echo (SE) or fast spin—echo (FSE)
method following the double-'®* or triple-resonance prepara-
tion'®¢ in light of measured relaxation times (T, = 360 ms and
T, = 183 ms for 'H, T} = 512 ms and T, = 302 ms for *C, and
T, = 14.1 s and T, = 827 s for '*N for the *N/**C methyl
groups for the polymeric '*C/**N-PMPC probe).”' '*C nuclei
in double-resonance imaging could be filtered by selective
excitation using Gaussian-shaped pulses’ with a half-
bandwidth of 18 ppm (at 7T). Conventional 'H-MRI gives
positive images for all of the samples (Figure 2a). Although
water is rendered completely MRI-silent (Figure 2b) under
'"H—{"*C} double-resonance conditions (SE; see Supporting
Information Figure S8 for the FSE images), PMPC (6¢ = 55.0
ppm) and oleic acid (6¢ = 30.0 ppm) (A8 = 25 ppm), which
are both imageable upon nonselective excitation of the "*C
nuclei (Figure 2b), can be clearly distinguished upon selective
excitation; PMPC is MRI-active under PMPC-optimized pulse
conditions (Figure 2c) and vice versa under oleic acid-
optimized pulse conditions (Figure 2d). The application of
"H—{"3C—"°N} triple-resonance using the FSE method leads to
the clear distinction of "*C-PMPC (silent) and '*C/"N-PMPC
(active) (Figure 2e), which are indistinguishable at the double-
resonance level (Figure 2b and c). The detection limit of
BC/®N-PMPCgyqp lies at ~10 M under PMPC-optimized

double-resonance and slightly higher than this but definitely
lower than 90 xM under triple-resonance (Supporting
Information Figure S7). These results indicate that double-
resonance under probe-optimized conditions gives rise to
satisfactory selectivity with respect to the exclusion of noise
arising from natural-abundance *C-oleic acid as a model of
lipids, which are major sources of noise in in vivo applications.

Ex vivo experiments using tumor-bearing mice inoculated
with the mouse rectal cancer cell line (colon 26) at the right
shoulder indicate that the present polymeric nanoprobe
accumulates in the tumor with high selectivity, as revealed by
a significant body of evidence. First, in the triple-resonance
NMR spectra (Figure 3a; see Supporting Information Figure
S12 for double-resonance spectra) of extracts of the tumor,
liver, kidney, heart, and spleen removed at the day 2 time point
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Figure 3. Behavior of '*C/"*N-PMPC in tumor-bearing mice. (a)
Triple-resonance NMR spectra for extracts of the tumor, liver, kidney,
heart, and spleen of a tumor-bearing mouse (~20 g) administered
BC/BN-PMPCyy0 (11.5 pmol/kg =730 mg/kg of body weight or
14.5 mg/ mouse) or that of the tumor of a similar mouse administered
monomer *C/*N-MPC (2.4 mmol/kg =730 mg/kg of body weight
or 14.5 mg/mouse) (bottom). The signal intensities are weight-
normalized. The figures indicate quantified percent injected dose of
the probe accumulated in the unit grams of tumor/organ. See
Supporting Information Figure S12 for the double-resonance spectra.
(b) Triple-resonance NMR spectra for extracts of the liver, kidney,
heart, and spleen of a healthy mouse (~20 g) administered *C/'*N-
PMPCgy as in (a). (c) Triple-resonance spectra for the tumor
extract (obtained as above) and urine collected after ultrafiltration.
Top, nonfiltered, high molecular-weight (>10000) residues of the
tumor (left) and urine (right) samples. Bottom, filtered, low
molecular-weight (<10000) filtrates of the tumor (left) and urine
(right) samples. (d) GPC profiles for the probe used, “C/"*N-
PMPC090 (blue), nonfiltered tumor residue (red), and nonfiltered
urine residue (green) obtained as above, and nonfiltered tumor residue
of a mouse administered saline (black). The intensities are arbitrary
unless otherwise indicated.**
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Figure 4. Probe-targeted MR images shown in yellow (FSE PMPC-optimized (unless otherwise indicated) double-resonance) overlaid on
morphological images (T,-weighted single-resonance) and accumulation of the probe in tumor tissue. (a) Time course of the change in merged
images for a tumor-bearing mouse administered *C/"*N-PMPCyyqo (11.5 umol/kg = 730 mg/kg of body weight or 14.5 mg/mouse). (b) Merged
image for a healthy mouse administered as in (a). (c) Time course of the change in the signal-to-noise ratios (S/N) at the tumor site for three tumor-
bearing mice administered "*C/**N-PMPCy0 (4.6 umol/kg = 290 mg/kg of body weight or 5.8 mg/mouse). (d) Comparison of S/N values at the
day 2 time point at the tumor-bearing right shoulder and the normal left shoulder of three mice administered as in (c). (e) Merged image for a
tumor-bearing mouse administered *C/""N-PMPCgjo (1.5 pmol/kg = 100 mg/kg of body weight or 2.0 mg/mouse) and the constituent single-
resonance and double-resonance images. (f) Merged (lipid-optimized double-resonance with single-resonance) image for a tumor-bearing mouse
administered as in (a). Data in (c) and (d) represent mean + SD *** P < 0.001. ** P < 0.01, * P < 0.05 (one-sided Student’s t test). All images,
normalized to preinjection of the probe, are set to the same or common yellow hot scale (0-max) of the Image] software, so that color intensities of
panels a, b, and e can be directly compared with each other. See the Supporting Information for the field of view, matrix size, and other parameters.

from a tumor-bearing mouse administered "*C/"*N-PMPCg300
(injected dose (ID) = 11.5 umol/kg = 730 mg/kg of body
weight or 14.5 mg/20 g of mouse), the methyl protons of the
probe were detected highly selectively or almost exclusively in
the tumor (2.9 mg, 20% ID or, when weight-normalized to the
unit gram of the tumor, 13% ID/g), as well as in collected
urine, and were just barely detected in the heart (0.8% ID/g) or
only within the level of error in other normal organs. Indeed,
there was no detectable accumulation of the probe in the liver,
which is usually a major site for the deposition of tumor-
targeting nanomedicines.”> Second, the probe taken up by the
tumor as well as excreted in urine retains a polymeric
(>10000) nature, as shown by molecular size fractionation
with a 10 kDa cutoff molecular-weight filter (Figure 3c). More
specifically, the gel permeation chromatography (GPC) profiles
of the tumor (red) and urine (green) samples together with the
probe used (blue), that is, '*C/"N-PMPCggo (with a
polydispersity index of 1.6 and a mean size of dpg = 13 nm
with the size distribution profile shown in Figure 1b) clearly
indicate that the fast-moving and hence larger (higher
molecular-weight) portion of the probe is contained in the
tumor (see footnote 24 for the tailing), whereas the slow-
moving and hence smaller (lower molecular-weight) portion of
the probe is excreted in urine (Figure 3d).”* The polymeric
nature is indeed essential; monomer *C/*N-MPC, in place of
polymer *C/"N-PMPC, under otherwise identical conditions,
did not accumulate in the tumor in any spectroscopically
detectable (Figure 3a, bottom) or imageable amount (ex vivo,

Supporting Information Figure S10, middle). These results,
together with other evidence (Supporting Information Figure
S9), suggest that, on one hand, the probe is remarkably stable
against hydrolytic degradation and, on the other hand, is either
captured and retained in the tumor or excreted in the urine in a
molecular weight- and, hence, size-dependent manner. The
amounts of the probe accumulated in the tumor (normalized to
unit gram) increase with increasing ID’s of the probe and are
0.86 mg/g (43% ID/g), 1.16 mg/g (20% ID/g), and 1.89 mg/g
(13% ID/g) for ID = 2.0 mg, 5.8 mg, and 14.5 mg, respectively
(see Quantification in Supporting Information for details). The
local in-tumor concentration of the probe will be in the range of
13—30 uM, which is higher than the detection limit at around
10 uM (vide supra) of the PMPC-optimized double-resonance
imaging.”> The tumor must be imageable.

In vivo images of tumor-bearing and healthy mice were taken
at 7T using the same machine as above under FSE (in most
cases) probe-optimized double-resonance conditions without
slice selection, as in the case of phantom samples (Figure 2);
that is, they are projections through the body. Triple-resonance
images turned out to be subject to noise due to body motion
(see Supporting Information for details). In Figure 4, probe-
targeted double-resonance MR images for tumor-bearing mice
administered *C/"N-PMPCg3o (1.5—11.5 pmol/kg = 100—
730 mg/kg of body weight or 2.0—14.5 mg/20-g mouse) are
shown in yellow overlaid on or merged with single-resonance
tomographic (in-slice), morphological images. The two images
were taken successively using the same machine for mice under
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anesthesia and hence the spatial error in their merging could be
kept minimal. A typical time course of the change in merged
(double/single) images is shown in Figure 4a (ID = 730 mg/kg
of body weight or 14.5 mg/mouse). The probe, though
distributed over a wide region including the tumor in 1 day,*® is
selectively localized in the tumor in 2—3 days. Quantitatively,
the signal-to-noise ratios (S/N, where N refers to the standard
deviation of noise at region outside of the mouse) at the tumor-
bearing right shoulder for three independent mice (ID = 290
mg/kg of body weight or 5.8 mg/mouse) increase with time
and reach 43.6 + 3.6 at the day 2 time point (Figure 4c); S/N
at the normal, contralateral left shoulder (7.8 + 2.9) (Figure
4d) is only at the level for the PMPC-nonadministered tumor
site (Figure 4c, before), the signal enhancement or tumor/
normal contrast being (Symor — Snormal)/N = (S/N)wumor — (S/
N),ormal = 43.6—7.8 = 35.8. The lowest dose of the probe that
can clearly visualize the tumor is 100 mg/kg of body weight,
that is, 2.0 mg/20-g mouse (Figure 4e, S/N = 21.3). For
comparison, the S/N at the tumor site of a mouse receiving the
highest dose (730 mg/kg of body weight or 14.5 mg/mouse) of
the probe (Figure 43, 2 day) is 63.2. Thus, the S/N’s of tumor
image increase with increasing doses of the probe, in agreement
with the analytical ex vivo results (vide supra). Selective
excitation of the *C nuclei in the probe (§c = 55.0 ppm) is
essential. Double-resonance under lipid-optimized pulse
conditions (6c = 32.0 ppm) gives lipid images (Figure 4)*
that are quite different from those of the tumor (Figure 4a and
e).

Control measurements indicate that probe-administered
healthy mice (ID = 730 mg/kg of body weight or 14.5 mg/
mouse) give no image under otherwise identical double-
resonance conditions (Figure 4b). Ex vivo analysis of various
organs removed from this healthy mouse shows that the probe
is taken in a small but spectroscopically detectable amount in
the liver (0.8% ID/g, ~1.8 uM), kidney (2.1% ID/g, 4.8 uM),
and heart (1.0% ID/g, 2.3 uM) (Figure 3b). However, the local
concentrations of the probe in these organs, also shown in the
parentheses, are slightly lower than the detection limit (~10
M) of double-resonance imaging, and hence, the probe even
in healthy mice can not be imaged (Figure 4b).

Magnetic resonance spectroscopy (MRS) for a probe-
administered mouse (ID = 4.6 umol/kg = 290 mg/kg of
body weight or 5.8 mg/mouse) indicated that ~50% of the
injected dose was rapidly lost (in urine) within 1 day after
administration of the probe and ~40% was retained in the body
thereafter (Supporting Information Figure S13). The % ID
values of the probe found in the tumor, urine collected for 2
days, and blood taken from a mouse treated as above and
sacrificed 2 days after injection were 30%, 40%, and 13%,
respectively. These values are consistent with the MRS results
and confirm that ~40% ID of the probe retained in the body is
either accumulated in the tumor (30%) or circulates in the

blood (13%).

Bl DISCUSSION

NMR is considerably less sensitive than optical tools such as
fluorescence. Furthermore, NMR imaging is several orders of
magnitude less sensitive than spectroscopic NMR. This is why
NMR can not be used as an effective tool for the
pharmacokinetic analysis and visualization of molecular probes.
On the other hand, the present PMPC probe of M, = 63 000
has an intramolecularly 210-fold concentrated phosphorylcho-
line unit, which itself possesses nine equivalent marker methyl

protons. Thus, it gives rise to outstanding (~SO nM
spectroscopic and ~10 uM imaging under double-resonance
conditions) sensitivities. In addition, the probe also shows
remarkable selectivity. Noise that may arise from the natural-
abundance 'H—"*C moieties of endogenous components,
particularly lipids, can be satisfactorily suppressed. This is
because the methyl carbon bonded to the cationic ammonium
center ("H-"3C—"N* in PMPC) exhibits a downfield-shifted
chemical shift (§c = 55.0 ppm) that is sufficiently separated
from that of lipid (¢ = 32.0 ppm) to give a probe signal that is
free from lipid noise under probe-optimized double-resonance
conditions. It may also be important that the methyl groups
bonded at the termini of pendant chains of a polymeric
backbone supposedly possess good mobility and exhibit a sharp
signal without noticeably undergoing relaxation-induced and
sensitivity-lowering line broadening. The observed selectivity
and sensitivity turned out to be sufficient to allow an
unprecedented, direct, and unambiguous pharmacokinetic
analysis of the present polymer, not only ex vivo but also in
vivo (imaging). Indeed, the imaging sensitivity (~10 uM) is
sufficient to image the probe accumulated in the tumor (13—30
M) but not so to image the probe taken by the liver or kidney
even of healthy mice and by no means so to image endogenous
3C-choline derivatives in tumor.>> The clear imaging of tumor
(Figure 4e) via an EPR tumor-targeter by itself has not been
reported previously, although there are many new directions in
MRI of tumors, which are based on either the labeling of
tumor—targeters with paramagnetic contrast agentszg_w or F
nuclei,>"** or the specific signal amplification of tumor-relevant
molecules such as pyruvate or H,0, (via the hyperpolarization
of ¥C nuclei)*® or glucose (via chemical exchange saturation
transfer).>* The high selectivity and sensitivity observed also
suggest that the present method is applicable to a variety of
synthetic polymers. In this context, it is important to note that
double-resonance performs quite nicely here. This means that
triple-resonance with doubly '*C/'*N-enriched probes is not
necessarily required and singly '*C-enriched probes should
work when parameters such as chemical shifts and coupling
constants are appropriate.

The most characteristic feature revealed for the present
PMPC probe is its highly selective and highly efficient tumor-
targeting with the percent ID up to 30% (see Quantification in
Supporting Information for details). Coupled MRS (for a whole
body) and ex vivo studies revealed the distribution of the probe
at the day 2 time point, that is, 40—50% in excreted urine and
~40% in the body (30% in tumor and 13% in blood). This
suggests that the tumor is almost the sole deposition site for the
in-body probe with an in-body percent ID as high as 30/(30 +
13) ~ 70%. Such a §i antic number has never been
precedented before. Size>>> ™7 and biocompatibility®*™*° are
the most important factors that govern the pharmacokinetics of
nanoparticles. Although smaller particles (<10 nm) undergo
facile renal/urinary excretion™® and larger ones (>100 nm) are
cleared by the reticuloendothelial system (particularly through
phagocytosis by macrophages distributed in various organs such
as the liver),*' intermediate particles (10—100 nm) have been
claimed***™*" to be subject to passive tumor-targeting by the
so-called EPR effect, that is, size-allowed invasion of nano-
particles in tumor tissues via a wide opening of defective
vascular wall and their retention therein owing to undeveloped
lymphatic drainage.” The size-dependence of EPR has received
considerable attention. An elaborate study indicated a maximal
efficiency at ~60 nm, and particles in the size range from
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several nanometers to >100 nm exhibited a broad size-
efficiency profile.” Other investigators have suggested that
the EPR effect was optimized for particles at ~30 nm.** For
smaller sizes, a recent study shows that ~12 nm particles are
still EPR-active.”” The present results are consistent with this
generalization in that (1) substantial proportions of the higher
molecular-weight (larger size) and lower molecular-weight
(smaller size) populations of the present probe “C/'°N-
PMPCg;y0, with a mean size of ~13 nm and a size distribution
(5—70 nm) as shown in Figure 1b, undergo EPR accumulation
in tumor and renal excretion, respectively, and (2) there is no
appreciable macrophage/liver pathway, presumably because the
size of the probes is controlled to be sub-100 nm.

The lack of spectroscopically detectable uptake of the probe
by normal organs, especially the liver, of tumor-bearing mice
(Figure 3a) may be at least partly explained in terms of tumor/
liver competition for the probe overwhelmingly in favor of the
tumor. This is because the probe is taken in a spectroscopically
detectable amount in the liver (and kidney) of healthy mice
(Figure 3b). However, the percent ID per gram remains only at
a 1% level. The probe seems to have an intrinsic low affinity to
the liver. A key player other than the size factor would be
biocompatibility of the zwitterionic and, hence, neutral
phosphorylcholine moiety, which constitutes the headgroup
of cell membrane lipids. Particles that are surface-grafted with
phosphorylcholine-containing polymers including PMPC are
biologically inert.'>'** They are antibiofouling and prevent the
adsorption of serum proteins.'”> They also escape from
phagocytosis, probably because they are not recognized as
foreign bodies by macrophages.'** This endows the probe with
low toxicity (Supporting Information Figure S3) and good
pharmacokinetic stability with respect to size and lifetime in the
bloodstream, and stimulates the size-allowed passive EPR
targeting of the probe to the tumor, which is slow but
eventually efficient. The lowest clearly imageable dose of the
probe (1.5 pmol/kg = 100 mg/kg or 2.0 mg/20-g mouse) is
comparable to (on a weight basis) or even much lower than
(on a molar basis) the clinical dose of Magnevist (0.1 mmol/kg
= 74 mg/kg) used in traditional MRL The percent ID (up to
30% ID) of the probe accumulated in the tumor may become
higher upon more elaborate and narrower size-control of the
probe in the EPR-relevant region. On the other hand, the size
could be shifted to the more excretion-stimulating region. The
critical size (at a mean size of around 13 nm) for the probe,
which would separate facile renal excretion and stable retention
in the tumor, and their respective size-dependencies (Figure
3d), thus, provide a basis for the elaborate design of polymeric
EPR tumor-targeters.

B CONCLUDING REMARKS

This work has opened a new area of MRI using molecular
probes. Double- and triple-resonance techniques could also be
applied in various MR schemes other than the spin—echo for a
variety of polymers potentially in biological contexts. Polymers
thus rendered self-traceable may provide a general tool to
visualize various delivery/localization processes using them as
carriers, stabilizers, or targeters. The efficiency of tumor-
targeting may be further improved by modification of the
probe, for example, with an active targeting ligand. Modification
with a therapeutic unit may widen the applicability of self-
traceable polymers. At the same time, the present work casts an
important, yet-unsettled question: Why is tumor-targeting of
the present PMPC probe so selective? Another issue to be

addressed is clearance. The present probe is stably retained in
the tumor for at least 1 week (Supporting Information Figure
S13), although the long lifetime of the probe in the tumor
might be a benefit if it is to be used as a carrier of antitumor
drugs. With respect to triple-resonance, it failed to image the
tumor due to body motion noise. Nevertheless, its remarkable
selectivity may find its unique in vitro (e.g, perfect distinction
of 'H-""C—"N and 'H-"C-"N, Figures 2c and 2e) and in
vivo (for motion-minimized domains) applications. Further
work is now underway along these lines.
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