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Magnetic resonance imaging (MRI) is an important clinical tool
for anatomical imaging and monitoring certain tissue characteristics,
such as perfusion and diffusion. Although MRI contrast agents are
often used to improve diagnostic specificity, MRI is limited in
molecular imaging applications because of its inherently low
sensitivity when compared to nuclear medicine or fluorescence
imaging.1 Consequently, the search for new agents that can be
detected by MRI at much lower concentrations continues to be an
active area of research. The most widely used contrast agents are
low molecular weight Gd3+-based complexes that shorten the T1

of bulk water protons.2 The effective molecular sensitivity of these
agents may be improved by attaching multiple Gd3+ chelates to
dendrimers3 or polymers,4 or by incorporating them into nanopar-
ticles.5 This approach can enhance the molecular relaxivity of Gd3+

and also result in larger particles that exhibit prolonged blood
circulation for molecular targeting to tumors or other sites of
interest.4

A new mechanism for generating image contrast, chemical
exchange saturation transfer or CEST,6 is of interest for targeted
imaging applications. One intriguing aspect of CEST is that the
effect can be switched on and off depending on whether a frequency
selective presaturation pulse is applied or not. This feature, not
available with Gd3+ agents because they are always on, allows
acquisition of pre- and postcontrast images to be acquired nearly
simultaneously. Paramagnetic CEST (PARACEST) agents with
chemical exchange groups shifted well away from the bulk water
signal offer significant advantages over diamagnetic CEST agents
in that faster exchange systems are operable.7 Theory shows that
the detection limit of a single PARACEST exchanging species with
an optimal water exchange rate, chemical shift, and relaxation
properties is comparable to a single Gd3+-based T1 agent.7

However, molecular imaging often requires the detection of targets
that are present in concentrations too low to be detected by an agent
with a single paramagnetic center, so finding ways to maximize
the number of PARACEST exchanging species at a targeted site is
an important goal for MRI to compete in the field of molecular
imaging. Van Zijl and co-workers first demonstrated this in various
diamagnetic polymers, such as polyamino acids and even single-
stranded RNA.8 This stimulated us to consider polymeric PARAC-
EST agents prepared by a simple free-radical chain polymerization
reaction as a way to lower the detection limit of such agents.

Ligand 1 (prepared as described in the Supporting Information)
was polymerized using either 2%, 5%, or 10% (w/w) azo-bis(4-
cyanovaleric acid) as initiator in H2O at 70 °C to afford water
soluble, linear polymers differing in size only. After 48 h, the
products were purified by dialysis using a 3 kD MW cutoff

membrane, and the weight-average molecular weight (Mw) and
number-average molecular weight (Mn) of each poly1 were
determined by light scattering GPC (Table 1). All three polymers
exhibited comparable polydispersities (∼1.13). Ligand 2 and its
polymers were obtained by saponification of ligand 1 or the
corresponding poly1. The Eu3+ complexes of all six polymers were
prepared by reaction with excess Eu(OTf)3 in H2O (pH 6). The
Eu3+-polymer complexes were purified by adding EDTA to
sequester any free Eu3+ followed by dialysis (3 kD MWCO).

Given the low MW of these new polymers and the known renal
clearance of even larger Gd-based dendrimers,9 we anticipate that
these polymers will be excreted intact via renal filtration. However,
no in ViVo experiments have been performed to date. Both the high
resolution 1H NMR spectra of the Eu3+-monomers and the CEST
spectra of the Eu3+-polymers were consistent with each Eu3+-ligand
in the monomers and in the polymers adopting a square antiprism
coordination geometry. The CEST magnitude on a per Eu3+ basis
is essentially the same in each polymer as that for the corresponding
monomer. A fit of the CEST spectra to a 3-pool exchange model
afforded the water residence lifetimes for each species (Table 1),
demonstrating that water exchange remains largely unaffected by
formation of a polymer.
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Figure 1. CEST spectra of Eu-2 (red) and Eu-poly2(2%) (blue) recorded
at 11.75 T and 298 K. [Eu3+] ) 30 mM, B1 ) 14.1 µT, sat. time ) 4 s.

Figure 2. Maximum CEST per [agent] of Eu-2 (2) and Eu-poly2 (2% [,
5% 9, 10% b), 11.75 T, 298 K, B1 ) 14.1 µT, sat. time ) 4 s.
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The CEST features of Eu-2 and the three Eu-poly2 samples were
compared on a per agent basis (Figure 2), and the lower detection
limit of each system, based on the assumption that a 5% change is
easily detected, was determined from these data (Table 1). The
detection limits for the longer polymers are in the range 60-80
µM, approaching the levels required for targeted imaging applica-
tions. CEST images of the Eu-2 and Eu-poly2(2%) at three agent
concentrations were collected by subtracting a sat-on image (+55
ppm) from the sat-off image (-55 ppm) (Figure 3). The advantage
of modestly sized PARACEST polymers is apparent from these
images; at equivalent agent concentrations, Eu-poly2(2%) afforded
a ∼10-fold improvement in sensitivity over Eu-2 at 300 µM (35%
change in water intensity versus 3%, respectively). Given that 100
µM Eu-poly2(2%) showed a 13% change in water intensity by
CEST imaging and that local environmental factors could further
increase the sensitivity of a targeted agent,10 the true DL of such
a targeted agent will likely be well below the values reported in
Table 1, perhaps in the low µM range.

In summary, a convenient methodology for the preparation of
polymeric PARACEST agents has been developed. The sensitivity
and detention limits of these agents increase with polymer size.

This work demonstrates that it is possible to create polymeric
PARACEST platforms of modest size with tuned water exchange
characteristics for optimal CEST imaging applications.
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Table 1. Selected Properties of Polymers Derived From Eu-1 and Eu-2

initiator Mw Mw/Mn
a DPb τM (ms) 5% DLc (µM)

1 - - - Eu-1 0.221 ( 0.016 1650 ( 160
poly1 2% 13,400 1.149 17.4 Eu-poly1 0.201 ( 0.008 65 ( 6
poly1 5% 11,500 1.130 14.8 Eu-poly1 0.189 ( 0.014 84 ( 2
poly1 10% 8,100 1.128 10.5 Eu-poly1 0.186 ( 0.015 130 ( 6
2 - - - Eu-2 0.144 ( 0.007 1365 ( 25
poly2 2% - - 17.4d Eu-poly2 0.160 ( 0.008 71 ( 4
poly2 5% - - 14.8d Eu-poly2 0.162 ( 0.005 82 ( 7
poly2 10% - - 10.5d Eu-poly2 0.151 ( 0.007 117 ( 7

a Polydispersity. b Degree of polymerization. c Detection limit. d Degrees of polymerization are the same as for the corresponding poly1.

Figure 3. CEST images of Eu-poly2(2%) and Eu-2 phantoms at 9.4 T,
292 K. The agent concentrations (mM) are given for monomer, M, and
polymers, P, in (a), and W refers to water as control. (b) CEST images and
(c) the corresponding 3D surface plots.

Chart 1. Structures of the Two Monomers (Top) Synthesized in
This Work and the Polymers (Bottom) Prepared from Them
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