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Abstract

Silica nanoparticles of average diameter 53 £ 3 nm were prepared using standard water-in-oil
microemulsion methods. After conversion of the surface Si-OH groups to amino groups for further
conjugation, the PARACEST agent, EUDOTA-(gly)4~ was coupled to the amines v/a one or more
side-chain carboxyl groups in an attempt to trap water molecules in the inner-sphere of the
complex. Fluorescence and ICP analyses showed that ~1200 Eu3* complexes were attached to
each silica nanoparticle, leaving behind excess protonated amino groups. CEST spectra of the
modified silica nanoparticles showed that attachment of the EUDOTA-(gly),™ to the surface of the
nanoparticles did not result in a decrease in water exchange kinetics as anticipated but rather
resulted in a complete elimination of the normal Eu3*-bound water exchange peak and broadening
of the bulk water signal. This observation was traced to catalysis of proton exchange from the
Eu3*-bound water molecule by excess positively charged amino groups on the surface of the
nanoparticles.
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1. INTRODUCTION

Chemical exchange saturation transfer (CEST) agents are an emerging class of contrast
enhancement media for magnetic resonance imaging (MRI) that offer an alternative to
relaxivity-based contrast agents. The major advantage of CEST agents is that one can switch
the image contrast “on” and “off” v/a the external application of a radio frequency (RF)
presaturation pulse, a feature not available with conventional T1-based agents that require
acquisition of pre- and post- contrast images. Characteristic of all CEST agents is the
presence of labile protons (-NH, -OH) or paramagnetically-shifted bound water molecules
that exchange into the bulk water pool. This is the origin of their unique image contrast
effects. However, to observe CEST, the rate of exchange (4gx) of labile protons (pool A) into
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the bulk water (pool B) must not exceed the chemical shift difference (Aw) between these
two chemical environments. This condition allows a discrete spectral difference between
water and the exchanging pool thereby permitting activation of one site using a frequency-
selective RF presaturation pulse (1).

Early reports showed that numerous low molecular weight compounds including amino
acids, sugars, nucleotides, and even intrinsic metabolites were capable of producing CEST
contrast (1,2). The chemical shifts of the exchanging components in these compounds are
typically not that different from water itself (Aw < 5 ppm) so this makes it difficult to
saturate at the exchanging site without indirect saturation of bulk water as well. Molecules
that display larger chemical shift differences are more attractive as potential CEST agents
for two reasons; first, they allow more selective activation at the exchanging site without
indirectly affecting the water signal and second, they open the possibility of using faster
exchanging systems while still meeting the CEST requirement, Aw*ty > 1. This could in
principle increase their contrast sensitivity.

A new class of large Aw agents became available with the discovery that certain lanthanide
ion complexes with DOTA-tetraamide ligands display slow enough water exchange kinetics
to meet the CEST requirement. Often, water exchange in these complexes is so slow that a
lanthanide-bound water signal can be seen in their high resolution *H NMR spectra.
Complexes of this type are now referred to as PARACEST agents (3,4). Since that original
discovery, several laboratories have reported biologically-responsive PARACEST agents for
sensing pH (5), temperature (6), metal ions (7), enzyme activity (8,9) and small molecule
metabolites (10-13). Since the lanthanide ions display widely variable hyperfine shifts, one
can potentially use these systems for multiplex imaging applications since each lanthanide
chelate will have a unique activation frequency (14).

Despite these many advantages, current PARACEST agents are relatively insensitive as
imaging agents, typically requiring agent concentrations in the mM range. Approaches for
increasing CEST sensitivity have included optimizing the proton or water exchange rates
and increasing the number of exchangeable groups per agent with the latter approach
appearing to be more promising at this point (15-19). Amplification schemes based on
nanoparticles of various types are also attractive since nanoparticles can entrap a high
concentration of exchangeable groups in their internal cavities or provide a large surface
area for delivery of a high payload of contrast agent to a specific site of interest.

The first class of nano-sized systems used for CEST involved the entrapment of a large
number of paramagnetic chelates within the cavity of a liposome (20) and apoferritin (21).
While liposome-based systems can be detected in the picomolar range, entrapment of
PARACEST agents in the cavity of apoferritin was completely ineffective due to catalysis of
water protons exchange by interior charged surface residues of the protein. A second class of
nano-sized systems was designed to exploit the high surface area of nanoparticles by
modifying the surface of perfluorocarbon droplets (22) or virus nanoparticles (23) with
PARACEST agents. In both cases, an 11-12 % decrease in water signal was observed upon
saturation at the CEST exchange frequency in these systems. These observations thus
suggest that the location of the agent (in an inner cavity versus on the surface of a
nanoparticle) and the material used in the fabrication of the nanoparticle could both impact
the CEST properties of the resulting nanoparticles.

In an effort to further explore alternate nanoparticle constructs that might enhance the
sensitivity of PARACEST agents, we report here the covalent attachment of a well
characterized agent, EUDOTA-(gly)4~ (Figure 1) to silica nanoparticles v7a conjugation of
one or more side-chain carboxyl groups to surface amino groups. Silica nanoparticles were
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selected for this study due to the abundance of available silanol groups for modification and
agent attachment as well as the reported chemical inertness of silica (24). Given that water
exchange in EUDOTA-(gly)," is faster than optimal for CEST (25), it is important to find
ways to slow water exchange even further. In principle, if one could link all four carboxyl
groups of the complex to the nanoparticle surface, this could hinder dissociation of the Eu3*-
bound water molecule even further and thereby enhance the CEST contribution from each
europium center. Combining this with the amplification effect of having multiple agents on
a single nanoparticle would substantially increase the CEST sensitivity of each nanoparticle.

2. RESULTS AND DISCUSSION

2.1. Synthesis and surface modification of silica nanoparticles

Silica nanoparticles have been used in a wide range of applications including immunoassays
(26), cell labeling (27), bacterial detection (28), nucleic acid delivery (29), optical imaging
(30), and magnetic resonance imaging (31). The versatility of silica nanoparticles stems
from the abundance of silanol groups on their surface and the commercial availability of a
wide range of silane coupling agents for modification of the surface silanol groups (32).
Silica nanoparticles have been synthesized using a variety of methods but the water-in-oil
microemulsion (33) is preferred for preparing nanoparticles of uniform size. A
microemulsion is an isotropic, thermodynamically stable, single-phase system consisting of
three components; water, oil and a surfactant that forms reverse micelles. Reverse micelles
consist of nanodroplets of water surrounded and stabilized by the surfactant and these
nanodroplets serve as the reaction chamber for synthesis of uniform sized silica
nanoparticles viabase catalyzed hydrolysis and polycondensation of an alkoxysilane (34).
The resulting nanoparticles are spherical and contain free surface silanol groups for further
modification. In this study, 3-aminopropyl-triethoxysilane (APTS) was used to introduce
amine groups onto the silica nanoparticle surface. This hydrolysis/condensation reaction
introduces a large number of amine groups on the surface of the nanoparticle for subsequent
conjugation with other agents or reporter molecules. The EDC/sulfo-NHS technique (35)
was used to attach EUDOTA-(gly)4~ onto the nanoparticle surface viaformation of amide
linkages with the surface amino groups. The preformed complex was used as reactant
instead of free ligand to insure that every attached macrocycle contained a Eu3* ion and to
avoid any non-specific binding of Eu3* ions to negatively charged surface silanol groups if
the Eu3* was added after ligand conjugation.

2.2. TEM Imaging

Nanoparticles were observed to be spherical in shape and highly monodisperse by TEM
(Figure 2). The average diameters of the unmodified, amine-modified, and EUDOTA-(gly)4~
modified silica nanoparticles were 53 + 3 nm, 53 + 4 nm, and 55 * 3 nm, respectively. No
difference in morphology was observed among the three types of nanoparticles. These data
indicate that surface modification did not significantly affect the structure or size of the
nanoparticles. Furthermore, the size similarity suggests that the conjugated complex forms
only a thin layer on the nanoparticle surface.

2.3. Analysis of surface amine groups and surface-bound EuDOTA-(gly),~ complexes

The presence of amine groups was confirmed by reaction of the nanoparticles with
fluorescamine, a non-fluorescent reagent which reacts with primary amines at room
temperature to produce a highly fluorescent derivative. This reagent permits highly sensitive
analyses of substances containing amine functionalities (picomolar range) and can be used
in both solid and liquid phases (36).
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Intense fluorescence was observed for the amine-modified silica nanoparticles after reaction
with fluorescamine and this demonstrated that the amino groups on the surface were
accessible for further reaction. A decrease in fluorescence was observed after covalent
attachment of EUDOTA-(gly),~ which was consistent with a reduction in the number of free
amino groups after conjugation. Using a standard calibration curve, the fluorescence
intensity differences between these two samples allowed an estimate of the number of amino
groups that had reacted with EUDOTA-(gly),~ at 12.3 nmol/mg of nanoparticle. This value
reflects ~36% of the total amino groups originally present on the surface so by difference,
one can conclude that ~64% of the amino groups (21.7 nmol/mg) did not form a conjugate.
ICP data confirmed that there was indeed Eu3* on the surface of the nanoparticles at a
concentration of 12 nmol/mg nanoparticle. The agreement between these two independent
analyses indicates that each Eu3* complex was, on average, attached viaa single carboxyl
group. These data translate to about 1200 molecules of EUDOTA-(gly)4~ per nanoparticle
(see supporting information), a number that is coincidently very similar to the number of
Tm3*-based PARACEST agents attached to adenovirus particles reported in a previous
study (23).

2.4. CEST studies

CEST spectra were collected by applying a frequency-selective presaturation pulse in small
steps over a large frequency range and plotting the residual bulk water signal intensity, Mg /
Mo, as a function of saturation frequency. The CEST spectrum of a 2.25 mM aqueous
solution of EUDOTA-(gly)4™ (black circles, Figure 3a) shows the typical Eu3*-bound water
exchange peak near 50 ppm. A fit of this spectrum to the Bloch equations for three site
exchange (Eud*-water molecule, four equivalent ligand amide —NH protons, and bulk water
protons) provided a Eu3*-bound water molecule lifetime of 128 s and a—NH proton
exchange lifetime of 17.5 ms. A separate —NH exchange peak is not observed here because
the chemical shift of the —\NH protons in the complex is very close to water itself.

The red curve in Figure 3a represents the CEST spectrum of a suspension of SiO,-NPs
having an equivalent amount of EUDOTA(gly)s4~ (2.25 mM) covalently attached to the
nanoparticle surface. This CEST spectrum showed no hint of a Eu3*-bound water exchange
peak near 50 ppm but rather appeared as a broad exchange peak with a shape reminiscent of
a tissue magnetization transfer (MT) signal (37). This shape can be mimicked
experimentally by a variety of semi-solids suspended in water such as agarose and alginates
and represents water proton dipoles that are not averaged by molecular motions in the
magnetic field.

The absence of a distinct exchange peak from surface-bound EuDOTA-(gly),~ suggests that
water exchange in this system is either too fast or too slow for CEST detection. The
pronounced broadening of the spectrum is most consistent with rapid proton exchange
between multiple proton donors on the nanoparticle surface, perhaps including the
paramagnetic agent and any remaining unreacted primary amino groups (21.7 nmol / mg of
nanoparticle). To check whether the excess surface amino groups on the SiO,-NPs
contribute significantly to the shape of the broad MT-like signal, CEST spectra of
unmodified SiO»-NPs containing only Si-OH exchanging protons and SiO,-NPs containing
excess amino groups (no Eu3*-bound agent) were also compared (Figure 3b). Here, both
types of SiO,-NPs give a broad MT-type signal but the SiO,-NP sample having surface
amino groups shows a substantially broader profile. This indicates that the exchanging
amino protons do contribute to the CEST profile above and beyond the effects due to dipolar
coupling (MT effect).

In an attempt to better understand the influence of the surface functional groups on the
CEST properties of EUDOTA-(gly)4~, titrations were performed by adding either
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poly(allylamine hydrochloride) (PAH) or poly(acrylic acid) (PAA) to a solution of 2.25 mM
EuDOTA-(gly)4~ while recording CEST spectra after each addition. These particular
polymers were chosen because they would introduce a large number of positive or
negatively charged functional groups by using macromolecules that have enough motional
flexibility to allow complete dipolar averaging.

Figures 4a and b display CEST spectra collected before and after addition of small amounts
of the polymers, PAH or PAA, to a 2.25 mM solution of EUDOTA-(gly)s~. Addition of
PAH resulted in quenching of the Eu3*-bound water exchange peak and broadening of the
bulk water resonance. Both effects are consistent with acceleration of water proton exchange
between the Eu3*-bound water molecule and bulk water solvent. In comparison, addition of
PAA to another sample of EUDOTA-(gly),~ had essentially no effect on the Eus*-water
exchange CEST signal. These observations illustrate that the presence of the PAH amino
protons alone in the same solution as the agent has a substantial impact on the water proton
exchange rate from the Eu3* centers (Figure 4a). Conversely, an equivalent number of
excess carboxyl groups had little to no impact on Eu3*-water exchange kinetics (Figure 4b).
The most reasonable explanation is that EUDOTA-(gly),4~ forms a strong ion-pair with the
positively charged amino groups of PAH which likely brings the charged amino groups near
the Eu3*-bound water molecule to establish a local hydrogen-bonding network of proton
donor/acceptors and this results in proton catalyzed exchange much like that observed
previously in the pH sensitive gadolinium complex, GdADOTA-4AmP>~, as the extended
phosphonate groups become protonated (38). Interestingly, this catalytic process seems to
occur regardless of whether the EUDOTA-(gly),~ complex is covalently attached to a
macromolecule (as illustrated by the SiO,-NP results) or whether they are simply mixed
together in aqueous solution (as illustrated by the EUDOTA-(gly)s /PAH mixture).

To further confirm this hypothesis, a Bloch simulation of the CEST spectrum of the
EuDOTA-(gly)4 /PAH mixture was performed (Figure 4a). A fit of the experimental CEST
spectrum of EuDOTA-(gly),~ alone (Figure 3a) gave a Eu3*-bound water lifetime (tp) of
128 s, typical of a slow water exchange complex. If one adds a 10-fold excess of amino
groups (over the Eu3* concentration) and allows each amino proton to exchange at a typical
exchange rate of 4000 s1 at pH 7.0 (1) while fixing the Eu(l11)-bound water lifetime to 128
us, the CEST spectrum of Figure 5 could not be reproduced (the Eu3*-bound water
resonance was still visible). However, by allowing catalytic prototropic exchange between
the Eu3*-bound and bulk water molecule to increase 10-fold (ty = 12.5 ws) while keeping
all other parameters constant, a nearly perfect replication of the CEST spectrum was
achieved. This provides further support to our hypothesis that the presence of amine groups
in the vicinity of a Eu3*-bound water molecule results in catalysis of proton exchange by
about 10-fold. This result is similar to the observation reported by Vasalatiy et a/.(21) who
found that the CEST signal arising from a slow-water exchange complex, the ethyl ester of
EuDOTA-(gly)4, disappeared upon encapsulation of this complex in the interior of
apoferritin. Similar to the results illustrated here, this was attributed to enhanced prototropic
exchange catalyzed by charged groups on the inner surface of the protein core.

3. CONCLUSIONS

In this work, silica nanoparticles were prepared using microemulsions techniques and ~1200
EuDOTA-(gly)4~ molecules were attached to each nanoparticle via conjugation of agent
carboxyl groups to surface amines. The CEST properties of the modified nanoparticles
showed that surface conjugation of the paramagnetic agent did not decrease the Eu3*-bound
water exchange rate as we had hoped but rather resulted in complete elimination of the water
exchange signal. This observation was traced to enhanced proton exchange due to ion-pair
interactions between EUDOTA-(gly),~ and the excess amino protons on the nanoparticle
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surface. These results demonstrate that silica nanoparticles having excess protonated amino
groups on their surface are poor candidates as an amplifying platform for EUDOTA-(gly)4~
for targeted imaging applications. However, it may be possible to identify other
PARACEST agents where the lanthanide-bound water molecule is sequestered enough
within the structure to protect it from external functional groups that efficiently catalyze
proton exchange.

4. EXPERIMENTAL

4.1. General

All reagents and solvents were purchased from commercial sources and used as received,
unless otherwise stated. Millipore deionized (DI) water was used in all instances that
required water.

4.2. Synthesis of EUDOTA-(gly)s™

EuDOTA-(gly),4~ was synthesized according to previously described methods (3).

4.3. Synthesis and amine-modification of silica nanoparticles

Silica nanoparticles were synthesized using a previously described water-in-oil
microemulsion method (39). The surface Si-OH groups were further modified by
suspending 200 mg of the nanoparticles in a 20 mL ethanol solution containing 400 L of
(3-aminopropyl)triethoxysilane (APTS). After 18 h, the amine-modified nanoparticles were
isolated from the mixture by centrifugation at 3750 rpm and washed multiple times in
ethanol and water to remove the excess organosilane.

4.4. Conjugation of EUDOTA-(gly)s~ to amine-modified silica nanoparticles

100 mg of amine-modified silica nanoparticles was suspended in 15 mL of 10 mM
phosphate buffer (pH 7.4) at 0°C. [EUDOTA-(gly)4]~ (65 mg, 0.083 mmol), N-
hydroxysulfosuccinimide sodium salt (72 mg, 0.332 mmol), and N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (64 mg, 0.332 mmol), were
added to the reaction mixture which was allowed to warm up to room temperature and
stirred for 18 h. The modified nanoparticles were separated from the reaction mixture by
centrifugation at 3750 rpm and washed multiple times with water to remove any excess
reagent.

4.5. Transmission electron microscopy (TEM) and size characterization

Nanoparticle size was characterized by transmission electron microscopy (TEM) using a
JEOL 1200 EX electron microscope operating at an accelerating voltage of 120 kV and a
resolution of 0.34 nm. The samples were prepared by placing 10 pL of a 0.1 mg/mL
nanoparticle/ethanol suspension on a carbon-coated copper grid and drying in air. The
average nanoparticle diameter was measured with the aid of the ITEM software.

4.6. Fluorescamine assay

The presence of amine groups on the silica surface was confirmed by a fluorescamine assay
(36). The fluorescamine reagent was prepared by dissolving 2 mg of fluorescamine in 1 mL
of acetone. 300 L of this solution was added to 200 pL of 2 mg/mL nanoparticle
suspension prepared in borate buffer (pH 8.5). The resulting fluorescence was measured on a
Perkin Elmer LS 50B Luminescence spectrometer using excitation and emission
wavelengths of 390 and 485 nm.
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4.7. Analysis of the number of surface-bound EuDOTA-(gly),~ complexes

The concentration of EUDOTA-(gly)4~ on the nanoparticle surface was determined by
inductively coupled plasma optical emission spectrometry (ICP-OES). This experiment was
performed by Galbraith Laboratory Inc. (Knoxville, TN) and the data obtained was used to
estimate the number of EUDOTA-(gly),~ molecules per nanoparticle.

4.8. CEST spectra

CEST spectra were recorded on a Bruker AVANCE 111 400 NMR spectrometer operating at
400.13 MHz. Solutions containing 2.25 mM EuDOTA-(gly)s~ and a nanoparticle
suspension containing an equivalent concentration of Eu3* were analyzed. Control
experiments involving the gradual addition of the polymers poly(allylamine hydrochloride)
(PAH), 70,000 g/mol and polyacrylic acid (PAA) to a 2.25 mM EuDOTA-(gly)4~ solution
were performed in order to determine the effect of the presence of primary amino groups on
the CEST properties of the Europium complex.

4.9. CEST simulations

The experimental CEST spectrum of 2.25 mM EuDOTA-(gly)4~ plus excess PAH mixture
was fitted to the Bloch equation using a program written in MATLAB and the following
experimental parameters: Eu-(111)-bound water T = 17.5 ms, bulk water T, = 2.5 s, Eu-(111)-
bound water lifetime = 128 s, [Eu-complex] = 2.25 mM, [NH, groups] = 10 x [Eu-
complex], Saturation frequency = 23.5 uT, and kg of NH, group = 4000 Hz. All parameters
were kept constant while the water exchange rate was incrementally increased until good
agreement was reached with the experimental CEST spectrum.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structure of EUDOTA-(gly)4~
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200 nm

Figure 2.
Transmission electron micrographs of (a) unmodified, (b) amine-modified, and (c)
EuDOTA-(gly)4 maodified silica nanoparticles. Scale Bar = 200 nm
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Figure 3.

(a) CEST spectra of 2.25 mM aqueous solution of EUDOTA-(gly)4~ (black circles) and a
nanoparticle suspension containing 2.25 mM of surface-bound EUDOTA-(gly),4~ (red
squares). (b) CEST spectra of unmodified SiO,-NPs (green squares) and amine-modified
SiO,-NPs (blue circles) nanoparticle suspensions. The spectra were recorded at 25°C and
pH 7 using a presaturation pulse of 23.5 uT and saturation time of 3 s. Mg/M, refers to the
ratio of the bulk water signal intensity in the presence (Ms) and absence (M) of the
presaturation pulse.
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Figure4.

(a) CEST Spectra of an aqueous solution of 2.25 mM EuDOTA-(gly)4~ (black circles), and a
mixture of 2.25 mM EuDOTA-(gly),~ and 6 mg PAH (blue triangles). (b) CEST Spectra of
an aqueous solution of 2.25 mM EuDOTA-(gly)4~ (black circles), and a mixture of 2.25 mM
EuDOTA-(gly)4~ and 6 mg PAA (blue triangles). The spectra were recorded at 25°C and pH
7 using a presaturation pulse of 23.5 uT and saturation time of 3 s.
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Figurebs.

CEST spectra of a mixture of 2.25 mM EuDOTA-(gly)4~ and 6 mg PAH (red triangles) and
a simulation of the PAH data (blue line) using the exchange rates and other parameters
described in the experimental section.

Contrast Media Mol Imaging. Author manuscript; available in PMC 2013 January 01.



