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SUMMARY

The efficiency of Gd(l11) contrast agents in magnetic resonance image enhancement is governed
by a set of tunable structural parameters. Understanding and measuring these parameters requires
specific analytical techniques. This Feature describes strategies to optimize each of the critical
Gd(11) relaxation parameters for molecular imaging applications and the methods employed for
their evaluation.

Molecular imaging refers to the development, testing, and implementation of diagnostic
tools for the visualization of molecular processes in vivo.1=3 Deviations in gene expression,
receptor abnormalities, enzymatic catalysis, or alteration of biochemical signaling
environments can be observed with molecular imaging.! The development of new molecular
imaging probes focuses on circumventing the challenges of the field.3 A common limitation
of contrast agents in molecular imaging applications is the discrepancy between target
abundance and complex efficiency. Millimolar quantities of the agent may be required for
distinguishable contrast of a target whose concentration is in the micromolar to picomolar
range (a difference of nearly seven orders of magnitude).* To overcome the signal
amplification challenges of current imaging probes, researchers have pursued the
development of highly efficient contrast agents to investigate biochemical processes.
Amplification of the imaging probe signal at a specific target can be used to monitor
physiology in addition to cellular events and genetic abnormalities preceding, during, and
after treatment.

Magnetic resonance imaging (MRI) is a diagnostic and research tool that is poised to
overcome a number of the challenges facing molecular imaging. MRI can be used to obtain
high resolution images of the internal structure of opaque organisms. In comparison to other
medical imaging techniques [positron emission tomography (PET) and single photon
emission computed tomography (SPECT)], MRI utilizes no ionizing radiation allowing
serial measurements to be obtained without radiation risk to the organism.® Unlike optical
imaging techniques, MRI permits deep tissue penetration resulting in tomographic images
with excellent spatial resolution.® Image acquisition is based on the perturbation of
hydrogen nuclei (water protons) in a static magnetic field via a pulse sequence (Figure 1). A
pulse sequence is a timed series of radio frequency and magnetic gradient exposures that
manipulate the net magnetism of a sample.” The gradient coils of the MRI scanner allow the
position of the water protons to be encoded by their phase and precession frequency. This
encoding can be mathematically transformed into an intensity for each voxel to generate the
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final image.® The contrast of this final image corresponds to the NMR signal intensity of
individual water protons. The variation in the relaxation rate of the water protons to
equilibrium in different tissues after an RF perturbation is used to create image contrast.
While this review focuses on the perturbation of relaxation rates to alter image contrast, it
should be noted that other mechanisms such as magnetization transfer, diffusion-weighted
imaging, and chemical exchange saturation transfer (CEST) imaging can all be used to
generate contrast in MR imaging.®-11 Although diverse pulse sequences can modulate
specific weighting in an image, MRI is ultimately limited by low sensitivity due to an
intrinsically low nuclear 1H polarization.8

Contrast agents are employed to further enhance the image contrast of tissues that are
magnetically similar but histologically distinct. Coordination complexes of the electron rich
Gd(11) are often used to supplement MR scans. Through a dissociative ligand exchange
Gd(111) contrast agents sequentially coordinate the water molecules of a given sample
increasing their inherent longitudinal and transverse relaxation rates. This alteration in
relaxation corresponds to greater levels of contrast in an acquired MR image. However,
despite widespread medical use, clinically available Gd (I11) contrast agents have limited
applicability in studying biochemical processes in a research setting.12 The applications of
these small molecule chelates are restricted by rapid clearance, large dose requirements to
observe sufficient contrast, poor cell uptake, and nontargeted ligand structures.

Ushering MR imaging applications into the molecular arena has involved synthetic
modification of the Gd(11) contrast agent ligand to reach the required contrast intensity.13
Amplification of signal, increased targeting to a biological moiety, and activatable detection
of molecular processes can all be realized through tuning the structural parameters that
govern the efficiency of a Gd(lI1) contrast agent. Analytical methods to measure and
quantify these parameters are essential to understanding the mechanism of efficiency
enhancement in Gd(I11) contrast agents. Furthermore, synthetic modifications to the Gd(l1I)
contrast agent ligand structure can be developed and evaluated, maximizing targeting and
delivery mechanisms. This Feature focuses on the physical parameters that govern Gd(l11)-
contrast agent efficiency, the design strategies for optimizing each parameter, and the
methods employed for their evaluation.

RELAXATION THEORY OF Gd(lll) CONTRAST AGENTS

The well-known Gd(I11) paramagnetic ion is considered the optimal candidate for increasing
the longitudinal relaxation rate of water protons due to its unique magnetic properties.14 The
large magnetic moment (7.9 BM) conferred by the 7-unpaired £electrons of Gd(11) allow it
to interact strongly with nearby spins.1# In comparison to other lanthanides with high
magnetic moments, the ground state of Gd(111) is symmetric (S72) resulting in a uniquely
long electronic relaxation time (1078 — 1079 s) that is advantageous for facilitating the
relaxation of neighboring spins.8: 1°

The efficiency at which a Gd(l11) contrast agent can shorten relaxation time is referred to as
the relaxivity (s, in mM~1s™1). Relaxivity values are directly proportional to the level of
signal intensity observed in an MR image. The relaxivity of a contrast agent can be
determined by the slope of the plot of the longitudinal (1/77) or transverse relaxation rates
(1/7) as function of Gd(I11) concentration (Equation 1),

1
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where 1/ 73 ons is the combination of the paramagnetic (1/7; ) and diamagnetic (1/ 77 q)
relaxation rates. To measure relaxivity, a series of aqueous solutions of a Gd(lI11) contrast
agent at different concentrations are subjected to a pulse of radio frequency energy; the
return to equilibrium conditions is then monitored within a static magnetic field.14 The
longitudinal relaxation time (77) is determined by fitting the mono-exponential curve of the
recovery to a net nonzero magnetization in the z-direction. 7; measurements can be
performed on a NMR spectrometer or benchtop relaxometer unit with special notation of
their dependencies on field strength and temperature.16-17 Concentrations of the Gd(l11)
contrast agent solutions should be determined to the highest level of accuracy possible,
namely by inductively coupled plasma mass spectrometry (ICP-MS) or inductively coupled
plasma atomic emission spectroscopy (ICP-AES).

The relaxivity of current clinical Gd(l11) contrast agents is low averaging 4.7 mM~1s1 at 60
MHz, 10-fold less than the theoretical maximum.18 This inefficiency stems from a lack of
optimization in one or more of the structural parameters that govern the interaction between
the Gd(111) center and the bound water (Figure 2). These parameters are defined through the
equations of Solomon, Bloembergen, and Morgan (SBM) and are described briefly below
for longitudinal relaxation processes.8 19-20

Gd(IH1) complexes are known to increase the longitudinal relaxation rate (1/7;) of water
protons in their vicinity. As stated above, the observed relaxation rate for a solution
supplemented by a paramagnetic solute is the sum of the relaxation rate of any diamagnetic
contribution from the bulk solvent (1/7; 4) and the paramagnetic influence (1/7; p)
(Equation 2).

1 1 N 1
=T 2
Tiobs T1a Ty @)

The paramagnetic contribution to the relaxation rate can be further broken down into the
sum of the relaxation rate enhancements in the inner- and outer-sphere (Equation 3).

1 _( 1 )IS+( 1 )OS (3)
T, \T, T,

The outer-sphere relaxation rate contribution arises from both the hydrogen bonding of bulk
solvent molecules to the acetate arms of the Gd(lI11) chelate and the diffusion of the bulk
solvent molecules in the proximity of the Gd(l11) chelate.® While each of these mechanisms
is on par with the contributions of the inner-sphere relaxation, these outer-sphere modes of
relaxation are rarely the target of chemical modification. In contrast, modulation of the
inner-sphere relaxation contribution is easily facilitated by synthetic modification of the core
chelate. The inner-sphere relaxation rate refers to the exchange of solvent molecules directly
coordinated to the paramagnetic center to the bulk environment (Equation 4).

1\ ¢ 1) 1 ,
T, ~555\T,,+7,) ""I\T, +7, @)

In this equation, cis the concentration of the paramagnetic species in solution, g is the
number of solvent molecules coordinated to the paramagnetic center, pp, is the mole fraction
of the paramagnetic contrast agent, Ty, is the lifetime of the bound water molecule [inverse
of the exchange rate (Key 1)], and 77 is the longitudinal relaxation time of the bound water.
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If the conditions are such that Ty, <K 7y, the inner-sphere relaxation rate is governed by
Tim- This longitudinal relaxation time is modulated by both dipole-dipole and scalar
relaxation mechanisms. The dipole-dipole relaxation mechanism describes the through-
space interaction between a proton nuclear magnetic point dipole and the spatially-extending
magnetic field of an electronic point dipole; the scalar relaxation mechanism describes the
contact interaction between a proton nuclear magnetic point dipole and the uniform
magnetic field at the infinitesimal center of an electronic point dipole. In a dipole-dipole
mechanism, the relaxation is controlled by changes in the orientation of the exchangeable
solvent proton relative to the direction of the Gd(l11) electron spin. This relationship is given
by Equation 5 and Equation 6,

1 2[7,2g2ui) to (. 7o Tel
SN R4 R S(S+1)(—) 7 +3 ©)
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where 7y is the nuclear gyromagnetic ratio, g is the electron g factor, g is the Bohr
magneton, rgq.y is the distance between the electron spins of the paramagnetic center and
the solvent proton, S is the Gd(l11) electronic spin quantum number, w, is the nuclear
Larmor frequency, ws is the electron Larmor frequency, and ¢y » are the correlation times.
A scalar relaxation mechanism is not dependent upon orientation of the nuclear spin but
only on the electron spin relaxation of the Gd(l11) and water exchange of the paramagnetic
ion. This dependence is described in Equation 7,

L_ZS(SH)(é)T Teo )
7S¢ 3 h) \1+wit?, @

where (A/A) is the scalar coupling constant between the Larmor frequency of the Gd(l11)
and the water proton. The ionic nature of the Gd(lI1)-water coordination and the distance
between the water protons and Gd(I11) will cause dipole-dipole mechanisms to dominate
relaxation.8

The correlation time (z;), alluded to in the dipole-dipole mechanism, is dependent upon a set
of parameters inherent to Gd(l11) complexes. This relationship is summarized in Equation 8,

11 . 1 . 1
Te The Ty Ty ®

where 71, is the electronic spin relaxation time, tg is the rotational correlation time, and ty
is the lifetime of the bound solvent molecule to the paramagnetic center. When the inverse
of the correlation time is equal to the Larmor frequency, the relaxivity is maximized.
However, all parameters must be optimized simultaneously for maximum relaxivity.8

It should be noted that the maximum attainable relaxivity values are dependent upon the
strength of the external magnetic field.26-17 Higher external magnetic field strength will
increase spatial resolution by extending the energy gap between the aligned and anti-aligned
nuclear spins. However, this increase in 1H nuclear polarization comes at the expense of z-
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and zg-modulated relaxivity enhancement. At higher external magnetic fields, the benefits
of slow molecular tumbling and increased water exchange rates are attenuated.14 17

Strategies to increase the relaxivity of Gd(I11) contrast agents have centered on modulation
of g, R, and 7. (Figure 2). Synthetic modification of the ligand can tune the values of
these parameters to near optimal states.16 The theoretical limit of relaxivity for a single
Gd(I11) chelate at 20 MHz (100 mM~1s™1) has not been achieved in practice. This
shortcoming is most often due to the rapid rotational motion of small molecule agents in
solution (zg). Other limiting parameters may emerge once the contrast agent has been
synthetically modified to optimize tg; in many cases an unoptimized ty; or g are responsible
for the only modest relaxivity gains of tg optimized complexes. Therefore, appropriate
analytical techniques have been developed to quantify the values of these parameters in an
effort to classify the cause of relaxivity enhancement for a given Gd(l11) chelate. A survey
of these techniques is outlined in the following sections in addition to parameter-specific
strategies for relaxivity enhancement of Gd(l11) contrast agents.

HYDRATION NUMBER (Q)

For in vivo applications, the cytotoxicity of Gd(l11) ions is mitigated by chelation with
poly(amino-carboxylate) derivatives of cyclen and diethylenetriamine. The high kinetic and
thermodynamic stability of the resulting coordination complexes (kg ~1022 — 10%°) eliminate
the possibility of transmetallation with endogenous Ca(ll) and Zn(11) coordination systems.
Current FDA approved contrast agents bind the Gd(I11) ion with a coordination number of
eight; as Gd(I11) has a coordination number of nine, the remaining site is available for water
exchange.

Increasing, decreasing, or controlling the value of gin response to physiological stimuli has
a significant effect on the relaxivity at the expense of the dissociation constant. Removal of
a single acetate arm from the Gd(111) macrocyclic chelate DOTA nearly doubles the
relaxivity while simultaneously decreasing the Gd(l11) dissociation constant by three orders
of magnitude.18 However, this open position permits conjugation of targeting groups,
nanoparticles, and biomacromolecules to the Gd(I11)-DO3A ligand. Alternative ligands (e.g.
DTTA, AAZTA) have been developed to increase the hydration number without sacrificing
thermodynamic stability (Figure 3).21-24 Hydroxypyridinone (HOPO) ligands exhibit high
hydration numbers (g = 2-3) with relaxivities three-fold higher than clinical Gd(I11) contrast
agents.25-27 The aqueous solubility of Gd(I11)-HOPO derivatives can be enhanced through
conjugation to dendrimers or viral capsids resulting in relaxivities in excess of 30 mM1s™1
per Gd(111).28-30

g-modulated Gd(I11) contrast agents control relaxivity through changing the number of water
molecules that can be coordinated to the paramagnetic center in response to physiological
conditions. Meade and colleagues pioneered g-modulation strategies to observe changes in
physiological ion (Ca2*, Zn?*) concentration via MR contrast enhancement (Figure 3).31-34
Moreover, MR detection of gene expression or oncogenic activity has been demonstrated
through enzyme-mediated changes in the hydration number of the Gd(l11) chelate.35-38 For
example, a Gd(I11)-DO3A chelate conjugated to a p-galactosidase sugar functionality was
developed with g = 0 per coordination of endogenous carbonate; cleavage of the sugar by -
galactosidase permits access by one water molecule to the chelate resulting in conversion
from a dark to bright signal.3¢: 38 This correlation of enzyme activity with MR signal
intensity is an important step forward in the development of MR-based molecular imaging
as theg—galactosidase enzyme is a common reporter gene in many biological fields of
study.
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The luminescent properties of the ’Fy — 5Dy transition in the Eu(l11) and the ’Fg —°Dy in
the Th(111) analogues of Gd(lI1) chelates permit g determination via time-dependent
luminescence lifetime decay.4? Upon excitation, the major pathway of energy release for the
tripositive lanthanide is through vibrations with nearby oscillators (Figure 3). O-H
oscillators of a water molecule bond to the paramagnetic center can afford an effective route
for radiationless decay; however, the O-D oscillators of D50 are too low in energy,
mitigating any significant effect.40-41 Using known X-ray crystal structures of Eu(l11) and
Th(I1l) chelates Horrocks and Sudnick derived a linear relationship between the
luminescence decay lifetimes of Ln(I11) in H,O and D,0 and the hydration number of the
Gd(l11)chelate.*2 The luminescence decay lifetimes of each solution [0.5 -1 mM Ln(l11)]
can be determined from the mono-exponential fit of the fluorescence intensity decay as a
function of time. Correcting for the inherent O-H and N-H oscillators of the chelate and any
second-sphere effects, the hydration numbers for the Eu(l11) chelates can be calculated using
Equation 9,

1

1
~(0.314+0.45n,,,+0.45n,,,+0.075numide) ©)

D0

qELtzl.l]

T T

H,0
where tpo and tpyg are the excited state lifetimes of the Eu(l11) complexes in H,0 and
D,0, respectively; o, MNH, and Zymige are the number of O-H, N-H, and amide oscillators
of the chelating ligand, respectively.43 A similar relationship for the Th(I11) analogues has
been derived (Equation 10).44

1

qr,=4.2 [ —0.06] (10)

Hy0 Tl)z()
The solution to these equations will give a non-integer values representing a weighted
average of the hydration numbers of each unique Ln(l11) water exchange environment with

an error of £ 0.1 water molecules.

Alternatively, g can be determined from the Ln(I11)-induced shifts of the water peak by 170
NMR spectroscopy as described by Djanshvili and Peters.# In comparison to luminescence
lifetime decay measurements, the hydration number of the Gd(I11) chelate can be directly
measured. Therefore, only one analogue needs to be synthesized for both relaxivity and
Gd(11) parameter characterization. Although a high concentration of the Gd(l11) chelate is
recommended (20 mM), a comparatively low volume of sample is required. Accurate
measurement of samples with Gd(l11) concentrations as low as 2 mM is obtainable with
care. A method to determine Gd(l11) concentration (such as ICP-MS) is necessary for this ¢
measurement technique.

170 NMR spectra of the Gd(l11) contrast agent (in D,0) and a control of D,O alone (both
enriched with < 3% v/v water-170) are obtained. The difference in chemical shift of the
water peak corresponds to the Ln(l11)-induced shift (§qps). This shift results from the sum of
the diamagnetic (84ja), contact (6¢on), and pseudocontact (pc) contributions specific to the
interaction of the Ln(111) complex and the bound water molecule.*® For Gd(111) systems, Spc
(through-space magnetic moment interactions) and 84, contributions are negligible and not
included.?® Gd(l11) 8¢, contribution is determined by a set of lanthanide(111) and nuclei
dependent values.*6 These resultant factors simplify to Equation 11 and Equation 12
allowing determination of g for Gd(I11) complexes,

Anal Chem. Author manuscript; available in PMC 2013 August 07.
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where P, is the mole fraction of Gd(ll), F is a pre-factor characteristic of 170 used in the
calculation of contact shift 6, and T is temperature in Kelvin.*®> For Gd(111), spectra must
be obtained at 80 °C to ensure fast enough water exchange on the 170 NMR timescale.
Similar to luminescence lifetime decay measurements, the hydration numbers obtained by
Ln(l1)-induced shifts are noninteger values due to an average of multiple Ln(111) water
exchange environments with an error of = 0.2 water molecules.

ROTATIONAL CORRELATION TIME (Tgr)

Rotational motion is the dominant factor in modulating Gd(111) relaxivity at current clinical
field strengths (10-70 MHz). The rotational correlation time (zg) is dependent upon the
effective radius of the contrast agent, a measure of the molecular mass of the system.
Conjugation of small molecule Gd(l11) chelates to nanoparticles, proteins, peptide scaffolds,
and virus capsids has been shown to effectively slow global rotational motion elongating tg
to optimal values (1-10 ns depending on field strength).4”-52 Targeting Gd(l11) contrast
agents to specific biomarkers or creating multivalent nanoparticle scaffolds decorated with
Gd(11) chelates can greatly increase the concentration of an agent to a region of interest in
vivo.53-55 Specific biochemical processes can be monitored while simultaneously improving
the signal-to-noise ratio in the acquired MR image. For example, a Gd(I11)-DO3A chelate
modified with a haloalkane group known to covalently bind the Halotag reporter protein
showed a six-fold increase in per Gd(l11) relaxivity upon binding to the intended target
(Figure 4).58 Furthermore, increases in tg can be obtained through reducing the local
degrees of freedom between the Gd(l11) center and target substrate.>’~58 Recently, we have
shown a ten-fold increase in tg upon conjugating a small molecule Gd(l11)-DO3A chelate to
a trisubstituted benzyl scaffold; this enhancement resulted from a strong dependence on the
carbon linker length between the individual chelates and the aromatic platform (Figure 4).57

Nuclear magnetic resonance dispersion (NMRD) is a common technique used to quantify tg
in addition to other SBM parameters.1® NMRD is a measurement of the relaxation rate of a
Gd(I11) complex as a function of magnetic field (0.01 — 100 MHz) and temperature. In
comparison to other techniques, large amounts of material are not required, and data
collection is relatively rapid. However, the field-cycling NMR units used to perform NMRD
experiments are rare with only a few operating worldwide limiting easy access. The features
of the NMRD curve correspond to the exchange rate between the bound and the bulk water,
the hydration number, and the reorientation time of the Gd(I11) chelate.16 For example, small
molecule agents with rapid rotational correlation times (100 ps) give relatively featureless
curves corresponding to limited optimization of rotational influence. Conjugation of the
same Gd(I1I) chelate to a scaffold or barycenter boosts tg to near optimal values (10 ns).
This enhancement is reflected in the NMRD as characteristic bell shape feature near the
proton Larmor frequencies (10-70 MHz) where rotational motion dominates the correlation
time.14 Parameters inherent to the Gd(111) complexes, including g, can be derived by fitting
these NMRD curves to the SBM equations.

However, the complexity of characterizing these features highlights the disadvantages of
NMRD analysis. From each NMRD curve, six possible parameters of the Gd(l11) contrast
agent must be quantified simultaneously. For small molecule agents, this NMRD curve can
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be relatively flat complicating analysis.1® Moreover, present fitting programs cannot always
provide perfect agreement with experimental data due to the presence of both static and
transient zero field splitting that govern Gd(l11) relaxation rates at low fields. Therefore,
although NMRD data cannot be the only means to characterize contrast agents, it can
provide a way to assess a given Gd(l11) environment. These findings can be used to classify
suspected alterations to global rotational motion or water exchange events.

Other methods to measure tr have been developed that utilize NMR spectroscopy.
Determining tg through proton-linewidth measurements of the Yb(l1l) analogues (assuming
Curie relaxation mechanisms) is a new method developed by Zech and coworkers.>® The
Yb(I11) analogues induce significant paramagnetic broadening in the TH NMR spectrum that
linearly correlate with increasing concentrations of the tg-modulating target conjugate
(protein, nanoparticle, scaffold) as long as the exchange is rapid on the NMR timescale. The
transverse relaxation rate (R,) can be determined through the linear correlation of the
linewidth of the proton peak as a function of the bound agent. Substitution of R into the
equation for Curie relaxation rate can be used to estimation tg (Equation 13)

_l(u_o)zwigi‘u‘.!ﬂ(f+1>2[ 37, ) »
5\an) T Gr e, 1+wlt? 9

where g is the permeability of the vacuum (4r x 1077 T-m-A™1), wy is the proton angular
Larmor frequency (in rad-s™1), g; is the Landé g factor for Yb(II1) (8/7), pg is the electron
Bohr magneton (9.274 x 10724 J.T~1), J is the vector sum of electronic orbital and spin
angular momenta (J = 7/2 for Yb(I1l)), kg is Boltzmann’s constant, T is the temperature in
Kelvin, ryp.y is the proton-metal distance, and < is the total correlation time. In this
method, where the relaxation rates of non-exchangeable protons are being determined, <. is
reduced to tg giving the simplified version in Equation 14.

2
w 3
R,=3.649 - 107 — (4TR+ Tg 2) (14)
. 1+a)H‘rR

However, to use this method bond distances between the protons of the chelate and the
Yb(I1) center must be known; these may be approximated if an X-ray diffraction structure
is unavailable.

Zang and Xie have reported an off-resonance spin-lock technique for tg determination of
Gd(111) chelates that can be performed on a NMR spectrometer or benchtop relaxometer
unit.%0 The off-resonance rotating frame relaxation rates (R1p) of several samples are
measured at multiple spin-lock strengths (we) and angles (8) by changing the RF amplitude
and resonance offsets. The data is fitted to an mono-exponential decay extracting the initial
[M(0*)] and equilibrium [A#(o0)] magnetization, which can be used to calculate Rip
(Equation 15)

M(0%)

WRI (15)

Rlp(we7 0)=

where R is the longitudinal relaxation rate measured by an inversion recovery pulse
sequence. The value obtained for Ry, (we, ©) is fitted to SBM theory in the rotating frame to
solve for tR.
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LIFETIME OF THE COORDINATED SOLVENT MOLECULE (1y)

Upon optimization of tg, the lifetime of the coordinated solvent molecule (tp) becomes the
dominating factor in further relaxivity modulation. Optimization of ty; (10-50 ns at low
field) can be achieved by increasing steric hindrance and destabilizing the interaction
between the bound water and the paramagnetic center to assist in faster dissociative
exchange (Figure 5).14 Gd(l11) chelates with a coordinating propionate functional group
substituted in place of one of the usual acetate arms (DO3A-Nprop, DTTA-Nprop) have a
) one order of magnitude shorter than their parent complexes.51 Moreover, when the
ligand backbone is extended by a methylene carbon (TRITA, EPTPA), the T\, decreases two
orders of magnitude with respect to the parent complexes; however, this benefit is coupled
with a decrease in kinetic and thermodynamic stability.61 Laurent and coworkers showed
modification of the DTPA backbone with bulky methyl, butyl, isobutyl, and isopropyl
functional groups improves ty; two- to four-fold over the unmodified DTPA chelate.52
Finally, given the water exchange is mediated through a dissociative exchange mechanism,
increasing the negative charge of the chelate increases the exchange rate.8: 63

The rate of water exchange between the inner coordination sphere of the Gd(l11) contrast
agent and the bulk water can be determined by variable temperature 1’O-NMR
spectroscopy.® In this technique, the 170 transverse relaxation rate (R,) of water is
measured in the presence of a Gd(I11) contrast agent over a series of temperatures. The
transverse relaxation rate is proportional to the linewidth of the 17O-NMR peak with
correction for diamagnetic influence. A fit of R, as a function of temperature to Equations
16-18 can simultaneously derive T, the electronic spin relaxation time ( 73¢), and the
change in enthalpy (AH).

R _S(S+1)(A)2 15)
2= 3 P Tel
1_1 1
Tel_TM Tle (@
1T AH{ 1 1
7, 2981578 V| R \20815° T (18)

In Equations 16-18, S is the spin number of Gd(I11), A/ is the hyperfine coupling constant,
and R is the ideal gas constant. With this method, scalar forces are the dominant mechanism
of relaxation. However, a large concentration of the Gd(I11) contrast agent (20-30 mM) is
required to observe significant linewidth broadening.

The 170 NMR method for determining Ty, only applies to fast tumbling agents (where tg is
not optimized). For agents with a long tg, measuring the transverse relaxivity (7,) of the
Dy(111) analogues at high field over a range of temperatures (VT r>) can be used to derive
.29 64-66 Curie mechanisms dominate the relaxation of Dy(l11) analogues. Compared to
SBM relaxation, which describes the relaxation of a proton nuclear spin (water) upon
interaction with the instantaneous fluctuations of a Ln(lI11) electron spin, Curie spin
relaxation is an additional relaxation mechanism that occurs because of the non-zero time
thermal average of a Ln(l11) electron spin in the presence of a magnetic field. This creates a
large static magnetic moment called Curie spin that can interact with protons to induce
relaxation.” At high magnetic fields, Curie relaxation is the most important relaxation
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mechanism for Dy(l11) complexes because of its high magnetic moment and short electronic
relaxation time. Ty, is found by fitting the 7, of the Dy(l11) contrast agent analogues at a
series of temperatures to Curie relaxation equations. The analysis is much more complex
than the simplified Gd(I11) method because ten parameters are fit simultaneously.

The field of molecular imaging presents new challenges to which imaging modalities are
swiftly adapting. MRI is an attractive technique due to its noninvasive approach with no
accompanying radiation risk. The insensitivity of MR probes in molecular imaging can be
addressed through the modification of Gd(I11) coordination complex ligand structure. The
efficiency (relaxivity) of Gd(I11) contrast agents can be increased through modulation of the
parameters inherent to these complexes including: tg, the rotational correlation time, Ty, the
lifetime of the bound water molecule to the paramagnetic center, and g, the number of
solvent molecules bond to the Gd(I1) at any one time. Quantification of each of these
parameters can provide confirmation of relaxation enhancement mechanisms or provide
strategies for further synthetic modification. Diverse methods exist to measure these
parameters, each with advantages and disadvantages. As the sensitivity and variety of
instrumentation continue to advance the applicability and precision of these measurements
will continue to improve.
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Figure 1. An overview of MR Physics

Hydrogen nuclei, responsible for the inherent contrast of MR, have one proton and an odd
atomic mass resulting in a spin of %2 and an overall magnetic moment. In the presence of an
external magnetic field (Bp) the spins align parallel to the axis of the field with a slight
population preference in the direction of By (+ 2). This induced polarization for the lower
energy state (alignment with the field) is dictated by the Boltzmann distribution. The
accumulation of individual proton magnetic moments results in a net nonzero magnetization
in the zdirection (M, = Mp); in the xy plane, the random alignment of each of the individual
spins cancel to give an overall transverse magnetization (M) of zero. (A) Excitation: The
polarized nuclei are perturbed by a rotating magnetic field (B;) perpendicular to 5 to
deliver radio frequency electromagnetic energy into the system (RF pulse). The energy of
the RF pulse is equal to the Larmor frequency to facilitate resonance with the water proton
spins. The duration of the RF pulse is correlated to the flip angle (a) relative to the external
field. For example, a 90° RF pulse translocates the net magnetization vector into the
transverse plane (M, =0, My, = Mp). (B) Relaxation: Upon removal of the RF pulse, the
energized nuclear spins return to equilibrium. The nuclear spins will release this excess
energy to their surroundings through molecular vibrations/rotations that occur at the Larmor
frequency. The characteristic time in which the net magnetization returns to equilibrium by
this mechanism is known as the spin-lattice (longitudinal) relaxation time (77).8
Alternatively, coherence of the transverse component can be lost as energy is absorbed/
transferred to nearby protons with the same Larmor frequency. These intermolecular and
intramolecular vibrations and rotations cause the net magnetization to fluctuate; this results
in a time dependent decay [spin-spin (transverse) relaxation time, 7]. However,
inhomogeneities in the magnetic field and magnetic susceptibility differences of adjacent
tissues can distort the true 7, value; these contributions are expressed as 7,*. Pulse
sequences enhance MR image contrast by exploiting differences in the 7; and 7; of tissues.
(C) Variability in 77 and 75 resulting from the dissimilar water concentrations of different
tissues contributes to the inherent grayscale contrast of a typical MR image. (D) An example
of how Gd(l11) contrast agents can enhance the contrast in an MR image of nanodiamonds
through shorting 7;. 7;3-weighted MR images of (1) water, (2) 1 mg/mL undecorated
nanodiamonds, (3) undecorated nanodiamonds + coupling reagents, and (4)—(8) Gd(ll) —
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Figure 2. Gd(I11) contrast agents: design and structural parameters

(A) Common clinically approved Gd(I11) contrast agents. Gd(l11), a nine-coordinate
lanthanide metal, is chelated by cyclic or linear ligands leaving at least one coordination site
open for water exchange. Chelation by the organic framework mitigates toxicity concerns
while simultaneously allowing additional synthetic modification near the paramagnetic
center. (B) A schematic depiction of the parameters that govern Gd(l11) relaxation
enhancement. The relaxivity of a Gd(l11) contrast agent is controlled by the rotational
correlation time (tg), the number of water molecules coordinated to the Gd(l1l) ion (g), and
the time the water remains coordinated to the metal (tpy).
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Strategies for g-modulated relaxation enhancement include: (A) Alternative ligand
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design,18: 2125 and (B) lon-responsive contrast enhancement. Adapted with permission
from Ref. 34. Copyright 2008 American Chemical Society. (C) Energy level diagrams for
Eu(l11) and Th(lll) pertaining to g measurement by luminescence lifetime decay. The
denoted emission transitions are the most intense radiative transitions for each tripositive
lanthanide. Radiationless decay mechanisms mediated by O-H oscillators are labeled with

dotted arrows. Adapted from ref. 40. Copyright 1965, American Institute of Physics.
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Figure 4.

Strategies for tg modulation. (A) Schematic of a HaloTag-targeted Gd(l11) contrast agent.
The haloalkane tail of the Gd(I11)-DO3A chelate is irreversibly bound to the mutated
enzyme activity site buried deep in the interior of the protein. Upon binding, the effective
radius of the small molecule is greatly increased slowing rotational mation. This tr-
modulated relaxation enhancement strategy boosts the efficiency of the chelate almost six-
fold in comparison to the unconjugated small molecule. Adapted with permission from Ref.
56. Copyright 2011 American Chemical Society. (B) Decreasing the number of carbons
between a small molecule agent and its intended benzyl scaffold increases relaxivity via a
local tg effect. An NMRD curve shows the characteristic bell-curve feature at field
strengths corresponding to the Larmor frequency signaling a tg effect in the corresponding
agents. Small molecule agents with short tg values give the relatively featureless curves at
these same frequencies. The NMRD curve is reprinted with permission from Ref. 57.
Copyright 2011 American Chemical Society.
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Strategies to optimize of the lifetime of the bound solvent molecule (ty) include: (A) Steric
compression via the addition of a methylene group to the coordinating acetate arms or
chelate backbone,51 and (B) addition of sterically bulky groups to the chelate backbone.%2
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