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Abstract

A terbium-based complex that displays a water exchange CEST resonance well-outside the normal
magnetization transfer (MT) frequency range of tissues provides a direct readout of pH by MRI.
Deprotonation of the phenolic proton in this complex results in a frequency shift of 56 ppmin a
bound water molecule exchange peak between pH 5 and 8. This allows direct imaging pH without
prior knowledge of the agent concentration and with essentially no interference from the tissue
MT signal.
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Imaging beyond the M T effect: A pH-responsive MRI contrast agent displays a highly shifted
water molecule exchange peak near =550 ppm, well outside the MT window. Additionally, the
chemical shift of 56 ppm in this CEST peak is quite sensitive to changes in solution pH. These
features make this agent potentially useful for imaging pH in vivo without prior knowledge of the
agent concentration and with no masking effect from the inherent tissue MT signal.

MT = magnetization transfer.
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Magnetic resonance imaging (MRI) has rapidly developed into one of the most widely used
imaging tools in clinical medicine because it provides both anatomic and functional
information with high spatial and temporal resolution and no radiation burden. MRI contrast
agents are widely used in clinical medicine to enhance contrast between different anatomical
structures or pathologies.[t] Current clinically approved MRI contrast agents work by
shortening the longitudinal (T1) or transverse (T2) relaxation times of water protons that
come into close contact with the agent, thereby providing dynamic data about the tissue
distribution of the agents as they clear. However, currently constructed agents are limited in
providing biological or physiological information such as pH, enzyme activity, redox status,
or the presence of reactive oxygen species (ROS).

Chemical exchange saturation transfer (CEST) agents create MRI contrast using a
conceptually different mechanism that relies on one or more slow-to-intermediate chemical
exchange processes between two or more magnetically nonequivalent environments (Aw 2>
kex).[2] Saturation of spins in one pool of protons followed by chemical exchange of those
spins into the pool of bulk water protons results in a reduction in the intensity of the water
signal and hence darkening of the image. Such dynamic exchange processes make this class
of MRI contrast agents especially attractive as a platform for creating biological sensors.[?!
Other CEST agents have been proposed previously for imaging tissue pH.[4 One of the
more attractive approaches is to use other clinically approved agents that also contain
exchanging —NH or —OH protons that have distinct CEST signals. The first example was
iopamidol, an approved X-ray contrast agent having two different types of -NH protons
with somewhat different pH dependencies.[] Somewhat later, a different X-ray agent,
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iopromide, was considered as an alternative diaCEST agent for imaging tissue pH using the
ratiometric method.[8] Even more recently, a third X-ray agent, iobitridol, containing only a
single exchangeable -NH group was used to imaging pH in vivo by varying the power of the
applied pre-saturation pulse.[ 71 For all diaCEST agents such as these, the intensity of the
CEST signal measured only a few ppm downfield of water protons represents the sum of
two signals, the CEST signal from the agent itself plus a background signal from tissue MT.
Thus, one must assume that the tissue MT signal is independent of changes in pH such that
the net effect is only from the CEST reporter molecule. Two different paramagnetic
ytterbium complexes, YbDO3A-0AAl8l and YbHPDO3AI®! have also been proposed as
paraCEST agents for imaging tissue pH in vivo by MRI. Even though the chemical shifts of
the exchanging protons in these complexes are further removed from the water proton
resonance, both agents still suffer to some degree by interferences from endogenous tissue
signals. The tissue magnetization transfer (MT) signal in particular can play a major role in
masking the CEST signal of most biological reporter molecules. The MT signal typically
spans a broad frequency range covering = 100 ppm and the masking effect of MT is
typically larger than the CEST signal from all responsive diaCEST agents (Am < 10 ppm)
and most paraCEST agents (Ao < 100 ppm).[2% Thus, the MT signal compromises the
general use of CEST to detect and quantify both endogenous and exogenous agents.

The goal of the present work is to develop a CEST-based pH sensor that can be activated
without simultaneous activation of the tissue MT signal. The terbium(I11) complex
illustrated in Chart 1 displays a single, highly shifted water molecule CEST exchange peak
near —550 ppm, well outside the MT window. The pH sensitivity of this complex arises with
deprotonation of the single phenolic proton leaving a negative charge on the phenolate
oxygen atom. This negative charge is then delocalized through the aromatic ring onto the
ketone oxygen which is sensed by the Th3* ion as a stronger electron donor which, in turn,
results in larger hyperfine shifts on all ligand atoms, including the bound water molecule.
Normally, water exchange is too fast in most Th-based CEST agents to observe a resonance
characteristic of an exchanging bound water molecule but, in this complex, the rate of water
exchange was further slowed by the presence of the three dibutyl phosphonate groups on the
ligand.

The design of The2 was based a previously reported pH sensor platform.[11] It has been
widely observed that side-chain groups in LnDOTA-tetraamide complexes such as this play
important role in modulating the rate of water exchange from the inner coordination sphere
of any Ln3* ion.[2] The dibutyl phosphonate side-chain groups in this complex were
introduced to slow water exchange between the inner-sphere of the central Th3* ion and
bulk water while maintaining the pH sensitive advantages of phenolic arm. The nine-
coordinate The2 complex has a single inner-sphere water molecule that exchanges so slowly
with bulk water that 1H NMR signal of the bound water molecule can be observed in a 1:1
mixture of CD3CN/H,0 at room temperature. This was our first indication that rate of water
exchange (Kex) in this complex must be slow compared to the frequency difference between
the two water peaks (Aw), hence key < 2 x 10° s™1. This condition matches the minimal
requirements for an optimal CEST agent.[13]
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The synthesis of ligand 2 and The2 are described in Supporting Information (Scheme S1).
The TH NMR spectrum of The2 in 50% water in CD3CN shows four highly shifted H, axial
protons of the macrocyclic ring (not shown), indicating that the complex exists largely as a
square antiprismatic (SAP) isomer in solution. CEST spectra of The2 were measured in 1
ppm increments over a frequency range of +150 to —700 ppm and at different pH values
ranging from 5 to 8 (Figures Sla and S1b). A CEST signal near —550 ppm was identified as
an exchanging bound water resonance based upon geometric considerations in comparison
to the chemical shifts of other protons in the molecule. This water-based CEST resonance
was detectable at saturation power levels as low as 11.7 uT (Figures S1la and S1b). Like the
previously reported Eu-based pH sensor,[11] the exchanging water resonance shifts with
changes in pH but in this molecule the shifts are much larger, moving 56 ppm between pH 5
and 8 at 310K (Figures 1 inset and S1b). This suggests that The2 may potentially offer a
more reliable measure of pH than the previous Eu-based sensor, depending upon the
linewidth of the water-based CEST peak in vivo. It is worthwhile to note that the frequency
of all CEST exchange peaks in paramagnetic complexes are temperature sensitive as
illustrated in Figure 1. As a result, it is important to establish an in vitro pH calibration curve
at the same temperature at which the in vivo pH imaging experiments are performed.

The CEST spectrum of The2 was also unusual in that the intensity of the water exchange
peak increases with temperature between 298K and 310K (Figure 1). This indicates that the
rate of water exchange in this complex is too slow for optimal CEST at 298K.[14] To
validate this, the Swift-Connick method[®! was used to measure the rate of water exchange
in The2. Plots of the observed transverse relaxation rate (Toops 1) Versus The2 concentration
(mM) at three different temperatures are given in Figures S3 and S4. The transverse
relaxivity due to water molecule exchange (roexch) Was then calculated by subtracting the
total transverse relaxivity for an equivalent sample of TbTETA, a complex lacking an inner-
sphere water binding site, from ryo; at each temperature. It was quite evident from these data
that rpexch increases with temperature, consistent with water exchange in The2 lying on the
“slow” side of the Swift-Connick peak (see Figures S5-8).[25] The bound water lifetime (tg)
in The2 at 298 K estimated from these data was 224 us at pH 5 and 149 ps at pH 8,
consistent with the CEST spectra shown in Figure 1.

Lanthanide complexes like The2 containing a highly shifted water resonance typically act as
efficient Toexch agents and broaden the tissue water signal significantly.[16] The water
exchange rates measured here for The2 suggest that this complex may be unusual and not
cause significant line broadening in vivo. To evaluate this further, a sample of The2 was
added to a 5 mm NMR tube containing 113 mg of minced kidney tissue and CEST spectra
were collected. Two CEST spectra of The2 at pH 7 and 310 K with and without tissue are
compared in Figures 2 and S2. The spectrum containing tissue showed a typical broad MT
signal spanning +100 ppm clearly obscured the —-NH exchange signals of the agent near +50
ppm but had no impact on the intensity and linewidth of the highly shifted Th3*-bound
water signal near 550 ppm. This suggests that the Th3*-based agents having slow water
exchange rates such as The2 will not significantly broaden the tissue water signal in vivo.

To demonstrate the simplicity of using this agent to image pH by MRI, CEST images of
phantoms containing solutions of The2 adjusted to different pH values were collected. Initial
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invitro imaging experiments were performed on 20 mM solutions of The2 in bundled
capillaries (inner diameter 1 mm) using an Agilent 9.4 T small animal system equipped with
a micro imaging probe using a gradient echo pulse sequence (TR/TE = 5.2 s/2.9 ms, flip
angle = 30°, average = 1). The resulting CEST spectra gave a direct readout of the frequency
of the exchanging water resonance as a function of pH (see standard curve in Figure 1 inset).
The pH values derived from the CEST images (Figure 3c) perfectly matched those measured
by a pH electrode (Figure 3a).

In summary, a pH-responsive CEST agent has been developed that displays an unusually
slow water exchange rate for a Th3* complex, nearly optimal for CEST at 310K. This
feature, together with the large paramagnetic shift induced by the Th3* ion in the bound
water molecule makes this an attractive system for CEST activation beyond the MT window
(100 ppm).[17] The chemical shift of the CEST water exchange peak proved to be quite
sensitive to changes in solution pH, thereby making this agent potentially useful for imaging
pH invivo by MRI without knowing the exact tissue concentration of the agent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CEST spectra of 20mM The2 agent recorded at pH 8.2 at 298K (black line) and 310K (grey

line) in CD3CN/H,0 (1:1) with a By of 100 uT. The inset shows a plot of the chemical shift
of the water exchange CEST peak as a function of pH (T = 310K).
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CEST spectra of 20mM The2 agent recorded at 310K and pH 7.0 in CD3CN/H,0 (1:1) with
B of 11.7 uT. The2 agent only: black line; The2 agent mixed with minced kidney tissue of

mice: grey line.
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Figure 3.
Images of a phantom containing either water or 20 mM The2 adjusted to the indicated pH

(9.4 T, 310 K). (a) Proton density images, (b) CEST resonance frequency maps, and (c)
calculated pH values as determined by the calibration curve (inset of Figure 1).
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Figured. Chart 1
Chemical structure of the pH-sensitive paraCEST agent used in this study.
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