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The pH sensitivity of -NH exchange in
LnDOTA-tetraamide complexes varies with
amide substituent

Ana Christina L. Opina®, Yunkou Wu?, Piyu Zhao?,
Garry Kiefer®® and A. Dean Sherry®"*

The amide proton exchange rates in various lanthanide(lll) DOTA-tetraamide complexes were investigated by CEST
as a function of variable chemical structures and charges on the amide substituents. Comparisons were made
between YbDOTA-(gly),~ (Yb-1), YoDOTA-(NHCH,PO3),>~ (Yb-2) and YbDOTA-(NHCH,PO;Et,),>* (Yb-3). The general
shapes of the CEST vs pH profiles were similar for the three complexes but they showed maximum CEST intensities
at different pH values, pH 8.3, 8.8 and 6.9 for Yb-1, Yb-2 and Yb-3, respectively. This indicates that a more negatively
charged substituent on the amide helps stabilize the partial positive charge on the amide nitrogen and
consequently more base is required to catalyze proton exchange. The chemical shifts of the -NH protons in Yb-1 and
Yb-2 were similar (-17 ppm) while the -NH proton in Yb-3 was at —13 ppm. This shows that the crystal field
produced by the amide oxygen donor atoms in Yb-3 is substantially weaker than that in the other two complexes. In
an effort to expand the useful range of pH values that might be measured using these complexes as CEST agents,
the shapes of the CEST vs pH curves were also determined for two thulium(lll) complexes with much larger hyperfine
shifted -NH proton resonances. The ratio of CEST from -NH exchange in Tm-1 compared with CEST from -NH
exchange in Tm-3 was found to be linear over an extended pH range, from 6.3 to 7.4. This demonstrates a potential
advantage of using mixtures of lanthanide(lll) DOTA-tetraamides for mapping tissue pH by use of ratiometric CEST
imaging. Copyright © 2011 John Wiley & Sons, Ltd.
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A second factor is that 1y, must be in the slow-to-intermediate
exchange regime defined as:

1. INTRODUCTION

Chemical exchange saturation transfer (CEST), first demonstrated
by Wolff and Balaban in 1989, is an image contrast mechanism
based on chemical exchange of saturated spins (1,2). CEST con-

m*Aw>1 (M

trast is achieved by applying a frequency-selective presaturation
pulse at the resonant frequency of a labile solute proton which is
then chemically transferred into another pool of spins. In most
cases, the second pool corresponds to bulk water protons, so
turning on CEST contrast produces a decrease in the bulk water
signal intensity and a consequent darkening of an MR image.
Numerous endogenous and exogenous diamagnetic CEST agents
(DIACEST) have been reported but here the chemical shift
differences between the two exchanging pools make selective
excitation somewhat problematical (3). One solution to this limi-
tation is to use an exogenous paramagnetic lanthanide complexes
containing hyperfine-shifted exchange sites (PARACEST) (4-6) so
that selective irradiation can be performed without significant off-
resonance saturation of bulk water protons.

One of the most important determinants of CEST is the proton or
water molecule exchange rate (k). The residence lifetime (ty; = 1/key)
is defined as the time a labile proton or molecule remains at one
site before it exchanges into the other. 1y, cannot be too short
because it becomes difficult to fully saturate a spin pool before
exchange occurs nor should it be so long that magnetization
returns back to equilibrium via spin-lattice relaxation (T;) before
exchange occurs. These scenarios limit the observable CEST effect.

where Aw is the frequency difference between the exchanging
protons or water molecules. It has also been shown from basic
Bloch theory that the optimal residence lifetime also depends on
the power of the pulse (B;) used to excite the exchanging
protons or water molecules (7,8),

™m=1/(2n1B,) (2)
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This indicates that at low B; (maybe limited to 50-100Hz for
clinical applications), the optimal exchange lifetime for CEST can
be estimated to be about 1-3 ms. To date, the bound water lifetime
in typical Eu(ll) complexes is in the 100-400 ps range so further
work must be done to slow the rate of water exchange to make it
practical.

It has also been shown that the rates of proton exchange
between a labile -NH proton and bulk water are relatively slow
(ms range) and generally increase with increasing pH (9,10). This
makes such exchange sites potentially useful as pH sensors. For
example, the four equivalent amide protons of LnDOTA-(gly),~
have been previously shown (11,12) to have a pH-sensitive CEST
signal in the range of interest for physiological pH measure-
ments. In this work, we explored the effect of modifying the
properties of the amide side chains of other LnDOTA-tetraamide
complexes on the amide proton lifetimes as determined by
CEST. High-resolution NMR and CEST measurements were
performed on Yb(lll) and Tm(lll) complexes of DOTA-(gly)s™,
DOTA-(NHCH-PO5),>~ and DOTA-(NHCH,POsEt,),>" (see Figure 1)
to compare the effects of chemical variation in amide substituents
on the pH sensitivity of CEST from -NH exchange in these
molecules. Our long-term goal is to identify mixtures of agents
with highly shifted -NH protons that can be selectively activated
even in the presence of a broad water signal typical of that seen
in vivo for ratiometric imaging of tissue pH.

2. RESULTS AND DISCUSSION

High-resolution "H NMR spectra (not shown) of the three Yb(lll)
complexes showed typical hyperfine shifted resonances charac-
teristic of other Yb(lll) complexes of this type (11,13). The most
easily assigned resonance is the most highly downfield-shifted
macrocyclic axial proton, usually referred to as the H, resonance.
This resonance appeared at 92 and 88 ppm in the NMR spectra of
Yb-1 and Yb-2, respectively, and at 77 ppm in the spectrum of Yb-3.
This result indicates that the two negatively charged ligand side-
chains provide similar ligand fields for the Yb(lll) ion while the
phosphonate diethyl ester ligand (no charge) provides a consid-
erably weaker ligand field (14). This same pattern was seen in
chemical shift comparisons of the amide —NH protons. These were
found near —17 ppm in NMR spectra of Yb-1 and Yb-2, and
—13 ppm in the spectrum of Yb-3. Here again, the smallest chemical
shift was observed for the uncharged DOTA-(NHCH,POsEt,),
ligand, consistent with a weaker ligand field.

Application of a frequency-selective, presaturation pulse on
the -NH resonance in each of these samples results in a
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Figure 1. Molecular structures of the LnDOTA-tetraamide complexes
investigated in this paper.

reduction in the bulk water signal, a characteristic CEST response
that results from proton exchange between the -NH proton and
bulk water. The magnitude of this CEST effect is, of course, pH-
and temperature-dependent. Figure 2 shows the percentage
decrease in water intensity, [1 — (M/M,)], as a function of pH for
the three Yb(lll) complexes. All three curves have a similar shape,
with amide CEST increasing with pH up to a maximum value
then decreasing with a further increase in pH. This behavior is
characteristic of base-catalyzed -NH proton exchange which
reaches an optimal exchange rate at the apex of the CEST vs pH
curves for the three complexes, at pH 8.3 for Yb-1, pH 8.8 for Yb-2
and pH 6.9 for Yb-3. These differences in pH where maximum
CEST occurs clearly reflect differences in amide proton exchange
rates in the three molecules and likely also differences in their
pKas (unknown). The potentiometric titrations of DOTA-(gly),
(ligand 1) have been reported (15,16), but no high protonation
steps attributable to amide protons were detected up to pH
11.7. Coordination of the amide oxygen to the Yb(lll) results in
sharing of the amide nitrogen lone pair electrons with the
carbonyl carbon and this, in turn, increases the acidity of the
amide proton and makes base-catalyzed proton exchange more
efficient (17,18). The presence of an additional charged sub-
stituent near the amide nitrogen can either stabilize or destabilize
this electron delocalization and thereby affect proton exchange
as well (19). One would predict then that negatively charged
substituents on the amide groups of Yb-1 and Yb-2 should make it
more difficult to remove a proton from the amide and subse-
quently require a higher base concentration to initiate proton
exchange. This is observed experimentally. The more highly
charged substituent, -CH,-PO3%™ (Yb-2) makes removal of the
amide proton more difficult compared with the -CH,-CO,”
substitutent (Yb-1) so the apex of its curve lies at more basic pH.
Conversely, the uncharged substituent, -CH,-PO(OEt), (Yb-3)
allows for easier proton removal as evidenced by the shift in the
apex of the curve for Yb-3 to lower pH (Figure 2). These results
demonstrate that it should be relatively easy to shift the amide
CEST curve to almost any desired pH range by altering the
structure of the amide substituent.

Theory also predicts that the optimal proton lifetime (ty)
required to achieve maximal CEST depends upon the strength of
the applied field (B,) (see equation 2). Thus, for a B; of 900 Hz, the
optimal residence lifetime of a proton should occur near 0.18 ms
while for a B; of 300Hz, the optimal lifetime would be longer,
0.53ms. To test this experimentally, CEST vs pH profiles were
recorded for Yb-1 and Yb-3 at four different applied B; values
(Fig. 3). For both agents, it can be seen that the apexes of the
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Figure 2. pH dependence of CEST intensity [1—(Myn/Mog)] for Yb-1
(open circles), Yb-2 (solid diamonds) and Yb-3 (solid triangles) recorded
on 20 mm samples at 9.4 T, 298K (B; =500 Hz, sat. time=4s5).
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Figure 3. CEST vs pH profiles for Yb-1 (top) and Yb-3 (bottom) at different
B, 900 Hz (solid diamonds), 700 Hz (open squares), 500 Hz (open triangles),
300 Hz (x) recorded on 20 mm solutions at 9.4 T, 298K (sat. time=45s).

CEST vs pH curves vary with B; as predicted. Reasonable
agreement (£0.1 ms) between the theoretical and experimental
Tyn Values was observed for both agents at all four power levels.
These data demonstrate that the shape and position of the CEST
vs pH curves is determined by the applied B;.

A more interesting and perhaps less obvious difference
between the CEST vs pH curves for Yb-1 and Yb-3 is that CEST
increases with B, (as expected) at or near the pH optima for Yb-1
but does not increase nearly as much with increasing B, for Yb-3.
The reason for this apparent anomaly is that amide proton
exchange rates are so much faster for Yb-3 than Yb-1 at all pH
values. This is apparent from the observation that one must go
to much lower pH values to slow down -NH proton exchange
enough for CEST to disappear for Yb-3 than for Yb-1. In
comparison, the -NH exchange lifetime for Yb-3 at pH 7.5 is
0.11 ms while the -NH exchange lifetime for Yb-1 at this same
pH is 3.3 ms, a 30-fold difference in exchange rates. Given that
proton exchange is faster for Yb-3 at any given pH value, this
leads to more rapid convergence of the exchanging -NH proton
resonance with the bulk water resonance with an applied field,
B;. Hence, the CEST vs pH curves for Yb-1 continue to increase
with B; near the optimal pH region while CEST for Yb-3 reaches a
near plateau with increasing B.

There is great interest in developing MRI sensors for mapping
whole body tissue pH to distinguish normal from diseased
tissues. In particular, images that report the extracellular pH of
tumors would be of great diagnostic value (20). A CEST vs pH
curve that covers a range of pH values from 7.4 to below 6
would be ideal for this purpose. While the CEST curves for Yb-1
and Yb-2 lie somewhat too far toward basic pH (Fig. 2), Yb-3 has
an effective pH range between 6 and 7, depending upon
applied B; (Fig. 3). Nevertheless, one would not be able to
distinguish between a tissue pH above 7.4 vs one below about

pH 6.6 so using Yb-3 alone would not be optimal. One way of
overcoming this limitation is by combining Yb-3 with another
agent that has a different chemical shift and is more sensitive to
changes in pH over a more basic pH range, such as Yb-1 or Yb-2.
Yb-1 was chosen for further experimentation because of its
steeper CEST vs pH curve (Fig. 2). Combining Yb-1 and Yb-3
together should not only increase the effective pH range but it
also offers the possibility of ratiometric imaging to obtain a
concentration-independent measure of pH (9).

The relatively small chemical shift dispersion of the amide
protons in these Yb(lll) complexes compared with the bulk water
signal would be even more problematical in vivo because of the
underlying magnetization transfer (MT) signal arising from water
tightly associated with proteins and other large macromolecules
(17,21,22). One solution might be to shift the amide proton
resonance frequencies even further away from the bulk water
signal by choosing a different lanthanide ion. Tm(lll) is perhaps
the best choice for this purpose as this paramagnetic ion is
known to induce much larger chemical shifts in all ligand
protons compared to Yb(lll) without introducing too much line
broadening (11). For comparison, the chemical shifts of the -NH
protons in the "H NMR spectra of Tm-1 and Tm-3 are at =51 and
—40 ppm, respectively, about 3-fold larger than the shifts in the
corresponding Yb(lll) complexes.

CEST vs pH curves were collected for solutions of Tm-1 and
Tm-3 at 310K (Fig. 4). Although the general shapes of these
curves were qualitatively similar to the corresponding Yb-1 and
Yb-3 complexes (compare Figs 2 and 4), the maximum in the
CEST vs pH curve for Tm-1 is shifted slightly toward lower pH
while the maximum in the curve for Tm-3 is shifted toward
higher pH. The fact that these two compounds differ in their pH
sensitivity suggests that one should be able to use a mixture of
the two complexes and ratiometric imaging to obtain a
concentration independent measure of pH. To examine this
possibility, CEST spectra of equimolar mixture of Tm-1 and Tm-3
as a function of pH are shown in Fig. 5. Again, the general
shapes of the CEST vs pH curves for each individual agent were
similar to those shown for separate agents in Fig. 4 but the total
CEST intensities of the mixture was somewhat smaller than that
observed in the single agent samples because the higher total
concentration of Tm(lll) (40 mm) shortened the T; of the bulk
solvent protons. In this case, the T; of bulk water for 20 mm
solutions of Tm-1 or Tm-3 at 310K averaged about 0.5s while
the T, of water containing the mixture (total Tm =40 mm) was
0.25s.

A ratiometric analysis described previously by Ward and
Balaban for diamagnetic molecules was used to obtain a

50 -

o
(=]
"

Tm-1

w
o
N

Tm-3

N
o
"

1-(MonMoge) (7o)

-
(=]
L

o

55 6 6.5 7 7.5 8 85 9
pH

Figure 4. CEST vs pH profiles for separate 20 mm samples of Tm-1 (open
circles) and Tm-3 (solid squares) recorded at 9.4 T and 310K (B; =500 Hz,
sat. time=45s).
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Figure 5. CEST profile of 20 mm Tm-1 and 20 mm Tm-3 in a single solution
at different pH values (green=pH 6.4, orange=pH 7.0, blue=pH 7.3,
red=pH 7.5, pink=pH 8.1, black=pH 8.3) recorded at 9.4T and 310K
(B;y=500Hz, sat. time=4s). The inset provides a close-up view of the
amide proton CEST peaks.

concentration-independent measure of pH (9). Here, the ratios
of CEST from the two unique chemical exchange sites (sites 1
and 2) were measured and plotted as follows.

(M _M‘)Site'l
( MSSite1 ) _ kg;te] [Agent]Site1n5ite1
( (Mo—M, )Site2> ksite2[Agent] Site2 site2

Site2
MS

Equation (3) illustrates that the CEST ratio, [(M, — M) /M)
(Mo — Mq)*™®2/M>"?], is proportional to the ratio of the agent
concentrations, the number of exchangeable protons at each site
(4 in this case), and the proton exchange rates at the two sites, Key.
This equation also assumes that both exchange sites are fully
saturated after application of a long presaturation pulse. Since both
rates are pH dependent, a plot of the CEST ratio as a function of pH
yields a standard curve that is independent of [Agent] and n. This is
important because the local concentration of the agent in tissue is
unknown in most cases and this is usually required for most pH
measurements in vivo. Such ratiometric CEST measurements on
other paramagnetic systems have been shown to provide a
concentration-independent measure of pH by several authors
(9,11,12,23,24) and, more recently, Wu et al. (25).

The ratiometric curve reported in Fig. 6 was generated by
collecting two CEST spectra and taking the ratio of water in-
tensities, Tm-3 (pre-saturation at —40 ppm)/Tm-1 (pre-saturation
at—51 ppm) as a function of solution pH. The resulting ratiometric
plot covers a broader pH range (pH 6.4-7.4) than seen previously
for any of the individual agents. This extended pH range could
prove important in imaging the extracellular pH of individual
tumors or in differentiating between infarcted or poorly perfused
tissues from well-perfused tissues using CEST-MRI. Of course,
calibration curves such as the one shown in Fig. 6 will depend on
factors such as B, field strength, and concentration so separate
calibration curves should be generated for each particular
experimental protocol. Although we do not demonstrate here that
this ratiometric plot is indeed independent of agent concentration
as theory predicts, we have shown recently that this same
ratiometric method works well for a pH-dependent PARACEST
agent over a wide concentration range (25).

ratio of % CEST (Tm-3/ Tm-1)
w

6.2 6.5 6.8 71 74 7.7 8 8.3
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Figure 6. Ratiometric plots for an equimolar mixture of Tm-1 and Tm-3
(20 mm each) recorded at 400 MHz and 310K (B, =500 Hz, sat. time =45s).

For practical applications, Tm-1 and Tm-3 cannot be assumed
to distribute identically in tissues owing to the differences in their
charge and molecular size. This limitation could potentially be
overcome by encapsulating both the agents in a single nano-
carrier such as a liposome. A liposome filled with two types of Tm(lll)
CEST agents would not only insure that an identical amount of
each agent would occupy the same tissue space, but such a
system could potentially increase the CEST sensitivity of such a pH
sensor by increasing the local agent concentration at the site of
interest. Of course, proton exchange rates may also be slower due
to the additional liposomal bilayer barrier so this may be a trade-
off. The approach taken here using two Tm(lll) complexes also has
some potential advantages over the pH-sensitive YbDOTAM
dendrimers reported previously (24), especially for ratiometric
imaging. The two Tm(lll) complexes studied here have the
advantage of having a larger chemical shift difference between
the two amide protons compared with the different Yb(lll)
dendrimers and the -NH exchange sites in the Tm(lll) complexes
are shifted further away from the bulk water frequency so the
potential interference with the tissue MT signal is further
minimized.

3. CONCLUSIONS

Three lanthanide-based PARACEST agents bearing different
charges on the amide substituent were reported in this study.
The differences in the electrostatic properties of the appended
amide group altered both the -NH exchange rates and
resonance frequencies of the amide protons. Consequently, this
affects the pH sensitivity range of the amide proton saturation
transfer to bulk water. It was shown that a shift in the apex of a
CEST vs pH curve correlated with the ability of the substituent to
stabilize the negative charge on the deprotonated form of the
amide. A most highly negative substituent (~CH,-PO5")
destabilized this charge and this resulted in a shift in the apex
to a more basic pH value (pH 8.8) while the neutral amide
substituent [-CH,-PO(OEt),] shifted the apex of the CEST vs pH
curve toward a lower pH value (pH 6.9). These observations led
to further studies of agent mixtures, each having a different
amide proton chemical shift and pH-responsive regions to
create a pH sensor that covers a broader pH range required for
many clinical applications. This study could provide an avenue
to further explore the potential of amide proton exchange by
fine-tuning the properties of the amide side-arm.
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4. EXPERIMENTAL

The synthesis of DOTA—(NHCH,POsEt,);, DOTA—(NHCH,PO5),%
and DOTA-(gly),*~ was performed using a previously reported
method (11,13,26).

4.1. NMR spectroscopy

NMR samples for CEST studies were prepared by dissolving an
agent in H,O (400 L) at a concentration of 100 mm. The pH was
adjusted by addition of either lithium hydroxide monohydrate
or p-toluenesulfonic acid monohydrate to avoid dilution.

4.2. CEST measurements

All CEST spectra were recorded on a Bruker Avance Il 400
spectrometer at 298K (for Yb complexes) and 310K (for Tm
complexes) by application of a 4 s frequency-selective presaturation
pulse over a range of frequencies followed by a single observe
pulse to measure the residual water signal. Two signal averages
were collected at each presaturation frequency. Prior to col-
lection of the full CEST spectra, single frequency CEST intensity
measurements showed that 4 seconds was sufficient to reach
full saturation of each exchanging -NH proton. The bulk water
signal intensity, My/M,, is plotted as a function of saturation
frequency and is referred to as the Z-spectrum or, recently, the
CEST spectrum. In this experiment, the sample was irradiated
with four different presaturation pulses (B;, 21.2, 16.5, 11.8 or
7.0 uT) at a 4s duration over the range of £100 ppm saturation
frequencies (saturation offset). The CEST effect was determined
by taking the bulk water signal intensity from the CEST
spectrum at the resonance frequency of the exchanging proton
(on-resonance) and at the same offset frequency but on the
opposite side with respect to the bulk water signal intensity (off-
resonance). The bulk water signal was set to 0 ppm. This method
takes into account the direct saturation effects of the bulk water
signal.

4.3. Fitting CEST spectra to the Bloch equations modified
for exchange

The resulting CEST spectra were fitted to the Bloch equations for a
three-site exchange pool model (bulk water, water coordinated
with the Ln(lll), and the amide proton) using a MATLAB™ program
(27). The T, of the bulk water proton was measured using the
inversion recovery method using a Bruker Avance spectrometer
operating at 400.13 MHz, while T, was estimated by taking the full
width at half height of the bulk water proton peak. The following
parameters were also included in the fitting program: presaturation
pulse (B,) in Hz, magnetic field (By), presaturation time, T; and T,
of bulk water, and proton concentrations and resonance
frequencies of bulk water, bound water and amide. The residence
lifetime (1) of the amide protons was determined by averaging
the fits of several CEST spectra collected using at least four
different B; values (900, 700, 500, 300 Hz or 21.2, 16.5, 11.8 or
7.0 uT, respectively) and subsequently converted to amide proton
exchange rates (kex=1/tm).
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