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ABSTRACT: Although metal ions are involved in a
myriad of biological processes, noninvasive detection of
free metal ions in deep tissue remains a formidable
challenge. We present an approach for specific sensing of
the presence of Ca** in which the amplification strategy of
chemical exchange saturation transfer (CEST) is combined
with the broad range of chemical shifts found in '’F NMR
spectroscopy to obtain magnetic resonance images of Ca™.
We exploited the chemical shift change (Aw) of '°F upon
binding of Ca®* to the 5,5'-difluoro derivative of 1,2-bis(o-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (SF-
BAPTA) by radiofrequency labeling at the Ca**-bound
YF frequency and detection of the label transfer to the
Ca’*-free ’F frequency. Through the substrate binding
kinetics we were able to amplify the signal of Ca** onto
free SE-BAPTA and thus indirectly detect low Ca®*
concentrations with high sensitivity.

Metal ions play a crucial role in a myriad of biological
processes, and the ability to monitor real-time changes
in metal ion levels is essential for understanding a variety of
physiological events. Ca** has garnered interest because of its
involvement in many cellular functions and signaling pathways."
Currently, imaging of dynamic changes in Ca?* levels is
restricted to fluorescence-based methodologies,?"3 which are
limited by low tissue penetration and therefore are not suitable
for in vivo Ca®* imaging in deep tissues. Recent advances in the
field of molecular magnetic resonance imaging (MRI) have led
to the development of new strategies based on the design and
synthesis of responsive contrast agents for the detection of
biologically relevant metal ions. Lanthanide-based com-
plexes*™” and modified superparamagnetic iron oxide®’
nanoparticles have been developed for Ca® sensing using
MRIL 1,2-Bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid (BAPTA) was proposed by Tsien'® as a Ca®* indicator,

-4 ACS Publications  © 2013 American Chemical Society

and later, its S,5'-difluoro derivative (SF-BAPTA) showed large
F NMR chemical shifts upon chelation of divalent cations.""
The high selectivity of the binding of SF-BAPTA to Ca*" over
Mg** and the high resolution of '’F NMR spectra have been
exploited for intracellular Ca®* detection in vitro and in
vivo."' "> However, MR spectroscopy (MRS)-based ap-
proaches rely on observation of the '"F resonance of the
Ca’>*—SF-BAPTA complex for Ca** detection, resulting in
limited spatial resolution due to sensitivity considerations. One
alternative, suggested by Kuchel and co-workers,"* is the
possibility of transferring magnetization between Ca**-bound
and Ca**-free SF-BAPTA during NMR experiments.

Chemical exchange saturation transfer (CEST) is a widely
used MRI contrast mechanism in which a dynamic exchange
process between radiofrequency (RF)-labeled protons and bulk
water is exploited for contrast enhancement. CEST has been
used for many applications in molecular and cellular MRIL.">~**
We employed a saturation transfer approach that couples ‘°F
and CEST MRI to sense the presence of Ca*" or Mg** through
their substrate binding kinetics, which we have termed ion
CEST (iCEST). Using RF labeling at the "F frequency of
Ca®*-bound [Ca’**—5F-BAPTA] and detection of the label
transfer to the '°F frequency of free SE-BAPTA (0 ppm), we
can amplify the signal of bound Ca®' by a factor of 100. We
demonstrate that the resulting Z-spectra display supreme
sensitivity to bound Ca** over other M** cations.

Figure la illustrates the dynamic exchange process between
free SE-BAPTA and its complex with M*, [M?>*—SF-BAPTA].
Upon M** binding, there is a "’F chemical shift change (Aw)
for SE-BAPTA. If the exchange between M**-bound and free
SE-BAPTA (with rate constant k) is fast on the NMR time
scale (Aw < k), no peak can be resolved, as shown in Figure
1b for Mg**.
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Nensneo it exchange) and Mg*" (fast exchange) were determined on a
L —M“,, OB 164 T MRI scanner at pH 7.2 (Figure 2a—c) and pH 6.4
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\{/ _ (Flgure 2d—f). A pronounced saturation transfer contrast was
E detected in the Ca**-containing solutions (Figure 2a,d) but not
5F-BAPTA [M-5F-BAPTA] in the solutions containing Zn** (Figure 2b,e) or Mg** (Figure

2¢/f). Importantly, a broad asymmetry was observed at very

b mg», 1 high fractional Mg** concentrations ((se.papra/mg = 50:1;
Figure SSb) that peaked at ~1.8 ppm, a frequency much lower
than for Ca?* (Flgure S5a). For faster ion- exchange processes

Zn*, slow exchange between free SF-BAPTA and M*"-bound [M?**—SFE-BAPTA],

i 1 such as that observed for Mg?* (Figure SSb), other CEST

imaging methods, such as frequency-labeled exchange (FLEX),

Ca™, s':""‘:“h““g" may improve the detection of these ions.***” Interestingly, the

- - . value of Aw between [Ca**—5F-BAPTA] and free SE-BAPTA
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Figure 1. M** binding by SF-BAPTA. (a) Schematic depiction of the
dynamic exchange process between free SF-BAPTA and M**-bound
[M?*—SE-BAPTA]. (b) '’F NMR spectra (470 MHz) of SE-BAPTA
in the presence of Mg?* (orange), Zn>* (green), or Ca** (blue).

When the exchange is sufficiently slow at the field strength
used, a well-defined peak is observed for the [M**—SE-BAPTA]
resonance, as shown in Figure 1b for Zn*" (Aw > k) and
Ca** (Aw > k). As was previously reported, the observed
Aw’s are typical and unique for each ion that is complexed by
SE-BAPTA and range from a few ppm in the cases of Ca®,

Figure 3. Imaging of Ca’* with iCEST. Shown are 'H MRI, '°F MR,
. . 24 .

5 e o S 5 and iCEST (Aw = 6.2 or 5.0 ppm) images of M** solutions at pH 7.2

Z'n +f Ba™, Srz:; Cdz:’ Pb™, 3{}‘3111%}131'5 to' tens' Of ppm upon or 6.4. Each tube contained 10 mM SF-BAPTA and 50 uM M**. Small

binding of Fe™, Co™, and Ni*"."”™ The dissociation constant water tubes (shown in the 'H MRI images) were included to

(K3) of [M*—SE-BAPTA] is different for each M** ion, and as determine the orientation of the samples.
a result, the values of k. for the process in Figure la also
differ.** 38 The [Zn**—SE- BAPTA] peak at 4.1 ppm (Figure 1b,
green) is sharper than that of Ca**—SF-BAPTA at 6.2 ppm and Table S1), but k. for exchange between [Ca**—SF-
(Flgure 1b, blue), which is correlated with their different Ky BAPTA] and SF-BAPTA was preserved at all examined pH

values.***® Increasing the temperature from 25 to 37 °C values as determined by Bloch simulations (190 + 10 s7%;
[Figure S3 in the Supporting Information (SI)] or the addition Figures 2 and S1).*
of high concentrations of fast-exchanging ions such as K" and These results are in good agreement with a previous report
Mg** (Figure S4) leads to an upfield shift of the free SE- showing that the binding of Ca®* was unaffected at pH 6—8
BAPTA resonance in the '’F NMR spectrum. using '’F MRS."" "F NMR spectra collected with an internal
ai b1 Mc\.' /’q eodfee C 1 mﬁ_@ﬂa’ r s
0.8 08 o 0.8 - 2
L] L] -Ill; a@
. )
gO's 20.6 A : Zne gul) 6 L b Mg
0.4 Aw=6.2 ppm pH7.2 0.4 & & pH7.2 0.4 a. : pH 7.2
02 02 o, 02 .,
0 - - - 0 ~- 0 —— - ——
7 65 482101234567 76543210-1-23-4-=5%5-7 7 65 432101234567
Frequency offset from free 5F-BAPTA (ppm) Frequency offset from free 5F-BAPTA (ppm) Frequency offset from free 5F-BAPTA (ppm)
di P C1jely o fipg P
ﬁ '?JL‘{E' q-ﬁ'ﬁ{"‘. .
08 08 [ F) 0.8 " Gy
P "‘_'1? ’ 4
06 gcus ~ 06 ~ .
@, Ca™ i B & I A, (% <  Mg*
' Aw=5.0 ppm pH 6.4 ’ L4 pH 6.4 ’ ® » " pH6.4
02 02 . 02 o« °
o B [ 3 an®
7654832 101234567 7665432 10-1:23-4-5-6-7 7 6543210123456 -7
Frequency offset from free SF-BAPTA (ppm) Frequency offset from free SF-BAPTA (ppm) Frequency offset from free 5F-BAPTA (ppm)

Figure 2. iCEST characteristics. Shown are '°F iCEST Z-spectra of solutions containing 10 mM SF-BAPTA and 50 uM Ca** (blue), Zn** (green) or
Mg** (orange) in 40 mM HEPES buffer at (a—c) pH 7.2 or (d—f) pH 6.4. Dots represent the raw experimental data. For Ca*, lines represent Bloch
simulations (two-pool model) and arrows point to the '°F frequencies of the [Ca?*—SF-BAPTA] complex.
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reference revealed that when the pH was changed, the
frequency of free SF-BAPTA shifted but the frequency of
M*"-bound [M**—SF-BAPTA] did not (Figure S2). The T,
values of SF-BAPTA were also sensitive to pH, as can be seen
by the broadening in the Z-spectra (Figures 2 and S1 and Table
S1). The change in T, seemed to be dependent on SF-BAPTA
protonation rather than k.-dependent on the basis of the
observation that the same line widths in the Z-spectra were
found for solutions containing Mg** (Aw < k,,) and Zn** (Aw
> k,,). Figure 3 shows MR images of the samples used in this
study (i.e., 10 mM SE-BAPTA with 50 uM M?*). As expected,
no difference in MR contrast was observed for the samples
when conventional "H MRI and YF-MRI were used.

However, contrary to the Mg2+- or Zn2+-containing samples,
which did not generate iCEST contrast at this concentration, a
large iCEST contrast was detected for the Ca** containing
sample when a saturation pulse (B; = 3.6 uT, 2000 ms) was
applied at the appropriate frequency offset of the [Ca**—SF-
BAPTA] complex, namely, Aw = 6.2 ppm at pH 7.2 or 5.0 ppm
at pH 6.4. Figure S6 shows the dependence of Aw on pH, with
Aw ranging from 2.1 to 6.2 ppm for pH values of 5.6 to 7.2. In
addition, iCEST images were acquired for solutions containing
mixtures of Ca’>" and Mg** (50 uM Ca**, 200 uM Mg**) and
Ca’ and Zn** (50 uM Ca*', S0 uM Zn>") along with 10 mM
SE-BAPTA at pH 7.2. The iCEST contrast produced by Ca**
was still significant (~22%) at Aw = 6 ppm for all of the
mixtures (Figure S5). Although high Mg®* concentrations
generated iCEST contrast at Aw = 1.8 ppm (Figure S5a,b) the
larger Aw and smaller k., of [Ca**~SF-BAPTA] and its much
higher iCEST contrast makes this approach better for Ca**
sensing (amplification factor = 10X for Mg*, 100X for Ca’';
Figure SSb).

To evaluate the sensitivity of our suggested approach, we
examined the iCEST contrast at different ratios of Ca** to SF-
BAPTA (yc,) (Figures 4a and S7). As clearly shown in Figure
S7, Ca** was easily detected with iCEST MRI at yc, = 1:1000,
where ~11% contrast was observed in the Z-spectrum for this
phantom. The same amplification was obtained when 0.5 mM
SE-BAPTA was used to detect 500 nM Ca®* (Figure 4b),
showing the potential of iCEST to sense low Ca’"
concentrations.
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Figure 4. Ca** sensing using iCEST. (a) Plot of magnetization transfer
ratio (MTR) vs yc,. (b) Detection of 500 nM Ca®* in the presence of
0.5 mM SF-BAPTA. The inset depicts an '’F MR image of the sample
with an overlaid iCEST image. Lines represent Bloch simulations.
Error bars represent the intervoxel standard deviations.

In this study, we have shown for the first time that spatial
information on Ca®* and Mg** levels can be obtained using
amplification of the sensitivity by iCEST with SE-BAPTA as the
ion indicator. One advantage of using SF-BAPTA as an MRI-
responsive agent for detecting metal ions instead of probes
based on 'H MRI*® or '?*Xe MRI*’ is that no attachment of a
contrast enhancer is required. The '°F atoms on the chelates
serve as the responsive group as well as the contrast generator.
Hyperpolarized '*Xe CEST (hyperCEST)**™*° was the first
example of non-'H CEST MR, although it employs a gas
bubbled into the solution instead of solute such as BAPTA.
Earlier heteronuclear NMR experiments using magnetization
transfer protocols have allowed the detection of exchange
between two pools of nuclear spins in MRS studies.'**"**

Our study shows the potential of exploiting the iCEST
concept using '’F MR, as concentration ratios of 1:2000 are
amplified to 1:20 changes in '°F signal (Figures 4a and S7),
corresponding to an amplification factor of ~100 for k., = 190
s™". In addition to the advantages of using '°F MRI (i.e., high 7,
100% natural isoto3pic abundance, and negligible amount of VE
in soft tissues),>****° the large range of "F chemical shifts
(~20 times that of 'H*) and the sensitivity of the F Aw to
the details of the local environment are advantages of iCEST-
based applications. One obstacle of the iCEST approach would
be the detectability level of the free '°F agent. This could be
surmounted by collecting high-resolution "H MR images, which
provide spatial information, and reducing the resolution for
iCEST to allow localized detectability of the ’F-based agent
with improved signal-to-noise ratio (SNR 39 (see the SI for a
discussion of detectability). Using paramagnetic 'H CEST
probes’ to detect Ca®* should allow better spatial resolution
and higher SNR than iCEST but would also have a worse
sensitivity for detecting low Ca®* concentrations. In the iCEST
approach, the signal from the low-concentration [Ca*"—SF-
BAPTA] is amplified through saturation transfer onto the signal
of the high-concentration free SE-BAPTA. Since this contrast is
dependent on y,, lower concentrations of Ca** can be detected
simply by reducing the free SF-BAPTA concentration when
these concentrations are NMR-detectable.>® This is an
advantage of the iCEST approach, since this feature is not
available for "H CEST, which is based on water. Finally, the
unique Aw found for each [M**—SF-BAPTA] and the diversity
of the obtained k., values may be exploited for multi-ion MRI
approaches in which each ion generates iCEST contrast with an
identifiable amplitude and Aw. This concept was shown for
different exchangeable protons in 'H CEST and has been
termed multicolor imaging.17

In conclusion, we have developed a new approach for sensing
of metal ions with spatial information using MRI, in which the
amplification strategy of CEST is combined with the Aw
specificity of the 'F frequency. The outlined principles can be
further extended to the design of new iCEST agents to detect
other ions.
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