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Effect of pH and Counterions on the Encapsulation Properties of Xenon in
Water-Soluble Cryptophanes

Patrick Berthault,*'*! Hervé Desvaux,” Thierry Wendlinger,”! Marina Gyejacquot,
Antoine Stopin,™ Thierry Brotin,"” Jean-Pierre Dutasta,™ and Yves Boulard!*

Abstract: In the 'Xe NMR-based bio-
sensing approach in which the hyper-
polarized noble gas is transported to
biological receptors for a sensitive mo-
lecular imaging, cryptophanes are ex-
cellent xenon host systems. However to

environment and the presence of these
ionic functions can lead to interesting
properties. For a first water-soluble
cryptophane derivative, we show that a
precise monitoring of the local pH can
be performed. For a second crypto-

phane, the presence of ionic groups
close to the cryptophane cavity modi-
fies the xenon binding constant and in—
out exchange rate. The latter allows
the tuning of physical properties of
xenon—cryptophane interactions with-

avoid formation of self-organized sys-
tems, these hydrophobic cage mole-
cules can be rendered water soluble by
introduction of ionic groups. We show
that the sensitivity of xenon to its local

Keywords:

Introduction

In 2001, the group of Pines introduced a molecular imaging
approach combining the use of hyperpolarized '*Xe and
biosensors for high selectivity and high sensitivity magnetic
resonance imaging (MRI).!!! The sensitivity is provided by
the huge signal enhancement (> 10%) afforded by the optical
pumping step, while the chemical sensitivity results from the
strong dependence on the xenon chemical shift to its sur-
roundings.”! Since the weak and non-specific! affinity of
xenon to various proteins actually forbids its direct use as a
probe of given biological receptors, the idea consisted of the
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out resorting to a change of the cavity
size. These results open new perspec-
tives on the influence of chemical
modifications of cryptophanes for opti-
mizing the biosensor properties.

NMR

encapsulation of the noble gas in hosts containing functional
ligands that provided the biological specificity.

When caged, xenon possesses its own spectral signature
(its own resonance frequency); a spectroscopic discrimina-
tion from free dissolved xenon is therefore allowed that
opens access to localization of the receptors in a chemical
shift imaging approach.?! The sensitivity of xenon to its en-
vironment is so high that even a slight modification of the
host can induce a chemical shift variation for caged xenon.
Significant effects have been shown according to the diaster-
eomery of the cage molecule,” its level of deuteration,®”]
and even interaction of some remote tethered groups with
their ligands."®! Although this MRI-biosensing approach
has for the moment never been applied in vivo, the proof-
of-concept had been made on the avidin-biotin system,”!
and it was also successful for the detection of metalloprotei-
nase activity,'” of DNA strand hybridization,® or of pro-
teins at the cellular surface."

With a unique exception in which zeolite nanoparticles
were used,'? to date all »’Xe NMR-based biosensors use
cryptophane cores as xenon host molecules. They are nearly
spherical cage molecules composed of two cyclotriveratry-
lene (CTV) bowls connected by three aliphatic linkers. The
rigid bowl-shape structure of the cryptophane cavity gener-
ates a lipophilic cavity suitable for the encapsulation of
xenon. According to their cavity volumes, their affinity to
the noble gas, as well as the xenon in—out exchange rates
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vary.'¥ A dedicated chemistry has been developed to fur-
ther increase the xenon binding constants.' However, the
hydrophobic character of these aromatic cage molecules can
be problematic in the biosensing approach, since to obtain a
water-soluble biosensor the insertion of a hydrophilic spacer
is required.!”” The consequent amphiphilic character of such
cryptophane-based biosensors can lead to the unwanted for-
mation of self-organized molecular assemblies.”! Therefore,
part of the current chemical developments aims at rendering
the cryptophane part itself more hydrophilic, for instance by
substituting the methoxy groups of the original crypto-
phanes.

Herein, we show that the presence of ionizable groups on
these new-generation cryptophanes leads to interesting spec-
tral properties for caged xenon, giving rise to chemical sen-
sors even in the absence of specific ligands. The interaction
of laser-polarized xenon with two cryptophanes derived
from cryptophane-A (i.e., in which the cyclotriveratrylene
moieties are linked by ethylenedioxy groups) is studied. The
first compound 1 has six carboxylic functions and has been
used for assessing the concept of interleaved multiplexed
MRI experiments based on *’Xe biosensors.'® In the pres-
ent study, we show that this xenon host molecule constitutes
a very sensitive probe of the local pH. The second water-
soluble cryptophane 2, which has six phenol functions, ex-
hibits peculiar properties. Indeed, the influence of the
nature of the counterion on both the xenon binding constant
and the xenon in—out exchange is representative of what can
be encountered when the ionizable groups of the crypto-
phane are close to the cavity.
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Results and Discussion

pH Determination by using '”Xe NMR spectroscopy: The
2Xe NMR spectra of hyperpolarized xenon in an aqueous
solution containing compound 1 show a peak at 0=
196 ppm, which is assigned to xenon free in water, and a
peak in the region 0=67-73 ppm, corresponding to the
noble gas encapsulated in 1. In the high-field region, moni-
toring of the peak frequency of caged xenon reveals a varia-
tion in a range of about 3 ppm according to pH (Figure 1;
inset). A plot of the chemical shift of caged xenon versus
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Figure 1. Plot of the chemical shift of xenon caged in 1 as a function of
pH (data extracted from the spectra shown in the inset after deconvolu-
tion of the lines). The two white symbols correspond to experiments in
which the pH was adjusted with KOD instead of NaOD. The best-fit the-
oretical curve to Equation (1) is superimposed (dashed line). Due to sol-
ubility reasons, it was not possible to acquire spectra at pH lower than
3.5.

—log(*H*) is reported in Figure 1. The data points follow a
very pronounced sigmoidal curve. A fit to the function

AS
1 + 105PH-PK.)

1)

6obs = 6base_

(curve superimposed on Figure 1) provides the following
values: Op,e =64.55+0.1 ppm ; Ad=3.55+0.17 ppm. Taking
into account the precision of the p’H measurement, the ex-
tracted inflexion point value appears at 4.65+0.05. Accord-
ing to reference [20], the correction due to the isotopic
'H/*H effect gives a value of 4.74 for pH, close to the pK, of
acetic acid (4.7). Attempting to fit the data points to several
sigmoids does not significantly improve the agreement,
tending to validate the assumption of six independent acidic
functions for cryptophane 1.

We have checked that the chemical shift of caged xenon
does not depend on the solute concentration. Also, since the
peaks always have almost the same linewidth (Figure 1;
inset), the observed variation should not be an effect of the
xenon in—out exchange rate. The ionic strength, different in
each case, but with no correlation with the pH, does not
also seem to play a role on the caged xenon chemical shift.
Finally, the nature of the cation of the base appears of negli-
gible impact since two points on this curve (Figure 1, white
symbols) were obtained after adjusting the pH with KOD
instead of NaOD.

The origin of the observed chemical shift variation as a
function of pH can be rationalized by the variation induced
by the presence or absence of anions on the aromatic rings
bordering the cavity and by the change of the electronic
density experienced by caged xenon, potentially resulting
from the variation of the cation density.”!! In any case, the
present result indicates that using compound 1 the chemical
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shift of caged xenon can be highly sensitive to the pH in the
region close to the pK, opening interesting perspectives in
terms of in vivo applications. Indeed, whereas in *'P NMR
spectra the signals are shifted by a maximum of 2.5 ppm for
5 pH units for inorganic phosphate,’” here a variation of
3 ppm is observed per pH unit in the pK, region. Moreover,
the high mobility of the noble gas that leads to narrower
lines than in *'P NMR spectra combined with the sensitivity
improvement allowed by hyperpolarization should facilitate
such in vivo experiments.

Finally, with respect to the recent work of Gosset et al.,”*!
in which aminophosphonate molecules were used as pH
probes by P NMR spectroscopy, the greatest interest of the
xenon approach resides in the much lower concentration
range (UM instead of mM) offered by the optical pumping
state.

Influence of the counterion on the xenon binding

Structural effect: Cryptophane 2, which has six phenol func-
tions, is soluble (mM range) in basic conditions. Compared
with all previously used water-soluble cryptophanes, the ion-
izable groups of compound 2 are now much closer to the
cavity entrances. For this system, the very low solubility at
neutral pH preventing its detection by 'H NMR spectrosco-
py forbids accurate monitoring of the caged '*Xe chemical
shift as a function of the pH. In the basic range this chemi-
cal shift appears very weakly dependent on the pH, but
strongly dependent on the nature of the counterion, illus-
trating the existence of competitive equilibria.

Figure 2 displays the '*Xe NMR spectra obtained at
pH 12.2 using four different bases (LiOD, NaOD, KOD, and
CsOD) to adjust the pH with the same amount of xenon
and the same cryptophane 2 concentration. The first striking
observation is that with Cs*, only one peak appears on the
12%Xe spectrum. It corresponds to the chemical shift of
xenon in water; the peak featuring Xe@2 in the d=60-

Cs*

K*

Li*

200 180 160 140 120 100 80 60 40
«— &/ppm

Figure 2. '”Xe NMR spectra of solutions containing compound 2 at
293 K. The bases used to adjust the pH to 12.2 were CsOD, KOD,
NaOD, and LiOD, from top to bottom. No signal in the ¢ =60-70 ppm
range can be detected in the case of the Cs ion.
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70 ppm range is absent. Given that several experiments with
various cage concentrations did not reveal any chemical
shift variations indicative of a fast exchange on the '*Xe
chemical shift time scale, this suggests that xenon does not
enter in the cryptophane cavity for this solution.

For the three other cations, two peaks appear on the '*Xe
spectrum, with different intensity ratios giving an estimation
of the noble gas binding constants to the cage in these envi-
ronments. Typically, we are facing competition between
cation—cryptophane and xenon—cryptophane equilibria. The
variation of the Xe@2 chemical shift according to the nature
of the counterion indicates a different electronic density
around the caged noble gas and/or a different cryptophane
conformation. These two mechanisms were already invoked
for explaining a modification of vibrational circular dichro-
ism spectral'’l or chemical shift variations under xenon bind-
ing.”¥

From the "H NMR spectra of 2 in the degassed solutions
(not shown), whatever the counterion, two remarks can be
made. Firstly, the degassed spectrum exhibits slightly sharp-
er lines than the spectrum obtained just after dissolution of
the cryptophane. Removal of the oxygen encapsulated in
the cavity should be responsible for this effect. Secondly,
whereas compound 1 has been shown to exist in aqueous so-
lution in two forms in very slow exchange, that is, crown—
crown and crown-saddle in which one of the methylene pro-
tons of the cyclotriveratrylene (CTV) is oriented towards
the center of the cavity and not to its exterior,”! no such sit-
uation occurs for compound 2. For instance, the aromatic
region contains only two peaks corresponding to protons in
the ortho- and meta-positions from the phenol group result-
ing either from a symmetrical molecule or from fast confor-
mational exchange. Moreover, the whole observed chemical
shifts correspond to a crown—crown configuration. The
crown—crown/crown-saddle equilibrium is in fact never ob-
served for this cryptophane whatever the counterion and the
pH.

As displayed in Figure 3 the 'H NMR spectra of the four
solutions in the presence of the same amount of dissolved
xenon reveal the influence of the counterion on the xenon
binding process. Notably, after the introduction of xenon
into solution, the lines of the '"H NMR spectrum of 2 remain
sharp. The first striking evidence is that the '"H NMR spec-
trum of the sample containing Cs* ions is not modified by
addition of xenon to the solution, confirming the absence of
xenon binding observed in the 'Xe NMR spectrum. The
'"HNMR spectrum of 2 in the Cs™ solution displays only
two well-resolved doublets in the aromatic region and for
the aliphatic region, two doublets corresponding to the axial
and equatorial protons of the cyclotriveratrylene, and two
doublets in strong coupling conditions for the ethyleneoxide
protons (protons of the linker OCH,—CH,O). For the sam-
ples containing K*, Na*, and Li™, slow exchange conditions
on the proton chemical shift timescale are observed
(Figure 3). In the aromatic region, this results in a net split-
ting of the two peaks for the sample containing K* ions (the
tiny peaks corresponding to the form filled with xenon) and
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Figure 3. '"H NMR spectra of solutions containing compound 2 at 293 K
in the presence of dissolved xenon. The bases used to adjust the pH to
12.2 were CsOD, KOD, NaOD, and LiOD, from top to bottom. Only the
spectral regions containing peaks are displayed, that is, the regions 0=
7.0-6.4 (left), 4.7-4.0 (middle), and 3.4-2.9 ppm (right). Symbols @ and
O on some peaks of the K¥ and Na* solutions indicate the form filled
with xenon and the empty form, respectively.

in smaller effects (peak shoulders) for Nat and Li*. Note,
however, that the main resonances of the aromatic protons
are high field shifted for Na* and Li* with respect to Cs™*
and K+,

Modifications of the '"H NMR spectra in the region 4.7-
4.0 ppm due to the slow exchange effect are much more pro-
nounced for Na* and Li* than for K*. This region corre-
sponds to the (O-CH,-CH,-O) linker protons and the axial
proton of the CTV part. An assumption, which is consistent
with the observations of Luhmer etal.® and Bouchet
et al.'" is that this slow exchange dealing with the ethylene-
dioxy protons is due to the trans/gauche conformational
change of the O-CH,-CH,-O torsion angle.

Finally, in the case of Na™, striking changes in the high-
field region corresponding to the equatorial proton of the
CTV part, are also observed (splitting of the resonance).
Surprisingly, the '"H NMR spectrum signal corresponding to
the empty form resonates at even higher field (checked with
various amounts of xenon introduced in solution). This ob-
servation tends to indicate that the local structure of CTV is
altered by the interactions between free cryptophane and
sodium ions.

We can consequently safely conclude from these observa-
tions that in the presence of Cs*, xenon does not enter into
the 2 cavity. This is in agreement with the results obtained
by vibrational circular dichroism.!'” Another conclusion is
that the other cations strongly affect the xenon binding to
compound 2. A priori, two types of interactions between
cations and 2 can be figured out. Either ions are able to
occupy the cryptophane cavity, or their electrostatic interac-

12944 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tions with the phenate groups slow down or even block the
access to the hydrophobic cryptophane cavity. The observa-
tion of slow exchange conditions on the proton NMR time
scale when the bulky DBU base (1,8-diazabicyclo-
[5.4.0]undec-7-ene) is used for tuning the pH to 12.2 tends
to privilege the second assumption. Also this assumption
was put forward for explaining vibrational circular dichroism
spectra in the presence of small neutral molecules.” Finally,
this assumption is reinforced by the ionic radius of Cs*
(1.67 A) larger than that of the other alkali metals (K*
Fomie=1.33 A; Na* .. =0.97 A; Li* r,,,.=0.68 A) which, as
shown by DFT calculations of a free molecule, can more ef-
ficiently block the entrance!'” or could allow its stronger
binding by the phenate groups, thus forbidding xenon com-
plexation. Other spectroscopic arguments substantiate this
interpretation: 1) The strong variation of the Xe@2 chemical
shift as a function of the counterion already evidences a
change in the cryptophane structure and electronic density
and 2) The observation of slow exchange conditions for
either aromatic or aliphatic or axial protons of the CTV ac-
cording to the cation used illustrates a change in the chemi-
cal equilibria between the different conformers in particular
for the cryptophane linkers.

All these arguments do not allow the design of an experi-
mentally validated structural and dynamical model of the
complex, which could explain the origin of the strong inter-
action between cryptophane 2 and cations. Indeed, all at-
tempts to directly characterize, for instance, the strong Cs*—
2 interaction by dipolar polarization transfer (HOESY ex-
periments™®!) or by triple-quantum filter experiments®
were unsuccessful.

Xenon binding constant: The slow exchange conditions in
the proton and xenon spectra are favorable to quantitative
characterization of the xenon binding constant, since accu-
rate knowledge of the xenon concentration can be avoided,
although its determination is usually problematic due to the
transient feature of hyperpolarized experiments and the de-
pendence of xenon solubility on ions and pH. It remains
that the structure of the complex involving cations and cryp-
tophanes is presently ill defined, which prevents straightfor-
ward quantitative exploitations. As a consequence we only
consider two simple models.

In the first one, the apparent (counterion-dependent)
binding constants of xenon to compound 2 are derived.
These values are the relevant one for biosensing application.
In a second step, we compare the affinity of xenon to cryp-
tophane 2 as a function of the used cation.

If [X], [C], [C], and [XC] denote the concentrations of
free xenon, of Xe-free cryptophane, of total cryptophane
and of the Xe@2 complex, respectively, the ratio measured
between the two resonance peaks on the 'Xe NMR spec-
trum is fy.=[XC]/[X] and the relative integration of a peak
corresponding to the empty cage and of another peak corre-
sponding to the filled cage on the 'H NMR spectrum gives:
fa=[XCJ/[C]. Thus the apparent binding constant K,,, can
directly be obtained:

Chem. Eur. J. 2010, 16, 12941 —12946
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In Table 1 the apparent binding constant values are re-
ported. Their analysis confirms the first tendency observed
on the *Xe NMR spectra (Figure 2). For the range of ion

Table 1. Binding constants for xenon to cryptophane 2 corresponding to
the two models as extracted from signal integration of the 11.7 T '¥Xe
and 'H NMR spectra acquired at 293 K.

Counterion Kopp [M7'] K

K* 327+15 6+1
Na*t 1790 +90 2042
Lit 475+24 4044

concentrations used, the value of the xenon—cryptophane
apparent binding constant is the largest for Na*. However,
these values are dependent on the presence and concentra-
tion of the counterion (I) since the latter acts as a competi-
tor. The lack of knowledge on the cryptophane—ion interac-
tion encouraged us to consider the simplest competitive
equilibrium in which we neglect the existence of crypto-
phane free from both xenon and counterion, since its con-
centration is too low to be detected by '"H NMR spectrosco-

py:
X +1C = XC+1 3)

In fact, according to the pH (>12) and the cryptophane
concentration (about 1 mm) used, it seems reasonable to
consider the following relations between the ion-dependent
concentrations: [I]~[I],>[IC]. The constant K associated to
this equilibrium is equal to:

_ XA

K=1ax)

~ K[l 4)

The deduced values are reported in Table 1. Typically the
xenon binding constant K taking into account the embed-
ding due to the counterion is 2 times larger for Li* than for
Na* which is 4 times larger than for K*. The tendency is in
complete agreement with the above-reported structural in-
terpretation, since the larger the ion radius, the bigger its af-
finity to the cryptophane. The size of the counterion is
therefore a key parameter, as noticed recently using circular
dichroism methods in reference [17].

Xenon in-out exchange rate: As clearly observed in the
NMR spectra, for cryptophane 2 the nature of the cation
present in solution influences both the apparent xenon bind-
ing constant and the xenon in—out exchange rate, the latter
being now slow at the proton chemical shift time scale (i.e.,
in the Hz range). These observations are strikingly different
to the case of compound 1 or other cryptophane-A deriva-
tives,” which always are in fast exchange conditions on the
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proton chemical shift time scale, revealing exchange rates at
least one order of magnitude faster (for instance its value is
100 Hz for compound 1). A series of "H-EXSY experiments
performed on the solutions of compound 2 in the presence
of the noble gas and different counterions have allowed ex-
change characterization through the monitoring of the
volume of one or several cross-peaks assigned to pure ex-
change with the mixing time. The in-out exchange rates at
293 K vary from 0.4 to 10 Hz. First of all, the comparison of
these exchange rate values to the xenon longitudinal self-re-
laxation rate (T1a8s) clearly indicates that hyperpolarized
xenon spectra can be used for extracting thermodynamical
parameters, such as binding constants. The in—out exchange
rate follows the expected behavior along the ion series: for
instance, it is two orders of magnitude faster in the case of
Li* than for K*.

This result is in complete agreement with the interpreta-
tion of the ions blocking the portals of the cryptophane
cavity. Also, the temperature dependence of these exchange
rates follows the expected behavior with an increase by a
factor about 10 in the range 280-310 K. As previously
noted, the inability to directly characterize the cation—cryp-
tophane interactions renders fully quantitative exchange
studies of limited interest, since we are facing competitive
equilibria. Thus, it could either be the xenon entrance or
exit or the ion exchange, which would be the limiting phe-
nomenon. Nevertheless, considering the '*?Xe NMR spec-
troscopy based biosensing approach, the fact that the xenon
exchange rate can so strongly be affected by the chemical
structure of the cryptophane and the nature of counterion
provides clues for optimizing the in—out exchange rate. The
latter is indeed of key importance for biosensing experi-
ments, since its value strongly influences the sensitivity en-
hancement allowed by exchange in direct detection* or
by a HYPERCEST" (hyperpolarized xenon chemical-ex-
change saturation transfer) approach.

Conclusion

The present study provides new clues for the development
of ¥Xe NMR spectroscopy based biosensors soluble in
water that could be termed smart or activatable. In the
same vein as temperature gating through xenon in-out ex-
change described by Schroder et al.,” we show here that
addition of ionizable groups to the cryptophane core can
lead to sensors of external conditions, such as local pH or
the presence of given cations by means of NMR spectrosco-
py of hyperpolarized xenon.

Firstly, the study of cryptophane 1 illustrates that the de-
velopment of cryptophanes with specific biological ligands is
not necessarily required to obtain powerful biosensors.
Indeed, by simply designing cryptophanes that have func-
tional groups sensitive to the physical properties of the sur-
rounding media (here pH) new promising probes are ob-
tained. Since in addition it is known that cryptophane cell
uptake can easily be achieved (through grafting of cell pene-
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trating peptides for instance®), the internal chemical prop-
erties of cells could be probed. As an example such a modi-
fied cryptophane 1 would allow the location of cells of low
pH (cells entering in acidose) since it already constitutes an
interesting xenon host for the 'Xe NMR spectroscopy
based biosensing approach, allowing local pH measurement
around 4.7. To probe more realistic biological pH, the syn-
thesis of new cryptophanes containing groups with pK,
values in the region of 6-7 (such as imidazoles for instance)
is underway in our laboratories.

Secondly, the study of a second cryptophane 2 reveals
that modifications on the cage designed to increase its solu-
bility in water can lead to unexpected embarrassing behav-
ior, such as the inhibition of xenon binding (in the case of
Cs™ counterions). Also, this study reveals that the xenon in—
out exchange rate can strongly be affected by the nature of
the substituents on the cyclotriveratrylene part and the ions
present. Finding routes to tune this exchange rate without
resorting to the cage size is in fact a promising alternative
solution since sensitive biosensing MRI requires narrow
lines, that is, long apparent 7, and thus a relatively slow ex-
change rate,” whereas multiplexing experiments require the
use of different cryptophanes,' typically of different sizes,
for which exchange rates can be not as ideal as crypto-
phane-A or cryptophane-111.

Experimental Section

Chemicals: The syntheses of compounds 1 and 2 have been described in
references [17 and 18], respectively. Solutions of compounds 1 or 2 (1 mm
in D,0) were used. The pH was adjusted by addition of strong acids or
bases, and measured on a dedicated pH meter. For the experimental re-
sults reported here, whatever the pH, the prepared NMR tube was per-
fectly limpid before and after addition of xenon. Xenon enriched at 86 %
in isotope 129 from Cortecnet was used throughout this study.

Preparation of laser-polarized xenon and NMR spectroscopy experi-
ments: Xenon polarized at a level of 20-40% (signal enhancement 2.10*
to 4.10*) was produced in the batch mode by using our home-built appa-
ratus described in references [2 and 19]. It was transported from the opti-
cal pumping site to the NMR spectrometer inside a solenoid producing a
magnetic field of 3 kG immersed in liquid nitrogen. In the fringe field of
the NMR magnet xenon is sublimated and transferred by cryo-condensa-
tion to the previously degassed NMR spectroscopy tube of interest by
using a vacuum line. The amount of xenon introduced was checked after
the experiment by weighting the tube before and after its degassing from
the added xenon. All NMR experiments were performed on a Bruker
Avance 11 500 MHz spectrometer equipped either with direct (‘**Xe/'H)
or inverse HTX probeheads. Except when mentioned, the temperature
was 293 K. The free xenon signal in water was calibrated at 196 ppm. We
have checked in the pH range 1.7-11.2 that (in the absence of crypto-
phane) the chemical shift of xenon dissolved in water varies by less than
1 ppm (calibration with respect to the xenon gas signal at 1 bar).
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