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The reversible binding of xenon to cryptophane molecules is

currently heavily explored for application as a reporter

system in NMR. Herein, for aqueous solution, first evidence

of degenerate exchange in this host-guest system is presented
10 based on a novel approach using hyperpolarized **°Xe.

The large signal enhancement of several orders
hyperpolarization (hp)and its large chemical shift dispersi
make e a highly sensive probe for investigations
molecular environments by nucleamagnetic resonan

15 (NMR).2? The nontoxic gas is dissolvable in blood and ot
biological fluids and can be delivered through i for in-
vivo imaging of lungs and tissdé. In combination witt
cryptophane molecules applicability and sensitivity of t
approach are further expandegryptophanes ara diversified

20 family of cage moleculescomposed of two ser-spherical
cyclotriveratrylenes connected by linkers of vasolengtls
which bind small, apolar molecules r-covalently and
reversibly* For xenon binding crytopha-A molecules with
three ethylendinkers are very attractive becaujust a single

25 atom is enclosed withigh binding constant and xenon reside
times which are slow on the NMR timesce®® Complex
formation with hpt?®Xe can thus be explor for additional signal
amplification by chemical exchange saturation tran:

(hyperCEST%® while nodifications in the ho-guest interaction,

30 e.g. induced by deformations of the caggm translate directly i
a change of transfer raté® The exceptional xenon bindit
properties make cryptophanewvhich can be functionalized
bind desired targets currently the candidatteehoice for xenon
biosensing with the aim to imagbiomolecules and the

s interaction in tissue and organisiis.

The complex formation ofkenon with cryptophane-A and

derivatives has been previousipite extensively studied as

system governed by van der Waals fo'? The analyses

focused on organic solutisnassuming a simple dissociat
40 process where xenon enters or leavesdtmerwise xenc-free
host. Interestingly, Bartik et al. found tietrachloroethane solve
indications for a further exchangeechanism, the replacement
host-bound xenon directlpy freely dissolved xenc® To our

emphasis on the detectiomf the degenerate exchange
mechanism. NMR exchangperimenton hyperpolarized®Xe

s and the watesoluble derivative monoacetic acid cryptopt-A
(CrAma) are employefbr qualitative and quantitativanalysis.

A xenonhigh field NMR spectrum of thcryptophane-xenon

70 host-guest system in soluti@mows two well separated signals,
which areindicative of the slow exchangeetween the pools of
free and cryptophanieeund xeno, respectively (see Figure S1 in
the Supporting Information)The signal intensities reflect the
partition of xenorin between both poc. At dynamic equilibrium

75 the magnetizationf free and cryptopha-bound xenonMy,. and
Mcxe, respectively, are related Mygkoi=Mcexekorr With Ky, and
kot as the transition rates fotransfer of free xenon to the
cryptophane-bound poaind vice versaHowever, a degenerate
exchange mechanism (Fig. 1)

k
XeZ+CXe o Xe+CXe

where freely dissolved xenon is denoted Xe or Xe*, and
95 cryptophanexenon complexes asCXe or CXe, remains
unrecognized in this spectrulmecause it does not affect the
intensity or pattern of the spectral linfurther. In order to find
meansto identify such a proce, consider the situation in NMR
exchange spectroscopy witthe magnetization in the freely
100 dissolved xenompool being selectively inverted and subseqty
allowed to exchange freel§.A depleton of the magnetization in
the cryptophan&ound xenon pool occs because, firstly,
magnetization is lost at ratks due to dissociation of the
complex, and, secondlpegative magnetization gained at rate
105 ko from the freely dissolved xenon pt when the complex
associates anewvi derivation ofthe depletion rat®=Kk+kos by
the Bloch-McConnell equati@nwhich take into account chemit
exchangecan be found in the Supporting InformatiiMoreover,
in ary case of fairly diluted host moleculMcx.<<My, can be
umoachieved by a proper choice of freely dissolved oxe
concentration. In consequendg,<<k,s in dynamic equilibrium
and the depletion rathen simplifies t Ry = k.. The degenerate
exchange process will contribute with rk[X¢ to the transition
rate ks becausehe frequency of collisions f replacement of

knowledge, noother study on the evidence of suc degenerate us cryptophanésound xenon is proportior to the concentration of

4 exchange procesas been published to d. Apparently, the
understanding of the processes of reversible xdrinding to
cryptophane is still far from completespecially in aqueot
solution. This situation is pressingalsc with respect to

applications because the prevailiegchangemechanisms in any

so particular situation can affesensitivity of themethod of choice,
e.g. hyperCEST, or the interpretationdafte.”** This work thus

attempts to determinthe exchange kineticin the cryptophane-

xenon host-guest systein aqueous solutic with particular

freely dissolved xenon,Xd. Similarly, the complex can also

P — \
@2

\ @ \

Flgure 1 Scheme for degenerate exchang xenon binding to
monoacedic acid cryptophadetMe = Ck5).
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possibly dissociate through the replacement of topipane- inver- excitation detection

bound xenon by guest molecules other than xenogeptén the sion
solution. Such mechanisms as well as the spontangecay of
the cryptophane-xenon complex occur at a rate ietgnt of the Xe gas Whl——
s free xenon concentration and may be collectivelgiressed as bubbling Fex
xenon-independent dissociation processes. It iswhndhat (
a

cryptophanes can host a range of small guest mekgcu

)

including water, helium and possibly molecular oewyg or = 10_’
nitrogen®® Some of the species are essentially present irt mos c |
10 common solvents, particularly water, and may thantribute = D54
rates proportional to their concentrationkiz. Under condition > 1
of constant concentration these rates, as wellhasrate of @ 0'0'_
spontaneous decay, are constant such Kfyats the sum of a L 54
constant component, ¢, stemming from xenon-indegeind £ 1
1s dissociation, and a component proportional to fremnon 5 105
i ifi T o T T T L T T T T T
concentration, specific to degenerate exchange, Ug)) 0.00 0.05 010 015 0.20 005
Ry =c+kXd. 7 Is (b)
Thus, by a series of exchange experiments diffeiimgthe
concentration of freely dissolved xenon, the preserof 50 4 g
20 degenerate exchange can be clearly proven: itusatize for a 1 ///
linear dependence d®; on the dissolved xenon concentration. 404 k
Any mechanisms inducing xenon-independent dissoaialf the ' ——

; ]
complex account for a constant offset in the dépietate. \{3 30 .
A solution of CrAma in pure water (~6§8M) was prepared [\

] =3
s (see Sl) and filled in a commercial screw-cap NMPbetu 20_/

supplemented by a home built tube setup to enalidbling of hp i

T T T ! T

12%e gas through the sample. A gas mixture of helinitnpgen, 00 02 04 06 08 10 12
and xenon¥*Xe in natural abundance of 26%) was provided by b
a home built xenon polariZ8rand lead to a nearby 9.4 T wide Pxe (c)

30 bore NMR spectrometer where the experiments wenelwded.
The mixture had constant total and nitrogen paptiaksures of 3
bar and 0.2 bar, respectively, while xenon anduhelpartial
pressures were varied complementarily. At eaclingetif xenon
partial pressurgxe, the polarizer was allowed to settle for stable

ss generation of hyperpolarizéd®Xe and run until xenon saturated
flow through the temperature equilibrated sampte2@8 K) was

es Figure 2 (a) Scheme of the NMR exchange experiment. (b)
Normalized intensities (dots) of CrAma-bound xenon
magnetization apy. = 0.2 bar in dependence of exchange delay
T Mono-exponential curve fitting (solid line) revgaa
depletion ratdR;= 26.0+ 1.8 s'. (c) Depletion rate in dependence
70 Of xenon partial pressure with linear fit.

achieved. Directly prior to execution of the pulsequence In the analysis any contributions to the depleti@te by
bubbling was stopped and the sample was allowsette for 2s  |ongitudinal relaxation of free or cryptophane-bdutenon were
to recycle any material from built up foam. Thust §ivenpxe  ignored (see Sl). As is known for water solubleidgives of

« the solution was assumed to be saturated at a >armentration  crytophane-A, longitudinal relaxation of free orytophane-
given by Henry’s law,{e] = spxe, wheres= 4.32 mM/bar is the 75 bound xenon occurs with time constants of the ocdeninutes
xenon solubility in water at 298 K. or tens of seconds, respectively, in aqueous soliti?12@This

In the exchange experiments on the xenon-satuisdédion is much longer than the exchange periods of makn286 ms
the magnetization of freely dissolved xenon wasectslely used in the experiments such that the observedetimpl is
ssinverted and allowed to exchange freely for a perin, dominated by chemical exchange. Also the variatibrelium
subsequently, the magnetization of CrAma-bound xem@s s concentration in the exchange experiments (heliuartig
selectively excited and detected (Fig. 2(a)). Updegration of  pressure was between 1.6 and 2.78 bar while xerastialp
the signal in the Fourier-Transform spectrum, diglezay could  pressure varied between 1.2 and 0.02 bar) was asstorhave
be monitored in dependence®{ In total, six series of exchange no effect on the results. Because of the very lolarability of
so experiments were conducted with settings g of 0.02, 0.1, the helium electron shell the binding affinity toAbna may be
0.2, 0.4, 0.8, and 1.2 bar and eight fixed exchapgods 7., & much smaller in comparison to xenon. Furthermores tb the
between 0 and 256 ms. The data of each series weremall size of helium, the ability of a single atdémexpel xenon

approximated by the mono-exponential function AeRffed+B from CrAma is likely to be very limited as xenon pmiccupies
in a non-linear least squares fit (Fig. 2(b)). Ae tentral result, less than 50% of the cage volume of 8§3A '
ss in Figure 2(c) the dependence of the depletion sat¢he xenon In principle, measurements of the line width oftophane-

partial pressure is presented. It is evident thatrate increases % bound xenon in dependencemE can be used to determine the
with partial pressure (or, free xenon concentratishich cannot ~ presence of the degenerate exchange mechanism, ags w
be accounted for solely by xenon-independent disson  anticipated by Bartik and coworketsA quantitative analysis,
processes. The presence of a degenerate exchanheamisen can however, is compromised by contributions to the hvidth from

0 be deduced by approximating the data by a lineactfon. A transversal relaxati_on, which_ may well be of theleorof the
linear least squares fit withXf] = s py. reveals the kinetic rate °s €xchange broadening and difficult to separate framd from
constants for xenon-independent dissociation angemrate  inhomogeneities of the static field. These problemesalleviated

exchange = 19+ 1 s andk = 5600+ 800M s, respectively. in the exchange experiment approach presented mbeeyvide
separation on the chemical shift scale of the keeon signal

2 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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from the cryptophane-bound xenon signal (~130 ppnCfAma)
allows for very clean selective excitation and iirsigy
determination (integration) of the latter one. Theoposed
approach, however, requires revision under moreremd
conditions than discussed here. When the exchamuy
relaxation rates become of similar order depletioming 7y is
governed by both processes. The simple linear dispee of the
depletion rate on dissolved xenon concentrationtntiusn be
replaced by a more complex expression in the matg&nvalues
of the Bloch-McConnell equation including the relacatrates
(see SI).

It is an interesting question, whether other preessthan
xenon-independent dissociation or degenerate egeharan
substantially contribute to the kinetics. The dirbéopping of
xenon from one host to the next was found to playan at most
a very minor role in organic solvelff® That mechanism,
however, would be degenerate within the cryptopHamend
pool and not affect the freely dissolved xenon péol exchange
of xenon in between the pools could stem from higheler
dissociation mechanisms, from collisions of two more host

molecules which would result in the transfer ofeaist one xenon

atom from its host into the solution (and, possilthe reverse
transfer). In aqueous solutions and biomedical iepipbns the
host molecules, possibly functionalized, will betly diluted,
such that higher order events too rarely occur &weha
considerable impact on the kinetics. However, ihams at this
point open to which extent various guest moleculiégrent to
xenon but present in the solution (nitrogen, watsfect the
overall transition ratek,, and ky; individually as only their
cumulative effect can be determined by the cat&pplication of

the approach presented here can further progresases where

kof can be determined in dependence of the concanirafi the
compound in question.

In summary, for aqueous solution, a degenerate agmgsh
mechanism for xenon bound to cryptophane host mt@sovas
found. This exchange mechanism can be unequivoicedhtified
by the linear dependence of the magnetization tiepleate of
cryptophane-bound xenon on the free xenon condemtrin a
series NMR exchange experiments. In addition, speas
decay of the complex and further xenon-independisbciation
processes where host-bound xenon is replaced tsr gfhest
molecules manifest as a constant offset to theetiepl rate. For
monoacetic acid crytophane-A in pure water the sratere
quantified in this way to 19'sand 5600 M s? for dissociation
and degenerate exchange, respectively. The apprcachbe
readily applied to unravel the kinetic network ofnplex
formation of xenon with other members of the crybtane
family or their derivatives, including bare or fuiomalized host-
molecules in non-pure watery solutions, like blood cell
suspensions. The understanding of the kinetickéset important
host-guest systems could be further deepened atiohizgtion
strategies put forward in the applications.
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