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Using spin hyperpolarized xenon ('°Xe) we investigate the impact of
the local molecular environment on reversible host-guest interactions.
We label Xe guest atoms that are temporarily bound to cryptophane-A
hosts using the Hyper-CEST technique. By varying the length of the
saturation pulse and utilizing an inverse Laplace transform we can
determine depolarization times for the noble gas in different local
environments, in this case biomembranes possessing different fluidity.
We extend this technique to magnetic resonance imaging, mapping
the spatial distribution of the different biomembranes. Such decays
measured in biomembranes of 200 pM 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) were characterized by mono-exponential decays
with time constants of tpopc = 3.00*%7%; s and toppc = 22.15"5%% s.
Analyzing both environments simultaneously yielded a bi-exponential
decay. This approach may give further insights into saturation transfer
dynamics of reversibly bound Xe with applications extending into
biomedical diagnostics.

NMR of hyperpolarized "*Xe combines both the high sensitivity
of up to a 10°fold increased detectable magnetization over
the thermally polarized gas with the high specificity from a large
chemical shift range." Xe can be embedded into different environ-
ments and can carry various types of information in its NMR signal.
Recently Stupic et al. used Xe as an additive in a flammable gas to
perform velocimetry for transport processes in combustors.” This
represents quantification of atom displacement in a directed flow
on a macro- or mesoscopic scale. Random motion such as diffusion
of atoms on a microscopic scale, however, can also be studied using
NMR, either in a very general way by analyzing relaxation times
(both T; and T, depend on the correlation time of molecular
tumbling) or by applying magnetic field gradients for diffusion
weighting. However, such experiments are not always possible
since they require sufficient signal intensity and unambiguous
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resonance assignment when working with emulsions where Xe
can reversibly access more than one environment. Investigating the
behavior of Xe inside phospholipid membranes in aqueous solu-
tions is such a case. The hydrophobic gas shows high solubility in
lipid environments.? However, any conventional relaxivity or diffu-
sion study would be hampered by fast chemical exchange between
membrane-embedded Xe and Xe in an aqueous environment. We
therefore studied an approach in which the intra-membrane
mobility of the atoms is probed indirectly.

Xe exhibits great potential for applications in biosensors® that
bind to membrane-bound receptors,™® potentially followed by cel-
lular uptake.” To this end, induced Xe spin depolarization inside
cryptophane-A-monoacid cages (CrAy,,) can be used as a mechanism
that is sensitive to Xe mobility. The cages can reversibly bind the
noble gas atoms. This host-guest system enables multiple features:
(i) it separates the spin pool into two spectrally distinct popula-
tions®® enabling selective depolarization through RF irradiation and
(ii) it establishes a steady state of reversible binding events where the
Xe access to the cage regulates the replenishment of hyperpolarized
nuclei for membrane-embedded host sites. Moreover, the driven
depolarization of exchangeable, hyperpolarized nuclei, also known
as Hyper-CEST," provides a significant signal enhancement that
allows studying concentrations in the fM—nM range,""'* even for MR
imaging applications." The induced depolarization is observed as it
accumulates in the pool of non-caged Xe and causes the corres-
ponding signal to decrease. The by far larger fraction of dissolved Xe
in dilute phospholipid solutions is found in the aqueous environ-
ment. Xe that participates in the labeling procedure has to penetrate
into the membrane, travel to host sites and escape back into the
water pool to transport the information from induced depolariza-
tion. Hence, differences in membrane fluidity are expected (amongst
other effects) to influence the efficiency of this process reflected in
the intensity and build-up of the CEST response.

Zaiss et al. showed that on-resonant saturation pulses
with increasing saturation times ¢, yield a mono-exponential
depolarization process**

f(tia)) = e /B0, ®
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Where 7 is the depolarization time, which depends on relevant
system parameters such as the exchange rate k£ of Xe from
CrAn, to the surrounding medium, the relaxation time 7, of
Xe@CrA,, and the local concentration ratio ¢ = [Xe@CrAp,)/
[Xe@solution]. This mono-exponential process has also been
observed experimentally."®

In this work we take advantage of different 7’s of functionalized
Xe, arising from different Xe mobility in different molecular environ-
ments. More precisely, we prepared different small unilamellar
vesicles of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), where the
latter possesses a lower membrane fluidity below 40 °C."*"” The
different 7’s in the two biomembranes generate a new tunable MRI
contrast even if the encapsulated Xe experiences similar chemical
shifts. The t’s of the (multi-Jexponential decays are obtained via an
algorithm using the Laplace transform (LT) and the inverse LT (ILT).
Hence the requirement for the detection of caged Xe in different
molecular environments with similar chemical shifts is a difference
in k, T, or ¢, which is large enough to yield medium differences in 7.
Too pronounced differences in t might make slow depolarization
invisible when a process with much shorter © happens at the same
time in the same micro-environment.

Fig. 1 illustrates how different Hyper-CEST signals can have the
same chemical shift, which are therefore not resolved according to
their resonance frequency. CEST-spectra of solutions containing
5 uM CrA,,, with 200 pM POPC or 200 pM DPPC at 9.4 T and 303 K
are displayed. Two CEST responses are visible throughout all
spectra. The one at ca. 64 ppm corresponds to Xe@CrAp,, in
the aqueous solution (the gaseous Xe signal is set to 0 ppm).
The broader one at ca. 74 ppm (Xe@CrA,,@lipid) originates
from ca. 10*? liposomes, each of which contains ca. 2000 CrA,,
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Fig. 1 CEST-spectra of 5 uM CrA,, in 200 uM DPPC (green triangles (down)),
200 puM POPC (red triangles (up)) (each measured in a modified 10 mm NMR
tube (b)) and the double phantom containing both solutions (blue diamonds,
a5 mm NMR tube in a 10 mm NMR tube (c)) at 9.4 Tand 303 K. The response at
ca. 64 ppm corresponds to Xe in CrAn,, in the agueous solution, the response at
ca. 74 ppm corresponds to Xe in CrAn, in the lipid environment. The gaseous Xe
signal is set to 0 ppm. Data points were obtained by applying a 5 s saturation
pulse of By = 10 uT at a desired frequency and detecting the Xe@solution signal
(at 193 ppm). Sweeping the saturation pulse over the shown chemical shift range
yields a CEST spectrum. The integral of the signal after off-resonant saturation
(=74 ppm) is normalized to 1.
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molecules (see ESIT). This signal features a similar chemical
shift for both phospholipids, POPC (red triangles (up)) and
DPPC (green triangles (down)). However, the CEST response is
much less intense for DPPC than for POPC. Also only a single
response was detected at 74.0 ppm when we analyzed a CEST-
spectrum of both solutions simultaneously in neighboring
compartments (blue diamonds). The response obtained in the
last experiment should be made up of a superposition of the two
responses of POPC in the inner and of DPPC in the outer compart-
ment. Thus, all three responses are similar in chemical shift but
different in depletion and width. Hence, the information about
differences in depolarization build-up in different compartments is
lost when acquiring a global signal from the entire object.

Therefore we studied the dynamics of functionalized Xe in
two neighboring molecular environments by acquiring MR images
of a phantom (Fig. 2a) using the Hyper-CEST EPI method™ and
applying saturation pulses at 74 ppm with variable t,,; (107°-20 ).
As shown in Fig. 2a the signal of the outer compartment of the
phantom (containing DPPC) decreased more slowly compared to
the signal of the inner compartment (containing POPC). Thus, the
dynamical difference in signal depletion of the two compartments
is already visible when acquiring a stack of Hyper-CEST images
with different saturation times. Furthermore it is possible to tune
the contrast by applying saturation pulses of different lengths: for
toe < 107% s all phospholipid environments in which function-
alized Xe is present are visible, whereas for ¢, ~ 6 s the signal
related to DPPC is greater than the one related to POPC.

The measured overall Hyper-CEST signal for on-resonant
(Xe@CrA,,@lipid) saturation in each image in Fig. 2a should
contain all contributing depolarization processes leading to a
superposition weighted by their probability F(s)ds, so that

Flta) = / F(s)e—"ds, ©)
0

where s = 1/, F(s) > 0 and [;° F(s)ds = 1. Eqn (2) is the LT of
F(s), & {F(s)}. Thus, finding its inverse %" { f(ts)} yields the
corresponding t distribution. ILT is a common tool for analyzing
exponential decays."®>* We can discretize eqn (2) and include
noise (&,,,_):

n
Z F(SV)eiAY”[SM + v tsat
flta) =“—;, 3)
; F(s,)

where 7 is the number of molecular environments, F(s,) is the
probability density of the signal of environment v and 1, is its
depolarization time. We obtain %' {f(t.d)} numerically
(MATLAB®, modified routine rilt.m**) using a regularized
non-negative least square method in 1D, developed by Pro-
vencher.>® As the ILT analysis is ill conditioned,*® one requires
an extra condition to ensure a unique solution. Therefore
Tikhonov regularization®” is used for which F(s) has to be as
smooth as possible in s. In summary, the ILT analysis can
determine the contributing t’s and the quantity n without any
prior knowledge.
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Fig. 2 Axial Hyper-CEST imaging (4 averages) of the entire phantom (a). On-resonant saturation at 74.0 ppm with B; = 10 uT and variable t.,; at 9.4 T was used.
Images were smoothed using an adaptive weight filter with a local quadratic model."® (b) The decreasing Hyper-CEST signal f (t..) of the entire phantom (blue
diamonds), only the outer compartment (green triangles (down)) and only the inner compartment (red triangles (up)). The solid lines are the fit results obtained from
the ILT analysis. The outer compartment’s noisy data might be the result of the remaining gas bubbles between the two glass walls during data acquisition. The
depolarization times at the maxima of the probability density functions F(z) (see inset) are shown in (c). When analyzing the entire phantom simultaneously F(r) has

two maxima (DPPC* and POPC*). When analyzing only the outer compartment (DPPC) or only the inner compartment (POPC) F(r) has only one maximum.

Fig. 2b shows the measured signal decays of the entire
phantom and its two individual compartments. The fits are
the LTs of the t distributions shown in the inset in Fig. 2c.
Fig. 2c summarizes the depolarization times: with increasing
tsae the signal of the inner compartment disappeared faster
(tpopc = 3.00'%7%; s) than the signal of the outer compartment
(tpppc = 22.157%%% s). When we analyzed the entire phantom
containing both different environments using the ILT algorithm
two 7’s were found, Tpopcr = 2.237%% s and Tpppcr = 19.7575 5 s.
We assign the faster one to the inner compartment and the
slower one to the outer compartment because both are found to
be the same within errors when the compartments are analyzed
alone. We ascribe the different depolarization times to differ-
ences in membrane fluidity of POPC and DPPC, as all other
experimental parameters were the same (assuming similar
solubility of Xe in DPPC and POPC?®), as follows: the 7-times
faster depolarization time in POPC than in DPPC is most likely
caused by a 7-times higher turnover of Xe atoms partitioning
into the membrane and passing through CrA;,, molecules in
POPC than in DPPC during the length of the saturation pulse.
The reasons for this can be (i) a faster overall exchange rate k' of
Xe in POPC than in DPPC, which combines the exchange from
CrAp,, to the lipid environment and the escape back into the
aqueous solution, (ii) a higher concentration ratio ¢ in POPC
than in DPPC or (iii) the spin-spin associated T, relaxation time
of Xe@CrA,,,@lipid which might be affected by the membrane
fluidity and could therefore also influence the depolarization
process. According to eqn (22) in ref. 14 (Zaiss et al.) a longer T,
of the Xe@CrA,,@lipid should increase 7. So far it is not
known whether T, is in the order of k! or not. We assume
that it is unlikely that slightly different chemical compositions
of phospholipids can induce such a large difference in 7. In all
experiments the T, relaxation time of Xe was similar (see ESIY)

14180 | Phys. Chem. Chem. Phys., 2013, 15, 14178-14181

and should have a minor contribution to the depolarization
process. Hence, a pure T analysis would not be able to reveal
differences in POPC and DPPC. All the other parameters are
combined in 7. Thus, it is not possible to know exactly what
causes the variable depolarization times. However, membrane
fluidity is the major difference between POPC and DPPC
liposomes and therefore it is most likely that it is the main
driver of the different 7’s. The effect of membrane composition
has also recently been mentioned in the context of DIACEST
agents.”> We suppose that different molecular environments
which are spatially separated, as it should be the case for
example for a tumor surrounded by healthy tissue, should
result in more than one 7 yielding a multi-exponential decay.

In addition to the analysis of the whole compartments we
performed a pixel-wise ILT which yielded a certain t for every
625 x 625 (um)> pixel. The fitting took ca. 12 s per pixel. Fig. 3
shows the spatial distribution of the 7’s in the phantom. The spatial
distribution is in very good agreement with the data gained from
the ILT analysis of the whole compartments (Fig. 2). The low 7’s
(represented in yellow) of a few pixels at the outer edge of the outer
compartment probably result from partial volume effects. If the
number 7 of maxima in F(s) for a certain pixel was found to be >1
the dominant 7 was assigned as that very pixel value (mainly at the
edge of a compartment and in some noisy data sets; see ESIf for
data for every pixel). The image illustrates the applicability of
generating MR-contrast based on different 7’s in different molecu-
lar environments. The need for high resolution is obvious. Other-
wise one might end up with more than one possible t for a single
pixel (think of a pixel as large as the whole phantom).

In conclusion, different depolarization times in different
molecular environments, such as biomembranes, of hyperpolarized
Xe encapsulated in CrA,,, can generate a new type of MRI contrast.
The contrast can be obtained by applying saturation pulses of
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Fig. 3 Depolarization-time map of the phantom. A 'H image is superimposed.
For each pixel (625 x 625 (um)? in plane resolution) the depolarization time is
gained from the ILT analysis. See ESIt for the ILT result of every pixel.

different lengths and analyzing the decaying data using ILTs.
The detection of different molecular environments does not
require prior knowledge regarding the number, n, of contributing
spatially separated depolarization processes as a boundary
condition, as is the case when using other fitting routines. This
advantage will be more evident when analyzing more challen-
ging samples. In particular the presented method adds a new
dimension to Hyper-CEST through the ability to distinguish
overlapping CEST responses. When membrane fluidity was
higher, the depolarization time was shorter and the Hyper-CEST
signal was completely saturated at shorter saturation pulses. Still
the remaining limitation of the Hyper-CEST method is the fact
that it is until now not possible to clearly dissect the concen-
tration ratio ¢, the exchange rate k or the relaxation time 7,
which will be a focus of future research.
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