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Introduction

Quantitative biosensor detection by chemically
exchanging hyperpolarized ?°Xe¥

S. Korchak,#? T. Riemer,” W. Kilian® and L. Mitschang ) £*°

Chemical sensors informing about their local environment are of widespread use for chemical analysis.
A thorough understanding of the sensor signaling is fundamental to data analysis and interpretation, and
a requirement for technological applications. Here, sensors explored for the recognition and display
of biomolecular and cellular markers by magnetic resonance and composed of host molecules for
xenon atoms are considered. These host—guest systems are analytically powerful and also function as
contrast agents in imaging applications. Using nuclear spin hyperpolarization of 2°Xe and chemical
exchange saturation transfer the detection sensitivity is orders of magnitude enhanced in comparison to
conventional *H NMR. The sensor signaling reflects this rather complex genesis, furthering the mere
qualitative interpretation of biosensing data; to harvest the potential of the approach, however, a detailed
numerical account is desired. To this end, we introduce a comprehensive expression that maps the
sensor detection quantitatively by integration of the hyperpolarization generation and relaxation with the
host—xenon exchange dynamics. As demonstrated for the host molecule and well-established biosensor
cryptophane-A, this model reveals a distinguished maximum in sensor signaling and exerts control over
experimentation by dedicated adjustments of both the amount of xenon and the duration of the
saturation transfer applied in a measurement, for example to capitalize on investigations at the detection
limit. Furthermore, usage of the model for data analysis makes the quantification of the sensor
concentration in the nanomolar range possible. The approach is readily applicable in investigations using
cryptophane-A and is straightaway adaptable to other sensor designs for extension of the field of xenon
based biosensing.

pumping to an up to five orders of magnitude larger signal
amplitude than in the conventionally utilized thermal equili-

The noble gas xenon is of broad interest in chemistry as a
versatile agent for the probing of molecular environments. The
inert atoms associate through noncovalent interactions with
hydrophobic cavity-like structures, being of natural origin like
in the interior of biomacromolecules and in bacterial spores,*™
or synthetic as inside engineered protein sites>® or supra-
molecular xenon host molecules”® and in the pores of
nanomaterials."”** The states of free and cavity-bound xenon
are mapped by NMR as the xenon magnetic resonance frequency
exhibits a fine response to the local molecular structure due to
a large chemical shift dispersion.'” Moreover, the spin —1/2
isotope '*°Xe can be hyperpolarized by spin exchange optical
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brium in high magnetic field."*> NMR on hyperpolarized '*°Xe
(hpXe) thus enables the inspection of rare species and events
where low spin density but high detection sensitivity are
imperative. The approach is presently developed further for
the detection of biomarkers at the micro- to nanomolar concen-
tration levels in vitro and possibly in vivo."**® Such biosensing
uses xenon accessible sensor molecules which allow on the one
hand targeting of the markers but also to take advantage of
ultra-sensitive NMR. Herein, the detection of biosensors using
hpXe is evaluated in detail to further the understanding of
signal formation, to enable methodological improvements, and
to reach a quantitative assessment of the biosensing approach.

Biosensing is facilitated by molecular host structures where
hpXe is transiently enclosed and thus experiences an alteration
of its magnetic resonance frequency. By unspecific or, through
functionalization, specific association of the host with the
molecular or cellular marker of interest the host-hpXe system
acts as a sensor or contrast agent that is indicative of the
marker substance.’®?° The NMR readout may be either direct
by acquisition of the signal from host-bound hpXe or indirect
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by the chemical exchange saturation transfer method, termed
Hyper-CEST when referring to hpXe.>' In Hyper-CEST the
magnetization of host-bound hpXe is continuously selectively
destroyed, e.g. saturated by radiofrequency (RF) irradiation.
Because of the repeatedly renewed binding to the host,
the magnetization of unbound hpXe is also diminished. The
contrast agent can thus be detected largely amplified by the
Hyper-CEST effect, i.e. the difference in signal intensity of
unbound hpXe when saturation transfer is effective or not. The
presence and activity of specific biomarkers in solution could
thus be approved by the mere generation of the Hyper-CEST
effect using dedicated molecular sensors.”> It is, nonetheless,
highly desirable to extent biosensing for quantitative explora-
tions. The determination of the contrast agent concentration
or of its modulation would enable quantitative biomolecular
analytics in vitro and were a prerequisite for quantitative mole-
cular imaging applications. A quantitative understanding of the
host-guest interaction would also help improve sensor design
and benchmarking with the aim to identify the best choice for a
particular application. Quantitation by Hyper-CEST, however, is
a formidable task because the detection is indirect and, at any
point of time, relates to only a fraction of all contrast agent due
to a limited host-hpXe binding affinity.

While the operational saturation transfer has been detailed,*”
an account of the integral detection process is challenging owing
to the intricate interplay of the xenon polarization generation,
the spin relaxation, and the host-hpXe exchange dynamics.
In particular, the amount of hpXe used for sensing is not
adequately considered so far. This quantity, which is like the
applied RF saturation in principle under control of the experi-
menter, can substantially affect the outcome of measurements
through the achievable spin polarization, the free and host-
bound xenon equilibrium concentrations, and the exchange
rate.”* " It is thus not evident how to conduct sensing experi-
ments for maximum contrast or at the limits of detection.
Furthermore, quantitative explorations have only recently been
initiated with the emphasis on the numerical specification of
parameters relevant to the sensing approach, e.g. the exchange
kinetics rate coefficients and the host-hpXe affinity.’’* In
particular, the fraction of host molecules occupied by hpXe
has been determined using Hyper-CEST data with a variation
in saturation offset (so called Z-spectra) and power.*>® By this
approach, the respective absolute concentration of occupied
hosts is only possible to derive when the total concentration of
host molecules is known and taken into account. This latter
quantity is the relevant one concerning the binding of the sensor to
the biomarkers and, thus, for quantitative biosensing applications.
Strategies for the determination of the generally unknown total
contrast agent concentration, however, are lacking.

We thus set out by taking explicitly reference of the xenon
concentration in addition to the duration of the saturation
transfer as the means for manipulation and steering in biosensing
measurements. By specification of the parameters describing the
xenon polarization generation, the relaxation and the exchange
with the host, we eventually arrive at a quantitative model for
the biosensor detection. This model should make apparent any
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extremal sensor performance, which could then be experimentally
probed, and could also suggest strategies for the quantification
of the total contrast agent concentration by the Hyper-CEST
effect. We chose for demonstration purposes the host molecule
cryptophane-A (CrA) which is well understood in terms of the
xenon binding interaction®?"*° and well established as a
biosensor for protein and cellular markers."*™'**92?

Results
The model

The experimental situation we are exploring is displayed in Fig. 1.
The host molecule, e.g. CrA, and the xenon guest molecules
combine and dissociate rapidly in solution at rates k., and Kor,
respectively (Fig. 1A). The magnetization of the freely dissolved
xenon is effectively diminished by saturation transfer when the
host-bound hpXe is selectively irradiated (Fig. 1B lower spectrum).

T T T T T “\‘\
300 200 100 3/ ppm \

Fig. 1 Experiment and data evaluation scheme. (A) In solution hpXe
binds reversibly to the host (CrA). (B) The saturation of the magnetization
of host-bound hpXe by resonant RF irradiation (lower trace) leads to a
diminished free hpXe signal in comparison to the case for off-resonant
irradiation mirror-symmetrical with respect to the free xenon signal (upper
trace). The free hpXe (here 86 uM) generates a strong signal at 196 ppm in
either case while for the 90 nM CrA used here the signal from host-bound
hpXe at 65 ppm is not visible. (C) The difference between signal intensities
for off-resonant and resonant RF irradiation (Hyper-CEST effect) can be
mapped in dependence of the xenon gas partial pressure (or free xenon
concentration) and the RF irradiation period. Experimental data for CrA in
water at 298 K (red dots) are superimposed onto the plot of the function
S(p.7) solely scaled by a global fit parameter else evaluated for the
parameters given in Table 1 and for a host concentration of 90 nM. The
crest line (red) indicates for given xenon partial pressure the maximum
Hyper-CEST effect. The normalization is by the maximum Hyper-CEST
effect for 0.9 nM CrA at 298 K (also used in Fig. 2A and Fig. S4, ESIT).
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To reference this depletion solely due to saturation transfer, a
second experiment is conducted in an identical manner but with
the RF irradiation applied at a position mirror-symmetrically
with respect to the free xenon signal (Fig. 1B upper spectrum).
In this case, saturation transfer does not occur but any effect of
direct saturation of the bulk signal possibly induced by the RF
irradiation and the always immanent relaxation are accounted
for. The model

S(p.7) = A(p) exp{—Re}[1 — exp{—kon(p)7}]

= %WeXp{—RT} {1 - exp{—(c +kp)y fipf”
1)

is introduced here for describing the Hyper-CEST effect as the
difference in the signal intensities from both experiments. The
variables are the concentration of freely dissolved xenon p and
the duration of the RF irradiation period t. Practically, the
solution is saturated with hpXe, e.g. by gas bubbling, such that by
Henry’s law p = sp for xenon solubility s and partial pressure p, the
latter is thus a variable for S equivalently to p. The leading
amplitude factor A(p) is the initial (r = 0) free xenon magnetization
density in the solution which reflects the *’Xe hyperpolarization
process (ESIT). The term A(p)exp{—Rz} then represents the signal
intensity when saturation transfer is not effective. The rate R
comprises two contributions, one due to spin relaxation and one
due to possible direct saturation effects from the RF irradiation.””
Strictly speaking, because both processes occur at different rates
for free and host-bound xenon, R comprises an exchange averaged
rate given by the population weighted - and thus p-dependent -
mean of the rates of encaged and free xenon, respectively.
However, due to the low host concentration in biosensing
applications, like the ones probed in this work, practically only
the free xenon pool is relevant for R. The remaining term in the
model, A(p)exp{—Rt — kon(p)t}, represents the free xenon signal
intensity when saturation transfer is effective. In addition to R,
the chemical exchange driving the saturation transfer enters
the model via the rate for complex formation, kon(p).>* In
dynamic equilibrium the magnetization leakage from the pool
of free xenon due to exchange occurs with rate —kon(p), assuming
complete saturation of host-bound spins. This dependence on
kon(p) also derives from an analytical approximate solution of
the Bloch-McConnell equation for complete saturation of the
host-bound xenon spins by resonant irradiation.*”

A global amplitude factor is not explicitly stated in the
model. It is evident that, depending on the experimental setup
at hand, only a fraction of the originally generated '*°Xe
polarization is available in the sample for the NMR experiment.
Also, the signal intensities in absolute terms which contribute

Table 1 Parameters for monoacidic acid CrA and hpXe in water
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to the Hyper-CEST effect are derived from spectra acquired on a
particular NMR instrument. It is thus required to obtain the
overall amplitude of the model by normalization with respect to
the experimental data.

The explicit functional form of S(p,t), derived in the ESI ¥
depends on a number of parameters: o describes the alkali metal
spin destruction by collisions with xenon during the hyper-
polarization process, ¢ is the host-xenon complex dissociation
rate coefficient, k is the rate coefficient for degenerate xenon
exchange, K is the complex association constant, and C is
the total host concentration in the solution. We determined
the hyperpolarization and exchange parameters (o, ¢, k, K) by
dedicated experimentation independently from the Hyper-CEST
approach (Experimental section, ESIt). Importantly, such measure-
ments can be done at much higher host concentration than used
in future applications while the results remain valid as long as the
sample temperature and the solution conditions are kept. The rate
R was derived from the variant of Hyper-CEST (or part of data)
where signal decay is observed without the saturation transfer
effective. Concerning the xenon solubility s, the Ostwald coefficient
is tabulated, particularly for water, physiologically relevant
solutions, and body fluids based on the early use of the radioactive
xenon-133 in medicine.***? The parameters for the CrA-hpXe
host-guest system in aqueous solution at the two temperatures
of 298 K and 310 K are compiled in Table 1.

Sensor performance

The validity of the model characterizing the sensor signaling was
tested by comparison with experimental results. A solution of 90 nM
of the water-soluble derivative monoacetic acid cryptophane-A
in pure water was saturated with hpXe gas at 298 K. A total
number of 70 experiments for either type of experiment -
saturation transfer effective or not — were conducted using for
the xenon partial pressure p seven constant settings in between
0.01 bar and 0.8 bar (amounting to a range of 43 uM to 3.5 mM
for the free xenon concentration) and, for each such fixing, the
irradiation period t was varied in ten steps in between 0 s and
350 s. For comparison, the model was evaluated over a similar
range for both variables, p and 7, using the parameters listed in
Table 1. Only the global amplitude of S(p,7) was adjusted in a
least-squares minimization to the experimental data to account
for instrumentation related scaling. It is evident from Fig. 1C
that the model reproduces the measurements well. The match
of model and measurements may be quantitatively assessed by
the coefficient of variation of 0.15. In this example, the model
and the experimental data are a rather smooth function in both
variables with a soft curvature along t, and a steeper one along
p. Remarkable is the single, global maximum which is located

Temp. (K) s/Mbar ! a/bar ! R/s! /st kM ts? KMt
298 0.00432 + 0.00006 8.36 = 0.76 0.00662 + 0.00012¢ 20.0 + 0.3 5800 + 280 58400 + 6800
310 0.00325 + 0.00003 8.36 + 0.76 0.00494 + 0.00014 74.1 + 2.5 12400 4+ 2600 28900 + 2200

% R =0.00594 + 0.0002 s~ * for the samples of the dilution series at 298 K.
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at the position pmax = 74 mbar and 7,,,,x = 108 s. For this sample
and the used instrumentation, it marks the performance of the
maximum Hyper-CEST effect.

The topology of the surface S(p,t), or the performance of the
sensor, is governed by the saturation transfer rate, as the
relaxation and direct saturation rate R as well as the polarization
amplitude A(p) contribute in an identical manner to either of the
subtracted signal intensities. The dependence of kon(p) on the
kinetic rate coefficients and the binding constant, however,
makes the Hyper-CEST effect specific to the host-guest inter-
action at the molecular level and, thus, dependent on the
particular host molecule used and the temperature. Moreover,
a strong response in S(p,t) can be expected for changes of the
total host concentration which is linked to k,, by direct propor-
tionality. For demonstration, the model was evaluated for var-
ious host concentration at 298 K as well as at 310 K using the
parameters from Table 1 (ESLt Fig. S4). Evidently, the overall
topology changes mainly due to the relocation of the maximum
which moves towards larger irradiation period but smaller xenon
partial pressure when the host concentration decreases. The
Hyper-CEST effect at given host concentration is comparatively
stronger at the higher temperature which is attributed to
the higher exchange rate. However, at given temperature, the
Hyper-CEST effect decreases steadily along with the host dilution
because of a diminishing exchange rate.

Detection limit

For the achievement of the maximum Hyper-CEST effect experi-
ments need to be conducted at the proper settings for the
xenon concentration, pmax, and the irradiation period, Tyax. We
could calculate ppyax and 7. for finite host concentration by
S(p,r) semi-analytically (ESIt). In Fig. 2A the xenon partial
pressure and the irradiation period for maximum Hyper-CEST
effect for the host concentrations of 900 nM, 90 nM, 9 nM,
and 0.9 nM at 298 K and 310 K, respectively, are displayed.
Apparently, the maxima loci move towards a converging point
for ever smaller host concentration whose position can be
derived from S(p,r) (ESIt). For vanishing C the maximum

c/nM (R+kon)¥10% / s C
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occurs at pmax = 24 mbar, Tyax = 151 s for 298 K and ppax =
38 mbar, 7,4y = 202 s for 310 K, respectively. At that converging
point, the Hyper-CEST effect would be at most for vanishing
host concentration. We thus set out to determine the limit
concentration of CrA detectable near the converging point in
dilution series at both temperatures. We chose xenon pressure
settings somewhat slightly off the converging points strictly
valid for vanishing host concentration because of the expecta-
tion of a detection limit in the low nanomolar range.**** At the
constant settings pmax = 26 mbar at 298 K and pp,ax = 40 mbar
at 310 K, respectively, the period t for RF irradiation was
varied from 0 s to 400 s, and the respective signal decay in
dependence of 7, the so-called depletion curve, monitored for
the various host concentrations. As shown in Fig. 2B and C, a
host concentration of 9 nM or 0.9 nM at 298 K or 310 K,
respectively, is manifest in a deviation of the depletion curves
for saturation transfer effective or not. Upon further dilution to
0.9 nM and 0.45 nM for 298 K and 310 K, respectively, this
separation of the depletion curves disappears, making that host
concentrations indistinguishable by the Hyper-CEST experi-
ment. For the concentrations of the dilution series and the
parameters of Table 1 the model calculated depletion rates
R + kon are in good agreement with the experimental values.
For the samples of the dilution series at 298 K the experi-
mental off-resonant depletion rate was slightly reduced in
comparison to the 90 nM sample (Table 1) which may be
attributed to a different spin relaxation, e.g. due to the grade
of sample degassing or glassware-dependent wall relaxation.
However, because of the weak dependence of the maxima
converging point on R, or, vice versa, the flatness of S(p,t) along
7 in the neighborhood of the maximum (Fig. S4, ESIt for 0.9 nM),
this deviation is not critical. In contrast, the steep decline of the
Hyper-CEST effect towards small p requires investigations at low
host concentration to be conducted rather close to the proper
Pmax- For example, our polarizer delivers at a xenon partial
pressure of p = 5 mbar practically the maximum polarization
(~25%)."> When working at that fixing, by our model the
Hyper-CEST effect at 310 K and for 0.9 nM CrA were less

C/nM  (Rtkop)x10° / s
T=310K exp calc

=298K exp calc

0.9 59+0.3 < 045 5002
0.9 6.0+03 6.1 > 045 50+02 52
9 75+02 74 0.8 ® 09 49 +0.2
90 22 20 = 09 53+02 54
155+3 150 *9 86+05 9.1
A 90 451 46
¥ 900 380+10 420
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>
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Fig. 2 Optimization of Hyper-CEST performance. (A) Calculated settings of xenon partial pressure and RF irradiation period for maximum Hyper-CEST
effect in the CrA—hpXe host—guest system at 298 K (circles) and 310 K (stars), respectively. For each setting, the host concentration and the calculated
amplitude of the Hyper-CEST effect, normalized to the value for 0.9 nM and 298 K, are listed. The red cross in each series indicates the converging
point for vanishing C. (B and C) Show depletion curves with (red) and without (black) saturation transfer effective for the various host concentrations
and at 298 K and 310 K, respectively, obtained by exponential fitting to the experimental data. In (C) the depletion curve and measurements for 0.45 nM
host concentration are shifted by a constant offset of 0.2 to afford their visibility. Experimental and by the model calculated depletion rates are listed

for comparison.
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than half compared to the optimal pressure setting of 40 mbar
(Fig. S4, ESIY).

Quantification of sensor concentration

The explicit functional form of the model suggests its usage for
quantitation of the host molecule - or contrast agent — present
in the solution. Three different approaches are derived from
the model for that purpose.

The first method implies solving the model for the total host
concentration in terms of the experimental Hyper-CEST effect,
denoted 4, and the parameters entering the model,

exp{Rr}} 1+Kp
Alp) J(c+kp)KT

In the second approach, the depletion rate R + k,,(p) instead of
the Hyper-CEST effect itself is applied for quantitation, motivated
by the rate’s linear dependence on the total host concentration.
For ¢ denoting the experimental depletion rate with saturation
transfer effective, the total host concentration by solving the
expression for the exchange rate k,,(p) becomes

1+ Kp
(c+kp)K

C(4) = —ln{l —A @)

C(0)=(6-R) ®)
This approach comes with an inherent statistical averaging due
to the determination of the depletion rate J by fitting to a
number of experimental data points. Furthermore, information
about the hyperpolarization process in terms of A(p) is not
required for data analysis. Lastly, the third mode of quantitation,
requiring a reference measurement instead of any knowledge
about the polarization process or the host-guest interaction, is
devised. The saturation transfer induced depletion rate is for
constant sample temperature and free xenon concentration
(constant p) only susceptible to variations in the total host
concentration. For a known concentration C, the depletion rate,
denoted J,, may be determined. For a sample of unknown host
concentration but with a saturation transfer induced depletion
rate 0 obtained by identical experimentation, the total host
concentration can be revealed by comparison with the reference
measurement,
C(C()) = ;O%Co. (4)

The quantitative methods proposed here were applied,
using the appropriate parameters from Table 1, to the dilution
series at 298 K and 310 K to evaluate their performance for
different host concentrations and to allow a comparison (Fig. 3).
The earlier results of a detection limit of 9 nM at 298 K and
0.9 nM at 310 K (Fig. 2) are confirmed by a match of the estimates
with the probed values at reasonable uncertainties. For the minor
total host concentrations of 0.9 nM at 298 K and 0.45 nM at 310 K,
respectively, just the correct order of magnitude can be deduced
by C(9) and C(Cy). For the estimation by C(4), however, even such
low total host concentration appear to be approximately properly
detected with an error margin of ~50%. The probed concentra-
tions are mostly within the error margins of the estimates. The
latter are steadily decreasing with increasing host concentration,

This journal is © the Owner Societies 2017
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Fig. 3 Numerical values for host quantitation by C(4), C(d), and C(Co),
normalized by the probed host concentration (dashed line), at tempera-
tures 298 K and 310 K, respectively. C(4) is the arithmetic mean with SD of
the estimates for the individual Hyper-CEST effect 4 in the respective
depletion curve (Fig. 2). Values 4 were excluded when the expression for
C(4) was not solvable or gave physically impossible results (negative
argument of logarithm, negative host concentration) and when t = 0
(no Hyper-CEST effect). For 90 nM and 900 nM CrA concentration at both
temperatures, and additionally 9 nM at 310 K, only depletion curves with
saturation transfer effective were conducted (Fig. 2); the respective free
xenon signal intensities without saturation transfer were augmented by
calculation from the function Be ®* and were used for the evaluation of
C(4) (with R form Table 1, and B set equal to the first datum of the acquired
depletion curve with saturation transfer effective). For C(Cy) the depletion
rate at the highest host concentration in the series (Co = 900 nM) was
selected for reference to achieve a possibly low uncertainty in Co. The
error margins for estimates C(5) and C(Co) mark the error propagation
from the system parameters in Table 1 and the uncertainty in the fitted
depletion rate.

as can be expected. The quantifications by C(6) and C(C,) are
closely related, the ratio of concentration estimates by the one
method is equal to the ratio of corresponding estimates by the
other method. At 310 K, however, C(d) gives underestimates of
the host concentration throughout the series. This artefact can
be attributed to a temperature drift in between the samples
used for parameter specification and those used for quantita-
tion. Assuming an Arrhenius type of temperature dependence
for the rate coefficients ¢ and k, which are inversely propor-
tional to C(9), the estimates would shift up to the level of those
of C(Cy) in the diagram for a half a degree reduced temperature
during parameter specification. Such problems are avoided by
application of C(C,) because the reference measurement can
be conducted quickly and thus closely to the quantitation
measurement in comparison to the more elaborate experimen-
tation for the parameter specification, rendering long term
temperature drifts unlikely.

Discussion

We have developed a model for quantitative measurement and
data analysis strategy in biosensing using hyperpolarized xenon
and the host CrA. This model is expected to be applicable to the
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various host structures in use, e.g. the presently explored
cucurbit{6]uril (CB6).'®>*?>4%%” In the model characteristic
for the host is the exchange rate k,,, which, in turn, is governed
by the underlying reaction mechanisms. The dissociative and
degenerate exchange we have explicitly considered, i.e. when
xenon encounters a host free of xenon or one already occupied
with a xenon atom, respectively, are prevailing for CrA and
are expected to occur as well for CB6.>%°! Indeed, these
reaction pathways are quite universal for low host and xenon
concentrations when collisions of higher order than binary are
very unlikely. The numerical values of the corresponding rate
coefficients ¢ and k are subject to change with the type of host
but the functional dependencies in the model are preserved.
Model parameter data do also change for different sample
condition, e.g. the relaxation rate of free hpXe in human
blood is dependent on the blood oxygenation status, and the
exchange rates of the CrA-hpXe system are significantly
increased in lipid environments in comparison to aqueous
solution.?®*® With the respective parameters appropriately set
the evaluation of the model S(p,7) and the actual sensing
performance adapt in parallel.

The functional form of the model, however, may need
modifications concerning the spin manipulation. The complete
saturation of the magnetization of host-bound hpXe we assumed
requires RF irradiation of sufficiently high power for the given
xenon residence time within the complex. This was indeed the
case here, as is evident by the consistency of our quantitative
results and former work on the CrA-hpXe system.>*** Practically,
complete saturation can be adjusted by the recording of a series of
depletion curves with successively increased saturation power
until a constant, maximal depletion rate is obtained. However,
in cases of short xenon residence time, e.g. below a millisecond
for CB6, or because of concerns about RF heating, only incom-
plete saturation may be achieved.**** Hyper-CEST is then affected
through a comparatively less effective saturation transfer
expressed by the scaling factor f(w,p) = 0*/(@0® + kog’).2>*° For
high saturation power in units of the xenon angular frequency @
in comparison to the dissociation rate ko, f(w,0) approaches
unity indicating the complete saturation regime. Hence, k,,, needs
to be multiplied by f(w,p) in eqn (1) to account for saturation
efficiency in our quantitative model. This modification is uncri-
tical. The rate kg = ¢ + kp just shows up once more in the model
but is again based on the kinetics parameter ¢ and k, while the
additional parameter o can be straightaway determined, e.g. by a
flip angle analysis when the saturation irradiation is applied to
the free xenon signal. The Hyper-CEST effect is now dependent
on w in addition to p and t, as is particularly the position of
the maximum (ESIt). However, because the scaled saturation rate
kon(p) f(w,p) is monotonically growing with o, for largest Hyper-
CEST effect the strongest admissible RF power should be used.
Furthermore, the quantification formulas derived from the model
also require adjustments to encompass the saturation efficiency.
For C(4) and C(6) the factor 1/f(w,p) appears on the RHS in eqn (2)
and (3), respectively, while C(C,) remains unchanged.

The model allows determination of the p,t-settings for
the maximum Hyper-CEST effect, exemplified here for CrA in
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aqueous solution. The respective detection limit of 0.9 nM total
CrA concentration at 310 K established in the present work is
more than one order of magnitude below the limit found recently
for a biotinylated CrA derivative at the same temperature but
more than two orders above the limit for the more soluble form
triacidic acid CrA at 320 K.**** In either case, the free xenon
concentration was not specifically considered or optimized.
For these, as any other host molecule, the model could help
reveal consolidated limits of detection by adjusting p and 7 for
maximum Hyper-CEST effect and by comparing experimental
with model-derived depletion rates (Fig. 2B and C).

The determinations of the total sensor (contrast agent)
concentration we presented over the nanomolar range for CrA
are, to our knowledge, first evidence and prove the fundamental
applicability of hpXe based biosensing in quantitative studies.
The quantification concerns the sensor, ie. the hpXe host
molecule, possibly targeting the biomarker of interest. The
concentration determined thus equals the biomarker concen-
tration when the marker is saturated in the binding to the
sensor and the contribution of this complex to saturation
transfer can be selected. While in some cases these require-
ments may be met simply by washing out the excess of the free
(not to the biomarker bound) sensor molecules, for applica-
tions with xenon exchange in between more than just two pools
dedicated experimentation can prove pivotal. Consider biomarker-
bound und free sensor molecules, all exchanging bound with free
xenon but having a difference Aw in the resonance frequencies
of xenon bound to either type. Typically, Aw is in a range of a
few ppm and up to about 10 ppm in cellular targeting when
sensor molecules associate in the lipid environment of the
cellular membrane.'>'®?*° When the xenon in the biomarker-
bound sensors is resonantly RF irradiated to affect saturation
transfer to the free xenon pool, the contribution to the transfer
rate of possibly partially RF saturated xenon in the free sensors
is kon@*/(@* + ko + Aw®) where ko, and kg now denote the
xenon exchange rates with respect to the free sensors. The
expression is valid when the population in the free xenon pool
is dominant and the transverse relaxation rate of encaged xenon
is negligible in comparison to ks> Thus, the poisoning of
the saturation transfer from the biomarker-bound sensors by
the one from the free sensors could be effectively quenched
by adjustment of the saturation power . For example, for
CrA-based sensors like the ones characterized by the parameters
in Table 1 a saturation power of 2n 50 Hz suffices to achieve
practically complete xenon saturation because of the low
exchange rate kog(f(,p) = 0.995 for ko = 21 Hz at the pressure
setting pxe = 0.026 bar which is optimal at 298 K). Assuming
Ao =2 ppm and a 14.7 T Zeeman field (600 MHz 'H Larmor
frequency), the resonance frequency of xenon in the free sensors
were 21t 350 Hz away the saturation frequency resonant with the
xenon in the biomarker-bound sensors. For similar xenon
exchange characteristics whether the sensor is bound or not to
the biomarker (identical &, kof), the free sensors would con-
tribute a fraction of only 2% to the total saturation transfer rate.
Even the very unfavourable cases of completely overlapping
resonances of xenon in free and biomarker-bound sensors,
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respectively, can be principally handled insofar the respective
depletion rates (R + k) are sufficiently different. As previously
demonstrated for CrA-hpXe systems in various lipid environ-
ments with almost identical Larmor frequencies but differing
exchange rates for the enclosed xenon, an inverse Laplace trans-
form applied to experimental depletion curves allows disentan-
glement of the total depletion rate into the proper individual
rates stemming from the various xenon pools.”™** That rates
could subsequently be used to establish the model (eqn (1)) or
for input to a quantitative analysis with C() (eqn (3)).

It is an interesting question in what way the model proposed
here for experimentation in vitro could be the basis for quanti-
tative evaluations in future in vivo molecular imaging. Such an
extrapolation must be limited to basic qualitative aspects as the
technology is still in its infancy. The passage through and
distribution in humans or rodents of xenon administered
through inhalation is well understood and the respective para-
meters, e.g. describing the partitioning of xenon across the
various tissues, are quite well known due to the applications of
radioactive **Xe and hpXe in physiology and lung imaging,
respectively.’>** This information can be rather straightforwardly
combined with the saturation transfer from sensor-bound xenon
as modelled here.>® Challenging is the specification of the model
parameters (Table 1) under in vivo condition, i.e. for biosensors
locally targeted to specific markers in tissue. One route could be
the use of ex vivo experimentation, e.g. the determination of the
rate coefficients and binding constant of xenon exchanging with
tissue targeted sensors in an in vitro setting under as close as
possible physiological conditions.*® Alternatively, the acquisition
of localized Z-spectra with variable saturation power in vivo could
prove helpful as the exchange rate coefficients can be derived by
model fitting.** It should be noted that the proposed quantitation
approach C(0) (eqn (3)) would require - in addition to the partition
coefficient for xenon in the relevant tissue - just the knowledge
of the exchange rate k. and the sensor-xenon binding con-
stant to facilitate determination of the sensor (contrast agent)
concentration by the acquisition of localized depletion curves.

The model proposed here for characterizing biosensor detec-
tion by chemically exchanging hpXe is based on the Hyper-CEST
effect defined as the difference of signal intensities for saturation
transfer effective or not. However, alternative definitions which
are also indicative of the biosensor induced saturation transfer
may be considered, for example the ratio of the signal intensities
as is used in the formation of Hyper-CEST Z-spectra.*® The model
and its applications may than be adapted appropriately. For
example, quantitative exploration of Z-spectra data for resonant
RF saturation becomes feasible by the expressions C(4), C(0) and
C(Cy), respectively, when the settings A(p) = 1 and R = 0 are used. It
should be noted that for Z-spectra the RF saturation is applied not
just resonantly to the encaged hpXe where our formulas apply
but is swept over a large frequency band. As discussed above,
Hyper-CEST Z-spectra acquired at various RF power enable para-
meter specification and may thus be particularly helpful - and
combine well with the methods proposed here — when sensor-
bound hpXe is difficult to detect directly, e.g. due to low sensor
molecule solubility or xenon affinity.*
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Conclusions

This research work furnishes the quantitative assessment of
NMR molecular sensors signalling through reversibly bonded
hyperpolarized '*°Xe as they are promoted for applications
in biomarker targeting and molecular imaging. On grounds
of the governing physico-chemical processes and respective
parameters (hyperpolarization generation, chemical exchange),
which can be specified for the instrumentation and sensor
design at hand, the ultra-sensitive sensor detection by satura-
tion transfer can be quantitatively modelled by an analytical
expression. Through the adjustment of the amount of xenon
and the period of saturation transfer applied in an investigation
the model imparts control over the sensor performance, e.g. to
probe the detection limit; it also permits the achievement of
numerical results by transformation of the detected signal
(Hyper-CEST effect) into the correct sensor or contrast agent
concentration. As the sensor signalling conveys the full informa-
tion accessible by this biosensing approach, the quantitative
analysis also refers to the sensor-targeted biomarkers. Xenon
based biosensing is thus advanced towards tailored, quantitative
applications. Considering sensors of higher efficacy than the
cryptophane-A used in the present study, e.g. cucurbiturils or
bacterial xenon gas vesicles, quantification in the sub-nanomolar
concentration range appears feasible.**>> Furthermore, different
sensor designs could be compared on grounds of model calculations
enabling the best choice beforehand to an actual experimentation,
thus ensuring resource efficiency and optimal experimental
results. The proposed quantitative modelling should prove
advantageous in more sophisticated applications than the basic
two-site exchange demonstrated here, including systems with a
multiplicity of xenon accessible sensors (multiplexing), and for
the extension to in vivo experimentation.

Experimental section
Sample preparation

Monoacidic acid CrA (purchased from Kangyuan Jiyi Inc.) was
dissolved in distilled water. After sonication for one hour
at room temperature non-dissolved particles were removed by
filtering the solution through pores of 2 um diameter. The
concentration of CrA in the saturated solution was measured
by UV-Vis spectroscopy using the experimentally determined
molar attenuation coefficient of 16200 M~ 'cm ™. Solutions of
around 10 uM CrA were obtained regularly in this manner. For
the dilution series, a stock solution was prepared and stepwise
further diluted.

Parameter specification

The CrA-xenon association constant in water, K, was deter-
mined using CrA fluorescence quenching by xenon binding as
described in ref. 32 (ESI). The association constants for CrA
with N, and He which were also present in the gas mixture
bubbled through the sample were analogously determined and
taken into account (no measureable effect for He). The rate
coefficients ¢ and k for the CrA-xenon exchange Kkinetics in
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water at 298 K were, together with their uncertainties, pre-
viously determined using exchange spectroscopy and are taken
over in the present work.*® The respective values at 310 K were
determined by similar experimentation (ESIt). At each setting of
the xenon partial pressure used for measuring the p,7-dependent
Hyper-CEST effect (Fig. 1C) also a standard one-dimensional
xenon spectrum was acquired. The respective signal intensities
of freely dissolved xenon are a measure of the function A(p)
describing the polarizer performance in dependence of the
xenon gas partial pressure and were used for determination of
the polarization parameter o (ESIT). The relaxation and direct
saturation rate, R, is for the data on the p,7-dependence of the
Hyper-CEST effect (Fig. 1C) the arithmetic mean with SD of the
seven off-resonant depletion rates for each individual xenon
partial pressure setting (0.01 to 0.8 bar). For the dilution series
at 298 K or 310 K (Fig. 2B and C), R is the arithmetic mean of the
off-resonant depletion rates for 0.9 and 9 nM CrA or 0.45 and
0.9 nM CrA, respectively, with the uncertainty given by the
propagation of the error in the individual rates due to mono-
exponential fitting. The solubility s with uncertainty was taken
from the literature but temperature fluctuations in the sample
solution of half a degree additionally assumed.*®

HpXe NMR experiments

NMR experiments were performed on a 7 T spectrometer
(Bruker Corporation) equipped with a double resonant probe
for excitation and detection of "H and '*°Xe at 300 MHz and
83 MHz, respectively. The sample was maintained at 298 K or
310 K during the experiments using temperature controlled air
flow. The signal of freely dissolved '**Xe was used for referencing
the chemical shift scale and set to 196 ppm. For the measure-
ments of the Hyper-CEST effect (Fig. 1C) and depletion curves
(Fig. 2B and C) RF irradiation of an amplitude of 500 Hz in units
of the xenon precession frequency was applied for a variable
period 7 in the range of 0 s to 400 s and subsequently the free
xenon magnetization selectively excited by a Gaussian RF pulse of
1 ms length for signal acquisition. Depletion rates were obtained
by a non-linear least squares fit of a mono-exponential function to
the signal intensities in dependence of the RF irradiation period t
(Fig. 2B and C) using the software QtiPlot. The error margins of
the rates are the standard error in the fit. The hyperpolarized '**Xe
was generated by a custom-designed continuous-flow polarizer
using spin-exchange-optical pumping.** The gas mixture of hpXe,
nitrogen and helium at the outlet of the polarizer was transferred
via a PFE hose to the NMR magnet and directly bubbled into the
sample solution.
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