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Abstract

:

Xenon magnetic resonance imaging (MRI) provides excellent sensitivity through the combination of spin hyperpolarization and chemical exchange saturation transfer (CEST). To this end, molecular hosts such as cryptophane-A or cucurbit[n]urils provide unique opportunities to design switchable MRI reporters. The concentration determination of such xenon binding sites in samples of unknown dilution remains, however, challenging. Contrary to 1H CEST agents, an internal reference of a certain host (in this case, cryptophane-A) at micromolar concentration is already sufficient to resolve the entire exchange kinetics information, including an unknown host concentration and the xenon spin exchange rate. Fast echo planar imaging (EPI)-based Hyper-CEST MRI in combination with Bloch–McConnell analysis thus allows quantitative insights to compare the performance of different emerging ultra-sensitive MRI reporters.
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1. Introduction


The search for novel magnetic resonance imaging (MRI) contrast agents is motivated by two interlinked purposes: (a) providing more sensitive agents that can be readily detected at sub mM concentrations, and (b) avoiding toxic side effects such as those known for certain gadolinium (Gd)-based contrast agents (GBCAs) that have led to long-term deposition of Gd ions in tissue and that are subject of an ongoing debate [1,2,3]. To this end, the chemical exchange saturation transfer (CEST) approach with either endogenous substances or synthetic reporters is very attractive because various of these agents are metal free and can be detected with decent sensitivity [4,5,6]. Additionally, MRI sensitivity can be boosted even further by including methods of spin hyperpolarization. Dynamic nuclear polarization (DNP) and para-hydrogen-induced polarization (PHIP) preclude CEST detection because the spin label (most commonly 13C or 15N) is covalently bound to the molecule/metabolite of interest. It lacks a “bulk pool” that is in chemical exchange with a dilute agent pool that can indirectly provide enhanced sensitivity by accumulating a signal loss from the CEST agent. The hyperpolarizable noble gas 129Xe, however, has been used with CEST detection in an approach coined Hyper-CEST because it only engages in transient, non-covalent binding [7]. This combination of two amplification strategies is an emerging technique that provides several benefits. An increasing number of studies also aims to include quantitative MRI aspects as it has been done for 1H CEST studies.



Dissolved, chemically inert Xe forms transient complexes with various structures, including proteins, macro- or supramolecular hosts [8,9,10,11], cryptophanes [12,13,14,15,16,17,18,19,20], bacterial spores [21], genetically encoded gas vesicles [22], or perfluoroctyl bromide nanodroplets [23,24,25]. Regarding biogenic binding partners, xenon has been applied as oxygen substitute in assisting structure analysis of oxygen-binding proteins [26,27,28]. Many of these Xe binding sites foster the design of innovative smart Xe biosensors based on highly sensitive Hyper-CEST MRI [29,30,31,32,33,34,35,36,37,38,39]. An important feature of this complex formation is that each of these Xe host systems owns a unique Xe exchange kinetic fingerprint that includes the chemical shift, the exchange rate, the host occupancy, and the binding constant (which is then linked to the gas turnover rate), as well as spin–lattice, and spin–spin relaxation times as one descriptive set of parameters. A given molecular environment impacts each of these parameters. Their complex interplay eventually determines the performance as a Hyper-CEST agent. The net performance for a certain RF saturation power and duration is displayed in so-called z-spectra and analyzed through the Bloch–McConnell equations to quantify the kinetics parameters. Even though these spectra plot the detected signal of free Xe versus the frequency offset of the applied RF pulse that saturates magnetization of bound Xe, the analysis goes far beyond analyzing the chemical shift of the CEST pool [40]. For fast screening of multiple xenon hosts in one go, it would be highly desirable to resolve Xe exchange kinetics in different samples through spatial encoding. The spatial variation of these exchange parameters could either be used to characterize hosts in different compartments or environments [18,41], or it can alternatively afford a reliable concentration determination of a Hyper-CEST agent when the response of a reference standard of the same host can be included. As manifested through a nonlinear saturation transfer response, the induced signal loss or CEST effect is not only influenced by the host concentration, but also by the exchange rate and host occupancy. This nonlinearity makes it challenging to determine absolute host concentrations with the CEST method. In fact, 1H CEST applications require a rather detailed approach when discriminating the exchange rate from the pool size [42].



Here, we demonstrate a quantitative exchange kinetics mapping method for Xe hosts based on a quantitative Hyper-CEST (qHyper-CEST) concept [43] that disentangles the bound xenon fraction and the exchange rate which are usually represented in the CEST effect intensity as a product term. Using these maps allows to achieve absolute host concentration mapping [44]. Our proposed framework also greatly facilitates the comparison of host candidates for Hyper-CEST as an emerging class of contrast agents that is still seeking for highly efficient hosts en route to in vivo translation. It will complement similar efforts that have been implemented for 1H CEST screening [45].



When comparing the exchange kinetics of different type of Xe host systems (e.g., CrA-ma, cryptophane-A monoacid, in DMSO, CrA-ma in H   2  O, and cucurbit[6]uril in H   2  O), there are large differences in the quantitative exchange kinetics between these different systems [46]. Remarkably, studying the identical Xe host CrA-ma in two different solvents—DMSO and H   2  O—showed entirely different exchange kinetics for a given temperature [47]. This behavior strongly suggests the idea of a characteristic Xe host-specific exchange kinetics NMR fingerprint that is assigned to each system. Certain exchange kinetics aspects have been investigated. For instance, large differences in the Xe release rate from different hosts and in different solvents are also known through changes in the observable effective transverse relaxation time,   T  2 , eff   , and can be compared in Swift–Connick plots [46]. This approach here extends the Xe host classification capability beyond the chemical shift dimension and binding constant as derived from one-dimensional NMR spectra in the early literature [40]. One could summarize such a fingerprint using an n-tuple where the entries consist of all exchange kinetic parameters of the particular Xe-host system. A prototype for a 2-spin pool system fingerprint could comprise the following parameters:


   〈    T 1 A    |    T 2 A    |  Δ ω  |    k BA    |    f B    |  β  |    K A    〉  ( T , [ Xe ] )  








This is a function of temperature T and of the applied Xe concentration [Xe]. We demonstrate in this study that a careful analysis of saturation transfer spectra acquired with a set of different RF saturation pulse settings allows determination of all these parameters by using the full Hyper-CEST (FHC) solution [48] with reasonable computational effort even for pixelwise analysis that has not been accomplished before in Xe MRI.




2. Results


2.1. Mapping of Xenon Exchange Kinetics


The quantification method was applied to CrA-ma in DMSO at two different concentrations (Figure 1b). DMSO was chosen as the solvent because it allows demonstrating the method for a system with an already weak binding constant (previously published as 38 M−1) where only ≈10% of the binding sites are actually occupied [43,47]. Using DMSO illustrates the usefulness even for promising Xe hosts that have a low binding constant but favorable exchange rates. Nevertheless, we expect the method to also provide important insights for comparative studies in aqueous conditions. Conventional direct Xe NMR spectroscopy was not able to identify CrA-ma in DMSO at moderate signal averaging (Figure 1a; average of 16 scans) and thus illustrates the need for more sensitive techniques, particularly when spatial encoding is included to compare multiple samples side-by-side. By taking advantage of imaging using echo planar imaging (EPI) for hyperpolarized Xe [17], we could indeed analyze both samples side-by-side for an array of different saturation frequencies (see image series in Figure 1c; a movie of this images series is provided in Appendix A).



Signal fitting was done using the FHC solution [43,48]. Instead of deriving the signal from an entire region-of-interest (ROI) as done earlier [43,47,49], a pixel-wise fit was performed after applying a mask that excludes pixels outside the phantom with no signal. The z-spectra quality of two pixels (one in the outer compartment and on in the inner compartment) can be seen in Appendix B. Each pixel carries quantitative information regarding the ratio of bound and free Xe, fB, the Xe exchange rate, kBA, the relative chemical shift,   Δ δ  , and the total fitting times per pixel. These are displayed as corresponding parameter maps (Figure 2). Mapping of   f B   and   Δ δ   clearly reproduced the geometric shape of the two-compartment phantom. In contrast, the exchange rate showed a homogeneous distribution across the double phantom, thus illustrating its independence of the host concentration. All parameters were in excellent agreement with previously reported values derived from ROI-averaged data: chemical shift difference   Δ δ   = (−166.69 ± 0.02) ppm, the exchange rate kBA = (290 ± 20) s−1, and the host occupancy  β  = 9% [43,47,49]. The map of the fitting time shows that the FHC solution efficiently converged on average in less than 300 ms per pixel to the global minimum (Figure 2). This is very fast in comparison to evaluating the Bloch–McConnell equations with either the matrix inversion method [50] or exponential matrix method [51] as the FHC solution had been demonstrated to be about 30–70-fold faster for data with lower noise level [43]. It nicely demonstrates the advantages of FHC with regard to larger data sets that maintain all the exchange kinetics parameters in a spatially resolved manner. Fitting the data with using the full Bloch–McConnell equations for N relevant pixels (in this case:   N ≈ 100  ) would have taken at least about N times 30 s (i.e., ~3000 s = 50 min; the time of 30 s per fit was required in a previous study with smoother spectra due to ROI-averaging [43]); however, the analysis took about 30 s using the FHC solution. Only the FHC approach provides realistic postprocessing times for pixel-wise fitting of image series with even much larger matrix sizes.



An unexpected result was that the chemical shift separation of both Xe pools differed by 0.6 ppm between the inner and the outer compartment. This was significantly larger than the error range of this measurement. We first hypothesized that this effect could potentially arise from the different CrA-ma concentrations used in this experiment [43]. As a control, a two-compartment sample with identical CrA-ma concentrations in the inner and outer compartment was investigated but still showed a nearly identical chemical shift difference of 0.7 ppm between both compartments (see Appendix C). We therefore assigned this discrepancy to the rather pronounced sensitivity of the Xe@CrA-ma resonance to a temperature difference between both compartments [52,53] as an imperfection from the (indirect) heating setup of the variable temperature unit that we used for temperature control. This is also consistent with the observation that the saturation response around 0 ppm is practically identical for both compartments (and thus susceptibility effects near the glass walls can be excluded as explanation), whereas the response from the CEST pool appears shifted (see data in Appendix B). This signal from bound Xe is known to shift stronger with temperature than that of free Xe [52,53]. We observed that this changed the chemical shift to a measurable extent, but the exchange rate varied only insignificantly such that it was not observable in Figure 2.




2.2. Absolute Xenon Host Concentration Mapping


An absolute xenon host concentration determination was possible by including quantitative information from one of the compartments as an internal standard with known host concentration. Assuming identical exchange kinetics, this can be used to characterize a sample with unknown host concentration. For this, we exploited the property that both the host occupancy  β , and the affinity constant   K A   (which are related by  β  = [Xe]   ×   K A   /(1 + [Xe]   ×   K A   ) [43] are constant in DMSO over a concentration range of CrA-ma starting from 1  μ M up to 150  μ M [43]. This is because Xe is always redelivered to maintain chemical saturation. As a result, we can calibrate the Xe host occupancy from the known sample as  β cal = fB   ×   ([Xe]/[CrA-ma]known). This calculation is based on the relationship fB([hosttot]) =   β  ×   ([hosttot]/[Xe]) as given in [43]. We can then calculate the unknown host concentration in the inner compartment by [CrA-ma]IC,unknown = (fB/ β cal) × [Xe] (see Figure 3). This yields a map with concentration information for each pixel. The histogram analysis using Gaussian distribution for this concentration map showed two populations around (25.5 ± 0.5)  μ M and (49 ± 2)  μ M (Figure 3). This was in excellent agreement as the test sample in the inner compartment was in fact a 2-fold dilution of the outer reference compartment.




2.3. Limitations


When multiple samples with different host concentrations are under investigation, the saturation pulse strengths should be chosen accordingly. This ensures that the CEST effect responses remain within a reasonable dynamic range of the Xe depolarization rate [43]. Further, when the CEST response for one type of host is more narrow than that of the simultaneously measured one in the neighboring compartment, then the saturation frequency step size should be adjusted accordingly. The method is thus limited by the performance and dynamic range of qHyper-CEST, i.e., the minimum amount of host material has to be such that three different RF saturation pulse strengths   B 1   produce three uniquely different Xe depolarization rates. A minimum efficient fB in this case thus requires at least [CrA-ma]min ≈ 1  μ M. Regarding high concentrations, the CEST response can be reduced accordingly for high host concentrations by reducing the RF saturation pulse parameters to still match a certain dynamic range and to avoid complete saturation. However, there is no motivation to use Hyper-CEST when excessive (>200  μ M) CrA-ma is dissolved because this generates a directly detectable Xe@CrA-ma peak in 129Xe NMR spectroscopy. The important prerequisite for the absolute quantification method proposed in this present work is that both the Xe host occupancy  β  (in %) and thus also the affinity constant   K A   are constant, i.e., the chemical conditions for the affinity must be the same in both samples. These parameters clearly depend on the host, the solvent, and the temperature that were chosen for a particular study and must be consistent when comparing absolute numbers.



This condition can be easily fulfilled in in vitro experiments where the repetitive bubbling with the Xe gas mix ensures that the solution is always chemically saturated with the gas according to the Ostwald coefficient. The fraction of bound Xe is determined by the binding constant and remains unchanged during the experiment. A stable baseline in the z-spectra is the experimental confirmation that a reproducible steady-state magnetization has been reached after each gas delivery for the individual acquisitions. Another aspect to consider is a variable protonation at the host portals that might impact the Xe affinity in different pH. While the concept of pH is irrelevant in the DMSO conditions used here, such pH-depending protonation might be a relevant aspect in aqueous solutions and should be adjusted with appropriate buffer systems for comparison studies.



Overall, this exchange parameter mapping technique is (for now) only reliable and attractive for in vitro applications where different hosts for reversible binding of Xe shall be compared side by side with two clearly defined spin pools. Chemical engineering that aims to tune the exchange rate is a prime example of this. Translation to biological systems requires more detailed separation of the individual components as a live cell assay would clearly increase the number of involved spin pools (Xe and host can both be present in different micro-environments). In vivo applications would also be limited until there is further knowledge available regarding the complete exchange network of all participating pools, the occupancy of hosts, and the solubility of Xe and how this can be compared in different tissues and if any correction methods can be applied to obtain absolute quantitative numbers.



It is noteworthy that a quantification based on this approach requires a spectrally resolved CEST-response because the math framework otherwise fails to derive the exchange kinetics. Therefore, hosts providing exchange kinetics that appear fast on the NMR timescale and only cause a broad MT effect (e.g., pillar[5]arenes [38]) cannot be characterized with this method. Preliminary tests on pillar[6]arene-based hexagonal boxes also showed no CEST response.





3. Discussion


CEST agents come with the advantage that they provide an adjustable contrast by choosing well-defined RF saturation conditions. Their concept thus differs from the conventional “passive” relaxation agents whose impact on the detected bulk spin pool is not actively driven by the applied RF irradiation. This direct manipulation through the observer also allows to interrogate the system of exchange-coupled spins by well-defined, complementary saturation conditions and to analyze the exchange kinetics based on the different spectral responses to these RF conditions. The use of 129Xe in CEST studies has certain advantages over exchanging 1H nuclei: First, it allows combination with spin hyperpolarization [7], and thus includes another type of sensitivity enhancement beside the signal transfer from a dilute onto an abundant pool through saturation transfer. Even more important in terms of analytical aspects is the fact that the detailed quantitative analysis of the spectral CEST response is significantly simplified for exchanging Xe compared to other “flavors” of CEST with protons. Xe has unique NMR properties that include (a) a rather inefficient relaxation due to its inert character and (b) a large chemical shift range caused by its large electron cloud. Therefore, it is sensitive to its chemical environment predominantly through its Larmor frequency but not through its relaxation behavior. This is an ideal combination for CEST measurements because the intrinsic relaxation that is counteracting the actively driven CEST response can be neglected and the time evolution of the magnetization    M z   ( t )    in the exchange-connected pools can be easily separated when solving the Bloch–McConnell equation (i.e., for most saturation cases, the RF irradiation can be assumed as rather selective and it affects only one pool). These aspects have led to the simplified quantitative Hyper-CEST analysis (qHyper-CEST) [43,48].



Such reduced computational effort is the prerequisite for performing a pixelwise analysis in setups that contain multiple samples. Modern polarizers for the production of hyperpolarized 129Xe through spin exchange optical pumping provide enough starting magnetization that spatial encoding schemes can be applied [54,55], even for Xe that is dissolved at  μ M concentrations in solvents or tissue. In this study, a sub-mm in-plane resolution still yields CEST spectra that are easy to fit with the analytical tool (see Figure A3). However, a highly reproducible Xe delivery should be ensured to reduce the shot-to-shot noise while the spectral dimension along the CEST spectrum is encoded step by step [56]. In unlocalized Hyper-CEST measurements, our system achieves signal fluctuations of less than 1% [56].



The entire set of fitting parameters as summarized in the above-mentioned tuple provides information on both the solvent NMR properties and the exchange kinetics. Importantly, the fraction of bound Xe can be rather small (≤0.2% in this case) and is still providing quantitative insights. The Xe spins spent most of the time in the bulk pool where they simply undergo slow   T 1   relaxation towards equilibrium with a vanishing longitudinal magnetization (the conditions used here provide a   T 1   of Xe in DMSO of ∼120 s [43]). This is represented by a decaying baseline in the spectra for increasing saturation time. The decay constant of the transverse magnetization   T 2 A   is always present and, together with the   B 1   amplitude, determines the width of the direct Xe@solution response at 0 ppm.



The   Δ ω   and the remaining fit parameters describe the entire exchange kinetics picture and the classification of fast (  Δ ω ≪  k ex  =  k BA  +  k AB  ≈  k BA   ) vs. slow exchange (  Δ ω ≫  k ex   ) on the NMR time scale. The large chemical shift range of Xe often provides conditions for slow exchange. Some host structures, however, provide intermediate exchange, but the qHyper-CEST analysis has proven to also work for such systems [57].



The advantage of qHyper-CEST analysis is that the exchange rate   k BA   and the pool size   f B   can be disentangled. This is challenging for other CEST systems where the benefits from the above-mentioned simplifications regarding the solution of the Bloch–McConnell equations do not apply. Without these benefits, a larger variation range of saturation time or power is necessary to obtain absolute exchange rates, even if the agent concentration is known [42,58]. The amount of bound Xe is easily accessible in our approach and its combination with the overall host concentration known from sample preparation yields the fractional host occupancy,  β . This parameter is used to define the gas turnover   β ×  k BA   , a quantity that is useful for comparison of host systems [47] and their performance in different solvents. As described above,  β  is also critical for applying the calibration with the internal standard.



The concentration mapping identified the host concentration relative to the internal standard with an error of ~2%. Its histogram representation illustrates that the internal concentration standard actually exhibits a wider scattering. We ascribe this observation to the fact that the reference volume may contain a large number of pixels that are affected by partial volume effects and include some void signal contributions from the glass wall. This causes a relative large scattering compared to the “test volume” in the center compartment that has a more clean definition regarding which pixels should be included. As long as the saturation response remains within the dynamic range and does not approach complete saturation, the (nonlinear) relationship and between the CEST amplitude and the host concentration follows the predicted theoretical behavior introduced by Zaiss et al. [48]. This allows to directly link a change in the CEST response to a concentration change as experimentally demonstrated by Döpfert et al. [37] where a linear decrease in the host pool of 16 to 0  μ M was clearly confirmed during the onset of an enzymatic conversion. We thus focused in this study on one exemplary scaling factor (twofold dilution) while it has been shown that the Hyper-CEST technique can follow a wider range.



Overall, we envision that the comprehensive Xe-host exchange kinetics NMR fingerprint can contribute to sense complex in vitro scenarios. It could serve as input for an N-pool expansion of the Bloch–McConnell equations to analyze the behavior of CEST agents in a complex environment. The technique shall be helpful for various in vitro characterization of Xe host systems that are currently under investigation for the design of Xe biosensors en route to preclinical applications [59,60].




4. Materials and Methods


4.1. Sample Preparation


Samples were prepared by dissolving cryptophane-A mono-acid (CrA-ma, provided by Kang Zhao, Tianjin University, China) into dimethyl sulfoxide (DMSO) at room temperature at a concentration of [CrA-ma] = 50  μ M. Whereas the outer compartment of two nested NMR tubes (a two-compartment phantom; see Figure 1b) was filled with this solution of 50  μ M of CrA-ma in DMSO, the inner compartment contained an “unknown” 2-fold dilution.




4.2. Hyperpolarization and 129Xe Delivery


Circa 25 % Xe spin hyperpolarization of a 2% Xe gas mix {2, 10, 88}-vol.% of {Xe, N   2  , He} with 129Xe (natural abundance: 26.4%) was obtained with a continuous-flow (0.35 SLM) custom-designed polarizer [61] via spin exchange optical pumping with rubidium atoms. The electrons of rubidium were excited by a 150 W cw-laser (795 nm, 0.5 nm bandwidth, QPC Lasers) at a total pressure of p = 4.5 atm. Before signal acquisition, the samples were bubbled for 13 s at a flow rate of 0.1 SLM, followed by a 2 s delay in order to allow the bubbles to collapse. Assuming Xe saturation, the Xe concentration in DMSO in chemical equilibrium (which is reached within the first 2–3 repetitions of Xe gas delivery), was [Xe] = 2340  μ M ([Xe] =   L × p  ×   Xe   pc  /(0.0254 L/mM), with the Xe Ostwald solubility coefficient in DMSO L = 0.66 L/atm and Xe   pc   = 0.02).




4.3. NMR Experiments


NMR experiments were done at    |    B →  0   |    = 9.4 T with an NMR spectrometer (Bruker Biospin, Ettlingen, Germany) equipped with gradient coils for imaging and a variable temperature unit. All samples were measured at room temperature (T = 295 K). For excitation and detection, a 10 mm inner diameter double-resonant probe (129Xe and 1H) was used. The   B 1   field inhomogeneities can significantly affect the CEST quantification and these must be known. However, as shown in [43], such inhomogeneities were negligible for our micro-imaging system. Moreover, the   B 0   field homogeneity is sufficient enough throughout the sample to achieve a line width of dissolved, unbound Xe of ca. 1 Hz. Further field map correction is thus not required. 129Xe Hyper-CEST images were obtained with a 129Xe Hyper-CEST echo-planar imaging [17] pulse sequence with the following parameter settings: Fourier acceleration: 1.68 (a feature of Cartesian k-space sampling where only 32/1.68 = 19 lines of the full k-space have been acquired [17]); double sampling (an EPI-specific feature [17]); echo time: 5.7 ms; acquisition time: 19.8 ms; (no smoothing filter was applied to the images); field of view: 20 × 20 mm   2  ; matrix size: 32 × 32; in plane resolution: 625  μ m, slice thickness: 20 mm. The saturation pulse strengths and durations used are given in the figure captions.




4.4. Data Fitting


qHyper-CEST analysis was performed based on the imaging series that yielded pixel-wise z-spectra from different saturation parameters (see figure captions). A mask was applied to exclude pixels outside the phantom area. All calculations and fitting routines were implemented and performed in Matlab 7 (The Mathworks, Natick, MA, USA) on a standard desktop PC (64 bit, 8 cores each at 2.80 GHz, 8 GB RAM) as described in [43]. Pixel-wise fitting time was recorded using tic and toc in Matlab.





5. Conclusions


By extending the qHyper-CEST concept to imaging with pixel-wise analysis, we mapped the unique fingerprint of a specific Xe-host system within a particular chemical environment. We could demonstrate the determination of absolute host concentrations as an extended analysis of the previously introduced FHC approach. Our results provide faster insights into the Xe-host binding kinetics since multiple Xe-host systems can be screened at once.



This quantitative MRI approach demonstrates the potential of the FHC approach for data sets with increased spatial resolution compared to initial qHyper-CEST analysis. It will be of particular interest for in vitro tests of newly developed Xe biosensors but also for quantitative physical chemistry studies of Xe-binding host structures where the simultaneous detection of multiple samples overcomes the challenges of introducing hyperpolarized spin reporters.
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The following abbreviations are used in this manuscript:



	CEST
	chemical exchange saturation transfer



	CrA-ma
	cryptophane-A monoacid



	DMSO
	dimethyl sulfoxide



	DNP
	dynamic nuclear polarization



	EPI
	echo planar imaging



	FHC
	full Hyper-CEST



	FOV
	field of view



	GBCA
	Gadolinium-based contrast agent



	Gd
	Gadolinium



	Hyper-CEST
	linear dichroism



	MRI
	magnetic resonance imaging



	NMR
	nuclear magnetic resonance



	qHyper-CEST
	quantitative chemical exchange saturation transfer with hyperpolarized xenon



	ROI
	region of interest



	Xe
	Xenon










Appendix A. EPI Image Series


Hyper-CEST EPI [17] and corresponding z-spectra (exemplary for one pixel in the inner and one pixel in the outer compartment of the double bubbling phantom is shown in Figure A1.
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Figure A1. Snapshot of the animation of the 129Xe MR image series obtained with a Hyper-CEST EPI pulse sequence. The video itself can be found in the online Supplementary Materials. 
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Appendix B. Details of Pixel Wise z Spectra


The pixel-related z-spectra of two pixels (on in the inner compartment, and one in the outer compartment) disclosed the shift in chemical shift difference (Figure A2).
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Figure A2. Hyper-CEST z-spectra for data processing exemplary for one pixel in the outer (top) and inner compartment (bottom) of the double bubbling phantom. The Hyper-CEST z-spectra (dots) were globally fitted (a set of three spectra for each pixel) with the full Hyper-CEST (FHC) model (solid lines) for    B 1  /  t sat    = {3.3/5 (green), 5.6/10 (blue), 2.2/15 (orange)}  μ T/s. The red dashed line at the Xe@CrA-ma resonance marks a fix line at −166 ppm to illustrate the chemical shift between the inner and outer compartment. This shift is above the uncertainty of the fit result, i.e., for the inner compartment   Δ  δ IC  = ± 0.09   ppm and the outer compartment   Δ  δ OC  = ± 0.04   ppm. 
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Appendix C. Chemical Shift Difference between Inner and Outer Compartment
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Figure A3. For an experimental setup of equal concentrations of CrA-ma in the inner and outer compartment (IC and OC) of the double bubbling phantom ([CrA-ma   IC  ] = [CrA-ma   OC  ] = 10  μ M), we observed a chemical shift difference of the CEST resonance,   δ B   map, while the Xe in DMSO resonance,   δ A  , remained constant. The equal concentrations of CrA-ma in the IC and OC was confirmed by the map of the ratio of bound and free Xe,   f B  , that showed no significant difference (bottom right). The black squares within the phantom correspond to values close to zero. They originate from partial volume effects because of FHC fitting of the glass wall of inner 5 mm NMR tube. The fit result of the   δ B   map was not compensated by another fit parameter. Taking into account the very sensitive shift of Xe@CrA-ma with temperature, we assigned this difference in chemical shift to a temperature difference between both compartments. 






Figure A3. For an experimental setup of equal concentrations of CrA-ma in the inner and outer compartment (IC and OC) of the double bubbling phantom ([CrA-ma   IC  ] = [CrA-ma   OC  ] = 10  μ M), we observed a chemical shift difference of the CEST resonance,   δ B   map, while the Xe in DMSO resonance,   δ A  , remained constant. The equal concentrations of CrA-ma in the IC and OC was confirmed by the map of the ratio of bound and free Xe,   f B  , that showed no significant difference (bottom right). The black squares within the phantom correspond to values close to zero. They originate from partial volume effects because of FHC fitting of the glass wall of inner 5 mm NMR tube. The fit result of the   δ B   map was not compensated by another fit parameter. Taking into account the very sensitive shift of Xe@CrA-ma with temperature, we assigned this difference in chemical shift to a temperature difference between both compartments.



[image: Pharmaceuticals 14 00079 g0a3]







References


	



Angelovski, G. What We Can Really Do with Bioresponsive MRI Contrast Agents. Angew. Chem. Int. Ed. 2016, 55, 7038–7046. [Google Scholar] [CrossRef] [PubMed]

	



Akakuru, O.U.; Iqbal, M.Z.; Saeed, M.; Liu, C.; Paunesku, T.; Woloschak, G.; Hosmane, N.S.; Wu, A. The Transition from Metal-Based to Metal-Free Contrast Agents for T1 Magnetic Resonance Imaging Enhancement. Bioconjug. Chem. 2019, 30, 2264–2286. [Google Scholar] [CrossRef] [PubMed]

	



Wahsner, J.; Gale, E.M.; Rodríguez-Rodríguez, A.; Caravan, P. Chemistry of MRI Contrast Agents: Current Challenges and New Frontiers. Chem. Rev. 2019, 119, 957–1057. [Google Scholar] [CrossRef]

	



Bar-Shir, A.; Bulte, J.W.M.; Gilad, A.A. Molecular Engineering of Nonmetallic Biosensors for CEST MRI. ACS Chem. Biol. 2015, 10, 1160–1170. [Google Scholar] [CrossRef] [PubMed]

	



Jones, K.M.; Pollard, A.C.; Pagel, M.D. Clinical applications of chemical exchange saturation transfer (CEST) MRI. J. Magn. Reson. Imaging 2018, 47, 11–27. [Google Scholar] [CrossRef] [PubMed]

	



Goldenberg, J.M.; Pagel, M.D. Assessments of tumor metabolism with CEST MRI. NMR Biomed. 2019, 32, e3943. [Google Scholar] [CrossRef] [PubMed]

	



Schröder, L.; Lowery, T.J.; Hilty, C.; Wemmer, D.E.; Pines, A. Molecular Imaging Using a Targeted Magnetic Resonance Hyperpolarized Biosensor. Science 2006, 314, 446–449. [Google Scholar] [CrossRef] [PubMed]

	



Haouaj, M.E.; Luhmer, M.; Ko, Y.H.; Kim, K.; Bartik, K. NMR study of the reversible complexation of xenon by cucurbituril. J. Chem. Soc. Perkin Trans. 2001, 2, 804–807. [Google Scholar] [CrossRef]

	



Kim, B.S.; Ko, Y.H.; Kim, Y.; Lee, H.J.; Selvapalam, N.; Lee, H.C.; Kim, K. Water soluble cucurbit[6]uril derivative as a potential Xe carrier for 129-Xe NMR-based biosensors. Chem. Commun. 2008, 2756–2758. [Google Scholar] [CrossRef]

	



Adiri, T.; Marciano, D.; Cohen, Y. Potential 129-Xe-NMR biosensors based on secondary and tertiary complexes of a water-soluble pillar-[5]arene derivative. Chem. Commun. 2013, 49, 7082–7084. [Google Scholar] [CrossRef]

	



Roukala, J.; Zhu, J.; Giri, C.; Rissanen, K.; Lantto, P.; Telkki, V.V.A. Encapsulation of Xenon by a Self-Assembled Fe4L6 Metallo-supramolecular Cage. J. Am. Chem. Soc. 2015. [Google Scholar] [CrossRef] [PubMed]

	



Spence, M.M.; Rubin, S.M.; Dimitrov, I.E.; Ruiz, E.J.; Wemmer, D.E.; Pines, A.; Yao, S.Q.; Tian, F.; Schultz, P.G. Functionalized xenon as a biosensor. Proc. Natl. Acad. Sci. USA 2001, 98, 10654–10657. [Google Scholar] [CrossRef] [PubMed]

	



Hill, P.A.; Wei, Q.; Eckenhoff, R.G.; Dmochowski, I.J. Thermodynamics of Xenon Binding to Cryptophane in Water and Human Plasma. J. Am. Chem. Soc. 2007, 129, 9262–9263. [Google Scholar] [CrossRef] [PubMed]

	



Chambers, J.M.; Hill, P.A.; Aaron, J.A.; Han, Z.; Christianson, D.W.; Kuzma, N.N.; Dmochowski, I.J. Cryptophane Xenon-129 Nuclear Magnetic Resonance Biosensors Targeting Human Carbonic Anhydrase. J. Am. Chem. Soc. 2009, 131, 563–569. [Google Scholar] [CrossRef] [PubMed]

	



Hill, P.A.; Wei, Q.; Troxler, T.; Dmochowski, I.J. Substituent Effects on Xenon Binding Affinity and Solution Behavior of Water-Soluble Cryptophanes. J. Am. Chem. Soc. 2009, 131, 3069–3077. [Google Scholar] [CrossRef] [PubMed]

	



Taratula, O.; Hill, P.A.; Khan, N.S.; Carroll, P.J.; Dmochowski, I.J. Crystallographic observation of ‘induced fit’ in a cryptophane host–guest model system. Nat. Commun. 2010, 1, 148. [Google Scholar] [CrossRef]

	



Kunth, M.; Döpfert, J.; Witte, C.; Rossella, F.; Schröder, L. Optimized Use of Reversible Binding for Fast and Selective NMR Localization of Caged Xenon. Angew. Chem. Int. Ed. 2012, 51, 8217–8220. [Google Scholar] [CrossRef]

	



Klippel, S.; Döpfert, J.; Jayapaul, J.; Kunth, M.; Rossella, F.; Schnurr, M.; Witte, C.; Freund, C.; Schröder, L. Cell Tracking with Caged Xenon: Using Cryptophanes as MRI Reporters upon Cellular Internalization. Angew. Chem. Int. Ed. 2014, 53, 493–496. [Google Scholar] [CrossRef]

	



Rose, H.M.; Witte, C.; Rossella, F.; Klippel, S.; Freund, C.; Schröder, L. Development of an antibody-based, modular biosensor for 129-Xe NMR molecular imaging of cells at nanomolar concentrations. Proc. Natl. Acad. Sci. USA 2014, 111, 11697–11702. [Google Scholar] [CrossRef]

	



Witte, C.; Martos, V.; Rose, H.M.; Reinke, S.; Klippel, S.; Schröder, L.; Hackenberger, C.P.R. Live-cell MRI with Xenon Hyper-CEST Biosensors Targeted to Metabolically Labeled Cell-Surface Glycans. Angew. Chem. Int. Ed. 2015, 54, 2806–2810. [Google Scholar] [CrossRef]

	



Bai, Y.; Wang, Y.; Goulian, M.; Driks, A.; Dmochowski, I.J. Bacterial spore detection and analysis using hyperpolarized 129-Xe chemical exchange saturation transfer (Hyper-CEST) NMR. Chem. Sci. 2014, 5, 3197–3203. [Google Scholar] [CrossRef] [PubMed]

	



Shapiro, M.G.; Ramirez, R.M.; Sperling, L.J.; Sun, G.; Sun, J.; Pines, A.; Schaffer, D.V.; Bajaj, V.S. Genetically encoded reporters for hyperpolarized xenon magnetic resonance imaging. Nat. Chem. 2014, 6, 629–634. [Google Scholar] [CrossRef] [PubMed]

	



Wolber, J.; Rowland, I.J.; Leach, M.O.; Bifone, A. Perfluorocarbon emulsions as intravenous delivery media for hyperpolarized xenon. Magn. Reson. Med. 1999, 41, 442–449. [Google Scholar] [CrossRef]

	



Stevens, T.K.; Ramirez, R.M.; Pines, A. Nanoemulsion Contrast Agents with Sub-picomolar Sensitivity for Xenon NMR. J. Am. Chem. Soc. 2013, 135, 9576–9579. [Google Scholar] [CrossRef] [PubMed]

	



Klippel, S.; Freund, C.; Schröder, L. Multichannel MRI Labeling of Mammalian Cells by Switchable Nanocarriers for Hyperpolarized Xenon. Nano Lett. 2014, 14, 5721–5726. [Google Scholar] [CrossRef] [PubMed]

	



Schoenborn, B.P.; Watson, H.C.; Kendrew, J.C. Binding of Xenon to Sperm Whale Myoglobin. Nature 1965, 28–30. [Google Scholar] [CrossRef]

	



Tilton, R.F.; Kuntz, I.D.; Petsko, G.A. Cavities in proteins: Structure of a metmyoglobin xenon complex solved to 1.9. ANG. Biochemistry 1984, 23, 2849–2857. [Google Scholar] [CrossRef]

	



Duff, A.P.; Trambaiolo, D.M.; Cohen, A.E.; Ellis, P.J.; Juda, G.A.; Shepard, E.M.; Langley, D.B.; Dooley, D.M.; Freeman, H.C.; Guss, J.M. Using Xenon as a Probe for Dioxygen-binding Sites in Copper Amine Oxidases. J. Mol. Biol. 2004, 344, 599–607. [Google Scholar] [CrossRef]

	



Truxal, A.E.; Cao, L.; Isaacs, L.; Wemmer, D.E.; Pines, A. Directly Functionalized Cucurbit[7]uril as Biosensor for the Selective Detection of Protein Interactions by 129Xe hyperCEST NMR. Chemistry 2019, 25, 6108–6112. [Google Scholar] [CrossRef]

	



Wang, Y.; Dmochowski, I.J. Cucurbit[6]uril is an ultrasensitive 129Xe NMR contrast agent. Chem. Commun. 2015, 51, 8982–8985. [Google Scholar] [CrossRef]

	



Riggle, B.A.; Wang, Y.; Dmochowski, I.J. A “Smart” 129Xe NMR Biosensor for pH-Dependent Cell Labeling. J. Am. Chem. Soc. 2015, 137, 5542–5548. [Google Scholar] [CrossRef] [PubMed]

	



Roose, B.; Zemerov, S.D.; Dmochowski, I.J. Nanomolar small-molecule detection using a genetically encoded 129Xe NMR contrast agent. Chem. Sci. 2017, 8, 7631–7636. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Roose, B.W.; Palovcak, E.J.; Carnevale, V.; Dmochowski, I.J. A Genetically Encoded β-Lactamase Reporter for Ultrasensitive 129Xe NMR in Mammalian Cells. Angew. Chem. Int. Ed. 2016, 55, 8984–8987. [Google Scholar] [CrossRef] [PubMed]

	



Slack, C.C.; Finbloom, J.A.; Jeong, K.; Bruns, C.J.; Wemmer, D.E.; Pines, A.; Francis, M.B. Rotaxane probes for protease detection by 129Xe hyperCEST NMR. Chem. Commun. 2017, 53, 1076–1079. [Google Scholar] [CrossRef]

	



Riggle, B.A.; Greenberg, M.L.; Wang, Y.; Wissner, R.F.; Zemerov, S.D.; Petersson, E.J.; Dmochowski, I.J. A cryptophane-based “turn-on” 129Xe NMR biosensor for monitoring calmodulin. Org. Biomol. Chem. 2017, 15, 8883–8887. [Google Scholar] [CrossRef] [PubMed]

	



Schnurr, M.; Sloniec-Myszk, J.; Döpfert, J.; Schröder, L.; Hennig, A. Supramolecular Assays for Mapping Enzyme Activity by Displacement-Triggered Change in Hyperpolarized 129Xe Magnetization Transfer NMR Spectroscopy. Angew. Chem. Int. Ed. 2015, 54, 13444–13447. [Google Scholar] [CrossRef]

	



Döpfert, J.; Schnurr, M.; Kunth, M.; Rose, H.M.; Hennig, A.; Schröder, L. Time-resolved monitoring of enzyme activity with ultrafast Hyper-CEST spectroscopy. Magn. Reson. Chem. 2018, 56, 679–688. [Google Scholar] [CrossRef]

	



Schnurr, M.; Joseph, R.; Naugolny-Keisar, A.; Kaizerman-Kane, D.; Bogdanoff, N.; Schuenke, P.; Cohen, Y.; Schröder, L. High Exchange Rate Complexes of 129Xe with Water-Soluble Pillar[5]arenes for Adjustable Magnetization Transfer MRI. ChemPhysChem 2019, 20, 246–251. [Google Scholar] [CrossRef]

	



Klass, S.H.; Truxal, A.E.; Fiala, T.A.; Kelly, J.; Nguyen, D.; Finbloom, J.A.; Wemmer, D.E.; Pines, A.; Francis, M.B. Rotaxane Probes for the Detection of Hydrogen Peroxide by 129Xe HyperCEST NMR Spectroscopy. Angew. Chem. Int. Ed. 2019, 58, 9948–9953. [Google Scholar] [CrossRef]

	



Huber, G.; Brotin, T.; Dubois, L.; Desvaux, H.; Dutasta, J.P.; Berthault, P. Water. JACS 2006, 128, 6239–6246. [Google Scholar] [CrossRef]

	



Schnurr, M.; Witte, C.; Schröder, L. Functionalized 129-Xe as a potential biosensor for membrane fluidity. Phys. Chem. Chem. Phys. 2013, 15, 14178–14181. [Google Scholar] [CrossRef]

	



McMahon, M.T.; Gilad, A.A.; Zhou, J.; Sun, P.Z.; Bulte, J.W.M.; van Zijl, P.C.M. Quantifying exchange rates in chemical exchange saturation transfer agents using the saturation time and saturation power dependencies of the magnetization transfer effect on the magnetic resonance imaging signal (QUEST and QUESP): Ph calibration for poly-L-lysine and a starburst dendrimer. Magn. Reson. Med. 2006, 55, 836–847. [Google Scholar] [CrossRef]

	



Kunth, M.; Witte, C.; Schröder, L. Quantitative chemical exchange saturation transfer with hyperpolarized nuclei (qHyper-CEST): Sensing xenon-host exchange dynamics and binding affinities by NMR. J. Chem. Phys. 2014, 141, 194202. [Google Scholar] [CrossRef]

	



Kunth, M.; Witte, C.; Schröder, L. Absolute Xenon-Host Concentration Determination by Quantitative 129-Xe MRI Using Hyper-CEST. In Proceedings of the World Molecular Imaging Congress, Seoul, Korea, 17–20 September 2014; p. 136. [Google Scholar]

	



McMahon, M.T.; Gilad, A.A.; DeLiso, M.A.; Cromer Berman, S.M.; Bulte, J.W.; van Zijl, P.C. New “multicolor” polypeptide diamagnetic chemical exchange saturation transfer (DIACEST) contrast agents for MRI. Magn. Reson. Med. 2008, 60, 803–812. [Google Scholar] [CrossRef]

	



Kunth, M.; Schröder, L. Binding site exchange kinetics revealed through efficient spin–spin dephasing of hyperpolarized 129Xe. Chem. Sci. 2020. [Google Scholar] [CrossRef]

	



Kunth, M.; Witte, C.; Hennig, A.; Schröder, L. Identification, classification, and signal amplification capabilities of high-turnover gas binding hosts in ultra-sensitive NMR. Chem. Sci. 2015, 6, 6069–6075. [Google Scholar] [CrossRef] [PubMed]

	



Zaiss, M.; Schnurr, M.; Bachert, P. Analytical solution for the depolarization of hyperpolarized nuclei by chemical exchange saturation transfer between free and encapsulated xenon (HyperCEST). J. Chem. Phys. 2012, 136, 144106. [Google Scholar] [CrossRef] [PubMed]

	



Kunth, M.; Witte, C.; Schröder, L. Continuous-wave saturation considerations for efficient xenon depolarization. NMR Biomed. 2015, 28, 601–606. [Google Scholar] [CrossRef] [PubMed]

	



Woessner, D.E.; Zhang, S.; Merritt, M.E.; Sherry, A.D. Numerical solution of the Bloch equations provides insights into the optimum design of PARACEST agents for MRI. Magn. Reson. Med. 2005, 53, 790–799. [Google Scholar] [CrossRef] [PubMed]

	



Murase, K.; Tanki, N. Numerical solutions to the time-dependent Bloch equations revisited. Magn. Reson. Imaging 2011, 29, 126–131. [Google Scholar] [CrossRef]

	



Schröder, L.; Meldrum, T.; Smith, M.; Lowery, T.J.; Wemmer, D.E.; Pines, A. Temperature Response of Xe-129 Depolarization Transfer and Its Application for Ultrasensitive NMR Detection. Phys. Rev. Lett. 2008, 100, 257603. [Google Scholar] [CrossRef] [PubMed]

	



Schilling, F.; Schröder, L.; Palaniappan, K.K.; Zapf, S.; Wemmer, D.E.; Pines, A. MRI thermometry based on encapsulated hyperpolarized xenon. ChemPhysChem 2010, 11, 3529–3533. [Google Scholar] [CrossRef] [PubMed]

	



Barskiy, D.A.; Coffey, A.M.; Nikolaou, P.; Mikhaylov, D.M.; Goodson, B.M.; Branca, R.T.; Lu, G.J.; Shapiro, M.G.; Telkki, V.V.; Zhivonitko, V.V.; et al. NMR Hyperpolarization Techniques of Gases. Chemistry 2017, 23, 725–751. [Google Scholar] [CrossRef]

	



Goodson, B.M.; Kidd, B.; Hövener, J.B.; Schröder, L.; Theis, T.; Whiting, N.; Chekmenev, E.Y. Nuclear Magnetic Resonance Spectroscopy | Hyperpolarization for Sensitivity Enhancement. In Encyclopedia of Analytical Science, 3rd ed.; Worsfold, P., Poole, C., Townshend, A., Miró, M., Eds.; Academic Press: Oxford, UK, 2019; pp. 168–181. [Google Scholar] [CrossRef]

	



Witte, C.; Kunth, M.; Rossella, F.; Schröder, L. Observing and preventing rubidium runaway in a direct-infusion xenon-spin hyperpolarizer optimized for high-resolution hyper-CEST (chemical exchange saturation transfer using hyperpolarized nuclei) NMR. J. Chem. Phys. 2014, 140, 084203. [Google Scholar] [CrossRef] [PubMed]

	



Kunth, M.; Lu, G.J.; Witte, C.; Shapiro, M.G.; Schröder, L. Protein Nanostructures Produce Self-Adjusting Hyperpolarized Magnetic Resonance Imaging Contrast through Physical Gas Partitioning. ACS Nano 2018, 12, 10939–10948. [Google Scholar] [CrossRef]

	



Zaiss, M.; Angelovski, G.; Demetriou, E.; McMahon, M.T.; Golay, X.; Scheffler, K. QUESP and QUEST revisite—Fast and accurate quantitative CEST experiments. Magn. Reson. Med. 2018, 79, 1708–1721. [Google Scholar] [CrossRef]

	



Jayapaul, J.; Schröder, L. Molecular Sensing with Host Systems for Hyperpolarized 129Xe. Molecules 2020, 25, 4627. [Google Scholar] [CrossRef]

	



Jayapaul, J.; Schröder, L. Probing Reversible Guest Binding with Hyperpolarized 129Xe-NMR: Characteristics and Applications for Cucurbit[N]urils. Molecules 2020, 25, 957. [Google Scholar] [CrossRef]

	



Witte, C.; Kunth, M.; Döpfert, J.; Rossella, F.; Schröder, L. Hyperpolarized Xenon for NMR and MRI Applications. J. Vis. Exp. 2012, 67, e4268. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 14 00079 g001 550] 





Figure 1. Experimental setup. (a) Direct 129Xe NMR spectrum with 100-fold zoom of 16 scans of the sample described in subfigure (b). The red dashed line indicates the chemical shift of the Xe@CrA-ma in DMSO resonance. (b) Two-compartment phantom including glass capillaries and sample (blue). A gas mixture of freshly hyperpolarized Xe was bubbled into the sample via the inlet and is vented via the outlet. The outer compartment (green arrow in the axial 1H-MRI) contained the known reference concentration with [CrA-ma] = 50  μ M, whereas the inner compartment (red arrow) carried the “unknown” concentration (in fact, the 2-fold dilution; 25  μ M). (c) 129Xe Hyper-CEST-EPI axial images series with respect to the saturation frequency. Whereas complete saturation occurs at the saturation frequency of free Xe at  δ A, only a fraction is saturated at the CrA-ma-bound Xe  δ B. The pixel-wise qHyper-CEST analysis was done for saturation with B1,tsat = {3.3,5; 5.6,10; 2.2,15}  μ T, s. 
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Figure 2. Quantitative results for mapping xenon exchange kinetics of CrA-ma in DMSO at T = 295 K. Pixel-wise fitting results of the qHyper-CEST concept using the full Hyper-CEST (FHC) solution [48]. The following parameters were mapped: the ratio of bound and free Xe,   f B  , the Xe exchange rates,   k BA  , the relative chemical shifts,   Δ δ  , and total fitting times per pixel. 
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Figure 3. Workflow of absolute concentration mapping starting with the ratio of bound and free Xe,   f B  , at the top left: The host occupancy,  β , was calibrated with the Hyper-CEST response produced by the known reference sample in the outer compartment (red region-of-interest (ROI)) according to   β cal   =    f B   ×   ([Xe]/[CrA-ma]OC,known) = 9%. The unknown CrA-ma concentration in the inner compartment was then calculated with [CrA-ma]IC,unknown = (  f B  /  β cal  ) × [Xe]. The Gaussian line fitted histogram of the [CrA-ma] map identified two different concentration populations around (25.5 ± 0.5)  μ M and (49 ± 2)  μ M (green solid lines; linear combination: red solid line). 
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