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Abstract: The development of sensitive and chemically 
selective MRI contrast agents is imperative for the early 
detection and diagnosis of many diseases. Conventional 
responsive contrast agents used in 1H MRI are impaired by 
the high abundance of protons in the body. 129Xe hyperCEST 
NMR/MRI comprises a highly sensitive complement to 
traditional 1H MRI due to its ability to report specific chemical 
environments. To date, the scope of responsive 129Xe NMR 
contrast agents lacks breadth in the specific detection of small 
molecules, which are often important markers of disease. 
Herein, we report the synthesis and characterization of a 
rotaxane-based 129Xe hyperCEST NMR contrast agent that 
can be turned on in response to H2O2, which is upregulated 
as a result several disease states. Added H2O2 was detected 
by 129Xe hyperCEST NMR in the low µM range, as well as 
H2O2 produced by HEK 293T cells activated with tumor 
necrosis factor.   

The sensitive and selective detection of disease markers is 
of high importance for the identification and treatment of a 
variety of human diseases. Magnetic resonance imaging 
(MRI), the clinical version of nuclear magnetic resonance 
(NMR) spectroscopy, is a noninvasive imaging technique 
that can achieve high resolution and excellent tissue 
penetration. Conventional MRI techniques rely on differences 
in the relaxation properties of protons primarily associated 
with water molecules in different tissue types. Typically, 
contrast agents in the form of paramagnetic metal chelates 
or spin-labeled biomolecules alter the relaxation properties of 
local water molecules to provide additional structural and 
functional information.1 Responsive 1H and 13C NMR 
contrast agents have also been developed that produce a 
signal only in the presence of particular disease markers, 
such as enzymes, signaling molecules, and oxidizing 
conditions.2,3,4,5 This approach can aid in early disease 
detection and provides insight into the chemical environment, 
ultimately enabling a better understanding of disease 
pathology. However, even with these contrast agents, signal 
and sensitivity are often lost due to spectral complexity within 
the limited chemical shift range that protons possess. 

Hyperpolarized xenon chemical exchange saturation transfer 
(129Xe hyperCEST) NMR comprises a sensitive complement 
to traditional 1H MR imaging approaches.6 Although it is a 
non-toxic and non-reactive noble gas, xenon is very sensitive 
to its local chemical environment due to its high electron 
polarizability. The easy deformation of its electron cloud 
leads to chemical shifts that range over several hundred ppm 

in biological samples, enabling direct and quantitative 
imaging of local spin environments that are often 
indistinguishable via conventional MRI.7 The combination of 
this acute sensitivity and xenon’s high solubility in blood, 
tissue, and lipophilic membranes distinguishes it from other 
heteronuclear contrast agents.8 Further, facile 
hyperpolarization of 129Xe nuclei can be obtained through 
spin exchange optical pumping, leading to contrast 
enhancements of 4-5 orders of magnitude over thermal 
polarization.9 The lack of background 129Xe signals in most 
systems gives rise to uncomplicated spectra as well as the 
potential for improved resolution of small, localized 
populations of target molecules.10   

 
Figure 1. Hydrogen peroxide-sensing rotaxane for 129Xe 
hyperCEST NMR. CB6 (orange) is threaded along a 
molecular axle (gray) that is mechanically locked into 
place by the presence of two bulky stoppers (blue and 
green), creating a supramolecular complex known as a 
rotaxane. The presence of the axle in the interior of CB6 
prevents Xe from entering the cavity and thus presents 
no Xe@CB6 signal in the hyperCEST NMR spectrum 
(OFF). After cleavage of one of the bulky stoppers by a 
reaction with H2O2, the CB6 cavity becomes available to 
form a host-guest complex with Xe atoms. Insets: When 
inside the CB6 cavity, the Xe experiences a relatively 
shielded environment, creating a unique chemical shift 
observable by Xe NMR. An RF saturation pulse 
corresponding to this chemical shift can be applied to 
depolarize the Xe selectively inside the CB6. The 
reduction of the bulk hyperpolarized Xe (Xe@H2O) signal 
as a result of depolarizing xenon at the Xe@CB6 
chemical shift is then observed (ON). Recording the 
Xe@H2O signals using an array of saturation frequencies 
yields the above z-spectra. 
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Being chemically inert, 129Xe is effectively functionalized for 
selective detection by participating in supramolecular host-
guest interactions that cause either large chemical shifts or 
changes in relaxation parameters that are distinct to the host 
environments in which 129Xe resides.11,12,13,7 Since the 
majority of xenon atoms are present in bulk solution and 
undergo continuous exchange with host molecules, we can 
exploit the exchange between host-bound and “free” xenon 
by way of CEST techniques to attain detection limits of hosts 
down to sub-nM levels.14,15 

To create “turn-on” 129Xe hyperCEST NMR contrast agents, 
researchers have used the known Xe host cucurbit[6]uril 
(CB6) due to its favorable exchange parameters for 
hyperCEST applications.15,16 CB6 is a toroidal molecule that 
can harbor a single 129Xe atom in its interior cavity, creating a 
distinct 129Xe@CB6 chemical shift.17 CB6 has been used as 
an in vivo contrast agent in rat vasculature, highlighting the 
applicability of future designs based on this moiety.18 To 
prevent 129Xe molecules from entering the interior of CB6 
and producing this unique signal until desired, the CB6 can 
be threaded onto a molecular axle. This axle is then capped 
by two bulky stopper groups, creating the supramolecular 

species known as a rotaxane.19,20 By designing one of these 
bulky stoppers to be cleaved under specific conditions, such 
as activation by a disease marker, a Xe@CB6 signal can be 
selectively observed only when activated. Using these 
design principles, our group and others have previously 
produced rotaxanes and rotaxane-like species where the 
CB6 response is occluded by a molecular species threaded 
through the cavity. These systems have been designed to 
release CB6 under a variety of conditions, such as strong 
base,14 cancer-related matrix-metalloproteinase (MMP) 
enzymes,21 and the human carbonic anhydrase enzyme.22 
This “turn on” effect differs in concept from other systems, 
such as the previously reported biotinylated CB7 construct, 
which exhibits a unique NMR shift upon binding to its protein 
target.23 In other work, cyclodextrin based pseudorotaxanes 
have also provided encouraging results.24 

Based on the design elements of these first examples, we 
sought to create a probe that would be responsive to 
increased levels of hydrogen peroxide (H2O2, Figure 1). Prior 
research has implicated upregulated levels of H2O2 
production in the advancement of inflammation, and 
increases in oxidative stress have been correlated with the 

 
Figure 2. Convergent synthesis of Rotaxane 1 and Rotaxane 2. (a) The synthetic route to produce a H2O2 sensing cap 
involved three steps, and (b) the synthetic route to produce a paraxylene diamine axle required four steps. (c) The two 
segments were combined using a 2-step procedure and subsequently threaded with CB6. (d) The axles were then capped 
with either fluorophore or maleimide functionalities resulting in the formation of Rotaxane 1 and Rotaxane 2 respectively. LC-
MS traces are shown for Rotaxane 1 (expected m/z: 1813.44; observed m/z: 1813.53, boron isotope pattern observed) and 
Rotaxane 2 (expected m/z: 1674.37; observed m/z: 1674.56, boron isotope pattern observed). 
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advancement of cancer25, diabetes26, cardiovascular 
disease, pulmonary disease, and wound healing.27,28  The 
high sensitivity of 129Xe hyperCEST NMR could allow for the 
detection of extracellular H2O2 at the low physiological levels 
(0.5-50 µM) associated with these disease states.29,27 

129Xe MRI has demonstrated a unique strength in functional 
lung imaging, making oxidatively sensitive sensors most 
provocative for the detection of pulmonary afflictions in which 
abnormally increased levels of H2O2 have been linked. 
Known examples include chronic obstructive pulmonary 
disease, community-acquired pneumonia, cancer of the lung, 
and denervation-induced muscle atrophy.18,19,20 Current 
examples for imaging H2O2  in vivo or in opaque 
environments include chemiluminescent nanoparticles, a 
13C-labeled MRI probe, and a bioluminescent reporter.4,33,34 
However, these techniques suffer from either limited 
sensitivity or the requirement of modifying the natural sample 
environment. Therefore, imaging H2O2 in an unperturbed 
environment at physiologically relevant concentrations 
remains an interesting challenge. Herein we describe the first 
synthesis, characterization, and application of a 129Xe 
hyperCEST contrast agent for the detection of H2O2.  
 
Several design elements were considered in the synthesis of 
a rotaxane that could function as a 129Xe hyperCEST turn-on 
probe in response to H2O2: (1) Inspired by the design of 
several H2O2 activated fluorescent, positron emission 
tomography (PET), and 1H/13C MRI probes, we incorporated 
a sensitive and selective aryl boronic acid group as a 
cleavable cap on the rotaxane (Figure 2a);34,35,36,37,29  (2) To 
improve sensitivity, the rotaxane axle was composed of a p-
xylene diamine moiety that has one of the lowest reported Ka 
values for CB6 (5.5 x102 M-1, Figure 2b);19 (3) To allow for 
ease of synthesis and modification to the rotaxane design, a 
convergent route was designed, in which the axle and cap 
were joined at later steps (Figure 2c). Using this route, two 
such rotaxanes were prepared with differing non-responsive 
capping moieties. Rotaxane 1 was capped with a fluorophore 
to allow for specific UV detection during HPLC/LC-MS 
cleavage studies (Figure 2d). Rotaxane 2 was capped with a 
maleimide functional group that allows for further conjugation 
to biomolecules and was used in the 129Xe hyperCEST 
experiments (Figure 2e). Both molecules were purified using 
RP-HPLC before use. 
 
To determine the cleavage rates of the rotaxane caps in the 
presence of excess H2O2, a sample of Rotaxane 1 was 
monitored over time by HPLC/LC-MS. Rotaxane 1 was found 
to be completely oxidized within 1 h. However, the 1,6 
elimination reaction that ultimately results in bond cleavage 
proved to be the slow step, with less than 50% cleavage 
after 16 h. Kinetic measurements extrapolated from these 
data (assuming pseudo-first-order conditions with 7.5 µM 
Rotaxane 1 and 100 µM H2O2 in  1xPBS buffer at pH 7.4) 
gave a rate constant of k= 8.52 x 10-3 s-1 (Figure 3).  

To determine if the sucessful cleavage reaction observed 
using LC-MS resulted in a 129Xe hyperCEST signal, multiple 
concentrations of Rotaxane 2 and H2O2 were analyzed to 
monitor the emergence of the Xe@CB6 signal over time. A 
Xe@CB6 hyperCEST response evolved within 1 h following 

 
Figure 3. HPLC and ESI-TOF MS analysis of rotaxane 
cleavage by H2O2. (a) The method of cleavage by H2O2 
is shown for Rotaxane 1. (b) HPLC analyses followed 
the absorbance over the course of 16 h. A control 
sample with no H2O2 added was used to determine if 
any degradation of the rotaxane occurred. Starting 
Rotaxane 1 and oxidized Rotaxane 3 both eluted at 14 
min, but could be distinguished using ESI-TOF MS. The 
peak that emerges at 13 min was identified as cleaved 
pseudo-rotaxane product 4. (c) Integration of the peak 
area at 13 min afforded a linear relationship with respect 
to time. (d) MS analysis of peak at 13 min is shown: 
expected m/z: 1534.43; observed m/z: 1534.48. MS 
analysis of peak at 14 min corresponded to the intact 
rotaxane, with the boronic acid group present only in 
samples that had not been exposed to H2O2 (0 and 16 h 
time points). In all samples that had been exposed to 
H2O2 the MS trace corresponded solely to the oxidized 
phenol rotaxane (expected m/z: 1785.62; observed m/z: 
1786.52). 
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the addition of 2 equivalents of hydrogen peroxide (25 µM 
Rotaxane 2, 50 µM H2O2) , and quickly reached and 
maintained an apparent maximum saturation of about 25% 
(Figure 4a). Previous rotaxane-based sensors have required 
8-24 h to demonstrate the same magnitude of CEST 
response, demonstrating the notable improvement in 
efficiency and sensitivity of this system.14,21 Evaluation of 
Rotaxane 2 (Figure 4b) and H2O2 at varying concentrations 
(Figure 4c) led to detection limits of 2.5 µM and 5 µM, 
respectively. Notably, the limits of detection could be 
significantly improved by new advancements in 
hyperpolarization methods, where 129Xe hyperpolarization 
levels of greater than 50% have been obtained.38 This is a 
large enhancement over the polarization levels used in this 
study, which were only 0.05-2%.  

Although the observed response magnitudes did increase 
with increasing Rotaxane 2 or H2O2 concentration, they did 
not seem to be able to achieve more than 25-28% saturation. 
In contrast, a 5 µM solution of free CB6 that was not 
previously threaded onto a rotaxane provided nearly 
complete saturation immediately using the same acquisition 
parameters. One explanation for the incomplete saturation 
could be the formation of a complex between the carbonyl-
rich portal of CB6 and the protonated amine remaining at the 
end of the cleaved rotaxane. CB6 is known to form such 
complexes with short peptides as well as long diammonium 
alkanes.39,40,41 This includes the p-xylylene diamine 
group used in this study.19 Indeed, we can observe an 
intact CB6•4 complex by HPLC/LCMS after axle cleavage by 
H2O2. Furthermore, the mass spectra indicate that H2O2 
does not affect the molecular structure of the CB6 or the 
cleaved axle. Presumably the interaction with the cleaved 
axle sequesters some of the CB6, thus limiting the saturation 
level that is observed. Nonetheless, the successful 

acquisition of a Xe@CB6 response indicates that enough 
CB6 is released for xenon exchange into and out of the 
cavity.  

The maleimide cap on Rotaxane 2 enabled the 
functionalization of cysteine residues present on the vascular 
cell adhesion molecule (VCAM)-1 binding peptide and a 
tobacco mosaic virus (TMV) protein-based nanoparticle. The 
VCAM-1 binding peptide was chosen because this receptor 
has implications in inflammatory disease and cancer.42,43  
TMV is a disk shaped nanoparticle that assembles into a 
nanoscale structure that is 17 nm in diameter and composed 
of 34 protein monomers.44 This protein assembly was 
chosen for is distinct morphology, which could be 
adventageous in drug delivery and imaging applications.45,46 
Using excess Rotaxane 2, the VCAM-1 peptide was 
completly modified, while the TMV nanoparticle was 
purposefully modified at 30% of its available sites, resulting 
in 10 rotaxane molecules per TMV disk (Figure S1).  

We then sought to detect endogenously produced H2O2 by 
exposing HEK 293T cells to tumor necrosis factor alpha 
(TNF), a signaling protein involved in immune cell regulation 
that causes an increase in cellular H2O2 production.47,48  
Adherent cells in 6 well plates were either exposed to 40 µg 
of TNF (TNF+) or remained untreated (TNF–). Both samples 
were incubated for 6 h at 37 °C under an atmosphere of 5% 

 
Figure 4. Rotaxane 2 acts as a 129Xe hyperCEST NMR 
probe for H2O2. (a)The signal at 20 kHz corresponds to 
bulk dissolved xenon in water and is always present, but 
upon addition of H2O2, cleavage of Rotaxane 2 releases 
CB6. This leads to the immediate appearance of a 
Xe@CB6 CEST response at 12 kHz that builds over 
time. (b,c) The signal can be observed down to 5 µM 
Rotaxane 2 and 2.5 µM H2O2. 

 
Figure 5. Detection of a 129Xe hyperCEST signal in 
response to endogenously produced H2O2. TMV-
Rotaxane 2 was added to the supernatants from HEK 
293T cells with (TNF+) or lacking (TNF–) TNF in the 
cultures. The samples were monitored for a Xe@CB6 
CEST response over 24 h. No Xe@CB6 response 
appeared for the any of the TNF(–) samples, while a 
signal at 10-13 kHz appeared and stabilized within a few 
hours for the TNF+ samples. 
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CO2. The supernatant was then treated with the TMV-
Rotaxane 2 conjugate to a final concentration of 1 µM 
(corresponding to 10 µM Rotaxane 2 groups). The samples 
were examined by 129Xe hyperCEST NMR over the course of 
several hours (Figure 5). No Xe@CB6 signal evolved for the 
TNF– sample, even after 8 h. In contrast, a response 
evolved and stabilized after 2 h for the TNF+ sample. The 
Xe@CB6 signal, albeit significantly broadened, persisted 
even after 24 h. By comparison with the experiment in which 
exogenous H2O2 was added to HEK 293T cells, we estimate 
low µM H2O2 was expressed as a result of incubation with 
TNF. This is well within the detection limit of both sensor and 
target, demonstrating the utility of this technique to detect 
biologically relevant concentrations.  
 
In conclusion, we have demonstrated the synthesis of a novel 
CB6 rotaxane that enables the selective detection of 
endogenously produced H2O2 by 129Xe hyperCEST NMR. 
These results provide an important foundation for future 
applications focusing on the diagnostic imaging of diseased 
tissue in which peroxide levels are abnormally increased.  

Experimental Section  

Full experimental methods can be found in the Supporting 
Information.  
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The CB6 molecule can host single 
129Xe atoms in its interior cavity, 
creating a distinct chemical 
environment that can be observed 
by 129Xe hyperCEST NMR. To 
create a “turn on” probe, CB6 can 
be threaded onto a molecular axle 
and capped by two stoppers to 
prevent the entry of 129Xe into the 
CB6 interior. Selective cleavage of 
one stopper group by H2O2 
releases CB6, producing a 
hyperCEST response.  
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