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ABSTRACT: Biothiols such as cysteine (Cys), homocysteine (Hcy), and glutathione
(GSH) play an important role in regulating the vital functions of living organisms.
Knowledge of their biodistribution in real-time could help diagnose a variety of
conditions. However, existing methods of biothiol detection are invasive and require
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assays. Herein we report a molecular biosensor for biothiol detection using the nuclear 6 min
spin resonance of '*’Xe. The '*’Xe biosensor consists of a cryptophane cage omo
encapsulating a xenon atom and an acrylate group. The latter serves as a reactive site to 16 min Omin, 755 ppm
covalently bond biothiols through a thiol-addition reaction. The biosensor enables %W
discrimination of Cys from Hcy and GSH through the chemical shift and average ., A
reaction rate. This biosensor can be detected at a concentration of 10 yM in a single ~___2smn A [
scan and it has been applied to detect biothiols in bovine serum solution. Our results ~——— 27" 'j\\*'f —

indicate that this biosensor is a promising tool for the real-time imaging of biothiol

distributions.

he development of methods for the detection of biothiols
such as cysteine (Cys), homocysteine (Hcy), and
glutathione (GSH) is of great interest due to their crucial
roles in biological processes.””” For example, abnormal Cys and
Hcy levels are associated with health problems such as AIDS,
Alzheimer’s disease, Parkinson’s, and cardiovascular diseases.®*
Glutathione is an essential antioxidant that maintains redox
homeostasis through the equilibrium established between free
thiols and oxidized disulfides within biological systems.>®
During the past decades, considerable efforts have been
devoted to developing various methods for thiol detection in
vitro, including high performance liquid chromatography,7’8
capillary electrophoresis,”'® voltammetry," "> and flow in-
jection,'”'* as well as mass spectrometry.'”'® Unfortunately,
these highly sensitive benchtop analytical tools are invasive
methods and do not provide biodistributions. In recent years,
several fluorescence sensors have been designed for thiol
detection. These fluorescence sensors are generally based on
the specific reactions,’” %" such as Michael addition reaction,
cyclization reaction, cleavage reaction of sulfonamide, sulfonate
esters, selenium—nitrogen bonds, and disulfide bonds by thiol,
nucleophilic substitution reaction, and others. Although the
fluorescence method shows high sensitivity, its main drawback
is poor penetration depth due to light scattering in optically
opaque media. This disadvantage makes fluorescence methods
less suitable for imaging tissue. 8 Magnetic resonance imaging
(MRI), on the other hand, can generate tomographic images of
tissue without penetration depth limitations. However, conven-
tional MRI images are mainly based on water proton signal and
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lack chemical specificity for analytical purposes. Chemical
specificity in MRI can be introduced by way of molecular
sensors. Such sensors have been developed that employ
modulation of relaxation rates or chemical shifts.”’**> However,
such sensors have inherently low sensitivity. Therefore, new
methods for biothiol detection and imaging would be beneficial.

A method to overcome low sensitivity problems is
hyperpolarization. '?Xe nuclei can be hyperpolarized by spin-
exchange optical pumping to increase signal by 4—S orders of
magnitude.34’35 In addition, the wide chemical shift window of
more than 200 ppm renders it highly susceptible to the local
chemical environment, making it possible to detect biomole-
cules or biochemical reactions.*® Several '2’Xe biosensors have
been developed featuring a host molecular system®’ ~**
encapsulating Xe atom and a targeting group for site-specific
molecular recognition. Such host molecular systems based on
cryptophane have been widely studied and developed for pH
and temperature measurements,” "’ for the detection of
proteins, 5% enzymes, #5557 59—61
Glycans,*” and transmembrane receptors.”>"* More recently,

. .158 :
nucleic acids,” metal ions,

the concept of smart Xe biosensor has been demonstrated
using a host—guest model system,’” but not in the context of
monitoring biothiol levels.
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Herein we report a novel biosensor to detect biothiol
distributions via MRIL Detection proceeds through a thiol-
addition reaction, which can be monitored by hyperpolarized
2Xe NMR spectroscopy. The biosensor incorporates two
parts: cryptophane cage conjugated to a ligand possessing a
reactive group. Cryptophane acts as a host for the capture of
xenon atoms and alters the '*’Xe NMR chemical shift based on
binding to the ligand. The acrylate group, which is known to be
involved in thiol-addition reactions to generate thioether,”® was
selected to react with biothiols. In this manner, the reaction-
induced structural transformation of the biosensor alters the
electron density of the cryptophane cage, resulting in a change
to the chemical shift.

B EXPERIMENTAL SECTION

Materials and Instruments. All chemicals and solvents
were purchased from the commercial supplier and used without
further purification. Column chromatography was performed
using silica gel (200—300 mesh) using eluents in the indicated
v:v ratio. Room temperature '"H and '*C NMR spectra were
recorded in CDCl;, using a Bruker AMX-500 NMR
spectrometer. Chemical shift () are given in ppm relative to
CDCl,; (77 ppm for *C) or internal TMS (0 ppm for 'H).
High-resolution mass spectrometry (HR MS-ESI) spectra were
obtained on a Bruker microTOF-Q instrument. All pH
measurements were carried out using Mettler Toledo
SevenEasy pH meter. The UV-—visible absorption spectra
measurements were performed using an Evolution 220
spectrophotometer (Thermofisher Scientific). The melting
point was measured using a SGW X-4 Melting Point Tester.
All solutions and buffers were prepared with distilled water
passed through Milli-Q ultrapurification system. Unless
otherwise stated, the experiments were performed in HEPES
buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 20
mM, pH 7.4) solution with DMSO as cosolvent at 25 °C.

Synthesis and Characterization of Cryptophane 1. To
the solution of cryptophane 2°7°* (29 mg, used in racemic
form) and triethylamine (100 uL) in dry CH,Cl,, acryloyl
chloride (176 mg) in dry CH,Cl, was dropped slowly under an
ice—water bath. After the reaction mixture was stirred for 12 h
at room temperature, the solution was washed with water (5
mL X 3) and then dried in anhydrous Na,SO,. The crude
product was purified by silica gel column (CH,Cl,/CH;0H =
100:1 (v/v)) to afford cryptophane 1. Melting point > 300 °C.
'H NMR (500 MHz, CDCL,): § 6.92 (s, 1H), 6.87 (s, 1H), 6.82
(s, 1H), 6.78 (s, 1H), 6.76 (d, 2H), 6.71 (s, 2H), 6.69—6.66 (q,
4H), 6.63 (d, 0.5H), 6.59 (d, 0.5H), 6.28—6.23 (m, 1H), 6.07—
6.04 (dd, 1H), 4.66—4.57 (m, 6H), 4.29—4.05 (m, 12H), 3.83—
3.78 (m, 15H), 3.49-3.40 (m, 6H). 3C NMR (125 MHz,
CDCL): 5 163.79, 149.72, 149.70, 149.63, 149.61, 149.58,
148.83, 146.82, 146.81, 146.66, 146.52, 146.47, 139.87, 138.28,
134.48, 134.44, 134.18, 134.11, 133.83, 133.25, 132.83, 131.93,
131.63, 131.61, 131.26, 131.15, 127.19, 124.18, 121.40, 121.22,
121.12, 120.87, 120.51, 120.29, 114.07, 113.65, 113.61, 69.62,
69.48, 69.37, 69.31, 69.29, 69.11, 55.72, 55.64, 55.62, 55.60,
55.58, 36.53, 36.25, 36.15, 35.82. HR MS-ESI: (m/z) calcd for
Cs6ts4O13Na" [M + Na*], 957.3462; found, 957.3483.

Sample Preparation. Cryptophane 1 was dissolved into
DMSO (HPLC grade) to prepare the stock solution with a
concentration of 1.5 mM. Thiol stock solutions were freshly
prepared prior to each experiment. Other analytes were
dissolved into distilled water with a certain concentration as
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stock solutions. After dilution to the desired concentration of
cryptophane 1 in HEPES buffer (20 mM, pH 7.4) solution,
various other analytes were added. The resulting solution was
well-mixed and incubated for a certain minute at 25 °C and
then prepared for the measurement of UV—visible absorption
or NMR spectrometer. For NMR/MRI experiments, the
resulting solution was transferred to NMR tube and placed in
the magnet’s bore.

12%e NMR and MRI Experiments. Hyperpolarized '*’Xe
fluid was polarized by the spin-exchange optical pumping
method with a home-built polarizer and a 86%-enriched '**Xe
gas mixture consisting of 2% Xe, 10% N,, and 88% He.>*®' The
average value of the '*Xe nuclear-spin polarization generated
by this setup was about 20%. The temperature in the pumping
cell was 418 K and the pressure was 47 PSI. Unless otherwise
stated, the hyperpolarized gas mixture was bubbled for 60 s in a
10 mm tailor-made NMR tube containing the solution of
interest at the rate of 0.08 standard liters per minute followed
by a 3 s delay (to allow bubbles to collapse) prior to signal
acquisition. The dissolved Xe gas did not escape significantly
from the solution during the NMR measurements, as
determined by measurements of the partial pressure of the
Xe gas, which remained stable.

All NMR and MRI experiments were conducted on a 9.4 T
NMR spectrometer (Bruker Avance 400, Ettlingen, Germany)
equipped with microimaging gradient coils. The tube
containing the test sample was placed in the magnet’s bore
and held at a temperature of 298 K by using a flow of heated N,
gas. '’Xe spectra were obtained with a 10 mm double resonant
probe (**?Xe and 'H, PA BBO 400 W1/S2 BB-H-D-10Z). The
spectra were acquired with a rectangle pulse of flip angle (90°).
Images were acquired with matrix size 64 X 64 point images
(field of view: 8 cm X 8 cm) using a gradient echo sequence
with a Gaussian pulse 20 ms long and slice thickness of 17 mm,
echo time of 12.92 ms, repetition time of 26.94 ms and a 10
mm Bruker probehead (MIC WB40 RES 400 'H/'*’Xe).

For '?’Xe NMR experiments in bovine serum solution, each
sample was added L-81 (0.1% final concentration) to reduce
foamin§ caused by gas bubbling before '*Xe NMR experi-
ment.’

The signals are referenced with respect to Xe gas
extrapolated to zero pressure. Unless stated otherwise, the
spectra were processed with the line broadening of 10 Hz.

B RESULTS AND DISCUSSION

Synthesis of Cryptophane 1. As shown in Scheme 1,
cryptophane 1 was obtained by the reaction of cryptophane 2
with acryloyl chloride at room temperature and characterized
by "H NMR, C NMR, and high-resolution mass spectroscopy
(HR MS; see the Supporting Information, Figures S1 and S2).

Biosensor 1 in Response to Biothiols. The hyper-
polarized '?Xe NMR resonance of biosensor 1 (including
cryptophane 1 and encapsulated '*Xe) was studied under the
conditions of 20 mM HEPES buffer (pH 7.4) with 45% DMSO
(v/v) as cosolvent at 25 °C. The '*Xe NMR spectrum of
biosensor 1 (200 M) shows two resonances that are assigned
with dissolved free Xe at 6 = 229.6 ppm and caged Xe in
cryptophane 1 at § = 76.9 ppm, respectively (Figure 1). The
encapsulated '*’Xe reversibly exchanges with free '**Xe with an
exchange rate of about 25 Hz."**

Upon addition of 3 equiv Cys, notably, a new signal at 6 =
75.5 ppm (Xe@2) appears within minutes (Figure 2). This new
resonance is attributed to cryptophane 1 undergoing a thiol-
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Scheme 1. Synthesis of the Cryptophane 1 and the Proposed
Reaction Mechanism of Cryptophane 1 with Cys
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Figure 1. Single-scan '*?Xe NMR spectrum of biosensor 1 (200 M)
in the test solution.
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Figure 2. '®Xe chemical shift change of biosensor 1 (200 M) upon
addition of 3 equiv Cys. All spectra were obtained in the same sample
at different times with a single scan.

addition reaction with Cys to produce a new cryptophane
derivative. By recording '*?Xe NMR spectra as a function of
time, the intensity of the signal at § = 76.9 ppm (Xe@1)
gradually decreases in about 30 min (see the Supporting
Information, Figure S3). Concomitantly, the integral intensity
of the new signal at 6 = 75.5 ppm increases until it reaches a
saturation. Obviously, the chemical shift of caged Xe gives rise
to a 1.4 ppm upfield shift after the addition of Cys. A similar
result was observed when treated with 1 equiv Cys (see the
Supporting Information, Figure S4). Furthermore, this reaction
also can proceed under the conditions of 20 mM HEPES buffer
(pH 7.4) with 10% DMSO at 25 °C (see the Supporting
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Information, Figure S5). These results illustrate that biosensor
1 can be monitored by '*’Xe NMR spectroscopy. However, the
absorption spectra of cryptophane 1 show no obvious change
when treated with Cys (see the Supporting Information, Figure
S6).

We also investigated the '*Xe NMR spectra of biosensor 1
in the presence of Hcy and GSH under the same conditions.
After addition of Hcy and GSH respectively, a similar '**Xe
NMR spectral response was observed (see the Supporting
Information, Figures S7 and S8). This suggests that the reaction
of cryptophane 1 with Hey or GSH also experience a similar
reaction as Cys. The new emerging signal appears at 6 = 75.7
ppm and is associated with an increase of 1.2 ppm (upfield) in
the chemical shift. By contrast, the integral intensity of the
signal at 6 = 76.9 ppm for Hcy and GSH takes more than 3 h to
disappear (see the Supporting Information, Figure S3). That
means the thiol-addition reaction rates of cryptophane 1 with
Hcy (pK,: 8.87) and GSH (pK,: 9.20) are much slower than
that of Cys (pK,: 8.30), which may be ascribed to their different
pK, values.

The above results demonstrate that biosensor 1 not only can
monitor biothiols levels through 129%e NMR, but also can
discriminate Cys over Hcy and GSH through chemical shift and
average reaction rate (Figure 3). We also demonstrate that this
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Figure 3. Average reaction rate against the '®Xe chemical shift change
(AS) of biosensor 1 induced by Cys, Hcy and GSH, respectively. The
average reaction rate value, which is determined by the change in
concentration from initial to equilibrium state over that time period.

reaction-based '*’Xe biosensor can be imaged by MRI, thereby
paving the way for a novel methodology enabling accurate
spatial localization of the biothiols.

Proposed Reaction Mechanism. The chemical shift
change of caged Xe is likely to be a consequence of chemical
structure transformation caused by thiol-addition reaction
(Scheme 1). To shed light on the mechanism, we performed
time-of-flight mass spectrometry (TOF-MS) and 'H NMR
experiments (see the Supporting Information, Figures S9 and
$10). The TOF-MS spectrum of cryptophane 1 with 3 equiv
Cys under test conditions displays a peak at m/z = 1056.5,
which is consistent with the molecular weight of the expected
[1— Cys + H*] adduct (calcd 1056.4). Further analysis of the
"H NMR spectrum revealed the disappearance of the resonance
signals between 6.0 and 6.3 ppm upon addition of Cys to
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cryptophane 1. These resonances are assigned to carbon—
carbon double bond protons. These results indicate that the
acrylate group of cryptophane 1 react with the thiol of Cys to
generate thioether. However, it is not identical with the
reported fluorescent probe of acryloyl group with Cys (see the
Supporting Information, Figure S11), which subsequently
undergoes intramolecular cyclization after the thiol-addition
con]'ug'ation.70’71

Selectivity and Sensitivity of Biosensor 1. To evaluate
the selectivity of biosensor 1 for biothiols, we carried out the
experiments using a series of amino acids and various other
analytes. In each case, solutions of these species were separately
added to cryptophane 1 under uniform conditions and '**Xe
NMR spectra were recorded after incubating for 75 min (except
for Hey and GSH, which were incubated for 140 and 180 min,
respectively). As shown in Figure 4, the '**Xe chemical shift of
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Figure 4. Chemical shift change of biosensor 1 (200 uM) after
addition of various species (1, Cys; 2, Hcy; 3, GSH; 4, phenylglycine;
S, Asp; 6, Lys; 7, Trp; 8, Gly; 9, Leu; 10, Thr; 11, Ser; 12, Met; 13,
Tyr; 14, HSCH,CH,OH; 15, 4-methoxy thiophenol; 16, HS™; 17,
S0,%7; 18, F7; 19, SO,7; 20, P,0,*; 21, CO,™; 22, H,PO,; 23, Cl;
24, $,0,77; 25, OH™; 26, Si0;*7; 27, HSO;™; 28, NO,; 29, Ac™; 30,
HCO,;"). Bars represent the '*’Xe chemical shift change value (AS) of
biosensor 1 in the absence and in the presence of each species.

biosensor 1 was significantly altered in the presence of
biological thiols, whereas no obvious changes were observed
upon addition of other amino acids and analytes (see the
Supporting Information, Figure S12). These results illustrate
that biosensor 1 has high selectivity toward biothiols and also
can discriminate Cys from Hcy and GSH.

The sensitivity of this '*’Xe biosensor was also evaluated (see
the Supporting Information, Figure S13). Under the test
conditions, this biosensor can be detected at a concentration of
10 M with a single scan. Signal averaging can be used to detect
lower concentrations. For example, 4096 averages enable
detection of the cryptophane 1 at 80 nM levels after treatment
with Cys. These results show that the sensitivity of this '*’Xe
biosensor could be potentially sufficient for monitoring
intracellular biothiol levels.”””> Furthermore, if the HyperC-
EST technique could be employed, it is likely that the
sensitivity may be further enhanced.”® However, there is a
challenge to using biosensor 1 with the HyperCEST technique
due to the small chemical shift change.

MR Image of Cys. Owing to the chemical shift change
between the signals of caged Xe in the absence and in the
presence of Cys up to 1.4 ppm, we also investigated the
property of biosensor 1 for '*Xe MRL As depicted in Figure
SA,B, a frequency-selective gradient echo sequence centered at
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1

Figure 5. '®Xe axial gradient-echo MRI images of a 10 mm tube
containing (A) only 200 yM cryptophane 1 and (B) 200 uM
cryptophane 1 treated with 3 equiv Cys for S0 min under test
conditions. Images were acquired with a soft radiofrequency pulse
excitation centered at § = 75.5 ppm.

75.5 ppm was used to obtain images of the biosensor 1 (A)
without and (B) with Cys. The difference between images A
and B illustrates that Cys can be detected and localized by '**Xe
MRIL

Biothiols Detection in Bovine Serum Solution. Finally,
we checked the practicality of biosensor 1 for biothiols
detection in bovine serum solution. It is clear that biosensor
1 still interacts with Cys and the '*Xe NMR chemical shift of
encapsulated Xe in the absence and in the presence of Cys
exhibits distinct different signals (Figure 6). Similar results were

74.2 ppm

72.6 ppm
*
74.2 ppm 72.6 ppm
*
74.2 ppm 72.5 ppm
WJV\I\AWAV\A’\W/\/\W Ww*“w
74.1 ppm 72.5 ppm
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N
86 80 75 70 65 60 86 80 75 70 65 60
—0/ppm «—0/ppm

Figure 6. '®Xe NMR spectra of biosensor 1 (40 4M) in the absence
(left) and in the presence (right) of Cys in 20 mM HEPES buffer (pH
7.4) solution (containing 10% bovine serum and 20% DMSO, v/v).
The '®Xe NMR spectra were measured independently five times.
Figures in the spectra are the chemical shift of caged xenon. The '*Xe
NMR chemical shift of free xenon dissolved in the test solution is
209.7 ppm (not shown). It clearly shows the '*Xe NMR chemical
shift change of caged xenon of cryptophane 1 in the absence and in the
presence of Cys is up to 1.6 ppm. The stars denote the signal of the
rest biosensor 1. Line width of the spectra is 20 Hz.

also observed when cryptophane 1 treated with Hcy and GSH
(see the Supporting Information, Figure S14). Moreover, the
interassay precision of biosensor 1 shows high reproducibility.

B CONCLUSIONS

To the best of our knowledge, we have presented the first
example of using '“?Xe NMR to monitor thiol-addition
reaction. Our thiol-addition reaction-based '*’Xe biosensor
for the detection of biothiols consists of a simple functionalized
cryptophane host cage that can report chemical information
about the binding to biothiols through the modulation of the
Xe chemical shift. An acrylate group acts as a reaction site for
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the covalent binding to biothiols. The selectivity for biothiols
among amino acids and analytes is good, and the biosensor can
also discriminate Cys from Hcy and GSH. In addition, this
biosensor can be used to detect biothiols in bovine serum
solution, demonstrating its potential for the detection of
biothiol distributions.
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© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.6b00403.
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