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ABSTRACT: Biothiols such as gluthathione (GSH), cysteine (Cys),
homocysteine (Hcy), and thioredoxin (Trx) play vital roles in cellular
metabolism. Various diseases are associated with abnormal cellular
biothiol levels. Thus, the intracellular detection of biothiol levels could
be a useful diagnostic tool. A number of methods have been developed
to detect intracellular thiols, but sensitivity and specificity problems have
limited their applications. To address these limitations, we have designed
a new biosensor based on hyperpolarized xenon magnetic resonance
detection, which can be used to detect biothiol levels noninvasively. The
biosensor is a multimodal probe that incorporates a cryptophane-A cage
as 129Xe NMR reporter, a naphthalimide moiety as fluorescence reporter,
a disulfide bond as thiol-specific cleavable group, and a triphenylphos-
phonium moiety as mitochondria targeting unit. When the biosensor
interacts with biothiols, disulfide bond cleavage leads to enhancements in the fluorescence intensity and changes in the 129Xe
chemical shift. Using Hyper-CEST (chemical exchange saturation transfer) NMR, our biosensor shows a low detection limit at
picomolar (10−10 M) concentration, which makes a promise to detect thiols in cells. The biosensor can detect biothiol effectively
in live cells and shows good targeting ability to the mitochondria. This new approach not only offers a practical technique to
detect thiols in live cells, but may also present an excellent in vivo test platform for xenon biosensors.

Biothiols play important roles in cell growth, apoptosis
inhibition, DNA synthesis, and angiogenesis.1,2 Some

biothiols of interest include cysteine (Cys), homocysteine
(Hcy), and thioredoxin (Trx). Another biothiol, gluthathione
(GSH), is mainly found in the cytoplasm (1−10 mM) and is
regarded as critically important to the operation of the
mitochondria.3−5 Mitochondria regulate cellular metabolism
through the production of ATP. In mitochondria, GSH
participates in the maintenance of the redox state of cells and
circumvents oxidative damage, which can lead to cellular
dysfunction and cell death.6 Abnormal biothiol levels in
mitochondria are directly correlated to the occurrence of
cancer, Alzheimer’s disease, Parkinson’s disease, and cardiovas-
cular disease.7−9 Thus, it would be desirable and perhaps
critically important to develop methods to detect mitochondrial
thiols levels in living systems. A number of studies have
reported detection of intracellular thiols.10−13 However, the
sensitivity and poor penetration depth have limited their
applications. Magnetic resonance imaging (MRI), which is a
powerful tool for the early detection of disease, features high
spatial resolution and deep tissue penetration.14 Recently, the

detection of GSH by 1H MRI has been reported.15,16

Unfortunately, 1H MRI was found to lack the sensitivity
required to detect physiologically relevant changes in GSH
levels. One possible way to boost the sensitivity of MRI
detection is to use hyperpolarization techniques. This usually
involves the development of a suitable molecular probe that
binds to a molecule of interest in order to report on it. And in
terms of signal detection, NMR-sensitive nuclei such as 3He,
13C, 83Kr, and 129Xe are among those that have been used in
hyperpolarization experiments.17

129Xe is a nontoxic inert gas whose nuclear spins possess a
chemical shift that is sensitive to the local molecular
environment in which it resides. It is particularly suited to
biomedical applications because of the ability to dissolve xenon
in the bloodstream.18 The signal from hyperpolarized 129Xe is
10 000-fold larger than that from thermal polarization,19−21
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thereby enabling in vivo MRI of low-concentration tracer
molecules, as demonstrated by many studies in rodents and
humans.22−25 Xenon can nonspecifically interact with proteins,
lipids, spores, and shows high affinity for a family of host
molecules called cryptophanes. Cryptophanes are very popular
in host−guest chemistry.26 The cryptophane-A cage provides
the highest xenon affinity (4000 M−1, in organic solvent) and
exchange kinetics (the residence time range is 30−300 ms, in
aqueous solution) so far among all the existing cryptophanes,18

making it an excellent host for xenon atoms. In order to
develop xenon MRI for detection of specific molecules, the
cryptophane-A cage must be functionalized. Spence and co-
workers first reported a functionalized xenon biosensor with
high detection sensitivity exhibiting specific interactions with
avidin.27 However, the detection sensitivity of the xenon
biosensor with hyperpolarization alone is insufficient to achieve
molecular imaging of most biologically relevant molecules that
are found in living systems. To overcome this sensitivity
problem, a new method termed Hyper-CEST was developed.28

The latter combines hyperpolarization together with the
chemical exchange saturation transfer (CEST) method. This
combination improves the sensitivity of the xenon biosensor by
orders of magnitude, reaching sensitivity levels that now allow
for molecular imaging.29,30

In recent years, a wide range of xenon biosensors based on
cryptophane-A have been developed for the detection of
pH,31,32 proteins,33−35 enzymes,36,37 nucleic acids,38 metal
ions,39−42 and transmembrane receptor targets.17,30,43−45

Recently, additional host molecules have been developed,
such as nanoemulsion,46 perfluoroctyl bromide,47 gas vesicles,48

cucurbituril,49−53 and protein.54 However, there was only one
report on the detection of biothiols in vitro based on a xenon
biosensor.55 Herein we report a mitochondria-targeting
fluorescence/Xe-NMR multimodal cryptophane-A function-
alized biosensor that allows for the detection of biothiols in
live cells. As described below, this new biosensor composed of a
host molecule (cryptophane-A), a disulfide-linker (linker), a

fluorescence moiety (naphthalimide), and a targeting group
(triphenylphosphonium). The triphenylphosphonium is an
effective mitochondrial-targeting site that can also increase
the hydrophilic character of the sensor,6 and whose disulfide
bond is expected to be cleaved when the biosensor is exposed
to biothiols. The 4-amino-1,8-naphthalimides have excellent
spectroscopic characteristics, including large Stokes shift, high
fluorescence quantum yield, and excellent internal charge
transfer (ICT). These features led to its success as a fluorescent
reporter. The cryptophane-A biosensor was synthesized
following the synthetic route shown in Scheme 1.

■ EXPERIMENTAL SECTION
Synthesis. Synthesis of Compound 1. 4-Bromonaphthalic

anhydride (3 g, 10 mmol) was dispersed in 20 mL of ethanol,
and then 3-aminopropanoic acid (0.98 g, 11 mmol) was added
to the mixture. After the mixture was refluxed for 10 h a
precipitate was formed. The resulting mixture was cooled to
room temperature, filtered, and the filter cake was washed by
ethanol three times to give compound 1 as a gray solid (3.1 g,
89%). 1H NMR (500 MHz, DMSO-d6) δ: 8.55 (d, J = 7.3 Hz,
1H), 8.52 (dd, J = 8.4, 0.7 Hz, 1H), 8.31 (d, J = 7.8 Hz, 1H),
8.20 (d, J = 7.9 Hz, 1H), 7.98 (dd, J = 8.3, 7.5 Hz, 1H), 4.38−
4.10 (m, 2H), 2.60 (m, 2H). 13C NMR (125 MHz, DMSO-d6)
δ: 172.95, 163.10, 163.05, 1132.99, 131.92, 131.70, 131.28,
130.06, 129.59, 129.12, 128.52, 122.98, 122.20, 36.35, 32.61.
HRMS (ESI): [M + H]+ calcd for C15H11BrNO4 m/z,
347.9871; found, 347.9868.

Synthesis of Compound 2. Compound 1 (1 g, 2.87 mmol)
was dissolved in DMF (20 mL), and then NaN3 (0.28 g, 4.31
mmol) was added. After refluxing for 10 h, the solvent was
removed under vacuum. The residue was purified by silica gel
column chromatography using DCM/MeOH (v/v 10/1) as
eluent to give compound 2 as a brown solid (640 mg, 79%). 1H
NMR (500 MHz, DMSO-d6) δ: 8.62 (d, J = 8.3 Hz, 1H), 8.42
(d, J = 7.0 Hz, 1H), 8.18 (d, J = 8.3 Hz, 1H), 7.68−7.60 (t,
1H), 7.46 (s, 2H), 6.84 (d, J = 8.4 Hz, 1H), 4.28−4.09 (t, 2H),

Scheme 1. Synthetic Route of Cryptophane Biosensor 7
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2.32−2.16 (t, 2H). 13C NMR (125 MHz, DMSO-d6) δ: 173.51,
164.16, 163.23, 153.31, 134.40, 131.49, 130.14, 129.97, 124.40,
122.06, 119.77, 108.62, 107.78, 35.98, 33.25. HRMS (ESI): [M
+ H]+ calcd for C15H13BrN2O4 m/z, 285.0875; found,
285.0873.
Synthesis of Compound 3. 3-Bromopropylamine hydro-

bromide (0.77 g, 3.5 mmol) was dissolved in 1-butanol (10
mL), after the solution was degassed by bubbling N2 for 10
min, triphenylphosphonium (1 g, 3.8 mmol) was added, the
mixture was degassed for another 10 min and then heated at
120 °C under N2 atmosphere for 12 h. After completion of the
reaction, the solution was poured into methyl t-butyl ether (30
mL) and toluene (20 mL). After stirring at room temperature
until a homogeneous slurry was obtained, the slurry was filtered
and the filter cake was rinsed two times with methyl t-butyl
ether (2 × 5 mL) to yield compound 3 as a white solid (1 g,
59.4%). 1H NMR (500 MHz, DMSO-d6) δ: 7.93 (m, 3H),
7.89−7.71 (m, 15H), 3.84−3.66 (m, 2H), 3.08−2.92 (m, 2H),
1.95−1.77 (m, 2H). 13C NMR (125 MHz, DMSO-d6) δ:
135.58, 134.14, 134.06, 130.91, 130.81, 118.86, 118.18, 20.55,
19.02, 18.60. HRMS (ESI): [M − HBr]+ calcd for C21H23NP

+

m/z, 320.1568; found, 320.1582.
Synthesis of Compound 4. Compound 2 (100 mg, 0.35

mmol) was dissolved in DMF (5 mL), and then EDCI (222
mg, 1.16 mmol) and DMAP (141.5 mg, 1.16 mmol) were
added. The mixture was stirred at room temperature for 30
min, and then compound 3 (168 mg, 0.35 mmol) was added.
After stirring the solution at room temperature for another 10
h, the solvent was removed under vacuum. The residue was
purified by silica gel column chromatography using DCM/
MeOH (v/v 15/1) as eluent to give compound 4 as a yellow
solid (140 mg, 60%). 1H NMR (500 MHz, DMSO-d6) δ: 8.61
(d, J = 8.4 Hz, 1H), 8.29 (d, J = 7.2 Hz, 1H), 8.05 (d, J = 8.2
Hz, 2H), 7.96−7.88 (m, 3H), 7.84−7.74 (m, 12H), 7.61 (t, J =
7.8 Hz, 1H), 7.46 (s, 2H), 6.79 (d, J = 8.4 Hz, 1H), 4.21 (t, J =
7.4 Hz, 2H), 3.56 (t, J = 14.2 Hz, 2H), 3.19 (dd, J = 13.3, 7.1
Hz, 2H), 2.41 (t, J = 7.4 Hz, 2H), 1.60−1.72 (m, 2H). 13C
NMR (125 MHz, DMSO-d6) δ: 170.80, 164.19, 163.27, 153.23,
135.45, 134.30, 134.10, 134.02, 131.35, 130.81, 130.71, 130.17,
129.84, 124.40, 122.22, 119.81, 119.17, 118.49, 108.60, 107.92,
36.65, 34.57, 22.66, 19.02, 18.61. HRMS (ESI): [M]+ calcd for
C36H33N3O3P

+ m/z, 586.2260; found, 586.2288.
Synthesis of Compound 5. Compound 4 (100 mg, 0.15

mmol) and triphosgene (134 mg, 0.45 mmol) were dispersed in
dry DCM (5 mL), and then DIPEA (136 mg, 1.05 mmol) was
added dropwise in the solution under N2 atmosphere. After the
solution was stirred at room temperature for 3 h, the unreacted
phosgene gas (Caution: toxic) was removed by bubbling N2 in
the solution and neutralization in a bath of NaOH. After that, a
solution of 2,2′-dithiodiethanol (116 mg, 0.75 mmol) in DCM/
THF (v/v 1/1) was added to the mixture. After the solution
was stirred at room temperature for another 10 h, the solvent
was evaporated under vacuum. The crude product was purified
by silica gel column chromatography using DCM/MeOH (v/v
20/1) as eluent to give compound 5 as a yellow solid (60 mg,
48%). 1H NMR (500 MHz, DMSO-d6) δ: 8.56 (d, J = 8.4 Hz,
1H), 8.31 (d, J = 7.1 Hz, 1H), 8.17 (d, J = 8.2 Hz, 1H), 7.98 (d,
J = 8.2 Hz, 1H), 7.90 (m, 3H), 7.81−7.68 (m, 13H), 4.49 (t, J =
5.8 Hz, 2H), 4.27 (t, J = 6.3 Hz, 2H), 3.70 (t, J = 6.2 Hz, 2H),
3.39 (d, J = 14.8 Hz, 2H), 3.20 (t, J = 6.3 Hz, 2H), 3.10 (t, J =
5.9 Hz, 2H), 2.87 (t, J = 6.2 Hz, 2H), 2.49 (t, J = 6.2 Hz, 2H),
1.64 (m, 2H). 13C NMR(125 MHz, DMSO-d6) δ: 170.67,
163.90, 163.35, 154.39, 141.12, 135.46, 134.10, 134.03, 131.94,

131.27, 130.81, 130.73, 129.90, 128.82, 126.89, 124.51, 122.74,
119.11, 118.54, 117.71, 65.41, 63.47, 59.89, 41.53, 37.04, 34.35,
22.62, 18.94, 18.60. HRMS (ESI): [M]+ calcd for
C41H41N3O3PS2

+ m/z, 766.2174, found 766.2185.
Synthesis of Compound 6. Compound 6 was prepared as

described in refs 27 and 38. Cryptophanol-A (100 mg, 0.113
mmol) and ethyl 2-bromoacetate (38.4 mg, 0.23 mmol) were
dissolved in 15 mL of acetone, and then K2CO3 (77.4 mg, 0.56
mmol) was added. After the mixture was refluxed for 6 h, the
mixture was cooled to room temperature, and 20 mL of ethyl
acetate was added. The organic phase was washed with water
(30 mL × 3) and dried with anhydrous Na2SO4, and the
solvent was evaporated under vacuum to yield a white solid.
The solid was dispersed in 20 mL of 3 M NaOH aqueous THF
(1/1), and then the solution was cooled to room temperature
after refluxing for 10 h. Subsequently, HCl (0.1 M) was added
dropwise until the solution became neutral, DCM (30 mL) was
then added, and the organic layer was washed with water and
dried with anhydrous Na2SO4, and the solvent was evaporated
under vacuum to yield the white solid as cryptophane 6 (83 mg,
78.3%). The product was taken to the next step without further
purification. 1H NMR (500 MHz, CDCl3) δ: 6.87−6.62 (m,
12H), 4.65−4.53 (m, 6H), 4.38−4.12 (m, 11H), 4.08−3.96 (m,
3H), 3.91 (s, 3H), 3.85−3.73 (m, 12H), 3.48−3.37 (m, 6H).
13C NMR (125 MHz, CDCl3) δ: 170.92, 149.76, 149.67,
149.57, 149.47, 148.51, 147.92, 147.81, 146.95, 146.77, 146.73,
146.69, 146.10, 135.69, 134.79, 134.60, 134.05, 133.98, 133.70,
133.53, 133.02, 131.93, 131.68, 131.16, 131.05, 122.75, 122.32,
121.42, 120.87, 120.78, 120.57, 120.01, 114.46, 113.81, 113.66,
113.41, 69.98, 69.69, 69.27, 69.10, 69.03, 68.93, 67.98, 55.80,
55.76, 55.67, 55.56, 53.44, 36.29, 36.20. HRMS (ESI): [M −
H]− calcd for C55H53O14 m/z, 937.3435; found, 937.3449.

Synthesis of Compound 7. Compound 6 (25 mg, 0.027
mmol) was dissolved in dry DCM (5 mL), and then EDCI
(15.5 mg, 0.081 mmol) was added to the solution. This was
followed by stirring of the mixture at 0 °C for 30 min and
addition of HOBt (10.9 mg, 0.081 mmol) to the mixture. We
then stirred for another 1 h. After that, compound 5 (22.9 mg,
0.027 mmol) and DMAP (9.9 mg, 0.081 mmol) were added to
the solution. After the solution was stirred at room temperature
for another 10 h, the solvent was evaporated under vacuum.
The crude product was purified by silica gel column
chromatography using DCM/MeOH (v/v 20/1) as eluent to
give compound 7 as a yellowish solid (8 mg, 16.8%). 1H NMR
(500 MHz, CDCl3) δ: 8.85 (br, 1H), 8.37 (d, J = 10 Hz, 1H),
8.29−8.20 (m, 2H), 8.16 (d, J = 10 Hz, 1H), 8.12 (s, 1H),
7.86−7.66 (m, 15H), 7.52 (t, J = 8 Hz, 1H), 6.80−6.60 (m,
12H), 4.68−4.42 (m, 14H), 4.26−4.06 (m, 12H), 3.83−3.69
(m, 17H), 3.51−3.27 (m, 9H), 3.10 (m, 3H), 2.83 (m, 2H),
1.90 (m, 2H). 13C NMR (125 MHz, CDCl3) δ: 170.67, 168.74,
163.92, 163.42, 154.40, 149.88, 149.74, 149.70, 149.64, 149.45,
147.89, 147.61, 146.80, 146.77, 146.65, 146.61, 141.23, 135.47,
134.26, 134.19, 134.16, 134.14, 134.07, 133.99, 133.96, 133.94,
133.84, 131.97, 131.81, 131.68, 131.58, 131.53, 131.31, 131.19,
130.76, 130.68, 129.88, 128.80, 126.93, 123.49, 122.69, 121.61,
121.27, 121.24, 120.79, 120.05, 119.06, 118.51, 118.28, 117.69,
114.62, 113.74, 113.69, 113.64, 69.55, 69.47, 69.42, 69.38,
69.33, 69.04, 67.23, 65.48, 63.49, 61.22, 59.84, 56.14, 55.80,
55.76, 55.67, 55.56, 53.44, 41.53, 37.11, 36.23, 36.08, 34.35,
22.55, 18.94, 18.54. HRMS (ESI): [M]+ calcd for
C96H93N3O19PS2

+ m/z, 1687.5616; found, 1687.5630.
Spectra Studies. For all biologically relevant analytes [Val,

Leu, Ile, Phe, Trp, Met, Pro, Gly, Ser, Thr, Tyr, Asn, Gln, His,
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Lys, Arg, Asp, Glu, Ala, Cys, Hcy, GSH, K+, Mg2+, Fe2+, Ca2+,
Cu2+, Mn2+, Zn2+], stock solutions were prepared in ultrapure
water. The stock solution for biosensor 7 was prepared in
spectral grade DMSO. Absorption spectra were obtained on a
Thermo Scientific evolution 220 UV−vis spectrometer, and
fluorescence spectra were recorded on an Edinburgh FS5
fluorescence spectrophotometer. The samples for absorption
and fluorescence experiments were stored in quartz cuvettes (3
mL volume). The excitation wavelength was 440 nm, and the
excitation and emission slit widths were kept at 4 nm. All
spectra were acquired in PBS buffer (pH = 7.4, 20 mM) and
20% DMSO (v/v).

129Xe NMR Studies. Hyperpolarized 129Xe gas was
generated by a home-built 129Xe hyperpolarizer. All 129Xe
NMR experiments were obtained using a 400 MHz Bruker
AV400 wide-bore spectrometer (Bruker Biospin, Ettlingen,
Germany). A gas mixture of 10% N2, 88% He, and 2% Xe (86%
enriched 129Xe or natural abundance 129Xe) was flowed through
the hyperpolarizer. The gas was directly bubbled into a 10 mm
NMR tube for 20 s, and then the spectrum was obtained.
Sample temperature was controlled by VT unit on NMR
spectrometer to 298 K. Spectra were acquired in PBS buffer
(pH = 7.4, containing 50% DMSO) using 16 scans. NMR
spectra for direct detected were processed using a 10 Hz line
broadening filter. For the Hyper-CEST NMR experiment, after
the gas mixture flowed through the hyperpolarizer, the gas was
directly bubbled into a 10 mm NMR tube for 20 s, followed by
a 3 s delay to allow the bubbles to collapse. Afterward,
continuous wave (CW) pulses were used to selectively saturate
the Xe@cryptophane cage peak. This was followed by the
acquisition of a spectrum. Each spectrum was acquired in a
single scan. NMR spectra for CEST were processed using 6 Hz
line broadening filter.
Cellular Fluorescence Imaging Studies. Human lung

cancer cells H1299 were incubated in RPMI-1640 supple-
mented with 10% fetal bovine serum and 1% penicillin−
streptomycin at 37 °C in 5% CO2 and 95% ir environment. The
cells were seeded on 6-well plates and stabilized overnight.
Biosensor 7 was applied to the cells to monitor its uptake, as
discussed in the main text above. In some experiments, the cells
were incubated with media containing Mito-Tracker red (Lyso-
Tracker red or ER-Tracker red or NEM) prior to treatment
with biosensor 7. The cells were then briefly washed with 1 mL
of PBS and treated with biosensor 7 in PBS. After incubation,
residual quantities of biosensor 7 not taken up by the cells were
removed by washing the cells three times with PBS before the
cells were placed in 1 mL of a PBS solution. Fluorescence
images were taken on a Nikon confocal laser scanning
microscope.
Cellular Hyper-CEST Spectra Studies. Human lung

cancer cells H1299 were incubated in RPMI-1640 supple-
mented with 10% fetal bovine serum and 1% penicillin−
streptomycin at 37 °C in 5% CO2 and 95% ir environment. The
cells were incubated with biosensor 7 [biosensor 7 (30 μM)
and dissolved in culture medium (including 1% DMSO, 1%
Cremophor EL)] for 2 h. The cells were washed three times
with PBS at room temperature, followed by trypsinization and
resuspension in culture medium. The cell concentration was
kept at 1.29 × 107 cells/mL. Finally, the cells were transferred
to an NMR tube, and the 129Xe NMR spectra were acquired by
CEST. The cells of the control group were incubated with N-
ethylmaleimide (NEM) for 2 h. Residual quantities of NEM
not taken up by the cells were removed by washing the cells

three times with PBS. The cells were then incubated with
biosensor 7 for another 2 h. Other procedures were carried out
similarly to the case of the experimental group. For CEST
experiment, a selective saturation pulse was swept across the
chemical shift range of 55−85 ppm in 1 ppm steps (CW
saturation for 10 s with a 6.0 μT field). The temperature was set
to 298 K.

■ RESULTS AND DISCUSSION
Spectroscopy Studies. We first tested the spectroscopic

properties of biosensor 7. As shown in Figure 1, after addition

of 500 equiv GSH to the solution and heating for 2 h at 37 °C,
the absorption spectra appeared red-shifted by 70 nm, going
from 375 to 445 nm (Figure 1a), whereas the color of the
solution changed from colorless to yellow. Meanwhile, the
fluorescence intensity at 560 nm was enhanced 11-fold (Figure
1b) while the fluorescence changed from blue to green-yellow.
The products of biosensor 7 reacted with GSH were analyzed
by liquid chromatography−mass spectrometry (LC−MS)
(Figure S1). We found that, after reacting biosensor 7 with
GSH, a peak appeared at m/z 613.1597 (Figure S1b), which
corresponds to GSSG. We also found an m/z value of 586.2267
(Figure S1c) for the peak of compound 4. These results
demonstrate that biosensor 7 can be reduced by GSH, releasing
compound 4, while the GSH is oxidized to yield GSSG. The
proposed reaction mechanism for the biosensor reacting with
biothiols is shown in Scheme S1. A disulfide bond is cleaved
followed by intramolecular rearrangement, which leads to the
activation of the fluorescent moiety. These results demonstrate
that the signal from the cryptophane-A biosensor is modulated
by GSH.
The selectivity and stability of biosensor 7 were tested in

solution. We found the fluorescence intensity at 560 nm to be
enhanced severalfold upon the addition of biothiols (Figure 2a)
such as GSH, Cys, and Hcy. On the other hand, there were no

Figure 1. Optical spectra and photos of biosensor 7 (5 μM) recorded
in the presence and absence of GSH (2.5 mM). (a) Absorption spectra
(black line, in the absence of GSH; red line, in the presence of GSH).
(b) Fluorescence spectra (black line, in the absence of GSH; red line,
in the presence of GSH). All spectra and photographs were acquired at
room temperature after incubation at 37 °C for 2 h in PBS buffer (pH
= 7.4, 20 mM), containing 20% DMSO (v/v).
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significant changes observed with the addition of other non-
thiol amino acids or biologically essential metal ions. The
biosensor shows high stability across a broad range of pH
values (Figure 2b). The response of biosensor 7 was stable
across the pH range of 3−8; however, its fluorescence intensity
at 560 nm is pH-dependent in the presence of GSH. When
GSH is present, the fluorescence intensity at 560 nm is
enhanced severalfold across the pH range of 6−9. These results
lend support to the hypothesis that biosensor 7 can be used to
detect intracellular thiols without obstruction from non-thiol
amino acids, metal ions, and pH effects. We also tested the
stability of biosensor 7 in serum solution. As shown in Figure
S2, the biosensor appears to undergo slight changes after 3 h in
serum. But this effect is negligible compared to the response of
the biosensor reacting to biothiols.
Fluorescence spectra of biosensor 7 treated by different

equivalents of GSH were acquired. As shown in Figure S3a, the
fluorescence intensity is enhanced when the concentration of
GSH is increased. When the concentration of GSH reached 200
μM (40 equiv), the fluorescence intensity showed no obvious
further changes (Figure S3a, inset). This demonstrates that the
reaction has reached completion at this concentration. Time-
dependent fluorescence spectra were also acquired (Figure
S3b). The latter show that the fluorescence intensity increases
rapidly over the interval (0−10 min), whereas the fluorescence
intensity at 560 nm almost linearly increased during the 0−5
min interval (Figure S3b, inset). Twenty minutes later, the
fluorescence intensity attains a plateau, where the reaction
reached completion. The kinetics of biosensor 7 treated by
different equivalents of GSH are analyzed in Figure S4a. The
reaction rate was found to correlate with GSH concentration.
Similar results were observed upon the addition of Cys and Hcy
to solution of biosensor 7 (Figure S4b). This biosensor shows
fast response toward thiols; all the reactions completed after the
thiols were added to the solution for 20 min.

129Xe NMR Spectra Studies. To investigate how GSH can
be monitored by 129Xe NMR, 129Xe NMR spectra of biosensor
7 were acquired. In Figure S5, biosensor 7 was dissolved in
solution without heating and the xenon spectrum was acquired
at room temperature. We find two different resonances: xenon
in solution (234.3 ppm) and xenon in the cryptophane cage
(71.5 ppm). After heating for 2 h at 37 °C, a new small signal
appeared at 70.1 ppm, which may be indicative of sensor
decomposition (Figure 3a). Signs of decomposition may also
be observed in the fluorescence spectra. The GSH concen-

tration dependence 129Xe NMR spectra are shown in Figure 3.
When the concentration of GSH is increased, the xenon signal
intensity at 70.1 ppm increases, whereas that at 71.5 ppm
decreases (see Figure 3a). This demonstrates that biosensor 7
reacts with GSH. The addition of GSH resulted in the chemical
shift of caged Xe (Xe@ cryptophane-A) to shift by 1.4 ppm in
the upfield direction. The upfield change of the chemical shift
may be caused by a weak electron-withdrawal effect.
Triphenylphosphonium is a positively charged moiety that
can attract the electrons of xenon in the cage. While the
disulfide bond of biosensor 7 is cleaved, the triphenylphos-
phonium functionalized aminonaphthalimide moiety is released
from the biosensor, and the distance from the cage to the
triphenylphosphonium moiety is increased. The electron-
withdrawing effect of triphenylphosphonium is not effectively
transferred to the encapsulated xenon. As a result, the electron
cloud density of the encapsulated xenon is increased, leading to
a shielding effect toward Xe@cryptophane-A. This leads to the
observed upfield change in chemical shift of Xe@cryptophane-
A following the reaction of the biosensor with GSH. 129Xe
NMR spectra of biosensor 7 collected as a function of GSH
concentration are shown in Figure 3b. The Xe@cryptophane-A
signal did not show further changes when the concentration of
GSH reached 1.25 mM (50 equiv). This trend was consistent
with the fluorescence spectra. This shows that the reaction
reached completion.
We also investigated the 129Xe NMR spectra of biosensor 7

treated by different analytes under the same conditions. We

Figure 2. Fluorescence response of biosensor 7 (5 μM) to different analytes and pH. (a) Fluorescence intensity at 560 nm response of biosensor 7
(5 μM) for non-thiol amino acids (1, only biosensor; 2, Val; 3, Leu; 4, Ile; 5, Phe; 6, Trp; 7, Met; 8, Pro; 9, Gly; 10, Ser; 11, Thr; 12, Tyr; 13, Asn;
14, Gln; 15, His; 16, Lys; 17, Arg; 18, Asp; 19, Glu; 20, Ala), biothiols (21, Cys; 22, Hcy; 23, GSH), and biologically essential metal ions (24, K+; 25,
Mg2+; 26, Fe2+; 27, Ca2+; 28, Cu2+; 29, Mn2+; 30, Zn2+). The concentration of non-thiol amino acids, biothiols, and essential metal ions were kept at
500 μM. (b) Fluorescence response of biosensor 7 (5 μM) with and without GSH as a function of pH. All spectra were acquired at room
temperature after heating to 37 °C for 2 h in PBS buffer (20 mM) with 20% DMSO (v/v).

Figure 3. (a) 129Xe NMR spectra (average of 16 scans, line broadening
= 10 Hz) of biosensor 7 (25 μM) response to different equivalents of
GSH. (b) Integral of 129Xe NMR signal at 70.1 ppm. All spectra were
acquired at room temperature after incubation at 37 °C for 2 h in PBS
buffer (pH = 7.4, 20 mM), containing 50% DMSO (v/v).
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found that in the presence of the Cys and Hcy, the Xe@
cryptophane-A signal intensity at 70.1 ppm is enhanced
severalfold (Figure S6a), whereas 129Xe NMR spectra were
similar to the spectra of biosensor 7 treated with GSH. For
biosensor 7 treated by other non-thiol amino acids, no new
signal enhancements are observed at 70.1 ppm (Figure S6b).
These results demonstrate that biosensor 7 exhibits good
selectivity for thiols.
Hyper-CEST 129Xe NMR. We also investigated the

sensitivity of biosensor 7. As shown in Figure S7, 1 μM
biosensor 7 can produce 20% CEST signal, which is still at least
3−4 orders of magnitude more sensitive than 1H CEST
contrast agents.56 To determine the detection threshold for
biosensor 7, we investigated dilutions of biosensor 7 to 50 nM,
500 pM, 200 pM, as well as a control solution containing 20
mM phosphate buffer. For each sample, we collected saturation
profiles by employing saturation pulses at the Xe@cage
frequency for incremental saturation times. As shown in Figure
S8, the detection threshold of biosensor 7 is 200 pM. This low
detection threshold implies that biosensor 7 and 129Xe NMR
have the potential for detecting thiols in cells at low
concentration.
Cellular Fluorescence Imaging. To confirm whether

biosensor 7 can selectively stain mitochondria, fluorescence
imaging of cells was performed. Biosensor 7 and Mito-Tracker
red (ER-Tracker red, Lyso-Tracker red) were incubated with
human lung cancer cells (H1299). Mito-Tracker red is a
fluorescent sensor for mitochondria. As seen in Figure 4 and

Figure S9 (Supporting Information), the fluorescence emission
of biosensor 7 overlaps well with that of the Mito-Tracker red
compared to ER-Tracker red or Lyso-Tracker red. The
colocalization coefficient (calculated use MATLAB 2011, data
is shown in Table S1) of biosensor 7 with Mito-Tracker red
was 0.72, which indicated that biosensor 7 is mainly found in
mitochondria.
To investigate whether biosensor 7 can be used to detect

biothiols in live cells, the cells were treated with NEM followed
by biosensor 7. NEM is a well-known agent which can block
the thiol. As shown in Figure 5, in the presence of the agent the
fluorescence intensity of cells treated with biosensor 7
decreased significantly. With the concentration of NEM
increasing, the fluorescence intensity of the cells treated with
biosensor 7 decreased gradually (Figure S10). These results
prove that biosensor 7 can be used for biothiols detection in
cells and has the potential for monitoring biothiols levels in live
cells.

Cellular Hyper-CEST 129Xe NMR. Finally, to confirm
whether cellular thiols can be monitored by 129Xe NMR, the
Hyper-CEST method was investigated in cell studies. Biosensor
7 (30 μM) was dissolved in culture medium (including 1%
DMSO, 1% Cremophor EL), and then incubated with human
lung cancer cells (H1299) in a culture flask at 37 °C. After 2 h
of incubation the cells were washed and resuspended in culture
medium, with the cell concentration held at 1.29 × 107 cells/
mL. In order to detect the signal of 129Xe@cryptophane-A in
cells, a selective saturation pulse was swept across the chemical
shift range of 55−85 ppm in 1 ppm steps (CW saturation for
10 s with a 6.0 μT field). As shown in Figure 6, only one signal

appeared around 73 ppm corresponding to 129Xe@ crypto-
phane-A in cells. In order to confirm whether biosensor 7 can
be used to monitor biothiols levels in cells, NEM (3 mM) was
used to block the cellular biothiols, followed by incubation of
biosensor 7 with H1299 for 2 h. The remaining procedures
were identical to the experimental group (i.e., cell concen-
tration held at 1.29 × 107 cells/mL). We found that the signal
of 129Xe@ cryptophane-A was much smaller than for the
experimental group, but the chemical shift exhibited almost no
differences. Interestingly, at lower cell concentration (6.8 × 106

cells/mL) and lower NEM concentration (1 mM), we obtained
the same results (Figure S11). At the same time, the Hyper-
CEST spectra of biosensor 7 (5 μM) in PBS buffer including
50% DMSO (Figure S12) show that the CEST effect is
increased upon interaction of biosensor 7 with GSH. After the
biosensor is reacted with biothiols, the biosensor produced a

Figure 4. Fluorescence images of H1299 cells treated with biosensor 7
and Mito-Tracker red. After the cells were incubated with biosensor 7
(5.0 μM) at 37 °C for 20 min, the medium was replaced by fresh
medium containing Mito-Tracker red (0.05 μM) and the cells were
incubated for another 10 min. Images for biosensor 7 and Mito-
Tracker red were obtained after excitation at 488 and 561 nm. (a)
Biosensor 7. (b) Mito-Tracker red. (c) Colocalization image. (d)
Bright-field image. Scale bar, 10 μm.

Figure 5. Fluorescence images of H1299 cells treated by NEM and
biosensor 7. (a) Cells incubated with biosensor 7. (b) After the cells
were incubated with NEM at 37 °C for 30 min, the medium was
replaced by fresh medium containing biosensor 7 (5 μM) and the cells
were incubated for another 30 min at 37 °C. Images for biosensor 7
were obtained after excitation at 488 nm.

Figure 6. Hyper-CEST spectra for biosensor 7 in lung cancer cells
(H1299). (▲) After the biosensor 7 was incubated with H1299 at 37
°C for 2 h, the Hyper-CEST spectrum was acquired. (■) After the
H1299 cells were incubated with NEM at 37 °C for 2 h, the culture
medium was replaced by fresh medium containing biosensor 7 (30
μM) and the cells were incubated for another 2 h, followed by the
acquisition of a Hyper-CEST spectrum. All spectra were acquired at
room temperature. Data were fitted with Lorentzian lines.
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more water-soluble compound. So the CEST signal increased
after the biosensor was reacted with biothiols (Table S2).
These results demonstrate that biosensor 7 can be used to
detect biothiols in cells by Hyper-CEST spectra.

■ CONCLUSIONS
In summary, we have developed a new biosensor to detect
biothiols, which consists of a cryptophane-A cage, a disulfide-
linker, and a triphenylphosphonium-functionalized naphthali-
mide group. This biosensor shows good stability across a broad
range of pH values and can be used for the detection of
biothiols. The triphenylphosphonium moiety endows the
biosensor with the ability to selectively target mitochondria.
While the biosensor reacts with free biothiols, the disulfide
bond is cleaved, followed by intramolecular cyclization and a
loss of the naphthalimide group. The loss of the naphthalimide
group leads to an 11-fold enhancement of the fluorescence
intensity of the biosensor. At the same time, the disulfide bond
cleavage leads the chemical shift of the xenon atoms
encapsulated in cryptophane-A cages to change by 1.4 ppm
upfield. The detection threshold of biosensor 7 was found to be
200 pM, which makes its use to detect biothiols in cells at low
concentration promising. The colocalization experiment
demonstrated that the biosensor is localized to the mitochon-
dria. More importantly, the cellular fluorescence images and
Hyper-CEST spectra both demonstrate that the new biosensor
can respond to biothiols in cells. This provides a new strategy
for monitoring biothiols levels in cells. The development of
xenon biosensors to enable the detection thiols in cells is a key
step toward future in vivo applications. We envisage that this
method could potentially be used for the detection biothiols
levels in vivo. We are currently developing biosensors
functionalized with peptides or polymers to improve the
water solubility and bioavailability.
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