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Abstract:

Overexpression of tumor biomarker glutathione (G3H3 been documented in
numerous types of cancers, therefor GSH-activaggd-lip chemosensors for tumor
identification require great attention. A new caoetric/fluorescent probe
(7-(diethylamino)-2-oxo-2H-chromen-3-yl)methyleng)fdimethylamino)
benzohydrazide (HL) was prepared, which could belieg in discriminating Cti
and further recognizing GSH based on its Cu comgtastly, the probe HL toward
CU?* exhibited selective fluorescence quenching andionisv color change from
yellow to orange-red under visible light. Furthehien GSH was introduced to the
CU?*-2HL system, the fluorescence recovered rapidlytdude high affinity of GSH
to CU¥*, meanwhile the color reverted back to former yellBased on fluorescence
titration, the detection limits were calculated 2240x10° M and 1.29x107 M for
CU?* and GSH, respectively. The combination mode ofaith Cu** was investigated
in detail by Job plots, ESI-MS, FT-IR, and DFT sasd Probes HL and &u2HL
showed relatively less toxicity and were employedtdiological imaging in cells and
zebrafish. Remarkably, the detection for endoger®881 by this developed sensor

platform implied great potential application prosjp@ cancer diagnosis.
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1. Introduction

Among the important metal ions in human body, cogpays pivotal roles in
many biological processes [1]. Abnormality of’Cim the human body may destroy
normal physiological functions and cause cancereairodegenerative diseases4p
Elevated copper were often found in various malgmes, which is the necessary
angiogenic component in tumor growth and metasfasi. Meanwhile, Cti'is also
considered to be one of environmental pollutants, Which the World Health
Organization has stipulated the value ofQOn drinking water below 2 ppm [7]. On
the other hand, thiols, such as glutathione (G8k9teine (Cys), and homocysteine
(Hcy), play the vital roles in maintaining biologicredox homeostasis of bodies and
issues [8,9]. As the most abundant nonprotein t@&H is an essential redox control
agent to resist against free radicals and toxind,aso act as biomarker for various
medical diagnoses [10]. Abnormal levels of GSH &ssagiated with cancer,
Alzheimer’s disease, AIDS, liver damage, and otiibnents [11,12]. In comparison
with normal tissues, tumors always express higbeels of GSH, which could be
used tadifferentiate cancer and normal cell [13,14]. Datetand imaging of tumor
biomarker GSH will greatly improve the diagnosis aa@incer patients in the early
stages and contribute to precision cancer therdpyl[7]. Hence, it is very necessary

to develop efficient methods for €uand GSH detection in biosystem, especially for



cancer diagnosis.

Fluorescent and colorimetric chemosensors for meted and cancer biomaker
have received considerable attention in recent sydar their high selectivity,
sensitivity, simplicity and fast response [18-2@jwning to the outer electronic
arrangement (3 of CU* and its strong binding affinity toward thiols, qmw
complexes were successfully used to detect thimlsugh measuring changes in
fluorescence intensity or UV-vis absorption [23-26lhe chemosensors can
specifically distinguish Ci, then generated non-emissive fluorophore-Cu(ll)
complexes could further recognize thiols by dispfaent processes. Although this
method is simple and convenient, it is often limitey lower sensitivity, no visual
sensing and high toxicity.

It is well known that the key element of probe dess the exquisite combination
of different functional groups with appropriate pesties. Coumarin dye is
extensively used as building block and chromosphreesigning fluorescent probe
owning to its well-biocompatibility, good light digity, visible emission wavelength,
high fluorescence sensitivity and readily modifletkbone [27—-30]. Simultaneously,
acylhydrazine Schiff base derivatives have goodiegpons in the fields of medicine
and sensor, which can provide special coordinagiovironment and exhibited low
toxicity as well as good water solubility [31-35Jonsidering these aspects, we
designed a new chemosensor
(7-(diethylamino)-2-oxo-2H-chromen-3-yl)methylent)fdimethylamino)benzohydra

zide (HL) to detect Cii and GSHby “on-off-on” fluorescent switch strategy



accompanied with obvious colorimetric responsesentral aqueous media, which
possess high sensitivity and excellent selectimitgr a wide range of ions and amino
acids. Furthermore, the developed sensor platfaroidcbe successfully applied in
biological imaging and medical diagnostics withsfad results.
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Scheme 1. Syntheses of probe HL.

2. Experimental section

2.1. Materials and instruments

All chemicals were obtained from commercial prove&deand used without
purification. Zebrafish embryos and larvae werechased from Nanjing EzeRinka
Biotechnology Co., Ltd*H-NMR and **C-NMR spectra were obtained on Bruker
AVANCE Il spectrometer. FT-IR spectra were meaduo@ NICOLET IS50 FT-IR
spectrometer. UV-vis absorption spectroscopiese recorded on JASCO V-770
spectrometer. Fluorescence measurements were edqun Hitachi F-7000
fluorescence spectrophotometer. Electrospray itioiza mass spectrometries
(ESI-MS) were carried out on Finnigan LCQ electrgpray mass spectrograph.
Images were performed by confocal fluorescence asgmpe (Olympus FV1000,

Japan). The copper contents was also determinetibgtively-coupled plasma mass



spectrometry (ICP-MS, Optima 5300DV, PerkinElmer,SA). Steady-state

fluorescence experiment was performed on EdinbE&fh spectrofluorometer.
2.2. Preparation of HL

The synthesis procedure of HL was shown in SchemeFiist of all,
4-dimethylaminobenzhydrazide [36] and 7-diethylamsimumarine-3-aldehyde [37]
were synthesized followed to the reported methoflsen to a solution of
4-dimethylaminobenzhydrazide (89.6 mg, 0.5 mmolRThmL anhydrous methanol,
7-diethylaminocoumarine-3-aldehyde (122.7 mg, O&aty in 15 mL anhydrous
methanol was added slowly under stirring. The nixtuas refluxed for 10 h at 8C.
The resulting solution was cooled to room tempeeatand the precipitate was
filtered, washed with methanol twice and dried ungeuum. Finally, 124 mg orange
solid of
(7-(diethylamino)-2-oxo-2H-chromen-3-yl)methylent)fdimethylamino)benzohydra
zide (HL) was obtained at 61% yieftH NMR (400 MHz, DMSO#dg): & (ppm): 11.62
(s, 1H, NH), 8.47 (s, 1H, CH=N), 8.33 (s, 1H, ArGR)82 (d, J = 8.9 Hz, 2H, ArCH),
7.64 (d, J = 9.0 Hz, 1H, ArCH), 6.78 (d, J = 2.4, Hid, ArCH), 6.75 (d, J = 9.0 Hz,
2H, ArCH), 6.59 (s, 1H, ArCH), 3.47 (g, J = 7.0 Hit{, CH), 3.00 (s, 6H, Ch),
1.14 (t, J = 7.0 Hz, 6H, G} (Fig. S1).**C NMR (101 MHz, DMSOds) & (ppm):
160.88, 156.35, 151.13, 151.11, 148.23, 137.99,6830129.09, 119.37, 116.85,
113.01, 110.79, 109.65, 108.08, 96.38, 44.19, 40984 (Fig. S2). ESI-MS{/2

calculated [HL + H] = 407.2078, found 407.2077, [HL + Na§ 429.1897, found



429.1897(Fig. S3). FT-IR (KBr, c¢M): v(hydrazide N—H): 3304.43p(coumarin

C=0): 1696.40p(hydrazine C=0): 1651.52(Schiff-base C=N): 1615.94.
2.3. Absorbance and fluorescence measurements

HL was dissolved inN,N-dimethylformamide to make a stock solution with
concentration of IG M. All metal ion stock solutions were preparednirdheir
corresponding nitrate salts with methanol, mearavail anion stock solutions were
prepared from their corresponding sodium salts wkthanol. Amino acid stock
solutions were prepared using double distilled wak# the stock solutions (16 M)
were diluted properly for the spectrometry measems Job plots analysis was
performed by using UV-vis absorption spectrum, imck the proportions of HL and
CU?* varied meanwhile the total concentration of HL @' remained unchanged.
The solution of copper complex (€t2HL) for the detection of GSH were prepared
in situ by adding 10° M Cu(NOs), (20 pL) to 20 uM HL solution (2 mL), which
could be diluted to other concentrations.

2.4. Toxicity and bio-imaging studies

MCF-7 (breast carcinoma cells) and HUVEC (human ilioab vein endothelial
cell) were obtained from American. The toxicity dyuof probe HL and its Cu
complex were determined by MTT assay. MCF-7 celerewncultured on 96-well
cell-culture plates at a density of 3 x*1@lls/well, and incubated at 3C. 24 h later,
the cells were incubated with HL and {5@HL with varied concentrations for 6 h.

Then 10puL MTT solution was added and incubated for anothdr. Finally, the



supernatant was removed and 1,00 DMSO was added to dissolve the formed
formazan precipitate before measurements on thiiteft 200 Pro NanoQuant
Microplate Reader.

The cancerous cells MCF-7 and normal cells HUVECQewgypsinised and
reseeded at 3C. 12 h later, they were incubated with @ Cu?*-2HL or HL for 30
min. GSH, N-ethylmaleimide (NEM) or Cu(Ng), with different concentration was
loaded selectively for another 30 min. After washaells with cold PBS two times,
fluorescence images were taken.

Zebrafish embryos and larvae (3-day-old) were iated with CG"-2HL solution
(10 uM) for 1 h, then washed with deionized water thtid@es to remove excess
CU?*-2HL. Fluorescence images of zebrafish embryoslange were conducted by
using confocal laser scanning microscope. For coisga zebrafish larvae were
pretreated with 5@M NEM for 30 min to block thios, then incubated RviEf*-2HL

and carried fluorescence imaging under the sameitomm

3. Results and discussion

3.1. Colorimetric sensing studies

The absorption spectra of HL with various metal siowere measured in
CH3OH/H,0 (v/v = 1/1) solution (PBS buffer, pH = 7.4). Asosvn in Fig. S4, the HL
exhibited a strong broad absorption peak at 454wimile upon addition of Cii, the
maximum absorption peak was red-shifted to 487 Time.response time was below 1
minute. The absorption band with other metal ioresevalmost unchanged except

Ni?*, for which the maximum absorption slightly shiftesl long-wave bandA is
8



about 10 nm). In addition, all the tested metakididn’'t cause apparent interference
on absorption spectra of the HL-€usystem (Fig. S5), which is favorite to the
colorimetric detection of Cii under complicated environment. The absorption
titration experiments have been further perform@d. shown in Fig. la, with
increasing concentrations of €uthe maximal peak at 454 nm gradually decreased
and a new peak increased at 487 nm concurrently twid well-defined isosbestic
points at 389 and 470 nm, revealing that only asremlex formed from HL and G
[38]. The CG*-2HL system was prepared by adding 0.5 equiv’ @uthe solution of
HL to act as a new probe for GSH. When GSH was édolehe Ca™-2HL system,
the maximum absorption peak at 487 nm was blugeshtb 454 nm again (Fig. 1b).
Both of the abovabsorption titration displayed good linear relasioip between the
absorbance and &UGSH concentrations (within the range of 0+ for Ci?* and
0-25uM for GSH) (Figs. S6, S7 and Fig. 1 insert). It viagnd that detection limits
(DL) were 1.23 x 10 M for C/** and 2.18 x 10 M for GSH. Details for DL

calculations were shown in Sl, Figs. S6 and S7.
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Fig. 1. Absorption titration spectra of (a) probe HL (@@) with increasing concentration of &u



(01 equiv.) and (b) probe Et2HL (10 uM) with increasing concentration of GSH (0-6 equiv.
in CH;OH-H,O buffer solution. Inset: (a) the absorbance at #4&Y versus [Cti]; (b) the

absorbance at 430 nm versus [GSH].
3.2. Fluorescence sensing studies

The fluorometric analysis of probe system were meiteed in CHOH/H,O (v/v =
1/1) PBS buffer solution (pH = 7.4) upon excitatian450 nm. Probe HL can emit
intense fluorescence at about 521 nmhich could be markedly quenched by the
addition of C@* due to the paramagnetic quenching effect [39].(B@). For other
metal ions (1 equiv. NaK*, C&*, Mg*, AI**, Cd*, Ni**, Fe"*, zn** and Cd"), most
of them did not cause obvious changes except for Nhe fluorescence intensity for
Ni?* decreased by 11.9% in comparison with HL alondleathe quenching rate for
CU** reached to 89.8%. The excellent selectivity undemplex condition is an
important factor for practical application of flescence probe. To study the
anti-interference property of probe HL, we conddctifuorescence experiments
towards C@"along with other ions. As shown in Fig. S8, mosnpeting ions didn’t
significantly interfere the quenching effect of “ufor probe HL. Notably, the
existence of superfluous NaK*, Mg?* and C&" (which are important elements in

biological activities) hardly perturbed the fluatesce of C&-HL system.

The obtained CUi-2HL system could consequently act as a promisioge for
fluorescence “off-on” detection of GS¥Ha Cu** displacement approach. To evaluate

the selectivity of fluorescence probe?G@HL for GSH, the response of E2HL

10



(10 uM) to various amino acids including Arg, Asp, C¥lu, Gly, GSH, His, Iso,
Lys, Met, Pro, Ser, Thr, Tyr and Val, as well asimas anions (F CI', Br, NO,,
NOs;~, HPQ?, H,PO,~, CHCOO, HSand HS@') were measured, respectively. As
shown in Fig. 2b and Fig. S9, the fluorescence sonsat 521 nm significantly
enhanced by about 9.2-fold with the addition of G3Hile other amino acids and
anions exerted little influence on fluorescence ssion. Additionally, competition
experiments were also conducted (Figs. S10 and, 81which other amino acids and
anions did not seriously interfere with the measweet of GSH by probe Gi2HL,
suggesting that Gi+2HL had distinct potential to distinguish GSH ihypiological

environment.

Quantitative analysis of HL towards €uas well as Cii-2HL towards GSH,
were both studied in detail by fluorescence titmatexperiment (Fig. 3). With the
increase of CUl concentrations (L equiv.), the fluorescence intensity of HL was
gradually reduced and reached a minimum when Qué/eqf CUf* was introduced,
while further increase of Gliconcentration did not cause significant changéhin
emission intensity. For CGU2HL system, corresponding enhancements of
fluorescence intensity at 521 nm were followed wgftadual addition of GSH.
Excellent linear relationship between emissionristy and analytes (Gtiand GSH)
were both observed in the low concentration redieor Cif*: 0-4 uM, for GSH:
0-10uM; See insert of Fig. 3, Fig. S12 and Fig. S13Jjdating that the chemosensor
system could be used in quantitative determinatib@** and GSH. The detection

limits (DL) of probe HL for C&" and CG*-2HL for GSH were calculated to be

11



2.40x10° M and 1.29x10 M, respectively. Comparing with fluorescence detec
method, the content of Guwas also determined by ICP-MS, in which the retti
error was below 5% (Table S1). In addition, acaugdio the fluorescence titration
results, the intrinsic binding constant K for Twith HL was determined to be
2.63x16 M™%, which was calculated by the Benesi-Hildebranda¢iqn for 2:1
complex [9]. Details for DL and K calculations wetesplayed in SI and Fig. S14.
Transient fluorescence titration experiment of Gias been performed. As shown in
Fig. S15, the lifetime of Cu compldx = 0.29 ns) were obviously shorter than probe
HL (r = 0.49 ns), which was accordance with the fluaase intensity changeghe
quenching constantsg were determined as 3.77X14* for Cu complex, according
by the Stern—Volmer equatioig/F = 1+ Kg[Q] (Fig. S16) [40, 41]. And then,
molecular quenching constarksfor Cu complex was calculated to be 377810
s (kg = Ksv/to, To= 10°®s), which is much higher than the diffusion ratestant ¢a.

10'° M~'s™), thus assures the static quenching mechanism [42]

We know that most fluorescent probes are greafigcedd by pH value, so we
determined the fluorescence response of HL ant-ZWL from pH 2 to 12 (Fig.
S17). The fluorescence intensity of HL and®G2HL showed the similar trend and
were stable in a broad pH range (4-12) except &rasp downward trend from pH 3
to 4. Therefore, physiological pH value (7.4) wakested for experimental research,

which is beneficial for GSH tracking in living sgsh.

12
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Fig. 2. The fluorescence emission spectra of (a) probe(HLuM) upon addition of 1 equiv.
various metal ions and (b) Et2HL (10 pM for HL, 5 uM for CU?*) upon addition of different

amino acids (5QuM) in CH;OH-H,0 buffer solution Xex = 450 nm).
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Fig. 3. The fluorescence titration spectra of (a) probe(HLuM) with increasing concentration of
CU** from 0 to 10uM and (b) probe Cii-2HL system (1QuM) with increasing concentration of
GSH from 0 to 2QuM. Inset: the fluorescence intensity at 521 nmugi&) [CG'] and (b) [GSH]
(ex = 450 nm). The first points in titration experinemwere set as 1 x 70M and 2 x 10’ M for

(a) and (b), respectively .

3.3. “Naked-eye” detection
It should be noted that this chemosensor systempbgtential in “Naked-eye”

detection for Cti" and GSH, which possess good practicability duectovenience
13



and easy-operation. As shown in Fig. 4, with additof Cif*, the color of HL
solution noticeably changed from yellow to orangd;rwhile no obvious response
could be observed with other metal ions. Under 866UV irradiation, probe HL
exhibited green fluorescence. After adding Cthe green fluorescence disappeared,
while no corresponding fluorescence changes occurretienntervention of other
surveyed metal ions. With addition of GSH, the cald Cl/f*-2HL system reverted
back to former yellow, meanwhile displayed grearofescence under 365 nm UV
lamp (Fig. 5). Similarly, Color changes weren'ttdibed by various amino acids. It is
worth mentioning that all the response time for l@esa were below 1 minute.
Therefore, colorimetric probe HL and €+2HL can quickly detect Cii and GSH by
visual observation, respectively.

Room Light

—

Mg?* Zn?* Fe3*

Fig. 4. The photograph of probe HL (1M) with visual color changes upon the addition of 1

equiv. of different metal ions in GA@H-H,O buffer solution.
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Room Light

ittt

UV Light

Fig. 5. The photograph of probe &t2HL (10 uM for HL, 5 uM for Cu?") with visual color

changes upon the addition of 1 equiv. of GSH affdréint amino acids.
3.4. Binding mode studies

For determining the binding stoichiometry of HL Wi€l/*, Job plots (Fig. S18)
was obtained by absorption spectroscopy at 487 Tima. maximum absorption was
obtained at Ctf molar fraction of ca. 0.33, which indicated thé 2ombination ratio
between HL and Cil. ESI-MS experiment also proved the 2:1 bindingcsiometry
between HL and Cii (Fig. 6). The complex of HL with Cu(Ng) exhibited signal
peak at m/z 874.3221, corresponding to [@H]" (m/z: 874.3222). FT-IR
spectroscopy provided more evidence for the bindingL with CU/** (Figs. S19 and
S20). For HL, strong characteristic bands at 16961451.52 and 1615.94 chare
attributed tov(C=0, coumarin)yv(C=0, hydrazineand v(C=N), respectively. For
complex, these bands weaken and red-shifted, wigdified the binding of carbonyl

and imino groups with metal ion [35].

15
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Fig. 6. The ESI-MS spectrum of Gls2HL.

Density functional theory (DFT) studies of HL and Gmplex were performed at
the B3LYP level using Gaussian 09 programs [43k TANL2DZ basis set was used
for CU** whereas 6-31+G (d,p) for the other atoms. Themipéid geometries of HL
and Cu complex are presented in Fig. 7, which weoth local minima in the
potential energy surfaces without constrains of regtny. For Cu complex, Gliis
located in a distorted octahedral environment witCuNO, core involving imine
nitrogen, hydrazide carbonyl oxygen and coumarinb@ayl oxygen from two
tridentate L ligands. This coordination mode is sistent with the literature reported
before [35,44,45]. The energy band gaps between BOMighest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied Moldgar Orbital) are 3.357 eV
for HL and 2.876 eV for Cu complex, respectivelig(F521), which is consistent with

the red-shift effect of absorption peak [35].

16



Fig. 7. Optimized structures of HL and its Cu complex.

3.5. GSH sensing in biological system

To further investigate thim vivo application of probe molecule, the cytotoxicities
of HL and its Cu complex were investigated by MT3say. MCF-7 cells were
incubated with various concentrations of HL and’@HL for 6 h. As shown in Fig.
8, cell viability was higher than 95% over the fidhge of staining concentrations (0—
100 uM) for HL and below 25uM for Cu complex, which indicated that probe HL
(10 pM) and CG*-2HL (10 pM) could both be used safely for luminescence
bio-imaging. It is generally believed that excessbopper ion is toxic to organisms,

while the close encirclement by two chelated HlLvpres the interaction of Gliwith

17



proteins, thus results in the low cytotoxicity af*G2HL.
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Fig. 8. Cell viability of MCF-7 cells after treatments witdL (a) and C&-2HL (b) for 6 h.

Results are expressed as the nauD (n = 3).
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Fig. 9. (a) Confocal microscope images of MCF-7 cells Wwhigcere incubated with indicated
concentration of GSH followed by the treatment afqe CG*-2HL (10 pM). Top: fluorescence
images; middle: bright-field images; bottom: mergedages. (b) Quantified fluorescence
intensities of cells.

As shown in Fig. 9, after MCF-7 cells were inculdateith 10 uM Cu?*-2HL,
significant fluorescence was observed and increased GSH dose-dependent way

(IGSH] = 0—20uM). The result suggested that probe?E2HL was easily membrane
18



permeable and could detect GSH with high efficiemtylive cells. Remarkably,
obvious intracellular fluorescent emission was ole@ in MCF-7 cells even in the
absence of exogenous GSH, which is attributededabt that GSH always maintains
a high level in various cells. For confirming thedrescence is caused by GSH,
MCF-7 cells were pretreated with different concatn of NEM, which is an
irreversible chelator of GSH, to consume endogert®8sl. Then MCF-7 cells were
incubated with Cti-2HL for another 30 min and imaged under microscésyshown
in Fig. S22, the cellular fluorescence emission effectively reduced by NEM in a
dose-dependent way, which verified that prob&"@#L could sensitively detect
endogenous GSH. In addition, probe HL could detecessive CU ions in MCF-7
cells through fluorescence quenching mechanism §2§).

Due to the importance of GSH level in tumor ideatfion, we are interested in
the detection capability of G42HL in differentiating endogenous GSH levels in
tumor cells and normal cells. MCF-7 and HUVEC cellere both incubated with
CU?*-2HL for 30 min then imaged under the same condlitib was found that the
fluorescence intensity in MCF-7 cells was abovel@-higher than that in HUVEC
cells, suggesting higher GSH concentration in turnells (Fig. 10), which is
consistent with the reports that high levels of G8&k generated in tumor cells for

resisting intrinsic oxidative stress [46,47].
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with fluorescent probe Glr2HL. Left: fluorescence images; middle: brightidiémages; right:
merged images. (b) Quantified fluorescence intessif cells.

From a biological perspective, most human genes zglatafish genes are
homologous, and studies have proved that drug nsgpof zebrafish has a high
similarity with human being [48,49]. Due to the iopt transparency, zebrafish are
commonly selected as model animal for biomolec@ection in live organisms by
fluorescence imaging. Therefore, the applicabiitprobe Ca*-2HL to trace GSH in
zebrafish was investigated. Zebrafish larvae weocebated with 1M Cu**-2HL,
resulting bright fluorescence signal in eyes amggslive system of zebrafish (Fig. 11
and Fig. S24). As reference experiment, when matéd zebrafish with 50M NEM,
fluorescence was obviously weaken. In addition, Zélerafish embryos treated with
10 uM CU?*-2HL could also emit strong green fluorescence isicattered over the
whole embryos (Fig. S25). All the above resultsiagated the potential extensive

application of probe Cii2HL in living systems.
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Control

NEM+Cu?"-2HL Cu*'-2HL

Fig. 11. Fluorescence images of zebrafish larvae incubaiéu @uf*-2HL. Bright field image
(left), fluorescence image (middle) and overlapgméight).Aex = 488 nm.
4. Conclusions

A unique chemosensor system for detecting"@md tumor biomarker GSH has
been successfully devised, which exhibit high seuitsi excellent selectivity and
good anti-interference over other metal ions ormanacids. The 2:1 binding mode of
CU?* with HL was proven by ESI-MS, IR, Job plots anadyand DFT calculations.
The developed chemosensor system shows severalficsigh advantages: (1)
simplicity in design and performance; (2) time-s@vsensing process in which all the
detection is finished within 1 min; (3) can achié\aked-eye” detection; (4) can
selectively detect GSH in complicated environmewtuding biological interferents
HS', Hcy and Cys. More importantly, it shows good data ability in real sample

analysis especially for medical diagnosis. Due tto excellent characteristic, this
21



detection system has great potential for evaludtiegumor biomarker GSH levels in
biological and medical fields.
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Cancer identification was achieved by endogenous GSH sensing.
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