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Detection of glutathione in human serum is of great importance for clinical diagnosis of various diseases, such as
AIDS, diabetes mellitus, Alzheimer disease and cancer. In this work, a new water-soluble bismacrocyclic poly-
amine-derived compound, namely L, which contains two molecules of 4-nitro-1,2,3-benzoxa-diazole as the
fluorophores, was designed and prepared. The experiments of selectivity of L toward metal ions showed it could
rapidly and sensitively detect Hg>* with a detection limit of 27 nM. Furthermore, the cell imaging and co-
staining experiments in HeLa cells demonstrated that the L-Hg?* probe had selectivity for the Golgi apparatus to

a certain degree. Moreover, it had excellent selectivity for biothiols, especially for glutathione. Finally, the probe
was successfully applied to sensitively detect glutathione (GSH) in human serum and fetal bovine serum.

1. Introduction

Mercury is a highly poisonous neurological toxin. It is also con-
sidered as a hazardous heavy metal pollutant due to its widely use in
many fields. Inorganic mercury (Hg>*) can be converted to a more
toxic organic form i.e. methylmercury (MeHg) by sulfate-reducing
bacteria (SRB) [1-3]. The MeHg can subsequently be accumulated in
the human body, especially in the central nervous system, through the
food chain [4-7]. Paddy rice and fish consumption is the main source of
mercury exposure in populations living in Chinese mainland. In a vast
area of some regions, such as Guizhou province, paddy fields and water
sources have been severely contaminated by mercury [8-11].

Mercury is also a highly thiophilic metal that has strong affinity for
thiol-containing biomolecules (biothiols), such as GSH, cysteine (Cys),
homocysteine (Hcy), and albumin. It is widely known that the forma-
tion constant for Hg(I)-thiol bond has been estimated to be as much as
10 orders of magnitude greater than the formation constant for the
bonding of Hg(II) to other nucleophiles present under the same con-
dition [12,13]. This is the reason that them play vital roles in main-
taining the appropriate redox status of biological systems. Among these
biothiols, GSH is the most abundant endogenous nonprotein thiol and
its cellular concentrations can range from 1 to 15 mM depending on the
cell types [14,15]. Of all the thiol containing components of blood, the
GSH conent makes up approximately 90% of its entire composition with
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previous literature stating that, owing to this extremely high con-
centration of GSH, all other potential thiol molecules can be ignored
[16,17]. The aberrant concentration of GSH in serum has been reported
to link with many medical conditions including edema, skin lesions and
slow growth of children [18,19]. GSH is also well-known as a scavenger
protecting the cells against reactive oxygen species (ROS), drugs, and
heavy metal ions (including Hg2+) [20,21]. It is involved in the reg-
ulation of the redox homeostasis through the equilibrium between its
reduced form (GSH) and GSSG.

Based on above, it is of great significance to develop a simple and
sensitive detection of aqueous Hg>*. Fluorescent probes are powerful
tools in the study of function, metabolism or toxicity of metals and
biological molecules at the molecular level, in addition to environ-
mental monitoring. Many small molecule-based fluorescent probes have
been developed for detecting Hg?" in aqueous solution [22-28], some
of which have succeeded in cells and vertebrate models, such as zeb-
rafish [26-28]. A plentiful of probes for Hg®* detection are constituted
by a fluorophore containing nitrogen receptor units [27,29-33]. This
implies that nitrogen containing macrocyclic receptors are suitable for
constructing Hg?* probes. Meanwhile, our group has been devoting
ourselves to the design and use of N-containing macrocycles for fluor-
escent probes in recent years [34,35].

Consequently, it is feasible to design fluorescent probes for Hg**
recognization based on N-containing macrocycles and followed by
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Scheme 1. Synthetic route of probe L.

biothiols detection on the basis of strong bond affinity between Hg and
sulfydryl of GSH [36]. In this work, the fluorescent probe L, bearing two
1,4,7-triazacyclononane as receptors was synthesized and used to de-
tect Hg?*. This probe responds to Hg®* rapidly and sensitively with the
limit of detection (LOD) of 27 nM. Cell imaging experiments demon-
strated L is a subcellular localization probe on Golgi apparatus. Fur-
thermore, the L-Hg>" complex was successfully applied to detect GSH
in human serum employing standard addition method.

2. Experimental
2.1. Reagents and instrumentation

All starting materials were of reagent quality and were obtained
from commercial sources. They were used without further purification.
4-chloro-7-nitro-1,2,3-benzoxa-diazole (4-Cl-NBD), N-ethylmaleimide
and N-acetyl-L-cysteine were purchased from Heowns Co., Ltd. MTT
was obtained from Sigma-Aldrich Co., Ltd. Hoechst 33358, Mitotracker
Red, BODIPY TR ceramide, LysoTracker Red DND-99 were purchased
from Invitrogen Co., Ltd. Human serum and fetal bovine serum (FBS)
were obtained from Nanjing First Hospital and Gibco company, re-
spectively.

Electrospray ionization (ESI) mass spectra were obtained using a
LCQ Fleet ThermoFisher mass spectrometer. All emission spectra were
recorded on a PerkinElmer LS 55 fluorescence spectrometer. 'H NMR
spectra in CDCl; were measured using a Bruker DRX-500 spectrometer
at 25 + 1°C. Sample pH was monitored using a PHS-3 system.
Temperature in fluorescence titration was controlled using a LAUDA
E100 circulating water pump. Analysis of MTT assay was conducted
using a microplate reader (Thermo Scientific Varioskan Flash, USA).
Fluorescence cell imaging was carried out using a CarlZeiss LSM 710
confocal microscope system (Germany).

2.2. Synthesis of compound L

The synthesis route of L is shown in Scheme 1. Ethyl-bridged bi-
macrocyclic polyamine compound Ts,;-dtne was synthetized by re-
acting between Ts,-tacn and 1,2-dibromoethane. Then removing the
protecting group Tosyl of Ts,-dtne in concentrated H,SO4 gave the free
bimacrocyclic polyamine dtne in 81% yield. After dtne reacted with 4-
CI-NBD in CHCl3, the target compound L, with NBD-armed bimacro-
cyclic polyamine was obtained.

2.2.1. Synthesis of N,N’-bis(p-tolylsulfonyl)-1,4,7-triazacyclononane (Ts4-
dtne)

1,4-Bis(p-tolylsulfonyl)-1,4,7-triazacyclononane (Tsp-tacn) was
prepared according to the previous method [37-39]. Ts.-tacn (4.8 g,

11 mmol) in 120 mL acetonitrile was mixed with Na,CO; (4.81g,
45 mmol) in 60 mL water and then stirred at 100 °C for 5 min. After 1,2-
dibromoethane (0.5mL, 5.5mmol) was added, the mixture was re-
fluxed for 24 h. And after cooling down to room temperature, it was
poured into 300 mL of ice-cold water and vigorously stirred. The re-
sultant mixture was filtered to obtain white solid precipitate, which was
then washed three times with ice water (50 mL each) and dried under
vacuum to afford the product Ts4-dtne 4.4 g (89%). ESI-MS (CH5;CN):
calculated m/z for C4oHs;NgOgS,4 [Tss-dtne + H] ' was 901.30; mea-
sured value was 901.42 (Fig. S1, Supporting Information).

2.2.2. Synthesis of 1,2-bis(1,4,7-triaza-1-cyclononyl)ethane (dtne)
Ts4-dtne (4.5 g) was dissolved in 20 mL of concentrated H,SO4, and
while stirring, the mixture was heated at 100 °C for 60 h, which resulted
in a yellow solution. After cooling down to room temperature, the
mixture was added dropwise with pre-prepared cooled 20% NaOH (the
resulting solution has a pH = 13), and after that was filtered to remove
Na,SO0410H,0. The filtrate was extracted three times with CHCl;
(50 mL each). The chloroform layers were combined and dried over
anhydrous sodium sulfate overnight. After filtration, chloroform was
removed under reduced pressure and to give the free polyamine dtne,
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Fig. 1. Fluorescence emission intensity of L in the presences of different metal
ions. The amount of Ca®?*, Na* and Mg?* was 10 equivalence, and that of
other ions was 1 mol equivalence. The measurement was carried out in 10 mM
HEPES buffer, pH 7.4 containing 5% CH3CN. [L] = 20uM A = 470 nm
Aem = 530 nm.
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Fig. 2. (a) Fluorescence emission spectra of 20 uyM L in 10 mM HEPES buffer,
pH 7.4 containing 5% CH3CN titrated with Hg(ClO,4), solution (bottom to top:
0-15puM). Aey = 470 nm. (b) Fluorescence titration profile extracted from (a).

pale yellow oil solidified as white crystalline solid on standing, was
obtained (1.15g, 81% yield). ESI-MS (CH5CN): calculated m/z for
C14H33Ng [dtne + H]' was 285.45; the measured value was 285.58
(Fig. S1, Supporting Information).

2.2.3. Synthesis of 4,4’-bis(4-nitro-1,2,3-benzoxa-diazole)-1,2-bis(1,4,7-
triaza-1- cyclononyl)ethane (L)

4-Chloro-7-nitro-1,2,3-benzoxa-diazole (852 mg, 3 mmol) in 50 mL
of CHCl; was added dropwise to 100 mL of a solution containing dtne
(618 mg, 3 mmol) and Et3N (102 mg, 1 mmol) in CHCl3. The resulting
mixture was then heated at 60 °C and stirred for 2 h under N, ambient.
After being cooled down to room temperature, the obtained mixture
was washed three times with 1M NaOH solution (20 mL each), fol-
lowed by three times with redistilled water (3 X 20 mL). The organic
layer was dried over anhydrous sodium sulfate overnight and evapo-
rated to give the solid crude product. The residue was purified by
column chromatography and eluted with a gradient of chloroform/
methanol/NH3-H,0 (v/v/v, 10:1:0.1), yielding a deep red solid, product
L (115mg, 38%). ESI-MS (CH3CN): calculated m/z for CagH3sN1206
[ + H]*was 611.27; the measured value was 611.67 (Fig. S1, Sup-
porting Information); *H NMR (500 MHz, CDCl;) & 8.48 (d, J = 8.9 Hz,
1H), 8.58 (s, 1 H), 8.09 (d, J = 8.3, 2H), 7.63 (m, 2H), 7.54 (d, J = 7.9,
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Fig. 3. Fluorescence changes of L-Hg?* (20 uM) in the presence of different
ions, amino acids and other compounds. One mole equivalence of sodium salts,
except for Br~ and I~, which were used as potassium salts. The measurement
was conducted in 10 mM HEPES buffer, pH 7.4 containing 5% CH3CN. 1 re-
present control group, 2 to 18 represent F~, Cl~, Br~, CH3COO™, COo527,
NO5;~, PO,3~, SO42~, PPi, glycine, histidine, aspartic acid, tyrosine, threonine,
GSH, Cys, and GSSG, respectively.

2H), 7.52 (m, 1 H), 6.17 (d, J = 9.0 Hz, 1H), 4.16 (d, J = 56.7 Hz, 4H),
3.26 (s, 2H), 3.11 (s, 2H), 2.70 (s, 2H), 2.58 (s, 2H), 2.51 (s, 2H), 1.28
(s, 4H) (Fig. S2, Supporting Information).

2.3. Solution preparation

Stock solutions (20 mM) of metal ions, including Na™*, K*, Ca?*,
Mg?*, Zn?*, cu®*, Fe®*, Fe®*, Co?*, Ni**, cd?*, Pb**, Cr**, and
Hg?™, were prepared in deionized water. Stock solution of L was pre-
pared by dissolving L in 10 mM HEPES buffer, pH 7.4 containing 5%
CH3CN. Stock solutions (10mM) of anions (NaF, NaCl, KBr,
CH3COONa, N32C03, KNOg, N32504, N33PO4, Na4P207, glycine, histi-
dine, aspartic acid, tyrosine, threonine, GSH, cysteine, and GSSG) were
also prepared in deionized water.

2.4. Cell culture and MTT assay

HeLa cells were cultured and maintained in Dulbecco's modified
Eagle's medium (DMEM) containing 10% fetal bovine serum (Gibco)
and antibiotics (100 units/mL penicillin and 100 pg/mL streptomycin)
at 37 °C in an incubator humidified with 5% CO2. Before MTT assay,
HeLa cells were seeded in a 96-well plate, into which various con-
centrations (0-50 uM) of probe L were added. After 24 h, 10 uL of MTT
(5 mg/mL) was added to each well and then incubated for an additional
4 h. Subsequently, DMEM medium was removed, and 100 pL. of DMSO
was added. Finally, absorbance at 490 nm of the cells was measured
using a microplate reader.

2.5. Fluorescence cell imaging

Prior to imaging of exogenous Hg?* and GSH, Hela cells
(1 x 10° cellsymL) were seeded in a plate for 24h. After that, the
medium was removed, and the cells were washed with PBS, incubated
with 50 uM L at 37 °C for 30 min, and then washed again with PBS. The
cells were subsequently incubated with 5uM Hg(ClO4),at 37 °C for
various time periods (1, 2, 5, 10, 15, 20, or 30 min) and were then
subjected to fluorescence imaging at A =488nm and
Aem = 500-550 nm (green). Similar procedures were used in the ima-
ging of exogenous GSH.
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Fig. 4. Fluorescence emission spectra of 20 uM L-Hg?* in the presence of GSH
(1 mM, 0-40 pL). The measurement was carried out in 10 mM HEPES buffer, pH
7.4 containing 5% CH3CN. (b) A linear relationship between fluorescence in-
tensity at 530 nm and GSH concentration.

Co-localization fluorescence imaging was also conducted. HeLa cells
were co-stained with Hoechst 33258 (10 uM; a nucleus stain), BODIPY
TR ceramide (10 uM; a Golgi complex stain), LysoTracker Red DND-99
(10 uM; a lysosome tracker), Mito-Tracker Red (10 uM; a mitochondrial
tracker), and compound L (100 uM) at 37 °C. Prior to imaging, the cells
were washed three times with PBS. The confocal fluorescence imaging
of stained cells was carried out at Aoy = 488 nm and A, = 500-550 nm
(green) and at A¢y = 639 nm and A, = 680-780 nm (red).

3. Results and discussion
3.1. Detection of Hg?™*

Selectivity is a critical factor for evaluating the performance of a
new fluorescent probe. For its application in environmental and bio-
medical fields, it is crucial that a probe is highly selective to its target
rather than to other competing species. The selectivity of compound L
towards common metal ions was monitored through fluorescence
spectral characteristics (Aex = 470 nm). The measurements were car-
ried out in a 10 mM HEPES buffer, pH 7.4 containing 5% CH3CN.

As shown in Fig. 1, free probe L exhibited low emission intensity at
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530 nm. When 1 mol equivalence of Hg?* was mixed with the probe,
the fluorescence intensity was sharply increased by about 50 folds after
3 min. By contrast, a negligible increase of fluorescence intensity was
observed when Na*, K*, Ca®*, Mg?*, Zn?*, Cu®*, Fe®*, Fe?*, Co**,
Ni%*, cd®*, Pb?>* or Cr** at 1 mol equivalence was added. Competitive
experiments were also carried out by addition of 1 mol equivalence of
Hg?* to a solution containing probe L, Ca>*, Na* and Mg>*. The re-
sults showed that the selectivity of L towards Hg?* remained un-
affected, although a number of other metal ions were presented.

Furthermore, Hg?" titration experiment was carried out. Fig. 2a
shows the fluorescence spectra (A.x = 470nm) of L incubated with
different concentrations of Hg®*. The fluorescence intensity at 530 nm
increased in a [Hg?*]-dependent manner; it increased with increasing
concentration of Hg>", reaching its maximum value when 0.5mol
equivalence of Hg?* was added (Fig. 2b). Additionally, the fluores-
cence intensity increases linearly with the Hg>* concentration range of
0-10 pM. Fluorescence intensity was enhanced by a factor of ~50 when
the mole ratio ([Hg>*1/[L]) was 0.5:1, and higher [Hg?" ] did not
result in further fluorescent changes. The fluorescence titration ex-
periments further showed that the minimum concentration of Hg?*
that could be detected was 27 nM [40] (Fig. S3, Supporting Informa-
tion).

Moreover, a Job's plot was adopted to determine the binding stoi-
chiometry of L-Hg?* complex. The plot shown in Fig. S4, Supporting
Information indicates that when the molar fraction of [Hg2+]/([L]
+ [Hg“]) reached 0.5, a maximum fluorescence emission intensity
was observed, indicating that the binding between probe L and Hg?™*
1:1. Furthermore, the electrospray mass spectrometry and isotope
modeling were employed (Figs. S4a and S4b, Supporting Information).
The fragment peak of ES-MS at m/z 847.25, which corresponds to [(L-
H)+Hg?* +2H,0] " (calculated as 847.25), further confirmed that L
formed a 1:1 complex with Hg?". Using the linear Benesi-Hildebrand
equation, a linear relationship between [Iy/(I-Iy)] (at 530 nm) and 1/
[Hg2+], which is the fluorescence titration profile, was obtained (Fig.
S5, Supporting Information). The association constant for L-Hg?* de-
termined from the slope and the intercept of the plot was
Kass = 4 X 10°M ™1 [31].

3.2. Selective fluorescence response of L-Hg?* toward GSH/Cys

The selectivity of L towards Hg®* was examined in the presence of a
variety of other metal species and amino acids that were widely dis-
tributed in biological system, including F~, Cl~, Br~, CH3COO™,
CO3%2~, NO3~, PO,3~, SO,2~, PPi, glycine, histidine, aspartic acid,
tyrosine, threonine, GSH, Cys, and GSSG. As illustrated in Fig. 3, there
were no apparent fluorescence changes upon the addition of species
other than GSH and Cys. The fluorescence intensity drastically de-
creased (by more than 80%) when 1 equiv. of GSH or Cys was added to
the solution of L-Hg?*, which suggests that biothiols like GSH and Cys
can effectively quench the fluorescence of L-Hg>*. Additionally, in the
presence of GSH, the change of fluorescence of Hg>* was visible under
natural light or ultraviolet light (365nm) (Fig. S6, Supporting In-
formation).

We further examined the fluorescence intensity change of L-Hg**
under different GSH concentrations and the result is shown in Fig. 4.
The fluorescence intensity of L-Hg?>* gradually decreased with the in-
crease of GSH concentration from 0 to 20 uM. In addition, the fluor-
escence was almost completely quenched when GSH concentration was
18 uM (Fig. 4a). A good linear relationship with a correlation coefficient
of 0.998 was observed between the fluorescence quenching and the
concentration of GSH (7-15 uM). The relationship can be used for the
quantification of GSH (Fig. 4b). The LOD of L-Hg>" in GSH detection
determined at 30 was as low as 0.3 pM, which is lower than commercial
glutathione assay kit with its minimum detection content of 1 pM.
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Fig. 5. Confocal fluorescence images of living HeLa cells. HeLa cells was incubated with L (50 uM) at 37 °C for 30 min, followed by Hg(ClO4), (5 uM) for 30 min.
(a-h): fluorescence images at 0, 1, 2, 5, 10, 15, 20, and 30 min, respectively. The images were acquired in the green channel (Aey, = 500-550 nm). Aex = 488 nm
scale bars = 10 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Confocal microscopic images of HeLa cells, demonstrating colocaliza-
tion of L-Hg?" and other organelle-specific dyes. Left column: bright-field
images. Top to bottom: HeLa cells incubated with Hoechst 33258, BODIPY TR
ceramide, LysoTracker Red, and Mitotracker Red, respectively for 30 min at
37°C, followed by L (50 uM) for 30 min and Hg?* (5uM) for 15 min. Scale
bars = 10 um. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the Web version of this article.)

3.3. Fluorescence imaging in living cells

To evaluate potential application of probe L in biological system, its
cytotoxicity in the concentration range of 6.25-50 uM was examined by
MTT assay (Fig. S7, Supporting Information). The result showed that
viability of HeLa cell was higher than 85% after being incubated with
different concentrations of probe L for 24 h. The result indicates that
probe L has negligible cytotoxicity and high cytocompatibility, thus is
suitable for cell imaging.

Consequently, we explored the ability of L in fluorescence imaging

of Hg?" in living cells. Hela cells were first incubated with L (50 st all
cells were stained, and stronger fluorescence intensity was observed
(Fig. 5). The fluorescence reached its maximum intensity on after about
15 min. The fluorescence reached its maximum intensity on after about
15 min. Mean fluorescence intensity at different incubation times can
be found in Fig. S8, Supporting Information. This result indicates that L
can penetrate through the cell membrane and distribute in the cyto-
plasm. Additionally, Hg** can bind to L, thereby causing the increase of
fluorescence intensity inside the cells. However, in an in vitro experi-
ment, significant change of fluorescence intensity was not observed
when Hg(ClO,), was added into L pre-treated with 10 eq. GSH. This
observation may be due to that Hg?* has a stronger binding affinity for
GSH than L. It also suggests that the sites that L occupied in cells do not
overlap the location of endogenous GSH in HeLa cells. Furthermore, we
inactivated endogenous GSH using NEM, a sulfhydryl blocker [41] and
then incubated with Hg(ClO,), for a certain period of time. The result
showed that the fluorescence change of the complex was negligible
compared with that of the control group. These findings suggest that L
is a promising sensitive Hg>* probe for cell imaging; the effect of en-
dogenous GSH on the probe is negligible.

In order to further explore other application of L-Hg>* in imaging of
living cells, colocalization experiments were conducted in HeLa cells to
investigate the organelle-targeting ability of the probe. In this experi-
ment, HeLa cells were co-stained with L-Hg** and four commercially
available probes targeting nucleus (Hoechst 33258), the Golgi appa-
ratus (BODIPY TR ceramide), lysosomes (LysoTracker Red) and mi-
tochondria (Mitotracker Red). As shown in Fig. 6, compared to that of
nucleus and mitochondrial, red fluorescence signal of BODIPY TR cer-
amide in the Golgi apparatus (second row) and that of LysoTracker Red
in lysosome (third row) are better overlapped with the green fluores-
cence of L-Hg®*. Image J was used to calculate the colocalization
coefficient, and the Pearson's method was employed to evaluate the
colocalization [42]. The colocalization coefficients for L—Hg2+ and
BODIPY TR ceramide and LysoTracker Red were 0.7 and 0.67, re-
spectively, indicating that the L-Hg?* has high specificity for the Golgi
apparatus.

3.4. Practical application of L-Hg?* in human serum and FBS

To evaluate the sensing capability of L-Hg?" in real samples, the
probe was applied to detect GSH in FBS and human serum. Based on the
correlation between fluorescence intensity and GSH concentration, we
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Fig. 7. (a) Fluorescence intensities (Aem = 530 nm) of L-Hg?" in the presence
of different concentrations of GSH and varying volumes of human serum. (b)
The correlation between calculated GSH concentration and volume of human
serum.

adopted the standard addition method, in which specific volume of
serum was pre-added before conducting the fluorescence titration of
GSH (1 mM), to determine GSH level in human serum by using L—Hg“
(Fig. 7) [43]. Three different volumes of serum (2.5, 4.0, and 5.0 pL)
were used. The results were represented as a plot of concentration of
added standard (x axis) and fluorescence intensity (y axis) (Fig. 7a).
After applying the dilution factors to the samples, we found that the
concentration of GSH in human serum was 810 uM (Fig. 7b). The value
is within the range of the previously reported value of GSH in healthy
subjects (400-1200 uM) [44-46]. The concentration of GSH in FBS was
also determined using the same procedure; it was found to be ap-
proximately 617 uM (Fig. S9, Supporting Information).

4. Conclusion

In summary, we successfully synthesized an NBD-based “turn-on”
fluorescent probe L for Hg®* detection. The probe could rapidly re-
spond to Hg>" in aqueous solution and had high sensitivity with an
LOD = 27 nM. It could be applied to monitor exogenous Hg?" in living
HelLa cells, which contain abundant GSH whereas no interference. The
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colocalization experiments further demonstrated that the probe L was
able to detect Hg?>* in the Golgi apparatus, making it a promising tool
for study the function of Golgi involved the metabolism and detoxica-
tion of mercury. Lastly, the complex L-Hg®* had high selectivity to-
wards biothiols such as GSH, with the LOD of 0.3 uM, which is much
lower than the commercial glutathione assay kit analysis method,
usually 1 uM. On this basis, the probe L was easily and successfully
employed to detect GSH in FBS and human serum, therefore can be a
useful tool for monitoring GSH in a biological system.
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