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Glutathione (GSH) is present in almost every cell in the body and plays various integral roles in many biological
processes. The Golgi apparatus is a eukaryotic organelle for the biosynthesis, intracellular distribution, and
secretion of various macromolecules; however, the mechanism of GSH in the Golgi apparatus has not been fully
elucidated. Here, specific and sensitive sulfur-nitrogen co-doped carbon dots (SNCDs) with orange-red fluores-

cence was synthesized for the detection of GSH in the Golgi apparatus. The SNCDs have a Stokes shift of 147 nm
and excellent fluorescence stability, and they exhibited excellent selectivity and high sensitivity to GSH. The
linear response of the SNCDs to GSH was in the range of 10-460 uM (LOD = 0.25 pM). More importantly, we
used SNCDs with excellent optical properties and low cytotoxicity as probes, and successfully realized golgi
imaging in HeLa cells and GSH detection at the same time.

1. Introduction

Biothiols play a greater role in the physiological activities of humans,
and changes in their concentration may be related to many diseases and
cell functions. As the richest biological mercaptan in cells, GSH is closely
related to biological processes [1]. As an endogenous antioxidant, GSH
directly participates in neutralizing reactive oxygen species and free
radicals to maintain the balance of the immune system in cells. It also
plays important roles in metabolism, cell regulation, and intracellular
signal transduction [2-5]. However, GSH abnormalities are closely
related to the occurrence of many diseases, such as liver injury, cancer,
aging, neurodegenerative diseases, growth retardation, and vascular
diseases [6-9]. GSH synthesized in the cytoplasm is distributed in all
subcells; including the mitochondria, nucleus, and endoplasmic reticu-
lum. The specific requirements and functions of GSH in various envi-
ronments are important [10,11]. For example, in the mitochondria, GSH
plays a pivotal role in preventing respiratory-induced reactive oxygen
species and detoxifying lipid hydroperoxide and electrophilic reagents
[12]. In the nucleus, GSH maintains DNA repair and plays a catalytic
role in the processes of expression and synthesis [13]. In the endo-
plasmic reticulum, GSH mainly exists in the form of oxidized glutathione
(GSSG), providing the necessary environment for the folding of new
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proteins and the formation of disulfide bonds [14]. In contrast, the de-
mand and functional impact of GSH in the Golgi apparatus have not
been widely studied.

The Golgi apparatus is an organelle found in the majority of
eukaryotic cells, and it is the main collection and delivery station that
receives protein products from the endoplasmic reticulum. It also par-
ticipates in lipid transport and lysosomal formation [15,16]. Structural
and functional abnormalities of the Golgi apparatus can lead to a range
of diseases, including cancer, neurodegenerative disorders, cardiovas-
cular diseases, stroke, and pulmonary hypertension [17-22]. Thus,
identifying a specific and sensitive technique to detect GSH in the Golgi
apparatus. Rong et al. successfully synthesized a GT-GSH probe, that
could target the Golgi apparatus and detect GSH Changes in GSH con-
centration in the Golgi apparatus, which can be used to study the
oxidative stress process of Golgi apparatus [23]. Organic small-molecule
dyes are known to have poor resistance to photobleaching and are not
suitable for long-term observation. Therefore, a probe with good sta-
bility and strong photobleaching resistance must be developed to
observe the effect of GSH concentration in the Golgi apparatus.

Carbon quantum dots (CDs), as a new form of fluorescent probe
material, have the advantages of high water solubility, good biocom-
patibility, low toxicity, and high light stability; thus, they have been
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widely used in the field of biosensors and biological imaging [24-29].
Although targeting CDs have been used to detect GSH in subcellular
organelles (including lysosomes and mitochondria), targeted Golgi CDs
for the detection of glutathione have not been reported [30-32].
Therefore, multifunctional CDs should be developed, which can accu-
rately and sensitively locate Golgi apparatus and monitor changes of
GSH concentration.

To solve the above problems, we used o-phenylenediamine and
phenyl-sulfonamide as precursors to synthesize SNCDs with orange light
using one-step hydrothermal method. SNCDs exhibit ultra-low toxicity,
excellent biocompatibility, and high stability. This probe can sensitively
detect GSH in solution and has excellent targeting effect on the Golgi
apparatus. SNCDs as the probe can support the detection and visuali-
zation of exogenous GSH in Golgiin HeLa cells.

2. Methods
2.1. Preparation of the SNCDs

Scheme 1 describes the preparation process, in which 3 mmol of o-
phenylenediamine, 2 mmol of benzenesulfonamide, and 30 mL of ul-
trapure water were added to the polytetrafluoroethylene lining. The
mixture was heated at 180 °C for 9 h under static conditions in a
stainless-steel autoclave. After cooling to room temperature, a yellow-
brown solution was obtained and large particles were removed
through a 0.22 pm needle filter. The above solution was placed in 500 Da
dialysis bag for dialysis to remove small molecular impurities, and then
freeze-drying was performed to obtain SNCDs.

2.2. Preparing for SNCDs-based testing

SNCDs were dispersed in ultra-pure water to obtain a 3 mg/mL SNCD
solution. Then, 100 pL (3 mg/mL) of the SNCDs solution was added to 3
mL water, and 100 pg/mL of the SNCDs solution was collected for the
spectral test.

2.3. Cellular toxicity test

HeLa cells were placed in culture flasks (Nunc, T25 EasY Flash),
added to complete DMEM culture medium (DMEM: FBS = 10:1), and
incubated in a cell culture chamber at 37 °C. Dilute the cells after
digestion and centrifugation, and the cell suspension was added to 96
well plates and incubation for 24 h. Then, different concentrations of
SNCDs were added and incubated for 24 h. After incubation, each well
was washed twice with PBS. CCK-8 was mixed with the culture solution
at 1:10, and 100 pL was added to each well. After reacting for 1 h, the
optical density (OD) at 450 nm was obtained on the microplate reader.
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2.4. Cell imaging

The HelLa cell line is used as a model for SNCDs imaging.1 mL of
DMEM medium containing SNCDs (without FBS) was added to the cell
culture dish and incubated in the cell incubator for 30 min. Then,
incubate cells with a commercial Golgi Tracker Green probe according
to the instructions to verify the targeting ability of SNCDs to Golgi
apparatus. The cell line was rinsed three times with PBS to remove the
residual probe, and imaging was performed using Nikon A1R MP+ laser
scanning confocal fluorescence microscopy. The excitation wavelengths
of SNCDs and Golgi-Tracker Green probes are 405 nm and 488 nm,
respectively.

3. Results and discussion
3.1. SNCDs characteristics

Here, the morphology, size, structure, element composition, and
optical properties of the prepared SNCDs were characterized and
analyzed by different technical means. Firstly, the morphology and size
of the TEM image (Fig. 1a) showed that SNCDs are spherical and uni-
formly dispersed. The average particle size is 2.43 nm, distributed in the
range of 1.75 nm-3.25 nm (Fig. 1b). Next, we characterized the surface
functional groups of SNCD by FTIR (Fig. 1c). -OH and —NHj stretching
vibrations are identified from the absorption peaks at 3446-3225 cm ™!
[33]. The absorption peak at 1635 cm~! is attributed to the stretching
vibration of C=0. The absorption peak at 1581 cm™! and 1448 cm™!
correspond to C-C and C-N stretching vibrations [34,35]. The tensile
vibrations of C-O, C-S, and C-H are identified from the peaks within
1000-1350 cm ! [36,37]. C-O-C stretching vibrations corresponded to
the 1448 cm™! absorption bands [34]. And, the peaks observed at 899,
753, and 684.3 cm™! originate from the stretching vibrations of the
bending modes of S=0, S-O, and S-C, respectively [38]. The FTIR
analysis showed that the SNCDs was modified with amino, carboxyl,
sulfonamide groups, and sulfonic acid residues. X-ray photoelectron
spectroscopy (XPS) showed four peaks at 284.8, 398.8, 532.1, and 167.9
eV (Fig. 1d), which corresponded to C 1s, N 1s, O 1s, and S 2p, respec-
tively. The results indicated that the prepared SNCDs were doped with
heteroatoms (N and S). The high-resolution C 1s XPS spectrum (Fig. 1e)
revealed the existence of various carbon-bonded substances, such as
C-C/C=C (284.8 eV), C-N/C-S (286.1 eV) and -COOH (288.6 eV) [26,
39]. In the high-resolution spectrum of N 1s, O 1s, and S 2p, pyridine
nitrogen, amino nitrogen, and pyrrole correspond to peaks at 398.5 eV,
399.1 eV, and 399.84 eV, respectively (Fig. 1f); C-OH, C-O-C, C=0, and
0O=C-O correspond to the characteristic peaks of O is at 531.2, 531.9,
532.5 and 533.2 eV, respectively (Fig. S1); The S 2p spectrum (Fig. 1g)
showed that the peaks at 167.7 and 169.2 eV corresponded to the
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Scheme 1. Synthesis of the SNCDs and design for detecting GSH in the Golgi apparatus.



A. Liu et al. Talanta 259 (2023) 124520

3

s

@

Qo

c

£

3

0

=

o

£

] [

15 1.8 21 24 27 30 33 36 4000 3500 3000 2500 2000 1500 1000 500
d Diamater (nm) f Wavelength (nm)
cis C:75.22% e
N: 8.34%
s— 0: 16.18% - _
3 . o - 3
i 5:027% 3 3
2 E 2
0 L (7]
c i~
] ]
£ 3 £
200 400 600 800 1000 1200 280 282 284 286 288 290 292 394 396 398 400 402 404 406
Binding Energy (eV) Binding Energy (eV) . Binding Energy (eV)
g h 1.2 —v 712 |__
415 562 —

1.04 Iﬂlﬂ nm _:tE 1.0 ;5

— IS
3 0.8 085
s 85
> T 06 06 £9
‘D Qo
2 0.4+ 04753
3 0nwe
- c L0
- 5 0.2 \xn 0238
z n S

0.0 00 G

164 166 168 170 172 400 700750 5

Binding Energy (eV)

Wavelength (nm)

350 400 450 500 550 600 650 700 750 80

Emission Wavelength (nm)

Fig. 1. Characterization of SNCDs (a) TEM image; (b)size distribution; (¢) FTIR spectrum; (d) full XPS spectrum; (e—g) high-resolution XPS spectra of C 1s; N 1s; S 2p;
(h) UV-Vis absorption spectrum (red curve), excitation spectrum (black curve) and emission spectrum (blue curve); and (i) 3D spectrum of the SNCDs.

C-S/N-S and C-SOx (X = 2 and 3) sulfur groups [40-43]. Therefore, we
proved that the surfaces of the prepared SNCDs are mainly filled with
amino, carboxyl, and sulfonamide groups.

In addition, the UV-Vis absorption and photoluminescence spectra
of SNCDs were studied. As shown in Fig. 1h, the two absorption bands of
the UV-Vis absorption spectrum at 238 nm and 274 nm (red curves)
correspond to the aromatic sp? domain of the n-r* transition of the C=C
bond and the n-n* transition of the C=0/C-N bond, respectively. These
results show that the SNCDs have a highly conjugated structure [33].
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The optimal excitation wavelength (Agx = 415 nm) and emission
wavelength (Agm = 562 nm) are shown in black and blue lines, respec-
tively. Next, the relationship between the excitation and emission of
SNCDs was studied. As shown in Fig. 1i and Fig. S2, both the 3D spec-
trum and fluorescence spectrum showed that the fluorescence emission
spectra of the SNCDs were independent of the excitation spectra, and all
the emission were located at 562 nm, showing bandgap luminescence.
The absolute fluorescence quantum yield of the SNCDs measured using
the fluorescence spectrometer is 9.08%.
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Fig. 2. Normalized fluorescence intensity of the SNCDs based on the following conditions: (a) NaCl solution with a concentration of 0-200 mM; (b) fluorescence
intensity without GSH (red) and with GSH (black) under different pH conditions; (c) relationship between fluorescence quenching and time in presence of GSH (1

mM); and (d) fluorescence intensity at different irradiation times.



A. Liu et al.
3.2. SNCDs stability

Here, the chemical and optical stabilities of the SNCDs as sensing
probes in different environments are discussed. First, we studied the
photostability of the SNCDs in NaCl solutions of different concentra-
tions. Fig. 2a shows that the fluorescence intensity of the SNCDs is stable
in the NaCl concentration range of 0-200 mM. As shown in Fig. 2b,
within the physiological pH range of 5-9, the SNCDs showed excellent
photostability and responsiveness to GSH. Fig. 2c shows the response
speed and stability of the SNCDs to GSH. After adding GSH (1 mM) to the
SNCDs solution, the fluorescence was quenched rapidly within 1 min
and remained stable for 30 min. Therefore, the test was performed
within 1min of the solution preparation. Fig. 2d shows that after the
SNCDs were irradiated by ultraviolet light (365 nm) for 1 h, the fluo-
rescence intensity was almost unchanged, indicating that SNCDs have
excellent resistance to photobleaching.

3.3. SNCDs selectivity

Next, we tested the selectivity of the SNCDs for the detection of GSH
by independently measuring the fluorescence response of the SNCDs to
different ions, biological mercaptans, and amino acids (e.g., GSH, Na™,
Ca2t, zn?*, cu®*, Mg?*, Fe®t, Ag*, Ba%t, LiT, Mn?*, Pb%*, CI, Br, F,
NOz, NO3, HS™, SO3~, SO3~, SCN™, HCO3, CO3~, HPOF , H,PO;,
HoPO3, Cys, Hcy, His, Trp, Gly, Phe, and Lys). Fig. 3a shows a com-
parison of the fluorescence response of the SNCDs and indicates that
only the addition of GSH caused fluorescence quenching. Fig. 3b shows
that the effect of adding ions, biological mercaptans, and amino acids to
the solution of GSH-quenched SNCDs fluorescence is negligible, thus
indicating that GSH detection by SNCDs was not disturbedby the ions,
biological mercaptans, and amino acid.

3.4. Photoluminescent quenching

Fig. 4a shows the relationship between the concentration of GSH and
the fluorescence intensity of the SNCDs.The position of the emission
peak of the SNCDs will not be changed during quenching after adding
GSH, indicating that the energy band structure of the SNCDs did not
change [44]. As shown in Fig. 4b, through the linear fitting, the
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Fig. 3. Normalized fluorescence intensity (a) selectivity of the SNCDs for GSH
(1 mM) over other ions, biological mercaptans, and amino acids (1 mM); (b)
interference of the SNCDs after adding the mixture of GSH(1 mM) and other
ions, biological mercaptans, and amino acids (1 mM).
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Fig. 4. (a) FL spectra of the SNCDs at different concentrations of GSH; (b)the
relationship between (Fo-F)/F¢ and glutathione concentration (10-460 pM); (c)
FL decay curves of the SNCDs and SNCD-GSH; and (d) UV-vis absorption of the
SNCDs, GSH, and SNCD-GSH solutions.

fluorescence intensity in the range of 10-460 pM was linearly correlated
with the concentration of GSH (R?> = 0.9969). According to the rule of
“triple standard deviation”, the LOD of the detection system was 0.25
puM [45]. In addition, a comparison of the linear range and detection
limit with the results in the literature indicated that the SNCDs showed a
wider detection range and lower LOD about GSH concentrations
(Table S1) [46-53].

Next, we discuss the quenching mechanism of the SNCDs after add-
ing GSH. The reported fluorescence quenching mechanisms mainly
include dynamic quenching, static quenching, Forster resonance energy
transfer (FRET), photoinduced electron transfer (PET), and internal
filtering effect (IFE) [54]. Fig. 4c shows the fluorescence lifetimes of the
SNCDs and SNCD-GSH. The fluorescence lifetime of the SNCDs changed
from 2.378 ns to 2.324 ns after the addition of GSH, which can be
considered almost unchanged after adding GSH. Next, we compared the
absorption spectra of the SNCDs and SNCD-GSH (Fig. 4d). After adding
GSH to the SNCDs solution, the absorption peak changed from 289.9 nm
to 282.4 nm, indicating that GSH statically quenched the SNCDs.

In the static quenching mechanism, the fluorophore and quenching
agent form a ground-state complex [55-57]. The zeta potential was
further tested (Fig. S3). When GSH was added to the SNCD solution, the
potential changed from —13.70 to 21.23 mV, indicating that the surface
functional group GSH was bound. Fig. S4 shows that the emission peaks
of the SNCDs and SNCDs-GSH are in the same position, indicating that
SNCDs and GSH form non-covalent bonds. In Figs. S5-56, the changes in
the FRTE and XPS spectra further indicate that GSH is combined with
SNCDs. The above results indicate that GSH quenching of the SNCDs is a
static fluorescence quenching process.

3.5. Cellular imaging

SNCDs exhibit excellent stability and optical properties, and thus
may be suitable for cell imaging experiments. We performed a CCK-8
assay to study the cytotoxicity of the SNCDs (Fig. 5a). HeLa cells were
incubated with SNCDs at a concentration of 400 pg/mL for 24 h, and the
cell activity was more than 98%. The results indicate that the toxicity of
the SNCDs can be ignored, which is suitable for imaging detection of
living cells. The Golgi apparatus is a part of the inner membrane of
eukaryotic cells, which is used to synthesize and secrete various cellular
macromolecules. The development of a Golgi fluorescent probe is of
great significance for studying its morphological changes and related
physiological processes [24]. After HeLa cells were stained with SNCDs,
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Fig. 5. (a)Relationship between HeLa cell viability and SNCDs concentration;
(b) fluorescence imaging and co-localization of the SNCDs and Golgi-Tracker
Green probe in HeLa cells; (c) normalized intensity distribution map of the
same linear region in SNCDs and Golgi-Tracker Green probe images; and (d)
Pearson correlation coefficient of combined images (R = 0.963).

CLSM imaging showed that most SNCDs were enriched in the Golgi re-
gion of the cells. To further verify the targeting of the SNCDs to Golgi,
co-localization experiments with commercial Golgi-Tracker Green were
conducted. HelLa cells were incubated with SNCDs and Golgi Tracker
Green, and then confocal imaging was performed using 405 nm and 488
nm excitation channels, respectively (Fig. 5b), and overlapped. Fig. 5¢
shows that the fluorescence distribution intensity of the two probes in

SNCDs

0 mM of GSH

5 mM of GSH

Bright ield
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HeLa cells overlapped significantly. Based on the image overlapping,
and the results showed that the co-location coincidence rate is as high as
96.3% (Fig. 5d). SNCDs show good biocompatibility and excellent tar-
geting, thus indicating that they are potential candidates for the devel-
opment of new commercial Golgi probes.

To verify the recognition ability of the SNCDs to intracellular GSH,
HeLa cells were incubated with the SNCDs (150 pg/mL) for 30 min and
then imaged. Fig. 6a—c shows the accumulation of fluorescent signals in
the Golgi apparatus. After adding 5 mM exogenous GSH solution to the
above cells, the intracellular fluorescence intensity was quenched
(Fig. 6d—f). The results showed that SNCDs could detect GSH in living
cells. A comparison of the enlarged portion in Fig. 6 shows that the
fluorescence intensity of the Golgi apparatus decreased significantly
after the addition of GSH and the distribution morphology changed. This
indicates that the concentration of GSH affects the Golgi apparatus.
Next, the responsiveness of the SNCDs to different concentrations of
exogenous GSH in HelLa cells was verified. Figs. S7a—c shows confocal
images of control cells incubated with SNCDs only. Then, the two
batches of HeLa cells were incubated with different concentrations of
GSH. 5 mM GSH was added to the cells for incubation for 30 min, and
then SNCD (150 p g/ml) was added for 30 min (Figs. S7d-f). Next, as
previously mentioned, cells incubated with 10 mM GSH were imaged
(Figs. S7g-i). It can be seen that with the increase of GSH concentration
in cells, the fluorescence becomes weaker when SNCDs solution of the
same concentration was added. The results showed that SNCDs could be
used for the qualitative detection of GSH in cells, which was consistent
with that in vitro.

4. Conclusions

In conclusion, we have successfully obtained Golgi-targeted carbon
dots (SNCDs) with orange-red fluorescence by a one-step hydrothermal
method and doping effect. These SNCDs exhibited excellent water sol-
ubility, outstanding optical stability, high selectivity, and sensitivity to
GSH. SNCDs have the advantages of low cost, high sustainability, short
response time, low detection limit (0.25 pM), and wide detection range
(10-460 pM), which make them excellent fluorescent probes for eval-
uating GSH. SNCDs also exhibit good biocompatibility, low cytotoxicity,
and good Golgi targeting, which enables the detection of GSH while
performing Golgi targeting imaging. This study provides a new method

Merged

Fig. 6. Confocal images of HeLa cells (a—c) incubated with 150 pg/mL SNCDs for 30 min; and (d-f) 5 mM GSH was added to HeLa cells after incubation with

SNCDs solution.
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for accurately monitoring the state of the Golgi apparatus and simulta-
neously monitoring the concentration of glutathione. It may also pro-
vide a new tool for early diagnosis of related diseases in the future.
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