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Abstract

A ratiometric fluorescence assay for glutathione (GSH) was developed. The novel assay is based on a nanoprobe composed of
manganese dioxide nanosheets (MnO, NS) and dual-emission carbon dots (de-CDs) with intrinsic GSH-response property. After
construction of the nanoprobe, two emission peaks of de-CDs were suppressed to varying degrees by MnO, NS. The suppression
was relieved and the two emission peaks recovered proportionally when MnO, NS was decomposed by GSH, thus realizing the
ratiometric assay for micromolar GSH. The intrinsic responsiveness of de-CDs to millimolar GSH broadens the analytical range
of the nanoprobe. An appropriate precursor, calcon-carboxylic acid, was screened out to synthesize de-CDs via one-step
hydrothermal treatment. The de-CD @MnO, NS nanoprobe can measure GSH concentrations through the fluorescence intensity
ratio between 435 and 516 nm excited at 365 nm. The range of response was from 1 M to 10 mM and the detection limit reached
0.6 uM (30 criterion). Benefiting from its good biocompatibility, the proposed nanoprobe has excellent applicability for
intracellular GSH imaging.

Keywords Fluorescence nanomaterial - Fluorescenceratio - Intracellularimaging - Nanodevices - Hydrothermal treatment - Inner
filter effect - Fluorescence resonance energy transfer

Introduction as well as providing pivotal assistance for early diagnosis of

diseases. A variety of analytical techniques have been devel-

Glutathione (GSH) is a major nonprotein thiol which plays
important roles in various biological functions, such as the
cellular antioxidant defense system, gene regulation, xenobi-
otic metabolism, and intracellular signal transduction [1-3].
The changes in GSH level are related to many diseases, in-
cluding leucocyte loss, diabetes, Alzheimer’s disease, and
Parkinson’s [4-6]. Thus, knowledge of the levels of GSH in
living cells is crucial for illustrating its accurate cell functions
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oped for measuring GSH level for biomedical applications
[7-12]. Among different kinds of GSH assays, optical
methods based on fluorescence techniques have attracted
more interest because of the advantages of high sensitivity,
spatial resolving power, nondestructiveness, and ease of min-
iaturization. In particular, ratiometric fluorescence probes,
which have the advantages of better selectivity and higher
reliability derived from the inherent self-referencing property,
are more favorable for assay targets in living cells compared
with single-intensity-based probes [13—16]. Accordingly, the
development of new fluorescence probes is highly desirable
for fluorescence-based ratiometric intracellular GSH as-
say. However, to the best of our knowledge, the
ratiometric GSH-response nanoprobes reported so far
are typically based on heavy/noble metal ions that can
lead to sample contamination or rely on artificially syn-
thesized organic molecules [17-19]. Engineering of ro-
bust and nanomaterial-based ratiometric probes for intra-
cellular GSH imaging is still a big challenge.
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Fluorescence carbon dots (CDs) are promising alternatives
for the conventional semiconductor quantum dots and organic
fluorescence dyes, because CDs possess many interesting
properties, including strong fluorescence, high photostability,
good biocompatibility, low toxicity, and ease of preparation
[20-23]. Several methods for GSH assay based on CDs and
MnO, have been well-developed. For instance, Wang et al.
developed a turn-on fluorescence nanoprobe based on CDs for
GSH imaging in living cells [24]. In their work, the fluores-
cence of CDs is first quenched by MnO, and then recovers
after GSH-induced MnO, decomposition. Lin et al. reported a
CD-based probe for the determination of GSH in whole blood
samples with similar strategy [25]. Benefiting from the pro-
duction of Mn?* and fluorescence, Yin et al. designed a
magnetic/fluorometric bimodal nanoprobe based on CDs
and MnO, for the assay of GSH [26]. These previous studies
suggest that GSH measurement can be improved by combin-
ing CDs and MnO,. However, in these reported examples,
CDs only have a single emission peak. GSH-induced fluctu-
ation in fluorescence intensity can be affected by many factors
such as excitation source, variation of probe concentration,
and complex environmental conditions [27-29]. A real
ratiometric nanoprobe based on intrinsic dual-emission CDs
(de-CDs) is still not reported. Hence, it is desirable to explore
CDs with intrinsic GSH-sensitive ratiometric fluorescence
emission and further construct de-CD-based ratiometric fluo-
rescence probes for GSH measurement in living cells.

In this work, a novel ratiometric fluorescence assay was
established for intracellular GSH imaging by combining synthe-
sized dual-emission carbon dots (de-CDs) and MnO, nanosheets
(MnO, NS). As shown in Scheme 1, the de-CDs with dual
emission at 435 nm and 516 nm were successfully prepared by
one-pot hydrothermal method. Interestingly, de-CDs display in-
trinsic ratiometric fluorescence emission (F435/F516) against
GSH variation. To the best of our knowledge, this is the first
example of de-CDs with intrinsic GSH-sensitive ratiometric
fluorescence emission. To further fabricate the GSH assay plat-
form, de-CDs were mixed with MnO, NS. Due to the adsorption
effect of MnO, NS, de-CDs can be adsorbed onto the surface of
MnO, NS and the fluorescence would be quenched. The emis-
sion ratio of Fy35/Fs 6 is significantly decreased due to the
unique optical property of MnO, NS, which exhibits higher
absorbance at 435 nm than 516 nm. In the initial state, the emis-
sion of de-CDs at 435 nm is suppressed more than that at
516 nm, which results in low ratio of F435/F5;6. Upon the intro-
duction of GSH, MnO, NS is reduced to Mn?* by micromolar
GSH, leading to the increase in emission of de-CDs at 435 nm
by a larger margin. This makes the ratio F35/F5;¢ decrease. The
MnO, NS is largely decomposed in the presence of 500 pM
GSH, which means the ratio F35/F5;6 will not decrease further
if de-CDs cannot respond to millimolar GSH. Due to the intrinsic
responsiveness of de-CDs, the emission at 516 nm decreases
after the GSH concentration increases to millimolar level, while
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MnO, NS is decomposed completely. Hence, the ratio of Fy3s/
F’51¢ remains rising with the GSH concentrations from micromo-
lar to millimolar. This novel ratiometric fluorescence GSH
nanoprobe can effectively avoid the interference of background
noise and auto-fluorescence from cells, thus providing a reliable
method for GSH assay.

Experimental
Chemicals and materials

Hydrogen peroxide (30%, wt%), urea, KCI, NaCl, CaCl,, and
MgCl, were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China, https://www.sinoreagent.com). GSH (reduced form)
and glucose were purchased from Sigma-Aldrich (https://www.
sigmaaldrich.com). Other chemicals were analytical reagent
grade and purchased from Aladdin Industrial Co., Ltd. (https://
www.aladdin-e.com). All chemical reagents were commercially
available and used without any further purification. Fetal bovine
serum (FBS) and Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from Thermo Fisher Scientific Co.,
Ltd. (https://www.thermofisher.com). The gibco used in cells
was from Zhejiang Tianhang Biotechnology Co., Ltd. (http://
www.hzsjq.com). Phosphate buffer saline (PBS) was purchased
from Beyotime Biotechnology Co., Ltd. (Shanghai, China,
https://www.beyotime.com). A549, Hela, and HepG2 cell lines
were provided by the XiangYa School of Medicine, CSU
(China, http://xysm.csu.edu.cn).

Instruments

UV-Vis absorption spectra and fluorescence spectra were
measured by a UV-Vis spectrophotometer (UV-2100,
Shimadzu, Japan) and fluorescence spectrophotometer
(F-4600, Shimadzu, Japan), respectively. Transmission elec-
tron microscopy (JEM-2100F, JEOL, Japan) and atomic force
microscopy (Bioscope, USA) were used to observe the mor-
phology features of synthesized nanomaterial. The cells were
incubated in CO, incubators (Thermo Scientific, USA).
Intracellular GSH images were recorded by Operetta High-
Content Imaging System (Eppendorf, Germany).

Screening of de-CDs

To screen the desired de-CDs, many hydrothermal reactions
of different precursors were designed. In a typical procedure,
about 0.1 g of different precursors was dissolved in 10 mL of
ultrapure water and pH was adjusted to help solubilization if
necessary. The solution was transferred into Teflon-lined
stainless-steel autoclave and heated to 200 °C for 12 h. If
fluorescence spectrum of the resultant solution showed dual-
emission peaks, centrifugation at 14,000 rpm and dialysis
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Scheme 1 Synthesis method and GSH detection mechanism of de-
CD@MnO, NS ratiometric nanoprobe. a The de-CDs have intrinsic re-
sponse to millimolar GSH synthesized by one-step hydrothermal treat-
ment, and de-CD@MnO, nanoprobe is obtained by combination of de-
CDs and MnO, NS. In the process, the dual fluorescence emissions of de-
CDs are quenched by MnO, NS to different degrees. b Without GSH,
MnO, NS can quench the fluorescence at 435 nm more powerfully than

against ultrapure water were performed in order.
Fluorescence spectrum of the solution was measured
again in order to ensure that both emission peaks were
from the synthesized de-CDs.

Preparation of de-CDs

The de-CDs were prepared using calcon-carboxylic acid as
precursor and sodium hydroxide as acidity regulator. Briefly,
0.1 g of calcon-carboxylic acid and 0.1 g of sodium hydroxide
were dissolved in 10 mL of ultrapure water. The mixture was
transferred into a 50-mL Teflon-lined stainless-steel autoclave
and heated to 200 °C for 12 h. After cooling to room temper-
ature, the mixture was adjusted to neutral pH with 1 M HCl
solution and centrifuged at 14,000 rpm for 20 min twice to
remove large particles. The resultant yellow solution was dia-
lyzed in a 3.5 k-MWCO dialysis membrane against ultrapure
water for 48 h to remove the small molecular weight impurity.
The product was freeze-dried and stored at 4 °C for further use.

Preparation of MnO, NS

MnO, NS sample was prepared via free template method ac-
cording to previous works with minor modifications [30].

mllllmolar

————»
(de-CDs

Responded)

the fluorescence at 516 nm, which causes a low ratio Fy35/F56. After
decomposition of MnO, NS by micromolar GSH, fluorescence at 435 nm
recovers by a larger margin and the ratio Fy35/Fs;¢ increases greatly. If
GSH concentration rises to millimolar level, the de-CDs will respond to
millimolar GSH and fluorescence at 516 nm will decrease. The intrinsic
response of de-CDs to millimolar GSH can cause the ratio Fy35/Fs16 to
increase further

Typically, 3 mL of hydrogen peroxide (30%, wt%) and
16 mL of tetramethylammonium hydroxide (10%, v/v) were
mixed with 20 mL of ultrapure water. The mixture was quick-
ly transferred into a flask containing 14 mL of manganese
chloride solution (0.3 M) on a magnetic stirrer and a dark
suspension was observed soon. The reaction was kept stirring
overnight to ensure complete oxidation. The resultant suspen-
sion was centrifuged at 2000 rpm for 20 min and further
washed with methanol and ultrapure water. Solid manganese
dioxide was obtained by freeze-drying and re-dispersed in
ultrapure water to obtain 0.5 mg/mL manganese dioxide sus-
pension. To prepare the MnO, NS, the suspension was treated
for 1 h with a Sonifier with an output power of 400 W and
further ultrasonicated for 10 h. The large particles from mix-
ture were precipitated and removed by centrifugation at
2000 rpm for 30 min and the resultant MnO, NS was stored
at 4 °C for further use.

Optimization of de-CD@MnO, NS ratiometric
nanoprobe

Different volumes of 29.4 ug mL ™" solution of MnO, NS

were mixed with 10 uL of 0.3 mg mL ™' de-CDs in tubes.
Then, phosphate buffer (20 mM, pH 7.4) was added into the
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tubes to obtain de-CD @MnO, NS ratiometric nanoprobe con-
taining specific concentrations of MnO, NS. Fluorescence
spectra of the solution excited at 365 nm were measured at
least 30 min after mixing adequately.

Fluorescence stability test

To investigate the fluorescence stability in physiological con-
ditions, different interfering substances (final concentration of
GSH was 10 mM; final concentrations of histidine and
aspartic acid were 250 uM, cysteine and ascorbic acid were
100 uM, and others were 1 mM) were added into the
nanoprobe, respectively. Before measuring fluorescence spec-
tra, the resultant mixtures were incubated under gentle shak-
ing at 37 °C for 1 h.

Determination of GSH

Different volumes of GSH and phosphate buffer (20 mM,
pH 7.4) were added into tubes containing 70 uL of MnO,
NS and 10 uL of de-CDs. Fluorescence spectra of the solution
excited at 365 nm were measured after at least 10 min of
adequate mixing.

Cell culture and cytotoxicity assay

All cells were cultured in DMEM media (high glucose) with
10% (v/v) fetal bovine serum, 100 U mL™! penicillin and
100 g mL™" streptomycin at 37 °C and 5% CO, atmosphere.

Cell viability was determined by cytotoxicity assay using
CCK-8 method. Briefly, 100 uL of cell suspension was
planted in 96-well plates (8000 cells per well) and incubated
for 24 h. Different concentrations of de-CDs were added to
each well and subsequently cultured for 24 h. Before adding
10 uL of CCK-8 reagent, each well was gently washed three
times with PBS. After about half an hour, absorbance of each
well at 450 nm was measured. The same procedure was
followed for the subsequent cytotoxicity assay of de-
CD@MnO, NS ratiometric nanoprobe.

Ratiometric imaging of glutathione in living cells

A549 cells were planted in 96-well plates (8000 cells per well)
and incubated for 24 h. After removing the DMEM media, the
cells were washed with PBS (pH 7.4) three times and then
cultured with DMEM media. To increase or decrease the con-
centrations of GSH in A549 cells, the cells were treated re-
spectively with «-lipoic acid (LPA, 500 uM) or buthionine
sulfoximine (BSO, 100 uM) for 24 h and 6 h. All groups were
washed with PBS three times, including the group with LPA,
the group with BSO, and the control group (untreated with
LPA and BSO). They were subsequently co-incubated with
20 pg mL ™" de-CD@MnO, NS ratiometric nanoprobe for 3 h.
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The blank group was cultured with DMEM without addition
of LPA, BSO, and nanoprobe. The cells were then washed
with PBS three times and analyzed using high-content imag-
ing system (excitation: 355-385 nm, blue channel: 430—
500 nm, green channel: 500-550 nm).

Results and discussions
Preparation and characterization of de-CDs

As a novel fluorescence nanomaterial, carbon dots are superi-
or to other classical fluorescence materials in many aspects,
especially in terms of their biological compatibility and fluo-
rescence tunability [31]. By introducing different surface
states during the synthesis process, such as hydrothermal treat-
ment, carbon dots can be simply translated into de-CDs which
exhibit dual emissions under single-wavelength excitation
[32, 33]. As listed in Table S1, different precursors were hy-
drothermally treated to form carbon cores and prepare carbon
dots. Most of the resultant carbon dots exhibited single emis-
sion and their best emission wavelength was in the range of
400-450 nm, which was likely due to conjugated carbon skel-
etons [34]. After a round of screening through hydrothermal
treatment with different precursors, de-CDs synthesized by
one-step hydrothermal treatment with calcon-carboxylic acid
were selected as the potential dual-emission fluorescence
agent and further investigated.

Optical properties of the synthesized de-CDs were first
explored. Figure la depicts the absorption and fluorescence
properties in ultraviolet-visible region. The de-CDs exhibited
a broad absorption band under 400 nm and two shoulders at
280 nm and 330 nm, respectively. The broad absorption was
possibly caused by different sizes of de-CDs and the shoulders
are probably due to the 7—7* transition of aromatic carbons in
the cores of de-CDs. Two emission peaks at 435 nm and
516 nm were observed in the fluorescence spectra, which
preliminarily confirmed the formation of de-CDs during hy-
drothermal treatment. Consistent with the absorption and fluo-
rescence properties, the solution of de-CDs appeared light
yellow when illuminated by white light due to obvious ab-
sorption under 400 nm. When excited at 365 nm, it appeared
bright cyan, which was likely caused by overlapping of two
fluorescence peaks. As shown in Fig. 1b, the detailed fluores-
cence emission properties under excitations from 350 to
410 nm were measured. The intensity of both emission peaks
gradually reduced with the increase in excitation wavelength,
and the emission peak at 435 nm declined more sharply. The
dual-emission peaks reached similar intensity under excitation
at 365 nm. In order to obtain enough room for increasing or
decreasing the wavelength in follow-up work, 365 nm was
selected as the best excitation wavelength. Fourier-transform
infrared (FT-IR) spectroscopy was used to study the surface
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Fig. 1 The optical properties and morphology features of de-CDs. a The
UV-Vis absorption spectrum of de-CDs, inset shows the photos of de-
CDs solution irradiated by white light (left) and UV light (right) at
365 nm. b Fluorescence spectra of de-CDs with excitation at different
wavelengths. ¢ TEM image of de-CDs, the column chart below TEM

functional groups of de-CDs (Fig. S1). Some characteristic
functional groups were observed, such as N-H (3440 cm_l),
C=N (1638 cm™ "), C=C (1559 and 1454 cm '), O-H
(1190 cm™ "), and C—O (1053 cm'). This indicated that de-
CDs contain aromatic structures, and the dual-emission prop-
erty may be caused by different aromatic structures or surface
states.

Then, the morphology features of synthesized de-CDs were
characterized by transmission electron microscopy (TEM) and
atomic force microscopy (AFM). As shown in Fig. Ic¢, the de-
CDs were mostly oval shape. The TEM images also indicated
high degree of crystallinity and the spacing of 0.21 nm
corresponded to the (100) in-plane lattice of graphene. After
counting the diameters of 125 de-CDs by ImageJ software, the
particle sizes were determined to be in the range of 3.5 to 7 nm
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image is the particle size distribution of de-CDs (125 particles included).
d Fluorescence spectra of de-CDs with different concentrations of GSH
after normalizing, the concentrations of GSH are 0, 0.5, 1, 2, ... 9, and
10 mM from top to bottom. The diagram below is the relationship be-
tween fluorescence ratio Fi35/F51 and GSH concentration

and the calculated result of average diameter was 5.1 nm. The
AFM results showed that the topographic heights of de-CDs
were about 5.5 nm, which is consistent with TEM. This result
further indicated that the synthesized de-CDs were nearly
spherical (Fig. S2). Thus, the synthesis of de-CDs was strong-
ly confirmed.

The GSH-response property of de-CDs was tested next. As
shown in Fig. 1d, the millimolar GSH can reduce fluorescence
intensity of de-CDs at 516 nm specifically, resulting in an
obvious increase in Fy35/F5;6. The ratio F35/F5; remained
constant after sustained illumination because of the similar
degree of decline in both fluorescence peaks. This ensured
more reliable measurement results (Fig. S3). However, the
signal-to-background ratio of de-CDs against GSH was slight-
ly low. To expand the application of de-CDs, a GSH
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nanoprobe with higher sensitivity was further constructed by
employing the advantages of MnO, NS. As previously report-
ed, MnO, NS have a broad UV-Vis absorption spectrum from
250 to 600 nm and can respond to GSH with high sensitivity
and selectivity [24, 25, 35].

Feasibility study and optimization of detection
strategy

Before feasibility study, MnO, NS was prepared and charac-
terized (Fig. S4). The synthesized MnO, NS exhibited a strong
absorption band in ultraviolet and visible region. Notably, it
was found that absorbance of MnO, NS was highly related to
wavelength. For example, the absorbance declined significant-
ly after 400 nm. TEM images indicate that MnO, NS was less
than 150 nm and with a thin thickness, which can facilitate the
entry of a MnO, NS—based nanoprobe into living cells. After
the key characterizations, the synthesized MnO, NS was con-
firmed to be consistent with previous reports and suitable for
subsequent physiological applications [30].

To study the feasibility of detection strategy, it is critical to
confirm the difference in fluorescence suppression between
the two fluorescence peaks of de-CDs and subsequent ratio
recovery. As shown in Fig. 2a, the absorbance of MnO, NS at
435 nm was much higher than its absorbance at 516 nm. This
difference significantly improved the quenching effect be-
tween MnO, NS and the fluorescence of de-CDs at 435 nm
(dotted black line). In the comparison of fluorescence of de-

a
—~ 4000 \ = = Abs of MnO, NS
= 4 Fluo. of de-CDs 41.2
< 3500 \\ = =Fluo. of de-CDs@MnO, NS+GSH
: 3000 Fluo. of de-CDs@MnO, NS
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=
.= 2000 @
@ 0.6 g
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%}
2 000
g 10007 103
S 500
=
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Wavelength (nm)

Fig. 2 Feasibility study and optimization of detection strategy. a
Fluorescence of de-CDs (blue line), de-CD@MnO, NS ratiometric
nanoprobe (red line), and de-CD@MnO, NS ratiometric nanoprobe in-
cubated with 500 uM GSH (dotted red line), dotted black line is absorp-
tion of MnO, NS. b Fluorescence spectra of de-CDs incubated with
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CDs with or without adding MnO, NS (blue line and red solid
line in Fig. 2a, respectively), the difference in suppression
efficiency between the two fluorescence peaks was observed
more clearly. As expected, GSH can decompose MnO, NS
and recover the ratio of the two fluorescence peaks. This result
indicates that the proposed strategy is basically feasible
(shown as red solid line and dotted red line in Fig. 2a).
However, it should be pointed out that 500 uM of GSH
decomposed most of the MnO, NS and restored the fluores-
cence spectrum back to its original state without MnO, NS. In
other words, higher concentrations of GSH would not trigger
fluorescence response if de-CDs have no intrinsic response to
millimolar GSH. Hence, the intrinsic response of de-CDs to
millimolar GSH is the vital factor when applied to physiolog-
ical conditions. The quenching time between MnO, NS and
de-CDs was investigated via monitoring the change in fluo-
rescence intensity before and after adding MnO, NS. As
shown in Fig. S5a, after adding MnO, NS, the fluorescence
signal dropped almost immediately, and then showed a little
disturbance, which was probably caused by adsorption and
mixing processes. Fluorescence signal reached a balance
eventually 10 min after adding MnO, NS. The result indicates
that the subsequent experiments should be performed at least
10 min after mixing de-CDs and MnO, NS.

Subsequently, the fluorescence quenching properties of
different concentrations of MnO, NS were investigated. As
shown in Fig. 2b, the fluorescence of de-CDs decreased grad-
ually upon increasing the concentration of MnO, NS in

(op
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different concentrations of MnO, NS (from top to bottom: 0, 1.3, 2.7,
4.0, 6.7, 8.0, 9.4, 13.4, 16.0, 18.7, 21.4 ug mL™", respectively). ¢

Corresponding fluorescence ratio of de-CDs in the presence of different
concentrations of MnO, NS
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Fig. 3 GSH-response performance of de-CD@MnO, NS ratiometric
nanoprobe. a Fluorescence of de-CD@MnO, NS ratiometric nanoprobe
with different concentrations of GSH after normalizing (from top to
bottom: 0, 1, 5, 10, 50, 100, 200, 400, 500, 1000, 2000, 5000, 7500,

solution. It can also be clearly observed that the absorbance of
MnO; NS at 435 nm was much higher than that at 516 nm.
This difference significantly improved the quenching effect
between MnO, NS and the fluorescence of de-CDs at
435 nm, thus resulting in a low ratio of F435/Fs16. The ratio
of F435/F516 decreased to 0.32 after incubation with
18.7 ug mL™' MnO, NS and then reached a plateau.
Therefore, 18.7 pg mL ™' MnO, NS was selected to construct
the nanoprobe in this study. After fitting the fluorescence data
to the Stern-Volmer equation and modified Stern-Volmer
equation, it was found that these equations deviated from the
data (Supporting Information). This may indicate that there
were some other effects involved in the quenching process,
such as inner filter effect (IFE) [36]. Some similar nanocom-
posites based on MnO, and nano-sized fluorescence materials
have been developed, such as MnO,-carbon dots and MnO,-
upconversion nanoparticles. For these materials, the
quenching processes are mainly ascribed to IFE and fluores-
cence resonance energy transfer (FRET) [25, 37-39]. Thus, it
was considered that the observed quenching process resulted
from IFE and FRET.

Investigation of GSH ratiometric response
performance

The GSH ratiometric response performance of de-CD @MnO,
NS was studied. First, the interaction time between de-
CD@MnO, NS ratiometric nanoprobe and GSH was investi-
gated via monitoring the change of fluorescence intensity be-
fore and after addition of GSH. As shown in Fig. S5b, after
adding GSH, fluorescence signal increased almost immediate-
ly and then reached a balance within less than 3 min. This
indicates that the fluorescence recovery was a quick process.
To allow sufficient time for the decomposition, the follow-up

b 1.6
y=exp(0.412-0.312/(x+0.201))

. R*=0.993
hll}

5 0.8
=
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10,000 uM, respectively). b Relationship between fluorescence ratio
F435/F516 of de-CD@MnO, NS ratiometric nanoprobe and the GSH
concentration

study was conducted 30 min after adequate mixing of de-CDs
and MnO, NS.

Different concentrations of GSH were then added into de-
CD@MnO; NS ratiometric nanoprobe in buffer. As shown in
Fig. S6a, the two emission peaks recovered ratiometrically
after decomposition of MnO, NS by micromolar GSH. The
higher concentrations of GSH subsequently reduced the fluo-
rescence intensity of the ratiometric nanoprobe at 516 nm
(Fig. S6b). After normalization, the fluorescence ratio Fy3s/
F’516 gradually increased with the increase in GSH within mi-
cromole to millimole range (Fig. 3a). Exponential curve fitting
was applied to describe the data. The fitted curve with corre-
lation coefficient (R?) of 0.993 can be utilized to quantify the
concentrations of GSH (Fig. 3b). The detection limit reached
0.6 UM based on the 30 rule.
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Fig. 4 Fluorescence ratio of de-CD@MnO, NS ratiometric nanoprobe in
the presence of GSH or different interfering substances (final
concentrations: GSH was 10 mM, histidine and aspartic acid were
250 uM, cysteine and ascorbic acid were 100 1M, and others were 1 mM)
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Fig. 5 Cell viability of A549 cells after incubation with different
concentrations of de-CD@MnO, NS ratiometric nanoprobe

The selectivity of nanoprobe was estimated by parallel mea-
surement of the ratiometric response of de-CD@MnO, NS to
many common species in the human body, including ions,
sugars, amino acids, metabolites, and reducing substances. The
addition amounts were according to the concentrations of these
species in living cells or slightly higher concentrations [24, 26].
As shown in Fig. 4, the influence of these investigated

Fig. 6 Intracellular GSH imaging
using de-CD@MnO, NS
ratiometric nanoprobe. No
treatments were performed for the
blank group and other groups
were labeled by de-CD@MnO,
NS ratiometric nanoprobe. Before
labeling, LPA group and BSO
group were pretreated with LPA
(0.5 mM) and BSO (0.1 mM) for
24 h and 1 h, respectively.
Excitation: 355-385 nm, blue
channel: 430-500 nm, green
channel: 500-550 nm. Scale
bars =20 uM

Blue channel Green channel

- - ! - -
o - - - -

interferents on the assay performance of the proposed nanoprobe
toward GSH was negligible. The fluorescence stability of de-
CD@MnO, NS in different pH (from 5 to 8) was investigated
as well. It was found that the fluorescence changes caused by pH
were less than 10% (data are not shown). Taken together, these
results substantiate the intracellular potential application of de-
CD@MnO, NS. To check the reversibility of the nanoprobe,
GSH and hydrogen peroxide were added into de-CD@MnO,
NS in order, and fluorescence of the sample was measured con-
tinuously. After adding hydrogen peroxide, the fluorescence did
not decrease again. The result suggests the irreversibility of the
nanoprobe. This may be because the MnO, NS cannot regener-
ate after it is decomposed by GSH.

Biocompatibility test

Apart from selectivity, biocompatibility is another critical fac-
tor to be taken into account in the design of an intracellular
assay platform. Hence, CCK-8 assays were performed to fur-
ther evaluate the biocompatibility. As shown in Fig. 5, no
obvious cytotoxicity was observed after incubation with
nanoprobe at concentrations below 60 pg mL™'. Moreover,
about 90% cells still maintained their cell viability after
60 pug mL " nanoprobe treatment. These results indicate that

Merge Bright field

- LPA- - !-
- BSO- - --
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the de-CD@MnO, NS ratiometric nanoprobe at normal dos-
ages has good biocompatibility and the potential for intracel-
lular GSH imaging.

Ratiometric intracellular GSH imaging

Next, the ability of the proposed nanoprobe to reflect the in-
tracellular GSH level was investigated (Fig. 6). After incuba-
tion with the nanoprobe, A549 cells displayed blue emission
and slightly stronger green emission under UV light excita-
tion. This is probably due to the decomposition of some MnO,
NS by intrinsic intracellular GSH. In comparison, after deple-
tion of intracellular GSH by treatment with buthionine
sulfoximine (BSO, synthesis inhibitor of GSH), only negligi-
ble fluorescence emission was observed. This indicates that
low intracellular GSH level cannot decompose MnO, NS and
the fluorescence suppression existed in living cells. The capa-
bility of higher GSH-level detection was studied through im-
proving intracellular GSH level by «-lipoic acid (LPA, syn-
thesis accelerator of GSH) pretreatment. Both blue emission
and green emission were enhanced. This was probably due to
the more thorough decomposition of MnO, NS and failure of
fluorescence suppression. It is necessary to point out that two
superimposed images with and without LPA pretreatment
showed another difference apart from fluorescence intensity.
The merged image with LPA pretreatment preferred blue. The
result indicates that high intracellular concentration of GSH
decreased the green fluorescence due to the intrinsic response
of de-CDs to millimolar GSH. The intracellular GSH imaging
results are highly consistent with extracellular measures. All
the results demonstrate that the ratiometric nanoprobe can
detect the GSH level over a wide concentration range with
high selectivity and universality.

GSH is the essential substance in all living cells. To
investigate whether this nanoprobe can be applied for in-
tracellular assay of GSH in other cells, HepG2 cells and
Hela cells were treated with the de-CD@MnO, NS
nanoprobe. As shown in Fig. S7, strong blue fluorescence
emission was observed in HepG2 cells compared with
green fluorescence, while the opposite effect was observed
in Hela cells. These results are consistent with the intra-
cellular GSH level reported by Liu et al. [37]. Thus, these
results demonstrate that the de-CD@MnO, NS nanoprobe
is a viable and reliable tool for ratiometric fluorescence
imaging of GSH in living cells. However, due to the
relatively high detection limit compared with some recent
works, the de-CD@MnO, NS nanoprobe is not suitable
for biological fluids like blood and urine. Furthermore,
the irreversibility of the de-CD@MnO, NS nanoprobe
limits its applications, such as continuous GSH monitor-
ing. Related efforts will be made in our lab to address
these limitations in future work.

Conclusion

In conclusion, a new ratiometric fluorescence nanoprobe was
developed for GSH assay by combination of de-CDs and
MnO, NS. The nanoprobe takes advantage of the unique
dual-emission property of de-CDs and the properties of
MnO, NS, including the excellent fluorescence quenching
efficiency and response behavior toward GSH. Therefore,
the assay not only exhibited reliable responses toward GSH
function in aqueous solution but also enabled ratiometric
monitoring of the dynamic variation of GSH in living cells.
The ratiometric mode makes the nanoprobe more resistant to
interference and suitable for quantification in complex biolog-
ical environment. Thus, the new ratiometric nanoprobe is ex-
pected to be widely used in biological assays and biomedical
field, and shows great potential for ratiometric measurements
and quantifications in biological samples. However, the detec-
tion limit needs to be further reduced, and the detection irre-
versibility must be solved. These aspects will be addressed in
our future work.
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