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ARTICLE INFO ABSTRACT
Keywords: Glutathione (GSH) plays vital roles in a variety of biological processes, and the development of simple and
Glutathione effective GSH detection method is an important research topic. Herein, a multifunctional probe based on Ag&Mn:

Quantum dots

Near-infrared fluorescence
Magnetic resonance imaging
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ZnInS quantum dots (QDs) was developed for bimodal imaging of GSH. MnOs, as an efficient fluorescence
quencher, was in-situ grown on the surface of QDs, and then modified with hyaluronic acid (HA) to improve the
stability and targeted recognition capability of the probe due to the binding between HA and CD44 receptors.
After MnO, was deconstructed by GSH, the fluorescence of the probe was recovered and the generated Mn?*
could serve as good magnetic resonance imaging (MRI) contrast agent. Moreover, the near-infrared emission
probe was successfully employed in living cell and zebrafish imaging due to its low toxicity and high anti-
biological interference performance. This strategy provides a simple dual-mode fluorescence/MRI imaging of
GSH, which may have a broad application in biological detection.
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1. Introduction

Glutathione (GSH), which is composed of glutamic acid, cysteine,
and glycine, is the most common intracellular biothiol in living organ-
isms [1-3]. GSH plays an important role in various physiological func-
tions such as maintaining redox homeostasis, detoxification and
resistance to free radicals [4-6]. Abnormal levels of GSH are related to a
variety of diseases, including cancer, cardiovascular disease, neurode-
generative disease and so on [7-9]. Tumor cells are rich in GSH;
therefore, accurate measurement and imaging of intracellular GSH
could significantly assist in early diagnosis of tumors [10,11]. Various
analytical techniques have been developed to detect the GSH levels in
efforts to better understand its pathological and physiological functions.

Compared to that of previously reported methods, the use of fluo-
rescence technology in biological detection has attracted great atten-
tion, due to its advantages of simplicity, cost-effectiveness, real-time
monitoring capability and feasibility in cellular imaging [12,13].
However, fluorescence imaging has some disadvantages, such as poor
tissue permeability and obvious limitations in terms of depth [14].
Magnetic resonance imaging (MRI) with high spatial resolution and
tissue penetration is an attractive technique for in vivo studies and
clinical diagnosis [15,16]. This method can effectively improve the
detection accuracy and expand the scope of practical application [17].
Nowadays, a great deal of research has been devoted to the construction
of MRI probes, such as lanthanide-doped Y03 nanoprobes [18] and
superparamagnetic iron oxide nanoparticles [19]. MnO; is widely used
as an MRI agent, because Mn?" produced from its decomposition is a
type of paramagnetic relaxation signaling agent [20-22]. Therefore, the
development of intelligent bimodal imaging nanoprobes based on
fluorescence and MRI for early diagnosis of various diseases can be
greatly valuable.

Semiconductor quantum dots (QDs) exhibits unique optical proper-
ties, such as size-dependent photoluminescence, high quantum yields
and large Stokes shift; thus, they can serve as effective tools for bio-
sensing and bio-labeling [23-26]. Among the many types of QDs,
near-infrared QDs have attracted widespread attention due to their
better penetration ability and anti-biological interference performance
[27-29]. In order to better use QDs in biological application, it is
necessary to develop near-infrared emitting QDs without highly toxic
elements. Ag/Mn co-doped ZnInS QDs with excellent photo-
luminescence performance and low toxicity have great potential in
bioimaging applications [30-32]. However, research on these QDs has
seldom been reported, and it is of great significance to investigate the
application of these materials.

Herein, a multifunctional probe for GSH detection, living cell im-
aging, MRI imaging and differentiation between cancer cells and normal
cells was developed. The probe had dual-mode imaging capability and
could induce different signal responses by using a single trigger, which
brought simplicity to the analysis process while improved its accuracy.
MnO; was in-situ grown on Ag&Mn:ZnInS QDs@SiOq, the surface of
which was then coated with hyaluronic acid (HA) to improve the sta-
bility and targeted recognition capability, due to the specific binding
between HA and CD44 receptors which are usually overexpressed on the
surface of cancer cells [33]. In the presence of GSH, MnO5, was decom-
posed into Mn?* causing the fluorescence intensity of QDs to be restored
and the generated Mn2* could also serve as a good MRI contrast agent.
In addition, the probe had near-infrared emission, thus possessed
excellent anti-biological interference performance. It was also success-
fully applied to image living cells, lysosome localization, discrimination
between cancer cells and normal cells, and living zebrafish imaging,
which demonstrated that the probe had excellent biocompatibility and
can be applied in various diagnoses.
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2. Experimental section
2.1. Synthesis of Ag&Mn:ZnInS QDs and QDs@SiO»

Hydrophobic Ag&Mn:ZnInS QDs were synthesized based on our
previous work [32]. For aqueous phase transfer by silanization, a
two-step process was carried out [34]. Firstly, 2 yL of TEOS was added to
1 mL of toluene solution of Ag&Mn:ZnInS QDs (10 mg mL’l), and the
mixture was then stirred for 5 h to obtain precursor solution A. Secondly,
2 pL of MPS in 6 mL of ethanol, 0.5 mL of HyO and 0.1 mL of ammonia
(25 wt%) were stirred for more than 12 h to obtain precursor solution B.
Finally, the precursor solutions A and B were mixed and then stirred for
4 h, and the mixture was then centrifuged at 15,000 rpm for 30 min; and
the precipitate was then re-dispersed in water for further use.

2.2. Synthesis of QDs@SiO2-MnOz and QDs@SiO2-MnOz-HA

For MnO; coating, 200 pL of the prepared QDs@SiO3 (1.5 mg mL™Y)
was mixed with 250 pL of KMnOy solution (1.2 mM) and 1 mL of HyO
and then treated with ultrasound for 40 min. To obtain
QDs@SiO2-MnOj,, the mixture was centrifuged at 15,000 rpm for 15
min, and the precipitate was collected and re-dispersed in 1 mL of water.
For the synthesis of QDs@SiO2-MnO4-HA, 1 mL of QDs@SiO2-MnO3
was mixed with 1 mg of HA and then stirred for 12 h. The precipitates
were collected by centrifugation at 15,000 rpm for 15 min and then re-
dispersed in 1 mL of water.

2.3. Fluorometric detection of GSH

For GSH detection, 50 pL of QDs@SiO2-MnO,-HA (0.25 mg mL™ D)
was mixed with 100 pL of GSH solution at different concentrations and
850 pL of PBS solution (10 mM, pH 5.5). After incubating for 5 min at
room temperature, the fluorescence spectra of the mixture were
measured at an excitation wavelength of 350 nm.

2.4. MTT assay and cell imaging

For MTT assay, HepG2 cells were cultured in a 96-well plate and
were thereafter treated with different concentrations of QDs@SiO,
(0.005-0.15mg mL’l) and QDs@Si02-MnO»-HA (0.1-0.5 mg mLfl) for
24 h at 37 °C. After 5 mg mL ™ MTT solution was added into each well,
the cells were further incubated for 4 h. After the addition of 150 pL of
dimethyl sulfoxide (DMSO), an absorbance at 490 nm of the cells was
recorded using a microplate reader.

For intracellular GSH imaging, HepG2 cells were incubated with
QDs@SiO2-MnO3-HA (0.5 mg mL™1) for 30 min or 1 h. To decrease the
GSH concentration in living cells, HepG2 cells were treated with NEM
(500 pM) for 20 min before incubating with QDs@SiO2-MnO,-HA for 1
h. LO2 cells (normal cells) were incubated with QDs@SiO>-MnO,-HA
(0.5 mg mL™Y) for 1 h. For lysosomes co-localization, the cells were
treated with QDs@SiO,-MnO,-HA (0.5 mg mL ™) for 30 min, followed
by LysoTracker Green (a lysosome-specific fluorescent dye) for another
30 min. The confocal fluorescent images were carried out on an LSM 710
(CarlZeiss) confocal microscope after the cells were washed three times
with PBS.

2.5. Magnetic resonance imaging of the probe

The T;-and To-weighted images were acquired on a Siemens Prisma
3.0 T MR scanner (Erlangen, Germany) with a gradient strength of up to
80 mT/m. The images of different concentrations of QDs@SiO2-MnO»-
HA with and without 5 mM GSH were measured. The concentrations of
Mn were determined by ICP-OES. The T;-weighted scanning parameters
were set as: TR=6000 ms, TE=20 ms, IR=30, 60, 90, 200, 500, 1000 ms;
The Ty-weighted scanning parameters were set as: TR=6000 ms, TE=15,
20, 25, 30, 35, 50, 70, 100 ms.
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Fig. 1. (A) TEM image and size distribution histogram (inset) of Ag&Mn:ZnInS QDs@SiO,. (B) TEM image of QDs@SiO2-MnO,-HA.

3. Results and discussion
3.1. Characterization and sensing mechanism

The TEM image (Fig. 1A) showed that Ag&Mn:ZnInS QDs@SiO was
uniformly dispersed spherical particles with an average size of 3.25 nm.
The lattice spacing was 0.274 nm, which could be attributed to the (102)
planes of zinc-blend ZnInS QDs [35]. As displayed in Fig. S1, the optimal
excitation and emission wavelengths of QDs were 350 nm and 660 nm,
respectively. The quantum yield of QDs was determined by the relative
comparison procedure, using freshly prepared analytical purity quinine
sulfate in 0.1 M H,SOy4 as a relative quantum yield standard. The relative
quantum yield was calculated to be about 0.05. Fig. S2 showed the TEM
image and size distribution histogram of hydrophobic Ag&Mn:ZnInS
QDs. QDs@SiO2-MnO,-HA was synthesized by a one-pot reaction of
in-situ grow MnO; on the surface of QDs. The TEM image in Fig. 1B and
Fig. S3 showed that QDs@SiO; was coated with MnO, and no obvious
morphological or structural changes were visually observed. Fig. S4 was
the photograph of QDs@SiO;, QDs@SiO2-MnO; and QDs@SiOy-M-
nO,-HA before and after being placed for 3 days. As can be seen, without

the modification with HA, the system was unstable and prone to coag-
ulation. However, QDs@SiO2-MnO2-HA remained stable and
well-dispersed even after being let stand for 3 days. In addition to
improving stability, HA is a natural polysaccharide that can also
improve biocompatibility and tumor-targeting ability of the probe by
specifically binding to CD44 receptors [36]. The Zeta potential of
QDs@SiO2-MnO;, changed from —14.4 to —23.2 mV after the HA
modification, which confirming the successful decoration of HA
(Fig. S5A). Moreover, the dynamic light scattering (DLS) data (Figs. S5B
and S5C) showed the mean size of QDs@SiO,-MnO, and
QDs@SiO2-MnOy-HA was 243.6 nm and 263.2 nm, respectively. As
shown in the FT-IR spectra (Fig. S6), the peaks around 1609 cm
(amide 1), 1560 cm ™! (amide IT) and 1376 cm ™' (amide IIT) were owing
to the presence of amide bond in HA. The peaks at 2885 cm ™! and 3430
cm™! were attributed to the C-H stretching and —~OH stretching vibra-
tions of HA [36].

The elemental composition of QDs@SiO, (Fig. S7) and
QDs@SiO2-MnOy-HA (Fig. S8) was examined by energy-dispersive
spectrometry (EDS). After MnO; coating, the percentage of Mn
increased compared with that before modification. The UV-vis
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Scheme 1. Schematic diagram of GSH-responsive probe in fluorescence/MRI dual-mode imaging.
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Fig. 2. (A) Dependency of fluorescent quenching efficiency on KMnO,4 (1.2 mM) volume. The inset shows the corresponding color changes of QDs@SiO2-MnO,
solution upon the addition of KMnOj,. (B) Fluorescence spectra of QDs@SiO>-MnO»-HA with different concentrations of GSH. (C) Linear relationship between F-Fg
and GSH concentration (Fo/F: the fluorescence intensity before/after the addition of GSH). (D) Fluorescence intensity change of the probe in the presence of different
interfering substances (100 uM for GSH, AA and Cys, 500 pM for other interferences). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

absorption spectrum displayed in Fig. S9 indicated that QDs@SiO;
exhibited no obvious absorption peak. However, after MnO, was in-situ
grown, an absorption peak located at 375 nm appeared due to the
generation of MnOy [29]. After modifying QDs@SiO2-MnO; with HA,
no obvious change of absorption peak was observed. To study the
quenching effect of MnO2 on QDs, time-resolved fluorescence decay of
QDs@SiO> and QDs@SiO>-MnO,-HA was measured. As shown in
Fig. S10, the fluorescence lifetime decreased dramatically, indicating a
potential fluorescence resonance energy transfer (FRET) between QDs
and MnO..

MnO,, as an efficient fluorescence quencher, can quench the fluo-
rescence of QDs and produce Mn?*, which can be used as an MRI agent,
after being decomposed by GSH. As illustrated in Scheme 1, after in-situ
generation of MnO; and HA modification on the surface of QDs, the
fluorescence and MRI property were inhibited. GSH exhibited strong
reducing ability, which can reduce MnO, to Mn2* and inhibit the FRET
process between QDs and MnO,. Thus, the fluorescence could be
recovered and the dual-modal property of the probe was turned on. The
above showed that a GSH-responsive dual-modal imaging probe based
on QDs@SiO>,-MnO,-HA was successfully developed.

3.2. Fluorescence response of the probe to GSH

To ensure the best performance of the probe, several factors affecting
the detection process were optimized, such as the content of KMnOg4, pH
value and reaction time. As depicted in Fig. 2A, the degree of quenching
was dependent on the content of KMnOy, and it reached a plateau when
the volume of 1.2 mM KMnO4 was 250 pL. The fluorescence intensity of
QDs@SiO2-MnO,-HA with and without GSH at different pH values was
investigated. As displayed in Fig. S11, acidic conditions could better
facilitate the MnO; decomposition compared with the neutral and
alkaline conditions, and the probe remained stable without GSH under
different pH. Therefore, pH 5.5, which is also the pH of the weak acidic
environment of tumors and cancer cells, was chosen as the optimal pH
value. As displayed in Fig. S12, the fluorescence recovery after the
addition of GSH reached a plateau in 5 min.

Under the optimal conditions, the applicability of the proposed
probe in GSH detection was investigated. Fig. 2B showed the change of
fluorescence intensity in the presence of varying concentrations of GSH.
At a concentration range of 5-400 pM, the fluorescence of the probe was
gradually recovered as the GSH concentration increased. A good linear
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Fig. 3. Viability of HepG2 cells (model cells) incubated with (A) Ag&Mn:ZnInS QDs@SiO, and (B) QDs@SiO>-MnO,-HA.

relationship between F-Fy and GSH concentration was obtained at the
GSH concentration ranging from 5 to 100 pM with a linear regression
equation of F-Fy = 1.559[GSH] + 19.52 and an r value of 0.9956
(Fig. 2C). The limit of detection (LOD) calculated based on 3c/k rule was
2.78 pM. The sensing performance comparison of this method with other
methods was listed in Table S1. Although the LOD of our probe was not
the lowest among all probes listed, it was much lower than the con-
centrations of GSH in human serum and living cells (0.5-10 mM) [37];
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thus, our probe should be sufficient for routine detection. In living cell
imaging, a probe with too low LOD may be susceptible to interference by
ascorbic acid and cysteine (pM level). In addition, our probe was located
in the near-infrared fluorescent region, and the quantum yield of QDs
was not as good as that in the ultraviolet-visible region, which could
also affect the sensitivity of the near-infrared probe [29]. However, the
near-infrared probe has superior anti-biological interference perfor-
mance and is more suitable for cell imaging.

Green Channel

Red Channel

Fig. 4. Confocal fluorescence images of HepG2 cells incubated with (A) 0.5 mg mL™! QDs@SiO,-MnO,-HA (red channel) and (B) LysoTracker Green (green
channel). (C) Merged image wherein yellow represents the superimposition of the red and green fluorescence. (D) Intensity profiles of QDs@SiO>-MnO»-HA and
LysoTracker. (E) A plot showing intensity correlation between QDs@SiO.-MnO2-HA and LysoTracker. Scale bar: 50 pm. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Confocal fluorescence images of HepG2 cells: (A) cells only; (B) cells incubated with QDs@SiO>-MnO»-HA (0.5 mg mL™Y) for 30 min; (C) cells incubated with
QDs@SiO,-MnO,-HA (0.5 mg mL™1) for 1 h; (D) cells pretreated with NEM (500 pM) for 20 min, followed by incubation with QDs@SiO>-MnO5-HA (0.5 mg mL ™))
for 1 h. (E) cells pretreated with HA (5 mg mL™Y) for 1 h, followed by incubation with QDs@SiO>-MnO»-HA (0.5 mg mL™Y) for 1 h. Scale bar: 50 pm.
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Fig. 6. Fluorescence images of zebrafish: (A) zebrafish only; (B) zebrafish incubated with QDs@SiO,-MnO,-HA (0.5 mg mL™Y) for 1 h; (C) zebrafish pretreated with
NEM (500 pM) for 20 min, followed by incubation with QDs@SiO>-MnO»-HA (0.5 mg mL™Y) for 1 h. (E) zebrafish pretreated with ALA (500 pM) for 2 h, followed by
incubation with QDs@SiO>-MnO»-HA (0.5 mg mL™Y) for 1 h.
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3.3. Effects of interferences and analysis of human serum sample

To prove the capability of the established probe in specific detection
of GSH, the fluorescence intensity change upon the addition of potential
interference substances was investigated. The influence of 500 pM each
of Na™, K*, Ca?", amino acids including alanine (Ala), arginine (Arg),
glycine (Gly), glutamic acid (Glu), leucine (Leu), and serine (Ser),
glucose, bovine serum albumin (BSA) and homocysteine (Hcy), as well
as 100 pM each of cysteine (Cys) and ascorbic acid (AA) without and
with 100 pM GSH, were assessed. As shown in Fig. 2D and Fig. S13, the
fluorescence change caused by 100 pM GSH was significantly higher
than that caused by other interfering substances at relatively high con-
centrations. Although Cys and AA at the same concentration as that of
GSH could cause slight fluorescence recovery, their concentration in the
biological systems was much lower than that of GSH [38]. Thus, their
influence on GSH detection was negligible, demonstrating the excellent
selectivity of the proposed method.

Determination of GSH in human serum samples was conducted to
evaluate the practicality and feasibility of the probe. Standard addition
method was used to determine the GSH concentrations. As shown in
Table S2, the average recoveries were in the range of 95.45-105.3%
with relative standard deviations (RSD) between 1.8% and 2.8%. These
results indicated that the probe could reliably apply to detect real
samples.

3.4. Living cell imaging and zebrafish imaging

To evaluate the feasibility of the probe to apply in intracellular
fluorescence imaging, MTT assay was employed to determine its cyto-
toxicity. As indicated in Fig. 3, the viability of HepG2 cells was higher
than 80% when the concentration of QDs@SiO2 was 0.15 mg mL ! and
the concentration of QDs@SiO2-MnO»-HA reached 0.5 mg mL L. These
results demonstrated that the probe had low cytotoxicity and good
biocompatibility, thus was suitable for living cell imaging.

The subcellular distribution of QDs@SiO>-MnO,-HA was evaluated
by co-localization experiments. As can be seen in Fig. 4, red fluorescence
of the probe can be clearly observed in the cell cytoplasm and lysosome,
which was due to the endocytic delivery route of the probe in cells.
Green fluorescence represented the labeling of lysosomes by using
LysoTracker Green (a lysosome-specific fluorescent dye). As can be seen,
the red fluorescence of the probe well-overlapped with the green fluo-
rescence of LysoTracker Green to yellow. According to the intensity
correlation diagram (Fig. 4D and E), the Pearson’s correlation coeffi-
cient was calculated to be 0.98, which demonstrated the lysosome-
targeting ability of the probe.

The fluorescence imaging of intracellular GSH was carried out using
HepG2 cells. As displayed in Fig. 5, the increase of fluorescence intensity
of cells incubated with the probe for 1 h was higher than that incubated
for 30 min. The high concentration of GSH in cancer cells could
decompose MnO,, resulting in the recovery of quenched fluorescence.
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After treating with NEM (thiol-reactive inhibitors) before adding the
probe, significant reduction of fluorescence was observed. These results
indicated that the probe can be employed in the imaging of intracellular
GSH. To study the HA receptor-mediated endocytosis, HepG2 cells were
pretreated with free HA. The red fluorescence was lower, which was due
to the fact that HA specifically bound to the CD44 receptor and inhibited
the cellular HA receptor-mediated pathway. The difference between the
GSH concentration inside cancer cells and that in normal cells can be
used as a marker to distinguish between them. Cancer cells have a higher
level of GSH, which contributes to their highly reduced environment
[39]. Therefore, the confocal imaging of LO2 cells (normal cells) incu-
bated with the probe was investigated (Fig. S14). Due to the low con-
centration of GSH in normal cells, the fluorescence signal was very
weak. Herein, we speculate that the probe can be used to differentiate
between normal and cancer cells, as the latter can restore the fluores-
cence signal.

We further investigated the applicability of the probe for in vivo
imaging, as displayed in Fig. 6, endogenous GSH imaging in living
zebrafish was studied. As expected, nearly no fluorescence was observed
in blank zebrafish. In the presence of the probe, apparent red fluores-
cence signal was found after 1 h incubated at 26 °C. Moreover, when the
zebrafish was incubated with 500 pM NEM in the presence of the probe,
dramatically reduced fluorescence was observed. And the fluorescence
signal was enhanced when the zebrafish was incubated with 500 pM
ALA (alpha lipoic acid, GSH enhancer). These results demonstrated that
the probe could be used to monitor the expression level of GSH in living
zebrafish.

3.5. MRI property of the probe

Mn?" generated as a result of MnO, decomposition can serve as an
activatable MRI contrast agent; thus, the effectiveness of the probe as a
GSH-activated MRI contrast agent was studied. QDs@SiO>-MnO»-HA at
different concentrations was incubated with 5 mM GSH, and the samples
were subjected to T1-weighted and To-weighted MRI imaging. As shown
in Fig. 7A, in the absence of GSH, the T;-weighted MRI signal was weak.
After reacting with GSH, a significant enhancement of the MRI signal
was observed, and the signal increased with the increase of Mn con-
centration. Similar results were observed in To-weighted MRI images;
however, the Ty-weighted MRI signal decreased with the increase of Mn
concentration (Fig. 7B). The Ty and T, values were measured, and the
relationships between 1/T; and 1/To with Mn concentration were
plotted (Fig. 7C and D). The longitudinal relaxivity r; was calculated to
be 10.21 mM ! s71, while the transverse relaxivity ry was calculated to
be117.93mM 's L. Compared with the probe in the absence of GSH, ry
was enhanced by 5.26-fold, whereas ro was enhanced by 4.31-fold,
demonstrating that the probe had excellent GSH-responsive MRI
performance.

4. Conclusion

To sum up, we successfully constructed a GSH-responsive Ag&Mn:
ZnInS QDs@SiO2-MnOy-HA probe for dual-mode fluorescence and
magnetic resonance imaging. Fluorescence and MRI signals could be
turned off by the in-situ generated MnO,. In the presence of GSH, MnO,
could be reduced to Mn?*, causing the dual-modal property of the probe
to turn on. Due to its good biocompatibility and resistance to external
interferences with near-infrared emission, the probe was successfully
employed in the imaging of living cells and zebrafish, lysosome locali-
zation, and in the discrimination of cancer cells from normal cells. With
its satisfactory results, the probe has a potential in biological detection.
The probe was conveniently designed and effective for GSH detection
and imaging, thus can be applied to research on cancer cell imaging and
clinical diagnosis.
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