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Abstract
Fluorescence sensing of glutathione by tailor-made chemical sensors is a prospective technique, which could provide simple, fast,
and visual detection. Herein, a fluorescence sensor based on vanadium oxide quantum dots (VOx QDs) and permanganate
(MnO4

−) has been designed for monitoring glutathione. The bifunctional VOx QDs, possessing rich redox chemistry and robust
fluorescence (exhibiting fluorescence near 505 nm upon excitation at 450 nm), were synthesized via cryogenic-mediated liquid-
phase exfoliation. In the presence of MnO4

−, VOx QDs induced the spontaneous formation of MnO2 nanosheets which caused
the fluorescence quenching. However, the subsequent introduction of glutathione could trigger MnO2 reduction toMn2+, and the
fluorescence was recovered. Based on this phenomenon, an “on-off-on” fluorescence sensor for glutathione detection was
established. Under the optimal conditions, this sensor allowed detection of glutathione in the linear range of 0.5–100 μM with
a detection limit of 0.254 μM. Additionally, the proposed strategy revealed the selectivity toward glutathione and the potential of
practical application in the analysis of human serum, vegetable, and fruit samples.

Keywords Vanadium oxide quantum dots . Cryogenic exfoliation . Manganese dioxide nanosheets . Fluorescence sensor .

Glutathione

Introduction

Glutathione (GSH) is small-molecule that plays pivotal roles
in some physiological processes, such as regulating redox
balance, maintaining immune system, and transducing intra-
cellular signals [1–4]. It is confirmed that the decreased or
elevated levels of GSH in tissue can serve as a caution for
many diseases, including liver damage, AIDS, Alzheimer’s
disease, and cancer [5, 6]. Researchers have proved that die-
tary supplementation can maintain GSH balance and prevent
many undesirable diseases [7]. Particularly, the broad-
spectrum detoxification endows GSH with the utility of func-
tional food supplements. Therefore, it is significant to develop
reliable and efficient detection strategies for quantification of

GSH levels, which could provide the reference for disease
diagnosis and daily GSH supplement.

Fluorescence analysis has been considered a promising
technique for detecting analytes [8, 9], which becomes a great
field of interest to construct sensors [10]. Thereinto, quantum
dots (QDs) are a type of nanoparticle with a lateral dimension
of less than 10 nm generally. Because size diminution can
cause quantum size effects [11], quantum confinements [12],
and surface effects [13], they possess lots of superiorities in-
cluding outstanding fluorescent feature, large surface area,
and well dispersion [14, 15]. Vanadium oxides (VOx) with
two-dimensional layered structure have gradually become a
rising star in the field of catalysis, lithium batteries, hydrogen
storage, anti-bacterials, and so on, which benefit from their
prominent properties of obvious redox behavior, electronic
transition, and antimicrobial ability [16–18]. Engineering
VOx into quantum dots with intrinsic properties of their bulk
forms and unprecedented fluorescence characteristics could
endow more potential applications of VOx while it is still in
a nascent stage. Cryogenic-mediated liquid-phase exfoliation
is an innovative approach using liquid nitrogen to create ultra-
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low temperature condition and exfoliate the raw bulk mate-
rials into low dimensions [19, 20]. The generation of fragile
character and small cracks in the intralayer through cryogenic
treatment could facilitate the mechanical splitting and break-
down subsequently [21]. After exposure to room temperature,
fractures occurred because of volumetric expansion.
Therefore, the cryogenic-mediated liquid-phase exfoliation
provides a latent protocol for conversion VOx into high-
quality QDs.

Combination of QDs with fluorescence quenchers has
been applied for designing “on-off-on” sensors which is
not prone to be interfered by environmental stimulus com-
pared with direct quenching models [22]. Manganese di-
oxide (MnO2) nanomaterials are always employed as
broad-spectrum quenchers due to the broad and strong op-
tical absorption [23, 24]. Coupling with the unique oxida-
tion ability, many fluorescence switchable platforms were
conducted based on the fact that MnO2 nanostructures can
be reduced to Mn2+ by reductive species [25]. It is worth
noting that the simple synthesis approach of MnO2 is an
essential prerequisite for its extensive applications.
Hitherto, with KMnO4 as the Mn source, many bottom-
up methods were proposed for preparation of MnO2

nanomaterials. Sohal et al. synthesized MnO2 nanospheres
through mixing methionine and KMnO4 with continuous
stirring for 20 min [26]. Deng et al. exploited 2-(N-
morpholino)ethanesulfonic acid (MES) as reductant for
MnO2 formation under ultrasonic condition [27].
Although the preparations of MnO2 were well-document-
ed, the utilization of reducing agents and spending of time
casted a shadow over the application in an easier manner.
Therefore, it is necessary to look for a simple formation
method for MnO2 nanomaterials.

In this present work, bifunctional VOx QDs with bril-
liant fluorescence and redox ability were synthesized via
cryogenic-mediated liquid-phase exfoliation and then
employed to construct an “on-off-on” fluorescence sensor
for glutathione detection. The as-prepared VOx QDs exhib-
ited blue emission and played a reductive role. After the
addition of MnO4

−, VOx QDs induced the spontaneous
formation of MnO2 nanosheets, and the fluorescence was
quenched as a result of an internal filtration effect (IFE)
between VOx QDs and MnO2 nanosheets, while the
quenched fluorescence of VOx QDs could be reversed in
the presence of GSH which can decompose MnO2 nano-
sheets to Mn2+, as illustrated in Scheme 1. Compared with
the direct quenching sensor, this switchable sensor was
more resistant to environmental stimulus that can improve
the analytical performances. Besides, the proposed plat-
form exhibited high selectivity toward GSH than other ions
and biomolecules. Moreover, the practicability was suc-
cessfully validated by detecting GSH in human serum,
vegetable, and fruit samples.

Experiments

Synthesis of VOx quantum dots

VOx quantum dots were prepared by cryogenic-mediated liquid-
phase exfoliation according to the previous literature with some
modification [28]. The peeling effects ofN,N-dimethylformamide
(DMF), ethanol, and N-methylpyrrolidone (NMP) were com-
pared. The details are described in the Supplementary
information.

Design of VOx QDs/MnO4
− sensor for detecting GSH

Firstly, for the signal-off process, 100 μL of VOx QDs solu-
tion (10 mg/mL) was added to a centrifuge tube and mixed
with newly prepared MnO4

− solution with different final con-
centrations of 0, 10, 20, 50, 100, 150, 200, 250, 300, 350, and
400 μM. After diluting to 1 mL and vortex for 8 min, the
fluorescence spectra were recorded at the excitation wave-
length of 330 nm. Thereafter, in the signal-on procedure,
GSH was quantified by titration studies. Different volumes
of GSH standard solutions were added into the mixture of
VOx QDs/MnO4

− to keep the final concentrations of 0 to
300 μM and then diluted to 1 mL. Followed by a reaction
for 3–4 min, the FL recovery factor ((F-Fq)/Fq) versus the
concentration of GSH was used to calculate the regression
equation. Moreover, a series of interferers were tested to eval-
uate the selectivity of the assembled sensor toward GSH, in-
cluding cations (Na+, Cu2+, Co2+, Ca2+, Cd2+, Zn2+, K+, Ba2+,
Mg2+, Al3+, Fe3+, Hg2+, Mn2+), anions (Cl−, CO3

2−, NO3
−,

SO4
2−, Ac−), amino acids (Ser, Ile, Leu, Val, Pro, Gly, Lys,

Asp, Met, Glu, L-Glu, Phe, Arg, Thr, His), and molecules
(urea, glucose, BSA, AA, Cys). The concentration of the other
interferences (350 μM) were 10 times higher than that of
GSH, and AA (105 μM) was three times higher than that of
GSH (35 μM).

Optimization of sensing conditions

So as to reach the optimal analytical results for GSH, several
experimental conditions that may affect the sensitivity were
optimized prior to the application, including the concentration
of MnO4

−, reaction pH and time in the off procedure, and
reaction time in the signal-on procedure.

Monitoring GSH in practical samples

Human serum samples were collected from Northwest A&F
University hospital (Shaanxi, China). The samples were cen-
trifuged for 10 min at 8000 rpm, and the supernatant was
diluted with water for 103-fold for further measurement.

The vegetable and fruit samples were obtained from a local
supermarket for demonstrating the feasibility of the proposal
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sensor. Firstly, all the samples were washed with ultrapure
water and dried in the air, and were ground in a blender.
Then the supernatant was obtained by centrifuging and filter-
ing with microporous filters. Treated samples diluted 103

times with water were used for further detection.
In an attentional manner, the spiked samples were prepared

by adding standard GSH solution into the pristine human se-
rum, fruits, and vegetables. In the monitoring procedure,
100 μL of VOx QDs solution (10 mg/mL) was added to
900 μL of treated actual sample, and incubated for 3 min at
room temperature. Then, the fluorescence spectra were ac-
quired at the excitation wavelength of 330 nm, and the peak
wavelength was located at 410 nm.

Results and discussions

Characterization of the prepared VOx QDs

The excellent optical properties of fluorescent nanoparticles
are crucial for the prospects in the application of fluorescent

sensors, which impose sets of requirements on the nanoparti-
cles including size, brightness, and quantum yield. In this
work, to fabricate smaller quantum dots, we exploited a
cryogenic-mediated exfoliation approach to transform VO2

powder into VOx QDs with diameters below 15 nm in differ-
ent solvents. After the liquid-nitrogen treatment, freezing VO2

bulk and small fissures in the interior were occurred, contrib-
uting to the breakage of VO2 powder into small nanoparticles.
Moreover, ultrasonic and solvothermal treatments in three sol-
vents possessing a different surface energywere conducted for
further exfoliation. TEM was employed to investigate the
morphologies of the three kinds of VOx QDs, which showed
uniform dispersion and well-defined dots with average diam-
eters of 13.15 ± 1.85 nm, 8.06 ± 1.03 nm, and 5.56 ± 0.88 nm
(n = 100) in DMF, ethanol, and NMP, respectively (Fig. 1A–
C). As shown in Fig. 1D–F, all the products exhibited blue
emission, and the brightest fluorescence intensity was ob-
served in NMP which may be attributed to the strong polarity
and the smallest size. In the inset photos, the quantum dots
were colorless using DMF or ethanol as solvent and light
yellow using NMP, and, meanwhile, displayed blue

Scheme 1 Schematic illustration of the formation process of bifunctional VOx QDs by cryogenic-mediated liquid-phase exfoliation and the sensing
strategy for GSH
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fluorescence in all solvents under 365 nm UV light. The
excitation-emission-matrix (EEM) spectra (Fig. 1G–I) further
demonstrated the fluorescent characteristic of as-prepared
VOx QDs. Additionally, the quantum yields (QYs) were mea-
sured to be 2.5%, 5.3%, and 6.8% for using DMF, ethanol,
and NMP, respectively. The varied QYs were probably
assigned to the size effects and surface chemistry of the quan-
tum dots caused by different solvents. In addition, the effects
of cryogenic-mediated liquid-phase exfoliation and traditional
liquid-phase exfoliation methods on VOx QDs were studied.
As shown in Fig. S1, compared with cryogenic-mediated liq-
uid-phase exfoliation, the VOx QDs via traditional liquid-
phase exfoliation showed larger diameters of about 23.30 ±
0.34 nm, lower fluorescence intensity, and smaller QYs of
3.18%. Thus, the above results showed that the performance
of cryogenic-mediated liquid-phase exfoliation was better
than traditional liquid-phase exfoliation method in the prepa-
ration of VOx QDs. In view of the best fluorescence property,
the VOx QDs prepared in NMP and cryogenic-mediated liq-
uid-phase exfoliation method were selected for next
experiment.

The high-resolution transmission electron microscope
(HRTEM) image (Fig. 2A) revealed that the synthetic VOx

QDs in NMP were round nanodots and evenly dispersed. The
inset exhibited a highly paralleled lattice fringes with inter-
space of about 0.20 nm, which was consistent with the report-
ed diffraction planes of VO2 [29]. The VOx QDs were also
characterized by AFMmeasurement, which further confirmed
that the favorable dispersibility and uniformity was similar to
that of TEM (Fig. 2B). The atomic force microscopy (AFM)
height profiles (inset of Fig. 2B) presented that the typical
topographic height of VOx QDs was about 1.22 ± 0.19 nm,
suggesting that the highly exfoliated quantum dots were
obtained.

XPS was conducted to identify the surface chemical com-
position of VOx QDs. The survey XPS spectrum revealed four
main binding energy peaks at 285, 402, 517, and 532 eV
corresponding to the elementals of C, N, V, and O (Fig. S2).
The high-resolution V 2p spectrum is displayed in Fig. 2C; it
was deconvolved into three 2p3/2-2p1/2 spin-orbits doublets.
The tiny peaks at 515.1 eV (V 2p3/2) and 522.8 eV (V 2p1/2)
were attributed to V3+, while the peaks at 516.1 eV (V 2p3/2)

Fig. 1 (A–C) TEM images and diameter distributions, (D–F) excitation-dependent fluorescence spectra, (G–I) excitation-emission-matrix spectra of
VOx QDs prepared in DMF, ethanol, and NMP, respectively
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and 523.8 eV (V 2p1/2) were ascribed to V
4+. The other V 2p

doublet, located at 517.5 eV (V 2p3/2)/525.2 eV (V 2p1/2), was
derived from V5+ [29]. Meanwhile, the contents of V3+, V4+,
and V5+ were calculated to be 5.7%, 34.5%, and 59.8%.
Therefore, the prepared VOx QDs were coexistent of the mul-
tiple valences. In addition, the O 1 s spectrum was fitted by
two peaks at 530.1 and 532.1 eV, which were assigned to
metal oxide V-O and hydroxyl group -OH [28]. FT-IR
reflected the surface functional groups on VOx QDs (Fig.
S3). The band at the region from 3300 to 3500 cm−1 was
attributed to typical -OH vibration. There was a characteristic
peak at 1710 cm−1 corresponding to the stretching vibration of
carbonyl (C=O), resulting from the solvent molecules NMP.
The peak at 1384 cm−1 was a typical value for the symmetrical
stretching vibration of the carboxyl group. The stretching fre-
quencies of 1026, 840, and 669 cm−1 were indicative of V=O,
V-O-V, V-O vibrational modes, respectively. Thus, the as-
prepared VOx QDs were consistent with the previous report
[29]. As shown in Fig. 2D, XRDwas employed to confirm the
crystalline structure of the precipitation after centrifugation (a)
and synthetic VOx QDs (b). The distinct peak at 2θ = 25.5°
should be indicative of the V2O5 (PDF#41-1426), the peaks at
26.9° and 27.9° were attributed to VO2 (PDF#09-1042), and
the ones at 37.1° and 44.3° corresponded to V2O3 (PDF#39-

0774). By contrast, VOx QDs exhibited a weaker and broader
signal peak on the XRD pattern, whichmay be associatedwith
the reduced crystallinity and decreased interaction between
layers upon the exfoliation process theoretically. Thus, the
VOx QDs were prepared successfully with a highly exfoliated
structure.

The optical properties of VOx QDs were investigated by
UV-vis absorption and FL spectra. As presented in Fig. 2E,
the characteristic absorption bands of VOx QDs centered at
about 390 nm and the optimal excitation and emission peaks
were at 330 and 410 nm. The International Commission on
Illumination (CIE) chromaticity diagram further confirmed
that VOx QDs could emit blue fluorescence upon the excita-
tion wavelength at 330 nm (Fig. 2F). The results mentioned
above demonstrated the successful preparation of fluores-
cence VOx QDs.

VOx QDs stability

The fluorescent stability of as-prepared VOx QDs was proved
under different ionic strengths, pH values, UV exposure time,
and storage time. As shown in Fig. S4A, VOx QD fluores-
cence intensity changed insignificantly with the increasing of
NaCl concentration from 0 to 100 mM, which confirmed the

Fig. 2 Characterization for VOx QDs. A HRTEM image (inset: lattice fringes). B AFM image (inset: height profile). C High-resolution O1s and V2p
XPS spectra.DXRD patterns. EUV-vis absorption, fluorescence excitation, and emission spectra of fluorescent spectra. F CIE chromaticity coordinate
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salt tolerance of VOx QDs.Moreover, with the variation of pH
from 3 to 11, the fluorescence intensity increased slightly and
declined at pH = 10 (Fig. S4B). Thus, the neutral conditions
contributed to the emission of VOx QDs. Additionally, the
fluorescence intensity of VOx QDs fluctuated a little after
irradiation at 365 nm UV light for 90 min and storage more
than half a month (Fig. S4C and D).

Fluorescence “on-off-on” sensing of GSH

Inspired by the prominent polyvalent and optical characteris-
tics of VOx QDs, a fluorescent “on-off-on” sensor was de-
signed for GSH determination, where the VOx QDs served
as a bifunctional unit of redox agent and signal indicator. As
shown in Fig. 3, VOx QDs solution emitted conspicuous blue
fluorescence with an emission peak at 410 nm (blue curve).
After addition of 300 μM MnO4

−, the fluorescence intensity
decreased because of the spontaneous production of MnO2

nanosheets, and IFE occurred between VOx QDs and MnO2

(purple curve). Interestingly, the introduction of GSH which
has good reducibility restored the fluorescence of VOx QDs
(red curve) due to the conversion ofMnO2 toMn2+ that cannot
induce fluorescence quenching [30]. In view of this phenom-
enon, VOx QDs/MnO4

− offered probability to fabricate an
“on-off-on” fluorescence sensing platform for detection of
GSH.

Mechanism study of fluorescence quenching and
restoration

The synthesized VOx QDs exhibited strong blue fluorescence.
The fluorescence was quenched with MnO4

− addition, and
subsequently recovered by GSH. The possible mechanism

of this “on-off-on” platform for GSH detection was explored
by TEM, XPS, UV-vis, and FL spectra.

“Turn-off” From the TEM image (Fig. 4A), it can be observed
that the well-defined MnO2 nanosheets were formed after
VOx QDs reacted withMnO4

− and VOx QDs were turned into
smaller dimensions with the diameter of 1.74 ± 0.28 nm (n =
100) (Fig. S5A). XPS analysis was employed to investigate
the elemental composition. As depicted in Fig. 4C, the two
characteristic peaks at 642.1 and 653.6 eV corresponded to
Mn 2p3/2 and Mn 2p1/2. The Mn 3s peak was analyzed to
distinguish Mn oxidation states (Fig. 4D). This peak had two
multiplet split components caused by coupling of non-ionized
3s electron with 3d valence-band electrons and magnitude of
peak splitting diagnostic of oxidation state. ΔE in the off
procedure was 4.7 eV corresponded to the typical value for
MnO2 (Mn4+) [31], indicating that MnO4

− was spontaneously
reduced to MnO2 by VOx QDs. Moreover, from the high-
resolution V 2p spectrum, the content of V element declined
(Fig. S6). Additionally, owing to the overlap between the
absorption spectrum of VOx QDs/MnO4

− and excitation spec-
trum of VOx QDs (Fig. 4E), the fluorescence quenching
mechanism could attribute to IFE [32]. Fluorescence lifetime
was tested to further study the quenching style and is shown in
Fig. 4F. The addition of MnO4

− caused the fluorescence life-
time of VOx QDs to change from 9.22 to 7.86 ns, revealing
that the fluorescence quenching of VOx QDs was mainly
assigned to the dynamic quenching effect [33].

“Turn-on” Upon the addition of GSH, the MnO2 nanosheet
structure vanished in the TEM image and VOx QDs still
remained in the diameter of 1.79 ± 0.35 nm (n = 100) (Fig.
4B and Fig. S5B). According to the previous reports, the con-
version of MnO2 to Mn2+ by GSH may cause the collapse of
MnO2 nanosheets, which contributed to the recovery of fluo-
rescence intensity [27]. In addition, from Fig. 4C, the Mn 2p
generated a satellite peak at ~647 eV, which was presented for
Mn2+. ΔE in Mn 3s increased to 5.9 eV that coincided with
the distance between the two peaks of Mn2+ (Fig. 4D), indi-
cating that the MnO2 has been reduced to Mn2+ which cannot
cause the fluorescence quenching. From the high-resolution V
2p spectrum (Fig. S6), the content of the V element further
reduced, which may be the reason that the fluorescence of
VOx QDs cannot be restored to its original intensity (Fig. 3).

Optimization of experimental conditions

To achieve the superior analytical performance, several essential
parameters in “turn-off” and “turn-on” procedure were investi-
gated. The MnO4

− concentration, solution pH, and reaction time
were optimized in the quenching stage. Results revealed that the
fluorescence intensity decreased gradually with the incremental
MnO4

− (Fig. S7A), and the quenching rate reached over 90% at

Fig. 3 The different fluorescence spectrum of VOx QDs in the absence or
presence of MnO4

−, and the recovery spectrum after addition of GSH
(excitation: 330 nm). Inset shows the photo representing the
corresponding changes under irradiation of 365-nm light
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300 μM coupling with an unobvious rise hereafter (the inset of
Fig. S7A), where F0 and F separately represented VOx QD fluo-
rescence intensity in the absence and presence of MnO4

− at an
emission wavelength of 410 nm. As depicted in Fig. S7B, the
maximum quenching rate occurred at pH 7, indicating that the
neutral pH could facilitate the redox reaction to form MnO2 or
benefit for the IFE between VOx QDs and MnO2. Kinetics was
studied to understand the quenching velocity in Fig. S7C; the
fluorescence intensity dropped markedly in 100 s and gradually
reached equilibrium after 3 min. Similarly, the fluorescence re-
covered in 4 min after addition of GSH at the restoring phase
(Fig. S7D). Therefore,MnO4

− concentration of 300μM, solution
pH of 7, and reaction time of 3 min were selected for the “turn-
off” procedure, and recovery time of 4 min was applied in the
“turn-on” procedure.

Detection of GSH

Under the optimal conditions, the “turn-on” strategywas adopted
for the quantitative detection of GSH by introducing the VOx

QDs/MnO4
−. The fluorescence response to different concentra-

tions of GSH was studied through the titration method. As ex-
pected, the emission at 410 nm recovered gradually with the
increasing GSH (excitation: 330 nm), while it reached an equi-
librium after 100 μM (Fig. 5A). The relationship between

recovery rate and GSH concentration is shown in Fig. 5B; the
values of (F-Fq)/Fq exhibited an outstanding linear correlation to
the GSH, where Fq and F separately represented VOx QDs/
MnO4

− fluorescence intensity at the emission wavelength of
410 nm in the absence and presence of GSH. The linear range
of GSH was 0.5–100 μM with the detection limit of 0.254 μM
(R2 = 0.998) (the formula is provided in the Supplementary
information). The comparison of the analytical capabilities of this
platform with previous reports is listed in Table S1; various fluo-
rescent sensors such as rhodamine-nitronaphthalimide Hg(II)
complex; FRET system of N, S-CDs, and Au NPs; and
CdSe@SiO2@CdTe fluorescent probe suffered from low anti-
interference ability and sophisticated synthetic methods, and re-
quired costly material, which largely limited the applications for
detectingGSH, indicating that this novel strategy performedwith
remarkable detection facility and sensitivity for GSH.

Selectivity to target in a complex matrix is a critical index
for assessing the fluorescence sensor performance. The fluo-
rescence responses of sensing platform toward other cations
(Na+, Cu2+, Co2+, Ca2+, Cd2+, Zn2+, K+, Ba2+, Mg2+, Al3+,
Fe3+, Hg2+, Mn2+), anions (Cl−, CO3

2−, NO3
−, SO4

2−, Ac−),
amino acids (Ser, Ile, Leu, Val, Pro, Gly, Lys, Asp, Met, Glu,
L-Glu, Phe, Arg, Thr, His), and molecules (urea, glucose,
BSA, AA, Cys) were tested. From Fig. 5C, only GSH and
Cys could restore the fluorescence intensity of VOx QDs,

Fig. 4 A, B TEM images of the spontaneously synthesized MnO2

nanosheet by VOx QDs and the decomposed MnO2 nanosheet by GSH.
C and D were Mn2p and Mn3s XPS spectra in the “turn-off” and “turn-

on” procedures. E UV-vis absorption of VOx QDs /MnO4
−, excitation,

and emission spectra of VOx QDs. F Fluorescence lifetime changes of
VOx QDs before and after the reaction with MnO4

− and GSH
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while there was no significant difference occurred after adding
the other possible interferences. However, the content of Cys
in human serum, fruits, and vegetables is low, resulting in a
negligible probability of detection interference. Thus, the de-
veloped VOx QDs/MnO4

− platform was highly specific for
GSH recognition.

Quantification of GSH in practical samples

The practical application potential of VOx QDs/MnO4
− sensor

for GSH detection in human serum, grape, tomato, and

cucumber was investigated by spiking a specific concentration
of GSH. As the result appeared in Table 1, the GSH contents
in human serum, grape, tomato, and cucumber are determined
to be 2.13, 7.68, 3.87, and 1.93 μM, respectively. The quan-
titative percent recovery ranged from 91.96 to 106.87% with
the relative standard deviation (RSD) below 5.95%. The ac-
ceptable recovery confirmed the feasibility of the proposed
sensor for monitoring GSH in different practical samples. In
this assay, the samples were diluted 103 times during pretreat-
ment to decrease the concentration of each component and
achieve the detection range of the sensor. However, the actual

Fig. 5 Emission spectra of VOx

QDs/MnO4
− system responding

to (A) GSH with various
concentrations (excitation:
330 nm). (B) The fitting curve
between the recovery rate and the
GSH concentrations. (C)
Selectivity of VOx QDs/MnO4

−

system for the detection of GSH

Table 1 Detection of GSH in
spiked human serum, fruit, and
vegetable samples (n = 3)

Sample Found (μM) Spiked (μM) Total found ± RSD (μM) Recovery (%) RSD (%)

Human serum 2.13 ± 0.26 5 7.47 ± 0.20 106.87 4.09

25 25.12 ± 0.19 91.96 0.75

50 51.89 ± 0.37 99.52 0.74

Purple grape 7.68 ± 0.14 5 12.39 ± 0.09 94.26 1.85

25 32.17 ± 0.40 94.83 5.95

50 56.68 ± 0.20 93.94 5.89

Cucumber 3.87 ± 0.06 5 9.03 ± 0.04 103.25 0.79

25 29.24 ± 0.39 101.47 1.55

50 54.23 ± 0.69 100.71 1.38

Tomato 1.93 ± 0.05 5 7.09 ± 0.22 103.25 4.31

25 26.97 ± 0.35 100.18 1.40

50 51.58 ± 0.44 99.30 0.88
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sample matrix is very complicated and contains a variety of
reducing species existing in high concentrations, which may-
be lead to inaccurate analysis results. Therefore, how to im-
prove the specificity ulteriorly needs to be further explored.

Conclusion

In conclusion, a fluorescence switchable sensor for detection
of GSH was constructed by combining VOx QDs and
MnO4

−.The cryogenic-mediated liquid-phase exfoliation was
served as a forceful method to produce bifunctional VOx QDs
with reducibility and blue fluorescence. MnO4

− can quench
their fluorescence which was attributable to the IFE between
VOx QDs and the MnO2 nanosheets which formed spontane-
ously through VOx QDs’ reducing effect. Afterward, the re-
dox reaction, which induced the decomposition of MnO2

nanosheet by GSH, resulted in the fluorescence restoration.
Importantly, this platform possessed excellent selectivity and
good detection limits for GSH. In addition, the sensor had
been successfully used for detecting GSH in human serum,
fruits, and vegetables with satisfied recovery. Therefore, the
developed sensing strategy provided a favorable mean for
monitoring GSH, paving a new way for the application of
quantum dots in analytical chemistry. In prospect, for the pur-
pose of improving the accuracy of sensing GSH in an intricate
matrix, the absolute specificity toward analyte still needs to be
further explored.
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