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www.rsc.org/ A novel fluorescent turn-on biosensor based on fluorescence resonance energy transfer (FRET) from the GSH
functionalized Mn-doped ZnS QDs to graphene oxide (GO) was constructed to determine the glutathione S-transferases
(GSTs) in live cell and human urine. The QDs@GSH is absorbed on GO surface via hydrogen bonding interaction between
the GSH on the surface of QDs@GSH and GO, as a result, the fluorescence quenching of the QDs@GSH takes place
because of FRET. The FRET efficiency from QDs@GSH to GO was calculated to be 86.3%. However, in the presence of GSTs,
the FRET process could be inhibited by the specific interaction between the GSH on the surface of QDs@GSH and GSTs,
which would keep the QDs@GSH far away from the GO surface, leading to the recovery of the fluorescence. The proposed
sensor exhibited high sensitivity, selectivity, and excellent specificity in the buffer, live cells and human urine for the
detection of GSTs. Under the physiological conditions (pH 7.4), dissociation constants and the detection limit of GST and
ATP6V1F (a GST-tagged protein) were estimated to be 8.0x10° M, 2.1x10™° M and 3.5x10° M, 7.2x10™ M, respectively.
The presented method has been successfully utilized for the determination of the GSTs in live cells and human urine
without any complicated pretreatment and the recovery was in the range of 80%-90%.

polyacrylamide gel electrophoresis (SDS/PAGE),®' static
Introduction light scattering (SLS)® and fluorescent sensor.”?® Among
them, fluorescent methods are thought to be potential for the
development of highly sensitive and relatively simple analysis
protocols. In recent years, fluorescence sensors based on GSH
functionalized gold nanoparticles (AuNPs),?® gold nanoclusters
(AUNCs)?® and quantum dot (QDs)Y"?* with their high
surface-to-volume ratio, are widely used as effective affinity
probes to capture and analyze target GST or GST-tagged
proteins.

Nowadays, the fluorescence resonance energy transfer
(FRET) between emerging nanomaterials and biomolecular
recognition units has attracted on considerable research effects
on the development of novel biosensing and diagnostic
techniques.?”?® Recently, QDs-FRET system has emerged as a
powerful tool in the detection of ions,?® organic small

Glutathione S-transferases (GSTs) are a large family of
ubiquitous detoxification enzymes in organisms, which can
protect tissues from the toxic chemicals by catalyzing the
coordination of the tripeptide glutathione (GSH) to the
electrophilic organic compounds such as endogenous
superoxide radicals and toxic metabolites.® GSTs also often
exhibit a highly overexpressed in certain tumor cells compared
with the corresponding normal tissues, and they play a
significant role in the development of resistance to
chemotherapeutic agents because they detoxify these
compounds.*® Consequently, there is a need of sensitively
detecting the GSTs. Besides, GSTs are widely applied to tag the
fusion proteins to selectively separate proteins from proteomic
analysis due to their specificity to GSH.”® Currently, the

conventional methods for GSTs quantitative assay are high- molecules™ or biomacromolecules®*"** (proteins and nucleic
performance  liquid chromatography  (HPLC),®**  mass acids). QDs has been widely used as the energy donors due to

spectrometry (Ms), 1214 electrochemical sensors, 5 their high fluorescence quantum yields, high stability against
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emission and size-controlled emission, while organic
dyes, 33353 AuNPs®2%  graphene and graphene oxide (GO)32
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Among the reported QDs-FRET biosensors, the CdS, CdSe,
CdS/CdSe, CdTe QDs as donors have been developed.
However, QDs containing of Cd?* can exert genotoxic,
epigenetic, and metalloestrogenic effects in cells,* and the self-
quenching fluorescence induced by energy transfer between
adjacent QDs or intramolecular ground-state dimer complex
which may confine their applications in bioanalysis.*® The
metal ions doped QDs not only potentially retain almost the
above advantages of undoped QDs, but also avoid the self-
quenching problem, and are thus regarded as a new class of
luminescent materials. Therefore, doped QDs as energy donors
in FRET systems are attractive for sensing application.*’! The
metal ions doped ZnS and ZnO QDs have longer dopant
emission lifetime and potentially lower cytotoxicity in
comparison with typical CdSe and CdTe QDs. This property
makes the doped QDs as excellent donors of FRET for
applications of in vivo and in vitro chemo/biosensing and
bioimaging.*®%? It is expected that the highly absorptive
nanomaterials such as graphene oxide, AUNPs and Au nanorods
as energy acceptors in FRET with Mn-doped QDs will generate
novel sensing platforms.

Previously, our group had developed a fluorescent biosensor
for GST detection based on FRET between GSH modified Au
nanoclusters (AuUNCs@GSH), as an energy donor, and amine-
terminated Au nanoroads (AuNRs), as an energy acceptor.?
Inspired by this observation, herein we have designed a novel
turn-on fluorescence biosensor based on FRET from GSH-
functionalized Mn-doped ZnS QDs (QDs@GSH) to graphene
oxide (GO), a highly efficient energy transfer acceptor, for the
determination of GSTs (Scheme 1). QDs@GSH can absorb on
GO surface via hydrogen bonding interaction between the GSH
on the surface of QDs and GO. The fluorescence of the QDs
would be sufficiently quenched with the efficient energy
transfer process from QDs to GO. However, when adding
GSTs, GSH preferred to combine GSTs with the specific
interaction between GSH and GST which further replaced the
interaction between GSH and GO, resulting in QDs being kept
away from the GO surface, the FRET process being inhibited,
fluorescence quenching decreasing and the fluorescence
recovering. Herein, GST (from horse liver) and ATP6V1F (a
GST-tagged protein from human) as the model of GSTs were
introduced to the FRET system in the subsequent assays.
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Scheme 1 Schematic illustration of GSTs detection based on QDs@GSH-
GO FRET sensing system.

Experimental section
Reagents and materials

Glutathione S-transferase (GST), ATP6V1F (a GST-tagged
protein), bovine serum albumin (BSA), cytochrome C (Cyt),
bovine hemoglobin (BHb), immunoglobulin G (1gG), lysosome

2| J. Name., 2016, 00, 1-3

(Lyz), and transferrin (Trf) were purchased from SigmazAldrich
(USA). Znic sulfate hepahydrate (ZnSDY'7HJ0)9/Mafganese
sulfate  tetrahydrate = (MnSO,4-4H,0), sodium  sulfide
nonahydrate (NaS-9H,0), sodium chloride (NaCl), magnesium
chloride (MgCl,), calcium chloride (CacCl,), potassium chloride
(KCI), cadmium chloride (CdCl,), cobalt chloride (CoCl,),
nickel(Il) chloride (NiCly), iron(l11) chloride (FeCls), copper(ll)
chloride (CuCl,) and zinc chloride (ZnCl,) were all obtained
from Tianjin Chemical Reagent Company (Tianjin, China), and
used directly without further purification. Glutathione (GSH)
was purchased from J&K Chemical (Beijing, China). Graphene
oxide (GO) was purchased from XFNANO (Nanjing, China).
Other reagents were of analytical grade or better. Deionized
water was prepared with an Aquapro ultrapure water system
(Chongging, China).

Instruments

The crystal structure of the NPs was determined by an X-ray
diffractometer (XRD). The XRD pattern of the sample was
recorded with a Shimadzu (Japan) D/Max-2500 diffractometer,
using a monochromatized X-ray beam with nickel-filtered Cu
Ko radiation. The XRD patterns were collected in the range of
3° < 20 < 80° with a dwelling time of 2 s and a scan rate of 6.0°
min™’. The size and morphology of the NPs were measured by a
JEOL JEM-2100 transmission electron microscope (TEM). The
graphene oxide, QDs and QDs-GO dispersed in deionized
water were cast onto a carbon-coated copper grid sample holder
followed by evaporation at room temperature. Fourier
transform infrared (FT-IR) spectra (4000-400 cm™) in KBr
were recorded using the AVATAR 360 FT-IR
spectrophotometer (Nicolet, Waltham, USA). The fluorescence
responses to GSTs with the prepared QDs-GO system were
obtained by using a FL-4500 spectrophotometer (Shimadzu,
Japan). The fluorescent images of living cells were observed
under an inversion fluorescence microscope (Nikon, Japan).
Synthesis of GSH modified Mn-doped ZnS QDs

The synthetic routes of GSH-Mn-doped ZnS QDs are modified
according to the literature previously.®® ZnS0O,7H,0 (1.8 g,
6.25 mmol), MnSO,44H,0 (0.11 g, 0.5 mmol) was dissolved in
20 mL ultrapure water in 100 mL three-necked flask, stirred
under argon at room temperature for 10 min, and then added 10
mL aqueous solution containing Na,S-9H,0 (1.5 g, 6.25 mmol).
After stirring for 30 min, 10 mL ultrapure water containing of
GSH (1.92 g, 6.25 mmol) was added into the solution and then
kept stirring for 20 h. Finally, the product was precipitated with
absolute ethanol, separated by centrifuging, washed with
ultrapure water and absolute ethanol for three times, and dried
at 30 °C in vacuum for 3 h.

Procedures for determining GSTs based on QDs@GSH-GO

For the determination of GST and ATP6V1F, the certain
concentrations of GSH-Mn-doped ZnS QDs (final
concentration of 50 mg L™) and GO (final concentration of 240
mg L) were mixed and incubated for 1 h in 10 mM PBS buffer
(pH 7.4), and then various concentrations of GST and
ATP6V1F were added to the mixture and further incubated for
2 h, respectively. The fluorescence spectra of the final mixture
were also measured using the FL-4500 spectrophotometer.

This journal is © The Royal Society of Chemistry 20xx
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Selectivity of QDs@GSH-GO for sensing GSTs

GST, ATP6V1F, BSA, Cyt, BHb, IgG, Lyz, and Trf were
selected to evaluate the selectivity of the QDs@GSH-GO
system. Each of the QDs@GSH-GO solutions (200 pL 50 mg
L) in 2 mL tubes, containing GST (100.0 nM) or ATP6V1F
(10.0 nM) or each of six proteins (1.0 uM), were incubated for
2 h at room temperature, and then characterized by fluorescent
method. The response to the GSTs and the analogues with
QDs-GO system were compared.

The metal ions (Ca?*, Cd?*, Co?', Cu?*, Fe**, K*, Mg?", Na*,
Ni%*, Zn?") with concentration of 1 uM were added into the
QDs@GSH-GO solutions in the presence of 100.0 nM GST or
10.0 nM ATP6V1F, and then incubated for 2 h at room
temperature, respectively. Competition events were also
monitored by fluorescent spectra, and all tests were conducted
in triplicate.

Determination of GSTs in urine samples

Urine sample from a healthy volunteer was selected for spiked
sample analysis. First, 1 pL urine sample was diluted 100 times
with 10 mM phosphate buffer (PBS, pH = 7.4) containing of
QDs@GSH-GO system. Then 0.0-1.0 nM standard solutions of
ATP6V1F were added to 1 mL of diluted urine sample solution
in 2 mL plastic tubes, respectively. The tubes were shaken on a
rotator for 2 h at room temperature. Finally, the fluorescence
spectra of solutions were directly measured.

Fluorescence imaging of GSTs in living cells

The living L929 cells were cultured in the Dulbecco’s modified
eagle media (DMEM) and 10% fatal bovine serum (FBS)
medium to get a suitable density. The cells were spiked with
ATP6V1F (final concentration of 1.0 nM) and incubated for 30
min at 37 °C, and then washed with 10 mM PBS (pH = 7.4)
three times. The fluorescent imaging experiments for
intracellular GSTs were conducted with L929 cells, treated with
the QDs@GSH-GO system for 30 min at 37 °C. The excited
wavelength of the laser was 330-370 nm in ultraviolet region.
The fluorescence for the single cell was analyzed by inversion
fluorescence microscope.

Results and discussion
Characterization of QDs@GSH-GO FRET system

The as-prepared GSH modified Mn-dopped ZnS QDs and
QDs@GSH-GO system were characterized by TEM, XRD and
FT-IR. The Fig.1A revealed the formation of monodisperse
GSH-capped Mn-doped ZnS QDs with spherical shape
possessing a diameter of approximately 3.5 nm. The particle
hydrodynamic size analyzer (Fig. S1A, Electronic
Supplementary Information) shows that determined particle
sizes of QDs@GSH are close to those measured by TEM. The
QDs@GSH displayed the narrow particle size distribution and
the Zeta potential of -18 mV (Fig. S1B, Electronic
Supplementary Information). The GO had layered structure,
and the surface of the sheet was relatively smooth (Fig. 1B).
The TEM image of QDs@GSH-GO is shown in Fig. 1C.
Obviously, a large quantity of uniform spherical QDs@GSH

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 HRTEM images of QDs@GSH (A), TEM images of GO (B),
QDs@GSH-GO (C) and HRTEM images of QDs@GSH-GO (D).
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Fig. 2 (A) XRD pattern of the QDs@GSH and (B) FT-IR spectra of
GO (curve a), GSH (curve b) and QDs@GSH (curve c).
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absorbed on the surface of GO. In addition, the HRTEM images
of QDs@GSH-GO show the two-dimensional GO sheet is well
decorated by a large quantity of spherical GSH-Mn-ZnS QDs
particles (with average size of about 3.5 nm) and the lattice was
clearly visible. This result revealed that QDs@GSH-GO system
had been constructed successfully compared with GO alone in
Fig. 1B.

The XRD pattern of Mn-doped ZnS QDs exhibits a cubic
zinc sulfide crystal structure with peaks for (111), (220), and
(311) planes (Fig. 2A). It is suggested that the crystalline
lattices of Mn-doped ZnS QDs are pretty integrated. FT-IR
spectra of GO, GSH and QDs@GSH are shown in Fig. 2B,
respectively. As for GO, the strong and wide band at 3615 cm™
is O-H stretching vibration, the peaks at 1716, 1363, 1244 and
1047 cm™ are attributed to C=0, O-H deformation vibration, C-
OH and C-O stretching vibration, respectively. For GSH, 2524
cm? is S-H stretching vibration band, 1617 cm™ is N-H
bending vibration band, 1410 cm™ is C-N stretching vibration
band. Concerning the QDs@GSH, 615 cm™ is the characteristic
vibration band of Zn-S, and the disappearance of 2524 cm™ in
Fig. 2B (c) revealed that the GSH had also been functionalized
on the surface of the Mn-doped ZnS QDs successfully.

FRET between QDs@GSH and GO

As shown in Fig. 3A, the fluorescence emission bands of the
prepared QDs are at the wavelength of 450 nm (ZnS QDs) and
607 nm (Mn-doped ZnS QDs), respectively. The two
fluorescence emission peaks of QDs were largely overlapped
with the absorption spectrum of GO, which indicated that they
were likely a nice pair of FRET donor/acceptor, which met
exactly the condition of FRET. The absolute quantum yield of
the GSH modified Mn-doped ZnS QDs was measured to be
49.6%. The strong fluorescence of QDs@GSH was efficiently
quenched about 86.3% after incubation with GO in Fig. 3B.
This conclusion could be confirmed by the obvious changes of
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Fig. 3 (A) Fluorescence emission of the QDs@GSH (red curve), and
the absorption spectrum of GO (black curve). (B) Fluorescence
emission of QDs@GSH before (black curve) and after (red curve)
incubation with GO. (The inset shows a photograph of the
QDs@GSH and QDs@GSH-GO in 10 mM PBS (pH = 7.4) under
ambient light (a, b) and irradiated by 285 nm light (c, d).) (C)
Fluorescence spectra of the QDs@GSH after adding into the
different concentrations of GO. (D) Plot of fluorescence quenching
efficiency versus GO concentration.
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fluorescence lifetimes from 1.87 ns for QDs@GSH, 19,138, ns
for QDs@GSH-GO after addition of GOO(Fiyl0S2 CEIESHDHIE
Supplementary Information). The lifetimes of QDs and QDs-
GO FRET system are shown in Table S1 (Electronic
Supplementary Information). The significant fluorescence
quenching of QDs@GSH was mainly attributed to the
hydrogen bonding interaction between -COOH or NH, groups
of the GSH on the surface of QDs and -OH or COOH groups of
GO leading to the energy transfer from QDs to GO. The
addition of GST leads to the fluorescence recovery due to the
formation of GSH-GST complexes which keep the QDs away
from GO surface. The distance between QDs@GSH and GO
was calculated to be ~3.8 nm according to the size of
QDs@GSH and hydrogen bond length, which met the
occurrence of FRET. A similar work has been reported for
FRET system based on ssDNA-functionalized CdTe QDs and
GO.* The fluorescence quenching of QDs was induced by QDs
absorbing on GO surface via the =-m stacking interaction
between the GO and the base, and hydrogen bonding
interaction between nitrogen/oxygen containing groups on the
ssDNA and while specific interaction between the introduced
target DNA and the ssDNA resulted in the distance increase
between the QDs, which significantly hindered the FRET and,
thus the fluorescence of QDs was recovered. In comparison
with the above CdTe QDs-GO FRET using the toxic metal ions,
the Mn-doped ZnS QDs made from less-harmful elements was
selected to fabricate a turn-on FRET biosensor for the detection
of the GSTs in complex biological samples.

The relation between the fluorescent quenching effect on the
QDs@GSH and the amount of GO was also studied. The
fluorescence intensity of QDs@GSH gradually decreased with
the increase of GO concentrations (Fig. 3C), and the quenching
efficiency achieved a plateau when the amounts of GO were
more than 0.24 mg mL™ (Fig. 3D). The calculated quenching
efficiency or FRET efficiency is defined as:

F,
E=1- FL; @

Where Fpa and Fp are the fluorescent intensities of the donor
in the presence and absence of the acceptor. As a result, 0.24
mg mL™ was selected as the final concentration of GO for the
subsequent experiments. The effect of reaction time on the
quenching is also investigated. It is exhibited that the
fluorescence of the QDs@GSH was sufficiently quenched
within 60 min in the presence of GO (Fig. S3, Electronic
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Fig. 4 Fluorescence emission spectra of the QDs@GSH (50 mg L™)
in the presence of various concentrations (0.0, 1.0, 5.0, 10.0, 30.0,
50.0, 100.0 nM) of GST (A) and (0.0, 1.0, 3.0, 5.0, 8.0, 10.0 nM) of
ATP6V1F (B) in 10 mM PBS (pH 7.4).
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Fig. 5 Fluorescent spectra of the GSH@QDs-GO in the presence of varyious concentrations of GST (0.0, 0.50, 1.0, 2.0, 4.0, 8.0, 10.0, 20.0, 40.0 and
100.0 nM) (A) and ATP6V1F (0.0, 0.25, 0.50, 1.0, 1.5, 2.0, 3.0, 5.0, 10.0, 20.0, and 30.0 nM) (C) (Inset: the fluorescence at 607 nm of QDs@GSH-
GO system as a function of the GSTs concentration.). (B, D) Binding constants of QDs@GSH-GO and GSTs were fitted according to the Hill
equation. The error bars represented the standard deviations of three independent experiments.

Supplementary Information), and thus an incubation time of 60
min was also used in the subsequent experiments.

Fluorescence detection of GSTs based on QDs@GSH-GO FRET
system

To investigate the interaction between QDs@GSH-GO and
GSTs, GST and ATP6V1F (a GST tagged protein) as the model
analytes were introduced in the experiments. The effect of
different concentrations of GSTs on the fluorescence of
QDs@GSH was assessed. The fluorescence emissions of the
QDs@GSH in presence of GSTs (GST and ATP6V1F) are
shown in Fig. 4 (A, B). It is observed that the fluorescence inte-
-nsity of QDs@GSH decreased along with the incremental
amount of GSTs because of the specific interaction between
GSH on the surface of QDs and GSTs. The results also revealed
that not only the GSH had been successfully modified on the
QDs surface, but also this proposed strategy based upon
measuring the fluorescence quenching of QDs@GSH was
highly sensitive for GSTs determination.*”?* However, it is not
favorable for the application of live cell target imaging due to
its turn-off fluorescence. Therefore, a fluorescence turn-on
sensor for GSTs detection based on the QDs@GSH-GO FRET

This journal is © The Royal Society of Chemistry 20xx

system was described. As shown in Fig. 5A, 5C, the quenched
fluorescence of QDs@GSH adsorbed on the surface of GO was
recovered gradually upon addition of different concentrations
of GSTs to the QDs@GSH-GO system. It is suggested that the
GSH-GST specific combination is much stronger than the
hydrogen bonding interaction between GSH and GO, and the
FRET process from QDs@GSH to GO is blocked due to the
increasing distance between the energy donor and acceptor.®®
Fig. 5A displayed the relationship between the fluorescence
intensity and GST concentration from 0.0 nM (control) to 100.0
nM. It is observed that the fluorescence intensity increased
gradually as the concentrations of GST increase. When the
concentration of GST was up to 100.0 nM, the fluorescent
intensity reached the peak with an increase by about 0.45-fold
within 12 min (Fig. S4A, Electronic Supplementary
Information). The results exhibited a good linear relationship in
the range of 0.0 to 10.0 nM. for GST (Fig. S5A, Electronic
Supplementary Information). The detection limit was estimated
to be 2.1x10° M according to 3o criteria of IUPAC (30/m, 6 =
212, m = 30.6, Fig. S5C, Electronic Supplementary
Information). To our knowledge, the detection limit in this

J. Name., 2016, 00, 1-3 | 5
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work is 7 to 4200 times lower than those of fluorescent probes
(Table 1). The reason is that the GST leads to the fluorescence
recovery of high FRET efficiency from QDs@GSH to GO due
to the specific interaction of GST-GSH complexes. The binding
constant between QDs@GSH-GO and GST was calculated with

Table 1 Comparison of the proposed method with some other
reported methods for determination of GST.

Methiod Dietectiod Do (inhd) [Refs]
AN H NCs s r) [21]
AuMCeri{EH- L5 (23]

AlNR2
MCemaodifisd oo [55]
NP
Cthid-hdi Oy L5} | 54:]
copnposte
QDeEHFSH- G0 021

Thaswoik

the Hill equation as follows:
F = Fp + e @

Where K is the dissociation constant, C is the concentration
of GST in QDs@GSH-GO solution, n is Hill slope, F and Fy
are the fluorescent intensity of QDs@GSH-GO composites in
the presence and absence of GST, and Fy is the maximum
value of fluorescence intensity. The measured K value was 8.0
nM (R? = 0.99, n = 1.09). Similarly, the fluorescence emission
of QDs@GSH-GO increased by about 0.87-fold in presence of
ATP6V1F from 0.0 nM to 10.0 nM shown in Fig. 5C, the
combination was completed in presence of 1.0 nM ATP6V1F
with 20 min (Fig. S4B, Electronic Supplementary Information),
the linear range of ATP6V1F determination was 0.5-3.0 nM
(Fig. S5B, Electronic Supplementary Information), the limit of
detection of ATP6V1F was estimated to 7.2x10™™ M (3o/m, 6 =
212, m = 88.5, Fig. Sb5D, Electronic Supplementary
Information), and the dissociation constant (k) between
QDs@GSH-GO and ATP6V1F was measured to be 3.5 nM (R2
= 0.99, n = 0.58). The overall results demonstrated that the
experimental binding strength between FRET system and GSTs
in this work was stronger than that in the previous report for the

0.84
0.6
0.44
0.24
0.0 4
0.2 4
0.4+

F-F )/, at 607 nm

=0.6 4

Fig. 6 Fluorescent intensity of the QDs@GSH-GO FRET-based
sensor toward GSTs and some other proteins in 10 mM PBS (pH =
7.4). The concentrations of GST, ATP6V1F, BSA, Cyt, BHb, IgG,
Lyz and Trf were all 1.0 pM. The concentrations of GST,
ATP6V1F, QDs@GSH and GO were 10 nM, 100 nM, 50 mg Lt
and 0.24 mg mL™, respectively. The error bars represented standard
deviation of three repetitive experiments.
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Fig. 7 Fluorescence response of GST or ATP6V1F based on the
QDs@GSH-GO in the presence of various metal ions (Ca?*, Cd*",
Co*, cu?®, Fe*, K', Mg?, Na*, Ni**, Zn?"). The concentration of
each of metal ions is 1 pM. Fy is the fluorescence intensity of the
QDs@GSH-GO system. The error bars represented standard
deviation of three repetitive experiments.

GSTs (> 10 nM),?® and have a lower limit of detection.
Therefore, it has been proven that this FRET system have a
great potential for the application of GSTs detection in complex
samples and in live cell imaging. However, it is not negligible
that the fluorescence recovery of the QDs@GSH-GO system is
not sufficient with the accumulated concentration of GSTs. As
a result, the fluorescence emission signal of the QDs@GSH is
still quenched by the high concentration of the GSTs even
though the fluorescence emission of the QDs is enhanced by the
blocked FRET process.

Selectivity is a key parameter to evaluate the performance of
a fluorescent sensing. To identify the selectivity of the FRET
system for the GSTs detection, some other proteins such as
BHb (pl 6.7), BSA (pl 4.9), Cyt (pl 10.2), 1gG (pl 8.0), Lyz (pl
11.0) and Trf (pl 5.6) acted as contrast proteins, the fluorescent
response of QDs@GSH-GO to GSTs were carried out in 10
mM PBS (pH = 7.4). As shown in Fig. 6, the QDs@GSH-GO
in presence of 100.0 nM for GST and 10.0 nM for ATP6V1F
exhibited obvious fluorescence increase by about 0.45-fold and
0.85-fold, respectively. However, the fluo rescence intensity
decreased after adding 1.0 pM other proteins to QDs@GSH-
GO FRET system except that 1gG triggered a slight
fluorescence enhancement. Besides, the anti-interference ability
of QDs@GSH-GO FRET system to GSTs was also assessed in
presence of some metal ions (Ca?*, Cd?*, Co?*, Cu?*, Fe*, K*,
Mg?*, Na*, Ni?*, Zn**). As shown in Fig. 7, 1.0 UM coexisting
metal ions had no obvious influence on this approach for GSTs
determining, where the Cu?* and Ni** may coordinate GSH
well on the QDs@GSH surface, but resulted in the tiny
fluorescence decreasing. Hence, it demonstrated that the
QDs@GSH-GO FRET system had a high specificity to GSTs
and had a potential for applications in vivo and in vitro GSTs
sensing studies.
QDs@GSH-GO sensing system for detection of GSTs in live
cells and urine samples

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 L929 cells were treated with QDs@GSH-GO. Top panels: (A)
L929 cells incubated with QDs@GSH-GO in absence of ATP6V1F in
PBS buffer for 30 min at 37 ‘C shown in bright-field channel; (B)
fluorescent image; (C) the overlay image of (A) and (B). Bottom
panels: (D) L929 cells incubated with QDs@GSH-GO in presence of
1.0 nM (final concentration) ATP6V1F in PBS buffer for 30 min at

37 °C shown in bright-field channel; (E) fluorescent image; (F) the
overlay image of (D) and (E).

To further demonstrate the potential application of QDs@GSH-
GO in biological systems, fluorescence imaging experiments of
QDs@GSH-GO in living cells were conducted. The L929 cells
were incubated with the mixture of QDs@GSH-GO in the
absence of ATP6V1F (control) and in the presence of 1.0 nM
(final concentration) ATP6V1F for 30 min. The cellular
imaging was performed on the inversion fluorescence
microscope (Fig. 8). As shown in Fig. 8C, there was not any
fluorescence of QDs@GSH-GO in the L929 cells observed
from overlay image of bright-field (Fig. 8A) and fluorescence
(Fig. 8B) in the control cell lines. In contrast, a relatively bright
fluorescence signal appeared in Fig. 8F, the overlay image of
bright-field (Fig. 8D) and fluorescence (Fig. 8E). The results
exhibited that the concentration of ATP6V1F lower down to 1.0
nM in live cells could generate a strong intracellular
fluorescence recovery of QDsS@GSH-GO. The results indicate
that the QDs@GSH-GO FRET system can be applied to sense
the intracellular GSTs in living cells possessing low toxicity
and good biocompatibility.
Table 2 Recovery (meanzs; n=3) for GSTs detection in urine sample

G5 Txaddesl GET=Tound REL'("I'IIZI"_\.'

Sanple
[T ) {nhd) {20}

e 1 05 04 = 0.04 800 x 8.0

nrme L. 0% 1 005 90.0x 5.0

The QDs@GSH-GO system was also applied to monitor the
GSTs in human urine samples. It was reported that elevated
levels of specific GSTs have been detected in several kidney-
related diseases.®* As a result, ATP6V1F, as the model of the
GSTs, was spiked to the urine sample diluted by 100-fold with
QDs@GSH-GO system (Fig. S6, Electronic Supplementary
Information). The concentrations of spiked ATP6V1F 0.5 and
1.0 nM (final concentration) were monitored by QDs@GSH-
GO, and the recovery is 80.0%-90.0% (Table 2). The results
suggested that this sensor has great potential for determining
the GSTs concentration in complex biological samples.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

View Article Online
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In summary, on the basis of the specific interaction between

GSH and GSTs, we have fabricated a novel fluorescent sensor
for GSTs detection based on QDs@GSH-GO FRET system.
This fluorescence sensor shows high selectivity and sensitivity,
great binding constants and low limit of detection for GST and
the GST-tagged protein. Moreover, the proposed approach has
been successfully applied for the assay of GSTs in complex
biological samples and live cell imaging with minimal
background interference even at low concentrations of analytes.
It is expected that the Mn-doped ZnS QDs-GO will provide
new opportunities for ratiometric, nontoxic, sensitive
chemo/bio-detection in biomedical area.
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