
Analytical
Methods

PAPER

Pu
bl

is
he

d 
on

 1
4 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

12
/0

5/
20

16
 1

0:
17

:3
4.

 

View Article Online
View Journal
Deciphering the q
aDepartment of Biomedical Engineering, Col

Collaborative Innovation Center of Chemi

Laboratory of Microstructures, Nanjing Un

weihui@nju.edu.cn
bState Key Laboratory of Analytical Chemi

Nanjing 210093, China

† Electronic supplementary informa
10.1039/c6ay00199h

‡ These authors contributed equally.

Cite this: DOI: 10.1039/c6ay00199h

Received 20th January 2016
Accepted 12th April 2016

DOI: 10.1039/c6ay00199h

www.rsc.org/methods

This journal is © The Royal Society of
uenchingmechanism of 2DMnO2

nanosheets towards Au nanocluster fluorescence
to design effective glutathione biosensors†

Shichao Lin,‡a Hanjun Cheng,‡ab Qiran Ouyanga and Hui Wei*a

Two-dimensional (2D) nanomaterials (such as 2DMnO2 nanosheets) have received increasing attention due

to their unique photophysical properties, rich redox chemistry, excellent colloidal stability, good

biocompatibility, etc. Recently, numerous sensing platforms have been reported by exploring the 2D

MnO2 nanosheet mediated fluorescence quenching towards fluorophores and/or redox reactions

between MnO2 and reductive targets. Though various fluorophores have been used in 2D MnO2

nanosheet based turn-on sensing systems, ultrasmall metal nanoclusters have not been exploited yet.

Furthermore, the quenching mechanisms of MnO2 nanosheets towards various fluorophores have

remained elusive. To address these issues, we studied the quenching of Au nanocluster fluorescence by

2D MnO2 nanosheets. First, we demonstrated that 2D MnO2 nanosheets were effective quenchers

towards the fluorescence of metal nanoclusters (e.g., AuNC@BSA, the bovine serum albumin stabilized

Au nanocluster). We further revealed that both dynamic and static quenching effects played critical roles

in the quenching process while fluorescence resonance energy transfer (FRET) and inner filter effect (IFE)

only played very minor roles in the quenching process. Finally, we developed a turn-on sensing strategy

for detection of glutathione (GSH), an important antioxidant with good sensitivity and selectivity. This

work provides useful insights in understanding the mechanisms of nanomaterial-induced fluorescence

quenching. It also paves a way to design turn-on fluorescent sensors for important reductive targets.
Introduction

Two-dimensional (2D) nanomaterials have received consider-
able attention due to their intriguing structures and proper-
ties.1–15 Until now, various kinds of 2D nanomaterials have been
developed, such as graphene, germanane, silicene, phosphor-
ene, boron nitride, transition metal chalcogenide, layered
double hydroxide, transition metal oxide, and their deriva-
tives.16–18 Among them, ultrathin transition metal oxide nano-
sheets are of great interest owing to their rich redox chemistry,
good biocompatibility, ease of functionalization, and low cost.19

Particularly, MnO2 nanosheets have recently been fabricated
for broad applications such as in catalysis, biosensing, bio-
imaging, and cancer therapy.20–32 MnO2 nanosheets have
a unique sandwich structure, with one Mn atomic layer located
between two O atomic layers.20 Thus, an edge-sharing
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octahedral conformation of MnO6 is adopted through coordi-
nation betweenMn atom and six O atoms.20 As a consequence of
the d–d transition of Mn ions in the MnO6 octahedra, MnO2

nanosheets exhibit a broad absorption band (�200–800 nm)
with a large molar extinction coefficient (i.e., 3max ¼ 9.6 � 103

M�1 cm�1 at�380 nm).20 On the other hand, the presence of Mn
vacancies endows MnO2 nanosheets with a negatively charged
surface, which in turn provides MnO2 nanosheets with good
colloidal stability due to the electrostatic repulsion. Such inter-
esting properties allow researchers to construct platforms for
uorescence sensing. For example, when a dye-labelled single-
stranded DNA (ssDNA) was used as a probe, its uorescence was
quenched by MnO2 nanosheets.33 In the presence of target
ssDNA, the formation of a DNA duplex could recover the
quenched uorescence, resulting in sensitive and selective
detection of the target ssDNA.33 Such a sensing strategy could
also be applied for RNA detection as well as other targets'
detection with corresponding aptamer probes.27,32,33 Further-
more, by combining the interesting redox chemistry of MnO2

nanosheets with their uorescence quenching capability,
various biologically important targets with reducing ability (such
as ascorbic acid, glutathione (GSH), H2O2, etc.) have been
detected.34,35 For instance, the uorescence of 7-hydrox-
ycoumarin was suppressed byMnO2 nanosheets. In the presence
of a reductive analyte (i.e., ascorbic acid), MnO2 nanosheets
Anal. Methods

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ay00199h&domain=pdf&date_stamp=2016-04-27
http://dx.doi.org/10.1039/c6ay00199h
http://pubs.rsc.org/en/journals/journal/AY


Fig. 1 2D MnO2 nanosheet mediated Au nanocluster fluorescence
quenching for effective glutathione detection.
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could be reduced to Mn2+, thus liberating 7-hydroxycoumarin
and restoring its uorescence. Based on this strategy, ascorbic
acid in living rats has been successfully determined.34 GSH, an
important endogenous antioxidant, has also been detected
based on a similar sensing strategy by several groups.22

Compared with organic dye-based uorophores, ultrasmall
uorescent metal nanoclusters are advantageous in several
aspects, such as ultrasmall size, remarkable photophysical and
chemical stability, high uorescence, tunable emissions, etc.36–51

Therefore, they are promising alternatives to organic dyes for
constructing turn-on uorescent sensors with functional nano-
materials. For example, when DNA-stabilized Ag nanoclusters
were combined with graphene oxide, multiplexed sensing plat-
forms for pathogenic DNA were developed recently.52

Despite the great promise, no reports have been devoted to
the construction of turn-on uorescent sensing platforms with
MnO2 nanosheets and ultrasmall metal nanoclusters. On the
other hand, the quenching mechanisms of MnO2 nanosheets
towards various uorescent reporters for turn-on uorescent
sensors have also remained largely unexplored.22,25,27,34 The
elucidation of such mechanisms would enable us to rationally
design effective uorescent sensors for targets of interest. In
this work, we aim at understanding the quenching mechanism
of 2D MnO2 nanosheets towards protein stabilized Au nano-
cluster uorescence, which in turn allows us to design effective
turn-on uorescent sensors for GSH detection (Fig. 1).
Experimental section
Chemicals and materials

Bovine serum albumin (BSA) (Biosharp Company), HAuCl4
(Nanjing Chemical Reagent Co., Ltd), NaOH (Nanjing Chemical
Reagent Co., Ltd), MnCl2$4H2O (Xilong Chemical Co., Ltd),
glutathione (GSH) (Aladdin Industrial Corporation), H2O2

(Nanjing Aojia Chemical Co., Ltd), tetramethylammonium (TMA)
(Nanjing Aojia Chemical Co., Ltd), and all other chemicals were
of analytical grade and used as received. All aqueous solutions
were prepared with deionized water (18.2 MU cm, Millipore).
Instrumentation

Absorption spectra were recorded at room temperature on a TU
1900 spectrometer (Beijing Purkinje General Instrument Co. Ltd.,
Anal. Methods
China). Photoluminescence spectra were measured on a Hitachi
F-4600 spectrometer (Hitachi Co. Ltd., Japan) with an excitation
wavelength at 365 nm. Transmission electron microscopy (TEM)
images were acquired on a JEM-2100 transmission electron
microscope at the acceleration voltage of 200 kV.

Preparation of BSA stabilized gold nanoclusters

BSA stabilized gold nanoclusters (AuNC@BSA) were prepared as
follows.53 Typically, 5 mL of 10 mM HAuCl4 aqueous solution
was added into 5 mL of 50 mg mL�1 BSA aqueous solution
under vigorous stirring at 37 �C. Two minutes later, 0.5 mL of 1
M NaOH aqueous solution was added and the resulting reaction
solution was stirred at 37 �C overnight. The as-prepared
AuNC@BSA was stored at 4 �C for further usage.

Preparation of ultrathin 2D MnO2 nanosheets

Ultrathin 2DMnO2 nanosheets were prepared as follows.20 First,
12 mL of 1 M TMA and 2 mL of 30% H2O2 were mixed into 6 mL
of water. Then the mixed solution of 0.6 M TMA and 3% H2O2

was rapidly added into 10 mL of 0.3 M MnCl2 aqueous solution
under vigorous stirring at room temperature. Aer overnight
vigorous stirring in open air, the dark brown products were
collected by centrifugation (2000 rpm, 20 minutes) and puried
by washing with water and methanol. The products were then
dried in a vacuum oven at 60 �C and stored for further experi-
ments. To get well-dispersed MnO2 nanosheets in water, the
stocking MnO2 nanosheets were ultrasonicated for at least 10 h
before using them.

The concentration ofMnO2 nanosheets was calculated with the
molar extinction coefficient of 9.6 � 103 M�1 cm�1 at 380 nm.20

Fluorescence quenching of AuNC@BSA by MnO2 nanosheets

To investigate the potential mechanisms of the ultrathin MnO2

nanosheet-induced uorescence quenching of AuNC@BSA, the
same volume of ultrathin MnO2 nanosheets with different
concentrations was added into AuNC@BSA (20 mM). Then the
uorescence intensity of the mixed solution was recorded with
an excitation wavelength of 365 nm.

Glutathione detection

GSH detection was carried out as follows. First, the same volume
of ultrathin MnO2 nanosheets (800 mM) was added into
AuNC@BSA (20 mM) to completely quench the uorescence of the
AuNC@BSA. Then, GSH with various concentrations was added
to 1 mL of the above solution to recover the uorescence of
AuNC@BSA. The recovered uorescence wasmeasured to qualify
the GSH concentration with an excitation wavelength of 365 nm.

Results and discussion
Quenching uorescence of AuNC@BSA with MnO2

nanosheets

AuNC@BSA was prepared using a previously reported method.53

The as-prepared AuNC@BSA emitted reddish uorescence
under UV lamp irradiation (data not shown). The AuNC@BSA
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ay00199h


Fig. 2 Quenching fluorescence of AuNC@BSA with MnO2 nano-
sheets. (A) Normalized UV-visible absorption spectrum of MnO2

nanosheets (black curve) and fluorescence emission spectrum of
AuNC@BSA (red curve). (B) Fluorescence quenching of AuNC@BSA by
varying amounts of MnO2 nanosheets. The concentrations of MnO2

nanosheets were 0, 100, 200, 300, 400, 500, and 600 mM (from top to
bottom). lex ¼ 365 nm.

Fig. 3 The observed quenching efficiency (black curve) and the
calculated quenching efficiency contributed via FRET (red curve) of
MnO2 nanosheets towards AuNC@BSA at different concentrations of
MnO2 nanosheets.
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exhibited dual emissions at 430 nm and 653 nm when excited at
365 nm (Fig. 2A). This is consistent with previous results.49,53

The 2D MnO2 nanosheets were obtained via a one-step
approach.20 The successful formation of 2D MnO2 nanosheets
was conrmed by TEM imaging, which clearly revealed the
formation of large ultrathin 2D sheet structures with irregular
folds and wrinkles (Fig. S1†). The UV-visible absorption spectra
showed a broad absorption band (ranging from 250 nm to 725
nm with a peak centered at around 380 nm), which originated
from the d–d transition of Mn ions in the MnO6 octahedra
(Fig. 2A).20

Since the absorption spectra of MnO2 nanosheets well
overlapped with the emission spectra of AuNC@BSA from 550
nm to 725 nm, we reasoned that the presence of MnO2 nano-
sheets would effectively quench the uorescence of AuNC@BSA.
As shown in Fig. 2B, the titration of MnO2 nanosheets into
AuNC@BSA indeed gradually quenched the uorescence. Such
an interesting phenomenon can be further explored for con-
structing a turn-on uorescence sensor for GSH detection (Fig. 1
and discussion vide infra).
Fig. 4 The observed quenching efficiency (black curve) and the cor-
rected quenching efficiency by excluding the contribution of IFE (red
curve) of MnO2 nanosheets towards AuNC@BSA at different
concentrations of MnO2 nanosheets.
Mechanism of MnO2 nanosheets towards AuNC@BSA
uorescence quenching

Usually, there are several possible mechanisms contributing to
the quenching of a uorescence reporter by nanomaterials, such
as uorescence resonance energy transfer (FRET), inner lter
effect (IFE), dynamic quenching effect (DQE) and static
quenching effect (SQE).54 To understand the exact mechanism
responsible for the MnO2 nanosheet mediated uorescence
quenching of AuNC@BSA, the following studies were carried out.

First, the potential contribution of FRET was investigated
since it has been suggested to be responsible for the uores-
cence quenching of organic dyes by 2D nanomaterials (e.g.,
graphene oxide and MnO2 nanosheets).22,35,55 The uorescence
quenching efficiency contributed by FRET was calculated under
the assumption that the donor (i.e. AuNC@BSA) and the
acceptor (i.e., MnO2 nanosheets) were randomly distributed in
3D solutions (see detailed calculation in the ESI†).54 Both the
experimentally observed quenching efficiency and the calcu-
lated quenching efficiency contributed via FRET for MnO2
This journal is © The Royal Society of Chemistry 2016
nanosheets at different concentrations are shown in Fig. 3. Even
for the highest concentration of MnO2 nanosheets tested (i.e.,
600 mM), the uorescence could only be quenched by 3.6% via
FRET. These results clearly indicated that FRET only played
a minor role in the uorescence quenching process.

Second, the potential contribution of IFE was considered
since the broad absorption spectra of MnO2 nanosheets over-
lapped with both the excitation and emission ranges of
AuNC@BSA (Fig. 2A). Considering the cuvette geometry we used
for the measurement, the quenching efficiency from IFE was
carefully analyzed (see detailed analysis in the ESI†). The
observed quenching efficiency and the corrected quenching
efficiency by excluding the contribution of IFE for different
concentrations of MnO2 nanosheets are plotted in Fig. 4. For all
the concentrations of MnO2 nanosheets measured, there were
no signicant differences between the observed and the cor-
rected uorescence quenching efficiencies. These results
strongly suggested that IFE was not the main mechanism for
the uorescence quenching process either.
Anal. Methods
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Fig. 5 Stern–Volmer plot of F0/F versus MnO2 nanosheet concen-
tration after excluding FRET and IFE contributions. F0, the steady state
fluorescence of AuNC@BSA in the absence of MnO2 nanosheets; F, the
steady state fluorescence of AuNC@BSA in the presence of MnO2

nanosheets.

Fig. 6 Sensitive and selective detection of GSH using 800 mM MnO2
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Then, the contribution of DQE and SQE was studied. As
illustrated in Fig. S3,† the contact between the uorophore and
the quencher is required for both dynamic and static quench-
ing.54 For a dynamic quenching process, the quencher must rst
diffuse to the uorophore during the lifetime of the excited
state. The uorophore then returns to the ground state aer
colliding with the quencher, without emitting a photon.54 For
a static quenching process, on the other hand, a nonuorescent
uorophore/quencher complex is formed upon collision with
each other.54 Previous studies have established that both DQE
and SQE are governed by the Stern–Volmer equation (i.e., eqn
(S10) in the ESI†).54 The F0/F aer removing the FRET and IFE
contributions was plotted against the concentration of MnO2

nanosheets, which exhibited an interesting upward curvature
(note, the curve is concaved towards the positive y-axis) (Fig. 5).
Such a characteristic curve ts well to the modied Stern–
Volmer equation (i.e., eqn (S14) in the ESI†), which assumes
that both the dynamic and static quenching processes are
involved with the same uorophore (here MnO2 nanosheets).
Note that the modied Stern–Volmer equation is second order
in the concentration of the quencher, which was also conrmed
by our calculation.

The above results demonstrated that both DQE and SQE
mechanisms dominated the uorescence quenching process of
AuNC@BSA by MnO2 nanosheets while the FRET and IFE
mechanisms played almost negligible roles in the uorescence
quenching process.
nanosheets. (A) Fluorescence titration profile of AuNC@BSA/MnO2

nanosheets with an increasing amount of GSH (from bottom to top,
0.0 to 2.0 mM with an interval of 0.1 mM). (B) Plot of (F � F0)/F0 versus
GSH concentration. (C) Linear response of (F � F0)/F0 to GSH
concentration. (D) Selective detection of 1 mM GSH in the presence of
potential interfering components. The concentration of CaCl2, MnCl2,
KCl, NaCl, glycine, MgSO4, PBS, fructose, proline, glucose, and Tris–
HCl was 100 mM, the concentration of BSA was 0.1 mg mL�1, the
concentration of cysteine was 1 mM, and the concentration of GSH
was 1 mM. F0 and F are the fluorescent intensities of the sensing
system in the absence and presence of GSH (or other potential
interfering chemicals), respectively. Error bars indicate standard devi-
ations of three independent measurements.
Sensitive and selective detection of GSH

Aer elucidating the mechanism responsible for the uores-
cence quenching of AuNC@BSA by MnO2 nanosheets, a turn-on
uorescent sensor for GSH was constructed by exploring the
redox reaction between MnO2 and GSH (Fig. 1). GSH detection
is of great importance due to its antioxidant capacity and critical
roles in various cellular processes.56–58 The abnormal levels of
GSH are associated with numerous diseases such as neurode-
generative diseases, AIDS, heart diseases and cancer.22,59–62
Anal. Methods
Therefore considerable efforts have been devoted to GSH
detection by developing facile methods.22,61,62

It has been shown that the MnO2 nanosheet quenched
uorescence could be restored when the MnO2 nanosheets were
reduced toMn2+ with suitable reducing agents.22,34 In the case of
GSH detection, the MnO2 nanosheets would be reduced to Mn2+

by GSH following eqn (1) below. Thus, the quenched uores-
cence of AuNC@BSA would be recovered (Fig. 1).

MnO2 + GSH + 2H+ / Mn2+ + GSSG + 2H2O. (1)

As depicted in Fig. 6A, the titration of GSH into the mixture
of AuNC@BSA and MnO2 nanosheets gradually recovered the
uorescence. 1.5 mM GSH was needed to saturate the uores-
cence recovery by a factor of about 29. The (F � F0)/F0 showed
a good dynamic range for the concentration of GSH from 0.1
mM to 2.0 mM (Fig. 6B), which could cover the intracellular
concentrations of GSH.63 As shown in Fig. 6C, a linear range
from 0 mM to 0.5 mM as well as a detection limit of 20 mM
towards GSH were obtained. Furthermore, the sensing perfor-
mance of the current method could be further tuned by using
different concentrations of MnO2 nanosheets (Fig. S4†).

The selectivity of the turn-on sensing system towards GSH
detection was also evaluated. As shown in Fig. 6D, the potential
interfering chemicals (such as CaCl2, MnCl2, KCl, NaCl, glycine,
MgSO4, PBS, fructose, proline, glucose, and Tris–HCl) with 100
times the concentration of GSH did not signicantly affect the
This journal is © The Royal Society of Chemistry 2016
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detection. 0.1 mg mL�1 for BSA did not interfere with the
detection either. Cysteine, the free thiol containing amino acid,
could also turn on the uorescence. For example, 1 mM Cys
restored the uorescence by 5.7 folds. However, considering the
much lower cellular concentration of Cys (around tens to
hundreds mM level), the presence of Cys would not affect the
GSH detection either.64,65 These results demonstrated that the
proposed turn-on sensing strategy exhibited good sensitivity
and selectivity towards GSH detection.
Conclusions

In this study, we have demonstrated that 2D MnO2 nanosheets
were effective quenchers towards the uorescence of metal
nanoclusters (such as AuNC@BSA). Moreover, the mechanisms
responsible for the uorescence quenching were systematically
investigated. It was found that both DQE and SQE mechanisms
dominated the uorescence quenching process of AuNC@BSA
by MnO2 nanosheets while the FRET and IFE mechanisms
played very minor roles in the uorescence quenching process.
This is different from the previous reports, which suggested that
the quenching mainly originated from FRET and/or IFE.27 Such
a difference may be due to the distinct nature of uorophores
used (i.e., organic dyes versusmetal nanoclusters). Furthermore,
a sensitive and selective turn-on uorescent sensing system for
GSH detection was demonstrated based on the redox reactions
between MnO2 and reductive GSH. This study may be helpful in
understanding the mechanisms of nanomaterial-mediated
uorescence quenching. It also paves a way to design turn-on
uorescent sensors for important reductive targets.66
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