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Dopamine  (DA)  was  polymerized  onto  the  scaffolds  of Q-graphene  (QG)  nanomaterials  by the  one-pot
H2O2 oxidation  under  the  microwave  radiations.  The  so yielded  fluorescent  QG@PDA  nanocompos-
ites could  present  the  high  aqueous  stability  and  photostability.  Unexpectedly,  they  could  display  the
enhanced  fluorescence  and  photoluminescence,  which  are  about  1.5-time  larger  than  those  of  the  flu-
orescent  PDA  nanoparticles.  More  importantly,  the  fluorescence  and  photoluminescence  of  QG@PDA
nanocomposites  could  be specifically  quenched  by  Cu2+ ions,  which  could  be efficiently  restored  by
olymerizing dopamine
-graphene scaffolds
luorescence enhancement
luorescence analysis and imaging
opper ions

using  the  Cu2+-chelating  ligand  (i.e.,  EDTA).  The  developed  fluorimetry  was  applied  to  detect  Cu2+ ions  in
wastewater  with  the detection  limit  down  to  about  10 nM. The  feasibility  of  the quantitative  observations
by  the  fluorescence  imaging  for Cu2+ ions  could  also  be expected.  This  QG@PDA-based  fluorimetry  for
Cu2+ ions  is  rapid, sensitive,  selective,  and  field-applicable,  promising  the potential  applications  in the
environmental  and  industrial  fields.

© 2016  Published  by  Elsevier  B.V.
. Introduction

The pollution of heavy metal ions has concentrated increas-
ng attentions due to their potential damage to the environment
nd human body. Copper (Cu2+) ions with excess amount in body,
hich may  result from the over uptake of Cu2+ ions from water

nd food, may  have long-term adverse effects on liver, kidney,
nd neurological systems [1,2]. Up to date, many classic analy-
is technologies have been developed to detect Cu2+ ions [3–7],
nd especially the fluorometric methods have been preferentially
pplied with some distinct advantages such as high analysis sensi-
ivity, simplicity, and short response time [8,9]. In recent decades,

he emergence of various modern fluorescence probe materials
as promoted the rapid development of the fluorometries, typi-
ally including quantum dots [10], metal clusters [11], silicon or

∗ Corresponding author at: Shandong Province Key Laboratory of Life-Organic
nalysis, College of Chemistry and Chemical Engineering, Qufu Normal University,
ufu, Shandong 273165, PR China.

E-mail addresses: huawang qfnu@126.com, huawangqfnu@126.com (H. Wang).
1 Web: http://wang.qfnu.edu.cn.

ttp://dx.doi.org/10.1016/j.snb.2016.03.142
925-4005/© 2016 Published by Elsevier B.V.
carbon dots [12,13], and fluorescent organic nanoparticles [14].
For example, Li et al. [15] prepared ultra-small fluorescent sil-
ver nanoclusters for probing Cu2+ ions based on the Cu2+-induced
quenching of fluorescence. A challenge regarding the environ-
mental toxicity or non-degradable potential could, however, be
commonly encountered for the current fluorescent materials like
quantum dots. Therefore, developing new fluorescent probes with
low toxicity and biodegradable property is of great interest for
the fluorometric applications on a large scale. Dopamine (DA) as
a composition of adhesive mussel foot proteins can present some
unique physicochemical properties and excellent biocompatibility
[16–22]. It can be polymerized to form the polymerized dopamine
(PDA) to be applied in energy, environmental, and biomedical fields
[16,18,19]. For example, PDA was coated onto magnetic particles
to anchor phosphorylation-sensitive tyrosine probe for the elec-
trochemical detection of organophosphates in blood [19]. The PDA
nanoparticles were also employed as the green organic fluorescent

probes for cell imaging [21] and the detection of metal ions like
Fe3+ ions [22].

Moreover, graphene as a kind of hot nanomaterial has attracted
the widespread interests due to it can possess many unique

dx.doi.org/10.1016/j.snb.2016.03.142
http://www.sciencedirect.com/science/journal/09254005
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Scheme 1. Schematic illustration of the fabrication procedure of fluorescent QG@PDA nanocomposites by polymerizing DA onto the QG scaffolds under the microwave
radiations, and the detection protocol for Cu2+ ions that could specifically “turn off” the fluorescence of QG@PDA nanocomposites, which could be further “turned on” by
using  the Cu2+ ligand of EDTA.
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ig. 1. TEM images of (A) PDA nanoparticles, (B) QG nanomaterials, (C) QG@PDA 

anocomposites.

roperties such as high electrical conductivity, thermal conduc-
ance, mechanical strength, and chemical stability [23]. In recent
ears, graphene or graphene oxide has been widely applied for
lectronics, environment, energy storage, and electrochemical sen-
ors [24–27]. For example, Lin’s group reported the application of
-doped graphene to achieve direct electron transfer kinetics for
lucose oxidase [27]. They were also applied in the fluorescence

ensors to serve as the quenchers of fluorescent probes [24,25,28].
or example, a fluorimetric analysis method was developed for
robing Pb2+ ions by using graphene oxides to quench the flu-
omposites (Insert: the hydrodynamic diameters), and (D) SEM image of QG@PDA

orescence of functionalized CdSe/ZnS quantum dots [25]. To the
best of our knowledge, however, graphene or its oxide has hardly
been reported to act as the fluorescence booster so far. Recent
years has witnessed the emergence of a new member of graphene
family of Q-graphene (QG), known also as carbon quantum dot
or nano-onion, which is hollow carbon nanomaterial consisting of
multi-layer graphene and different types of carbon allotropes [29].

Up to date, nevertheless, QG nanomaterials with high proportion of
folded edges and surface defects have been limited only for the elec-
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Fig. 2. Comparison of (A) the fluorescence spectra (�ex = 324 nm)  and (B) the histograms of fluorescence intensities among (a) QG@PDA nanocomposites, (b) QG@PDA
nanocomposites with Cu2+ ions, (c) PDA nanoparticles, and (d) PDA nanoparticles with Cu2+ ions (Insert: the corresponding photographs under UV light) by using QG@PDA
nanocomposites or PDA nanoparticles (0.13 mM DA) and Cu2+ ions (50 �M).
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Fig. 4. Quenching efficiencies of QG@PDA nanocomposites (0.13 mM DA) in the
presence of some co-existing ions indicated (50 �M)  (Inset: the corresponding pho-
tographs under UV light), where F0 and F correspond to the fluorescence intensities
ig. 3. (A) Comparison of UV–vis spectra between QG@PDA nanocomposites and P
fficiencies of QG@PDA nanocomposites and PDA nanoparticles stored at room tem

rochemical applications to facilitate the fast electron-transferring
inetics.

In the present work, nanospheric QG nanomaterials were
mployed for the first time as the new scaffolds for polymer-
zing PDA by the one-pot H2O2 oxidation under the microwave
adiations, resulting in the fluorescent QG@PDA nanocompos-
tes. Herein, the strong �-� stacking interactions between the
enzene rings-containing PDA and hexatomic rings-containing
G scaffolds could endow the conjugated nanocomposites the
igh aqueous stability and photostability. More importantly, the
reatly enhanced fluorescence of QG@PDA nanocomposites was
nexpectedly observed, comparing to PDA nanoparticles alone.
oreover, the fluorescence of the resulting QG@PDA could be

pecifically quenched by Cu2+ ions. A rapid, selective, and ultra-
ensitive fluorimetric analysis method has thereby been developed
or probing Cu2+ ions in wastewater. Systematic studies were con-
ucted for the QG@PDA nanocomposites by using transmissions
lectron microscopy (TEM), scanning electronic microscopy (SEM),
uorescence spectrophotometer, UV–vis spectrophotometer, and
uorescence microscopy. The results indicate that the QG@PDA-
ased fluorimetric strategy can allow for the selective detections
f Cu2+ ions in wastewater with high sensitivity and selectivity.
dditionally, the quantitative observation for Cu2+ ions in samples
as demonstrated by the fluorescence imaging.

. Experimental section
.1. Reagents and apparatus

Dopamine (DA) was obtained from Sangon Biotech Co., Ltd.
Shanghai, China). Q-Graphene (QG) nanomaterials were pur-
of  QG@PDA nanocomposites in the absence and in the presence of possibly co-
existing ions, respectively. The error bars represent the standard deviations of three
replicated measurements.

chased from Graphene Supermarket (Calverton, United States).
Hydrogen peroxide, ethylenediaminetetraacetate (EDTA), copper
and other metal salts were purchased from Beijing Chemical
Reagent Co. (Beijing, China). The wastewater samples from the local
factory co-existing some other metal ions (i.e., Cr3+, Fe3+, Hg2+, and
Pb2+) were spiked with Cu2+ ions of different concentrations. All
chemicals used were of analytical grade and used directly without

further purifications, and all glass containers were cleaned by aqua
regia and water before usage.

The synthesis of QG@PDA fluorescent nanocomposites and
PDA nanoparticles were performed using the microwave reactor
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Fig. 5. Optimization of fluorometric detection conditions using QG@PDA nanocomposites of (A) the QG@PDA dosage-dependent fluorescence intensities (Inset: the quenching
efficiencies), (B) the ion strength-dependent fluorescence intensities using different NaCl concentrations; (C) the pH-dependent fluorescence intensities, and (D) the reaction
time-dependent change of fluorescence intensities of QG@PDA nanocomposites (0.13 mM of DA) in (a) absence and (b) presence of Cu2+ ions (50 �M).
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ig. 7. (A) Fluorescence spectra (�ex = 324 nm) of QG@PDA nanocomposites (0.13
amples (0, 0.025, 0.050, 0.25, 0.50, 2.5, 5.0, 25, 50 �M);  and (B) the relationship be
u2+ ions in wastewater samples.

WBFY-205, China). The fluorescence measurements were con-
ucted using fluorescence spectrophotometer (F-7000, Hitachi,

apan) operated at an excitation wavelength at 324 nm,  with both
xcitations and emissions slit widths of 5.0 nm.  The signals of fluo-
escence intensities were collected at 431 nm.  UV–vis absorbance
pectra were taken out using a UV–vis spectrophotometer (Shi-
adzu, UV-3600, Japan). The photographs of corresponding

eactions products were recorded under UV light at 365 nm.
ransmissions electron microscopy (TEM, Tecnai G20, FEI, USA),
canning electronic microscopy (SEM, Hitachi E-1010, Japan), and
nverted fluorescence microscope (Olympus, IX73-DP80, Japan)

ere applied for the characterizations of different products.

.2. Synthesis of fluorescent QG@PDA nanocomposites

The QG powder was dispersed in alcohol to be screened by cen-
rifuging and then dried. An aliquot of QG nanomaterials (10 mg)
as dissolved in 40 mL  water, and then ultrasonically dispersed at

oom temperature for 30 min. Then, DA (100 mg)  was introduced
nto the suspension to be further stirred for 30 min, followed by
he addition of 3.3 mL  NaOH (1.0 M).  Furthermore, 6.7 mL  H2O2
as dropped to react at 60 ◦C for 8 h under microwave radia-

ions with the initial powers of 100 V. Subsequently, the products
ere centrifuged to remove any excessive unreacted QG nano-
aterials including undesired PDA nanoparticles, yielding the

uorescent QG@PDA nanocomposites. Accordingly, the fluorescent
DA nanoparticles were synthesized except for the addition of QG
anomaterials.

.3. The QG@PDA-based fluorimetry for Cu2+ ions

The fluorometric detections for Cu2+ ions were conducted
imply by following the procedure. First, an aliquot (1.0 mL)  of
uorescent QG@PDA nanocomposites (0.13 mM of DA) was mixed
ith 1.0 mL  Cu2+ ions with different final concentrations (0, 0.0050,

.025, 0.05, 0.25, 0.50, 2.5, 5.0, 25, 50, 250 �M).  After being
ncubated at room temperature for 3 min, the fluorescence mea-
urement was performed. The control tests for the common ions of
a+, Mg2+, Ca2+, Ni2+, K+, Cr3+, Ag+, Pb2+, Fe3+, Fe2+, NO2

−, S2−, Zn2+,
g2+, Cd2+, and Mn2+ ions (50 �M)  were conducted accordingly.
oreover, an aliquot of EDTA (250 �M)  was added to the reaction

ystems containing the QG@PDA nanocomposites and Cu2+ ions
o examine the recovery of their fluorescence intensities. Subse-

uently, the developed fluorimetric assay was applied to detect the
ifferent concentrations of Cu2+ samples spiked in wastewater. The
uenching efficiencies of QG@PDA nanocomposites by Cu2+ ions
ere calculated according to the equations: Quenching efficien-
A) in the presence of different concentrations of Cu2+ ions spiked in wastewater
n the fluorescence quenching efficiencies versus the logarithmic concentrations of

cies = (F0–F)/F0, where F0 and F refer to the fluorescence intensities
of QG@PDA nanocomposites (�ex = 324 nm,  �em = 431 nm)  in the
absence and presence of Cu2+ ions, respectively.

2.4. Fluorescence imaging for Cu2+ ions using QG@PDA
nanocomposites

Optical fluorescent microscopy was employed to characterize
the feasibility of fluorescence imaging of the QG@PDA nanocom-
posites. An aliquot of 5.0 �L QG@PDA suspensions (0.13 mM  of DA)
in the presence and absence of Cu2+ ions (50 �M)  was dropped
on a glass slide, with the PDA suspensions as the controls. After
being dried in the room temperature, the fluorescent images
were taken separately by using different optical filters of UV light
(� = 340–380 nm)  and blue light (� = 450–490 nm) for the excitation
of photoluminescence.

3. Result and discussion

3.1. Synthesis and characterizations of QG@PDA nanocomposites

QG is a new hollow carbon nanosphere of multi-layer graphene
with high proportion of folded edges and surface defects, which
has been demonstrated to enable the fast electron transfer kinet-
ics [29]. Here, the QG nanomaterials were alternatively employed
as the scaffolds for loading PDA to form the fluorescent QG@PDA
nanocomposites. The typical fabrication procedure is schematically
illustrated in Scheme 1. Under the alkaline and microwave-
radiation conditions, DA was one-pot polymerized onto the QG
scaffold by the H2O2 oxidation. The morphological structure of
the resulting QG@PDA nanocomposites was  characterized by TEM
imaging (Fig. 1). It was  observed that PDA nanoparticles alone could
be formed uniformly with the average particle size of about 8.0 nm
in diameter (Fig. 1A), in contrast to the ones reported elsewhere
[21]. The QG nanomaterials could display varying sizes of about
20–30 nm (Fig. 1B). The QG@PDA nanocomposites could be yielded
with the clear core-shell structure (Fig. 1C), showing the average
of hydrodynamic diameters of about 44 nm,  as determined by the
dynamic light scattering (Fig. 1C, Insert). Moreover, as can be seen
from the SEM image in Fig. 1D, a very smooth surface morphol-
ogy was observed for QG@PDA nanocomposites, demonstrating
that PDA might be coated on the QG scaffolds with a dense and

stable configuration. More importantly, the as-prepared QG@PDA
nanocomposites could thereby achieve the high aqueous stabil-
ity, photostability, and enhanced fluorescence, as demonstrated
afterwards.
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Fig. 8. Fluorescence microscopy images of the QG@PDA nanocomposites in the (A and C) absence and (B and D) presence of Cu2+ ions, in comparison to PDA nanoparticles
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E)  without and (F) with Cu2+ ions. The fluorescence images were taken separately
hotoluminescence excitation, where the samples were dropped on the glass slides a
as  shown (C,  Insert). (For interpretation of the references to colour in this figure l

.2. Studies on the interactions between QG@PDA nanocoposites
nd Cu2+ ions

The interactions between the fluorescent QG@PDA nanocom-
osites and Cu2+ ions were examined, with the testing procedure
chematically illustrated in Scheme 1. Here, the fluorescence
f QG@PDA nanocomposites could be rationally “turned off” by
u2+ ions, which would be further “turned on” if the strong
u2+-chelating ligand of EDTA was introduced. Fig. 2 shows
he comparison of the Cu2+ quenching efficiencies between the
G@PDA nanocomposites and PDA nanoparticles. As can be seen

rom Fig. 2A, the emission spectra of QG@PDA nanocomposites and
DA nanoparticles could peak at 424 nm and 431 nm,  respectively,
howing a little shift in the fluorescence emissions. Remarkably,
he fluorescence intensity of QG@PDA nanocomposites (curve a)
as about 1.5-time higher than that of PDA nanoparticles (curve
), as visually observed from their photographs (Fig. 2B). Also,
arger Cu2+-induced quenching of fluorescence intensities could
e obtained for the QG@PDA nanocomposites. In addition, both
f QG@PDA nanocomposites or PDA nanoparticles could display
sing two  optical filters of UV light (A and B) and blue light (C, D, E, and F) for the
ther dried at the room temperature. The amplified image of QG@PDA nanocomposite
, the reader is referred to the web  version of this article.).

the tunable photoluminescence (data not shown), presumably due
to the relatively wide size distribution of PDA resulting from the
uncontrollable polymerization of DA and oxidation of PDA [21].
Therefore, the introduction of QG scaffolds could dramatically
enhance the fluorescence of PDA by forming QG@PDA nanocom-
posites, which is in contrast to the common graphene materials
that generally serve as the fluorescence quenchers [24,25,28].
Although the detailed reasons remain unknown at present, the
high proportion of folded edges and surface defects of QG scaf-
folds, which would conduct the strong �-� stacking interactions
with the PDA coatings, is speculated to play a vital role in
the QG-triggered enhancement of the fluorescence of QG@PDA
nanocomposites. Importantly, under the harsh fabrication con-
ditions of the microwave-aided H2O2 oxidization, the internal
configuration and the exterior compositions including the surface
defects of QG might be changed. Particularly, more OH groups

of electronic donors could be thus produced on the QG surface
to facilitate the enhanced fluorescence of the coated PDA through
the “electron-donor effect” [30]. In addition, semiconductive QD
might conduct the enhancement of an evanescence wave and the
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ave-guiding nature for the fluorescent coatings, as reported else-
here for some metal oxides (i.e., ZnO) [31–35]. Accordingly,
G with the spherical hollow structure can present some special
roperties different from the common graphene with the planar
tructure, of which the QG-enabled enhancement of PDA fluores-
ence here might serve as an example. Nevertheless, the detailed
echanism remains unclear at present, on which a further inves-

igation is undergoing in our group.
Furthermore, a comparison of UV–vis spectra between the

G@PDA nanocomposities and PDA nanoparticles was performed
n the presence and absence of Cu2+ ions (Fig. 3A). It was found
hat the QG@PDA nanocomposites could show the absorbance peak
t 220 nm (curve b), which would shift to 235 nm after the addi-
ion of Cu2+ ions (curve d). Meanwhile, PDA nanoparticles could
resent the absorbance peak at 210 nm (curve a), which would shift
o 216 nm after introducing Cu2+ ions (curve c). Of note, the UV–vis
bsorbances could increase for both of the PDA and QG@PDA flu-
rescent materials after the addition of Cu2+ ions, implying that
hey might presumably agglomerate upon binding with Cu2+ ions.
mportantly, the QG@PDA nanocomposites could again present the
elatively bigger difference of UV–vis absorbance between the pres-
nce and absence of Cu2+ ions, in consistence with those in the
u2+-quenching fluorescence intensities aforementioned. More-
ver, Fig. 3B manifests the comparison of storage stability between
he fluorescent QG@PDA nanocomposites and PDA nanoparticles,
here the quenching efficiencies were calculated. Obviously, the
uorescence of QG@PDA nanocomposites could survive in water
ver six months with no significant change of fluorescence intensi-
ies. In contrast, the fluorescence of PDA nanoparticles might fade
way during the testing time. Also, no significant photobleaching
as observed during the continuous excitation at 365 nm for 1 h

data not shown), showing the potential of imaging applications.
herefore, the QG scaffolds might endow the coated PDA fluorogens
ith the considerably high aqueous stability and photostability,
hich was thought to result from the strong �-� stacking inter-

ctions between the benzene rings-containing PDA and hexatomic
ings-containing QG scaffolds. Additionally, QG, as a new kind of
raphene material with the hollow structure and high surface-to-
olume ratio, could possess so strong adsorption for PDA that PDA
ould be coated onto them with highly dense and stable configura-
ion, as clearly manifested in the SEM image in Fig. 1D.

The fluorescent responses of QG@PDA nanocomposites to other
inds of co-existing ions were investigated, mainly including Na+,
g2+, Ca2+, Ni2+, K+, Cr3+, Ag+, Pb2+, Fe3+, Fe2+, NO2−, S2−, Zn2+,
g2+, Cd2+, and Mn2+ ions (Fig. 4). As expected, only Cu2+ ions could

mmediately trigger the quenching of the fluorescence emissions
f QG@PDA nanocomposites, as apparently shown in the corre-
ponding photographs (Fig. 4, Insert). Accordingly, the QG@PDA
anocomposites could serve as the robust fluorescent probes for
he selective Cu2+ detections. Herein, the phenomenon of the selec-
ive fluorescence quenching of QG@PDA nanocomposites caused
y Cu2+ ions was thought to result from the specific chelating
etween Cu2+ ions and the NH2 and OH groups of PDA shells
f QG@PDA nanocomposites, as also disclosed for other kinds of
uorescent materials [9,11]. More importantly, the Cu2+-induced
uorescence quenching could be restored by introducing an ade-
uate amount of stronger Cu2+-chelating ligands like EDTA to allow

or the evaluation of reversible fluorescence as demonstrated after-
ards. It is worthy to point out that most of common metal ions

i.e., Na+, Mg2+, Ca2+, and K+ ions) might display negligible inter-
erence for the detection of Cu2+ ions even at the concentrations
00 fold higher than that of Cu2+ ions (data not shown). However,

ome heavy metal ions like Ni2+, Cr3+, Pb2+, Fe2+, and Hg2+ ions
ould to some degree cause the fluorescence quenching of QG@PDA
anocomposites at over 10 fold higher concentrations, of which the
uenched fluorescence could not be restored by EDTA. Accordingly,
tors B 232 (2016) 234–242

with respect to the samples co-existing other heavy metal ions with
too high concentrations, the selective detection of Cu2+ ions should
be realized by measuring the EDTA-enabled restoration efficiencies
of quenched fluorescence.

3.3. Optimization of main sensing conditions of QG@PDA-based
fluorimetry for Cu2+ ions

The QG@PDA-based fluorimetry for Cu2+ ions was investigated
depending on the QG@PDA dosages that were calculated from dif-
ferent DA concentrations (Fig. 5A). It is found that the decreasing
QG@PDA dosages could result in the decrease in the change of
fluorescence intensities quenched by Cu2+ ions. However, their
quenching efficiencies of fluorescence could vary for the differ-
ent QG@PDA dosages so as to reach the maximum at QG@PDA
nanocomposites of 0.13 mM in DA (Fig. 5A, Insert), which would
be selected as the optimal one thereafter. Moreover, Fig. 5B shows
the effects of ionic strengths on the QG@PDA-based fluorometric
analysis of Cu2+ ions using different NaCl concentrations. Accord-
ingly, no significant influence of ionic strengths (up to 250 mM
NaCl) was observed on the fluorescence intensities of QG@PDA
nanocomposites in the presence and absence of Cu2+ ions, indicat-
ing that the electrostatic interaction might present little influence.
Furthermore, the pH-dependent fluorimetric responses of QG@PDA
nanocomposites to Cu2+ ions were explored, with the results shown
in Fig. 5C. Obviously, the optimal pH value for the Cu2+ sensing
should be at pH 7.0. In addition, the fluorimetric response time
of QG@PDA nanocomposites to Cu2+ ions was evaluated (Fig. 5D).
Accordingly, the fluorescence intensities of QG@PDA nanocompos-
ites decreased drastically upon the addition of Cu2+ ions and tended
to be stable after 2 min  (curve b), indicating that a fast fluorescence
response to Cu2+ ions could be expected.

3.4. Sensing performances of the QG@PDA-based fluorimetry for
Cu2+ ions

Under the optimal conditions, the developed QG@PDA-based
fluorimetry was applied for the detection of Cu2+ ions in water
(Fig. 6). The fluorescent spectras of QG@PDA nanocomposites with
Cu2+ ions of different concentrations were manifested in Fig. 6A.
One can observe that the fluorescence intensities could ratio-
nally decrease as Cu2+ concentrations increased. Fig. 6B describes
the relationship between the fluorescence quenching efficien-
cies and the logarithms of Cu2+concentrations. Accordingly, Cu2+

ions could be detected over the linear concentrations ranging
from 5.0 nM to 250 �M (R2 = 0.9940), with the limit of detection
(LOD) of 1.25 nM,  estimated by the 3� rule. Moreover, the con-
tinuous fluorimetric detections for Cu2+ ions were conducted by
using QG@PDA nanocomposites that were stored over different
time intervals of six months (Fig. 6C). The results indicate that
the Cu2+-induced quenching efficiencies might show not signifi-
cant change over time. Therefore, the developed fluorometry for
Cu2+ ions could exhibit the high analysis reproducibility, presum-
ably resulting from the pretty high aqueous stability of QG@PDA
nanocomposites aforementioned. Furthermore, the recoveries of
the Cu2+-quenched fluorescence of QG@PDA nanocomposites were
explored by using the Cu2+ chelating ligand of EDTA (Fig. 6D). Com-
pared to the corresponding fluorescence intensities in Fig. 6A, the
EDTA-restored percents of the fluorescence intensities were found
to be 75%–98%, depending on the amounts of Cu2+ ions used in
the reactions. Accordingly, it is inferred that the Cu2+-induced flu-
orescence quenching of the QG@PDA nanocomposites might occur

by the common energy transfer, which might not damage the PDA
shells of QG@PDA nanocomposites. Importantly, the reversible flu-
orescence quenched by Cu2+ ions could be expected to ensure the
high selectivity of the QG@PDA-based fluorimetry for Cu2+ ions
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specially in the wastewater samples co-existing other metal ions
i.e., Hg2+ and Pb2+ ions) with too high levels.

.5. The QG@PDA-based fluorimetric analysis and fluorescence
maging for Cu2+ samples

The application feasibility of the QG@PDA-based fluorimetry
as investigated for probing Cu2+ ions spiked in the wastewater

amples (Fig. 7). As shown in Fig. 7A, the additions of Cu2+ ions
ould lead to the rationally decrease in the fluorescence inten-
ities of QG@PDA nanocomposites. A relationship between the
uenching efficiencies and the logarithms of the concentrations of
u2+ ions was  obtained in the linear ranges from 25 nM to 50 �M
R2 = 0.9875), with the LOD of about 10 nM (Fig. 7B). Of note, this
OD is different from the one for Cu2+ ions in water because of the
ifferent sample backgrounds of co-existing metal ions. In view of
he practical applications, it should be considered as the one for
he proposed method. Moreover, the LOD of the QG@PDA-based
uorimetry is lower than those of some other fluorimetric (about
60 nM)  and colorimetric (about 50 �M)  analysis methods reported
lsewhere [35,36]. Also, the detection range of the developed flu-
rimetry is much wider than those of the previous fluorimetric
0.20–8.0 �M)  and colorimetric (50–500 �M)  ones mentioned.

Moreover, the quantitative observation by the QG@PDA-based
uorescence imaging for Cu2+ ions was investigated using the
uorescent microscopy, taking PDA nanoparticles for comparison
Fig. 8). Two types of blue and green photoluminescences were
bserved for QG@PDA nanocomposites with the core-shell struc-
ure (Fig. 8C, Insert), which were excited separately by the optical
lters of UV light (Fig. 8A) and blue light (Fig. 8C), showing the
xcitation-dependent tunable photoluminescence. Moreover, both
f the blue and green photoluminescences could be efficiently
uenched by Cu2+ ions as shown in Fig. 8B and D, respectively. More

mportantly, under the blue-light excitation, the green photolumi-
escence of QG@PDA nanocomposites (Fig. 8C) is much brighter
han that of PDA nanoparticles (Fig. 8E). Also, the Cu2+-induced pho-
oluminescence quenching of QG@PDA nanocomposites (Fig. 8D)
ould be more efficient than that of PDA nanoparticles (Fig. 8F).
hese results above indicate that the QG@PDA nanocomposites
ould be applied for the visual quantification by fluorescence imag-
ng for Cu2+ ions in water samples as well as other kind of samples
ike plants and aquatic products.

. Conclusion

In summary, nanospheric QG nanomaterials were successfully
pplied as the scaffolds for polymerizing PDA under the microwave
adiations. The resulting fluorescent QG@PDA nanocomposites
ould present considerably high aqueous stability and photo-
tability, which was thought to result from the strong �-�
tacking interactions between the benzene rings-containing PDA
nd hexatomic rings-containing QG scaffolds. Unexpectedly, the
G scaffolds could act as the fluorescent promoter so as to endow

he QG@PDA nanocomposites with enhanced fluorescence and
hotoluminescence, in contrast to the common graphene mate-
ials that were generally reported to serve as the fluorescence
uenchers. Moreover, their fluorescence and photoluminescence
ould be specifically quenched by Cu2+ ions through the specific
helating interaction between Cu2+ ions and the NH2 and OH
roups of PDA shells of QG@PDA nanocomposites, which might
e restored by using the strong Cu2+-chelating ligand of EDTA.

he so developed QG@PDA-based fluorimetry could allow for the
etection of Cu2+ ions in wastewater samples with high detection
ensitivity and selectivity. The practical feasibility of the quanti-
ative observation by the fluorescence imaging for Cu2+ ions in

[

tors B 232 (2016) 234–242 241

wastewater was also demonstrated. The fabricated fluorescent
nanocomposites may  find the extensive applications for the flu-
orimetric analysis of Cu2+ ions in wastewater, plants, and aquatic
products.
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