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ABSTRACT: A novel nanohybrid ratiometric fluorescence sensor is developed for selective detection of mercuric ions (Hg2+),
and the application has been successfully demonstrated in HEPES buffer solution, lake water, and living cells. The sensor
comprises water-soluble fluorescent carbon nanoparticles (CNPs) and Rhodamine B (RhB) and exhibits their corresponding
dual emissions peaked at 437 and 575 nm, respectively, under a single excitation wavelength (350 nm). The photoluminescence
of the CNPs in the nanohybrid system can be completely quenched by Hg2+ through effective electron or energy transfer process
due to synergetic strong electrostatic interaction and metal−ligand coordination between the surface functional group of CNPs
and Hg2+, while that of the RhB remains constant. This results in an obviously distinguishable fluorescence color variation (from
violet to orange) of the nanohybrid solution. This novel sensor can effectively identify Hg2+ from other metal ions with relatively
low background interference even in a complex system such as lake water. The detection limit of this method is as low as 42 nM.
Furthermore, the sensing technique is applicable to detect Hg2+ in living cells.
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1. INTRODUCTION

Heavy metal ion pollution is a severe problem in environmental
protection and human health. Mercury(II) (Hg2+) ions are
among the most hazardous and ubiquitous pollutants.1,2 Hg2+

can easily pass through biological membranes and lead to DNA
damage, mitosis impairment, and permanent harm to the
central nervous system.3−5 Due to its high toxicity even at a
trace concentration, specific and sensitive determination of
Hg2+ is of particular interest in biological, toxicological, and
environmental monitoring. To date, many methods have been
established to determine Hg2+ concentration, including atomic
absorption/emission spectroscopy, inductively coupled plasma
mass spectrometry, X-ray absorption spectroscopy, and surface
enhanced Raman scattering.6−11 However, these techniques are
either time-consuming or laboratory-based and require
expensive instruments. Recently, a variety of fluorescent sensors

have been widely used in complex biological samples analysis,
as they are well-known for their simplicity, rapid response, and
capacity of real-time and in situ monitoring of the dynamic
biological processes in living cells.12−17 Various fluorescent
probes including organic molecules18−22 and semiconductor
quantum dots23−25 show great potential in sensitive detection
of Hg2+. However, these fluorescent probes often suffer from
complex synthesis routes or involve toxic or expensive reagents,
which hinders their practical applications.
To address these problems, photoluminescent carbon

nanoparticles (CNPs) are an ideal candidate and have been
receiving growing interest. Compared with semiconductor
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quantum dots, CNPs possess outstanding properties including
chemical inertness, excellent photostability, favorable biocom-
patibility, low toxicity, good water solubility, and cheap
cost.26−29 CNPs have been applied in bioimaging and
biosensing,30−34 including probing Hg2+ in aqueous solutions.
For example, Goncca̧lves et al. reported a Hg2+ sensor based on
functionalized CNPs obtained by laser ablation; the fluo-
rescence intensity of CNPs could be quenched by about 25%
and 13% in the presence of 2.7 μM Hg2+ and 2.7 μM Cu2+,
respectively.35 Zhou et al. prepared CNPs by pyrolysis of
ethylenediaminetetraacetic acid (EDTA) salts at 400 °C and
observed that their fluorescence decreased from 11.0% to 8.9%
after addition of 40 μM Hg2+ in a basic solution (pH 8.5)
within 5 min.36 Lu et al. presented the use of pomelo peel to
synthesize CNPs with a fluorescence quantum yield of 6.9%
and reported that their photoluminescence (PL) intensity at
444 nm could be quenched by about 60% at 16 min after the
addition of 40 μM Hg2+.37 Very recently, Yan et al. synthesized
two kinds of CNPs using citric acid and different nitrogen
sources. The fluorescence intensity of these CNPs could be
quenched 80 and 55% upon the addition of 20 μM Hg2+.38

Overall, these CNP-based sensors adopt fluorescence
quenching as the signal output, but the reported approaches
are not ready for practical use. The problems include: (1) the
fluorescence quantum yield of CNPs is generally low and the
quenching is only 80% or well below at very high
concentrations of Hg2+; (2) the sensor has a sole emission
peak, so during sensing, only the intensity changes while the
color remains the same. With these issues, the sensor change
needs to be monitored by instruments, and it is not achievable
to observe the sensing by naked eyes. Furthermore, the change
of single emission peak intensity can be easily affected by a
variety of factors such as instrumental efficiency, environmental
conditions and external quenchers.39 To address this limitation,
we have developed a ratiometric fluorescence strategy. Such a
system is often composed of two individual materials with
different fluorescence emission wavelengths. In sensing, the
different emissions have different responses to analytes. For
example, one emission peak can be severely quenched, while
the other one is constant. Therefore, the sensor can clearly
change color during sensing, which can be easily recognized. In
the meantime, by comparing the variation of the ratio of the
two fluorescence intensities before and after sensing, the
background interferences could be effectively eliminated and
the sensitivity of the sensor could be improved, so they have
become a powerful tool for the detection of trace amounts of
analytes.40−42

Making use of this concept, herein, we report a novel
ratiometric fluorescence sensor containing CNPs and Rhod-
amine B (RhB; Scheme 1) for reliable, selective, and sensitive
sensing of Hg2+ in a wide pH range and in the interference of
other coexisting metal ions. The sensor is built through the
electrostatic attraction between negatively charged CNPs and
positively charged RhB molecules. This nanohybrid system
possesses dual emission peaks at 437 and 575 nm under a single
wavelength excitation of 350 nm. The addition of Hg2+ to
CNP−RhB nanohybrid solution results in rapid and complete
fluorescence quenching of CNPs, while the orange fluorescence
of RhB keeps constant. During sensing, the fluorescence of
CNP−RhB nanohybrid solution gradually changes from violet
to orange with the addition of Hg2+. This can be conveniently
observed by the naked eyes under UV irradiation. Furthermore,
the CNP−RhB nanohybrid system shows high selectivity
toward Hg2+ over other competing metal ions and amino acids.
By taking advantage of the observed PL change, we can
fabricate a facile ratiometric fluorescence sensor that allows
differentiate of Hg2+ from other metal ions in a real sample
(lake water) and in living cells.

2. EXPERIMENTAL SECTION
2.1. Materials and Measurements. Rhodamine B, melamine,

trisodium citrate dihydrate, N-Ethylmaleimide (NEM), NaCl, KCl,
Mn(OAc)2-4H2O, Co(OAc)2, Ni(OAc)2, Al(NO3)3-9H2O, Cu-
(OAc)2-H2O, FeCl3, Cs(OAc)2-H2O, CeCl3-7H2O, LiNO3, Ba(OAc)2,
MgCl2-6H2O, CdSO4, Zn(NO3)2-6H2O, Pb(NO3)2, HgCl2, HEPES,
RNA, DNA, cysteine (Cys), homocysteine (Hcy), glutathione (GSH),
serine (Ser), valine (Val), tyrosine (Tyr), leucine (Leu), tryptophan
(Trp), alanine (Ala), aspartic acid (Asp), methionine (Met), threonine
(Thr), isoleucine (Ile), glycine (Gly), argine (Arg), and lysine (Lys)
were purchased from Sigma-Aldrich Co., LLC. All chemicals were used
as received without further purification. Deionized water with
conductivity of 18.2 MΩ cm−1 used in this experiment was purified
through a Millipore water purification system. The UV−vis spectra
and PL spectra were obtained with Shimadzu 1700 spectrophotometer
and Horiba Fluormax-4 spectrophotometer, respectively, at room
temperature. The pH measurements were carried out on a Mettler
Toledo Delta 320 pH meter.

2.2. Preparation and Characterizations of Fluorescent CNPs.
CNPs were prepared by microwave-assisted hydrothermal treatment
of melamine and trisodium citrate dihydrate. The detailed synthesis
procedures and characterizations were reported in our previous
report.43 X-ray photoelectron spectroscopy (XPS) analysis was
measured on a VG ESCALAB 220i-XL surface analysis system. X-
ray diffraction (XRD) pattern was obtained using an X-ray
diffractometer (Bruker, D2 PHASER). Fourier transform infrared
spectroscopy (FTIR) was performed on an IFS 66 V/S (Bruker) IR
spectrometer in the range of 400−4000 cm−1. Transmission electron

Scheme 1. Dual-Emission Fluorescence Sensing of Hg2+ Based on a CNP−RhB Nanohybrid System
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microscopy (TEM) was performed on a Philips CM200 electron
microscope. Zeta potential was recorded on Zetasizer 3000 HS
(Malvern, UK).
2.3. Absorption and Fluorescence Assay of Hg2+. The

detection of Hg2+ was performed in HEPES buffer solution (10
mM, pH 7.2) at room temperature. In a typical run, 100 μL of CNPs
dispersion solution (0.2 mg/mL) was added into 1.9 mL HEPES
buffer solution in the presence of 1 μM RhB, followed by the addition
of calculated amount of Hg2+. The sensitivity and selectivity
measurements were conducted in triplicate.
2.4. Cell Culture and in Vitro Imaging Studies. A549 cells were

obtained from the Peking Union Medical College. They were cultured
in culture medium (DMEM/F12 supplemented with 10% FBS, 50
unit/mL penicillin, and 50 μg/mL of streptomycin) at 37 °C in a
humidified incubator containing 5% CO2. For cell imaging studies,
cells were seeded in a 96-well plate at a density of 104 cells per well in
culture medium and maintained at 37 °C in a 5% CO2/95% air
incubator for 24 h. Then, the cells were incubated with 200 μL CNP−
RhB nanohybrid solution in culture medium for 4 h at 37 °C and then
washed by PBS twice. These cells were imaged using Nikon
fluorescence microscopy (excitation light source: 330−380).
To evaluate the sensing ability to Hg2+, we pretreated A549 cells

with 4 mM NEM for 1 h to reduce the concentration of thiol-
containing biomolecules and then incubated them with 200 μL of
CNP−RhB aqueous solution in culture medium for another 4 h at 37
°C. After the medium was removed and the cells were carefully washed
with PBS twice, we then incubated the cells with 20 μM Hg2+ aqueous
solution for another 5 min at 37 °C. Fluorescence images of living
A549 cells were obtained by NIKON fluorescence microscopy.
2.5. MTT Assay. A549 cells were seeded in a 96-well plate at a

density of 104 cells per well in culture medium and maintained at 37
°C in a 5% CO2/95% air incubator for 24 h. Then, the culture medium
was removed, and the cells were incubated in culture medium
containing the as-prepared CNPs or CNP−RhB nanohybrid solution
with different concentrations (CNPs: 0, 0.06, 0.12, 0.25, 0.5, 1.0 mg/
mL. CNP−RhB nanohybrid system: 0−0; 0.06 mg/mL, 1.5 μM; 0.12
mg/mL, 3.0 μM; 0.25 mg/mL, 6.0 μM; 0.5 mg/mL, 12 μM; 1 mg/mL,
25 μM) for 24 h and washed with culture medium. Then, 200 μL of
the new culture medium (without FBS) containing MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 20 μL, 5 mg/
mL) was added, followed by incubation for another 4 h to allow the
formation of formazan crystals. Absorbance was measured at 570 nm.
Cell viability values were determined (five times) according to the
following formula: cell viability (%) = (the absorbance of experimental
group/the absorbance of blank control group) ×100.

3. RESULTS AND DISCUSSION

To build up our designed sensor, we first prepared CNPs by a
simple microwave-assisted hydrothermal method using mela-
mine and trisodium citrate dihydrate as the precursors. Figure 1
shows the TEM image of CNPs, revealing that the nano-
particles have a diameter ranging from 15 to 20 nm. X-ray
photoelectron spectroscopy (XPS; Figure S1, Supporting
Information) and FT-IR spectra (Figure S2, Supporting
Information) reveal that the CNPs mainly contain carbon,

nitrogen, oxygen, and the surfaces of the CNPs are function-
alized with amino, hydroxyl, and carboxylic/carbonyl moieties.
The zeta-potential of CNPs aqueous solution is −56.7 mV
(Figure S3, Supporting Information). The fluorescence
quantum yield is about 31.5%, which is higher than most of
reported CNPs. Remarkably, the fluorescence properties of
these CNPs show good stability under high-salt conditions (1
M NaCl) and in a wide pH range (pH 5−13; Figure S4,
Supporting Information).
RhB was selected as the reference signal for built-in

calibration in the sensor due to its chemical inertness in the
presence of Hg2+. Figure 2a presents the emission spectra of
RhB upon addition of Hg2+. It is clear that the PL spectra
remain almost unchanged upon the addition of Hg2+ up to a
concentration of 12 μM. In contrast, the PL of CNPs
dramatically decreases in the presence of very low concen-
tration of Hg2+ and is completely quenched when the
concentration of Hg2+ goes up to 10 μM. The fluorescence
quenching of CNPs by Hg2+ is presumably due to nonradiative
electron/hole annihilation through effective electron or energy
transfer process, which resulted from the strong electrostatic
interaction and metal−ligand coordination between CNPs and
Hg2+36,37 (Figure 2a,b). Based on these findings, we expect that
the PL of CNPs in the hybrid sensor can be selectively
quenched by Hg2+ with high sensitivity, while that of RhB
remains unchanged in the sensing process.
Prior to sensor preparation, the interaction between CNPs

and RhB in the hybrid system was first investigated by
monitoring their absorption and fluorescence spectra changes.
As shown in Figure 2c, the maximum absorption peak of CNPs
and RhB are at about 342 and 554 nm, respectively, but for
RhB, weak absorbance can also be observed in the wavelength
range from around 330 to 370 nm. Therefore, it is possible to
select a 350 nm wavelength laser to excite both materials in the
hybrid sensor. Under 350 nm excitation, the nanohybrid system
exhibits two well-resolved emission peaks at 437 and 575 nm.
Notably, we can find that there is a narrow overlap between the
absorption spectrum of RhB and the PL spectrum of CNPs.
However, in the overlap range, the PL of CNPs is rather weak.
Therefore, the energy transfer is trivial. This can be confirmed
by the results shown in Figure S5 (Supporting Information).
Upon the addition of RhB, the CNPs’ fluorescence only
displays very little decrease.
To obtain a ratiometric fluorescence sensor with an

appropriate color variation during sensing, we prepared a
mixture solution containing CNPs (100 μL) and RhB (1 μM)
as the probe solution for Hg2+ detection.
The interaction between CNP−RhB nanohybrid and Hg2+ in

HEPES buffer solution (10 mM, pH 7.2) was studied by
absorption and PL spectroscopy. As shown in Figure 3a, the
UV−vis spectrum of CNP−RhB nanohybrid solution displays
characteristic absorption bands of CNPs and RhB. Upon
addition of Hg2+ to the nanohybrid solution, the absorbance at
about 352 nm decreases, and a new peak at 308 nm is observed;
meanwhile, the absorbance at 554 nm drops monotonically. To
further understand the variation of UV−vis spectra in Figure 3a,
we studied separately the absorption spectra of CNPs and RhB
in the absence and presence of Hg2+. As shown in Figure S6
(Supporting Information), upon the addition of Hg2+, the
absorption peak of CNPs at 342 nm is blue-shifted to 318 nm,
while the absorption peak of RhB at 554 nm shows trivial
change. Based on these observations, we believe that the
variation of the UV−vis spectra of CNP−RhB nanohybridFigure 1. TEM image of as-prepared CNPs.
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solution upon addition of Hg2+ may be attributed to the
interaction between CNPs and Hg2+. Their corresponding
changes in the fluorescence spectra are shown in Figure 3b. In
the absence of Hg2+, CNP−RhB nanohybrid solution shows
two emission peaks at 437 and 575 nm. Upon increasing the
concentration of Hg2+, the intensity of blue emission from the
CNPs continuously and dramatically decreases, while the PL of
RhB shows only little drop. Based on these results, it is obvious
the CNP−RhB nanohybrid system can rationally detect Hg2+ in

HEPES buffer solution (10 mM, pH 7.2) through a ratiometric
fluorescence approach. The changes of the PL intensity lead to
an easily distinguishable fluorescence color of the CNP−RhB
nanohybrid solution with change from violet to orange (Figure
3b, inset). The advantages of the ratiometric fluorescence probe
for visual detection can be demonstrated by the comparison
with the single fluorescence quenching probe of CNPs (Figure
2b, inset), which can be easily affected by sample concen-
trations and UV light intensity. The corresponding effect can be

Figure 2. Fluorescence titration spectra of (a) RhB and (b) CNPs in HEPES buffer solution (10 mM, pH 7.2) upon gradual addition of Hg2+ from 0
to 12 μM. (λex = 350 nm); (b, inset) photograph of CNP solution in the (left) absence and (right) presence of 12 μM Hg2+ under a UV light (365
nm). (c) Absorption and (d) PL spectra of (black line) CNPs, (red line) RhB, and (blue line) CNP−RhB nanohybrid solutions.

Figure 3. (a) Absorption and (b) fluorescence titration spectra of CNP−RhB nanohybrid system in HEPES buffer solution (10 mM, pH 7.2) upon
gradual addition of Hg2+ from 0 to 12 μM. (λex = 350 nm); (b, inset) photograph of CNP−RhB nanohybrid solution in the (left) absence and (right)
presence of 12 μM Hg2+ under a UV light (365 nm). (c) The PL intensity ratio (I437/I575) of CNP−RhB nanohybrid solution versus the
concentration of Hg2+ (0−12 μM); (inset) graph showing the linear relations between I437/I575 and the concentrations of Hg2+ from 0 to 6 μM. (d)
Effect of pHs on the I437/I575 ratio of CNP−RhB nanohybrid solution in the (black line) absence and (red line) presence of 12 μM Hg2+ at room
temperature. All values were obtained based on three independent measurements.
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quantitatively evaluated by analyzing the dependence of the PL
intensity ratio (I437/I575) on the concentration of Hg2+. As
shown in Figure 3c, the I437/I575 ratio gradually reduces with the
increase of the concentration of Hg2+, and saturates at [Hg2+]
of 10 μM. Further addition of Hg2+ does not induce detectable
changes in the PL spectra. By plotting the I437/I575 ratio versus
the concentrations of Hg2+, we obtain a good linear relationship
(I437/I575 = 2.14−0.28 × [Hg2+], R2 = 0.987) for the Hg2+

concentration ranging from 0 to 6 μM (Figure 3c, inset). On
this basis, the detection limit, defined as 3 times the standard
deviation of background, was calculated to be 42 nM.44−46

Recently, Liu et al. reported an ultrasensitive fluorescent sensor
based on carbon dots, the sensing system achieved a limit of
detection as low as 1 fM.47 According to the United States
Environmental Protection Agency, the maximum contaminant
level of mercury is 0.002 mg/L (2 ppb, 10 nM) in drinking
water.48 The sensitivity of our system needs to be further
improved for application in water detection. We can further
improve the quantum yield of the CNPs and tailor the surface
to have high affinity with Hg2+ to enhance the sensitivity of the
sensor.
To further study the practical applicability of this sensor, we

investigated the effects of pH on the PL response to Hg2+ of
CNP−RhB nanohybrid system. Experimental results show that
the I437/I575 ratio of CNP−RhB nanohybrid solution is
relatively constant in a wide pH range of 5−12 (Figure 3d,
black line) in the absence of Hg2+. Upon addition of 12 μM
Hg2+, the PL of CNPs is completely quenched and therefore
the I437/I575 ratio significantly diminishes (Figure 3d, red line)
and remains a low value of close to 0 between pH 5 and 10.
This reveals that the CNP−RhB nanohybrid system can be
used to probe Hg2+ in a wide pH range of 5 to 10. Under strong
acidic conditions (pH < 5), the carboxyl and amino groups on
the surface of CNPs may be partially protonated, which
decrease the electrostatic interaction of sensor and Hg2+. On
the other hand, at pH of greater than 10, Hg2+ and OH− may
form Hg(OH)2 complex, which also weakens the electrostatic
interaction of sensor and Hg2+ and thus reduces the sensitivity.
Besides sensitivity, selectivity is another important parameter

to evaluate the performance of a sensing system. The specificity
of the CNP−RhB nanohybrid system for Hg2+ with a variety of
environmentally relevant metal ions including Li+, Na+, K+,
Mg2+, Ba2+, Mn2+, Co2+, Cu2+, Cd2+, Cs2+, Ni2+, Zn2+, Pb2+,
Fe3+, Al,3+ and Ce3+ was evaluated in HEPES buffer solution
(10 mM, pH 7.2). We first investigated whether these metals
alone can quench the sensor platform. As illustrated in Figure
4a, the I437/I575 ratio is nearly unchanged in the presence of
other metal ions (Figure 4a, black columns). However, the
addition of Hg2+ can completely quench the PL of CNP
solution, even when it coexists with large amounts of other
types of metal ions, and result in significant diminishing of I437/
I575 ratio (Figure 4a, red columns). This finding indicates that
our sensing system exhibits a high specificity for Hg2+ against
other metal ions. Such an outstanding selectivity and specificity
may be attributed to the fact that Hg2+ has a much stronger
affinity toward the amino and carboxylic groups on the CNPs
surface than other metal ions.
To investigate the possibility of detection Hg2+ in living cells,

we monitored the fluorescence spectra of CNP−RhB system in
the presence of typical amino acids and RNA, as well as DNA.
As shown in Figure 4b, except thiol-containing amino acids
(Cys and Hcy), other types of biomolecules display negligible
influence on the I437/I575 ratio of the CNP−RhB nanohybrid

system. The reason is that thiol functional groups have stronger
binding ability to Hg2+ than CNPs. Overall, the results indicate
that the present CNP−RhB nanohybrid has a high selectivity
for Hg2+ against a wide variety of metal ions and the majority
types of amino acids.
After we explored the CNP−RhB nanohybrid system’s good

selectivity and sensitivity for Hg2+ in HEPES buffer solution, we
tested its application of sensing Hg2+ in lake water. It is
expected that the water should contain many types of
impurities that might interfere with the sensor. For the test,
we collected lake water from a pond at the City University of
Hong Kong, Hong Kong, China, and used it as a practical
sample. The lake water sample was centrifuged at 6000 rpm for
20 min and then filtered through a 0.22 μm membrane. The
absorption spectrum of the lake water sample is shown in
Figure S7 (Supporting Information). A weak absorption band
can be observed between 250 and 400 nm, which may be the
absorbance of various impurities in the water. After mixing with
CNPs and RhB, their characteristic absorption bands at about
350 and 554 nm are clearly observed.
The absorption and fluorescence titration spectra toward

Hg2+ are shown in Figure 5. Addition of Hg2+ to the
nanohybrid system results in a gradual blue shift of the
absorption band between 250 and 400 nm, and decrease of PL
intensity at 437 nm. Distinguishable fluorescence colors are also
observed for the CNP−RhB nanohybrid solution (Figure 5b,
inset). Apparently, these results indicate that the sensing can be
qualitatively achieved by observing the color of the sensor
under an UV irradiation through naked eyes without employing
any analysis instrument. Again, the saturation of the I437/I575
ratio occurs at [Hg2+] = 10 μM. Figure 5c shows the PL
intensity ratio as a function of Hg2+ concentration. A good

Figure 4. Selectivity of CNP−RhB nanohybrid system to Hg2+ in the
presence of (a) other metal ions (25 μM) and (b) some amino acids
(25 μM) or DNA, RNA in HEPES buffer solution (10 mM, pH 7.2).
The black column and red column refer to the CNP−RhB nanohybrid
solution in the absence and presence of 12 μM Hg2+, respectively.
Blank refers to free CNP−RhB nanohybrid solution. The error bars
represent standard deviations based on three independent measure-
ments.
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linear relationship can be obtained in the concentration range
of 0−6 μM. The limit detection is 45 nM.
The achievement of the high selectivity of an analyte of

interest in a complex background of potentially competing
species is a challenging task in sensor development. In this
work, we also conducted the competition experiments in Hg2+

detection in the lake water containing other metal ions.
Obvious I437/I575 ratio diminishing of the CNP−RhB nano-
hybrid solution is observed upon the addition of Hg2+

regardless of the existence of competing species (Figure 5d).
This reveals that the sensing of Hg2+ by the CNP−RhB
nanohybrid is not influenced by other metal ions even in the
samples randomly collected from our environment. These
results suggest that the impurities in the real samples do not
cause significant interferences to our sensor in the application
of Hg2+ detection. Therefore, our sensor should be suitable for
practical applications.
For further biological applications, MTT assays were carried

out to evaluate the cytotoxicity of the CNPs and CNP−RhB
nanohybrid system to A549 cells. As shown in Figure 6, with 24
h incubation, the cell viability of the A549 cells does not show
obvious changes upon addition of CNPs of up to 1.0 mg/mL
incubation. Even in the case of mixing with RhB, it still shows
negligible cytotoxicity to A549 cells when the concentration is
0.5 mg/mL or below. Thus, the as-prepared CNP−RhB
nanohybrid system can be used for cell imaging.
Figure 7 shows the bright field, fluorescence, and overlay

images of living A549 cells incubated with CNP−RhB in the
absence and presence of Hg2+. After the cells are incubated with
CNP−RhB for 4 h, strong blue and red fluorescence are
observed inside the cells (Figure 7b,c). The overlay of blue and
red channel fluorescence images shows violet color (Figure 7d).
The sensing platform shows a good cell-permeability and
maintains its dual-emission characteristic in the cellular
environment. Then, the cellular Hg2+ sensing ability of

CNP−RhB nanohybrid system was further tested. In this
context, a thiol-blocking reagent, N-ethylmaleimide (NEM),
was first employed to react with the thiol-containing
compounds in the cells; the cells were incubated with CNP−
RhB nanohybrid solution, and then, 20 μM Hg2+ was added.
No obvious blue fluorescence signal of the CNPs can be
observed while the strong red fluorescence of RhB displays
strong fluorescence (Figure 7f,g), implying that the cells uptake
Hg2+, and the ions completely quench the fluorescence of
CNPs. This is in line with the change of the fluorescence
spectrum observed in HEPES buffer solution. These results
indicate that the CNP−RhB-based dual-emission nanohybrid
system has great potential for imaging applications.

4. CONCLUSIONS
In summary, we have demonstrated that negatively charged and
blue-emitting CNPs can form a nanohybrid system with a
positively charged and red fluorescent organic dye through their
electrostatic interaction. This CNP−RhB nanohybrid system is
able to serve as a ratiometric fluorescence sensor for Hg2+

Figure 5. (a) Absorption and (b) fluorescence titration spectra of CNP−RhB nanohybrid in lake water upon gradual addition of Hg2+ from 0 to 12
μM. (λex = 350 nm); (b, inset) photograph of CNP−RhB nanohybrid solution in the absence and presence of 12 μM Hg2+ under a UV light (365
nm). (c) Changes in the I437/I575 ratio with incremental addition of Hg2+; (inset) graph showing the linear relations between I437/I575 and the
concentrations of Hg2+. (d) The difference in I437/I575 ratio of CNP−RhB nanohybrid solution under various conditions in lake water. (Mixed metal
ions including Li+, Na+, K+, Mg2+, Ba2+, Mn2+, Co2+, Cu2+, Cd2+, Cs2+, Ni2+, Zn2+, Pb2+, Fe3+, Al3+, and Ce3+; the concentration of each metal ions is
25 μM, and the concentration of Hg2+ is 12 μM).

Figure 6. Cell viability values (%) estimated by MTT proliferation
tests versus incubation concentration of CNPs and CNP−RhB for 24
h.
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detection with high selectivity and sensitivity in aqueous
solution, environmental lake water, and living cells. The assay
relies on the facts that the PL of the CNPs in the nanohybrid
system is selectively quenched by Hg2+, while the PL of RhB
remains constant. Consequently, variation of the two PL
intensities results in an obvious fluorescence color change from
violet to orange upon the addition of Hg2+, which can be easily
observed by the naked eyes under UV light irradiation. The
detection limit of such a sensor is as low as 42 nM.
Compared with previously reported sensing methods, our

CNP−RhB nanohybrid system displays several important
advantages. First, the assay is simple in design and offers a
convenient “mix-and-detect” protocol for homogeneous and
rapid detection of Hg2+ within 10 s in a wide pH range (pH 5−
10). No subsequent chemical modification of CNPs is required
after their preparation, offering a sensor with the advantages of
simplicity, rapid response, and cost efficiency. Second, the
CNP−RhB nanohybrid-based ratiometric fluorescence sensors
can effectively eliminate the background interference and the
fluctuation of detection conditions by built-in calibration of two
emission peaks; the sensing process could be observed by
naked eyes under a UV light, and therefore, the result is more
reliable compared with single emission signal based sensors.
Third, this novel strategy eliminates the need of employing
semiconductor quantum dots and organic solvents, so it is
much more environmental friendly. Fourth, this water-soluble
sensing platform shows low cytotoxicity and good cell-
permeability, and thus, it can be applied for intracellular
sensing and imaging of Hg2+. We expect that this strategy may
offer a new approach for developing low-cost and sensitive
dual-emission sensors for biological and environmental
applications.
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