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Herein, a simple, green, and low-cost way was developed in the synthesis of fluorescent nitrogen-doped
carbon nanoparticles (FNCPs) with nitrogen content of 6.88%, using one-pot hydrothermal treatment of
strawberry juice. The as-prepared FNCPs exhibited a maximum emission at 427 nm with a quantum

yield of 6.3%, which could be specifically quenched by Hg?*. This phenomenon was used to develop a
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fluorescent method for facile detection of Hg®*

with a linear range from 10 nM to 50 uM and a

detection limit of 3 nM (S/N = 3), and further extended to measure environmental water samples with

DOI: 10.1039/c3ra43452d

www.rsc.org/advances good performance.

Introduction

As a new kind of nanomaterial in the nanocarbon family, fluo-
rescent carbon nanoparticles have drawn tremendous attention
from recent research because of their unique optical/chemical
properties. Unlike traditional organic dyes and semiconductor
quantum dots, fluorescent carbon nanoparticles show distin-
guished properties such as stable photoluminescence, good
biocompatibility and low toxicity.*” It is believed that carbon
nanoparticles are promising for a wide variety of applications,
including bio-imaging,** optoelectronic devices,® sensors,”**
drug/gene delivery,"** and photocatalysis.**™"’

To date, many methods have been developed in the synthesis
of carbon nanoparticles, including arc discharge,"® laser abla-
tion,* electrochemical,”® chemical oxidation,*** thermol-
ysis,?>** ultrasonic,* and microwave methods.>**” Among them,
hydrothermal synthesis strategy is considered to be a simple,
direct, and efficient way to obtain carbon nanoparticles.?®

Currently, more increasing efforts have been particularly
focused on the preparation of fluorescent nitrogen-contained
carbon nanoparticles (FNCPs) because of their broad applications
in electrocatalysis, bioimaging, and sensors. For example, Zhu
et al. synthesized bifunctional FNCPs by hydrothermal treatment
of soy milk, which were used as electrocatalysts for oxygen reduc-
tion.* Wu and coworkers fabricated FNCPs from Bombyx mori
silk for bioimaging.*® Liu's group prepared FNCPs with grass as
the carbon source, which were applied for the detection of Cu®*.3!
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satisfactory recovery. This study provides a green strategy in the synthesis of FNCPs to detect Hg?* with
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Scheme 1 Schematic illustration of the preparation process for the FNCPs and
their application for Hg?* detection.

Mercury ion (Hg®") is a widespread pollutant released
through natural and human activities, which can accumulate in
the human body through the food chain, leading to brain damage
and other chronic diseases.* In recent years, various fluorescent
probes have been prepared for the detection of Hg** based on
biomaterials,* carbon nanoparticles,*** metal nanoparticles,**
and semiconductor quantum dots,**! because fluorescence tech-
nique is a powerful tool with high sensitivity, high selectivity and
real time monitoring. However, the tedious synthesis routes, high
temperature, toxic agent, and high cost in the synthesis of these
fluorescent probes limit their further applications. Thus, it is of
great significance to develop novel fluorescent Hg”* sensors for
practical detection of Hg>* in environmental samples.

Herein, a facile and green method was developed in the
synthesis of water-soluble FNCPs by one-pot hydrothermal
treating strawberry juice, which can be applied as an Hg”"
sensor (Scheme 1), even extending to the practical detection of
Hg”" in real water samples.

Experimental
Materials

Strawberries were bought from local supermarket and washed
several times with water before use. NaCl, CaCl,, MnCl,, MgCl,,
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CuCl,, CoCl,, AlCl3, Pb(NO3),, FeCls, FeCl,, CrCls, BaCl,, ZnCl,,
CdcCl,, AgNO3;, NiCl,, CH;COONa, NaNO;, and NaClO, were
purchased from Aladdin Ltd. (Shanghai, China). (CH;COO),Hg,
HgCl,, and Hg(NO;), were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Hg(ClO,), were purchased
from Sigma Aldrich (USA). All chemicals were of analytical grade
and used as received without further purification. The water
used in the whole experiments was purified through a Millipore
system.

Preparation of FNCPs

The preparation of FNCPs was typically described as follows. 35
mL of strawberry juice was transferred into a 50 mL Teflon-lined
autoclave and heated at 180 °C for 12 h. The large particles were
removed by filtration with a 0.22 pm filter membrane and then
centrifugation at 15 000 rpm for 30 min. The as-prepared FNCPs
were finally dried under vacuum for 72 h and re-dispersed in
water with a concentration of 1 mg mL ™" for further charac-
terization and use.

Instrument for characterization

UV-Vis absorption spectra were recorded by a Lambda 950 UV-
Vis spectrophotometer (Perkin-Elmer, USA). Fluorescence
emission spectra were recorded by a LS-45 fluorescence spec-
trophotometer (Perkin-Elmer, UK). The fluorescence lifetime
was measured using an Edinburgh FLS 920 photocounting
system. X-ray photoelectron spectroscopy (XPS) was measured
on a thermoelectron instrument (Thermo Scientific ESCALAB
250) with Al Ko X-ray radiation as the source for excitation
(1486.8 eV, 500 um). Transmission electron microscopy (TEM)
was performed on a JEM-2100F transmission electron micro-
scope using an acceleration voltage of 200 kV. Fourier transform
infrared spectroscopy (FTIR) spectra of the samples were
recorded in the form of KBr pellets with a Nicolet 670 FTIR
spectrometer. Zeta potentials were measured on a Malvern
Zetasizer Nano ZS dynamic light scattering system. The X-ray
diffraction (XRD) patterns were obtained on a Philips PW3040/
60 automatic powder diffractometer using Cu Ko radiation.

Fluorescence detection of Hg”"

In a typical assay, 5 pL of the purified FNCPs solution was put
into 1 mL of a phosphate solution (25 mM, pH 7.4), followed by
the addition of different concentrations of Hg>*. The solutions
were mixed thoroughly and left to react for 10 min at room
temperature, and then recorded the associated fluorescence
quenching spectra.

Results and discussion
Characterization

The water-soluble FNCPs can be simply prepared by facile one-
step hydrothermal treatment of strawberry juice. The solution
of the FNCPs is clear yellow and displays a bright blue fluores-
cence under 365 nm UV light (insets 1-2 in Fig. 1A), which is
different from the carbon particles obtained from orange
juice.*” As shown in Fig. 1A, the absorption of the FNCPs has an
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Fig.1 (A) UV-Vis absorption spectrum of the as-prepared FNCPs. Inset shows the
photographs of the FNCPs in aqueous solutions under visible light (1) and UV light
(2). (B) Fluorescence excitation (black line) and emission (red line) spectra of the
FNCPs. (C) Emission spectra of the FNCPs at different excitation wavelength from
350 to 440 nm. (D) Fluorescence decay traces of the FNCPs in the absence (black
line) and presence (red line) of 50 uM ng" upon excitation at 344 nm. The
luminescence decay was fitted to a single-exponential decay.

obvious peak located at 283 nm, which represents the absorp-
tion of aromatic 7 orbitals.”® Besides, the maximum emission
peak is observed at 427 nm with a full width at half maximum of
95 nm in the emission spectra (Fig. 1B), when the excitation
wavelength is 344 nm, suggesting narrow particle size distri-
bution of the as-prepared FNCPs. Moreover, varying the exci-
tation wavelength from 350 to 440 nm causes the emission peak
gradually red shifted, as well as the decrease of the peak
intensity (Fig. 1C). The excitation-dependent emission is an
intrinsic property of the carbon particles.** The quantum yield
of the FNCPs is 6.3%, using quinine sulfate (54% in 0.1 M
H,S0,) as standard, which is comparable with the carbon
particles reported previously.**** The corresponding fluores-
cence lifetime is measured to be 7.6 ns, with excitation and
emission wavelengths of 344 and 427 nm, respectively (Fig. 1D).
This value is higher than those of the carbon particles reported
in the literature."*°

Typical TEM image shows that the as-prepared FNCPs are
spherical in morphology, with an average diameter of 5.2 nm
(Fig. 2A). Furthermore, the high-resolution TEM (HRTEM)
image (Fig. 2B) shows the lattice plane with an interfringe
distance of 0.254 nm, corresponding to the (100) planes of
graphitic carbon.*” Besides, the FNCPs have a diffraction peak
centred at 22.6° in the typical XRD spectrum (Fig. 2C), indi-
cating that the interlayer spacing of (002) diffraction peak is
0.39 nm. This value is larger than that of graphite (0.34 nm),
possibly owing to the existence of oxygen-containing functional
groups.*®

The structures and components of the FNCPs are identified
by FTIR and XPS experiments. As illustrated in Fig. 2D, the FTIR
spectrum exhibits characteristic absorption bands of O-H and
N-H stretching vibrations at 3400 cm™ ', C-H stretching

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Typical TEM image (A), HRTEM image (B), XRD pattern (C), and FTIR
spectra (D) of the FNCPs.

vibrations at 2940 cm ™!, C=0 stretching vibrations at 1760 and
1670 cm ™', and C=C stretching vibrations at 1590 cm™*.3%%*
Moreover, the bands in the range of 1030-1380 cm ' suggest
the presence of a large amount of C-O groups.*® The zeta
potential of the FNCPs was measured with a value of —18.3 mV,
which further confirms the presence of hydroxyl and carboxylic
groups on the surface of the FNCPs.

The XPS spectrum shows three strong peaks at 532.0, 401.1,
and 286.1 eV, which are attributed to O;5, Ny5, and Cyg,
respectively (Fig. 3A). These results indicate that the FNCPs
mainly contain C (67.46%), O (23.87%), and N (6.88%). The
amount of N (6.88%) is higher than the carbon particles
reported by Liu et al. and can be used for the surface passivation
of carbon particles.** Specifically, the deconvolution of the C;
spectrum (Fig. 3B) displays four peaks at 288.2, 286.3, 285.6,
and 284.6 eV, which are assigned to the C=0, C-N, C-0O, and
C=C groups, respectively.* The O, spectrum (Fig. 3C) has two
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Fig.3 The XPS (A), Cy5 (B), O15 (C), and Ny, (D) spectra of the as-obtained FNCPs.
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peaks at 533.0 and 531.7 eV, which are attributed to the C-OH/
C-0-C and C-O groups, respectively.* The three peaks at 401.5,
400.5, and 399.5 eV in Ny spectrum (Fig. 3D) are come from the
N-H, N-(C)3;, and C-N-C groups, respectively.>

As shown in Fig. 4A, the fluorescence intensity of the FNCPs
remains almost constant in the presence of different concen-
trations of NaCl (up to 1 M), indicating high stability of the
FNCPs even under high ionic strength environment. Mean-
while, varying the pH from 4 to 9 show no effects on the fluo-
rescence intensities of the FNCPs (Fig. 4B), indicating the
FNCPs are insensitive to the pH over the entire physiologically
range, unlike the carbon particles reported by Shen’s** and
Shi’s® groups. Furthermore, after irradiation for 7 h by using a
500 W Xe lamp, only a slight change in the fluorescence
intensity is observed (Fig. 4C). Similar observation is obtained
when the sample is stored for 3 months (Fig. 4D). These results
indicate excellent photostability of the FNCPs, probably due to
the electrostatic repulsions between the negatively charged
nanoparticles. All these properties make the FNCPs particularly
valuable for real applications in bio-labelling and bio-imaging.

Fluorescence detection of Hg™*

Interestingly, we found that Hg>* can obviously quench the
fluorescence of the FNCPs, revealing that the FNCPs can be
potentially used as an Hg>" sensor. In the presence of 50 pM
Hg”", time-dependent fluorescence spectra were recorded every
2 min within 12 min (Fig. 5). The fluorescence intensity at 427
nm decreases within 10 min and then remains constant with
time, suggesting complete reaction between the FNCPs and
Hg”*. Thus, 10 min is chosen as the optimal reaction time.
The selectivity of the FNCPs to Hg”" is also examined (Fig. 6),
with other 15 metal ions (Ca**, Ag¥, Ni**, Cr**, AI**, Cu®*, Ba*",
Fe’’, Pb>*, Zn®>*, Fe**, Co>", Mg>", Mn>*, or Cd*") tested as
control. Hg”" has the ability to quench the fluorescence
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Fig.4 (A) The relative fluorescence intensity at 427 nm (excitation at 344 nm) of
the FNCPs in the NaCl solution. (B) Dependence of the fluorescence intensity on
the pH values from 2 to 12. (C) The variation of the fluorescence intensity of the
FNCPs under irradiation by a 500 W Xe lamp for different time intervals. (D)
Photostability of the FNCPs as a function of the storage time.
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Fig. 5 Time-dependent fluorescence responses of the FNCPs to 50 pM Hg?*.
Inset shows the F/Fq plotted against time in the presence of 50 uM Hg?*, where F
and Fy are the fluorescence intensity of the FNCPs at 427 nm with and without
Hg?*, respectively.

intensity obviously, while the other metal ions have little or no
quenching effects. Competitive experiments were also carried
out to study the influence of other metal ions (Fig. S11). The
quenching caused by the mixture of Hg*" (50 uM) with the other
metal ions (100 pM) was similar to that caused solely by Hg”"
except very little interference of Cu>". These observations indi-
cate high selectivity of the present fluorescent probe toward the
detection of Hg?*, owing to stronger affinity of Hg>" than other
metal ions toward the carboxylic, hydroxyl and amino groups on
the surface of the FNCPs.”® Furthermore, thus-formed FNCP-
Hg”" complexes would facilitate charge transfer and restrain the
radiative recombination of excitons, leading to distinguished
fluorescence quenching effects.*

In order to understand the interactions between the FNCPs
and Hg>*, UV-Vis absorption titration measurements were per-
formed (Fig. S21). Upon the successive addition of Hg?*, an
increase in absorption at 225 nm is observed, indicating the
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Fig. 6 Relative fluorescence intensity (F/Fo) of the FNCPs in phosphate solutions
(25 mM, pH 7.4) with 50 uM different metal ions. F and Fy correspond to the
fluorescence intensity of the FNCPs with and without 50 uM of different metal
jons.
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formation of the FNCP-Hg>" complex.*® The phenomenon is
different from that reported by Pal and his coworkers,* because
different functional groups are present on the carbon nano-
particles' surfaces.

Fluorescence lifetime measurements were conducted to gain
further insight into the mechanism of fluorescence quenching
of the FNCPs by Hg*". As shown in Fig. 1D, the fluorescence
lifetime of the blank FNCPs is relatively high with a value of 7.6
ns, while the lifetime decays to 4.8 ns after the addition of Hg*".
It indicates that the quenching is dynamic, further confirming
an ultrafast electron transfer process in the FNCP-Hg>" system.

Fig. S31 shows the fluorescence response of the FNCPs to 50
UM Hg>" at various pH values. Evidently, the quenching effi-
ciency is low under acidic media, where the surface binding
carboxylic and amino groups are protonated, leading to the
dissociation of the FNCP-Hg>" complex. With the increase of
pH, deprotonation of the carboxylic and amino groups occurs,
which may strengthen the covalent bond between the FNCPs
and Hg™", resulting in the significant decrease of the fluores-
cence intensity of the FNCPs. However, further increasing the
PH value also causes a low quenching efficiency, because Hg>"
may be complexed by OH™ instead of the FNCPs under typical
conditions. Furthermore, as mentioned above, varying pH
values from 4 to 9 shows no effects on the fluorescence intensity
of the system (Fig. 4B). All the results indicate that the carbox-
ylic and amino groups on the surface of the FNCPs play a critical
role for the sensitive and selective detection of Hg>".

The effects of different Hg®" salts (chloride, nitrate,
perchlorate and acetate salt of Hg>") on the emission of the
FNCPs were also investigated. As displayed in Fig. S4,t all the
Hg>" salts display similar quenching effects. As control experi-
ments, none of the Na" salts used show quenching of the
fluorescence, demonstrating that Hg>" is solely responsible for
the quenching.

To evaluate the sensitivity of this system, different concen-
trations of Hg>" within 50 uM were studied. As shown in Fig. 7,
the fluorescence intensity of the FNCPs is sensitive to Hg>" and
decreases with the increase of Hg>". The quenching efficiency is
fitted to the Stern-Volmer equation, Fo/F = 1 + Kgy[Q], where Kgy
is the Stern-Volmer quenching constant, [Q] is the concentra-
tion of analyte (Hg>"), and F, and F are the fluorescence inten-
sities at 427 nm in the absence and presence of Hg™',
respectively. Fig. 7B shows two good linear ranges of 10-100 nM
(R =10.9982) and 1-50 uM (R = 0.9851), respectively. The limit of
detection (LOD) is estimated to be 3 nM (at a signal-to-noise
ratio of 3), which readily meets the Hg”" detection requirement
for drinking water by the European Union (5 nM, 1 ppb).**

To evaluate the performance of the FNCPs, other fluorescent
methods of the detection of Hg>* were provided for comparison
(Table S17). Evidently, the developed assay is superior, with the
advantages of low detection limit and wide linear range,
compared with other assays.

To test its practicality, the developed method was extended
to determine the concentration of Hg>" in environmental water
samples from the Chuyang Lake on our campus. All the samples
were filtered through a 0.22 pm membrane, followed by
centrifugation at 15000 rpm for 15 min to remove any

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 (A) The fluorescence responses of the FNCPs in a phosphate solution (25
mM, pH 7.4) after the addition of different concentrations of ng" (top to
bottom): 0, 0.010, 0.025, 0.050, 0.075, 0.100, 0.500, 1.00, 5.00, 10.0, 25.0, and
50.0 uM. (B) Plot of the F/Fy with the concentration of ng’i

suspended particles. The fluorescence intensity of the FNCPs
decreases when the samples have been spiked with standard
solutions (Table S21). The recoveries of Hg®>" in the spiked
samples are in the range of 97-115%, illustrating little inter-
ference of the minerals, organics, and bacteria present in the
samples. These results demonstrate that this sensing system
has great potential for quantitative detection of Hg>" in envi-
ronmental samples.

Conclusion

In summary, a facile, simple, and low-cost method was devel-
oped for the green preparation of water-soluble FNCPs using
strawberry juice as a carbon source. The as-prepared FNCPs was
used for sensitive and selective detection of Hg”" with wide
linear range from 10 nM to 50 uM and low detection limit of 3
nM (S/N = 3), based on the quenching effects of Hg**. This
approach was further extended to the practical assay of Hg>" in
water samples. For the easy production of stable and strong
fluorescence of the FNCPs, we believe that the FNCPs would
have many potential applications in chemistry and biology.

This journal is © The Royal Society of Chemistry 2013
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