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Abstract: A novel sensing system has been designed for the detection of cupric ions. It is based on the
quenched fluorescence signal of carbon dots (CDs), which were carbonized from poly(vinylpyrrolidone)
(PVP) and L-Cysteine (CYS). Cupric ions interact with the nitrogen and sulfur atoms on surface of the
CDs to form an absorbed complex; this results in strong quenching of the fluorescence of the CDs via a
fast metal-to-ligand binding affinity. The synthesized water-soluble CDs also exhibited a quantum
yield of 7.6%, with favorable photoluminescent properties and good photostability. The fluorescence
intensity of the CDs was very stable in high ionic strength (up to 1.0 M NaCl) and over a wide range of
pH levels (2.0–12.0). This facile method can therefore develop a sensor that offers reliable, fast, and
selective detection of cupric ions with a detection limit down to 0.15 µM and a linear range from 0.5
to 7.0 µM (R2 = 0.980). The CDs were used for cell imaging, observed that they were low toxicity to
Tramp C1 cells and exhibited blue and green and red fluorescence under a fluorescence microscope.
In summary, the CDs exhibited excellent fluorescence properties, and could be applied to the selective
and sensitive detection of cupric ion and multicolor cell imaging.
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1. Introduction

Heavy metal ion contamination is an important public health concern [1–3]. Cupric ions (Cu2+)
are a key trace element in the human body and they play a critical role in many biological processes,
such as in metabolism regulation, oxidation, and protein activation [4,5]. As such, a small intake of
Cu2+ can be beneficial for people, but taking in too much can lead to toxicity-related problems, as
it may harm vital organs and potentially induce a variety of serious diseases [6–8]. It is therefore
important that sensitive and selective Cu2+ detection methods are developed. Researchers have
developed a number of such methods, including atomic absorption spectrometry [9], inductively
coupled plasma mass spectrometry [10], and electrochemical methods [11]. Although these methods
are highly sensitive, they utilize expensive instruments, have high operating costs, require complicated
sample preparations, and have tedious operating procedures; these methods are therefore unsuitable
for monitoring purposes in the field. Simple, sensitive, selective, and low-cost methods for measuring
Cu2+ ions in the field therefore need to be developed. Development of novel sensors is of great interest
to chemists because of their low-cost, simplicity, high selectivity and sensitivity. Various organic
fluorophore-based sensors have been reported for the determination of Cu2+ with relatively high
sensitivity [12,13], but traditional organic dyes often lack photostability, produce narrow excitation and
broad emission bands, which limits their performance in practical applications. Recently, carbon dots
(CDs) provides an alternative way for the detection of Cu2+. Xu et al. [14] discovered CDs in 2004, and
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scientists have since continuously explored new ways in which to prepare them. Various approaches
for synthesizing CDs have been reported upon, including ultrasonic synthesis, chemical oxidation, and
electrochemical synthesis, as well as microwave, pyrolysis, and hydrothermal carbonization [15–18].
CDs have attracted a lot of attention due to their chemical inertness, high stability, resistance to
photobleaching, bright fluorescence, low toxicity, excellent aqueous solubility, and biocompatibility;
these characteristics have caused them to be applied to many fields, including sensing, bioimaging,
optoelectronic devices, and photocatalysis [19–22]. These characteristics also make CDs more suitable
than other fluorescent materials for use as probes in the detection of Cu2+.

Many high-quality Cu2+ sensors that utilize modified CDs have been reported. A ratiometric
fluorescence nanosensor that could selectively detect Cu2+ was developed by Wang et al. [23]; their sensor
covalently connected carboxyl-modified cadmium telluride quantum dots to amino-functionalized
CDs; the limit of detection (LOD) for Cu2+ was down to 0.36 nM. A highly selective phosphorous and
nitrogen co-doped CDs were prepared using a low-temperature carbonization method as demonstrated
by Omer [24]. The CDs successfully detected Cu2+ with the limit of detection as low as 1.5 nM. Bhamore
et al. [25] demonstrated the fabrication of fluorescent CDs by using Acacia concinna seeds as precursors
and the CDs was developed for sensing Cu2+. The detection limit was down to 4.3 nM.

The good water solubility, photostability, and biocompatibility makes CDs favorable for cell
imaging as optical probes. Konar et al. [26] reported the preparation of multicolor CDs from tartaric
acid and urea, and using them to detect the cysteamine and cell image. One-pot sonochemical-assisted
synthesis of nitrogen doped CDs derived from crab shell was demonstrated by Dehvari et al. [27].
The CDs had been used for the multicolor image of lung and HeLa cells. Pathak et al. [28] developed
nitrogen and sulfur co-doped CDs and showed excellent multicolor imaging for various pathogenic
bacteria and human buccal epithelial cells. The only disadvantage of CDs is due to their low
fluorescence quantum yield (QY) compared to quantum dots containing cadmium or other heavy
metals. Therefore, the fluorescence intensity of CDs can be enhanced through the passivation of the
surface through conjugation with suitable electron donor groups or by doping them with various
electron rich heteroatoms. These strategies can considerably improve the quantum yield of CDs.

In this study, a one-pot synthesis assay for preparing nitrogen- and sulfur-co-doped fluorescent
CDs from poly(vinylpyrrolidone) (PVP) and L-Cysteine (CYS) is proposed; a hydrothermal method is
used for their preparation. The CDs were found to exhibit strong blue photoluminescence and possess
both good photostability and high solubility. This assay was a simple, label-free, selective and sensitive
sensing method for detecting Cu2+ in environmental water and multicolor cell imaging.

2. Materials and Methods

2.1. Chemicals and Reagents

PVP, CYS, H3PO4, NaH2PO4, Na2HPO4, Na3PO4, quinine sulfate, KCl, NaCl, CuCl2, HgCl2, PbCl2,
ZnCl2, MnCl2, CoCl2, MgCl2, FeCl3, CaCO3, HCl, H2SO4, isopropanol and 3-(4,5-dimethylthiazol-2-yl)
-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Tris(hydroxymethyl)aminomethane (Tris) was purchased from J. T. Baker (Phillipsburg, NJ, USA). All
chemical reagents were the analytical reagent grade and used without further purification. Deionized
(DI) water was collected from a Barnstead Nanopure Ultrafiltration Unit (Boston, MA, USA).

2.2. Instruments and Characterization

UV–Vis absorption spectra were recorded by a Lambda EZ210 spectrophotometer (Perkin Elmer,
Waltham, MA, USA). Fluorescence spectra were recorded by an F-7000 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan). Transmission electron microscopy (TEM) measurements were performed using
a JEM-2100 transmission electron microscope (JEOL, Tokyo, Japan). X-ray photoelectron spectroscopy
(XPS) analyses were performed using an ESCALAB 250 X-ray photoelectron spectrometer (Thermo
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Fisher Scientific, Waltham, MA, USA). IR spectra were measured using a Fourier transform infrared
(FTIR) spectrometer (Perkin Elmer, Waltham, MA, USA).

2.3. Synthesis of the CDs

A one-pot hydrothermal-assisted pyrolysis approach was used to obtain the CDs. Typically, PVP
(0.5 g) and CYS (0.5 g) was dissolved in 15 mL DI water, and then the mixture was transferred into a
50-mL Teflon-lined stainless-steel autoclave and heated at a constant temperature of 180 ◦C for 12 h.
After cooling to room temperature, the obtained yellow-colored solution was centrifuged at 12,000
rpm for 10 min. Then, the collected supernatant was filtered through a 0.22-µm membrane (Millipore,
USA) to remove large particles. The CDs was then dialyzed using DI (2.5 L) water through a dialysis
membrane (MWCO 3500 Da) for 6 h to remove tiny fragments and any remaining salts. The resulting
CDs exhibited blue luminescence under a 365-nm UV light.

2.4. Quantum Yield Calculation

The relative quantum yield of the CDs was calculated using a quinine sulfate solution in 0.1 M
sulfuric acid (QR = 0.54) as a reference. The following equation was used to calculate CDs QY:

QCDs = QR × (ICDs/IR) × (AR/ACDs) × (n2
CDs/n2

R) (1)

where QR is the QY of the reference compound, n is the refractive index of the solvent (1.33 for water),
I is the integrated fluorescence intensity, and A is the absorbance at the excitation wavelength. For the
real absorption effects to be minimized, the absorbance of the CDs was maintained under 0.05 at the
excitation wavelength of 340 nm.

2.5. Cu2+ Fluorescence Assay

Cu2+ sensing was performed at room temperature using Tris–HCl (10 mM, pH 6.0) buffers.
A desired amount of Cu2+ (final concentration of 0–500 µM) was added to a 1.0 mL Tris–HCl buffer
containing the CDs. The fluorescence emission spectra were measured using an excitation wavelength
of 355 nm after a reaction had been carried out for 1 h.

2.6. Analysis of a real sample

The water sample was collected from Jinsin Lake in the National Taitung University (Taitung,
Taiwan). The sample was centrifuged at 12,000 rpm for 10 min and filtered through a 0.22-µm
membrane prior to detection being performed. An aliquot (100 µL) of the water sample was spiked
with a standard Cu2+ solution (100 µL, final concentrations were 1.0 and 5.0 µM, respectively). The
samples containing Cu2+ were diluted to 1.0 mL with Tris–HCl buffer containing the CDs and then
analyzed using the developed sensing approach.

2.7. Cell Viability Assay

The MTT assay was used to analyze the cytotoxicity of CDs. In brief, Tramp C1 cells (CCL-2730,
epithelial of prostate cancer cell from transgenic mouse, ATCC, Manassas, VA, United States) were
seeded in 96-well plates at a density of 5 × 103 cells/well and cultured for 12 h at 37 ◦C in a humidified
incubator. Different concentrations of CDs from 0.3125 mg/mL up to 10.0 mg/mL were incubated
with the cells in the complete medium for 24 h. Then, the culture media were removed and the MTT
solution (100 µL, 0.5 mg/mL in PBS) was added to each well, followed by incubation at 37 ◦C for 30 min.
The supernatant was removed, and 100 µL isopropanol was added to dissolve the formed formazan.
After shaking the plates, absorbance values of the wells were obtained using the microplate reader at
490 nm. The cell viability was calculated using the following equation:

Cell viability (%) = (ACDs/Acell) × 100%, (2)
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where ACDs is the absorbance of the experimental group (i.e., the cells were treated with CDs) and
Acell is the absorbance of the control group (i.e., the cells without any treatment).

2.8. Cell Image Studies

Tramp C1 cells (1.5 × 103) were seeded onto 10 mm round glass slide and cultured for 12 h at 37 ◦C
in a humidified incubator. The CDs at the concentration of 2.5 mg/mL were added to the cells and
were further incubated for 6 h. After incubation with CDs, cells were fixed with 4% paraformaldehyde
for 30 min and were mounted on the quartz slide with the ProLong Gold Antifade mounting medium
overnight. Finally, the CDs staining cells were analyzed using an inverted fluorescence microscope
(IX-71, Olympus, Center Valley) under 40× oil objective.

3. Results

3.1. Characterization of the CDs

It has been reported that doped N and S cause CDs to possess heteroatoms in their carbon
frameworks, which influences their photoluminescence [29–32]. For this reason, a freshly prepared
colorless PVP and CYS solution was sealed in a Teflon-lined stainless-steel autoclave that was heated
at a constant temperature. The CDs formation process included the condensation of both PVP and
CYS, and the carbonization process is shown in Scheme 1. The water-soluble fluorescent N/S-CDs
were obtained by a one-pot hydrothermal method in which PVP and CYS were used as the carbon,
nitrogen, and sulfur sources. The results for the optimization of synthetic condition of CDs for the
determination Cu2+ were listed in Table S1. For the purpose of getting higher sensitivity, the CDs were
prepared through a hydrothermal process of 0.5 g PVP and 0.5 g CYS at 180 ◦C for 12 h. Under these
conditions, the good batch-to-batch reproducibility was achieved (Figure S1).

Scheme 1. Schematic illustration of the synthesis of carbon nanodots via hydrothermal treatment for
Cu2+ detection and cell imaging.

The UV–Vis absorption, excitation, and emission spectra of the CD solution are shown in Figure 1.
The CDs were observed to exhibit a very broad absorption band from 235 to 400 nm. This band was
consistent with that of previously reported functionalized CDs [33]. The CDs were found to be well
dispersed; they exhibited a yellowish and transparent solution under visible light, and they exhibited
intense blue luminescence under UV irradiation (Figure 1, inset). The as-prepared CDs were able to
fluoresce over excitation wavelengths from 300 to 400 nm, and the maximum fluorescence emission
occurred at an excitation wavelength of 355 nm. Using quinine sulfate as a standard, we calculated that
the fluorescence QY of the CDs was about 7.6%. As shown in Table S2, most hydrothermal methods
had higher QY (> 30%). Additionally, the maximum emission wavelength became red-shifted as the
excitation wavelength increased (Figure S2). The excitation-dependent emission behavior of the CDs
observed in this study has also been reported in previous studies [33].
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Figure 1. UV–Vis absorption spectrum (black) and fluorescence spectra (excitation spectrum: blue;
emission spectrum: red) of the carbon dots (CDs). Inset: Samples excited by visible light and a 365-nm
UV lamp.

The morphology and particle size of the CDs were examined by TEM (Figure S3); it was found
that the CDs had both good monodispersity and size distribution, with particle sizes of 14–26 nm; the
average diameter of the particles was 21 nm (RSD = 16%).

FTIR and XPS analyses were performed to study the functional groups and chemical compositions
of the as-prepared CDs. Figure 2 shows the FTIR spectra of PVP, CYS, and the CDs. A prominent
peak at around 3450 cm−1 is present in all three samples; this can therefore be ascribed to the OH
stretching vibration modes of the surface-absorbed water molecules [33]. In the spectrum obtained for
PVP, the peak at 2951 cm−1 can be attributed to an asymmetric C–H stretching vibration. The peak
located at 1641 cm−1 for PVP was determined to be related to the C=O group of N-vinyl pyrrolidone,
and the C–N bending and stretching vibrations were believed to be the causes for the peaks 1467 and
1296 cm−1, respectively [34]. The FTIR spectrum of CYS is shown in Figure 2b. The characteristic bands
at 1610 and 1401 cm−1 are due to the asymmetric and symmetric stretching vibrations, respectively, of
the carbonyl group [35]. The band at 1520 cm−1 corresponds to a N–H band, and a very broad band of
NH3

+ stretching is observed for 3000–3500 cm−1. The weak peak at around 2560 cm−1 represents the
S–H group of CYS [35]. There is no characteristic CYS bands observed in the FTIR spectra of CDs, may
be due to that CYS has been bonded in the core of CDs not on the surface of CDs. The FTIR absorption
bands at 3476, 1641, 1467, and 1296 cm−1 (Figure 2c) suggest that there are many amine, hydroxyl,
and carboxyl groups on the surface of the as-prepared CDs, which is why the CDs exhibited excellent
water solubility.

The full-scan XPS spectrum of the CDs is shown in Figure 3a; excluding the three peaks that can
be seen at around 532, 400, and 285 eV, which corresponded to O 1s, N 1s, and C 1s, respectively, the
two peaks at 226 and 163 eV are probably due to S 1s and S 2p, respectively. These results indicate that
the CDs were mainly composed of four elements: C, N, O, and S. The high-resolution C 1s spectrum
(Figure 3b) consisted of six component peaks, which we attributed to C=C (283.8 eV), C–C (284.5 eV),
C–S (285.2 eV), C–N (285.8 eV), C–O (286.4 eV), and C=N/C=O (288.0 eV) [33]. The high-resolution N 1s
spectrum of the CDs (Figure 3c) shows the presence of pyridinic N (399.6 eV), pyrrolic N (400.0 eV), and
graphitic N (400.7 eV) [36]. The peaks in the high-resolution spectrum of O 1s (Figure 3d) indicate that
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there were three characteristic oxygen states: C=O (531.2 eV), C–OH (531.9 eV), and C–O (533.0 eV) [37].
The S 2p spectrum exhibited two peaks at 162.0 and 162.8 eV (Figure 3e), which correspond to –C–S–C–
2p 3/2 and–C–S–C– 2p 1/2 bonds, respectively [36]. The FTIR and XPS spectra therefore indicated
that the CDs consisted of functional groups with oxygen, nitrogen, and sulfur elements, and these
endowed the CDs with excellent dispersibility in aqueous solutions without any further modifications
being required.

Figure 2. FTIR spectra of (a) poly(vinylpyrrolidone) (PVP), (b) L-Cysteine (CYS), and (c) the CDs.

3.2. Fluorescence Stability of the CDs

To verify the stability of the CDs, we measured how representative pH levels, ionic strengths,
illuminations over long periods of time, and storage times affected their fluorescence intensity. At pH
values from 2.0 to 12.0, the fluorescence intensity of the CDs was very stable (Figure S4a). As Cu2+

will form complexes with hydroxide at higher pH levels, pH 6.0 was selected as being an optimum
pH level. The fluorescence intensity also remained constant at NaCl concentrations to 1.0 M at pH
6.0 (Figure S4b). It was seen that the fluorescence intensity only decreased by about 3% in 1 h under
continuous UV light (365 nm) illumination (Figure S4c). The CDs were also found to exhibit good
photostability when stored at 4 ◦C in the dark for about 4 months (Figure S4d). These results suggest
that the CDs have stable fluorescent properties.

3.3. Detection of Cu2+

As discussed in the introduction, the N,S-based functional group on the surfaces of the CDs was
expected to make the nanosensor suitable for the detection of Cu2+, because of the strong interactions
that would occur between the functional groups and these metal ions [38]. In the present work, the
potential of using these CDs as probes for metal ions (10 µM) was explored in detail by measuring
the fluorescence changes of the developed CDs in a Tris–HCl buffer (1.0 mM, pH 6.0). The results are
as shown in Figure 4a, where F0 and F are the fluorescence intensities of the probes at 455 nm in the
absence and presence of the Cu2+ ions, respectively. Notably, of the 14 metal ions tested, Cu2+ was
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found to have the highest selectivity toward the fluorescence quenching of the CDs. The mechanism
involved in the process can be attributed to the particularly high thermodynamic affinity of Cu2+ for
the N,S-chelate groups on the surfaces of the CDs and the fast metal-to-ligand binding kinetics [39].
The possible interference of coexisting cations in the Cu2+ detection process was also investigated
(Figure 4b), and the response of the CDs to Cu2+ was almost unchanged both before and after the
addition of interfering ions. These results indicate that the fluorescent probe we have proposed exhibits
high selectivity when detecting Cu2+.

Figure 3. XPS spectra of the CDs: (a) Full-scan XPS spectrum. High-resolution XPS spectra of (b) C 1s,
(c) N 1s, (d) O 1s, and (e) S 2p.

The linear range, sensitivity, and LOD of the proposed sensing system for Cu2+ was investigated
under optimum conditions. Figure S5 shows the fluorescence spectra of the CDs for various Cu2+

concentrations. The fluorescence intensity decreased linearly as the concentration of Cu2+ increased
from 0 to 500 µM; this indicates that Cu2+ bonded effectively with the N,S-based functional groups on
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the surfaces of the CDs. The plot of (F0 − F)/F0 as a function of the Cu2+ concentration in the range of
0.5–7.0 µM is shown in the inset of Figure S5. The correlation coefficient, R2, is 0.980, which indicates
that there is good linearity between these two parameters. Under this optimum condition, the LOD was
calculated as being 0.15 µM (at a S/N of 3), which is comparable to other reported probes in Table S2.
Most hydrothermal approaches exhibited high quantum yield and lower LODs, but the solvothermal
approach showed the highest quantum yield (78.6%). The lowest LOD for the determination of Cu2+

was achieved by using N-doped quantum dots prepared by the pyrolysis of ammonium citrate.

Figure 4. (a) Selectivity of the CDs as a probe for metal ions (10.0 µM) in a Tris–HCl buffer (1.0 mM,
pH 6.0); (b) response profiles of the CDs by Cu2+ in the presence of different metal ions in a Tris–HCl
buffer (1.0 mM, pH 6.0).

3.4. Detection of Cu2+ in a Water Sample

The feasibility of using the CDs for detecting Cu2+ in water samples was evaluated. The measurements
were done after adding a known amount of Cu2+ to water samples from an environmental water source.
The Cu2+ in the lake water was detected according to the procedure explained in the experimental
section. The addition of Cu2+ to the water samples led to a decrease in the fluorescence intensity of the
CDs. To evaluate the reliability of the CDs for detecting Cu2+ in environmental water, spiked-recovery
experiments were carried out with the lake water, and the recoveries were 91.4–102.0%, as shown in Table 1.
These results indicated that the CDs were capable of detecting Cu2+ in environmental waters samples.

Table 1. Determination of cupric ions in a lake water sample (n = 3).

Sample Added (µM) Found (µM) Recovery (%) RSD (%)

Lake water 10.0 10.2 102.0 6.2
50.0 45.7 91.4 3.1

3.5. Cytotoxicity and Cell Imaging

To explore the potential application of CDs in cell-labeling and imaging, Tramp C1 cells were used
to evaluate the cytotoxicity of CDs by the MTT assay. CDs with different concentrations were incubated
with cytotoxicity of Tramp C1 cells for 24 h, and the cellular viabilities were depicted in Figure 5. The
cellular viability was higher than 90% when the concentration of CDs was below 5 mg/mL, which
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indicated the low cell toxicity and good biocompatibility of CDs. Furthermore, the in vitro cell uptake
of CDs in Tramp C1 cells was analyzed by an inverted fluorescence microscope (Figure 6). At the
350–400 nm, 420–470 nm and 460–490 nm excitation, bright blue, green, and red luminescence in cell
membrane and cytoplasma area were observed, respectively. The results indicated that the as-prepared
CDs can serve as an excellent fluorescence imaging probe.

Figure 5. Cell viabili ty of Tramp C1 cells after incubation with different concentrations of CDs for 24 h.

Figure 6. Fluorescence image of Tramp C1 cells staining with CDs: (a) The bright-field images and
corresponding images under different fluorescence channel; (b) DAPI channel: Ex: 350–400 nm, Em:
420–470 nm, DC: Without setting; (c) WB channel: Ex: 460–490 nm, Em: 520 nm long pass, DC: 500 nm
and (d) WG channel: Ex: 510–550nm, Em: 590 nm long pass, DC: 570 nm. Scale bar = 20 µm.
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4. Conclusions

In this study, a facile synthetic method was used to fabricate fluorescent CDs via a hydrothermal
treatment of PVP and CYS. The results showed that nitrogen and sulfur-containing groups formed on the
surface of CDs, the N and S atoms were also co-doped into CDs. The CDs exhibited blue luminescence
under a UV light irradiation, good water solubility, low cytotoxicity, stable photoluminescence at
different pH and ionic environments, and excitation-dependent emissions. The fluorescence intensity
of CDs was also found to not be affected by pH levels and stable at high ionic strength environments.
The CDs also exhibited selective fluorescence quenching to Cu2+ with good linearity from 0.5 to 7.0 µM
and a limit of detection was 0.15 µM. Furthermore, it can be also applied to the detection of Cu2+

in a lake water sample with satisfactory recovery. Due to their low cytotoxicity, the CDs have been
used for multicolor imaging Tramp C1 cells. The results from the in vitro multicolor cellular imaging
and monitoring Cu2+ in water samples successfully demonstrated their potential towards diverse
applications in analytical areas.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/9/1785/s1,
Figure S1: The batch-to-batch reproducibility for the synthesis CDs, Figure S2: Emission spectra of the CDs
recorded with progressively longer excitation wavelengths; the values were taken in 10-nm increments. Inset: The
normalized fluorescence emission spectra, Figure S3: (a) TEM image of the CDs, (b) histogram of the diameters
of the CDs. Scale bar: 200 nm, Figure S4: (a) Normalized fluorescence intensity of the CDs at different pH
levels, (b) normalized fluorescence intensity of the CDs at different concentrations of NaCl; (c) normalized
fluorescence intensity of the CDs for different amounts of time during which they were irradiated by a UV lamp; (d)
photostability of the CDs as a function of storage time (Excitation wavelength at 355 nm), Figure S5. Fluorescence
responses of the CDs upon the addition of different concentrations of Cu2+ (0, 0.5, 1.0, 3.0, 5.0, 7.0, 10, 30, 50, 70,
100, 300, and 500 µM). The inset shows the linear correlation between (F0 − F)/F0 and the concentration of Cu2+,
Table S1: Optimization of the synthetic parameters of CDs for Cu2+ detection, Table S2: Comparison of linear
range and LODs for Cu2+ detection of different carbon dots-based methods.
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9. Karadaş, C.; Kara, D. Dispersive liquid–liquid microextraction based on solidification of floating organic drop
for preconcentration and determination of trace amounts of copper by flame atomic absorption spectrometry.
Food Chem. 2017, 220, 242–248. [CrossRef]

10. Wei, Z.; Sandron, S.; Townsend, A.T.; Nesterenko, P.N.; Paull, B. Determination of trace labile copper in
environmental waters by magnetic nanoparticle solid phase extraction and high-performance chelation ion
chromatography. Talanta 2015, 135, 155–162. [CrossRef]

11. Zhao, G.; Liang, R.; Wang, F.; Ding, J.; Qin, W. An all-solid-state potentiometric microelectrode for detection
of copper in coastal sediment pore water. Sens. Actuator B Chem. 2019, 279, 369–373. [CrossRef]

12. Wang, D.-H.; Gong, Z.; Sun, R.; Zhao, D.-Z. A turn-on fluorescent chemosensor for selective responses of
copper(II) ion pairs. New J. Chem. 2015, 39, 5991–5996. [CrossRef]

13. Yang, S.; Jiang, W.; Zhao, F.; Xu, L.; Xu, Y.; Gao, B.; Sun, H.; Du, L.; Tang, Y.; Cao, F. A highly sensitive and
selective fluorescent sensor for detection of copper ions based on natural isorhamnetin from Ginkgo leaves.
Sens. Actuator B Chem. 2016, 236, 386–391. [CrossRef]

14. Xu, X.; Ray, R.; Gu, Y.; Ploehn, H.J.; Gearheart, L.; Raker, K.; Scrivens, W.A. Electrophoretic analysis and purification
of fluorescent single-walled carbon nanotube fragments. J. Am. Chem. Soc. 2004, 126, 12736–12737. [CrossRef]

15. Choi, Y.; Choi, Y.; Kwon, O.-H.; Kim, B.-S. Carbon dots: Bottom-up syntheses, properties, and light-harvesting
applications. Chem. Asian J. 2018, 13, 586–598. [CrossRef]

16. Han, M.; Zhu, S.; Lu, S.; Song, Y.; Feng, T.; Tao, S.; Liu, J.; Yang, B. Recent progress on the photocatalysis of
carbon dots: Classification, mechanism and applications. Nano Today 2018, 19, 201–218. [CrossRef]

17. Sharma, S.; Umar, A.; Sood, S.; Mehta, S.K.; Kansal, S.K. Photoluminescent C-dots: An overview on the
recent development in the synthesis, physiochemical properties and potential applications. J. Alloy Compd.
2018, 748, 818–853. [CrossRef]

18. Liu, M.L.; Chen, B.B.; Li, C.M.; Huang, C.Z. Carbon dots: Synthesis, formation mechanism, fluorescence
origin and sensing applications. Green Chem. 2019, 21, 449–471. [CrossRef]

19. Jaleel, J.A.; Pramod, K. Artful and multifaceted applications of carbon dot in biomedicine. J. Control. Release
2018, 269, 302–321. [CrossRef] [PubMed]

20. Lin, L.; Luo, Y.; Tsai, P.; Wang, J.; Chen, X. Metal ions doped carbon quantum dots: Synthesis, physicochemical
properties, and their applications. Trends Anal. Chem. 2018, 103, 87–101. [CrossRef]

21. Ghosal, K.; Ghosh, A. Carbon dots: The next generation platform for biomedical applications. Mater. Sci.
Eng. C. 2019, 96, 887–903. [CrossRef] [PubMed]

22. Molaei, M.J. A review on nanostructured carbon quantum dots and their applications in biotechnology,
sensors, and chemiluminescence. Talanta 2019, 196, 456–478. [CrossRef]

23. Wang, Y.; Zhang, C.; Chen, X.; Yang, B.; Yang, L.; Jiang, C.; Zhang, Z. Ratiometric fluorescent paper sensor
utilizing hybrid carbon dots–quantum dots for the visual determination of copper ions. Nanoscale 2016, 8,
5977–5984. [CrossRef] [PubMed]

24. Omer, K.M. Highly passivated phosphorous and nitrogen co-doped carbon quantum dots and fluorometric
assay for detection of copper ions. Anal. Bioanal. Chem. 2018, 410, 6331–6336. [CrossRef]

25. Bhamore, J.R.; Jha, S.; Park, T.J.; Kailasa, S.K. Fluorescence sensing of Cu2+ ion and imaging of fungal cell by
ultra-small fluorescent carbon dots derived from Acacia concinna seeds. Sens. Actuator B Chem. 2018, 277,
47–54. [CrossRef]

26. Konar, S.; Kumar, B.N.P.; Mahto, M.K.; Samanta, D.; Shaik, M.A.S.; Shaw, M.; Mandal, M.; Pathak, A. N-doped
carbon dot as fluorescent probe for detection of cysteamine and multicolor cell imaging. Sens. Actuator B
Chem. 2019, 286, 77–85. [CrossRef]

27. Dehvari, K.; Liu, K.Y.; Tseng, P.-J.; Gedda, G.; Girma, W.M.; Chang, J.-Y. Sonochemical-assisted green
synthesis of nitrogen-doped carbon dots from crab shell as targeted nanoprobes for cell imaging. J. Taiwan
Inst. Chem. E. 2019, 95, 495–503. [CrossRef]

28. Liang, Y.; Liu, Y.; Li, S.; Lu, B.; Liu, C.; Yang, H.; Ren, X.; Hou, Y. Hydrothermal growth of nitrogen-rich
carbon dots as a precise multifunctional probe for both Fe3+ detection and cellular bio-imaging. Opt. Mater.
2019, 89, 92–99. [CrossRef]

29. Cui, X.; Wang, Y.; Liu, J.; Yang, Q.; Zhang, B.; Gao, Y.; Wang, Y.; Lu, G. Dual functional N- and S-co-doped
carbon dots as the sensor for temperature and Fe3+ ions. Sens. Actuator B Chem. 2017, 242, 1272–1280. [CrossRef]

http://dx.doi.org/10.1016/j.foodchem.2016.09.005
http://dx.doi.org/10.1016/j.talanta.2014.12.048
http://dx.doi.org/10.1016/j.snb.2018.09.125
http://dx.doi.org/10.1039/C5NJ00860C
http://dx.doi.org/10.1016/j.snb.2016.06.003
http://dx.doi.org/10.1021/ja040082h
http://dx.doi.org/10.1002/asia.201701736
http://dx.doi.org/10.1016/j.nantod.2018.02.008
http://dx.doi.org/10.1016/j.jallcom.2018.03.001
http://dx.doi.org/10.1039/C8GC02736F
http://dx.doi.org/10.1016/j.jconrel.2017.11.027
http://www.ncbi.nlm.nih.gov/pubmed/29170139
http://dx.doi.org/10.1016/j.trac.2018.03.015
http://dx.doi.org/10.1016/j.msec.2018.11.060
http://www.ncbi.nlm.nih.gov/pubmed/30606603
http://dx.doi.org/10.1016/j.talanta.2018.12.042
http://dx.doi.org/10.1039/C6NR00430J
http://www.ncbi.nlm.nih.gov/pubmed/26928045
http://dx.doi.org/10.1007/s00216-018-1242-0
http://dx.doi.org/10.1016/j.snb.2018.08.149
http://dx.doi.org/10.1016/j.snb.2019.01.117
http://dx.doi.org/10.1016/j.jtice.2018.08.037
http://dx.doi.org/10.1016/j.optmat.2019.01.008
http://dx.doi.org/10.1016/j.snb.2016.09.032


Molecules 2019, 24, 1785 12 of 12

30. Xu, S.; Liu, Y.; Yang, H.; Zhao, K.; Li, J.; Deng, A. Fluorescent nitrogen and sulfur co-doped carbon dots from
casein and their applications for sensitive detection of Hg2+ and biothiols and cellular imaging. Anal. Chim.
Acta. 2017, 964, 150–160. [CrossRef] [PubMed]

31. Dai, Y.; Liu, Z.; Bai, Y.; Chen, Z.; Qin, J.; Feng, F. A novel highly fluorescent S, N, O co-doped carbon dots for
biosensing and bioimaging of copper ions in live cells. RSC Adv. 2018, 8, 42246–42252. [CrossRef]

32. Ju, B.; Zhang, T.; Li, S.; Liu, J.; Zhang, W.; Li, M.; Zhang, S.X.-A. Fingerprint identification of copper ions with
absorption and emission dual-mode responses by N,S co-doped red carbon dots. New J. Chem. 2019, 43,
168–174. [CrossRef]

33. Ren, X.; Liu, J.; Meng, X.; Wei, J.; Liu, T.; Tang, F. Synthesis of ultra-stable fluorescent carbon dots from
polyvinylpyrrolidone and their application in the detection of hydroxyl radicals. Chem. Asian J. 2014, 9,
1054–1059. [CrossRef]

34. Fan, M.; Zhang, L.; Wang, R.; Guo, H.; Jia, S. Facile and controllable synthesis of iron nanoparticles directed
by montmorillonite and polyvinylpyrrolidone. Appl. Clay Sci. 2017, 144, 1–8. [CrossRef]

35. Zhou, S.-F.; Wang, J.-J.; Gan, L.; Han, X.-J.; Fan, H.-L.; Mei, L.-Y.; Huang, J.; Liu, Y.-Q. Individual and
simultaneous electrochemical detection toward heavy metal ions based on L-cysteine modified mesoporous
MnFe2O4 nanocrystal clusters. J. Alloy Compd. 2017, 721, 492–500. [CrossRef]

36. Li, L.; Yu, B.; You, T. Nitrogen and sulfur co-doped carbon dots for highly selective and sensitive detection of
Hg(II) ions. Biosens. Bioelectron. 2015, 74, 263–269. [CrossRef] [PubMed]

37. Kong, D.; Yan, F.; Luo, Y.; Ye, Q.; Zhou, S.; Chen, L. Amphiphilic carbon dots for sensitive detection,
intracellular imaging of Al3+. Anal. Chim. Acta. 2017, 953, 63–70. [CrossRef]

38. Ganiga, M.; Cyriac, J. Understanding the photoluminescence mechanism of nitrogen-doped carbon dots by
selective interaction with copper ions. ChemPhysChem 2016, 17, 2315–2321. [CrossRef] [PubMed]

39. Krämer, R. Fluorescent chemosensors for Cu2+ ions: Fast, selective, and highly sensitive. Angew. Chem. Int.
Ed. 1998, 37, 772–773. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.aca.2017.01.037
http://www.ncbi.nlm.nih.gov/pubmed/28351631
http://dx.doi.org/10.1039/C8RA09298B
http://dx.doi.org/10.1039/C8NJ04906H
http://dx.doi.org/10.1002/asia.201301419
http://dx.doi.org/10.1016/j.clay.2017.04.022
http://dx.doi.org/10.1016/j.jallcom.2017.05.321
http://dx.doi.org/10.1016/j.bios.2015.06.050
http://www.ncbi.nlm.nih.gov/pubmed/26143466
http://dx.doi.org/10.1016/j.aca.2016.11.049
http://dx.doi.org/10.1002/cphc.201600294
http://www.ncbi.nlm.nih.gov/pubmed/27159128
http://dx.doi.org/10.1002/(SICI)1521-3773(19980403)37:6&lt;772::AID-ANIE772&gt;3.0.CO;2-Z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Instruments and Characterization 
	Synthesis of the CDs 
	Quantum Yield Calculation 
	Cu2+ Fluorescence Assay 
	Analysis of a real sample 
	Cell Viability Assay 
	Cell Image Studies 

	Results 
	Characterization of the CDs 
	Fluorescence Stability of the CDs 
	Detection of Cu2+ 
	Detection of Cu2+ in a Water Sample 
	Cytotoxicity and Cell Imaging 

	Conclusions 
	References

