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Background: Carbon dots (CDs) emitting near-infrared fluorescence were recently synthe-
sized from green leaves. However, the Hg2+ detection of CDs was limited because of the 
insufficient water solubility, low fluorescence and poor stability.
Methods: Dual fluorescence emission water-soluble CD (Dual-CD) was prepared through 
a solvothermal method from holly leaves and low toxic PEI1.8k. PEG was further grafted onto 
the surface to improve the water solubility and stability.
Results: The Dual-CD solution can emit 487 nm and 676 nm fluorescence under single 
excitation and exhibit high quantum yield of 16.8%. The fluorescence at 678 nm decreased 
remarkably while the emission at 470 nm was slightly affected by the addition of Hg2+. The 
ratiometric Hg2+ detection had a wide linear range of 0–100 μM and low detection limit of 
14.0 nM. In A549 cells, there was a good linear relation between F487/F676 and the 
concentration of Hg2+ in the range of 0–60 μM; the detection limit was 477 nM. 
Furthermore, Dual-CD showed visual fluorescence change under Hg2+.
Conclusion: Dual-CD has ratiometric responsiveness to Hg2+ and can be applied for 
quantitative Hg2+ detection in living cells.
Keywords: chlorophyll, polyethyleneimine, polyethylene glycol, ratiometric Hg2+ detection, 
A549 cells

Introduction
Carbon dots (CDs), a novel kind of carbon fluorescent materials with particle size 
less than 10 nm, have good water solubility, low toxicity, excellent biocompatibil-
ity, remarkable photostability, high fluorescence quantum yield and facile surface 
functionalization.1,2 They are advantageous both in their wide range of carbon 
sources and simple green synthesis methods, which make them receive particular 
attention for diverse applications such as catalysis,3,4 bioimaging, biosensors,5 drug 
delivery,6 diagnosis and treatment of diseases.7,8

Heavy metal ions are harmful to human health and environment, and their 
pollution has become a serious worldwide problem.9 Mercury is one of the most 
toxic heavy metals; it can cause serious human health problems even at low 
concentration because of the strong toxicity and bioaccumulation.10 Nevertheless, 
general mercury detection methods such as cold atomic absorption spectrometry 
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and dithizone method are restricted because of the long 
operation time, complicacy and low sensitivity. It is high 
time to develop a novel mercury detection method.

As previously reported, CDs can react with mercury 
ions (Hg2+) to induce fluorescence quenching, which can 
determine the concentration of Hg2+ by measuring the 
fluorescence intensity changes, to form a Hg2+ 

sensor.11,12 Moreover, the good water solubility, high 
fluorescence quantum yield and low toxicity make CDs 
promising for Hg2+ detection in different situations. 
However, most CDs only have single fluorescence 
emission,13,14 and, when they are used as a Hg2+ sensor 
in the complex environment of living cells, the single 
fluorescence intensity may be affected by aggregation or 
destruction of CDs, which will greatly impact the accuracy 
and reliability of measurement. Therefore, it is of great 
significance to develop a simple and reliable sensor for 
Hg2+ detection in living cells.15

To improve the accuracy and reliability of Hg2+ sensor, 
establishing a fluorescence ratiometric assay will be 
a good solution.16,17 As the fluorescence ratio will not be 
affected by the sensitivity of the instrument, the intensity 
of excitation light source and the changes of external 
environment, this method shows prominent advantages of 
good selectivity, high sensitivity and wide linear range, 
which has attracted the interest of researchers in various 
fields.18,19

As reported, Sun et al synthesized dual emission CDs 
(carbon dots emitting two different wavelength fluores-
cence under single excitation) by constructing a host– 
guest configuration in which near-infrared dyes were 
encapsulated as guests in carbon cores.20 However, the 
different origins of “host” and “guest” may produce detec-
tion errors when dyes are released or cores destroyed. Li 
et al produced dual emission CDs by solvothermal treat-
ment of o-phenylenediamine,21 as was reported: when an 
organic fluorescent substance is used as raw material to 
prepare CDs, the CDs can emit similar fluorescence.22,23 

However, the poor water solubility, toxic chemical precur-
sors and complex post-treatments greatly limit the Hg2+ 

detection in living cells. Recently, a green synthesis 
method to prepare dual emission CDs was proposed, as 
chlorophyll in green leaves was extracted as precursor to 
synthesize water-soluble CDs.24,25

The Ilex chinensis Sims (also known as holly) is a kind 
of evergreen tree from the holly family; it is widely used 
as potted plant or green belt. Its leaves are used in tradi-
tional Chinese medicine, contain a variety of chemical 

compounds such as triterpenoids, phenolic acids, polysac-
charide, chlorophyll and flavonoids,26 and have potential 
anticancer and anti-inflammatory properties with diverse 
medicinal activities.27 We attempted to prepare water- 
soluble dual emission CDs from fresh holly leaves accord-
ing to the literatures, while the obtained CDs were only 
partially soluble in water and showed poor ability to detect 
Hg2+ in living cells. The water solubility was not as good 
as expected, which may be due to the fact that holly leaf 
extracts have fewer hydrophilic amino groups and por-
phyrins of chlorophyll is hydrophobic and instable.28 As 
a result, CDs were not completely or only partially mod-
ified by hydrophilic groups, indicating that these methods 
are limited in specific green leaf extracts.

In this study, water-soluble dual fluorescence emission 
CDs (Dual-CD) were prepared through solvothermal 
method from holly leaves. The modification of PEI and 
PEG improved fluorescence performance and water solu-
bility. Hg2+ sensitivity and cytotoxicity were also investi-
gated to develop accurate Hg2+ detection in living cells.

Experimental Section
Materials and Reagents
Fresh holly leaves were purchased from a local market. 
Polyethyleneimine (PEI1.8k), N-hydrosuccinidyl ester- 
functionalized homobifunctional poly(ethylene glycol) (NHS- 
PEG2000-NHS) and 9,10-bis(phenylethynyl)-anthracene 
(BPEA) were obtained from Shanghai Aladdin Reagent Co., 
Ltd (China). A dialysis membrane (cutoff molecular weight 
~3500) was purchased from Spectrum Laboratories, Inc., CA 
(USA). HgCl2, KCl, Pb(NO3)2, CaCl2, NaCl, AgNO3, BaCl2, 
CoCl2, MgCl2, CuCl2, FeCl2 and FeCl3 were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (China). And 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bro-
mide (MTT) was obtained from Sigma-Aldrich, St. Louis, 
MO (USA).

Instruments
Transmission electron microscopy (TEM) and high- 
resolution transmission electron microscopy (HRTEM) 
images were captured by JEOL JEM-F200 field emission 
transmission electron microscope. Dynamic light scatter-
ing (DLS) method particle size measurements were ana-
lyzed by Malvern Nano Zetasizer ZS 90 at 25°C. X-ray 
diffraction (XRD) characterization was carried out by 
Bruker D8 ADVANCE with Cu Kα radiation in the 
range of 10° to 80°. Fourier transform infrared (FTIR) 

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 2046

Wang et al                                                                                                                                                            Dovepress

http://www.dovepress.com
http://www.dovepress.com


spectrum was recorded by FTIR spectrometry (Thermo 
Fisher Scientific Inc., USA) in the region of 1000 to 
4000 cm−1. X-ray photoelectron spectroscopy (XPS) 
investigation was tested via Thermo Fisher ESCALAB 
Xi+ XPS spectrometer. UV-vis spectra were recorded by 
Shimadzu UV-2500 spectrophotometer. The fluorescence 
spectra were determined via RF5301PC Shimadzu 
Spectrofluorophotometer. Fluorescence images were cap-
tured by Leica SP5 II scanning confocal laser fluorescence 
microscope.

Preparation of Dual-CD
The holly leaves were obtained from a local market; after 
removing the extra branches, leaves were washed and 
fresh green ones were chosen for further treatment. Fresh 
holly leaves were cut into small pieces and soaked in an 
ethanol/water (4:1 volume ratio) solution for 6 h. Note that 
holly leaves should not be ground heavily during the 
extraction process. The suspension was filtered and con-
centrated, and the clear extract was collected. After 
removal of ethanol using rotary evaporating (50°C) and 
further drying by a lyophilizer, the precursor was obtained 
as green solid. Then, 0.1 g of the as-prepared precursor 
and 6.0 mg of PEI1.8k were dissolved in 20 mL of ethanol 
to form a transparent solution. The above solution was 
transferred into a Teflon-lined autoclave, followed by sol-
vothermal treatment at 160°C for 6 h. After cooling to 
room temperature, the reaction mixture was centrifuged 
and the supernatant was filtered with a 0.22 μm membrane. 
A total of 1.0 mL of 2.0 mg/mL NHS-PEG2000-NHS/anhy-
drous ethanol solution was added into 4.0 mL of the 
filtrate and mixed thoroughly in a beaker. After standing 
at room temperature in dark for 48 h, 4.0 mL of 0.1 M Na2 

CO3 solution was added and mixed well. This mixture 
solution was allowed to stand at room temperature in the 
dark for a further 24 h. The solution was centrifuged, and 
the supernatant was filtered with a 0.22 μm membrane. 
The obtained filtrate was then dialyzed against water. The 
product was lyophilized to obtain a solid sample, which 
was stored in the refrigerator at 4°C for future use.

Characterization
XRD was conducted to determine the crystal structure of 
Dual-CD. XPS was applied to identify the surface elemen-
tal composition and chemical environments of Dual-CD. 
FTIR was used to confirm the special surface functional 
groups of Dual-CD. The surface morphology and lattice 
spacing were examined by TEM and HRTEM. The 

particle size and zeta potential of Dual-CD were deter-
mined via Malvern Nano Zetasizer ZS 90 at 25°C. The 
fluorescence spectra were determined via spectrofluoro-
photometer, and UV-vis absorption spectra were obtained 
by UV-vis spectrophotometer.

The quantum yields (QYs) of CDs were calculated by 
comparing with BPEA through an established relative 
method.29,30 In detail, BPEA in n-hexane (quantum yield 
is 0.97) was selected as a reference for the Dual-CD. The 
QYs were calculated using the following equation:

QYu ¼ QYsðGradu=GradsÞðηu=ηsÞ
2 

Grad is the ratio of fluorescence intensity to absor-
bance, and η is the refractive index of solvent. The sub-
script “s” refers to the standards, and “u” refers to the 
unknown samples.

Detection of Hg2+

A total of 200 μL of Dual-CD solution (1 mg/mL) was added 
to 1.6 mL of pH 7.0 PBS and followed by the addition of 200 
μL of Hg2+ solution with different concentrations. The solu-
tions were mixed and stood still for 8 min; the fluorescence 
intensities of 487 nm and 676 nm were measured, and the F487 

/F676 was obtained under an excitation wavelength of 419 nm. 
The calibration curve was established with F487/F676 as ordi-
nate and Hg2+ concentration as abscissa, to form a fluorescent 
ratiometric Hg2+ detection method. At the same time, the 
fluorescent color of Dual-CD solutions with the addition of 
different concentrations of Hg2+ under 254 nm and 365 nm 
ultraviolet irradiation were recorded to establish a rapid and 
visual method for Hg2+ qualitative detection.

To investigate the practicality, the Hg2+ detection was 
carried out in tap water, ground water and lake water sam-
ples, respectively. The water samples were obtained from 
Xi’an Water Supply Company and Qujiang Lake (Xi’an, 
China). The water was filtered by a 0.22 μm membrane 
and then centrifuged at 12,000 g for 30 min at 4°C. The 
obtained water samples were spiked with different concen-
trations of Hg2+, 200 μL of pretreated water samples were 
added into 1.8 mL of Dual-CD-containing pH 7.0 PBS (100 
μg/mL Dual-CD in final volume of 2 mL) and reacted at 
room temperature for 8 min. The F487/F676 under single 
excitation wavelength of 419 nm was recorded immediately 
after the reaction to detect Hg2+ in different water samples.

Cellular Imaging and Hg2+ Detection
Human lung cancer cell lines (A549) were offered by the First 
Affiliated Hospital of Xi’an Jiaotong University. Human 
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breast cancer cell lines (MDA-MB-231 and MCF-7) were 
purchased from the Cell Bank of Shanghai, Institute of 
Biochemistry and Cell Biology, Chinese Academy of 
Sciences. The cell experiment protocols were performed in 
strict accordance with the Guidelines for Care and Use of 
Laboratory Cells of the First Affiliated Hospital of Xi’an 
Jiaotong University and were approved by the Ethics 
Committee of the First Affiliated Hospital of Xi’an Jiaotong 
University.

A549, MDA-MB-231 and MCF-7 cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemen-
ted with 10% fetal bovine serum and 1% penicillin- 
streptomycin, and maintained under a humidified atmosphere 
containing 5% CO2 at 37°C. Cells were seeded into 96-well 
plates at 1 × 104 per well and cultured overnight. The med-
ium was removed, and 10% fetal bovine serum-containing 
DMEM and different concentrations of Dual-CD were added 
into each well. After 24 h, the medium was replaced with 200 
μL of MTT containing medium solution and incubated for 5 
h; 150 μL of DMSO was added, and the relative cell viabil-
ities were measured by absorbance at 490 nm. Cell viability 
(%) = (ODtreated - ODblank)/(ODcontrol - ODblank) × 100%.

To investigate the ability of Dual-CD as Hg2+ biosensor 
in living cells, A549 cells were seeded in 12-well plates at 5 
× 105 per well overnight. Then, Dual-CD (final concentra-
tion of 200 μg/mL) was added into each well. After 24 h, 
PBS with different concentrations of Hg2+ was added into 
each well. Reacting for 1 h, the cells were washed with cold 
PBS 3 times and kept in PBS (1 mL) for confocal fluores-
cence cellular imaging. For cellular quantitative detection of 
Hg2+, A549 cells were seeded in a 35 mm culture dish and 
treated with Dual-CD for 24 h. After washing with PBS 3 

times, cells were further incubated with different concentra-
tions of Hg2+ for 2 h, and then cells were collected after 
trypsin digestion and kept in PBS. After counting, the cells 
were broken by ultrasonic probe and centrifuged at 12,000 
g for 20 min at 4°C. Then, the supernatant was diluted by pH 
7.0 PBS, and F487/F676 was measured by fluorescence spec-
trophotometer for Hg2+ detection.

Statistical Analysis
The data were presented as mean ± standard deviation 
(SD), and Student’s t-test was used to analyze the signifi-
cance of difference between experimental groups. All sta-
tistical analyses were performed using SPSS 23.0, and the 
level of significance was set as P < 0.05.

Results and Discussion
Characterization
The dual fluorescence emission CDs were prepared with 
holly leaf extracts such as chlorophyll and polysaccharides 
as raw materials31 via a solvothermal method, and PEG 
was grafted onto the surface of CDs to form water-soluble 
Dual-CD (as shown in Scheme 1). Carbonaceous organic 
materials such as citric acid were commonly chosen as 
carbon source to prepare CDs. Only blue to green fluores-
cence can be emitted, which is adverse to application in 
living cells or bio-systems. In this study, chlorophyll and 
polysaccharides were extracted from fresh holly leaves as 
carbon source to prepare dual emission CDs. During the 
solvothermal reaction, extracts were carbonized to form 
CDs structure and emit blue-green fluorescence, while 
chlorophyll porphyrin structure emitted near-infrared 
fluorescence; the addition of PEI further improved the 

Scheme 1 Schematic illustration for the preparation of Dual-CD and the application of Hg2+ detection.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 2048

Wang et al                                                                                                                                                            Dovepress

http://www.dovepress.com
http://www.dovepress.com


fluorescence performance of CDs. Due to the poor water 
solubility of raw materials, the prepared CDs are hardly 
dissolved in water. The water-soluble CDs were prepared 
through further modification of grafting PEG with the 
amino groups on its surface. After PEG modification, the 
water solubility of CDs was greatly improved, and the 
fluorescence emission of Dual-CD was also enhanced 
because of the better dispersibility and stability in aqueous 
medium, which is of benefit for the application of ion 
detection in living cells.

As shown in Table S1, when the feed amount of PEI1.8k 

and NHS-PEG-NHS are 6 mg and 10 mg (every 100 mg of 
precursor), the obtained CDs possess good water solubi-
lity. PEI provided amino groups on the surface, and PEG 
bonded with PEI to enhance water solubility. Excessive 
PEI may increase the cytotoxicity of CDs, and 10 mg of 
PEG was enough to improve water solubility. After PEG 
modification, the zeta potential of CDs changed from +4.1 
mV to −7.5 mV, indicating PEG was successfully bonded 
to the surface of carbon dots. Such a PEI passivation and 
PEG hydrophilic modification approach could be a general 
method for water-soluble CDs preparation from hydropho-
bic precursor. After the preparation, a series of character-
izations was performed to study the particle size, 
morphology, crystal structure, elements and surface func-
tional groups.

As previously reported, CDs solution exhibited an 
excitation wavelength-dependent emission; this abnormal 
characteristic originates from the special nanoscale struc-
ture of CDs that was always considered naturally as an 
intrinsic defect.32,33 The fluorescence emission peak of 
CDs shifts when the excitation wavelength varies, so that 
CDs can emit different color fluorescence under different 
excitation wavelengths. As shown in Figure S1, Dual-CD 
solution could emit blue, green and red fluorescence under 
different excitation wavelengths, indicating the formation 
of CDs.

The TEM image (shown in Figure 1A) and the corre-
sponding particle size distribution (shown in Figure 1B) 
illustrated that Dual-CD has an average diameter of 4.85 ± 
0.77 nm with uniform nanosphere structure. The HRTEM 
(Figure 1A inset) shows that the lattice space is 0.31 nm, 
which is similar to graphitic (002) facet.34,35 The mean 
size of Dual-CD measured by DLS (Figure S2) was 4.53 ± 
0.73 nm, which accorded with that of TEM. The XRD 
pattern of Dual-CD shows two broad peaks at 2θ = 21.5° 
and 2θ = 25.2°, seen in Figure 1C, indicating the presence 
of both amorphous carbon structures and the (002) 

graphitic lattice.36 This phenomenon may be caused by 
the disordered heterogeneity and small-sized structure of 
Dual-CD. FTIR spectrum revealed the surface functional 
groups on Dual-CD37, seen in Figure 1D, and the broad 
strong absorption band at 3423 cm−1 was attributed to the 
stretching vibrations of -NH and -OH, indicating that 
Dual-CD contains a great number of amino and hydroxyl 
groups. The band at 2962 cm−1 represented the stretching 
vibrations of C-H bonds. The strong band at 1650 cm−1 

was associated with the stretching vibrations of C=C and 
C=O bonds. The band at 1402 cm−1 was consistent with 
C-N stretching vibration, and the band at 1266 cm−1 repre-
sented the stretching vibration of C-O bonds.

XPS analysis was carried out for the research of ele-
ment compositions and surface states of Dual-CD.38 As 
can be seen in Figure 2A, three predominant peaks repre-
senting C 1s, N 1s and O 1s, respectively, were observed, 
indicating that Dual-CD mainly consisted of C, N and O; 
the composition of Dual-CD was C 74.51, N 4.11 and 
O 21.35 wt.%. The high-resolution XPS (shown in 
Figure 2B–D) displayed three peaks at 284.7, 285.9 and 
288.3 eV, attributed to C-H/C-C/C=C, C-O and C=O; the 
peaks at 530.7, 531.7 and 532.6 eV were attributed to 
C-OH/C-O-C, C=O and C-O; and the peaks at 398.2, 
399.1 and 400.2 eV were attributed to C-N-C, N-(C)3 

and N-H. These results demonstrated that the surface 
functional groups verified by XPS spectra were consistent 
with FTIR, suggesting that sufficient functional groups on 
Dual-CD, such as hydroxyl, amino, carboxyl and amide 
groups, shaped the unique properties of Dual-CD.

Optical Properties of Dual-CD
During the synthesis process, reaction time and tempera-
ture are the main factors39 to influence the fluorescence 
emission of CDs. In a certain range, with the increase of 
reaction time and temperature, the particle size of Dual- 
CD gradually increased, blue-green fluorescence enhanced 
and red fluorescence slightly decreased, which may be 
caused by the formation of CDs structure40 and the carbo-
nization of chlorophyll porphyrin.41,42 When the reaction 
time was 6 h, both blue-green and red fluorescence were 
strong at 160°C. As the reaction time was further 
extended, blue-green fluorescence remained stable, while 
red fluorescence decreased significantly. And the single 
emission CDs (Blue-CD) were obtained when reaction 
time was 24 h at 160°C. At the same time, with the 
increase of temperature, blue-green fluorescence increased 
gradually, while red fluorescence decreased slightly for 6 
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h of reaction. Both blue-green fluorescence and red fluor-
escence decrease rapidly when temperature exceeded 160° 
C. Such a phenomenon may be caused by the over- 
carbonization of CDs and porphyrin structure under high 
temperature for a long time, resulting in the aggregation of 
carbon particles, reducing fluorescence emission. 
Therefore, Dual-CD were prepared at 160°C for 6 h; the 
QY was calculated to be as high as 16.8%. The obtained 
CDs possessed excellent fluorescence performance, small 
particle size and dual fluorescence emission, which are 
conducive to the following studies.

As shown in Figure 3A, two absorption peaks at 432 
nm and 666 nm were observed in the UV-vis absorption 
spectrum of chlorophyll, which may be related to the 
existence of porphyrin. Meanwhile, a strong peak at 411 
nm was observed in the absorption spectrum of Dual-CD 
besides the two peaks, indicating that not only porphyrin 
structure remained, but also carbonized CDs structure had 
formed. However, only one broad peak appeared about 
405 nm in the absorption spectrum of Blue-CD, revealing 

that porphyrin structure had been depleted under the dras-
tic carbonization reaction for 24 h.

As shown in Figure 3B, the maximum excitation 
wavelength of Blue-CD is 420 nm. Only a single emis-
sion peak with a maximum emission wavelength of 482 
nm relating to carbonized CDs structure was observed 
under 420 nm excitation, indicating the complete reac-
tion of porphyrin. As can be seen in Figure 3C, the 
excitation spectrum of Dual-CD for the emission at 
676 nm has three peaks of 419 nm, 545 nm and 613 
nm. Only 419 nm can excite two emission peaks at 487 
nm and 676 nm, therefore, 419 nm was defaulted as 
excitation wavelength. Meanwhile, Dual-CD retained 
red fluorescence emission under 419 nm excitation, 
indicating the existence of sufficient porphyrin structure. 
It was supposed that carbon source of polysaccharides 
and chlorophyll in holly leaf extracts was carbonized 
under 160°C to form CDs structure, while most of 
porphyrin in chlorophyll has not been pyrolyzed com-
pletely in a short time.

Figure 1 (A) TEM image of Dual-CD product (inset is high-resolution TEM image) and (B) the corresponding particle size distribution. (C) XRD pattern and (D) FTIR 
spectrum of Dual-CD.
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Figure 3D shows the characteristic wavelength- 
dependent emission of Dual-CD; the blue-green region 
emission red-shifted and the fluorescence intensities 
decreased when excitation wavelength varied from 340 
nm to 540 nm. Interestingly, the red region fluorescence 
intensities varied and reached the maximum at about 420 
nm, while the emission peak wavelength remained 
unchanged. These results further verified that most of the 
porphyrin structure remained intact in Dual-CD.

In order to study the photostability, Dual-CD solution 
was incubated under different treatments at 37°C. Figure S3 
shows the emission spectra at 419 nm excitation, and the 
F487/F676 was calculated. The emission spectra and F487/F676 

of Dual-CD almost remained unchanged in dark. The fluor-
escence intensities decreased slightly under daylight, while 
the F487/F676 showed unremarkable differences within 36 
h. For the last group under the irradiation of 36 W UV 
lamp, the fluorescence performance remained stable in the 
first 10 min, and then fluorescence intensities gradually 
decreased within 60 min. These results reflected that Dual- 

CD has good photostability, and its fluorescence perfor-
mance is unchanged in the dark and remains stable within 
10 min under UV irradiation. The F487/F676 of Dual-CD was 
almost invariant, which is advantageous to the accurate 
ratiometric detection.

After that, pH and ion concentration of the Dual-CD 
solution were optimized by recording F487/F676. As shown 
in Figure S4A, with the increase of pH value, F487/F676 

first increased then decreased, and reached the highest of 
0.983 at pH 7. Therefore, the Dual-CD in neutral solution 
at pH 7 was applied to improve the accuracy for detection. 
Figure S4B shows that, within a certain range, the F487 

/F676 of Dual-CD in neutral solution is hardly affected by 
NaCl concentration, indicating that it is stable in different 
Na+ concentrations.

Selectivity and Sensitivity of Hg2+ 

Detection
It has been reported that Hg2+ can quench the fluorescence 
of porphyrin compounds through the interaction with 

Figure 2 (A) XPS spectrum of Dual-CD, (B–D) are the corresponding C1s, N1s and O1s XPS spectra.
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electron-rich aromatic rings,43,44 which induces the decrease 
of fluorescence at 676 nm and may result in a specific 
response to mercury ions. We also studied the influence of 
some other metal ions on Dual-CD. In order to establish the 
Dual-CD ion detection method, 50 μM (final concentration) 
of different metal ions were added into the neutral solution 
of Dual-CD (final concentration of 200 μg/mL) with or 
without Hg2+ (final concentration of 50 μM). After fully 
mixing and standing for a period of time, the changes of 
F487/F676 were recorded.

As shown in Figure 4, F487/F676 was 0.983 in neutral 
solution, and rose to 5.361 after adding Hg2+, while other 
metal ions had little effect. The porphyrin structure in 
Dual-CD may react with Hg2+ to form stable complexes, 
which significantly affected the red fluorescence emission, 
but had little influence on the blue-green fluorescence, 
resulting in the increase of F487/F676. In the presence of 
Hg2+, the addition of other metal ions had no remarkable 
effect on F487/F676, which indicated that no destructive 
effects on the complexes occurred after the addition of 

metal ions, suggesting Dual-CD has good selectivity to 
Hg2+. Overall, Dual-CD had specific response to Hg2+ 

and showed application potential in Hg2+ detection.
For the study of fluorescence change response time, 

Hg2+ with a final concentration of 10 μM was added into 

Figure 3 (A) UV-vis absorption spectra of the CDs and chlorophyll. Excitation and emission fluorescence spectra of (B) Blue-CD and (C) Dual-CD solution. (D) Excitation- 
dependent fluorescence emission spectra of Dual-CD solution.

Figure 4 Comparison of different metal ions influencing on F487/F676 of Dual-CD 
solution without or with Hg2+ presence. The values are the mean ± SD (n = 3 per 
group). **P < 0.01 relative to the Hg2+ group.
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200 μg/mL Dual-CD neutral solution, and F487/F676 was 
recorded at different time points. As shown in Figure S5, 
over time F487/F676 increased after adding Hg2+, reaching 
1.731 at 6 min, and then the increase slowed down. After 8 
min, F487/F676 became 1.749 and almost no longer 
increased. Therefore, it can be considered that the reaction 
between Dual-CD and Hg2+ is complete in 8 min, so that 8 
min was selected for Hg2+ detection.

According to the previous experiments, Hg2+ concentra-
tion in the range of 0–100 μM was detected by Dual-CD and 
Blue-CD neutral solution. As can be seen in Figure 5A, with 
the increase of [Hg2+] (concentration of Hg2+), the fluores-
cence intensity of Dual-CD significantly decreased at 676 
nm, and slightly decreased at 487 nm. The inset shows the 
fluorescent color change of Dual-CD solution after adding 
Hg2+. The red fluorescence significantly reduced and the 
blue-green fluorescence basically maintained, so that the 
fluorescence changed from purplish red to blue-green, 
revealing the application potential of Dual-CD for rapid 

and visual detection of Hg2+. Figure 5B shows a good linear 
relationship between F487/F676 and the concentration of Hg2+ 

in the range of 0–100 μM, with a linear regression equation 
of F487/F676 = 0.1017C + 0.7718 and a correlation coefficient 
of 0.9937 (C is the concentration of Hg2+, μM). Using the 3σ 
rule (σ = S0/S, S0 is the standard deviation of the blank 
solution after repeated measurements, and S is the gradient 
of the standard curve), the detection limit was 14.0 nM, 
indicating the high sensitivity of Dual-CD.

Under the same conditions, Hg2+ detection of Blue-CD 
was also researched. As shown in Figure 5C, the addition of 
Hg2+ caused the decrease of fluorescence intensity at 482 nm 
(F482), and addition of 100 μM Hg2+ only reduced F482 from 
273.3 to 165.1. The inset shows fluorescence change of Blue- 
CD solution after adding Hg2+. Due to the decrease of F482, the 
bright blue fluorescence weakened; such an indistinct differ-
ence is difficult to identify via visual inspection in an outdoor 
environment. Figure 5D shows a good linear relationship 
between F482 and Hg2+ concentration in the range of 0–60 

Figure 5 (A) Fluorescence spectra of Dual-CD with different concentrations of Hg2+ in neutral solution and (B) the corresponding linearity of response curve. (C) 
Fluorescence spectra of Blue-CD with different concentrations of Hg2+ in neutral solution and (D) the corresponding linearity of response curve. The values are the mean ± 
SD (n = 3 per group).
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μM, and the detection limit was 335 nM, which is much lower 
than that of Dual-CD. In addition, compared with Dual-CD, 
Blue-CD showed poor selectivity for Hg2+. Ions such as Fe3+ 

and Cu2+ can also reduce the fluorescence intensity 
significantly.

To further study the accuracy of Dual-CD, the recovery of 
the method was evaluated at three concentration levels of 
spiked samples. Results are shown in Table 1, and the accuracy 
(expressed as percentage of recovery) was in the range of 
93.0–101.8%. The results proved that Dual-CD had good 
accuracy and is applicable for the quantitative detection of 
Hg2+.

In order to study the reliability of Dual-CD, Hg2+ detection 
of the two CDs was carried out after different treatments. As 
shown in Table S2, after incubation in dark or at 37°C, results 
of the two methods were close to the actual concentration, 
indicating good reliability. The solutions were exposed under 
daylight or placed in an uncovered container (evaporating 
dish) for a certain time, and results of Dual-CD were close to 
the actual concentration, while Blue-CD results errors were 
relatively high. These errors may originate from the fluores-
cence quenching of CDs under illumination, and the fluores-
cence decrease affected the results of Blue-CD. Plenty of 
solvent volatilized from the solution placed in the evaporating 
dish, increasing the concentration and fluorescence intensity of 
CDs, which will affect the results of Blue-CD. Meanwhile, the 
Dual-CD ratiometric detection method was barely influenced; 
the intensity ratio remained stable when fluorescence intensity 
changed, therefore Dual-CD possessed better reliability.

In short, Dual-CD ratiometric Hg2+ detection had high 
sensitivity, wide linear range, good selectivity and showed 
favorable reliability under different treatments, with the 
fluorescent color tremendously changed after Hg2+ addi-
tion. Compared with single-emission CDs, Dual-CD 
demonstrated extraordinary superiorities.

Rapid and Visual Detection of Hg2+

In order to examine the applicability of the proposed 
method for rapid and visual Hg2+ detection, 200 μL of 

Hg2+ solutions with different concentrations were added 
into 1.8 mL of Dual-CD neutral solution. After mixing and 
standing for 8 min, fluorescence photographs were cap-
tured under daylight, 254 nm and 365 nm ultraviolet 
irradiation, respectively. The photoluminescence changing 
with Hg2+ concentration variation reflected the application 
potential in visual Hg2+ analysis.

As can be seen in Figure 6, all of the Dual-CD solu-
tions were pale gold under daylight. However, under 254 
nm and 365 nm UV irradiation, the purplish red fluores-
cence of Dual-CD solutions gradually varied with the 
increase of Hg2+ concentration. The fluorescent color 
turned to lavender at 10 μM, blue-green at 100 μM and 
the intensity further decreased slightly at 500 μM due to 
the high concentration. Owing to the lower penetration of 
254 nm ultraviolet, the fluorescence mainly concentrated 
on the irradiation interface, while the 365 nm ultraviolet 
possesses stronger penetration, so that the whole solution 
could emit strong fluorescence. These results demonstrated 
that after adding Hg2+ into Dual-CD solution the fluores-
cence color variance can be clearly distinguished under 
254 nm or 365 nm (commonest wavelengths of ultraviolet 
lamp) irradiation. Dual-CD solutions emit purplish red 
fluorescence at low Hg2+ concentrations, lavender fluores-
cence at about 10 μM Hg2+ and blue-green fluorescence at 
high Hg2+ concentrations. The modification of PEI and 
PEG greatly improved the water solubility and fluores-
cence performance, so that a rapid and visual qualitative 
analysis method can be developed for Hg2+ detection 

Table 1 The Recovery and Precision of Dual-CD for Hg2+ in 
Aqueous Media (n = 6 per Group)

Background 
(μM)

Spiked 
(μM)

Found 
(μM)

Recovery 
(%)

RSD 
(%)

1.33 50 52.23 101.8 1.9

1.33 10 11.12 97.9 2.6
1.33 1 2.26 93 7.1

Figure 6 Fluorescence photographs of Dual-CD under 254 nm or 365 nm ultra-
violet light with increasing Hg2+ concentration in neutral solution.
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through visualizing characteristics of fluorescent color and 
brightness. In future the fluorescence quantum yield and 
detection sensitivity of Dual-CD should be further 
improved by optimizing the preparation process for prac-
tical applications.

Hg2+ Detection in Different Water 
Samples
To investigate the applicability of the proposed method in 
actual sample analysis, three kinds of water samples were 
selected for Hg2+ detection. The standard curves between 
Hg2+ concentration and F487/F676 were established accord-
ing to previously described method. The recovery results 
are shown in Table S3; the recoveries in tap water, ground 
water and lake water samples were 98.6%, 97.5% and 
96.7%, respectively. This indicated that the Dual-CD ratio-
metric method has good accuracy and is available for 
quantitative detection of Hg2+ in different water samples.

Cytotoxicity and Hg2+ Detection in A549 
Cell
Cellular imaging ability, cytotoxicity and Hg2+ detection 
of Dual-CD in living cells were investigated. A549 cells 
were selected for cell experiments because a heavy metal 
such as mercury vapor and mercury ions can be absorbed 
through the lungs and enter the human body, endangering 
human heath severely.45,46 A simple method for Hg2+ 

detection in living cells will be conducive to monitor ion 
concentration information and take corresponding treat-
ments in time to avoid high concentration of mercury ion 
in the body. By improving Hg2+ detection in A549 cells, 
Dual-CD may be further developed as a simple Hg2+ 

detection method in vivo.
To study the cellular imaging of Dual-CD, A549 cells 

were incubated with 200 μg/mL Dual-CD for 24 h, then 
different concentrations of Hg2+ PBS solutions were added. 
After 1 h, CLSM fluorescence images were achieved with 
distinct laser excitation. As shown in Figure 7, A549 cells 
emitted bright green fluorescence without Hg2+ addition, 
and the fluorescence was mainly concentrated in the cyto-
plasm. Bright red fluorescence also appeared in A549 cells, 
and co-localized with the green fluorescence in cytoplasm, 
which was evidenced by overlapped fluorescence signals, 
indicating that both fluorescences originated from the same 
substance. The green fluorescence weakened slightly with 
the addition of Hg2+, though distinct fluorescence can still be 
observed in cytoplasm at a Hg2+ concentration as high as 
100 μM. In contrast, the red fluorescence was obviously 
attenuated under Hg2+, and scarcely any red fluorescence 
remained at 20 μM Hg2+. The merged images revealed that 
the fluorescence color can be varied efficiently from red to 
green in a Hg2+ controlled manner. Red fluorescence was 
observed at ~1 μM, yellow fluorescence at ~5 μM and green 
fluorescence at ~20 μM in merged images. The results 
proved that, with the PEI passivation and PEG hydrophilic 

Figure 7 CLSM fluorescence images of A549 cells incubated with 200 μg/mL of Dual-CD for 12 h and different concentrations of Hg2+ for 30 min. Scale bars for all images 
are 50 μm.
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modification made, Dual-CD performed better fluorescence 
and dispersion in living cells, and will not influence the 
reaction with Hg2+. Dual-CD could not only be applied as 
a dual emission cellular imaging agent, but also respond to 
Hg2+ in living cells.

Figure 8A shows the cytotoxicity test results of Dual- 
CD. The cell viabilities of A549, MDA-MB-231 and MCF-7 
cells incubated with Dual-CD at a concentration of 200 μg/ 
mL were all above 85%. At a concentration as high as 1000 
μg/mL, the cell viabilities were still higher than 60%, indi-
cating the low toxicity of the green process synthesized 
Dual-CD. Such a low cytotoxicity was due to the nontoxic 
precursors of plant origin and the modification of PEG.

In order to study the feasibility of Dual-CD as Hg2+ bio-
sensor in living cells, A549 cells were incubated with Dual-CD 
for 24 hours, then different concentrations of Hg2+ were added. 
After 2 h, the cells were broken by ultrasonic probe and 
centrifuged at 4°C, and the supernatant was detected by fluor-
escence spectrophotometer. Results were as shown in 
Figure 8B, with a good linear relationship between F487/F676 

and Hg2+ concentration, in the range of 0–60 μM. The linear 
regression equation was F487/F676 = 0.3045C + 0.57 (C is the 
concentration of Hg2+, μM), the correlation coefficient was 
0.9916 and the detection limit was 477 nM. However, the 
linear range of Dual-CD in living cells was not as wide as in 
aqueous solution, and the detection limit was much higher. 
Such a phenomenon was caused by the overexpression of 
glutathione in cancer cells, as the intracellular glutathione can 
complex with Hg2+ through the formation of Hg-S bonds.16 

The Dual-CD has to compete with glutathione to bind mercury 
ions, which will affect the sensitivity of Hg2+ detection in 
living cells to a certain extent. Nevertheless, due to the good 

water solubility, low toxicity, high fluorescence performance, 
excellent dispersion and stability, the capability of Dual-CD for 
Hg2+ detection in living cells is still considerable compared 
with some reported strategies (refer to Table 2). The sensitivity 
and linear range in this work are better than many other pre-
vious approaches, indicating the great potential for Hg2+ detec-
tion in living cells.

Figure 8 (A) Cell viability of A549 cells incubated with different concentrations of Dual-CD for 24 h. (B) The linear calibration curve for Hg2+ detection in supernatant of 
broken A549 cell. The values are the mean ± SD (n = 3 per group).

Table 2 The Analytical Performance Comparison of Various 
Methods for Hg2+ Detection

Material Technique LODs 
(μM)

Linear 
Range (μM)

Ref.

AuNPs Colorimetric 0.01 0–0.092 [47]

Gold 

nanorods

Colorimetric 2 0–10 [48]

CDs-Au 

NCs

Fluorescence 0.063 0.1–90 [17]

N,P-CDs Fluorescence 0.001 0–0.9 [49]

N,S-CDs Fluorescence 0.083 0.5–50 [50]

N-CDs Ratiometric 
fluorescence

0.066 0.1–10 [51]

CDs Ratiometric 
fluorescence

0.009 0–40 [25]

DTT/CDs- 
AuNCs

Ratiometric 
fluorescence

0.009 0–1 [52]

N-CDs Ratiometric 
fluorescence

0.014 0–100 This

(in living 
cells)

0.477 0–60 Work
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Conclusion
In this study, an improved green synthesis of water-soluble 
Dual-CD was proposed for Hg2+ detection in A549 cells. 
The modification of PEG and PEI improved the water solu-
bility and fluorescence performance. Dual-CD had low cyto-
toxicity and sensitive Hg2+ response in A549 cells. Based on 
the good linear relationship between F487/F676 and Hg2+ 

concentration, the ratiometric method possessed good accu-
racy and wide linear range for Hg2+ quantitative detection in 
living cells. These results may facilitate the development of 
Dual-CD as a potential Hg2+ biosensor.
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