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A B S T R A C T   

Iodine ion is one of the most indispensable anions in living organisms, particularly being an important substance 
for the synthesis of thyroid hormones. Curcumin is a yellow-orange polyphenol compound derived from the 
rhizome of Curcuma longa L., which has been commonly used as a spice and natural coloring agent, food ad-
ditives, cosmetics as well as Chinese medicine. However, excess curcumin may cause DNA inactivation, lead to a 
decrease in intracellular ATP levels, and trigger the tissue necrosis. Therefore, quantitative detection of iodine 
and curcumin is of great significance in the fields of food and life sciences. Herein, we develop nitrogen-doped 
fluorescent carbon dots (NCDs) as a multi-mechanism detection for iodide and curcumin in actual complex 
biological and food samples, which was prepared by a one-step solid-phase synthesis using tartaric acid and urea 
as precursors without adding any other reagents. An assembled NCDs-Hg2+ fluorescence-enhanced sensor for the 
quantitative detection of I− was established based on a fluorescence “turn-off-on” mechanism in a linear range of 
0.3–15 μM with a detection limit of 69.4 nM and successfully quantified trace amounts of I− in water samples and 
urine sample. Meanwhile, the as-synthesized NCDs also can be used as a fluorescent quenched sensor for cur-
cumin detection based on the synergistic internal filtration effect (IFE) and static quenching, achieving a good 
linear range of 0.1–20 μM with a satisfactory detection limit of 29.8 nM. These results indicate that carbon dots 
are potential sensing materials for iodine and curcumin detection for the good of our health.   

1. Introduction 

The iodine ion is one of the most indispensable anions in living or-
ganisms, particularly being an important substance for the synthesis of 
thyroid hormones. Iodine deficiency or excess may lead to a series of 
thyroid diseases, such as goiter, cretinism, hypothyroidism, autoim-
mune thyroid diseases and even increasing the incidence of thyroid 
cancer [1,2]. Iodine is an exogenous element that can not be synthesized 
by the human body, thus it mainly comes from drinking water or various 
food [3]. To prevent iodine deficiency or excessive intake, the World 
Health Organization (WHO) recommends daily dietary iodine intake of 
150 μg for adults, 150–200 μg of iodine daily for pregnant and lactation 
women, and 120 μg per day for children aged 6–12 years [4]. Therefore, 

it is urgent to develop simple, convenient, selective and sensitive sensors 
for the determination of iodide, especially for food monitoring and 
disease prevention. Curcumin, 7-bis-(4-hydroxy-3-methoxyphenyl)-1, 
6-heptadiene-2,5-dione, is a yellow-orange polyphenol compound 
derived from the rhizome of Curcuma longa L., which has been 
commonly used as a spice and natural coloring agent for a long time [5] 
and a natural additive for food and cosmetics recognized by the WHO 
and Food and Drug Adminstration (FDA). Also, curcumin has been 
successfully exploited as a traditional medicine in China and India due to 
its diverse biological and pharmacological activities, such as lowering 
blood lipids [6], anti-tumor [7], anti-inflammatory [8], antioxidant [9], 
anti-hepatotoxicity [10], and anti-bacterial properties [11], which has 
aroused widespread attention by scholars because of the application of 
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curcumin in pharmacology and clinical medicine. However, it has been 
reported that excess curcumin will cause DNA inactivation, lead to a 
decrease in intracellular ATP levels, and trigger the tissue necrosis [12]. 
Therefore, quantitative detection of curcumin is of great significance in 
the fields of food and life sciences. 

At present, various detection techniques have been successfully 
developed to determinate iodide ions and curcumin, such as chroma-
tography [13,14], capillary electrophoresis [15,16], electrochemistry 
[17,18], and so on. Although these methods possess high accuracy and 
satisfactory sensitivity, they still display some disadvantages, such as 
sophisticated instrumentation, complicated sample pretreatment, 
tedious operation procedures, and unstable electrodes, which are 
limited to some extent to apply extensively. Thus, none of these methods 
are suitable for rapid monitoring of the concentration of iodide ions and 
curcumin. To make up for the above shortcomings, the fluorescence 
analysis technology represented by carbon dots is extensively favored by 
researchers due to its low cost, simple operation, fast response, 
remarkable selectivity, and extraordinary sensitivity [19,20]. As a novel 
type of zero-dimensional carbon nanomaterial, carbon dots (CDs) not 
only present tunable optical properties but also exhibit outstanding 
characteristics including photostability, biocompatibility, low toxicity, 
easy functionalization, and superior water solubility comparing with 
traditional organic dyes and semiconductor quantum dots [21]. Because 
of the excellent optical properties, CDs have shown enormous applica-
tion prospects in photocatalysis, chemical and biological sensing, bio-
imaging, photodynamic therapy, and drug delivery [19–24]. 
Nitrogen-doping is one of the most effective strategies to improve the 
luminescence properties of CDs. The defects introduced by the nitrogen 
element induce an upward movement in the Fermi level, increasing the 
electron activity in the conduction band, which make it possible to 
efficiently enhance the photoluminescence properties of the CDs [21, 
25–29]. Naturally, nitrogen-doped CDs have attracted more attention 
and become a new favorite in the field of nano-sensor and environ-
mental monitoring. 

So far, some fluorescence sensors based on CDs have been developed 
for the detection of iodide ions. Chen et al. [30] exploited a quenching 
spermine-functionalized carbon dots(SC-dots) to detect I− , based on the 
electron transfer between SC-dots and I− . A detection limit of 0.18 μM 
was obtained, which was relatively high compared with our present 
work. Liu et al. [31] fabricated a “turn-off-on” fluorescent method for 
the detection of I− based on the CDs/Hg2+ fluorescent probe using PEI as 
the surface passivation reagent. Although this method had a relatively 
low detection limit (0.084 μM), the raw material cost was relatively 
high, and the CDs needed to be synthesized under high temperatures and 
pressures. At present, a variety of functionalized carbon dots have been 
explored to determine curcumin. Wu et al. [32] synthesize P, N, B 
co-doped carbon quantum dots using a hydrothermal method, which 
exhibited extraordinary sensitivity to curcumin with the detection limit 
of 68 nmol L− 1. However, 4-amino-phenylboronic acid as the Boron 
dopant is toxic to some extent because it contains a benzene ring, which 
is not environmentally friendly. Hu et al. [26] designed a facile and 
green approach to synthesize nitrogen and chlorine co-doped CDs for 
detection curcumin with a low detection limit of 38 nM via the acid-base 
neutralization heat. However, concentrated hydrochloric acid (HCl) was 
used as the chlorine dopant in the process of synthesizing CDs. 
Concentrated HCl is strongly volatile and corrosive, which may irre-
versibly damage the respiratory organs, eyes, skin and gastrointestinal, 
etc. Thus, exploiting highly sensitive and environmentally friendly CDs 
with a facile synthetic method without using hazardous reagents is ur-
gently needed. To the best of our knowledge, although numerous fluo-
rescent sensors have been developed to detect either I− or curcumin, few 
published reports are available that multi-mechanism detection inte-
grated into one NCDs-based chemosensor was achieved to simulta-
neously detect both targets. 

In the present work, two sensing mechanisms for the detection of I−

and curcumin were integrated into one NCDs-based chemosensor. 

Firstly, the fluorescence of prepared CDs was quenched due to the spe-
cific affinity between the amino/carboxyl groups on the surface of NCDs 
and Hg2+. With the addition of I− into the NCDs-Hg2+ system, the 
fluorescence intensity was recovered owing to the extremely strong 
binding ability between Hg2+ and I− . Consequently, a fluorescence- 
enhanced sensor was constructed to selectively and sensitively detect 
I− , which successfully quantified the trace I− in water samples and urine 
sample. Furthermore, since the excitation spectra of NCDs totally 
overlapped with the ultraviolet absorption spectra of curcumin and a 
ground-state non-luminescent complex was formed between NCDs and 
curcumin, which inspired us to established a facile and green N-CDs- 
based fluorescence quenching sensor for the determination of curcumin 
based on a synergistic effect of internal filtration effect (IFE) and static 
quenching. Similarly, the presented fluorescence sensor was satisfacto-
rily used for the quantitation of curcumin in food and environmental 
water samples. Compared with the previously reported various methods, 
our proposed fluorescent sensor has shown much remarkable sensitivity, 
which has a great promising prospect for the detection of I− and cur-
cumin in biosensing, disease diagnosis, food, and environmental 
monitoring. 

2. Materials and methods 

2.1. Reagents 

Tartaric acid, urea, curcumin, and quinine sulfate were purchased 
from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China), and the 
reagents for metal cation solution, anion solution, drugs, and amino acid 
solution were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shenyang, China). The experiments were carried out in PBS buffer so-
lution (Na2HPO4-NaH2PO4, 0.1 M, pH = 7.0). The standard stock solu-
tion of Hg2+ (0.1 M) is prepared with Hg(NO3)2. All experimental 
reagents were of analytical grade and were used directly without further 
purification. Ultrapure water prepared by the UPTA-30 purification 
system (18.2 MΩ, Jingwei, China) was used throughout all the 
experiments. 

2.2. Apparatus 

The fluorescence spectra were measured by an LS-55 fluorescence 
spectrophotometer (PerkinElmer, USA). Morphological evaluation and 
sizes of NCDs were obtained with a JEM-2100 transmission electron 
microscope (JEOL, Japan) using an accelerating voltage of 200 kV. The 
X-ray photoelectron spectroscopy (XPS) spectra were recorded on a 
Thermo ESCALAB 250Xi spectrometer (Thermo Fisher, USA). X-ray 
diffraction (XRD) measurement was given by X’Pert Powder x-ray 
diffractometer (PANalytical, Netherlands) with Cu Kα radiation, with 
voltage and current at 40 kV and 40 mA to show the changes in inter-
segmental properties. The UV–vis absorption spectra were recorded by a 
Lambda900 UV–vis spectrophotometer (PerkinElmer, USA). The Fourier 
transform infrared spectroscopy (FT-IR) spectra were carried out on the 
Nicolet iS10 FT-IR spectrometer (Thermo Fisher, USA). Chromato-
graphic separations were performed on an ICS 600 ion chromatography 
(Thermo Fisher Scientific, USA) with a conductivity detector of ASRS- 
ULTRA suppression mode. The column employed for determination of 
iodine ion is a Dionex Ionpac AS14 separation column (4 mm × 250 mm) 
with an Ionpac AG14 guard column (4 mm × 50 mm). Mobile phase 
consisted of 3.5 mM Na2CO3 and 1.0 mM NaHCO3. Flow rate of mobile 
phase is 1.0 mL min− 1. The temperature was controlled at 35 ◦C. In-
jection volume is 25 μL. The fluorescence lifetime tests were performed 
using the FluoroMax-4 TCSPC spectrofluorometer (HORIBA Jobin Yvon, 
USA). Cyclic voltammogram (CV) curve of NCDs was measured with a 
CHI 660E electrochemical workstation (Huachen, China) with a plat-
inum wire as counter electrode, and an Ag/AgCl (saturated in 3.0 M of 
KCl) as reference electrode, and a glassy carbon electrode (diameter 3 
mm) modified with NCDs as working electrode. 
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2.3. Preparation of NCDs 

Photoluminescent NCDs were prepared by using tartaric acid as the 
carbon source and urea as the surface passivation for nitrogen source 
without any additives by a one-step solid-phase thermal method. Briefly, 
0.75 g tartaric acid and 1.20 g urea were placed into an agate mortar. 
After fully grinding, the mixture was moved into a 30 mL crucible and 
then was heated in a Muffle furnace at 230 ◦C for 8 h. During the re-
action process, the solid powder undergoes melting, dehydration, 
polymerization, and carbonization. After being left to cool to room 
temperature, the fluffy, black, and solid photoluminescent NCDs were 
obtained. The black product was dissolved in 50 mL deionized water and 
then centrifuged at 10,000 rpm for 20 min to remove the insoluble and 
larger particles. Afterwards, the collected supernatant was dialyzed 
against purified water through a dialysis membrane (MWCO500) for 48 
h. Finally, the nitrogen-doped carbon dots powder was obtained after 
freeze-drying under vacuum conditions at − 50 ◦C for 36 h. And 1.0 mg 
mL− 1 carbon dot solution was prepared and stored in a refrigerator at 
4 ◦C for further characterization and application. 

2.4. Fluorescence quantum yield (QY) measurement 

According to the established method [33], the fluorescence quantum 
yield (QY) of NCDs was measured with quinine sulfate as the reference 
(quantum yield is 0.54 in 0.1 M H2SO4). The quantum yield of NCDs was 
calculated according to formula (1): 

ϕx =ϕs ×

(
Gradx

Grads

)

×

(
ηx

ηs

)2

(1)  

where subscripts x and s represent NCDs and quinine sulfate, respec-
tively; ϕ is the quantum yield; Grad denotes the slope corresponding to 
the integrated fluorescence area and absorbance value; η is the refractive 
index of the solvent. For aqueous solutions, ƞx/ƞs≈1. 

2.5. Preparation of NCDs-Hg2+ complex 

The quenching effect of Hg2+ on CDs fluorescence: 18 metal ions 
related to organism or environment (Na+, K+, Ca2+, Mg2+, Ba2+, Cr3+, 
Hg2+, Co2+, Cd2+, Mn2+, Cu2+, Zn2+, Fe3+, Al3+, Pb2+, La3+, Ni2+, and 
Ag+) and 15 anionic ions (HPO4

2ˉ, CO3
2ˉ, HSO4

ˉ , SO4
2ˉ, PO4

3ˉ, Fˉ, SO3
2ˉ, 

CH3COOˉ, HCO3ˉ, NO2ˉ, HSO3
- ,Brˉ, S2ˉ, Clˉ, and Iˉ) were added into the 

NCDs solution at the concentration of 100 μM to evaluate the selectivity 
of the fluorescent sensor. 100 μM of Hg2+ and 100 μM of the above- 
mentioned ions were added into the NCDs solution together to eval-
uate whether the existence of other ions interfered with the quenching 
effect of Hg2+. 

A working solution was combined by the following: 120 μL of the as- 
prepared NCDs solution (1.0 mg mL− 1), 100 μL of PBS buffer solution 
(0.1 M, pH 7.0) and different volumes of Hg2+ standard solution (0.001 
M) were added into a quartz cuvette, followed by the addition of ultra- 
pure water to obtain the total volume of 3.0 mL. After incubating for 1 
min at room temperature, the fluorescence spectrum was monitored at 
the excitation wavelength of 460 nm. 

2.6. Detection of I− by NCDs-Hg2+ fluorescence enhanced sensor 

Fluorescence recovery effect of I− on the NCDs-Hg2+system: 120 μL 
NCDs solution (1 mg mL− 1), 100 μL PBS buffer solution (0.1 M, pH 7.0), 
and 300 μL of Hg2+ standard solution (0.001 M) were added into a 
quartz cuvette. The mixture was vortexed thoroughly for 1 min. Sub-
sequently, different volumes of I− (0.01 M) was added into this mixture 
and then diluted to the final volume of 3.0 mL with ultrapure water. The 
fluorescence recovery of NCDs-Hg2+ was recorded. Other competing 
anions were added to the solution to evaluate the selectivity of the CDs- 
Hg2+ system to I− . 

2.7. Detection of curcumin by NCDs fluorescence quenching sensor 

Fourteen kinds of amino acids (Aspartic acid, Lysine, Glutamic acid, 

Fig. 1. (A) TEM image, (B) the particle size distribution histogram, (C) XRD spectra and (D) FT-IR spectrum of NCDs.  
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Histidine, Arginine, L-tryptophan, L-threonine, Glycine, L-Tyrosine, L- 
cysteine, L-valine, Leucine, L-methionine, L-serine) and nine kinds of 
drug molecules (Amoxicillin, Ibuprofen, Rifampin, Roxithromycin, 
Morin Morin hydrate, Tetracycline Hydrochloride, Levofloxacin, 
Chloramphenicol, Curcumin) were prepared with the concentration of 
0.01 M. 

120 μL NCDs solution (1.0 mg mL− 1) was added into a quartz 
cuvette. Then, 100 μL PBS buffer solution (0.1 M, pH 7.0) and 30 μL 
different types of amino acids or drug molecules (0.01 M) were mixed 
and diluted with ultra-pure water to the final volume of 3.0 mL. After 
mixing homogeneously and incubating for 1 min, the fluorescence 
spectrum was recorded immediately at the excitation wavelength of 460 
nm. The slot widths of the excitation and emission were both 10 nm. 
Other competing substances were added into the NCDs-Cur system to 
evaluate the selectivity of NCDs. Fluorescence titration was used to 
investigate the sensitivity of NCDs to curcumin. 

2.8. Detection of I− and curcumin in actual samples 

The environmental water samples used in the experiment were taken 
from the urban area of Anshan, Liaoning Province, and the food samples 
were taken from the local supermarket, and the urine sample was taken 
from the healthy people. All the water samples and urine sample were 
centrifuged at 8000 rpm for 5 min before analysis and then filtered with 
a 0.22 μm filter membrane for use. Tomato juice was obtained using a 
plastic juicer. Curry powder, mustard, chili powder, and ginger powder 
were dissolved in deionized water, respectively, and then transferred to 
a 10 mL centrifuge tube after ultrasonication and filtration, and centri-
fuged with a high-speed at 5000 rpm for 10 min. The supernatant was 
then diluted with deionized water to an appropriate concentration 
before taking measurements. Then, the standard addition method was 
used to test the applicability of the sensor. 

3. Results and discussion 

3.1. Characterization of NCDs 

The morphology, particle size, and dispersion of the synthesized 
NCDs were characterized by transmission electron microscopy (TEM) as 
shown in Fig. 1A. From the TEM image, we can find that the prepared 
carbon dots are mostly spherical-shaped and have a uniform dispersion. 
Fig. 1B is the particle size distribution histogram obtained by statistical 
analysis of 100 random nanoparticles through Image J software. A 
narrow size distribution of NCDs ranges from 2.25 nm to 6.25 nm with 
an average diameter of 4.13 nm ± 0.33 nm, and this may be the origin 
for the excitation-dependent fluorescence behavior of NCDs. To further 
explore the microstructure of NCDs, an X-ray diffraction (XRD) test was 
investigated in Fig. 1C with a broad peak at 2θ = 23.4◦, which indicated 
an amorphous carbon phase [20,34,35]. The surface functional groups 
of NCDs were measured through Fourier transform infrared (FT-IR) 
spectroscopy (Fig. 1D). Two typical absorption bands appearing at 3218 
cm− 1 and 3086 cm− 1 are attributed to stretching vibrations of O-H and 
N-H, respectively. While the absorption peak at 2840 cm− 1 belongs to 
the C-H stretching vibration. Also, the characteristic absorption band at 
1714 cm− 1 is corresponds to the C=O stretching vibration. The band 
appeared at 1400 cm− 1 indicates the presence of C-N stretching vibra-
tion. The peaks at 1194 cm− 1 and 1052 cm− 1 are ascribed to the 
stretching vibrations of C-O-C, and C-OH [36–38]. The above results 
indicate that nitrogen-doped carbon dots have been successfully pre-
pared with the presence of -OH, -COOH and -NH2 on the surface of 
NCDs. These functional groups not only improve the hydrophilicity of 
NCDs and the stability in aqueous solutions but also can interact with 
some metal ions. 

To confirm the conclusions obtained by FT-IR and further examine 
the functional groups and chemical composition, an X-ray photoelectron 
spectrometer (XPS) was employed to characterize the synthesized NCDs. 
Fig. 2A showed the XPS full spectrum of NCDs presented three 

Fig. 2. XPS survey spectrum (A) and high-resolution spectra of C1s (B), N1s (C) and O1s (D) of the NCDs.  
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Fig. 3. (A) UV–vis absorption (black line), 
maximum fluorescence excitation (red line) 
and maximum emission spectra (blue line) of 
NCDs in aqueous solution. Inset: photo-
graphs of NCDs solution under visible light 
(left) and 365 nm UV light(right). (B) Fluo-
rescence emission spectra of NCDs under 
different excitation wavelengths ranging 
from 360 nm to 520 nm. Inset: normalized 
fluorescence spectra of NCDs. CNCDs = 0.04 
mg mL− 1. (For interpretation of the refer-
ences to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Fig. 4. (A) Effect of pH on the fluorescence 
intensity of the NCDs. (B) Effect of different 
concentration of NaCl on the stability of 
NCDs. (C) Effect of the irradiation time with 
a 365 nm UV-lamp on the photostability of 
NCDs. Effect of oxidation time of H2O2 (D) 
and different H2O2 concentration (E) on the 
antioxidant capacity of NCDs. Inset: Fluo-
rescence emission spectras under different 
pH (A), concentration of NaCl (B), irradia-
tion time (C), oxidation time (D) and H2O2 
concentration (E). CNCDs = 0.04 mg mL− 1.   
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representative peaks at 285eV, 400eV and 531eV, which corresponded 
to C1s, N1s and O1s, respectively [35,36]. The Element proportions of 
NCDs were 57.87% of carbon, 16.22% of nitrogen and 25.91% of oxy-
gen. The high-resolution C1s spectra (Fig. 2B) exhibited four peaks at 
284.73, 286.28, 287.73 and 288.63 eV, corresponding to C=C/C-C, C-N, 
C-O/C-O-C and C=O groups, respectively [29,35,36]. The 
high-resolution N1s spectra of NCDs (Fig. 2C) depicted three peaks at 
399.28, 400.28 and 401.87 eV, which were attributed to C-N-C, N-(C)3 
and-N-H groups, respectively [21,26,35,36]. The O1s spectra of NCDs in 
Fig. 2D presented two peaks at 531.83 and 532.98 eV, which were 
assigned to C=O and C-OH/C-O-C groups [35,36]. Therefore, all the 
results indicate that N has been successfully doped to the structure of 
carbon dots and the NCDs are coated with oxygen-containing functional 
groups. 

3.2. Optical properties of NCDs 

The optical properties of the as-synthesized NCDs were investigated 
by UV–vis and fluorescence spectra. Fig. 3A depicted the UV–vis ab-
sorption of NCDs (blank line), an obvious and characteristic absorption 
peak at 287 nm was observed, which was ascribed to the typical 

absorption of π-π* transition of C=C [28,32]. There was also a weak 
absorption band from 300 nm to 400 nm which might be attributed to 
the n-π* transition of C=O bond [36,37,39,40]. Meanwhile, the 
maximum emission wavelength (blue line) of NCDs was located at 537 
nm with the excitation wavelength (red line) at 460 nm. The NCDs 
aqueous solution emitted a bright green fluorescence under the irradi-
ation of 365 nm UV light, and it appeared transparent and yellow color 
in visible light (inset in Fig. 3A). The fluorescence emission spectrum of 
NCDs was changed with a series of excitation wavelength ranging from 
360 nm to 520 nm as shown in Fig. 3B. The maximal fluorescence in-
tensity increased firstly and then decreased. Moreover, the emission 
wavelength was red-shifted from 470 nm to 560 nm with a maximum 
emission wavelength at 537 nm (inset in Fig. 3B), which was a typical 
excitation-dependent fluorescence phenomenon. The fluorescence 
tunability of as-prepared NCDs is presumably due to the inhomogeneity 
of the particle sizes and the plenteous emissive traps of surface states 
formed by the hydroxyl, carboxyl and aminol functional groups [36,37, 
39,40]. The fluorescence quantum yield of as-fabricated NCDs at room 
temperature was measured to be 10.5% using quinine sulfate (QY =
54%, 0.1 M H2SO4) as reference. 

Fig. 5. (A) Fluorescence response (F/F0) of 
NCDs (0.04 mg mL− 1) in the presence of 
various mental ions and anion ions at the 
concentration of 100 μM. (B) Fluorescence 
response (F/F0) of NCDs to various ions (100 
μM, blue bars) upon addition of 100 μM Hg2+

(red bars). (C) The incubation time NCDs 
with Hg2+. (D) Fluorescence emission 
spectra of NCDs (0.04 mg mL− 1, 0.1 M, pH 
7.0 PBS buffer solution) with increasing 
concentration of Hg2+ (from top to bottom: 
0–120 μM). (For interpretation of the refer-
ences to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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3.3. Fluorescence stability of NCDs 

To investigate the fluorescence stability and chemical stability of 
NCDs aqueous solution, the influences of pH, ionic strength, illumina-
tion time, oxidation time, and oxidation concentration on the fluores-
cence intensity of NCDs were studied. As shown in Fig. 4A, different pH 
values might have a distinct impact on fluorescence intensity. The NCDs 
showed the lower fluorescence under the strong acidity or strong alka-
line conditions, while exhibited the remarkable fluorescence intensity 
when pH was neutral (pH = 6.0–9.0). This may be attributed to the 
abundant carboxyl groups on the surface of NCDs, and hydrogen bonds 
are easily formed in the strong acidic environment, while H+ is 
neutralized in the strong alkaline condition. Due to the destruction of the 
surface functional groups, the electronic transition of the luminescent 
center is destroyed, which causes the quenching fluorescence intensity. 
Thus, the favorable property in a neutral environment makes NCDs 
excellent candidates in bio-imaging and other biological fields. Fig. 4B 
depicted that the fluorescence intensities of NCDs had no significant 
alteration when the concentration of NaCl changed from 0.25 M to 1.5 
M, which indicated the outstanding property of salt stability under high 
ionic strength solutions. Additionally, the NCDs still exhibited good 
photostability even after continuous irradiation for 3 h with a UV-lamp 
(Fig. 4C), which demonstrated the excellent resistance to photo-
bleaching of as-prepared NCDs. To survey the oxidation resistance of 
NCDs, the fluorescence intensities were measured within 120 min after 
adding H2O2 (100 μM) to the NCDs solution (Fig. 4D). And the oxidation 
resistance of NCDs was also studied by adding different concentrations 
of H2O2 ranging from 0 to 500 μM (Fig. 4E). The results show the 
fluorescence intensities only slightly change, which verify that as- 
fabricated NCDs owning great antioxidant capacity. All the above 
excellent features clearly reveal that the NCDs as fluorescent probes 
have great potentialities for the analysis of complex matrixes. 

3.4. Construction of fluorescence enhanced sensor for detection of I−

3.4.1. Preparation and optical properties of fluorescence-enhanced sensors 
Based on the outstanding optical merits of NCDs in complex envi-

ronments and the ample functional groups in the structure of NCDs, we 
further explored the applications in fluorescence sensors. Numerous 
metal ions could significantly quench the fluorescence of CDs due to the 
powerful affinity or fast electron transfer [28–31,36,37,39–43], and the 
CDs-metal ion complex emitted weak fluorescence, which provided a 
basis for the construction of fluorescence-enhanced sensor. Thus, we 
investigated the selectivity of as-prepared NCDs toward 18 metal ions 
including Na+, K+, Ca2+, Mg2+, Ba2+, Cr3+, Hg2+, Co2+, Cd2+, Mn2+, 
Cu2+, Zn2+, Fe3+, Al3+, Pb2+, La3+, Ni2+, and Ag+ and 15 anionic ions 
including HPO4

2ˉ, CO3
2ˉ, HSO4

ˉ , SO4
2ˉ, PO4

3ˉ, Fˉ, SO3
2ˉ, CH3COOˉ, HCO3ˉ, 

NO2ˉ,HSO3
- ,Brˉ, S2ˉ, Clˉ and Iˉ at the final concentration of 100 μM. As 

shown in Fig. 5A, only Hg2+ effectively caused fluorescence quenching 
while the effect of other ions on the fluorescence intensity was almost 
negligible compared to Hg2+. Fig. 5B described the results of the inter-
ference test. The blue bars depicted the fluorescence response (F/F0) of 
NCDs to various ions. Subsequently, by adding 100 μM of Hg2+, the 
fluorescence intensity was noticeably decreased (red bars). It was 
evident that there was no obvious change in the coexistence of Hg2+ and 
other ions compared with Hg2+ alone. The results of selectivity and 
interference tests demonstrate that NCDs fluorescent probe are able to 
accurately identify Hg2+ in the complex conditions. A possible reason 
for the excellent selectivity of Hg2+ is the mercury ion owns large ion 
radius and electronic layer structure. Hg2+ is easily deformed and 
polarized to generate non-luminous complexes when it combines with 
surface functional groups, such as -NH2, -COOH, -OH [28,31]. To 
effectively determine Hg2+, the incubation time of NCDs and Hg2+ was 
selected (Fig. 5C). It took only 1 min to reach the maximum fluorescence 
quenching (at the Hg2+concentration of 100 μM), which suggested that 
it had a quick and sensitive response for Hg2+. At the same time, the 

sensitivity of NCDs to Hg2+ was examined by adding several concen-
trations of Hg2+ solution to the NCDs aqueous solution. As detailed in 
Fig. 5D, with the increase of Hg2+ concentration ranging from 0 to 120 
μM, the fluorescence intensity at 537 nm emission peak position grad-
ually decreased. A near complete fluorescence quenching occurred at 
the Hg2+ concentration over 100 μM, so we chose 100 μM Hg2+ for the 
subsequent studies. 

Due to the quenching effect of Hg2+ on NCDs, the NCDs-Hg2+ com-
plexes emitted weak fluorescence. Applying the Lineweaver-Burk dou-
ble reciprocal equation, the association constant of the NCDs-Hg2+

complex could be calculated according to the following equation [44]: 

1
F0 − F

=
1
F0

+
1

KLBF0[Q]
(2)  

where KLB represents the association constant of NCDs and Hg2+; F0 and 
F correspond to the fluorescence intensity of NCDs at the emission of 
537 nm in the absence and presence of Hg2+, respectively; [Q] denotes 
the concentration of quencher (Hg2+). As shown in Fig. 6, calculating 
the ratio of intercept to slope in the linear equation, the association 
constant of the NCDs-Hg2+ complex was calculated to be 1.6 × 106 L 
mol− 1. Therefore, it is inferred that NCDs can form a stable and strong 
complex with Hg2+, which makes it possible to fabricate a fluorescence- 
enhanced sensor for the quantitative determination of I− in subsequent 
experiments. 

3.4.2. NCDs-Hg2+ fluorescence enhanced sensor for detecting I−

Based on the competitive binding mechanism, the fluorescence re-
covery properties of the assembled NCDs-Hg2+ sensor (CNCDs = 0.04 mg 
mL− 1 and C[Hg2+] = 100 μM) was studied with the addition of various 
biological relevant anions (Fig. 7A). According to previous reports [45], 
the solubility product constant of mercury iodide HgI2 is 2.8 × 10− 29, 
which is stronger than the association constant of 1.6 × 106 between 
Hg2+ and NCDs. When I− was added to the NCDs-Hg2+ system, Hg2+ was 
completely released from the surface NCDs-Hg2+ complex due to the 
extremely strong affinity between Hg2+ and I− , and the absorption band 
and surface functional groups of the NCDs were returned to the initial 
state, and the fluorescence intensity of NCDs-Hg2+ was recovered 
immediately [46]. It had been confirmed that I− did not exhibit any 
obvious effects on the fluorescence intensity of NCDs without adding 
Hg2+, which indicated the recovery of the fluorescence intensity due to 
the formation of a more stable complex between Hg2+ and I− . As 
described in Fig. 7A, the fluorescence emission intensity was dramati-
cally recovered upon the addition of 100 μM I− into the NCDs-Hg2+

Fig. 6. The relationship between 1/(F0-F) and 1/CHg
2+.  
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system after 1 min while other anionic ions (100 μM) had no or little 
effect on the fluorescence recovery. Meanwhile, competition experi-
ments were examined by adding I− (blue bars) and the mixtures of I−

and other anions (red bars) to the NCDs-Hg2+ system (Fig. 7B). It is 
clearly shown that the influences of other interfering substances on the 
fluorescence recovering effect are negligible. In addition, competition 
experiment of I− was also estimated by increasing the concentration of 
other potentially interfering ions to examine the tolerance levels with an 
error of no more than 5%, as shown in Table 1. The results show that the 
interfering ions are tolerated in relatively high concentration. All the 
above results demonstrate the NCDs-Hg2+ complex can act as a 
fluorescence-enhanced sensor for the selective determination of I− . 

The sensitivity of NCDs-Hg2+ sensor to I− was evaluated by 
measuring the fluorescence emission spectra after the addition of 
various concentrations of I− (Fig. 7C). The fluorescence intensity at 

Fig. 7. (A) Fluorescence response (F0-F)/F0 of NCDs-Hg2+ sensor (CNCDs = 0.04 mg mL− 1, CHg
2+

= 100 μM) to the various anions (100 μM). (B) Fluorescence intensity 
of NCDs-Hg2+ system with addition of 100 μM of I− (blue bars) and subsequent addition of various anions (100 μM, red bars). (C) Fluorescence emission spectra of 
NCDs-Hg2+ with increasing concentration of I− . (D) Plot of the fluorescence intensity of NCDs-Hg2+ changing with different I− concentration (0.3–130 μM). Inset: 
Linear relationship between ΔF and the concentration of I− in the range of 0.3–15 μM. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
Tolerance of interfering ions for detecting of I− (CNCDs = 0.04 mg mL− 1, CHg

2+ =

100 μM, CI
− = 10 μM).  

Co- 
existing 
ions 

Tolerance 
fold 

Co- 
existing 
ions 

Tolerance 
fold 

Co- 
existing 
ions 

Tolerance 
fold 

HPO4
2ˉ 50 Fˉ 100 NO2ˉ 50 

CO3
2ˉ 75 SO3

2ˉ 100 Brˉ 2 
HSO4

ˉ 60 CH3COOˉ 100 S2ˉ 3 
SO4

2ˉ 50 HCO3ˉ 75 Clˉ 3 
PO4

3ˉ, 100      

Table 2 
Sensitivity comparison of the proposed sensor with previous methods for I− detecting.  

Detection method Condition Linear range (μM) Detection limit (nM) Application Reference 

HPLC-DAD phosphatidylcholine column 3.9–78.8 179 mineral water [13] 
Capillary Electrophoresis UV detection. 0.20–4.0 60 urine [15] 
Electrochemical anion-exchange chromatographic separation – 3900 milk samples, waste waters [17] 
Flow-injection chemiluminescence KMnO4

− carbon dots system 3–100 350 food samples [48] 
Fluorescence spermine-functionalized carbon dots 1–100 180 human serum, HeLa cells [30] 

CDs-Hg2+ 0–70 84 water [31] 
CDs-Hg2+ 0.1–10 72 tap, river, mineral waters, fish [49] 
DNA-templated gold/silver nanoclusters 0–10 300 spring water, tap water [50] 
N-CQDs-Hg2+ 0–90 92.3 – [51] 
NCDs-Hg2+ 0.3–15 69.4 Tap and mineral waters, urine This work  
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around 537 nm was increased gradually with the increase of the con-
centration of I− . Fig. 7D depicted the enhanced fluorescence intensity ΔF 
(ΔF = F− F0, where F and F0 represent the emission intensity of the NCDs- 
Hg2+ system at 537 nm in the presence and absence of I− , respectively) 
did not fit a linear calibration plot over the whole Hg2+ concentration 
ranging of 0–130 μM. While the inset of Fig. 7D displayed a good linear 
relationship (R2 = 0.9923) between ΔF and I− concentration in the range 
of 0.3–15 μM. The detection limit (LOD) was calculated to be 69.4 nM 
(8.8 μg L− 1) based on equation (3)σ/k. Where σ represents the standard 

deviation of 11 blank measurements and k is the slope of the linear 
calibration plot. According to the World Health Organization’s urine 
iodine standard, the content of iodine in urine for healthy people is 
100–200 μg L− 1 (0.78–1.58 μM) [47]. If the consumption of iodine is 
insufficient or excessive, it will affect thyroid functions and cause thy-
roid diseases. The LOD of the assembled NCDs-Hg2+

fluorescence-enhanced sensor detection of I− by our method is much 
lower than the allowed limit, which can be applied to the quantitative 
determination of I− in real urine samples. Comparison of analytical 
methods for detection of I− reported in the literature (Table 2), the 
present sensor exhibits superior sensitivity for I− , such as low detection 
limit, high sensitivity, good selectivity, low cost of raw material, envi-
ronmentally friendliness, and excellent water solubility, which can be 
used to the detection of actual samples. 

3.4.3. I− measurement in real samples 
To evaluate the accuracy and feasibility of the fluorescence method, 

the enhanced sensor NCDs-Hg2+ was directly applied for detecting I− in 
water and urine samples using a standard addition method. By spiking 
various concentration of I− standard solution to the samples, the spike 
recoveries of this method were calculated. Satisfactory recoveries 
(96.3%–103.8%) with low relative standard deviation (<5%) were ob-
tained. Meanwhile, in order to verify the accuracy of the proposed 
fluorescence method, an ion chromatography method was used to detect 
the initial amount of I− in the urine sample. The analysis results are 
displayed in Table 3. It can be seen that there is a good agreement with 
the results obtained by our proposed fluorescence method, which 
demonstrates that the proposed NCDs-Hg2+ fluorescence-enhanced 
sensor can be further applied to monitor I− in the human biological 

Table 3 
Determination of I− in water and human urine samples (n = 3, 95% confidence 
level).  

Real 
Sample 

Initial I−

amount (μM) 
Spiked 
(μM) 

Found 
(μM) 

RSD 
(%) 

Recovery 
(%) 

Tap water 0 5.0 5.17 ±
0.28 

2.19 103.4 

10.0 9.63 ±
0.32 

1.36 96.3 

13.0 12.74 ±
0.49 

1.56 98.0 

Lake 
water 

0 5.0 4.88 ±
0.27 

2.30 97.6 

10.0 9.75 ±
0.34 

1.43 97.5 

13.0 13.31 ±
0.46 

1.39 102.4 

Urine 1.23 ± 0.27 
(FL) 

5.0 6.47 ±
0.22 

1.41 103.8 

1.04 ± 0.32 
(IC) 

3.0 3.95 ±
0.41 

2.03 97.8  

Fig. 8. (A) Fluorescence emission spectra of NCDs to different amino acids and drugs at the concentration of 50 μM. (B) Fluorescence response F/F0 of NCDs to the 
various amino acids and drugs. (C) Fluorescence response (F/F0) of NCDs to various amino acids and other drugs (50 μM, green bars) upon addition of 50 μM 
curcumin (red bars). (D) Effect of incubation time with curcumin on fluorescence intensity of NCDs. CNCDs = 0.04 mg mL− 1. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 

X. Tang et al.                                                                                                                                                                                                                                    



Bioactive Materials 6 (2021) 1541–1554

1550

samples in real time. 

3.5. Quenching fluorescence sensor based on NCDs for detecting curcumin 

3.5.1. Fluorescence response of NCDs to curcumin 
Due to the existence of abundant surface functional groups and 

further expanding the possible sensing applications of NCDs, the as- 
prepared NCDS can be used as a label-free, high-sensitivity quenching 
fluorescence sensor for the detection of curcumin. At each concentration 
of 50 μM, the effects of fourteen amino acids (Aspartic acid, Lysine, 
Glutamic acid, Histidine, Arginine, L-tryptophan, L-threonine, Glycine, L- 
Tyrosine, L-cysteine, L-valine, Leucine, L-methionine, L-serine) and nine 
drugs (Amoxicillin, Ibuprofen, Rifampin, Roxithromycin, Morin hy-
drate, Tetracycline Hydrochloride, Levofloxacin, Chloramphenicol, 
Curcumin) on the fluorescence performance of NCDs were explored. 

Simultaneously, interference tests were conducted with adding 50 
μM of curcumin to the above solutions. As shown in Fig. 8A and B, a 
severe decline was clearly observed by the addition of curcumin, 
whereas, other amino acids and drugs caused no or slight change on 
fluorescence response. The effects of coexisting substances on the fluo-
rescence intensity of NCDs quenched by curcumin were almost negli-
gible (Fig. 8C). Table 4 shows the tolerance fold of some interfering 
species when pre-treating 10 μM curcumin within a ±5% concentration 
error range. The results indicate that the coexisting amino acids and 
drugs posed no interference, which reveals that the applicability of 
NCDs as a precisely selective quenching fluorescence sensor for detec-
tion of curcumin. The quenching kinetics results (Fig. 8D) told us that 
only 1 min of incubation with curcumin was enough to quench the 
fluorescence NCDs completely. 

In addition to the selectivity, the sensitivity of the analytical method 
plays another important role in evaluating the properties of fluorescence 
sensing. Fluorescence titration was used to investigate the sensitivity of 
NCDs’ quenching sensor for detecting curcumin. As presented in Fig. 9A, 
the emission intensity of the NCDs solution around 537 nm declined 

with the increase of the concentration of curcumin. The fluorescence 
quenched intensity ΔF (ΔF = F0− F, where F0 and F represent the emis-
sion intensity of the NCDs without and with curcumin, respectively) 
could not fit linearly with the whole curcumin concentration range 
(0–50 μM) (Fig. 9B), however, there was a good linearity (ΔF = 25.046 
CHg

2++18.749, R2 = 0.9965) between ΔF and curcumin concentration 
ranging from 0.1 to 20 μM. The detection limit (LOD) was estimated to 
be 29.8 nM based on a signal-to-noise ratio of 3. Compared to the pre-
vious reported methods for the determination of curcumin (Table 5), the 
constructed fluorescence sensor based on NCDs has the advantages of 
simple preparation procedure, low detection limit, long-wavelength 
emission, which can be used for a label-free detection of curcumin in 
actual complex biological samples or food samples. 

Table 4 
Tolerance of interfering substances for detecting of curcumin (CNCDs = 0.04 mg mL− 1, Ccurcumin = 10 μM).  

Co-existing substances Tolerance fold Co-existing substances Tolerance fold Co-existing substances Tolerance fold 

Asp 20 Thr 40 Amoxicillin 20 
Lys 20 Cys 25 Ibuprofen 20 
Glu 15 Val 35 Rifampin 5 
His 20 Leu 35 Roxithromycin 10 
Arg 20 Met 50 Morin Morin hydrate 5 
Trp 30 Ser 50 Tetracycline Hydrochloride 5 
Gly 20 Suc 30 Levofloxacin 20 
Tyr 35 Glc 50 Chloramphenicol 5  

Fig. 9. (A) Fluorescence titration curves of NCDs aqueous solution (0.04 mg mL− 1) at different curcumin concentrations (from top to bottom: 0–50 μM). (B) 
Relationship between ΔF with the full concentration of curcumin ranging from 0 to 50 μM. Inset: Linear relationship between ΔF with the concentration of curcumin 
(0–20 μM). 

Table 5 
Comparison of different analytical methods for detecting curcumin.  

Detection 
method 

Condition Linear range 
(μM) 

Detection- 
limit(nM) 

Reference 

LLME-HPLC Eurospher C18 

column 
0.217–10869 51.6 [14] 

Voltammetry RGO/CPE 10–6000 3183 [18] 
HPLC-PDA C18 column 1.35–54.3 244 [52] 
Fluorescence PNBCDs/λem =

441 nm 
0–1.5 68 [32] 

NCl-CDs/λem 

= 467 nm 
0.1–35 38 [26] 

N-CDs/λem =

428 nm 
0.78–50 40 [53] 

BN-CDs/λem =

450 nm 
0.2–12.5 65 [25] 

NP-CDs/λem =

502 nm 
0.5–20 58 [27] 

N-CDs/λem =

537 nm 
0.1–20 29.8 This work  
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3.5.2. Possible quenching mechanism for detecting curcumin 
To explore the quenching mechanism of NCDs’ determination of 

curcumin, the optical properties of NCDs and curcumin were observed 
firstly. In general, the quenching mechanism mainly includes fluores-
cence resonance energy transfer (FRET), photo-induced electron trans-
fer (PET), inner filter effect (IFE), dynamic quenching and static 
quenching. Among them, FRET, PET, and IFE require a certain degree of 
overlap between the excitation or emission band of the fluorophore and 
the absorption band of the quencher, which causes the fluorescence to 
be quenched [41]. As described in Fig. 10A, the ultraviolet absorption 
band of curcumin obviously overlapped with the excitation band of 
NCDs, which was likely to cause the excitation of NCDs to be weakened. 
Therefore, the possible fluorescence quenching mechanisms may be 
originating from FRET, PET and IFE. Fig. 10B depicted that the fluo-
rescence decay spectra could be fitted with the bi-exponential curve. The 
average fluorescence lifetime of NCDs was 25.49 ns. In the presence of 
20 μM and 50 μM curcumin, the average fluorescence lifetimes of NCDs 
were 25.12 ns and 24.99 ns, respectively. Noticeably, the lifetime of 
NCDs did not change significantly after adding different concentrations 
of curcumin. This result indicates that the quenching mechanism will 
not be from dynamic quenching and FRET, which will reduce the fluo-
rescence lifetime of NCDs. To verify whether photo-induced electron 
transfer quenched the fluorescence of NCDs, the highest occupied orbital 
(HOMO) and the lowest unoccupied orbital (LUMO) energy levels of 
NCDs were investigated by using cyclic voltammetry at room tempera-
ture. The electrode preparation and detection process were as follows: 
the concentration of 0.1 mg mL− 1 NCDs with PBS buffer solution (0.1 M, 
pH = 7.0) was prepared, then 10 mL of the aforementioned solution was 

dropped onto the surface of a glassy carbon electrode. After leaving it to 
dry naturally, the prepared working electrode and other two electrodes 
(Ag/AgCl electrode and the platinum electrode) were put in an elec-
trolytic cell containing PBS buffer solution. Subsequently, the cyclic 
voltammetry curve was recorded and the reduction potential of NCDs 
was obtained to be − 0.67 eV (Fig. 10C). The EHOMO and ELUMO of NCDs 
could be calculated by the following empirical formulas [54,55]: 

ELUMO = − e(Ered + 4.4) (3)  

EHOMO = − e(Eox + 4.4) (4)  

where Eox and Ered respectively represent the oxidation and reduction 
potential of NCDs, respectively. The ELUMO of NCDs was calculated to be 

Fig. 10. (A) Overlapping graph of the excitation (red line) and emission spectra (blue line) of NCDs and the UV absorption of curcumin (black line). (B) Fluorescence 
lifetime of NCDs with various concentrations in the absence and presence of 20 μM and 50 μM curcumin. (C) The cyclic voltammetry curve of NCDs. (D) Band gap 
calculated from the UV–visible absorption spectrum of NCDs. CNCDs = 0.04 mg mL− 1 

Fig. 11. Electron transfer mechanism of NCDs and curcumin.  
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− 3.73 eV according to formula (3). Due to the irreversibility of the 
oxidation process, the EHOMO could not be obtained by formula (4). 
Analyzing the band gap (Eg) in combination with the ultraviolet ab-
sorption spectrum of NCDs (Fig. 10D), and Eg was calculated to be 3.66 
eV. Then, the EHOMO of NCDs could be obtained by formula (5) [56]: 

EHOMO =ELUMO − Eg (5) 

So, the EHOMO of NCDs was estimated to be − 7.39 eV. The EHOMO and 
ELUMO of curcumin were − 5.75 eV and − 2.22 eV respectively according 
to the literature [32]. It can be seen from Fig. 11 that the excited state 
electrons of NCDs can not be transferred from the LUMO of NCDs to the 
LUMO of curcumin, so the fluorescence quenching of NCDs is not caused 
by photo-induced electron transfer. In summary, the quenching mech-
anism of NCDs for the detection of curcumin is likely to be dominated by 
the internal filtration effect (IFE). 

Fig. 10B demonstrated that the fluorescence lifetime of NCDs was not 
quenched by curcumin, speculating that the quenching process may be 
caused by static quenching. To further confirm the static quenching 
mechanism, the standard Stern-Volmer equation F0

F = 1 + Ksv[Q] was 
applied to judge the quenching type [28,57]. Where Ksv represents the 

quenching constant of NCDs. F and F0 represent the emission intensity of 
the NCDs at 537 nm in the presence and absence of curcumin, respec-
tively. [Q] is the concentration of curcumin. The Stern-Volmer plots of 
F0/F versus the various concentrations of curcumin at three different 
temperatures illustrated a good linear correlation (Fig. 12A), and the 
quenching constant (Ksv) declined from 7.47 × 104 L mol− 1 to 5.23 ×
104 L mol− 1 with the increase of temperature (Table 6), affirming that 
the quenching process was a static quenching mechanism. 

In the static quenching process, a non-fluorescent or weak fluores-
cent complex is formed between the quencher and the ground state 
fluorescent molecule, which changes the ultraviolet absorption spec-
trum of the fluorescent substance. As presented in Fig. 12B, the UV 
absorption intensity gradually strengthened with the increases of con-
centration of curcumin. Meanwhile, the absorption peak at 287 nm 
gradually shifted to about 270 nm. It is speculated that the surface 
functional groups of NCDs and curcumin form a ground-state complex, 
which causes the change of absorption spectrum of NCDs. The static 
quenching association constant can be obtained by the Lineweaver-Burk 
double reciprocal equation (2). From Table 6, we can see that the as-
sociation constant KLB of the NCDs-curcumin complex shows a 

Fig. 12. (A) Stern-Volmer fitting plots of F0/F versus various concentrations of curcumin at different temperatures. (B) Effect of different concentrations of curcumin 
on the UV absorption spectrum of NCDs (CNCDs = 0.04 mg mL− 1). Inset: the enlarged image of the absorption peak at 287 nm. (C) Lineweaver-Burk plots of 1/(F0-F) 
versus 1/CCur at different temperatures. 

Table 6 
KSV, K, linear equation and correlation coefficient of Stern-Volmer and Lineweaver-Burk equations.   

Stern-Volmer Lineweaver-Burk 

T(K) KSV (104L⋅mol− 1) Linear fitting equation R2 KLB (104L⋅mol− 1) Linear fitting equation R2 

293 7.46 F0/F = 0.0747[Cur]+1.0145 0.9989 11.3 (F0-F)− 1 = 0.0129[Cur]− 1+0.0015 0.9977 
298 6.57 F0/F = 0.0657[Cur]+0.9906 0.9971 9.31 (F0-F)− 1 = 0.0171[Cur]− 1+0.0016 0.9995 
303 5.23 F0/F = 0.0524[Cur]+0.9810 0.9907 6.03 (F0-F)− 1 = 0.0229[Cur]− 1+0.0014 0.9978  
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downward trend with the rise of temperature, indicating that the 
ground-state complex gradually decomposes and the stability of the 
complex decreases. These results again demonstrate the fluorescence 
quenching is caused by static quenching. In conclusion, the quenching 
mechanism of present NCDS on curcumin results from the synergistic 
effect of internal filtration effect and static quenching. 

3.5.3. Application of NCDs in water and food samples 
Currently, curcumin is one of the large-scale applications of natural 

edible colorings, which is also a widely used non-steroidal anti-inflam-
matory and anti-cancer drug. So, it is necessary to evaluate the feasi-
bility of NCDs’ quenching fluorescent sensor for the detection of 
curcumin in actual samples. The standard addition tests were used to 
estimate the accuracy and reproducibility of the present analysis method 
(Tables 7 and 8). Curcumin was not detected in water samples (tap 
water, mineral water and lake water). By adding 5 μM, 10 μM and 15 μM 
curcumin respectively, the spiked recoveries in water samples were 
measured to be between 95.7% and 104.8% with RSD between 0.86% 
and 2.21%. At the same time, curcumin was detected in foods (curry 
powder, mustard, chili powder, ginger powder and tomato juice) by the 
same fluorescent sensors. After adding 5 μM curcumin, the recoveries of 
standard addition were between 97.7% and 103.8% with a lower RSD. 
The above results show that the as-fabricated fluorescent quenching 
sensor for quantitative detection of curcumin is accurate, reliable and 
reproducible, which is promising to monitor curcumin in real samples. 

4. Conclusion 

In summary, a facile, fast, cheap and environmental-friendly route to 
construct nitrogen-doped carbon dots (NCDs) with green emission was 
developed using a one-step solvent-free solid phase method with inex-
pensive tartaric acid and urea as precursors. The as-synthesized NCDs 
possessed an amorphous carbon structure with a narrow size distribu-
tion. The surface of NCDs was covered with numerous functional groups, 
such as hydroxyl, carboxyl and amino groups, which made it possible to 
react with various targets. An NCDs-based fluorescence-enhanced sensor 
was explored for sensitive detection I− in the presence of Hg2+ due to the 
formation of HgI2 complex with a detection limit of 69.4 nM, which has 
been applied to detect I− in water and urine samples. Based on a mutual 
effect of internal filtration effect (IFE) and static quenching, fluores-
cence intensity was quenched gradually with the addition of curcumin. 
Moreover, a lower detection limit of 29.8 nM and satisfactory recoveries 
with 95.7–104.8% were achieved to determine curcumin in food and 
environmental water samples. According to the above results, our 
fluorescence enhanced/quenching sensor has an extremely high poten-
tial for practical applications in the detection and monitoring of iodine 
and curcumin detection in water, biological and food samples. 
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