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In order to determine the concentration of melamine, nitrogen-doped carbon dots (NCDs) were synthesized in one step as a
fluorescent probe. Uric acid and diethylenetriamine were used as carbon source and nitrogen source, respectively. ,e ex-
perimental results showed that the fluorescence of NCDs can be quenched bymercury ions (Hg2+). Due to the strong coordination
affinity between the carbon-nitrogen heterocyclic of melamine and Hg2+, part of Hg2+ coordinated with melamine when
melamine was mixed with Hg2+. ,en, the fluorescence of the added NCDs was quenched by the remaining Hg2+. ,erefore, the
concentration of melamine could be determined. ,e results show that the method has high sensitivity in wide measuring range
that the linear ranges are 50–400 μg/L and 800–2500 μg/L, and the R2 is 0.997 and 0.988, respectively, with the limit of detection
(LOD) of 21.76 μg/L. ,e NCDs are easy to fabricate, and the detection method is easy to implement. In this study, a new method
for melamine detection was established, and the proposed method for melamine detection can provide some insights for food
safety detection.

1. Introduction

Melamine (C3H6N6), an organic compound with triazine
nitrogen-containing heterocycle, has been widely used in
plastics and coating industry [1, 2]. ,e main use of
melamine was a raw material of melamine formaldehyde
(MF) resin [3]. MF was used as paint, paper, and deco-
rative panels because of its advantage of nonflammability,
water resistance, heat resistance, and insulation. Unfor-
tunately, melamine was adulterated into milk due to its
high nitrogen contents (66%) by some illegal vendors
[4, 5]. Long-term intake of melamine can cause kidney
stones, obstructive renal failure, and even death, especially
in infants [6, 7]. In this context, the limit value of mel-
amine in food was announced in China in 2011. ,e
limit value of melamine in infant formula was 1 mg/kg,
and in other general foods, it was 2.5 mg/kg, specifi-
cally [8]. Hence, it is necessary to develop a simple and

feasible method to meet the requirements of melamine
determination.

At present, there are a number of detection methods for
melamine, such as enzyme-linked immune sorbent assay
(ELISA) [9, 10], colloidal gold immune-chromatographic
assays (GICA) [11], high performance liquid chromatog-
raphy (HPLC) [12, 13], liquid chromatography-mass spec-
trometry (LC-MS) [14, 15], gas phase chromatography-mass
spectrometry (GC-MS) [16, 17], electrospray ionization-
mass spectrometry (ESI-MS) [18], and near-infrared (NIR)
[19]. ,ese methods have the advantages of high sensitivity
and high accuracy. However, these methods may have the
inherent drawbacks of complicated pretreatment steps and
long operation time.

Fluorescence spectroscopy (FS) can reflect the charac-
teristics of the target molecule. It can be used for qualitative
or quantitative detection of the target molecule. Fluores-
cence spectroscopy has been applied to the precise detection
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of many complex mixture systems because it has the ad-
vantages of good selectivity, high sensitivity, simple oper-
ation, and small sample volume. Up to now, in order to
improve the sensitivity of detecting the concentration of
melamine, some nanomaterials had been used as fluorescent
probes for the quantitative detection of melamine. ,e
utilization of gold nanoparticles and CdTe quantum dots to
detect melamine had been reported [20–24]. ,ese probes
had good sensitivity and selectivity. Meanwhile, they may
have the problems of high toxicity for CdTe and high cost for
gold nanoparticles. So, it is necessary to look for new probes
to detect melamine.

Carbon dots were widely used in heavy metal ions,
photocatalysis, LED, and sensing because of its simple
synthesis, low cost, low toxicity, and high specificity [25, 26].
In order to detect melamine, a fluorescence resonance en-
ergy transfer system between carbon dots and gold nano-
particles was established by Li [27]. Yang exploited a
colorimetric sensor platform to detect melamine by using
carbon dots and silver nanocomposite [28]. Zhu proposed a
simpler and more cost-effective method to detect melamine
which reduced the fluorescence quenching of carbon dots by
Hg2+ through the combination of melamine and Hg2+ [29].
In order to obtain a more sensitive and rapid method for the
detection of melamine, further investigation should be
explored.

In this study, a method for indirectly detecting the
concentration of melamine using the fluorescence intensity
of the system was established. ,e prepared NCDs are used
as fluorescent probes. By the mechanism of the strong co-
ordination affinity between melamine and Hg2+, the fluo-
rescence of NCDs can be quenched by Hg2+. ,e melamine-
Hg2+-NCDs system is established by researching the in-
teraction between these three kinds of materials. ,e rela-
tionship between the fluorescence intensity of the system
and the melamine concentration was studied. Additionally,
the method has the advantages of simple operation, short
detection time, and high sensitivity in comparison with the
methods employing other fluorescent probes.

2. Materials and Methods

2.1. Reagents and Apparatus. Melamine, uric acid (UA),
diethylenetriamine (DETA), Hg (NO3)2·H2O, urea, biuret,
tryptophan (Trp), phenylalanine (Phe), tyrosine (Tyr), valine
(Val), alanine (Ala), and glycine (Gly) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

,e fluorescence measurements were conducted using
the FLS920P fluorescence spectrometer produced by
Edinburg, England. Absorption spectra were collected on
the Shimadzu UV2600 absorption spectrometer.

2.2. Synthesis of NCDs. ,e NCDs was prepared as previ-
ously reported papers [30]. Briefly, UA (0.1 g) was dissolved
in DETA (645 μL). ,e mixed solution was heated from
room temperature to 170°C in oil bath. ,e temperature was
kept at 170°C for 30min. ,en, the reaction flask was cooled
to room temperature after taken from the oil bath. After

being washed by acetone, the precipitate was collected by
centrifugation. After drying, NCDs were dissolved in
deionized water to the absorbance of 0.15 at 350 nm. ,en,
four kinds of concentrations of NCDs were obtained by
diluting NCDs 5 times, 10 times, and 15 times, respectively.
Finally, NCDs were stored in the dark at 4°C before further
use.

2.3. Fluorescence Spectra and Absorption Spectra of Hg2+-
NCDs. NCDs (500 μL) were added to 100 μL mercury ni-
trate (1–8mM). After maintaining the reaction at room
temperature for 5min, the absorption spectrum and fluo-
rescence emission spectrum (λex � 370 nm) were measured.
,e excitation and emission slit widths of the optical
spectrometer were set to 2.5 nm and 1 nm, respectively.

2.4. Fluorescence Spectra of Melamine-Hg2+-NCDs. Aqueous
solution of melamine with a concentration range of
0–10mg/L was configured. 1.2mM mercury nitrate (100 μL)
was added to melamine solution (3mL). After maintaining
the reaction at room temperature for 5min, 500 μL NCDs
(diluted 5 times) was added. After being shaken for 5min,
mixed solution was obtained. ,en, the fluorescence
emission spectrum of mixed solution (λex � 370 nm) was
measured. Excitation and emission slit width was set to 2 nm
and 1 nm, respectively.

3. Results and Discussion

3.1. Spectral Properties of NCDs. ,e absorption spectrum,
fluorescence excitation spectrum, and emission spectrum of
NCDs were measured, and the results are shown in Figure 1.
,ere are two obvious absorption peaks at wavelengths of
279 nm and 350 nm, which may be related to the π-π∗
transition of sp2 hybridization and the n-π∗ broadened
absorption bands of C�O transitions, respectively [30].
When excited at 370 nm, the NCDs show a strong fluo-
rescence at 440 nm. It can be observed in Figure 1 insets that
the solution of NCDs is light yellow when exposed to
sunlight and blue when exposed to 365 nm ultraviolet light.

3.2. Fluorescence Quenching of NCDs by Hg2+. ,e fluores-
cence emission spectra of the mixed solutions of NCDs and
mercury nitrate with different concentrations were obtained
under the excitation wavelength of 370 nm (Figure 2(a)).,e
inset is the graph of the fluorescence peak intensity changing
with the concentration of Hg2+. It can be seen that the
fluorescence intensity of NCDs decreases rapidly as the
concentration of Hg2+ gradually increases. When the con-
centration of Hg2+ is 6mM, the fluorescence intensity of
NCDs is quenched by 93.6%. It shows that there is a strong
quenching relationship between Hg2+ and NCDs. However,
as the concentration of Hg2+ continues to increase to 8mM,
the percentage of fluorescence quenching degree of NCDs is
only increased from 93.6% to 96%. ,e tendency of
quenching fluorescence tends to be flat. In order to avoid
excessive Hg2+ from affecting the sensitivity of melamine
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detection, the concentration of Hg2+ is selected as 6mM.
Experiments show that the fluorescence quenching degree of
NCDs is close when the NCDs and Hg2+ are diluted in the
same volume ratio. It was mentioned in the previous study
that the quenching process was 1min [30]. In order to
combine Hg2+ and NCDs more completely, the mixing time
in the experiment was set as 5min.

,e absorption spectra of mixed solutions with different
concentrations of mercury nitrate and NCDs were measured
(Figure 2(b)). It can be seen that the absorption peak of
NCDs at 350 nm does not change significantly as Hg2+ is
added into the solution system. ,e absorption spectrum is
not changed, which indicates that the fluorescence
quenching of NCDs is a dynamic quenching. Due to the
interaction between the excited molecule and the quencher,
the fluorescence is quenched. It suggests that there is a strong
binding affinity and a faster chelation reaction between Hg2+
and the NCDs group. ,e electronic structure of NCDs is
changed, and the distribution of excitons is affected. ,en,
with an effective electron transfer process, the nonradiative
recombination of excitons is promoted [31, 32].

3.3. �e Mechanism of the Melamine-Hg2+-NCDs System for
Detecting Melamine. ,e fluorescence emission spectra of
NCDs, NCDs-melamine mixed solution, melamine-Hg2+-
NCDs mixed solution, and NCDs-Hg2+ mixed solution were
measured (λex � 370 nm) (Figure 3). It can be seen that the
fluorescence of NCDs is quenched by Hg2+ in the black line.
,e fluorescence of NCDs is not significantly affected by
melamine shown as the gray line. As shown as red line,
melamine (3mg/L) is mixed with Hg2+. ,en, NCDs are
added. At this time, the fluorescence of NCDs is only
quenched by 18.6% since Hg2+ is partially bound by
melamine.

,e process of the melamine-Hg2+-NCDs system is
shown in Scheme 1 [29]. First, NCDs can produce strong
fluorescence under the excitation of light (λex � 370 nm).
,en, the fluorescence of NCDs can be quenched by Hg2+ on
the first line of Scheme 1. When a mixed solution of mel-
amine and Hg2+ is added to the NCDs, melamine is

coordinated with part of Hg2+ due to the strong coordi-
nation affinity between melamine and Hg2+ on the second
line of Scheme 1. ,e fluorescence of NCDs is quenched by
the remaining Hg2+. Finally, the fluorescence intensity of
NCDs has an obvious relationship with the concentration of
melamine. ,e less Hg2+ is free because of the higher
melamine concentration. ,e less fluorescence of NCDs is
quenched by Hg2+, the higher fluorescence intensity of the
system [21, 33]. Based on this mechanism, the indirect
detection of melamine using NCDs and Hg2+ is realized.

3.4. �e Optimization of the Mixing Sequence of Melamine,
Hg2+, and NCDs. ,e order of addition of melamine, Hg2+,
and NCDs had a greater impact on the experiment. ,e
fluorescence emission spectra of NCDs-Hg2+ mixed solu-
tion, melamine-Hg2+-NCDs mixed solution, melamine-
NCDs-Hg2+ mixed solution, and NCDs-Hg2+-melamine
mixed solution are shown in Figure 4 (λex � 370 nm).

It can be seen in Figure 4 that the fluorescence intensity
of the system has a certain difference due to the different
order of addition. ,e fluorescence intensity of the gray line
is close to the black line. It indicates that NCDs and Hg2+
have a strong binding affinity and are relatively stable after
being mixed. ,ey will not be affected by the added mela-
mine. ,e fluorescence intensity of the blue line is close to
the black line too. It suggests that Hg2+ will be preferentially
or quickly combined with NCDs after being added to the
mixed solution of melamine and NCDs, which causes
melamine to fail to coordinate with Hg2+. ,e fluorescence
intensity of the red line is significantly higher than the black
line. ,e fluorescence of NCDs is only partially quenched,
since Hg2+ is first combined with melamine. ,erefore, the
order of addition selected in this study is melamine and Hg2+
are mixed first and then NCDs are added.

3.5. �e Optimization of NCDs Concentration for the Deter-
mination of Melamine. ,e concentration of NCDs had a
greater impact on the detection of melamine. Comparison of
the fluorescence peak intensity (normalized) of the mela-
mine-Hg2+-NCDs system is shown in Figure 5. ,e
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Figure 1: ,e absorption (black line), fluorescence excitation spectrum (blue line), and emission spectrum (red line) of NCDs. Insets show
photographs of aqueous solution of NCDs with the exposure of visible (left) and ultraviolet (right) light (365 nm).
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experimental conditions are melamine� 0–10mg/L,
Hg2+ � 6mM, and NCDs (black line); melamine� 0–10mg/
L, Hg2+ � 1.2mM, andNCDs are diluted five times (red line);
melamine� 0–10mg/L, Hg2+ � 0.6mM, and NCDs are di-
luted ten times (blue line); and melamine� 0–10mg/L,
Hg2+ � 0.4mM, and NCDs are diluted fifteen times (gray
line).

Due to the combination of Hg2+ and melamine, the
fluorescence intensity of the system increases with the
increase of melamine concentration. However, Hg2+ is not
completely bound by melamine when the concentration of

melamine is 0–10mg/L due to the high concentration of
Hg2+ shown as the black line. ,ere is a low sensitivity
under this condition. As shown as the red line, the decrease
of Hg2+ concentration makes it to only need a small
amount of melamine to cooperate with it. When the
melamine concentration is 0–4mg/L, the fluorescence
intensity of the system gradually increases and the sensi-
tivity is higher when the melamine concentration increases.
,e fluorescence intensity of the system has become flat
when the concentration is 4–10mg/L. ,is condition is
used in this article. As shown as the blue line and the gray
line, the low concentration of melamine (0–1mg/L) is
detected with better sensitivity when the concentration of
Hg2+ is lowered again. But, when the concentration of
melamine is high (1–4mg/L), the detection sensitivity is
reduced because the amount of NCDs are also small at this
time and the fluorescence intensity is weak. ,erefore, in
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Figure 2: (a) ,e fluorescence emission spectra of the mixed solutions of mercury nitrate and NCDs with different concentrations
(λex � 370 nm). Inset of (a) shows the graph of the fluorescence peak intensity changing with the concentration of Hg2+. (b) ,e absorption
spectra of mixed solutions of different concentrations of mercury nitrate and NCDs.
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order to detect the high sensitivity of melamine, NCDs
(diluted 5 times) and Hg2+ (1.2mM) are selected as ex-
perimental conditions.

3.6. �e Determination of Melamine Concentration. ,e
concentration of melamine was detected by using the
melamine-Hg2+-NCDs system. ,e fluorescence emis-
sion spectrum of the system is shown in Figure 6
(λex � 370 nm, NCDs were diluted 5 times, Hg2+� 1.2mM,
melamine� 0–10mg/L). As evident from the figure, the
fluorescence intensity of the system gradually increases as the
increase of the melamine concentration.

,e inset in Figure 6(a) was the graph of the fluorescence
peak intensity of the system. ,e fluorescence intensity of
the system increases with the increase of melamine degree. It
has a higher sensitivity when the concentration of melamine
is 0–3mg/L. ,e increasing trend of the fluorescence in-
tensity of the system tends to be flat when the melamine
concentration is 3-4mg/L. ,en, the fluorescence intensity
of the system has not significantly changed when the mel-
amine concentration is 4–10mg/L. It indicates that the Hg2+
in the solution had been completely bound by melamine at
this time.

It can be seen from Figures 6(b) and 6(c) that NCDs, as a
fluorescent probe, have good detection performance for
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measuring melamine concentration. When the melamine
concentration is 0–2500 μg/L, there are two linear ranges.
,e linear ranges are 50–400 μg/L and 800–2500 μg/L, the
correlation coefficients (R2) are 0.997 and 0.988 respectively,
and the LOD is 21.76 μg/L. ,e error bars are calculated by
three separate sets of melamine solution.

To verify the selectivity of the melamine-Hg2+-NCDs
system, we investigate the fluorescence response of the
system in the presence of different interfering substances.
We have selected several common amino group containing
molecules which includes urea, biuret, tryptophan (Trp),
phenylalanine (Phe), tyrosine (Tyr), valine (Val), alanine
(Ala), and glycine (Gly). ,e effect of amino group-con-
taining molecules on the system is shown in Figure 7.

For the convenience of comparison, we set the same
concentration of these samples to 0.4mM. ,e black bars
show the fluorescence peak intensity (normalized) of these
samples mixed with NCDs. It can be seen that there is no
obvious difference in the fluorescence intensity of these
samples mixed with NCDs, which means that these samples
have no significant influence on the NCDs.,e blue bars are
the fluorescence peak intensities of Hg2+ mixed with NCDs.

,e fluorescence of NCDs can be quenched by Hg2+. Since
melamine can be combined with Hg2+, the fluorescence of
NCDs is only quenched by a small part of the Hg2+ at the first
of red bar. ,e fluorescence intensity of the system is rel-
atively high. ,en, these amino group-containing molecules
samples replace the melamine in the melamine-Hg2+-NCDs
system. ,e results are shown in the other red bars. ,e
fluorescence intensity of other samples is close to the blue
bars. It suggests that these amino-containing samples will
not have a significant impact on the system. It is also proved
that the mechanism of the system is the combination of the
triazine nitrogen-containing heterocycle of melamine and
Hg2+.

In order to prove the repeatability and quasidetermi-
nation of this method, the standard addition experiment was
carried out. Table 1 provides the recoveries and RSD of
melamine spiked and measured in deionized water. It can be
seen that recoveries of melamine for these samples are
calculated in the range of 92.92–106.01% with satisfactory
consequence. ,e relative standard deviation (RSD) is cal-
culated by repeating the experiment 5 times under the same
conditions and is in the range of 1.77–4.5%, indicating a
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Figure 6: (a) ,e fluorescence emission spectrum of the system (λex � 370 nm, NCDs were diluted 5 times, Hg2+ � 1.2mM,
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good reproducibility of this system.,e results show that the
melamine-Hg2+-NCDs system is reliable in detecting mel-
amine concentration.

In addition, this study is compared with other melamine
detection methods. Table 2 provides the linear range, LOD,
and detection time of different fluorescent probes for
melamine detection in the literature [27, 29, 34, 35].

4. Conclusions

In summary, a method for detecting the concentration of
melamine based on changes in the fluorescence intensity of

NCDs was explored. By using the mechanism of quench and
interaction inside the melamine-Hg2+-NCDs system, the
detection method was established. ,en, the relationship
between the concentration of melamine and the fluorescence
intensity of the system was obtained.,e results showed that
the manufacturing process of NCDs is straightforward, the
detection is convenient and quick, and it has high sensitivity
and large measurement range. ,e two linear ranges are
50–400 μg/L and 800–2500 μg/L, the LOD is 21.76 μg/L, and
R2 is 0.997 and 0.988, respectively. ,e sensitive detection of
melamine is revealed, and the research work can bring new
sight for food safety detection.

Table 2: Comparison of linear range, LOD, and detection time of different fluorescent probes for melamine detection.

Fluorescent probe Linear range LOD Detection
time (min) Ref.

FRET between CDs and Au NPs 50–500 nM 36 nM 35 [27]
CDs-Hg2+ 1–20 μM 0.3 μM 13 [29]
NCDs-Fe3+ 2–290 μM 0.66 μM 30 [34]
Aptamer-modified Au NPs 1.2–2.4 μM and 2.4–20.62 μM 793 nM 30 [35]

NCDs-Hg2+ 50–400 μg/L (0.4–3.17 μM) and 800–2500 μg/L
(6.34–19.8 μM) 21.76 μg/L (0.17 μM) 10 ,is work
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Figure 7: ,e interference experiment of amino group-containing molecules on the system, including urea, biuret, Trp, Phe, Tyr, Val, Ala,
and Gly. ,e concentration of all samples was 0.4mM.

Table 1: Analysis of deionized water spiked with different amounts of melamine (n� 5).

Sample
Concentration of melamine (μg/L)

Recovery (%) RSD (%)
Spiked Measured

1 250 265.02 106.01 4.5
2 1250 1161.52 92.92 2.14
3 2000 1986.9 99.36 1.77
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