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ABSTRACT

A new method has been developed for the simple, fluorescence, turn-on detection of melamine, which
utilizes DNA-templated silver nanoclusters (DNA-AgNCs) as a key component. In the sensor, melamine
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exhibits the dual functions: one is to enhance the fluorescence signal of DNA-AgNCs by its specific

interaction with thymine residues in DNA template, and the other is to prevent Hg(ll)-induced fluores-
cence quenching of DNA-AgNCs via its strong coordination with Hg(ll). These consequently enable the
sensitive and selective detection of melamine. By exploiting such novel features of melamine, we sig-
nificantly increased the fluorescence response up to 360%, compared to the previous counterpart that
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relies on DNA-AgNCs only, and successfully determined melamine down to ca. 49nM, a value that is
400 times lower than the safety level of 20 uM set by the US Food and Drug Administration. In add-
ition, it was confirmed that the proposed approach works fine even in the real milk samples without

any additional pre-treatment steps.

Introduction

Since 1930, melamine has been widely used in the industry for
the production of certain plastics [1]. In addition, melamine with
the highly rich-nitrogen composition has been artificially added
to the milk or animal feed in order to increase the total nitro-
gen content in food [2,3]. However, melamine has severe tox-
icity, and thus the ingested melamine poses serious health
problems such as kidney stone formation, urolithiasis, and blad-
der cancer [4]. For these reasons, it is highly required to develop
the simple, but efficient analysis system for melamine [5-7].
Notably, fluorescence methods, compared to other analyt-
ical methods such as chromatography, mass spectrometry,
and NMR spectroscopy, have gained the considerable atten-
tion due to their intrinsic simplicity, robustness, and high
sensitivity [8-13]. The representative example in this type
sensing strategy relies on DNA-templated silver nanoclusters
(DNA-AgNCs) that possess the unique fluorescence properties
modulated by DNA sequence and structure [14-17]. Based
on the specific interaction between melamine and thymine
residues of DNA-AgNCs, the fluorescence detection system
for melamine was devised [18]. Although it produced the
promising results, the signal enhancement induced by mela-
mine was quite small due to the high background signal, lim-
iting the wide-spread and practical applications. To overcome
this limitation, Xie et al. recently proposed that Hg(ll)-quench-
ing of DNA-AgNCs could be utilized to detect melamine by

reducing the background signal [19]. In a similar manner,
BSA-templated fluorescent gold nanoclusters that are
quenched by Hg(ll) was confirmed to detect melamine with
the reduced background signal [20].

In this work, we advanced the fluorescence strategy for
the sensitive detection of melamine by designing the DNA
sequence that not only serves as the template for the synthe-
sis of fluorescent DNA-AgNCs but also interacts with mela-
mine. Compared to the previous methods in which melamine
only works as either the fluorescence enhancer of DNA-
AgNCs or the scavenger to reverse Hg(ll)-quenching of DNA-
AgNCs [18,19], melamine in this work has dual functions,
both for enhancing the fluorescence signal of DNA-AgNCs by
its specific interaction with thymine residues and preventing
Hg(ll)-induced fluorescence quenching of DNA-AgNCs via its
strong coordination with Hg(ll) [21]. With this working prin-
ciple, we successfully determined melamine even in real milk
samples down to ca. 49nM, which is two or three times
more sensitive than those of the previous, Hg(ll)-quenching
methods [19,20].

Experimental
Reagents and materials

Oligonucleotide (5-CCCTTAATCCCC-3') was synthesized using
Bioneer (Daejeon, Korea) and purified via Bio-RP. All amino
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Figure 1. (a) The schematic illustration for the fluorescence, turn-on detection of melamine based on its dual functions as fluorescence enhancer of DNA-AgNCs
and Hg(ll) scavenger. (b) Photographs under UV light (354 nm). The left and right samples show the case in the absence and presence of melamine, respectively.

acids, monobasic, and dibasic phosphates were purchased
from Samchun Chemical (Seoul, Korea). Melamine, mercury
(Il) nitrate monohydrate (Hg(NOs),-H,0), sodium borohydride
(NaBH,), and silver nitrate (AgNOs) were purchased from
Sigma-Aldrich (Goyang, Korea). All buffer solutions and
reagents were prepared in Ultrapure DNase/RNase-free dis-
tilled water (D.W.) purchased form Bioneer (Daejeon, Korea).

Preparation of DNA-AgNCs

To synthesize 1X DNA-AgNCs, DNA (6 uM) was incubated
with AgNOs (36 uM) in 1X phosphate buffer (10 mM, pH 7.4)
for 30 min at room temperature in the dark. To this solution,
NaBH, (18 uM) was added in a total volume of 100 pL, which
were stored at refrigerator at 4°C before use. The molar ratio
of DNA: AgNO;:NaBH,4 was 1:6:3.

Detection of melamine

Melamine at different concentrations or amino acids (30 uM)
were incubated with mercury (150 nM) for 10 min, which was
then mixed with the prepared 0.2X DNA-AgNCs in 1X phos-
phate buffer (10mM, pH 7.4) to make a total volume of
100 pL. Following the incubation of the prepared mixtures for
10 min at room temperature, the resulting fluorescence signal
was measured at the excitation wavelength of 597 nm in a
microplate reader (Spectramax iD5 multi-mode microplate
reader, Molecular Devices, USA).

Detection of melamine in milk sample

Melamine at different concentrations or amino acids (30 uM)
were incubated with mercury (150 nM) for 10 min, which was
then mixed with the prepared 0.2X DNA-AgNCs in 1X phos-
phate buffer (10mM, pH 7.4) to make a total volume of
100 pL. Following the incubation of the prepared mixtures for
10 min at room temperature, the resulting fluorescence signal
was measured at the excitation wavelength of 597 nm in a
microplate reader (Spectramax iD5 multi-mode microplate
reader, Molecular Devices, USA).

Results and discussion
Melamine detection based on its dual functions

The working principle of the fluorescence, turn-on strategy for
the sensitive detection of melamine is illustrated in Figure 1(a).
As a key component, DNA template, 5-CCCTTAATCCCC-3/, is
utilized to synthesize fluorescent DNA-AgNCs. We assumed
that the presence of melamine itself enhances the fluores-
cence signal of DNA-AgNCs on the basis of the specific inter-
action between melamine and thymine residues of DNA
template [18]. In addition, Hg(ll)-induced fluorescence quench-
ing of DNA-AgNCs is employed to reduce the background sig-
nal, which is expected to maximize the signal enhancement
effect induced by melamine that forms the complexes with
Hg(ll) [19-21]. As a result, the melamine, which possesses the
dual functions as fluorescence enhancer of DNA-AgNCs and
Hg(ll)-scavenger can be sensitively determined with the signal-
on fluorescence response as shown in Figure 1(b).

Detection feasibility

First, the detection feasibility of the designed sensor was
confirmed by measuring the fluorescence emission intensities
at 670nm (Fg70), an emission maximum of DNA-AgNCs. As
shown in Figure 2, the presence of Hg(ll) significantly
reduced the background fluorescence signal of DNA-AgNCs (i
and iii). On the other hand, the presence of melamine
together with Hg(ll) significantly enhanced the fluorescence
signal even higher than that of DNA-AgNCs only (i, iii, and
iv). Importantly, the degree of signal enhancement, defined
as F/F,, where Fy and F are the fluorescence emission inten-
sities at 670nm in the absence and presence of melamine,
respectively, was increased up to 360%, compared to the one
in the absence of Hg(ll) (i-iv), proving that the developed
method is highly advanced for the sensitive determination of
melamine. In addition, the control DNA in which thymine res-
idues are not included was utilized to synthesize DNA-AgNCs
and the effect of melamine on the fluorescence enhance-
ment of DNA-AgNCs was evaluated. The results in Figure S1
show that the presence of melamine produces the negligible
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Figure 2. The detection feasibility of the developed method. (a) The fluores-
cence emission spectra and (b) fluorescence intensity at 670 nm (Fg70) of DNA-
AgNCs (i), DNA-AgNCs + melamine (ii), DNA-AgNCs+ Hg(ll) (iii), and DNA-
AgNCs + melamine + Hg(ll) (iv).

fluorescence enhancement in both cases without (i and ii)
and with Hg(ll) (iii and iv) (Figure S1), supporting the import-
ance of dual functions of melamine in the proposed system.
Next, the optimal conditions including the concentration
of Hg(ll), DNA-AgNCs and the addition steps of reagents
were investigated for the efficient analysis of melamine. The
results in Figure S2 show that the fluorescence signal of
DNA-AgNCs is decreased as the concentration of Hg(ll) is
increased due to the quenching effect of Hg(ll). Because the
excessive amount of Hg(ll) could lead to the non-productive
complexation of Hg(ll) with melamine, 150 nM was selected
as the optimal concentration of Hg(ll). In the same manner,
the optimal concentration of DNA-AgNCs (0.2x) was selected
by varying the amount of DNA-AgNCs in the presence of
Hg(ll) at the concentration of 150 nM (Figure S3). In addition,
it was demonstrated that the addition steps of melamine to
the assay solution consisting of DNA-AgNCs and Hg(ll) could
affect the detection performance. As shown in Figure S4,
when melamine was first applied to DNA-AgNCs, followed by
the addition of Hg(ll) (i), the signal-to-background ratio
defined as (F-Fy)/Fo, where Fy and F are the fluorescence
emission intensities at 670nm in the absence and presence
of melamine, respectively, was ca. 4.6, which was higher than
that of the reversed case in which Hg(ll) was first applied, fol-
lowed by the addition of melamine (ii). Importantly, the
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Figure 3. Detection sensitivity of the developed method. (a) The fluorescence
emission spectra and (b) signal-to-background ratio of DNA-AgNCs in presence
of melamine at different concentrations (From bottom to top: 0, 150nM,
1.5uM, 3uM, 7.5 uM, 15uM, 30 uM, 75 uM, and 150 uM). The signal-to-back-
ground ratio is defined as (F-Fy)/Fo, where Fy and F are the fluorescence emis-
sion intensities at 670nm (Fs70) in the absence and presence of melamine,
respectively.

highest fluorescence enhancement (ca. 7.9) was observed
when melamine and Hg(ll) were first mixed and then applied
to DNA-AgNCs (iii). Based on these optimization results, the
assay procedure that involves the addition of DNA-AgNCs to
the pre-mixed solution of melamine with Hg(ll) was
selected for further experiments (See Materials and
Methodsfor details).

Detection sensitivity and selectivity

Under the optimized conditions, the detection sensitivity of
the developed system was evaluated by measuring Fg;0 in
the presence of melamine at different concentrations. The
results in Figure 3 show that the signal-to-background ratio,
(F-Fp)/Fy, increases as the concentration of melamine
increases up to 75uM, over which it reaches a plateau. The
excellent linear relationship (R*> = 0.99) was established in
the range from 0 to 15 uM by the linear equation, (F-Fg)/Fy =
0.1918 x C (Melamine) + 0.0465. The detection limit was cal-
culated to be ca. 49 nM (3g/slope), a value that is superior to
those in the previous methods that rely on Hg(ll)-quenching
of fluorescent nanomaterials [19,20] (Table S1). These results
confirm that the dual functions of melamine as the
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Figure 4. Detection selectivity of the developed method. The signal-to-back-
ground ratio is defined as (F-Fo)/F,, where Fy and F are the fluorescence emis-
sion intensities at 670 nm (Fg70) in the absence and presence of melamine or
amino acids (30 uM), respectively.

Table 1. Determination of melamine in milk samples.

Added (uM) Mean (uM)? Sp° CV (%)° Recovery (%)°
3 33 0.07 2.06 1106
12 126 0.41 3.28 104.9
18 173 0.26 147 9.4

?Mean of three measurements.

bStandard deviation of three measurements.
“Coefficient of variation (%) = "SD"/"mean" x 100 (%).
dRecovery (%) = "Mean"/"added" x 100 (%).

fluorescence enhancer of DNA-AgNCs and Hg(ll) scavenger
are critical for the sensitive determination of melamine.

To assess the detection selectivity of the developed strat-
egy, amino acids including Cys, Trp, Pro, Glu, Gly, Lys, Met,
Arg, and Phe was employed instead melamine. As shown in
Figure 4, the presence of melamine significantly enhanced
the fluorescence signal, while amino acids resulted in the
negligible fluorescence enhancement, which was clearly dis-
tinguished from that observed in the presence of melamine.

Practical application to the analysis of real
milk samples

Finally, the practical applicability of the proposed method
was demonstrated by performing the recovery tests with the
melamine spiked into real milk samples. Based on the calibra-
tion curve created with the standard samples (Figure S5), the
concentration of melamine in milk samples was determined
by measuring Fg;9 from unknown samples. The results in
Table 1 verified that the melamine in the milk samples was
analyzed with high precision and reproducibility, which was
evidenced by the coefficients of variation (CV) less than 3.5%
and the recovery ratio between 96% and 111%. It should be
noted that the developed method does not involve the tedi-
ous procedures to separate the proteins using acetonitrile or
trichloroacetic acids that are generally required in the previ-
ous methods [19,20,22,23].

Conclusion

In summary, we developed a simple, fluorescence, turn-on
strategy for the sensitive detection of melamine based on its

dual functions as fluorescence enhancer of DNA-AgNCs and
Hg(ll) scavenger. This strategy significantly improved the sig-
nal enhancement effect promoted by melamine up to 360%,
compared to the counterpart that relies on DNA-AgNCs only.
In addition, melamine was analyzed with the high sensitivity
and selectivity, which was confirmed by the low detection
limit of 49nM, two or three times more sensitive than those
of the previous, Hg(ll)-quenching methods. Finally, the prac-
tical applicability of the developed method was successfully
demonstrated by detecting melamine in milk samples. We
believe that this method which relies on the dual functions
of melamine will facilitate the sensitive analysis of melamine
and will be utilized as a practical tool in the food industry.
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