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HIGHLIGHTS

e The p-DNA modified GNPs were
synthesized to recognize melamine.
The strategy was developed in the
measurement of MMMQ by DLS
technique.

e The influence of four solvents, tem-
perature, and time on MMMQ was
investigated.

The method provides good linearity
(R>0.9970) and high sensitivity
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GRAPHICAL ABSTRACT

Melamine (M) can hybridize with thymine (T) through the hydrogen-bonding recognition. The
combination of melamine with the p-DNA (containing 6 T) modified GNPs induces the aggregation of
GNPs. The change in the size of GNPs can be distinguished by DLS technology with high sensitivity.
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ABSTRACT

The migration of melamine monomers from food contact materials has aroused particular attention since
the 2008 melamine-tainted milk scandal in China. However, the determination of melamine monomer’s
migratory quantity (MMMQ) has remained an open question because of the complex sample
pretreatment and the low sensitivity. Based on the hydrogen bonding interaction between DNA
thymine and melamine, this paper described a simple and rapid method focusing on the measurement of
MMMQ from melamine tableware by gold nanoparticles (GNPs) and dynamic light scattering (DLS). With
the presence of probe DNA (p-DNA), the GNPs were stable in NaCl solution (0.06 M), whereas they
became aggregated when the p-DNA hybridized with melamine. The change in the hydrodynamic
diameter of GNPs could be detected by DLS technology. Under the optimal conditions, the average
diameter increased linearly with the concentration of melamine over the range from 5.0 to 320.0 ugL™",
and showed a detection limit of 2.0 ug L~! (30/slope). The MMMQ was investigated within a range from
6.00 x 107*t0 2.58 x 10" mgdm~—2 (n > 3) in four different food simulants at different temperatures and
time points. The results suggest that the DLS method has great potential in the analysis of the migration
of melamine monomers.

© 2014 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +86 027 87282043; fax: +86 027 87282043.

1. Introduction

Melamine (1,3,5-triazine-2,4,6-triamine, C3HgNg) is an indus-
trial chemical frequently applied in the production of melamine-
formaldehyde resins and the manufacture of durable plastics [1].

Owing to their advantages of being light, cheap, durable, and easy
to clean, the melamine resins were widely used at home and
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restaurants in the form of cups and plates [2]. Such plastic
products, mainly made from melamine and formaldehyde by
polycondensation, are known as melamine tableware. In many
cases, residual melamine monomers can remain in the plastic
articles after polymerization [3]. Besides, the melamine could also
be released from the finished articles with the breakdown of
polymers and migrate to the foodstuffs, which would be harmful to
people’s health with constant intake [4,5]. Recently, due to a series
of food poisoning incidents such as 2008 “Sanlu milk powder
incident” in China, food safety concerns including the MMMQ have
became the focus of attention worldwide [6,7]. The migration of
melamine monomers from food contact materials was strictly
regulated in many countries. To our knowledge, the MMMQ
allowed in European Union is less than 5mgdm 2 (EC 2002) and
not above 0.2 mgdm~2 in China [8,9].

The study for the migration of melamine monomers is still in
the infancy, and only a few articles have been reported on the
determination of MMMQ, making the availability of such
information difficult for more readers [10,11]. To detect melamine
in various matrices, many methods have been developed, such as
gas chromatography/mass spectrometry (GC/MS) [12], high
performance liquid chromatography (HPLC) [13], liquid chroma-
tography with tandem mass spectrometry (LC-MS/MS) [14], and
the indirect competitive enzyme-linked immunosorbent assay (IC-
ELISA) method [15]. However, these methods are either labor-
intensive or time-consuming (more than 15 min per sample), or
lacking sensitivity, and almost none of them were applied to
measure the MMMQ because of their complex sample pretreat-
ment procedures. Thus, it is imperative to develop a simple and
sensitive approach to detect the MMMQ from melamine tableware.

e |
i N NH
N _zN e
Y N o
IINII [l)NA

—_—

DLS, also known as photon correlation spectroscopy, can be an
alternative method. DLS is a technique used widely in the particle
size and size distribution studies [16]. This technique coupled with
GNPs was employed extensively as an ultra-sensitive assay for
chemical and biological detection [16-18].

Melamine is known as a noted molecular recognition module in
many contexts [19-21]. It was demonstrated in some papers that
the reaction of thymine (T) and melamine (M) could form stable
complex by NH—O and NH—N hydrogen bonds [22,23]. The
interaction of the triple hydrogen bonding was considered to be
specific and directional [24]. Based on the recognition model, we
constructed a new route to detect the migration of melamine
monomers (see Fig. 1). As shown in Fig. 1(B), the single-strand DNA
(p-DNA) (HS-(CH)s-5'-T6-3") was firstly modified onto the GNPs
surface, and then the p-DNA modified GNPs began to aggregate
when hybridized with melamine. The aggregation of GNPs grew
larger with the increase of the concentration of melamine. The
relationship between the size change of GNPs and the concentra-
tion of melamine was investigated by DLS. Thus, the migration of
melamine monomers can be detected using DNA functionalized
GNPs and DLS technology. This work focused on the development
of a simple method of testing the melamine tableware and
measuring their MMMQ in different food simulants.

2. Experimental
2.1. Reagents and chemicals

Melamine (>99% purity), formaldehyde solution (analytical
reagent), acetic acid (>99.8%), ethanol (>99.7%), isopropanol
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Fig. 1. Illustration of the detection of melamine using GNPs probes and DLS, (A) hydrogen-bonding recognition between melamine (M) and thymine (T), and (B) the

aggregation of the p-DNA modified GNPs recognized with melamine.



94 L. Wu et al. /Analytica Chimica Acta 845 (2014) 92-97

(>99.7%) and olive oil were purchased from Sinopharm Chemical
Regent Co., Ltd. (Shanghai, China). The melamine formaldehyde
resin food containers (bottles) and polystyrene plastic bottles were
purchased from a local school supermarket. The oligonucleotide
(HS-(CH,)6-5'-T6-3') was obtained from Augct Biotechnology
Company (Beijing, China). The oligonucleotide stock solution
was prepared using phosphate buffer solution (pH 6.5).
HAuCl4-4H,0 was obtained from Shanghai Chemical Reagent
Co., Ltd. (Shanghai, China). Sodium citrate and sodium chloride
(NaCl) were purchased from Tianjin Chemical Reagent Company
(Tianjin, China). Other reagents and chemicals were of analytical
grade. Ultrapure water (Mill-Q, Millipore, 18.2 M{) cm) was used
throughout the experiments.

2.2. Instruments

The UV-vis absorption spectra were acquired on a Thermo
Nicolet Corporation Model Evolution 300 spectrophotometer
coupled with a 1.0cm quartz cell. The transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were obtained using a FEI Tecnai
G20 transmission electron microscope. The hydrodynamic size was
measured on Malvern Zetasizer Nanoseries with 633 nm laser
excitation at 25°C.

2.3. Preparation of GNPs

All glassware used in this experiment was thoroughly cleaned
in a bath of freshly prepared aqua regia solution (HCI:HNOs, 3:1),
and then rinsed with ultrapure water and oven-dried. The
synthesis of GNPs was performed by reducing HAuCl, with citrate
as described in our previous report [25]. Briefly, 40 mL of 0.6 mM
HAuCl, solution was heated to boiling, followed by addition of
10 mL of 1% (w/w) sodium citrate solution under vigorous stirring,
resulting in a color change from light yellow to wine red, and then
the solution was boiled for another 5min to complete the
reduction. After cooling to room temperature, the final solution
was stored at 4 °C. The concentration of GNPs was calculated to be
0.8 nM as previously reported by Haiss’ group [26].

2.4. Preparation of GNPs-DNA conjugates

Before the preparation of GNPs-DNA conjugates, we optimized
the concentration of p-DNA and NaCl solution, and the pH value of
sodium phosphate buffered saline (PBS) solution.

GNPs-DNA conjugates were prepared according to our previ-
ously reported method [25]. Briefly, GNPs (0.5 mL, 0.8 nM) were
mixed with 2.5 L p-DNA (17.6 mM) for 12 h under continuous
stirring. The mixture solution was purified by centrifugation at
7000 rpm for 10 min and the pellets were re-suspended in PBS
solution (0.01 M, pH 6.5) containing 0.06 M NaCl and stored at 4°C
for use.

2.5. Preparation of standard solutions

To calculate the MMMQ in different food storage conditions,
linear equations were formulated from calibration standards of
melamine in different food simulants, which stand for the
corresponding soaking-out solution [27]. The preparations of
stock solution and different standard solutions are described in
Supporting Information.

2.6. Exposure of sample to food simulants

This procedure was carried out by exposure of sample to
different food simulants using the conventional direct immersion

method [27]. The most commonly used solvents are considered to
be water, alcohol, vinegar, and cooking oil. Thus, the food simulants
used in this experiment were water, acetic acid (4%, v/v), ethanol
(10%, v/v), and olive oil. Among them, water was defined as the
aqueous solution (such as milk or coffee), acetic acid as the acid
solution with causticity (for example, lemon juice or apple juice),
ethanol as the volatile organic solution (such as wine), and olive oil
as the oil solution.

In this report, the resin containers were respectively immersed
in water, ethanol (10%, v/v), acetic acid (4%, v/v), and olive oil to
obtain the MMMQ with different time periods, namely 0.5, 1, 2, 4,
and 12 h, and different temperatures, namely 5, 20, 40, 70, 100, and
130°C. Besides, the polystyrene plastic bottles immersed in acetic
acid (4%, v/v) were adopted as control (Fig. S1). The detailed
immersion procedures were described in Supporting Information.

2.7. Procedures for DLS detection of gold NPs aggregation

The DLS detection of gold NPs aggregation was performed
according to the following procedures [18]. First, the as-prepared
GNPs-DNA conjugates were mixed with three times volume of the
solution to be assayed, and then the mixture was allowed to stand
at room temperature for 15 min. Subsequently, about 1 mL of the
balanced mixture was pipetted into to a dust-free DTS0012-
Disposable sizing cuvette. Finally, the DLS measurements were
carried out at 25°C, with the equilibration time set for 2 min to
maintain temperature balance, and a fixed 10 runs for each sample.

The DLS analyses of all the samples were performed in the
aforementioned four simulants (containing 0.2 nM GNPs-DNA and
12 mM NacCl) with different standard operation procedures (SOPs),
but the same SOP was adopted for the same solvent. The
parameters of different SOPs were elaborated in Supporting
Information. All measurements were carried out on at least three
parallel sample sets, and each reported particle size was the
average of three measurements.

3. Results and discussion
3.1. Optimization of GNPs solution

As known to us all, the concentrations of p-DNA and NacCl
solutions and the pH of PBS solution have great influence on the
stability of GNPs [28]. Thus, we investigated their influences on
GNPs and obtained the optimal conditions.

Fig. 2 shows the optimization results of the concentration of
NaCl (Cnac1) solution, the pH of PBS, the concentration of p-DNA,
and the aggregation time of GNPs-DNA conjugates combining with
melamine. Based on the results, the pH value of PBS and the
concentration of NaCl solution were chosen to be 6.5 (Fig. 2(A)) and
60 mM (Fig. 2(B)), respectively. Considering the adequate binding
site of p-DNA with melamine and the stability of GNPs, the
concentration of p-DNA (C,_pna) Was chosen to be 87 uM (pH 6.5,
Cnaci=60mM) (Fig. 2(C)). Additionally, the aggregation time of
GNPs-DNA conjugates combining with different concentrations of
melamine (pH 6.5, Cnaci=60 mM, Cp_pna =87 M) was chosen to be
15 min (Fig. 2(D)), because the average hydrodynamic diameter of
GNPs-DNA conjugates increased steadily as time was prolonged,
and then became balanced after 15 min.

3.2. Characterization of GNPs

The stability of the GNPs-DNA conjugates usually affected the
detection results of melamine. Compared with the electrostatic
interaction, the Au—S chemical bonds provided the stronger
conjugation between DNA and the GNPs [29]. The preparation
process in this study was simple and efficient without any coupling
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Fig. 2. Optimization results of GNPs. (A) The pH value of PBS, (B) the concentration of sodium chloride solution (pH 6.5), (C) the concentration of DNA (pH 6.5, Cnaci =60 mM),
and (D) the time of GNPs-DNA conjugates (Cp-DNA =87 wM) combining with different concentrations of melamine (from bottom to up: 0.2, 1.0, 3.0, 5.0, 6.0 wM; pH 6.5,
Cnac1=60 mM). All the error bars were calculated based on the standard deviation of three measurements.

agent. The obtained GNPs were characterized by UV-vis absorp-
tion spectra, TEM, and DLS.

To demonstrate the aforementioned mechanism of specific
hybridization between GNPs-DNA conjugates and melamine,
different samples were prepared as control, and the color change
of the solution is displayed in Fig. 3(A). Furthermore, the results of
UV-vis absorption spectrum (Fig. 3(B)) were consistent with those in
Fig. 3(A). In Fig. 3(B), a typical UV-vis absorption spectrum of GNPs
was observed with a sharp peak located at 521 nm (curve a, curve b).
After combining with the p-DNA, the intensity of the peak at 521 nm
remained nearly intact (curve c). As expected, after the addition of
formaldehyde (3.0 wM), the location of the peak still remained
unchanged (curve d). However, after hybridization with melamine
(3.0 M), the peak slightly shifted from 521 nm to 525 nm, and its
intensity decreased at 521 nm and increased at 700 nm (curve e).
The results demonstrated that the GNPs aggregated after the
hybridization of the GNPs-DNA conjugates and melamine.

TEM images of GNPs are shown in Fig. 4, and the TEM sample
preparation is presented in Supporting Information. The synthe-
sized gold NPs were uniform and well-dispersed with an average
diameter of approximately 23 nm (Fig. 4(A)). Initially, the GNPs
were well dispersed in PBS with p-DNA (Fig. 4(B)) or melamine
(Fig. 4(C)). However, the GNPs-DNA conjugates, when recognized
by melamine, were bound to it (Fig. 4(E)), forming a sharp contrast
to the GNPs-DNA conjugates alienated from formaldehyde
(Fig. 4(D)). The results were in agreement with the analysis of
UV-vis absorption spectra.

DLS was used to monitor the size change of GNPs-DNA
conjugates. The average hydrodynamic diameter of the as-prepared
GNPswas 23.53 nm. When the p-DNA and melamine were separately
mixed with GNPs, the average size turned out to be 23.81 nm and
23.95 nm, respectively, indicating no significant difference from the
blank. When GNPs-DNA conjugates (0.8nM) were mixed with
formaldehyde (3.0 wM), the average size showed insignificant
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Fig. 3. (A) Visual color change of optimized GNPs: (a) GNPs without any addition; (b) GNPs in the presence of melamine (3.0 uM); (c) GNPs-DNA conjugates (Cp_pna =87 LM);
(d) mixture of GNPs-DNA conjugates (Cp_pna =87 M) and formaldehyde (3.0 wM); (e) mixture of GNPs-DNA conjugates (Cp-pna =87 M) and melamine (3.0 wM). (B) UV-vis

absorption spectra of the GNPs corresponding to the triple dilutions in (A).
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Fig. 4. HRTEM images of (A) GNPs, (B) GNPs with melamine (3.0 uM), (C) GNPs-DNA conjugates (C,.pna=87 M), (D) GNPs-DNA conjugates (Cppna=87 M) with
formaldehyde (3.0 wM), (E) GNPs-DNA conjugates (Cp-pna=87 M) with melamine (3.0 wM), and (F) a zoomed out version of (E).

change (24.66 nm). However, the size increased significantly from
2381nm to 61.59nm after the hybridization of GNPs-DNA
conjugates (0.8 nM) with melamine (3.0 wM), suggesting that the
aggregation of GNPs-DNA conjugates was caused by the combina-
tion with melamine rather than formaldehyde.

3.3. Linearity of standard solutions

DLS measurements for the prepared standard solutions were
carried out as described in Section 2.7. The GNPs-DNA conjugates
were rather stable with nearly constant sizes (Fig. S1). With the
specific recognition of GNPs-DNA and melamine, the average size
of GNPs gradually increased and became balanced after 15 min
(Fig. 2(D)). The balanced size was proportional to the concentration
of melamine and put as linear equations in each solvent.

The quantities related to the use of melamine standard linear
equations are listed in Table 1. All the equations present a good
correlation coefficient of above 0.9970 within the concentration
range of 5.0 wgL~'-320.0 wgL~". Moreover, the method showed
high precision (RSD < 3%) and accuracy, with a relative error below
5%. From the slope depicted in Table 1, it can be concluded that the
average diameter of GNPs in water, ethanol (10%, v/v) and
isopropanol (10%, v/v) had a slow change with the increase of
melamine concentration. However, in acetic acid solvent (4%, v/v),
the appearance of a larger slope indicated that GNPs possessed a
greater change rate with the increase of melamine concentration.
Interestingly, it was found to have a good linearity with the
correlation coefficient of 0.9971.

The above results were probably related to the solvent
properties such as pH and molecular polarity. The pH value was

found to have great influence on the stability of GNPs-DNA
conjugates (discussed in Section 3.1), and molecular polarity
possibly affected their dispersity. Thus, the greater change rate and
wider rangeability of size in acetic acid solvent (4%, v/v) were
probably due to the stronger pH (2.84) and molecular polarity of
acetic acid.

3.4. Method comparison

Table 2 lists the comparison of the proposed method and other
reported techniques for the detection of melamine. Clearly, the
sensitivity (2.0 wg L) of the proposed method was 50 times higher
than that of the traditional HPLC method [13], and also significantly
higher than that of HPLC/MS/MS [14], capillary electrophoresis
diode with array detection [31], and colorimetric sensing method
[32]. In addition, the proposed method was accurate and precise
with the least limit of quantity (LOQ) (5.0 wgL™").

3.5. MMMQ in different solvents

Fig. S2 displays the results of DLS signals upon melamine in
different solvents under the conditions of different temperatures
and different time periods. With the increase of immersion
temperature and time, a significant change can be observed in the
average hydrodynamic diameter of GNPs, indicating that the
melamine monomer migration rate (MMMR) accelerated with the
increases of temperature. However, the average hydrodynamic
diameter of GNPs nearly remained unchanged (Fig. S1) when the
polystyrene plastic bottles were immersed in acetic acid (4%, v/v)
at different temperatures.

Table 1

The equations to the standard melamine solution in different solvents.
Solvent pH Equation (m=6) R +Cp/ £C5 (1 —=0.95)
Water 6.55 (1): d=0.05796¢c+23.87 0.9987 +£0.002914/ + 0.4394
4% (v/v) acetic acid 2.84 (2): d=0.3356¢c+24.25 0.9971 +0.01782/ £+ 2.6871
10% (v/v) ethanol 6.73 (3): d=0.04255¢c+23.89 0.9982 +0.002449/ 4+ 0.3693
10% (v/v) isopropanol 6.53 (4): d=0.03967c+23.92 0.9970 +0.002954/ + 0.4455

c: melamine concentration (gL ™!); d: Z-average diameter (nm); m: total number of points; +Cy: confidence limits about the slope; +C,: confidence limits about the

intercept; 1 — a: confidence level.
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Table 2

Comparison of the proposed method with the reported techniques.
Method LOD (ngmL™')  LOQ (mgmL~')  Reference
HPLC 0.1 0.2 [13]
LC/MS/MS - 0.05 [14]
RPHLC - 0.1 [30]
Capillary electrophoresis 0.047 0.05 [31]
Colorimetric sensing 0.006 0.05 [32]
DLS 0.002 0.005 This work

LOD: limit of detection; LOQ: limit of quantity.

The results of MMMQ in different solvents are shown in
Supporting Information (Tables S1-S4), and Fig. S3 displays the
corresponding calibration plots of immersion time vs. logarithm of
MMMAQ (Ig MMMQ). From the results shown in Fig. S3, it can be
concluded that the MMMQ largely depends on the immersion
temperature and time, and the MMMQ value is higher and harder
to balance in a solvent with high polarity. Based on the results
(<0.2mgdm™2 at 70°C for 2h), all the samples measured have
reached the National Criterion of the People’s Republic of China,
and in polystyrene plastic bottles, melamine is not detectable
under the same conditions (see Fig. S1).

4. Conclusions

A simple and reliable method using DLS technique has been
developed for the detection of MMMQ from melamine resin food
containers without any separation and purification of the samples.
The proposed method shows good linearity (R > 0.9970) between
the size change of GNPs and the concentration of melamine, and
more than 93 samples were quickly detected (less than 3 min for
each sample) with satisfactory results. Besides, the influences of
four typical solvents, temperature, and time on the MMMQ have
been investigated. All the results suggest that the method is simple
in operation and remarkable in sensitivity, and has potential in
food testing and supervision. Moreover, this work has demon-
strated the potential application of DLS assay as a simple, rapid,
and sensitive method for detecting melamine extracted from the
melamine tableware. However, the sustained MMMQ from the
melamine resin containers, for example 3-day or longer immersion
duration, and different brands or shapes of melamine plastic
containers, remains to be explored.
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