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Abstract

Carboxylic acid-functionalized nano-sized magnetic composite polymers (COOH-NMPs) were syn-
thesized and used for the preparation of the modified glassy carbon electrode, i.e., COOH-NMPs/
GCE and DNA/COOH-NMPs/GCE. The electrochemical behaviors of melamine (MM) were investi-
gated on COOH-NMPs/GCE by cyclic voltammetry (CV) in both cases of DNA in the solution and
immobilized on the electrode surface. The electron transfer coefficient (a) and the rate constant
(ks) kept unchanged in the absence and presence of DNA. Based on the electrochemical properties
of the interaction of MM on the surface of the DNA/COOH-NMPs/GCE, a direct method for the de-
termination of MM in liquid milk was established. The detection limit of this method was 2.0 ng-L-1,
with average recoveries at 95.9% - 104.2% and RSD at 4.5% - 8.2%. The proposed method was
provided to have a good accuracy, high stability and good reproducibility with a simple and envi-
ronmental friendly process. 10 kinds of liquid milk samples bought from the market randomly
were tested, and only 1 of them was found at relatively low level of MM residue with the amount of
0.12 ug-L-1.
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1. Introduction

Melamine (MM), with a chemical formula of CsHgNs, is an organic base and a trimer of cyanamide, with a
1,3,5-triazine skeleton. It is widely used in industrial as retardants, pigments, colorants and crude materials for
resins, etc. [1]. Since it contains 66.6% of nitrogen by mass, MM is sometimes illegally added to food products
in order to increase the apparent protein content. After the 2007’s pet food incident and the following year’s
milk powder scandal, great attention has been paid to MM. Various analytical methods are available for the de-
termination of melamine in dairy products [2]-[19]. Conventional determination of melamine is always achieved
by high performance liquid chromatography (HPLC) with UV detection (HPLC-UVD) [2]-[5], liquid chromato-
graphy/tandem mass spectrometry (LC/MS/MS) [6]-[8], gas chromatography/mass spectrometry (GC/MS) [9],
and gas chromatography/tandem mass spectrometry (GC/MS/MS) [10]. In October 2008, the Standardization
Administration of China released the national standard for the determination methods for melamine in milk and
milk products, GB/T 22388-2008, in which the quantification limits by HPLC-UV or DAD, HPLC-MS/MS and
GC-MS or GC-MS/MS methods were 2, 0.01, and 0.05 mg-kg ", respectively [11]. Some other methods reported
recently including enzyme-immunoassay [12], electrophoresis [13] [14], Raman spectroscopy [15], electro-
chemical sensor [16], sweeping-micellar electrokinetic chromatography [17]. All these methods mentioned
above are not widely available in ordinary analytical laboratories. The expensive instrumentation and complex
operation hinder their application. Besides, analysis of melamine in dairy samples always requires complex
sample pretreatment such as solid-phase extraction [18] [19]. And ion-pair reagent is a prerequisite to retain the
high polar melamine when reversed-phase liquid chromatography is employed [3] [18]. Therefore, it is still ne-
cessary to develop the approaches that can be more easily managed to determining melamine with simple and
easy preconcentration procedures.

Recently, DNA-modified electrode has been used for investigating the interactions between DNA and small
molecules [20]-[25]. With the rapid development of nano-materials in recent years, synthesis of nano-compo-
sites and their application on modified electrodes have been reported continuously [26]-[28]. In this paper, car-
boxylic acid-functionalized nano-sized magnetic composite polymers (COOH-NMPs) were synthesized first.
COOH-NMPs modified glassy carbon electrode (COOH-NMPs/GCE) was fabricated. DNA was covalently
immobilized to the COOH-NMPs modified GCE surface with the aid of coupling activator, subsequently. The
direct electrochemistry of MM and its interaction with DNA were studied by cyclic voltammetry (CV) on
COOH-NMPs/GCE and DNA/COOH-NMPs/GCE. DNA/COOH-NMPs/GCE was further used for the determi-
nation of MM in liquid milk. Some favorable results obtained.

2. Experimental
2.1. Chemicals and Reagents

Melamine (MM) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) with purity of
99%. Herring Sperm DNA (HS-DNA) was purchased from Shanghai Bio Life Science and Technology Co., Ltd.
(Shanghai, China). The stock solution of DNA was prepared by dissolving DNA in 0.01 mol-L™* of Tris buffer
at pH 7.2 (0.01 mol-L™* of tris(hydroxymethyl)aminomethane (Tris) with NaCl concentration at 0.01 mol-L™)
and dialyzing exhaustively against the same buffer for 24 h, and used within 5 days. A solution of DNA gave a
ratio of UV absorbance at 260 and 280 nm more than 1.8, indicating that DNA was sufficiently free from protein.
The DNA concentration of the stock solution was determined by UV spectrophotometry, in properly diluted
samples, using the molar absorption coefficient 6600 L-mol *:cm™ at 260 nm; the stock solution was stored at
4°C. A stock solution of MM (1 x 10™* mol-L™) was prepared by dissolving an appropriate amount of MM in
Tris buffer. A fresh working solution was prepared daily by diluting the stock solution with Tris buffer and used
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for different studies. Other used chemicals were of analytical reagent grade.
COOH-NMPs with core-shell nanostructures were prepared according to our previous work [29].

2.2. Apparatus

The cyclic voltammetry studies were carried out by using LK-2006 electrochemical system (Lanlike Co. Ltd.,
Tianjing, China). Electrochemical cell consisted of a glass container with a cap having holes for introducing
electrodes and nitrogen. The cell was then maintained oxygen free by passing nitrogen over the solution. The
reference electrode used was saturated calomel electrode (SCE), while the auxillary was platinum foil electrode
and working electrode was glassy carbon electrode (GCE), or COOH-NMPs/GCE and DNA/COOH-NMPs/
GCE. In a typical cyclic voltammetric experiment, a stream of nitrogen was passed over them and the reaction
mixture was thermostated. The three electrodes were connected to a computer controlled potentiostat and re-
quired potential scan rate, current sensitivity, initial potential and final potential were given and the resulting
current was measured as a function of applied potential.

The morphology and dimensions of the COOH-NMPs were examined by transmission electron microscopy
(TEM) (Hitachi H-7650) at 80 kV. Each sample was prepared by placing a very dilute particle suspension onto
400 mesh carbon grids coated with copper film. Magnetic behavior was analyzed by a vibrating sample magne-
tometer (VSM) (Lake Shore 7410). The structures of the COOH-NMPs were investigated by an X-ray diffrac-
tometer (XRD) (Bruker D8 Advance) at ambient temperature. The instrument was equipped with a copper anode
generating Cu Ko radiation (1 = 1.5406 A).

2.3. Preparation of DNA/COOH-NMPs/GCE

10 pL 1 mg-L™* COOH-NMPs suspension was cast onto the pretreated GCE and dried in the air. The COOH-
NMPs/GCE was immersed in a DNA solution containing 0.01 M 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide solution (EDC) and 0.01 M N-hydroxysuccinimide solution (NHS) for 24 h. Then the electrode was
washed with Tris buffer and dried in the air, finally immersed in water for 4 h to eliminate the excessive salt on
the electrode surface.

3. Results and Discussion
3.1. Characterization of COOH-NMPs

The TEM image of as-prepared COOH-NMPs was shown in Figure 1. It could be clearly seen that COOH-
NMPs were multi-dispersed with an average diameter of around 150 nm. Figure 2 showed the XRD analysis of
COOH-NMPs as well as the bare Fe;O,. It indicated that COOH-NMPs had retained the spinel structure of
Fez0,, in which the identical peaks for Fe;O, located at 30.1°, 35.5°, 43.1°, 53.4°, 57.0° and 62.6°, corresponding
to their indices (220), (311), (400), (422), (511) and (400) [30]-[32] appeared. The vibrating sample magneto-
meter (VSM) was applied to test the magnetic properties of COOH-NMPs as shown in Figure 3. The saturation
magnetization of the four COOH-NMPs was found to be 10.66 emu-g ™.

3.2. Electrochemical Sensing Characteristics of the DNA/COOH-NMPs/GCE

Electrochemical sensing characteristics of the DNA/COOH-NMPs/GCE were studied with Ks;Fe(CN)g probe (as
shown in Figure 4). The redox peak current value on DNA/COOH-NMPs/GCE (Figure 4(b)) is lower than that
on COOH-NMPs/GCE (Figure 4(a)) because of the static repulsion between DNA and [Fe(CN)g]*. The suc-
cessful conjugation of DNA on the surface of COOH-NMPs/GCE was proved.

The effective working area of COOH-NMPs/GCE and a bare GCE was calculated according to Equation (1)
[26].

I, =2.69x10° An¥’Dy*Cv¥? 1)
where, |, refers to the peak current, A refers to the effective surface area of electrode, n refers to the electron
number, Dy refers to the diffusion coefficient, C refers to the concentration of KsFe(CN)g, v refers to the scan
rates. For KzFe(CN)g, n = 1, Dg = 7.6 x 10 ® cm?*s™* (0.1 mol-L * KCI), then the surface areas of the bare GCE,

COOH-NMPs/GCE and DNA/COOH-NMPs/GCE electrode can be calculated to be 0.033, 0.055 and 0.031 cm?,
respectively. It indicated that the bare electrode was modified efficiently.
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Figure 1. TEM of COOH-NMPs.
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Figure 3. VSM of COOH-NMPs.
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Figure 4. Cyclic voltammograms of 1.0 x 10°mol-L™* K;Fe
(CN)s at COOH-NMPs/GCE (a) and DNA/COOH-NMPs/
GCE (b), Scan rate v: 0.05 Vs 2.

3.3. The Electrochemical Behaviors of MM and Interaction between MM and DNA

Typical cyclic voltammetric curves of the MM with concentration at 1.0 x 10> mol-L ™, carried out in Tris buf-
fer (pH 7.2) on bare GCE and the proposed COOH-NMPs/GCE, were shown in Figure 5(a) and Figure 5(b),
respectively.

As shown in Figure 5(a), a pair of redox peaks for MM appeared using a bare GCE in the range of —1.5 to
+1.5 V (vs. SCE). The cathodic peak potential (E,c) was at —0.59 V for MM with a scan rate of 0.1 Vs, while
the anodic peaks for MM was not obvious. The reduction peak current of MM was obviously much higher than
the oxidation peak current. This result indicated that the electrochemical process of the MM at a bare GCE was
quasireversible. When the CV-scans were conducted on COOH-NMPs/GCE (Figure 5(b)), increase in reduction
peak currents of MM (from —16.44 pA to —38.96 pA) was observed, which indicated that the bare electrode was
modified efficiently by COOH-NMPs.

DNA/COOH-NMPs/GCE was applied to explore the interaction of MM with DNA. Typical cyclic voltamme-
tric curves of the MM with concentration at 1.0 x 10~ mol-L " in 0.05 mol-L™* Tris (pH 7.2) with a scan rate of
0.1 V-s ' were shown in Figure 5(c). The effect of the immersion time on peak current was investigated by CV
and the experimental results showed that the peak current tended to be a constant after 10 min of immersion.
The peak current decreased dramatically on the DNA/COOH-NMPs/GCE (from —38.96 pA to —20.97 uA),
which implied that the interaction between DNA and MM occurred. This was consistent with the spectrophoto-
metric and electrochemical results obtained in MM and DNA solutions in our previous work [23]-[25].

For kinetic investigation, cyclic voltammetric experiments of the MM on bear GCE, COOH-NMPs/GCE, and
DNA/COOH-NMPs/GCE, in 0.05 mol-L™* Tris (pH 7.2), with varied scan rate were recorded and shown in
Figure 6. It was observed that the reduction peak current (l,c) of MM, at all the 3 kinds of situation, varied li-
nearly with scan rate (v) rather than v2. The results were summarized in Table 1, which indicated that the elec-
trode processes were controlled by adsorption step [33].

For an adsorption controlled quasireversible electrochemical process, the relationship between the peak cur-
rent (I,) and the coulomb of adsorption (Q,) obeys the following formula [34]:

I, =n’F?ATv/4RT )
Since, Q, =nFATl 3)
Then, I, =nQ,Fv/4RT (4)

where R is the universal gas constant (8.314 J-K “mol™), T is the Kelvin temperature (T), F is the Faraday con-
stant (96,487 C mol ™), n is the number of electrons transferred in reaction, A is the surface area of the working
electrode (cm?), v is the scan rate (V-s %), I" is the surface concentration of adsorption (mol-cm?), Q, is the cou-
lomb in the process of adsorption (C), and I, is the peak current (A).
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Figure 6. Cyclic voltametry (CV) of MM (a) on bear GCE; (b) on COOH-NMPs/GCE; (c) on DNA/COOH-NMPs/GCE, at

different scan rate.
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Table 1. The relationship between I, and v, the number of electrons transferred per molecule (n) of MM on bear GCE,
COOH-NMPs/GCE, and DNA/COOH-NMPs/GCE.

GCE VvsY L A) b~ Q(C) n -
0.01 —6.84 3532 1.99
0.02 -9.35 2355 2.04

Bare 0.05 ~13.14 lp= ’éﬁ"f&‘é&g'zzw ~12.98 2.08 2.05
0.08 16,73 ~11.02 1.95
0.1 ~18.97 8,94 2.18
0.01 ~26.85 ~124.27 2.22
0.02 —28.28 ~71.92 2.02

COOH-NMPs 0.05 ~33.08 Ip = —}1?:;,(24538—835.764 -34.33 1.98 2.08
0.08 ~35.56 2154 212
0.1 ~38.96 ~10.43 2.06
0.01 8,84 ~46.34 1.96
0.02 1035 25,08 2.12

DNA-COOH-NMPs 0.05 ~15.14 lp = 7&%29(%&01'7944 -15.18 2.05 2.02
0.08 ~17.73 ~11.86 1.92
0.1 2097 ~1056 2.04

By integrating the peak areas of the reduction peaks, Q can be obtained, therefore, the number of electrons
transferred per molecule (n) were calculated as listed in Table 1 The number of electrons transferred per mole-
cule (n) was found to be ~2.

As discussed above, the reduction peak current (I,c) of MM varied linearly with scan rate (v) rather than v,
indicating that the electrode process was controlled by an adsorption step. According to Laviron theory [33], for
an adsorption controlled process, the relationship between E, and lgV-should obey Equation (5)

o 2.3RT RTk 2.3RT

E =E | S — | 5
P75 T a)F O (1_a)nF (L—a)nF O ©)

where E; is the peak potential (V), E;" is the formal potential (\V), which can be obtained from the intercept of
the resulted lines by plotting of E, ~ v [33] [34], R is the universal gas constant (8.314 J-K 1 mol™), T is the Kel-
vin temperature (T), F is the Faraday constant (96,487 C mol™), n is the number of electrons transferred in reac-
tion, k, is the standard rate constant (s %), « is the charge transfer coefficient, v is the scan rate (V-s™).

By plotting of E, ~ Igv, the charge transfer coefficient a and the standard rate constant ks of MM on bear GCE,
COOH-NMPs/GCE, and DNA/COOH-NMPs/GCE, can be obtained. The results were listed in Table 2. The re-
sults showed that the values of a and ks were not much changed, which is consisted with the findings that the
electrode process was controlled by an adsorption step [23]-[25]. These results were consistent with those found
in solution in our previous work, in which the interaction systems of MM with DNA were exergonic (AH < 0)
and entropy favored (AS > 0), and the interaction constants in solution were at ~10° L-mol determined by
spectrophotometric, spectrofluorometric methods and cyclic voltammetric studies [23]-[25].

3.4. Analytical Application

Cyclic voltametric experiments of MM with the varied concentrations on DNA/COOH-NMPs/GCE were carried
out. The results showed that the difference of the reduction peak current (Aly) increased linearly with the con-
centration of the MM in the range of 0.01 - 5.0 ug:L ™ (shown in Figure 7). The detection limit was 2.0 ng-L™*
(three times about the ratio of signal to noise), which was much lower then that reported using multi-wall carbon
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Figure 7. The linear relationship between the difference of the
reduction peak current (Al,) and the concentration of the MM.

Table 2. The main electrochemical kinetic parameters of the MM and MM-DNA systems on bear GCE, COOH-NMPs/GCE,
and DNA/COOH-NMPs/GCE.

System E,~Vv ES (V) E, ~ Igv a ks(s™)
E, = —1.0662v — 0.5237 } E, = 0.1032Igv — 0.7222
Bare GCE/MM o 0.52 B 028 026
Bare GCE/ E, = ~0.8309v  0.6627 B E, = ~0.12441gv — 0.8668
MM-DNA R’ =0.9793 0.66 R’ = 0.9641 0.24 0.28
E, = —0.4337v — 0.5284 B E, = -0.0397Igv — 0.6073
COOH-NMPS/MM A 0.53 O 027 027
DNA-COOH E, = 0.4503v - 0.5288 B E, = ~0.0410lgv - 0.6103
NMPS/MM R’ = 0.9816 0.53 R’= 0.9790 0.29 0.28

nanotube/chitosan composite-modified electrode (3.0 x 10 ° mol-L™%, i.e., 3.78 pg'L™Y) [27]. Thus it can be seen
that the modified electrode showed comparatively low detection limit, good sensitivity, rapid response, extreme
simplicity, wide linear range over simpler electrodes. Reproducibility and stability of DNA/COOH-NMPs/GCE
was also investigated. For 10 successive determinations of 2.5 ug-L > MM at the same modified electrode, the
relative standard deviation (RSD) was 3.9%. Fabrication reproducibility was estimated with five different elec-
trodes, which were constructed by the same procedure, RSD was 6.78%.

The proposed method above mentioned was applied to analyze the concentration of MM in real milk. For the
process of verification, MM spiked pure milk samples were prepared at the concentration levels of 0.10, 0.20
and 0.50 pg/L, respectively, where KCI was 0.1 mol-L™. The average recoveries were found to be at 95.9% -
104.2%, with RSD at 4.5% - 8.2%, as listed in Table 3, which demonstrating the proposed method had a good
accuracy. The proposed method was also a simple and environmental friendly process, because the method did
not need complex subsequent procedures like centrifugation and filtration and the use of toxic solvent such as
trichloroacetic acid and methanol.

10 kinds of liquid milk samples were bought from the market randomly. The proposed method was used for
this study. The result showed that only 1 of the 10 selected samples was found at relatively low level of MM re-
sidue at the amount of 0.12 ug/L, which is below the maximum allowed limit in food (2.5 mg-kg™) set by the
United Nations’ food standards body, Codex Alimentarius Commission and EU [35], as well as 1.0 mg-kg * for
infant formula milk powder in China [11], which implied that more and more attention has been paid to food
safety issues, especially on MM. Very few samples were detected containing MM.

4. Conclusion

In summary, a carboxylic acid-functionalized nano-sized magnetic composite polymer (COOH-NMPs) was
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Table 3. The recoveries and precision (RSD value) of the spiked pure milk.

Spiked concentration (ug/L) n =5 0.10 0.20 0.50
Average found concentration (ug/L) 0.1042 0.1972 0.4795

Average recovery % 104.2 98.6 95.9

RSD % 8.2 6.7 35

prepared and used for the preparation of COOH-NMPs modified glassy carbon electrode (COOH-NMPs/GCE)
and DNA/COOH-NMPs/GCE. The electrochemical behaviors of MM and its interaction with DNA were inves-
tigated on COOH-NMPs/GCE and DNA/COOH-NMPs/GCE. No obvious change of electrochemical parameters
was observed, indicating that MM and DNA formed a non-electroactive complex. The DNA/COOH-NMPs/
GCE was used for the determination of MM in liquid milk. The detection limit of this method was 2.0 ng-L?,
with average recoveries at 95.9% - 104.2% and RSD at 4.5% - 8.2%. The proposed method had a good accuracy
in practical analysis of real milk without complex procedures, which provided simplicity, low-cost, high stability
and good reproducibility. 10 kinds of liquid milk samples bought from the market randomly were tested, and
only 1 of the 10 selected samples was found at relatively low level of MM residue at the amount of 0.12 ug/L.
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