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Abstract: A fast and cost-effective melamine detection approach has been developed based on surface
enhanced Raman spectroscopy (SERS) using a novel hydrogen bonding-assisted supramolecular
matrix. The detection utilizes Fe3O4/Au magnetic nanoparticles coated with 5-aminoorotic acid
(AOA) as a SERS active substrate (Fe3O4/Au–AOA), and Rhodamine B (RhB) conjugated AOA as a
Raman reporter (AOA–RhB). Upon mixing the reagents with melamine, a supramolecular complex
[Fe3O4/Au–AOA•••melamine•••AOA–RhB] was formed due to the strong multiple hydrogen
bonding interactions between AOA and melamine. The complex was separated and concentrated to a
pellet by an external magnet and used as a supramolecular matrix for the melamine detection. Laser
excitation of the complex pellet produced a strong SERS signal diagnostic for RhB. The logarithmic
intensity of the characteristic RhB peaks was found to be proportional to the concentration of
melamine with a limit of detection of 2.5 µg/mL and a detection linearity range of 2.5~15.0 µg/mL in
milk. As Fe3O4 nanoparticles and AOA are thousands of times less expensive than the monoclonal
antibody used in a traditional sandwich immunoassay, the current assay drastically cut down the
cost of melamine detection. The current approach affords promise as a biosensor platform that cuts
down sample pre-treatment steps and measurement expense.

Keywords: surface enhanced Raman spectroscopy (SERS); Fe3O4 magnetic nanoparticles; melamine;
detection; supramolecular hydrogen bonding; matrix

1. Introduction

Melamine is a common industrial chemical and has been widely used to manufacture thermoset
plastics, coating materials, flame retardants, wood adhesives, glues, and many other applications.
The chemical became a global concern in 2008 because a high amount of melamine had been illegally
added to pet food and even infant milk formula in China [1,2]. The long-term ingestion of melamine
may cause severe damages like kidney stones [3], bladder stones [4,5], and even bladder cancer [6,7].
Under the effect of gastric juice, part of melamine may transfer into cyanuric acid and react with
the remaining melamine to produce insoluble crystals of melamine cyanurate, which induce renal
malfunction, metabolic problems of the urinary system [8], or even death in infants. For both health
and social reasons, there remains an urgent need for a rapid, on-site, sensitive, and cost-effective
analysis of melamine.

The current detection methods for melamine analysis primarily include high performance
liquid chromatography (HPLC), liquid chromatography-mass spectrometry (LC-MS), gas
chromatography-mass spectrometry (GC-MS), enzyme-linked immunosorbent assay (ELISA), infrared
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spectrometry (IR), and surface enhanced Raman spectroscopy (SERS) [9–11]. Though HPLC is a
powerful method of high sensitivity and selectivity to determine melamine, its complicated and
time-consuming pretreatment of samples brings much inconvenience for on-site rapid detection [12].
LC-MS or GC-MS requires expensive equipment, complicated operations, professional skills, and
high test costs, and thus is suitable for laboratory testing only [13]. IR has a fast detection speed, less
sample consumption, and high operability, but it is less sensitive and less accurate in quantitative
analysis. ELISA is easy to carry out and its short analysis time makes it possible for mass screening,
but ELISA often gives false positive results and thus is difficult to achieve a rapid onsite determination
of melamine [14].

The phenomenon of SERS was first observed by Fleischmann and coworkers in 1974 [15].
Van Duyne and Jeanmaire [16] later found that the Raman scattering signal of pyridine on the rough
surface of silver electrodes was about 106 times higher than the same amount of pyridine in solution.
Under ideal conditions, SERS is able to detect a single molecule of the detected analytes [17]. Rough
gold or silver surfaces as well as gold or silver nanoparticles are generally used as Raman active
substrates due to their high surface enhanced Raman scattering effect [18]. With the help of a portable
spectrometer, SERS can provide simple, rapid, and on-site analysis due to its inherent simplicity and
high sensitivity and thus has been developed as a fast detection platform for biothreat investigation [19],
DNA and RNA identification [20–22], cancer-diagnostics [23], protein immunoassay [24–28], and food
safety analysis [29–37]. For example, SERS has been explored to detect melamine in milk using hollow
gold chips or other SERS active substrates fabricated on glass or silicon wafers [32–34] and using
melamine-induced aggregation of gold nanoparticles as an enhanced substrate [35]. Printed SERS
substrates combined with paper chromatograph have been successfully applied in the direct detection
of melamine in proteinaceous samples [38]. Melamine has been directly detected in infant formula
with a limit of detection of 100 ppb using commercial gold nanofinger SERS sensor chips [10] and has
also been detected in pure water with a limit of detection of 1 ppb using ultrasensitive Ag nanoparticles
over Au film coated on PS colloid monolayer as a substrate [39]. However, these direct detections
of melamine by SERS may not be applicable to other complex samples in practice such as blood,
urine, pet foods, and fertilizers. For example, the serum amino acid (e.g., methionine) [40] and serum
vitamins (e.g., folic acid) [41] show Raman characteristic peaks around 690 cm−1, which overlap the
signature peak of melamine at 695 cm−1 [38] and thus may cause severe interference in the detection
of melamine in blood samples.

Herein, in this work, we propose an indirect detection approach based on a novel, magnetic,
supramolecular hydrogen bonding-assisted SERS-active matrix and use it for the rapid onsite detection
of melamine. Melamine has been found to form stable complexes with cyanuric acid, orotic acid,
and their derivatives via strong supramolecular multiple hydrogen bonds [42–44]. Accordingly,
gold nanoparticles (Au NPs) were first assembled on the surface of Fe3O4 nanoparticles to form
Fe3O4/Au magnetic nanoparticles and then coated with 5-aminoorotic acid (AOA) to produce a
magnetic gold nanoparticle substrate (Fe3O4/Au–AOA), while Rhodamine B (RhB) was conjugated
with AOA to generate a highly sensitive Raman reporter (AOA–RhB), as illustrated in Figure 1.
The substrate combined the high SERS effects of gold nanoparticles and the magnetic properties of
Fe3O4 nanoparticles. Upon mixing the reagents with melamine, a magnetic supramolecular complex
[Fe3O4/Au–AOA•••melamine•••AOA–RhB] was formed due to the strong multiple hydrogen
bonding interaction between AOA and melamine. The complex was subsequently separated and
concentrated to a pellet point by an external magnet, followed by a laser excitation of the pellet to
provide strong SERS signals of RhB. The concentration of melamine was quantitatively determined
by the intensity of RhB signals. The synthesis and characterization of gold magnetic nanoparticles
Fe3O4/Au, as well as the RhB-conjugated Raman reporter, the limit of detection of melamine, and the
detection linear range, were investigated in this work.
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Figure 1. The hydrogen bonding-assisted [Fe3O4/Au–AOA•••melamine•••AOA–RhB] surface
enhanced Raman spectroscopy (SERS) matrix.

2. Materials and Methods

2.1. Instruments and Reagents

The morphology of prepared Fe3O4/Au nanoparticles was observed on a transmission electron
microscope (TEM, Tecnai G2 F30 S-Twin, FEI Company, Hillsboro, OR, USA) equipped with an energy
dispersive X-ray (EDX) analyzer (JEOL 4000FX), operating at an acceleration voltage of 300 keV.
SERS spectra were recorded on a DeltaNu Advantage 785 Raman spectrometer equipped with a
microscope and a stage-sample holder. The spectrometer has a laser power of 120 mW with an
excitation wavelength at 785 nm and a spectral range of 200–2000 cm−1. Fourier transform infrared
spectroscopy (FTIR) analysis was conducted on a Shimadzu IRaffinity-1S spectrometer equipped with
a Specac ATR attachment containing a ZnSe crystal (refractive index n = 2.43). The transmission and
reflectance spectra were recorded in the range from 4000 to 600 cm−1 with a resolution of 2 cm−1.

Fe3O4 nanoparticles (97%, 50–100 nm) and Rhodamine B isothiocyanate (mixed isomers,
C29H30ClN3O3S) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gold chloride acid
hydrate (HAuCl4·4H2O, 99%) was purchased from Shanghai Siyu Chemical Technology limited
Company (Shanghai, China). Melamine (99%), 5-aminoorotic acid (AOA, 98%), γ-mercaptopropyl
triethoxysilane (MPTES, 98%) (3-aminopropyl) triethoxysilane (APTES, 99%), tetraethoxysilane (TEOS,
99%), and hydrated sodium citrate (99%) were purchased from Aladdin. Dialysis membrane
(Spectra/Por, MWCO = 1000) was bought from Spectrum Laboratories Inc. (Rancho Dominguez,
CA, USA). The active ester polyethylene glycolthiol (≥95%, NHS-PEG-SH, MW = 1000) was obtained
from Shanghai Tuoyang Biological Technology Limited Company (Shanghai, China). Sodium
dihydrogen phosphate (NaH2PO4·2H2O), disodium hydrogen phosphate (Na2HPO4·H2O), and all
other chemicals were of analytical grade and purchased from Hangzhou Chemical Reagent limited
company (Hangzhou, China).



Appl. Sci. 2017, 7, 475 4 of 13

2.2. Synthesis of Fe3O4/Au Gold Magnetic Nanoparticles

The modification of Fe3O4 nanoparticles was based on a literature method [45]. Briefly, 25.0 mg of
Fe3O4 nanoparticles were dispersed in a mixture of 10.0 mL of distilled water, 50 mL of ethanol, and
0.5 mL of ammonia. After the mixture was ultrasonicated for 5 min, 40.0 µL of TEOS was added and
the mixture was subjected to ultrasonic oscillation at room temperature for 6 h. Then, the nanoparticles
were separated and collected with a magnet, washed with distilled water and ethanol respectively,
and redispersed in 50.0 mL of ethanol. Exactly 20 µL of APTES and 20.0 µL of MPTES were added to
the ethanol solution, and the solution was treated with ultrasonic oscillation at room temperature for
18 h. Magnetic Fe3O4 nanoparticles coated with –NH2 and –SH groups were collected with a magnet,
washed with distilled water and ethanol retrospectively, and finally redispersed in 10.0 mL distilled
water for later use.

According to the method of Frens [46], sodium citrate was used as a reducing agent to synthesize
gold nanoparticles. Fifty milliliters of distilled water was heated to boiling, and 10.0 mg of chloroauric
acid hydrate was added to the water under stirring. Then, 50.0 µL of sodium citrate solution (5%)
was added to the water solution, and the solution was kept boiling and stirring for 1 min. After the
solution cooled down to room temperature, Au nanoparticles were obtained and stored in a fridge at
4 ◦C for later use.

Exactly 10.0 mL of the modified Fe3O4 nanoparticle solution above was mixed with 10.0 mL of
gold nanoparticle solution, and the mixture was mechanically stirred at room temperature for 4 h.
Then, the Fe3O4/Au gold magnetic nanoparticles were separated by a magnet, washed with distilled
water, and finally redispersed in 10.0 mL of distilled water.

2.3. Synthesis of AOA-Coated Gold Magnetic Nanoparticles (Fe3O4/Au–AOA)

Exactly 50.0 mg of 5-aminoorotic acid (AOA) was dissolved in 10.0 mL of phosphate buffer
solution (PBS, pH = 7.4) and 100.0 mg of NHS-PEG-SH was added to the PBS solution. The solution
was stirred at room temperature for 6 h and then dialyzed against fresh PBS solution to remove the
excess of AOA, followed by the addition of 10.0 mL of the above-mentioned Fe3O4/Au gold magnetic
nanoparticle solution. After the mixture was stirred at room temperature for 24 h, the gold magnetic
nanoparticles (Fe3O4/Au–AOA) were separated and concentrated by a magnet, washed with distilled
water, and finally redispersed in 10.0 mL of distilled water.

2.4. Synthesis of RhB-Conjugated AOA (AOA–RhB)

Exactly 10.0 mg of Rhodamine B isothiocyanate and 2.9 mg 5-aminoorotic acid were dissolved in
1.0 mL of N,N-dimethylformamide (DMF). The solution was stirred at room temperature for 24 h and
then dialyzed against water to remove the excess of Rhodamine B and finally obtain AOA–RhB.

2.5. Detection of Melamine in Water Using [Fe3O4/Au–AOA•••Melamine•••AOA–RhB] as a Matrix

A melamine stock solution was prepared by accurately dissolving 1.0 mg of melamine in 10.0 mL
of water. The gold magnetic nanoparticle (Fe3O4/Au–AOA) and the RhB-conjugated AOA (AOA–RhB)
solution were prepared at concentrations of 2.5 and 0.1 mg/mL, respectively. Aliquots of the melamine
stock solution above were added to the mixture of 0.1 mL of Fe3O4/Au–AOA and 0.1 mL of AOA–RhB
solution to make a series of solutions, respectively containing 1.0 µg/mL, 2.5 µg/mL, 5.0 µg/mL,
10.0 µg/mL, and 15.0 µg/mL of melamine. These solutions were oscillated at room temperature for
30 min and then transferred to concave glass slides with pipettes. A strong NdFeB cylinder magnet
(10 mm in diameter, 3 mm in thickness, Jiangdong Magnetic Industry of Ningbo Co. Ltd., Ningbo,
China) was placed under each slide to separate and concentrate the gold magnetic nanoparticles to a
pellet point. The laser irradiation of the pellets produced Raman spectra of RhB and its characteristic
peak at 1510 cm−1 was analyzed to build the calibration curve for melamine since the peaks between
1200 and 1400 cm−1 were prone to interference with the glass background of slides [47]. Each recorded
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spectrum is an average of five independent readings taken at an integration time of 1 s. The total
analysis time can be less than 1 h.

2.6. Detection of Melamine in Milk Using [Fe3O4/Au–AOA•••Melamine•••AOA–RhB] as a Matrix

The gold magnetic nanoparticle (Fe3O4/Au–AOA) and the RhB-conjugated AOA (AOA–RhB)
solution were prepared at a concentration of 4.0 and 0.5 mg/mL, respectively. A melamine stock
solution was prepared by accurately dissolving 10.0 mg of melamine in 10.0 mL of ethanol/H2O 50:50
(v/v). Aliquots of the melamine stock solution above were added into 0.2 mL of milk. Then, the milk
solution was mixed with 0.1 mL of Fe3O4/Au–AOA and 0.1 mL of AOA–RhB solution to make a
series of solutions, respectively containing 2.0, 2.5, 5.0, 10.0, and 15.0 µg/mL of melamine. These
solutions were oscillated at room temperature for 30 min and then transferred to concave glass slides
with pipettes. A strong NdFeB cylinder magnet (10 mm in diameter, 3 mm in thickness, Jiangdong
Magnetic Industry of Ningbo Co. Ltd, Ningbo, China) was placed under each slide to separate and
concentrate the gold magnetic nanoparticles into a pellet point. The supernatant was removed by a
filter paper. The laser irradiation of the pellets produced Raman spectra of RhB, and its characteristic
peak at 1510 cm−1 was analyzed to build the calibration curve of melamine. Each recorded spectrum
is an average of five independent readings taken at an integration time of 1 s. The total analysis time
can be less than 1 h.

3. Results and Discussion

3.1. Characteristics of Fe3O4/Au Gold Magnetic Nanoparticles by TEM and EDX

TEM images of Fe3O4 nanoparticles, Au nanoparticles and Fe3O4/Au gold magnetic nanoparticles
at various resolutions are shown in Figure 2 and the corresponding EDX spectrum of Fe3O4/Au is
presented in Figure 3. The Fe3O4 nanoparticles were in cubic shape and the particle size was in the
range of 100–200 nm (Figure 2a) and the spherical or oval Au nanoparticles had a relatively narrow
size distribution with a diameter ranging from 10 to 20 nm (Figure 2b). Figure 2c demonstrates the
structure of Fe3O4/Au gold magnetic nanoparticles. Obviously, the cubic Fe3O4 nanoparticles were
densely covered by a layer of spherical Au nanoparticles. At higher resolutions, the Au nanoparticles
were found to closely attach on the surface of Fe3O4 nanoparticle (Figure 2d,e). Figure 2f clearly shows
the crystal lattice fringes of Au nanoparticles and Fe3O4 nanoparticles. The EDX spectrum (Figure 3) of
the gold magnetic nanoparticles shows Au signal peaks and Fe signal peaks from Au nanoparticles and
Fe3O4 nanoparticles, respectively, as well as C peaks and Cu peaks from the ultrathin carbon-coated
copper grids. These results indicated the formation of Fe3O4/Au gold magnetic nanoparticles.
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Figure 3. Energy dispersive X-ray (EDX) spectrum of Fe3O4/Au gold magnetic nanoparticles.

3.2. Characterization of AOA-Coated Gold Magnetic Nanoparticles (Fe3O4/Au–AOA) by FTIR

Figure 4a presents the FTIR spectrum of Fe3O4/Au. The broad double peaks at 1110 cm−1 and
1014 cm−1 are due to the stretching vibration of Si–O–Si. Au, as a simple metal substance, has no
obvious absorption peaks. Figure 4b clearly shows characteristic double peaks of the amino group of
5-aminoorotic acid (AOA) at 3470 cm−1 and 3343 cm−1, as well as a strong carbonyl C=O stretching
vibration at 1696 cm−1, respectively. Figure 4c indicates the spectrum of AOA-coated gold magnetic
nanoparticles synthesized by the connection of AOA to Fe3O4/Au nanoparticles through polyethylene
glycolthiol (NHS-PEG-SH). As the –SH group was firmly attached to the surface of Fe3O4/Au via
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a stable Au–S bond, the –NHS reacted with the amino group of AOA to form an amide bond by
amidation reaction. As can be seen from Figure 4c, the disappearance of the amino double peaks
and the appearance of a broad amide peaks between 3100 cm−1 and 3200 cm−1 in addition to the
carbonyl C=O peak at 1696 cm−1 unambiguously proved that the AOA had been coated on the surface
of Fe3O4/Au via the polyethylene glycolthiol linkage.
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(AOA) (b), and Fe3O4/Au–AOA (c).

3.3. Characterization of RhB-Conjugated AOA (AOA–RhB) by FTIR

The infrared spectrum of Rhodamine B isothiocyanate (RhB) is shown in Figure 5a. RhB has a
strong and broad IR adsorption of –OH stretching vibration between 3100 cm−1 and 3600 cm−1 and
a characteristic adsorption of –N=C=S group at 2025 cm−1. The peaks at 2977 cm−1 and 2926 cm−1

were ascribed to the anti-symmetric and symmetric stretching vibrations of –CH3 of RhB. After the
conjugation of RhB to AOA, the –N=C=S characteristic peak at 2025 cm−1 completely disappeared
while a strong peak at 1694 cm−1 corresponding to the carboxyl group of AOA appeared (Figure 5b),
indicating that the RhB had been connected to AOA through the reaction of –N=C=S with the amino
group of AOA.
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3.4. Characterization of [Fe3O4/Au–AOA•••Melamine•••AOA–RhB] Complex by FTIR

Figure 6 demonstrates the changes in FTIR spectra of Fe3O4/Au–AOA and AOA–RhB
when melamine was added to form the [Fe3O4/Au–AOA•••melamine•••AOA–RhB] complex.
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Melamine had characteristic double peaks of amino group at 3466 cm−1 and 3415 cm−1

(Figure 6c), while Fe3O4/Au–AOA and AOA–RhB presented characteristic peak of carbonyl
groups at 1696 cm−1 and 1694 cm−1, respectively (Figure 6a,b). The FTIR spectrum of the
[Fe3O4/Au–AOA•••melamine•••AOA–RhB] complex (Figure 6d) clearly showed that the double
peaks of amino group of melamine disappeared, and the carbonyl group stretching vibration of AOA
simultaneously shifted from 1696 cm−1 to 1694 cm−1 to a lower wavenumber at 1681 cm−1, indicating
the formation of a strong hydrogen bonding between melamine and AOA in the complex, as illustrated
in Figure 1.
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3.5. Detection of Melamine in Water Using [Fe3O4/Au–AOA•••Melamine•••AOA–RhB] as a Matrix

The detection assay of melamine was assembled by the addition of aliquots of melamine solution
to the mixture of 0.1 mL of Fe3O4/Au–AOA and 0.1 mL of AOA–RhB solution to make a series
of mixture solutions respectively containing 1.0 µg/mL, 2.5 µg/mL, 5.0 µg/mL, 10.0 µg/mL, and
15.0 µg/mL of melamine. Figure 7 shows the difference in Raman spectra for the samples containing
no melamine (Spectrum a) and 1.0 µg/mL of melamine (Spectrum b). There are no apparent diagnostic
signal peaks for RhB in Spectrum a because the RhB molecules were far from the surface of the
gold magnetic nanoparticles due to the lack of strong interactions between Fe3O4/Au–AOA and
AOA–RhB in the absence of melamine. In contrast, several characteristic peaks (between 1100 and
1700 cm−1) of RhB appeared in Spectrum b since the addition of melamine caused the formation of
the supramolecular complex of [Fe3O4/Au–AOA•••melamine•••AOA–RhB] via strong multiple
hydrogen bonding between melamine and AOA, and consequently brought the RhB molecules close
enough to the surface of Fe3O4/Au nanoparticles for the generation of SERS signal of RhB.

Figure 8 demonstrates a progressive increment in peak intensity at 1510 cm−1 of RhB when
melamine concentration was increased from 0 to 15.0 µg/mL. A linear plot of the logarithm of the peak
intensity at 1510 cm−1 versus the melamine concentration indicates that the detection is linear within
the concentration between 1.0 and 15.0 µg/mL with the detection limit of melamine at 1.0 µg/mL in
water. The linear equation is lgI = 2.07546 + 0.06641 × C (lgI refers to the logarithmic peak intensity at
1510 cm−1, C refers to melamine concentrations) and the linear regression coefficient was determined
to be R2 = 0.9840.
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3.6. Detection of Melamine in Milk Using [Fe3O4/Au–AOA•••Melamine•••AOA–RhB] as a Matrix

Similar results were found in the detection assay of melamine in milk as shown in Figure 9.
Due to the interference of protein, lipid, and other materials in milk, a conservative detection limit of
melamine was set at 2.5 µg/mL in milk. The regression of the logarithmic peak intensity at 1510 cm−1

versus the melamine concentration produced a linear plot with linear equation as lgI = 2.02148 +
0.05852 × C (lgI represents the logarithms of the peak intensity at 1510 cm−1, C is the melamine
concentrations) and R2 = 0.9852 in the melamine concentration ranging from 2.5 to 15.0 µg/mL.
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Figure 9. Raman spectra of [Fe3O4/Au–AOA•••melamine•••AOA–RhB] in milk at melamine
concentration of 0 µg/mL (a), 2.0 µg/mL (b), 2.5 µg/mL (c), 5.0 µg/mL (d), 10.0 µg/Ml (e), and
15.0 µg/mL (f).

In a traditional enzyme-linked immunosorbent assay (ELISA) or the immuno-based SERS
detection of melamine, monoclonal or polyclonal antibodies are inevitably used to establish the
assay [14,27,28]. In comparison with commercial Fe3O4 nanoparticles, 5-aminoorotic acid, and Au
nanoparticles, these antibodies are often tens of thousands of times more expensive and require careful
handling and disposal because they are sensitive to temperature and pH value. The current assay
drastically cut down the cost of detection by replacing monoclonal and polyclonal antibodies with
Fe3O4/Au nanoparticles and 5-aminoorotic acid and simplified the detection procedure by employing
magnetic separation with external magnets. With the help of a portable spectrometer, the current
method provided a simple, rapid, on-site, and low cost analysis of melamine.

4. Conclusions

This work presents a fast and cost-effective detection approach of melamine based on surface
enhanced Raman spectroscopy (SERS) using a novel hydrogen bonding-assisted supramolecular
matrix and gold-coated magnetic nanoparticles. The detection utilizes Fe3O4/Au magnetic
nanoparticles coated with 5-aminoorotic acid (AOA) as a SERS active substrate (Fe3O4/Au–AOA),
and Rhodamine B (RhB) conjugated AOA as a Raman reporter (AOA–RhB). The formation of the
[Fe3O4/Au–AOA•••melamine•••AOA–RhB] complex due to the strong multiple hydrogen bonding
between AOA and melamine, followed by the laser excitation of the complex, produced strong
SERS signals diagnostic for RhB. The logarithmic intensity of the characteristic peak at 1510 cm−1

of RhB was found to be proportional to the concentration of melamine with a limit of detection of
1.0 µg/mL and a detection linearity range of 1.0~15.0 µg/mL in water, and a limit of detection of
2.5 µg/mL and a detection linearity range of 2.5~15.0 µg/mL in milk. As Fe3O4 nanoparticle and
AOA are tens of thousands of times less expensive than monoclonal antibodies used in traditional
sandwich immunoassays, and the total analysis time of the assay was less than 1 h, the current
method affords promise as a biosensor platform that can be adapted for portable and cost-effective
detection applications.
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