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a b s t r a c t

The illegal food additives including ractopamine and melamine throw a serious threat to human health.
In this paper, the ractopamine and melamine were first used to form the nanochain structure of citrate-
stabilized gold nanoparticles (AuNPs) with a convenient and inexpensive method. The fabricated
nanochain structure consisting of several AuNPs was characterized by Scanning Electron Microscopy.
A new longitudinal surface plasma resonance, which could be adjusted from visible to near infrared
range, was observed in absorption spectra due to the aggregation of AuNPs. This could be well explained
by Finite Different Time Domain algorithm theoretically. As confirmed by Fourier Transform Infrared
Spectroscopy, the complex formed by hydrogen-bonding interaction between melamine and ractopa-
mine could effectively promote the aggregation of AuNPs that was useful to develop the sensitivity and
selectivity for the detection of ractopamine. Hence, the plasmonic coupling phenomenon of gold
nanochain could be applied in bio-assay for ractopamine through the change of solution's color and
optical absorption band with naked eye or absorption spectra. The linear range was broadened to
(1.23�10−7 M, 1.11�10−6 M) and the limit of detection was extended to 4.10�10−8 M (S/N¼3). More
importantly, this time-saving method will be promising in rapid and selective detection of β-agonist for
clinical applications.

Crown Copyright & 2013 Published by Elsevier B.V. All rights reserved.
1. Introduction

Metal nanoparticles, such as gold, silver, platinum, and palla-
dium, have drawn great attention due to their unique optical and
electronic properties in recent years. Among them, gold nanopar-
ticles (AuNPs) were successfully applied in biosensors [1], electro-
chemical sensors [2], and SERS [3] which was ascribed to their
great conductivity, electro-catalytic property and good biocompat-
ibility. As well known, the AuNPs solution is wine red and shows a
morphology dependent absorption peak at about 520 nm due to
its surface plasma resonance (SPR) and resonance light scattering
(RLS) [4]. It was found that a new plasma band (700–900 nm)
corresponding to the longitudinal plasma module appeared after
adding compounds to form the aggregation of gold nanoparticles
just like the gold nanorods [5]. The impact factors for the surface
plasmon resonance energy of gold nanoparticles included their
sizes, morphologies, and the interactions among the aggregated
particles [6,7]. The interaction existed between nanoparticles
13 Published by Elsevier B.V. All r
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could enhance linear and nonlinear optical properties which were
applied in SERS, sensors, catalysis and so on [8–10].

In order to improve the properties and applications of gold
nanoparticles, it is very important to develop great and convenient
methods for constructing AuNPs into multi-dimensional structures
such as nanochain (1D), nanobelt (2D) or nanocomet (3D) [11].
Among them, the nanochain structure is the fundamental blocks
to build 2D or 3D structures. Furthermore, the nanochain structure
shows promising application in imaging and diagnosis of cancer
or other disease due to its optical resonance wavelength in the
near-infrared region of the biological water window, where the
depth of penetration is enhanced because of the highest tissue
transmissivity [12]. Along with the imaging and diagnostic appli-
cations, the developed optical properties of nanochain including
absorption in near-infrared range and low scattering ratio of
incident light have been successfully applied in photothermal
damage of cancerous cells [13]. As reported in other literatures,
many conjugated complexes, which included some sulfur contain-
ing ligands [14,15], divalent DNA conjugates [16], and polymers
[17], surfactants [18], some inorganic salts like sodium borohy-
dride [19] or bottom-up techniques [20] were used to achieve
the nanochain structure of AuNPs. But all these methods have
disadvantages including expensive reagents, time-consuming,
ights reserved.
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unstable aggregated AuNPs and so on. Hence, it is significantly
meaningful to develop a cheap and simple way to form AuNPs
nanochain structure.

Beta-adrenergic agonists are phenylethanolamine compounds
including different substituent groups on the aromatic rings or
aliphatic amino groups. It has been illegally used as feed additives
for economic benefits due to its growth promising and protein
accretion increasing effects in livestock [21]. However, when
livestock was fed with β-agonists, the residue would stay in meat
and liver for a long time which threatened health of people
including muscle tremor, nervousness and cardiovascular disease
[22,23]. On the other hand, many athletes took β-agonists for their
anabolic effects based on the increase of lean muscle mass. In
order to guarantee the health of civilians and the fairness of sports
competitive matches, β-agonists have been banned by many
governments and International Olympic Committee [24]. Among
the 12 β-agonists, ractopamine (Rac) which was one of most
widely used in food additives threw lots of threats to the health
of people. The illegal application of Rac has caused a large amount
of serious food safety problems in China and other countries. Due
to its high nitrogen content (66% in mass), another illicit food
additive called melamine also caused severe healthy problems
including renal failure and even death of infants in China in 2008
[25,26]. Based on all these facts, many methods have been
developed to selectively detect β-agonists and melamine, which
included high performance liquid chromatography (HPLC) [27,28],
gas chromatography with Mass Spectrum (MS) [29,30], surface
enhanced Raman spectrometry [31,32], electrochemical methods
[33,34], capillary electrophoresis [35,36] and so on. But all these
approaches rely on expensive apparatus, time-consuming pre-
concentration and purification process, making them difficult to
be applied for the on-site and real time detection of Rac or
melamine. Hence, it is very meaningful to develop a rapid, cheap
and convenient method for highly selective detection for Rac or
melamine on real time.

In this paper, the Rac or melamine or complex (M-Rac) was first
used for the fabrication of AuNPs nanochain structures. The
formed AuNPs nanochain was stable within a few days. Due to
the aggregation of AuNPs, a new longitudinal surface plasma
resonance, which could be tuned by the adding amount of Rac
or melamine, was observed in absorption spectrum. In order to
explain the experimental phenomenon, Finite Different Time
Domain (FDTD) theoretical algorithm was carried out. In turn,
the color change of AuNPs solution or the variation of absorption
spectrum could be applied in the sensitive detection of Rac or
melamine. More importantly, the M-Rac complex could effectively
enhance the aggregation of AuNPs due to their hydrogen-bonding
interactions. Hence, it was first found that the sensitivity and
selectivity of assay for Rac could be significantly improved in the
presence of appropriate melamine. Furthermore, this new method
is cheap, time-saving and promising in developing area.
2. Material and methods

2.1. Chemicals and reagents

All chemicals used in this work were of analytical grade and
used as received without further treatment. The solutions were
prepared with double distilled water purified with the Millipore
system. Ractopamine hydrochloride was obtained from Sigma
(USA). Melamine was purchased from sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Sodium citrate was obtained
from Beijing Chemical works (Beijing, China).
2.2. Instruments

The pictures of solution were taken by a Sony digital camera.
Scanning electron microscopic (SEM) images of AuNPs were
obtained by an S-4800 (Hitachi, Japan) at 15.0 kV. The optical
absorption spectra were recorded by a UV-3101 scanning spectro-
photometer (Shimadzu, Japan) at room temperature. The FT-IR
spectra of melamine and M-Rac were recorded in NICOLET 750
infrared spectrometer (USA) at room temperature: the samples
were treated in the form of pellets with KBr.

2.3. Preparation of citrate-stabilized AuNPs

Gold nanoparticles were fabricated by the reduction of HAuCl4
with trisodium citrate as reported in other literatures [37]. Briefly,
500 μL of HAuCl4 (25.4 mM) was injected into 40 mL boiling
distilled water under vigorous stirring. A total of 900 μL of
trisodium citrate (34 mM) was rapidly injected into the boiling
solution under refluxing until a wine red solution was obtained.
After the suspension was gradually cooled down to room tem-
perature under stirring, it was stored in a refrigerator at 4 1C for
further use. The fabricated colloid consisting of spherical AuNPs
showed a mean diameter of 60 nm as confirmed by the SEM.

2.4. The fabrication of AuNPs nanochain structure

The Rac and melamine stock solutions were prepared by
dissolving them into double distilled water. As well known, the
melamine has a higher tendency to be absorbed on the AuNPs
surface in the neutral condition. Hence, the pH value of 7.0 was
chosen for all solutions here. The fabrication experiments were
carried out as follows: firstly, the melamine or Rac solutions were
individually injected into wine red gold nanoparticles to get their
minimum required concentration for aggregated AuNPs. Secondly,
Rac was added into AuNPs solution in the presence of melamine
(9.09�10−7 M) to get aggregated AuNPs structure which displayed
blue color. Lastly, the fabricated AuNPs nanochain was character-
ized by SEM and absorption spectra.

2.5. Colorimetric detection of Rac

The detection procedure was performed as follows: first, 10 μL
of different concentrations of Rac was added into 1000 μL
prepared wine red AuNPs solution with shaking for 2 min to get
a stable solution. Second, the obtained solution was transferred
into a spectrophotometric cell to collect each absorption spectrum.
Third, different concentrations of Rac were added into AuNPs
solutions in the presence of 9.09�10−7 M melamine. Last, the
absorption spectrum of mixed suspension containing appropriate
melamine was collected as reported above for the sensitively
quantitative detection of Rac.
3. Results and discussion

3.1. Characterization

The morphologies of the gold nanoparticles with or without
M-Rac are shown in Fig. 1. The successful fabrication of mono-
dispersion state AuNPs is confirmed by SEM. After adding M-Rac,
the nanochain structure, which is composed of three gold nano-
particles just like the following theoretical simulation, is obviously
observed from the inset figure. Hence, the Rac acts as an effective
cross-linking agent for the fabrication of AuNPs nanochain in the
presence of appropriate melamine which corresponds to a mole-
cular linker.



Fig. 1. SEM micrographs of fabricated AuNPs. Inlet: the nanochain structure of
AuNPs with 6.98�10−7 M ractopamine in the presence of 9.09�10−7 M melamine.

Fig. 2. FT-IR spectra of melamine (a) and the complex of melamine and
ractopamine (b).

Fig. 3. Absorption spectrum and photographs of AuNPs suspension with different
additives: (a) pure AuNPs suspension, (b) 1.11�10−6 M melamine, (c) 3.75�10−6 M
ractopamine, and (d) 6.98�10−7 M ractopamine in the presence of 9.09�10−7 M
melamine.

Fig. 4. The absorption spectrum and photos of different concentrations of mela-
mine in AuNPs: (a) 0, (b) 4.76�10−7 M, (c) 6.98�10−7 M, (d) 9.09�10−7 M,
(e) 9.50�10−7 M, (f) 9.91�10−7 M, and (g) 1.11�10−6 M.

Fig. 5. The absorption spectrum and photos of different concentrations of racto-
pamine in AuNPs: (a) 0, (b) 2.31�10−6 M, (c) 2.86�10−6 M, (d) 3.33�10−6 M, and
(e) 3.75�10−6 M.
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In order to confirm that the hydrogen-bonding interaction
existed between Rac and melamine, the FT-IR spectra are
performed. As well known, the higher wavenumbers range
3000–3500 cm−1 corresponds to –NH vibration of melamine
(Fig. 2a) [38]. After adding ractopamine, the mentioned bands
have been significantly broadened (Fig. 2b), indicating the
hydrogen-bonding interaction between –OH of Rac and N–H of
melamine.

3.2. Formation of AuNPs nanochain structure

The extinction spectra and photos of dispersed AuNPs and
nanochain structure are shown in Fig. 3. As shown, there is no new
resonance band in the near-infrared range with the wine-red
single AuNPs suspension. After adding melamine or Rac or
M-Rac, the color of the suspension turns blue and a new absorp-
tion band of 830 nm is observed, indicating that the nanochain
structure is constructed successfully. A few days later, the negli-
gible change of spectra and color indicates that the prepared
solution is very stable.

The SPR effect of gold nanoparticles has been reported thor-
oughly. When a single gold nanosphere is irradiated by incident
electromagnetic wave, the electrical field will cause the relevant
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resonance of AuNPs surface conduction electrons. The resonant
wavelength for the dispersed state AuNPs is about 520–550 nm.
After adding M-Rac, the extinction spectrum is represented by two
bands: the dominant band (at longer wavelength) corresponding
to the longitudinal resonance, and the intrinsic band (at shorter
wavelength) corresponding to the transverse resonance. As shown
Fig. 6. The absorption spectrum and photos of different concentrations of racto-
pamine in the presence of 9.09�10−7 M melamine: (a) 0, (b) 1.23�10−7 M,
(c) 2.44�10−7 M, (d) 6.98�10−7 M, (e) 9.09�10−7 M, (f) 1.01�10−6 M, and
(g) 1.11�10−6 M.

Fig. 7. Linear relation between the intensity of AuNPs absorption band in the near
infrared range and different concentrations of ractopamine in the presence of
9.09�10−7 M melamine.

Table 1
Colorimetric change of AuNPs solution corresponding to different concentrations of me

Color Melamine

o4.76�10−7 M

4.76�10−7 M–9.09�10−7 M

9.09�10−7 M–1.11�10−6 M

41.11�10−6M
in Figs. 4–6, with addition of different concentrations of melamine
or ractopamine or M-Rac, the absorption band of AuNPs solution
can be tuned from 700 to 900 nm. The distance between two gold
nanoparticles (3 nm), which is confirmed by SEM, is much shorter
than the incident light wavelength. Hence, the optical properties
of AuNPs nanochain structures depend on the individual particles
and the near-field electro-dynamic interactions between them. As
a single nanosphere, the extinction peak is at about 520 nm, which
is ascribed to the isotropy SPR module due to its sphere morphol-
ogy. Differently, the longitudinal resonance module becomes
much longer than the transverse one when the nanochain struc-
ture of AuNPs is fabricated. This similar longitudinal resonance
module to the gold nanorods demonstrates the successful fabrica-
tion of nanochain structure. This new resonance is observed in
longer near-infrared range as a result of the delocalization existing
between the conduction electrons of AuNPs and the conjugated
compounds which is thanks to the direct adsorption of melamine
or ractopamine. The delocalization of conduction electrons leads
to quasi-conjugate structure which causes the decrease of reso-
nated energy. The redshift and increasing peak intensity of the
new longitudinal resonance, which relate to the increasing aspect
ratio of nanochain structure, are observed with gradual addition of
the above compounds.

On the other hand, with the addition of cross-link agents
(melamine or ractopamine or M-Rac), the change of intrinsic
resonate wavelength can be negligible, which may be ascribed to
the almost unchanged transverse resonance module. But its
intensity decreases during the gradual addition, due to the
decreasing percentage of dispersed gold nanoparticles.

3.3. Sensitive detection of Rac

As shown in Figs. 4 and 5, it is worth noting that the minimum
required concentration of melamine or Rac for the formation of
nanochain structure is 9.50�10−7 M, 2.86�10−6 M, respectively.
Hence, there is a higher tendency for melamine to be absorbed on
the surface of gold nanoparticles than Rac. In order to detect Rac
sensitively and selectively, it is significant to add optimal concen-
tration of melamine because only a balance state of melamine can
effectively enhance the detection of Rac without adverse inter-
ference. As shown in Fig. 4, a dramatical change of UV–vis
absorption spectrum is observed when the melamine concentra-
tion increases over 9.09�10−7 M. So, 9.09�10−7 M is intended to
be the optimal concentration of melamine.

In order to verify the importance of melamine, the amount of
Rac with or without melamine is detected. From Fig. 5, the limit of
detection is high (2.86�10−6 M) in the absence of melamine. After
9.09�10−7 M melamine is added, the limit of detection extends to
4.10�10−8 M (based on signal-to-noise ratio of 3) and linear range
has been broadened to (1.23�10−7 M, 1.11�10−6 M). The color of
AuNPs suspension changes apparently from wine red, purple, to
lamine and ractopamine (with or without melamine).

Ractopamine Ractopamine with melamine

o2.31�10−6 M o1.23�10−7 M

2.31�10−6 M–2.86�10−6 M 1.23�10−7 M–6.98�10−7 M

2.86�10−6 M–3.75�10−6 M 6.98�10−7 M–1.11�10−6 M

43.75�10−6M 41.11�10−6M



Table 2
Influence of potential interferents for detection of ractopamine (1 QUOTE
�10−6 M).

Coexisting substance Concentration (M) Relative error (%)

KCl 1�10−3 1.10
Na2SO4 1�10−3 1.15
NaCl 1�10−3 1.88
Alanine 1�10−3 2.87
Tryptophan 1�10−3 0.99
Glucose 1�10−3 4.56
Urea 1�10−3 0.42
Uric acid 1�10−4 2.36

Table 3
Determination and recovery test of ractopamine in pig urine sample.

Sample Spiked
(M)

Detected
(M)

RSDa(%) Recovery
(%)

Average recovery
(%)

A 5.0�10−7 5.22�10−7 1.83 104.4
B 7.5�10−7 7.66�10−7 0.96 102.1 101.5
C 1.0�10−6 9.80�10−7 2.38 98

a Three parallel samples are determined.

Fig. 8. Schematic picture of possible principle for the colorimetric detection of ractopam
hydrogen-bonding interaction between melamine and ractopamine (B), and the format
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finally blue, which is ascribed to the aggregation of gold nano-
particles. As illustrated in Fig. 6, significant changes of absorption
spectrum can be categorized as follows: (a) gradual decrease in
SPR band at about 520 nm; (b) gradual increase and redshift of SPR
band in the range of 700–900 nm. Based on these phenomena, the
intensity of the new SPR band is used to quantify the concentra-
tion of ractopamine. A typical linear relation (R¼0.9883) between
the band intensity in near-infrared range and the ractopamine
concentration is represented in Fig. 7, which is very meaningful for
the ractopamine's quantitative sensing. Based on the colorimetric
change, the detection range of melamine and ractopamine (with
or without melamine) is listed in Table 1, which is very useful in
qualitative detection of melamine and ractopamine for the other
tester. Through this method, it only costs a few minutes quanti-
ficationally or qualitatively to detect ractopamine with absorption
spectrum or naked eye.
3.4. Effect of interferents

Some common potentially interfering substances are studied to
testify the selectivity of this proposed assay method for ractopamine.
The interference tests were performed under the optimized condi-
tions, and the interferents were added individually. As shown in
ine: the interaction existing between AuNPs and melamine or ractopamine (A), the
ion of nanochain structure of AuNPs (C).



Fig. 9. FDTD calculated extinction spectrum of AuNPs nanochain structure in
parallel (A), perpendicular (B), and ultimate (C) conditions. The size of gold
nanoparticles is set as 60 nm and the distance between two nanospheres is
determined as 3 nm.
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Table 2, no influence on the determination of 1�10−6 M ractopa-
mine was found after the addition of the 1000-fold concentration of
KCl, Na2SO4, NaCl, alanine, tryptophan, glucose, urea and 100-fold
concentration of uric acid when the relative error was below 5%.
These results show good selectivity of the proposed method.

3.5. Real samples analysis

This analytical method was used to detect trace amounts of
ractopamine under optimized conditions in pig's urine which has
been diluted 200 times with distilled water. No ractopamine was
detected in the original pig's urine sample, so it was spiked with
appropriate amount of ractopamine. The results and recoveries of
known amounts of ractopamine added to the serum sample are
given in Table 3. The presented results are satisfactory, showing
that the proposed method can be successfully applied in practical
determination of ractopamine concentration in urine samples.

3.6. Mechanism of colorimetric sensing

The solutions of single AuNPs are wine red due to its surface
plasma resonance. It is found that many substances include
electron-rich ligands which can be absorbed on the surface of
AuNPs. As reported before [38], the melamine containing multiple
electron-rich binding sites (three exocyclic amino groups and
three nitrogen atoms on the hybrid aromatic rings) can be strongly
absorbed on the surface of AuNPs. Hence, the aggregation of
AuNPs will be fabricated by addition of melamine acting as a
cross-linked agent. Another ractopamine β-agonist can also cause
the aggregation of AuNPs because of its electron-rich phenolic
groups. Furthermore, positively charged melamine or Rac can be
absorbed on the surface of negatively charged AuNPs through
electrostatic attractions as shown in Fig. 8A. As discussed above,
there is a higher tendency for melamine to be absorbed on the
surface of AuNPs than ractopamine.

Meanwhile, the hydrogen-bonding interaction between racto-
pamine and melamine as confirmed by FT-IR will form a super-
molecule as shown in Fig. 8B. Hence, by adding appropriate
melamine, the fabrication of AuNPs aggregation and the selectivity
of ractopamine detection can be effectively enhanced as seen in
Fig. 8C.

3.7. Theoretical explanation

The FDTD method is primitively used to calculate the optical
properties of fabricated AuNPs nanochain structure. The final
extinction spectrum is obtained by addition of absorption and
scattering intensity. In order to achieve more accurate simulation,
the size of gold nanoparticles is set as 60 nm and the distance
between two nanospheres is determined as 3 nm just like the
experimental condition. As shown in Fig. 9A and B, the calculated
extinction spectrum displays different properties when the exter-
nal applied electric field direction is parallel or perpendicular to
the nanochain arrangement. In parallel circumstance, the reso-
nance wavelength of nanochain structure shifts to about 700 nm
in near-infrared range which is longer than the origin wavelength
at 530 nm of dispersed nanoparticles according to the experi-
mental condition. However, the change of long resonance wave-
length can be relatively negligible in the perpendicular condition,
indicating that the new longitudinal module displays optical
extinction only in parallel circumstance. This phenomenon may
be ascribed to moving confinement effect of electrons in the
perpendicular condition which needs more research. Opposite to
the perpendicular condition, the scattering factor is larger than the
absorption one in the parallel circumstance. As well known, the
scattering factor is similarly larger than absorption with bigger
size gold nanoparticles. The resemblance of the above results
demonstrates the virgate geometrical configuration of AuNPs
nanochain structure. Given that the incident natural light can be
handled by the orthogonal decomposition method, the ultimate
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calculated spectrogram (Fig. 9C) is constituted by equivalent
parallel and perpendicular conditions, which fits well with the
experimental data above. The consistency existing between theo-
retical simulation and experimental spectrum further indicates
that the nanochain structure of gold nanoparticles is produced
successfully.
4. Conclusions

In this paper, a novel, convenient, cheap method for the
fabrication of AuNPs nanochain structure was proposed. The
melamine and Rac were first applied for the self-assembly of gold
nanoparticles into nanochain structure. The produced AuNPs
nanochain suspension was stable within a few days and the new
longitudinal SPR band in the near-infrared range could be adjusted
from visible to near-infrared range. The morphologies and size of
AuNPs were characterized by SEM. Meanwhile, the strong
hydrogen-bonding existing between melamine and ractopamine
was verified by FT-IR. The change of absorption spectrum and
color could be theoretically explained by the FDTD method.
Interestingly, the complex of Rac and appropriate melamine was
first found to effectively enhance the aggregation of AuNPs. So the
sensitivity and selectivity for detection of Rac were developed in
the presence of 9.09�10−7 M melamine. The limit of detection
was extended to 4.10�10−8 M (S/N¼3) and the linear range was
broadened to (1.23�10−7 M 1.11�10−6 M). Due to the good
sensitivity and selectivity, this time-saving method is a promising
tool for determination of Rac in pig's urine samples.
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