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ABSTRACT 
A colorimetric method based on silver nanoparticles was developed 
for the determination of melamine in milk. Silver nanoparticles were 
synthesized without any stabilizer, using sodium borohydride as the 
reducing agent. Optimization of the variables for the formation of the 
nanoparticles was performed by factorial design, resulting in stable 
colloidal silver nanoparticles with a mean diameter of 14.0 � 2.7 nm. 
Spectrophotometric measurements performed at 475 nm showed a 
linear range from 0.033 to 1.50 mg L−1 of melamine with limits of 
detection and quantification of 0.009 and 0.031 mg L−1, respectively. 
The method provided highly sensitive determination of melamine 
in milk. 
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Introduction 

The adulteration of dairy products, especially milk, may represent a health risk to 
consumers. The organic compound melamine is one of many potential contaminants that 
can cause severe intoxication. Melamine (1,3,5-triazine-2,4,6-triamine, C3H6N6) is widely 
used in the production of plastics, resins, coatings, and fertilizers, among other applications 
(Venkatasami and Sowa 2010). The majority of the molecular mass of the compound 
consists of nitrogen atoms, which probably explains the illegal incorporation of this 
substance in milk products by entrepreneurs and milk producers, to maximize profits 
(Panuwet et al. 2010). Incidents of melamine poisoning provide an example of hazards 
caused by economically motivated adulteration (Moore et al. 2010). 

The ingestion of food containing high concentrations of melamine can lead to serious 
renal injury or even death. In 2008, melamine was detected in milk and other infant food 
products produced in China, as well as in dairy products manufactured in the US (Moore 
et al. 2010). This caused the cessation of trade in these food products and the loss of credi-
bility among consumers and importing countries (Cassoli et al. 2011). After these episodes, 
regulators implemented stringent rules governing the maximum permissible levels of 
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melamine in milk. These are 2.5 mg L−1 in the USA and the European Union, and 
1.0 mg L−1 for infant formulas in China (Zhu, Gamez et al. 2009). 

Milk, the main dairy product, is a major dietary component consumed in many 
countries worldwide, and is therefore of considerable economic importance. Hence, it is 
essential that the food industry and regulatory agencies ensure the safety of milk and its 
derivatives consumed by the population. 

The most common methods for protein measurement are the total determination of 
nitrogen by the Dumas or Kjeldahl techniques (Jung et al. 2003). Since these procedures 
measure total nitrogen in the sample, they are unable to distinguish protein-based nitrogen 
from nonprotein nitrogen. 

The official method for melamine detection, specified by the Food and Drug 
Administration, uses gas chromatography–mass spectrometry, providing melamine quanti-
fication limits of between 0.05 and 10.0 mg kg−1 (Food and Drug Administration 2007). 
Various methods for the detection of melamine in milk products have been described in 
the literature. These include liquid chromatography with mass spectrometry (Goscinny 
et al. 2011), high-performance liquid chromatography (Ehling, Tefera, and Ho 2007; Sun 
et al. 2010), liquid chromatography with tandem mass spectrometry (Ge et al. 2011), gas 
chromatography with mass spectrometry (Zhu, Wang et al. 2009), capillary electrophoresis 
(Chang, Chu, and Tseng 2010), nuclear magnetic resonance (Lachenmeier et al. 2009), 
chemiluminescence analysis (Yokley et al. 2000), enzyme-linked immunosorbent assays 
(Wang et al. 2010), molecularly imprinted polymer-based sensors (Pietrzyk et al. 2009), 
matrix-assisted laser desorption/ionization mass spectrometry (Guo et al. 2011), and 
tandem mass spectrometry/low-temperature plasma probe (Zhu, Gamez et al. 2009). 

However, most of these methods require the use of expensive equipment, while others 
are time consuming and laborious due to the complex pretreatment of samples, requiring 
extraction, purification, and derivatization, as well as other steps. There is therefore the 
need for a sensitive, rapid, and inexpensive screening method for the determination of 
melamine in food. 

In recent years, interest in nanoparticles has increased due to their ability to improve the 
sensitivity of traditional analytical methods used for the detection of contaminants/ 
adulterants in food. The use of lanthanide-doped upconversion nanoparticles has been 
reported for the selective determination of melamine (Hazra, Adusumalli, and Mahalingam 
2014). Several synthetic methods have been used to obtain nanoscale materials. The most 
widely used are chemical techniques based on reactions performed in solution, leading to 
the formation of colloids in which the nanoparticles are dispersed in a solvent (Oliveira 
et al. 2005; Araújo et al. 2012). 

It is known that the interaction of metal ions with reducing substances, as well as the 
conditions and absorption by stabilization agents, strongly affects the size, stability, 
physicochemical properties, and morphology of metal nanoparticles (Knoll and Keilmann 
1999; Chen et al. 2001; Sengupta et al. 2005). Silver nanoparticles are commonly synthe-
sized in solution by reduction methods. These procedures require the use of reducing 
and stabilizing agents, which can be the same in some cases, such as sodium citrate 
(Henglein and Giersig 1999; Ping et al. 2012). The nature and concentration of reducing 
and stabilizing agents greatly influence the functional properties of silver nanoparticles 
(Ping et al. 2012). The use of stabilizing agents provides barriers that extend between 
the nanoparticles, hence increasing their stability. However, this type of protective coating 
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can prevent the nanoparticles from reacting with certain analytes (such as melamine), 
hindering the detection (Neena, Devraj, and Bhagat 2012). Due to their extremely high 
extinction coefficients and strongly distance-dependent optical properties, silver nanopar-
ticles have been used for the colorimetric detection of proteins (Ping et al. 2012), small 
molecules (Yang et al. 2014), ions, and melamine (Miao et al. 2013). 

Melamine detection using silver nanoparticles synthesized with sodium citrate has been 
described previously (Ping et al. 2012). Song et al. (2014a) reported chromotropic acid- 
modified silver nanoparticles for the visual detection of melamine. Subsequently, Song 
et al. (2014b) studied silver nanoparticles modified with sulfanilic acid for the detection 
of the same analyte. Han and Li (2010) developed p-nitroaniline-modified silver nanopar-
ticles for visual detection of melamine in infant formula. In all the studies described in the 
literature, the nanoparticles were synthesized in the presence of stabilizing agents. 

The goal of the present work was to determine the optimized experimental conditions 
for the development of a simple and low-cost process for the production of stable silver 
nanoparticles. The use of factorial design was shown to be an important tool for increasing 
the sensitivity of the analytical method, enabling optimization of the concentrations of 
AgNO3 and NaBH4 used to obtain the silver nanoparticles, which has not been previously 
described in the literature. The nanoparticles were subsequently used for the determination 
of melamine in milk products at concentrations that may be harmful to human health. 

The interaction between melamine amine groups and silver nanoparticles results in 
alteration in the surface plasmon resonance of the metal nanoparticles (Menon et al. 
2012), which may be used for analytical purposes. After optimization of the experimental 
conditions for the synthesis of the silver nanoparticles by factorial design, the nanoparticles 
were characterized by ultraviolet/visible spectrophotometry and transmission electron 
microscopy. Evaluation was then made of the potential of the silver nanoparticles in 
the absence of stabilizers for the determination of melamine by ultraviolet/visible 
spectrophotometry. 

Experimental 

Equipment and materials 

Absorbance measurements were performed using a spectrophotometer (Model HP 8453, 
Hewlett Packard) equipped with a cuvette (b ¼ 1 cm). An analytical balance (AG 204, 
Mettler Toledo) was used for weighing, and sample centrifugation used a refrigerated cen-
trifuge (Universal 320 R, Hettich). An ultrasonic bath (Model T14, Thornton) was used to 
assist solubilization of the melamine solutions. Eppendorf micropipettes (100–1000 µL) 
were used to deliver measured volumes in the experiments. 

Reagents and solutions 

All reagents were of analytical grade. Solutions were prepared in ultrapure water 
(18 MΩ cm, Milli-Q system, Millipore). An aqueous melamine (Sigma Aldrich, 99%) stock 
solution was prepared at a concentration of 1000 mg L−1 by solubilization of 100 mg in 
deionized water in a 100-mL volumetric flask with sonication for 10 min. An intermediate 
100 mg L−1 concentration of melamine was prepared by suitable dilution, and working 
standards were prepared in the range from 0.1 to 4.5 mg L−1. 
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Working solutions of AgNO3 (3.00 � 10−3 mol L−1) and NaBH4 (1.25 � 10−3 mol L−1) 
were prepared by dilution of the corresponding 1.00 � 10−1 mol L−1 stock solutions. 
Trichloroacetic acid solution (3.0 � 10−2 g L−1) was used to precipitate the proteins in 
milk. 

Preparation of silver nanoparticles 

All glassware used for preparation of the silver nanoparticles were dipped in freshly 
prepared aqua regia (HNO3/HCl, 1:3) and then rinsed thoroughly with deionized water 
to ensure removal of contaminants that may influence the synthesis of the nanoparticles. 
The silver nanoparticles were prepared by the borohydride reduction method with 
modifications (Creighton, Blatchford, and Albrecht 1979). Optimization of the variables 
(NaBH4 and AgNO3 concentrations) was performed by experimental design methodology 
using central composite design with response surface. The Minitab 16 and Statistica 8.0 
software packages were used for the multivariate analyses. 

Under constant magnetic stirring, 6 mL of 1.25 � 10−3 mol L−1 NaBH4 was added to a 
beaker in an ice bath, followed by dropwise addition of 2 mL of 3.00 � 10−3 mol L−1 

AgNO3, producing a golden-yellow solution. At the end of the synthesis, the stirrer was 
switched off and the solution was transferred to a bottle protected from light, for storage 
in a refrigerator before the subsequent experiments. The synthesized silver nanoparticles 
were stable for at least 5 days when stored at 4.0 � 2.0°C. 

Stability of the silver nanoparticles 

To study the effect of storage on the silver nanoparticles prepared in this work using the 
optimized variable values as well as silver nanoparticles prepared as described in the 
literature (Solomon et al. 2007), the nanoparticles were stored in the dark at 4.0 � 2.0°C, 
in polypropylene bottles covered with aluminum foil. Absorbance measurements at 
400 nm of the silver nanoparticle solutions were performed for 7 days. 

Preparation of milk 

Four milk samples (A–D) were used to evaluate the performance of the proposed method. 
The samples were purchased from a local market in Araraquara (São Paulo, Brazil). 

Milk is a highly complex matrix, so the samples were pretreated using the method 
described by Ni et al. (2014) with modifications. 5 mL of fresh milk was placed in a 
centrifuge tube, followed by the addition of 1.5 mL of 3.0 � 10−2 g L−1 trichloroacetic acid. 
After 1 min of manual shaking, the tube was sonicated for 10 min and centrifuged at 
9.0 � 103 rpm for 10 min. The supernatant was heated to boiling to precipitate serum pro-
teins (Fox and Mcsweeney 1998; Vasbinder et al. 2003). The supernatant was collected and 
passed through filter paper, and the pH was adjusted to 7.0 with 10 mol L−1 NaOH. The 
resulting solution was passed through a 0.22-µm filter and diluted 25-d before analysis. 

Calibration relationships 

After optimization of the variables by multivariate analysis, 300-μL aliquots of melamine 
standard solutions at different concentrations were mixed with 600 μL of silver 
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nanoparticles, in triplicate, giving final melamine concentrations of 0.033, 0.133, 0.333, 
0.833, 1.17, and 1.50 mg L−1. 

Standard addition and recovery 

Standard addition was used to evaluate possible matrix interferences. Four liquid milk 
samples were used, fortified with melamine at 0.80 and 1.47 mg L−1. The fortified samples 
were pretreated as described for the milk samples, and were then analyzed by ultraviolet/ 
visible spectrophotometry at 475 nm. 

Results and discussion 

Preliminary tests with silver nanoparticles synthesized with stabilizers (sodium citrate, ascor-
bic acid, and pectin) were performed with the goal of improving the sensitivity of the method 
for the determination of melamine in milk samples (Turkevich, Stevenson, and Hillier 1951; 
Fukuyo and Imai 2002; Nigoghossian et al. 2015). However, no positive results were 
obtained, possibly because the stabilization agents formed a protective coating that blocked 
interaction with the analyte of interest. Passivation or functionalization agents were not used, 
because the objective was to achieve direct interaction between the silver nanoparticles and 
the analyte. In the reported method, silver nanoparticles were therefore used in the absence of 
stabilization agents, which resulted in a significant increase in sensitivity. 

Stabilization of silver nanoparticles 

Silver nanoparticles are stabilized in aqueous solution by coating them with citrate ions 
(Pinto et al. 2010). In the same way, silver nanoparticles may be stabilized in aqueous sol-
ution by the adsorption of borohydride, which provides a surface charge surrounding the 
nanoparticle. Excess borohydride is needed to reduce the ionic silver and stabilize the silver 
nanoparticles. The nanoparticles are held in solution by repulsive electrostatic forces (Doty 
et al. 2005) between the particles due to the adsorbed borohydride. The use of excess of 
borohydride increases the overall ionic strength and promotes aggregation. Therefore, 
the quantity of borohydride must be sufficient to stabilize the nanoparticles without 
promoting aggregation. 

Central composite design 

Since only two variables were considered (the concentrations of AgNO3 and NaBH4), 
central composite design was the best approach for optimization of the procedure 
(Montgomery and Myers 2002). The values of the variables were studied using five levels, 
with four central points. 

The minimum and maximum concentrations of the variables used to obtain the 
response surface were ( mol L−1): (1) 1.00 � 10−3 and 5.00 � 10−3 (AgNO3), and (2) 
5.00 � 10−4 and 2.00 � 10−3 (NaBH4). Figure 1 shows the three-dimensional response 
surface graph obtained from the results. The quadratic regression model is described by: 

Z ¼ � 0:387þ 228:078x � 40928:125x2 þ 876:613y � 368822:222y2 þ 17666:667xy; ð1Þ
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where Z is the response factor (corresponding to an absorbance value), and the factors x 
and y are the concentrations of AgNO3 and NaBH4, respectively. Figure 1 shows that 
the critical values (optimized variable values) for AgNO3 and NaBH4 were 3.00 �
10−3 mol L−1 and 1.25 � 10−3 mol L−1, respectively. Therefore, an AgNO3/NaBH4 molar 
ratio of 1:1.25 was the best ratio for the minimum possible excess of sodium borohydride 
ensuring its stabilizing effect. 

Stability of the silver nanoparticles 

The stability of the silver nanoparticles using the optimized variable values (2 mL of 
3.00 � 10−3 mol L−1 AgNO3 and 6 mL of 1.25 � 10−3 mol L−1 NaBH4) was compared with 
those obtained using the synthesis conditions commonly described in the literature 
(1 mL of 1.00 � 10−3 mol L−1 AgNO3 and 3 mL of 2.00 � 10−3 mol L−1 NaBH4), where 
the AgNO3/NaBH4 molar ratio is 1:6. The latter condition uses an excess of sodium 
borohydride to reduce and stabilize the silver nanoparticles. However, the excess of NaBH4, 
when not optimized, increases the ionic strength of the system and causes aggregation of 
the nanoparticles (Solomon et al. 2007), which is undesirable for efficient interaction 
between the nanoparticles and the analyte. 

Figure 1. (a) Central composite design and (b) its projection based on absorbance measurements as 
functions of AgNO3 and NaBH4 concentrations.  
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The results in Figure 2 compare the changes in absorbance, as a function of the time, for 
the nanoparticles obtained by the synthesis procedures. The silver nanoparticles obtained 
using the optimized conditions showed higher stability and absorbance, indicating their 
suitability for use in the development of a highly sensitive spectrophotometric method 
for the quantification of melamine. 

Transmission electron microscopy and absorption spectra of silver nanoparticles 

It is well known that silver nanoparticles exhibit a yellow-brown color in aqueous solution, 
due to excitation of a surface plasmon resonance band in the ultraviolet/visible region 
(Hussain et al. 2011). The absorption spectrum of the stable silver nanoparticles showed 
a typical absorbance peak at 400 nm (Figure 3), indicating that the particles were well 
dispersed. 

Figure 2. Absorbance as a function of time for the silver nanoparticles: (&) literature conditions using 
1.00 � 10−3 mol L−1 AgNO3, 2.00 � 10−3 mol L−1 NaBH4 and (&) this work using 3.00 � 10−3 mol L−1 

AgNO3 and 1.25 � 10−3 mol L−1 NaBH4. The absorbance was measured at 400 nm with a pathlength 
of 1 cm.  

Figure 3. Absorption spectrum at 400 nm for silver nanoparticles in the absence of melamine.  
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After the addition of melamine to the solution, silver nanoparticles were rapidly added 
and a color change of the solution was observed. Ping et al. (2012) reported that only the 
three amino groups of melamine are important in the interaction between melamine and 
silver nanoparticles, causing a rapid color change from yellow to red, while the three- 
nitrogen hybrid ring makes no significant contribution. The transmission electron 
microscopy images of silver nanoparticles in the absence (Figure 4a) and in the presence 
(Figure 4b) of melamine (at a concentration of 1.50 mg L−1) showed clear evidence of 
particle aggregation (Figure 4b). The average size of the silver nanoparticles was deter-
mined using ImageJ software. Fifty nanoparticles were used for the calculation, and the 
average size found was 14.0 � 2.7 nm. 

Analytical figures of merit 

The figures of merit of the analytical method evaluated included the limits of detection and 
quantification, precision, accuracy, and linear range. Under the optimized conditions, a 
linear response was obtained for melamine concentrations between 0.033 and 
1.50 mg L−1. The linear equation obtained was: Absorbance(475nm) ¼ 0.385 þ 0.155 x 
Cmelamine (R ¼ 0.999). Repeatability measurements using intraday and interday measure-
ments of a 0.133 mg L−1 standard solution resulted in relative standard deviations less than 
2.5%. 

The detection and quantification limits were determined according to IUPAC 
recommendations (Long and Winefordner 1983), using the expressions 3 � (s/b) and 
10 � (s/b), respectively, where s is the standard deviation of the points of the curve, 
and b is the slope of the linear range. The calculated detection and quantification 
limits were 0.009 and 0.031 mg L−1, respectively. Figure 5 shows the analytical curves 
and the different colors of the silver nanoparticles. All measurements were performed at 
475 nm. 

Analysis of milk 

The effectiveness of the method was evaluated by the analysis of melamine in milk. 
Recovery assays were performed to determine the accuracy of the method and detect 

Figure 4. Transmission electron micrographs of silver nanoparticles in the (a) absence and (b) presence 
of 1.50 mg L−1 melamine.  
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possible matrix interferences. Samples spiked with melamine (Table 1) showed recoveries 
from 61.9 to 96.7%, indicative of good accuracy and an absence of any major matrix effects 
in the method. 

Compared to previously reported methods for the determination of melamine using 
silver nanoparticles, this approach provides a lower detection limit, as shown in Table 2. 
The increased sensitivity in the absence of protective agents suggests greater interaction 
between the silver nanoparticles and the amino groups of melamine compared to other 
methods. The use of protective agents provides barriers between the nanoparticles. The 
obtained results suggest that this protective coating prevents the nanoparticles from 
reacting with melamine, hindering the detection of the latter. Additional advantages of 
the new method are that sample preparation involves straightforward dilution and that 
the subsequent quantification was performed with portable equipment, enabling in situ 
analysis. 

Figure 5. (a) Photographs of the nanoparticles at various melamine concentrations and (b) the 
calibration curve obtained using 0.033, 0.133, 0.333, 0.833, 1.17, and 1.50 mg L−1 melamine.  

Table 1. Recovery of melamine in milk (n ¼ 3). 
Sample Added value ( mg L−1) Found value ( mg L−1) Recovery (%) 

A  0.80  0.750 � 0.001  93.8 � 0.1  
1.47  1.160 � 0.003  78.9 � 0.2 

B  0.80  0.700 � 0.001  87.5 � 0.1  
1.47  0.910 � 0.003  61.9 � 0.2 

C  0.80  0.770 � 0.001  96.3 � 0.1  
1.47  0.950 � 0.003  64.6 � 0.2 

D  0.80  0.670 � 0.002  83.8 � 0.3  
1.47  0.920 � 0.002  62.6 � 0.1   
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Conclusion 

A simple, rapid, and sensitive colorimetric method has been developed for the determi-
nation of melamine in milk, using its adsorption on the surfaces of silver nanoparticles 
by the amine groups. A simple synthesis of colloidal silver nanoparticles, without the need 
for any stabilization agent, was optimized by factorial design. The silver nanoparticles 
synthesized were stable for at least 5 days at 4.0 � 2.0°C. The synthesis of silver nanopar-
ticles without a colloid stabilizer likely resulted in a greater interaction between the silver 
nanoparticles and the amino groups of melamine, thereby increasing the sensitivity. The 
determination of melamine in commercial milk samples was demonstrated; therefore this 
approach offers a reliable and advantageous alternative to existing methods. 
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