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As a consequence of the adulteration of infant formulas and milk powders with melamine (MEL) in

China in 2008, much attention has been devoted to the analysis of MEL [and cyanuric acid (CA)] in

dairy products. Several methods based on high-performance liquid chromatography (HPLC), liquid

chromatography-tandem mass spectrometry (LC-MS/MS), nuclear magnetic resonance (NMR), or

Raman spectroscopy have been described in the literature. However, no method is available for the

simultaneous determination of MEL and CA in other raw materials, which are considered as high-

risk materials for economically motivated adulteration. The present paper reports the results of an

interlaboratory-based performance evaluation conducted with seven laboratories worldwide. The

purpose was to demonstrate the ability of a cleanup-free LC-MS/MS method, originally developed

for cow’s milk and milk-powdered infant formula, to quantify MEL and CA in egg powder and soy

protein. Limit of detection (LOD) and limit of quantification (LOQ) were 0.02 and 0.05 mg/kg for MEL

in egg powder and soy protein, respectively. For CA, LOD and LOQ were 0.05 and 0.10 mg/kg in

egg powder and 1.0 and 1.50 mg/kg in soy protein, respectively. Recoveries ranged within a

97-113% range for both MEL and CA in egg powder and soy protein. Reproducibility values

(RSDR) from seven laboratories were within a 5.4-11.7% range for both analytes in the considered

matrices. Horwitz ratio (HorRat) values between 0.4 and 0.7 indicate acceptable among-laboratory

precision for the method described.
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INTRODUCTION

Melamine (MEL), chemically known as 2,4,6-triamino-1,3,5-

triazine, is produced in large amounts (1.2 million tons in

2007) (1) primarily for use in the synthesis ofMEL formaldehyde

resins for the production of laminates, plastics, coatings, com-

mercial filters, glues, or adhesives, as well as for dishware and

kitchenware (2-4). MEL has recently become infamous as an

adulterant to simulate protein content in food commodities.

Because of the high nitrogen content of MEL (66.7%), it is an

effective compound to mimic proteins when testing is based on

theKjeldahlmethod (5). The first cases ofMELadulterationwere

observed in Italy with fish-based meals in the late 1970s (6 ).

In 2004 and 2007, MEL was found in pet food, causing renal

failure in dogs and cats (7-9 ). A major MEL case occurred in

2008 when the media revealed severe kidney damage induced by

urinary tract stone formation in Chinese infants fed with infant

formulas and other milk powders tainted with MEL (1-10).

MEL is considered relatively nontoxic, although chronic admin-
istration of high concentrations can induce renal pathology (11).
Several studies in rat and mouse have been reported using doses
up to 18 000 mg of MEL/kg of feed. Most consistent and dose-
related effects were the formation of bladder stones and the devel-
opment of hyperplasia of the bladder epithelium (12, 13). How-
ever, the strong affinity between MEL and cyanuric acid (CA,
1,3,5-triazine-2,4,6-triol) for one another was described to form
the low-solubleMEL-cyanurate complex throughhydrogenbond-
ing,which is considered responsible for kidney stones (14,15). CA
can be produced either as a byproduct during the manufacturing
process ofMELor by bacteria-mediatedmetabolismofMEL (1).
CA is commonly used as a disinfectant, particularly for the treat-
ment of water (16).

Hence, there is a need for effective and reliable methods to
monitor MEL and CA in dairy products, as well as in food com-
modities considered as high-risk materials for MEL- and/or CA-
mediated economically motivated adulteration. Egg powder and
soy protein are considered as high-risk materials because they are
a major source of proteins for the food industry. Several methods
have been reported for the determination ofMEL (17-19) orMEL
andCAsimultaneously (20-22) in foodmaterials.However, they
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do not always provide a sufficient level of performance, in terms
of selectivity and sensitivity, to be considered for routine work to
demonstrate product compliance with regard to World Health
Organization/FoodandAgricultureOrganization(WHO/FAO) (1)
andCodexAlimentarius Commission (23) recommendations (for
MEL, maximum limits at 1 mg/kg in milk-powdered infant for-
mula and 2.5 mg/kg in other foods have been proposed as suf-
ficient margins of safety). To circumvent these limitations, we
recently developed liquid chromatography-tandemmass spec-
trometry (LC-MS/MS) for the simultaneous quantitative deter-
mination of MEL and CA in cow’s milk and milk-based powder
infant formula, designed andvalidated to accurately quantifyMEL
and CA at 1 mg/kg in milk-based powder infant formula (24). The
method was successfully implemented worldwide inNestlé Quality
Assurance Laboratories (NQAL).

The present study reports the results obtained with the above-
mentioned LC-MS/MS method (24) for the extension to two
matrixes, namely, egg powder and soy protein. Single-laboratory
validation data aswell as interlaboratory test results for these new
matrixes are shown and discussed.

MATERIALS AND METHODS

Chemicals andReagents.MEL (2,4,6-triamino-1,3,5-triazine) andCA
(2,4,6-triol-1,3,5-triazine) were obtained fromSigma (Buchs, Switzerland).
Their respective isotopically labeled homologues, i.e., (13C3,

15N3)-MEL
[isotopic purity: 13C3, 99%; amino-15N3, 98%; chemical purity, g98%]
and (13C3,

15N3)-CA (isotopic purity: 13C3, 99%; 15N3, > 98%; chemical
purity, 90%),were supplied byCambridge IsotopeLaboratories (Andover,
MA). Ammonium acetate, acetonitrile, and LiChrosolv water were from
Merck (Darmstadt, Germany).

StandardSolutions.Stock solutions (250μg/mL) of the unlabeled ana-
lytesMELandCAwere prepared separately by dissolving each compound

in water by means of an ultrasonic bath for 15 min. Further separate

working solutions inwater at 100 μg/mL (to prepare the in-house reference

materials) and at 20, 2, and 0.2 μg/mL (for analysis) were obtained by

successive dilutions. Working standard solutions of the labeled homo-

logues (used as internal standards, ISs) at 20, 2, and 0.2 μg/mL were

similarly obtained from 100 μg/mL stock standard solutions available in
ready-to-use ampules.

SampleMaterials. To prepare in-house reference materials, egg pow-
der and soy protein materials were obtained from a local retailer and were

first checked for their absence of MEL and CA. The egg powder was

fortified with MEL and CA at levels of 0.1 and 0.15 mg/kg, respectively,

while the soy protein was supplemented with MEL and CA at concentra-

tion levels of 0.50 and 1.50 mg/kg, respectively, according to the following

procedures.

Egg Powder and Soy Protein Material. For both materials, a well-
homogenized test portion was weighed (150.0 ( 0.1 g) into a 1000 mL
Erlenmeyer flask and suspended in water (340.0 ( 0.1 g for egg powder

and 750.0 ( 0.1 g for soy protein).
The resulting slurries of egg powder and soy protein were fortified with

2.0 ( 0.1 and 10.0 ( 0.1 g of the 100 μg/mL unlabeled working standard

solution of MEL and with 3.0 ( 0.1 and 30.0 ( 0.1 g of the 100 μg/mL

unlabeled working standard solution of CA, respectively. The samples

were mixed and freeze-dried overnight. The resulting powder was homo-

genized for 2 h in a turbula mixer (Willy A. Bachofen AGMaschinenfab-

rik, Basel, Switzerland) with either 1.850 kg of egg powder or soy protein

previously checked to be free fromMEL and CA. Concentrations of both
analytes in the mixtures of egg powder and soy protein were, for MEL,

0.1 and 0.5 mg/kg, respectively, and, for CA, 0.15 and 1.5 mg/kg,

respectively. Portions of the test materials (around 50 g) were packed into

foil pouches and stored at room temperature.

Figure 1. LC-MS/MS chromatogram of MEL and CA from an extract of spiked egg powder. Spiking levels: MEL, 0.1 mg/kg (IS, 0.1 mg/kg); CA, 0.15 mg/kg
(IS, 0.1 mg/kg).
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Analysis. SamplePreparation.Awell-homogenized test portion (1.0 g)
of egg powder or soy protein was weighed into a 50 mL Falcon poly-
propylene tube and fortified at 0.10 mg/kg with MEL and CA IS working
standard solutions (50 μL of an aqueous 2 μg/mL solution) in the case of
egg powder or 1.0 mg/kg with MEL and CA IS working solutions (50 μL
of an aqueous 20 μg/mL solution) in the case of soy protein.Water (5 mL)
and acetonitrile (5 mL) were then added successively, and the resulting
slurry was thoroughly mixed after each solvent addition, ensuring that
there were no lumps in the sample. The slurry was further diluted with
acetonitrile (30 mL) and water (10 mL) and placed onto an automated
shaker for 5 min. The tube was then centrifuged at 4000g at room tem-
perature for 10 min. The supernatant (ca. 1 mL) was then transferred to a
high-performance liquid chromatography (HPLC) vial for further LC-
MS/MS analysis.

LC-MS/MS. Detection was performed with a QTrap 4000 LC-MS/
MS system (Applied Biosystems, Foster City, CA) equipped with a
TurboIonSpray electrospray ionization (ESI) source and an 1100 series
HPLC system (Agilent, Geneva, Switzerland). Chromatographic andmass
spectrometric parameters ofMEL andCAare described byDesmarchelier
et al. (24).

Quantification. MEL and CA were quantified by means of external
calibration curves [analyte/IS area ratio (y) versus analyte/IS concentra-
tion ratio (x)] constructed in acetonitrile/water (70:30, v/v) at six calibra-
tion levels. These levels ranged for egg powder from 0 to 30 pg injected on
column (thus covering a 0-0.3 mg/kg range, concentration equivalent in
the sample), with the concentration of ISs fixed at 10pg injected on column
(0.1 mg/kg in sample). For soy protein, 0-200 pg was injected on column
(thus covering a 0-2.0 mg/kg range, concentration equivalent in sample),
with the concentrationof ISs fixed at 100 pg injected (1.0mg/kg in sample).
The linearity of MS responses was checked by calculating the relative
standard deviation of repeatability (RSDr) of the average of response
factors (RFs, y/x), which should be below 15% (25).

Validation. Limit of Detection (LOD) and Limit of Quantification
(LOQ). Values for LOD and LOQ for MEL and CA were determined on

the basis of the blank egg powder and soy protein materials. LOD and
LOQ were defined when a chromatographic peak producing a signal-to-
noise (S/N) ratio >3 and >10 was found, respectively, for the transition
reaction used for quantification.

Recovery.Recoveries were calculated by comparing the several CAand
MEL concentrations measured with the reference amounts added to the
blank egg powder and soy protein matrixes.

Precision.Within-laboratory precision was tested by analyzing six por-
tions of fortified egg powder and soy protein for their CA and MEL con-
centrations. From these data, the RSDr values were calculated. Between-
laboratory precisionwas testedby sending a blank egg powder, the fortified
egg powder, and the fortified soy protein for analysis to five NQAL
worldwide and one external laboratory. In addition, analyses were carried
out at theNestlé ResearchCentre in Switzerland. Laboratories were asked
to analyze samples in duplicate. This study was conducted between Septem-
ber andOctober 2009. From these data, the relative standard deviations of
reproducibility (RSDR) were calculated.

HorwitzRatio (HorRat).Thepredicted reproducibility relative standard
deviation (PRSDR) for the levels analyzed was calculated according to the
Horwitz formula: PRSDR=2C-0.15, where C is expressed as a mass frac-
tion. The ratio of the RSDR calculated from the data to the PRSDR calcu-
lated from the Horwitz formula results in the HorRat value: HorRat =
RSDR/PRSDR. In 1980, Horwitz et al. published an evaluation of 1000
interlaboratory comparisons (26). From these studies, it was concluded
that a HorRat value of 1, with limits of acceptability between 0.5 and 2.0,
indicates satisfactory interlaboratory precision. The correspondingwithin-
laboratory relative standard deviationswere found to be typically one-half
to two-thirds the among-laboratory relative standard deviations. Consis-
tent deviations from the ratio on the low side (values <0.3 or 0.5) may
indicate unreported averaging or excellent training and experience (27,28).

RESULTS AND DISCUSSION

Themethod described in this paper was originally developed
for the simultaneous quantitative determination ofMEL and CA

Figure 2. LC-MS/MS chromatogram of MEL and CA from an extract of blank egg powder. Spiking levels: MEL IS, 0.1 mg/kg; CA IS, 0.1 mg/kg.
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in cow’s milk and milk-based infant formula (24), with the ulti-
mate goal to both prevent potential adulteration in cow’s milk
and demonstrate the compliance of infant formulas with respect
to the safety limit recommended by the World Health Organiza-
tion (WHO) at 1 mg/kg (for MEL). For both matrices, the LOQ
was found to be 0.05mg/kg forMEL and 0.1mg/kg in the case of
CA. Excellent intermediate reproducibility was found for MEL
within a 3.8-14.7% range, while an acceptable range (6.4-
31.2%)was obtained for CA.When full validation had been com-
pleted, themethodwas rolled out in several NQALsworldwide to
control products on a routine basis. The NQALs have extended
the scope of application of the method to be able to determine
MEL and CA in various food materials. The method was shown
tobe robust and versatile, as evidenced by the numberof analyses.
Since MEL was discovered in milk powders and infant formulas
in September 2008, about 18000 analyses have been carried out in
various food categories (mainly dairy products, eggs, meat, sea-
food, cereals, fruits, vegetables, and seeds). The chromatographic
profiles obtained in the frame of the current study with egg pow-
der and soy protein show that the method is applicable for non-
dairy food materials as well (Figures 1-3).

The results reported in Table 1 demonstrate that both MEL
and CA can be quantitatively determined in egg powder and
soy protein by isotope-dilution LC-MS/MS with appropriate
performance. Recoveries were found in the range of 97-113%.
An acceptable recovery requirement as function of the concen-
tration determined ranges between 80 and 110% according to
Codex Alimentarius Commission guidelines for single-labora-
tory validation (29). RSDr values were less than 10%, which
are acceptable because HorRatr values ranged between 0.1 and

0.5. Good performance was also obtained under reproducibil-
ity conditions, with seven laboratories involved in the analysis
of the samples. MEL and CA were not detected by the par-
ticipants in the blank egg powder sample, while the two analytes
were quantified in the spiked egg powder and soy proteins
samples (Table 2). Only laboratory 7was not able to quantifyCA
in the soy protein matrix. They indicated that recovery of the IS
was not possible. With regard to the precision, RSDr was found
below 7%, and RSDR was less than 12%; these values, for
which the RSDr is comparable to the RSDr obtained under
single-laboratory conditions, demonstrate the good precision of
the method. This is confirmed by acceptable HorRat values,
which range between 0.4 and 0.7 (Table 3).

Figure 3. LC-MS/MS chromatogram of MEL and CA from an extract of spiked soy protein. Spiking levels: MEL, 0.5 mg/kg (IS, 1 mg/kg); CA, 1.5 mg/kg
(IS, 1 mg/kg).

Table 1. Single-Laboratory Repeatability (Within-Laboratory Precision) Data
for MEL and CA in Egg Powder and Soy Protein

egg powder soy protein

n MEL CA MEL CA

LODa mg/kg 0.02 0.05 0.02 1.0

LOQb mg/kg 0.05 0.10 0.05 1.50

fortification level mg/kg 0.10 0.15 0.50 1.50

median mg/kg 6 0.111 0.169 0.485 1.500

recovery % 6 111 113 97 100

SDr
c mg/kg 0.009 0.005 0.012 0.107

RSDr
d % 8.5 2.9 2.5 7.2

HorRatr
e 0.4 0.1 0.1 0.5

a LOD = limit of detection. b LOQ = limit of quantification. cSDr = standard devi-
ation of repeatability. dRSDr = repeatability relative standard deviation.

eHorRatr =
ratio of the within-laboratory repeatability relative standard deviation calculated from
the data to the predicted reproducibility relative standard deviation (27 , 28).
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In conclusion, the performance criteria of themethod described
demonstrate that the method is fit for the purpose to analyzeME
andCA in egg powder and soy protein at suitable levels to enforce
safety limits as recommended by the WHO.
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