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a b s t r a c t

Melamine is commonly used to manufacture tableware, and this could be one of the important exposure
sources in humans. The study aims to measure melamine migrated from different material-made table-
ware by the most sensitive technique of liquid chromatography–tandem mass spectrometry (LC–MS/MS).
The test samples were filled with pre-warmed designated-temperature (from room temperature (∼20 ◦C),
30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C, to 90 ◦C) simulant (either distilled water or 3% acetic acid) up to 20 ml
eywords:
elamine

,3,5-Triazine-2,4,6-triamine
ableware
elamine resins

and immersed in a water bath at that designated temperature for 15 or 30 minutes (min). High melamine
migration levels, ranging from 6.97 to 19.03 �g/ml, can be measured from all melamine-made samples
containing 20 ml 3% acetic acid in water bath of 90 ◦C for 30 min, whereas melamine cannot be detectable
in all other material-made samples in the same condition. In addition, the cheaper the melamine-made
tableware samples, the higher the melamine migration levels. The migration of melamine amount is

mpe
ruden
igration
C–MS/MS

dependent on different te
is used in daily life, it is p

. Introduction

The outbreak of melamine-tainted formula milk has raised
oncern about melamine toxicity on adverse renal outcomes in
hildren worldwide in 2008 [1]. In adults, we recently reported
hat melamine exposure measured by urinary melamine levels
as also associated with both uric acid and calcium urolithiasis

2]. Because of the uncertainty of the safety of melamine dose in

uman intake, both the World Health Organization (WHO) and
he US Food and Drug Administration (FDA) recommended to
ower the tolerable daily intake (TDI) of melamine from 0.5 mg
er kg body weight per day (mg/kg bw/day) to 0.2 mg/kg bw/day

∗ Corresponding author at: Department of Family Medicine, Kaohsiung Medical
niversity Hospital, Room 917, CS Building, 100 Shih-Chuan 1st Road, Kaohsiung,
aiwan. Tel.: +886 7 312 1101x2315; fax: +886 7 322 1806.

E-mail addresses: 960021@ms.kmuh.org.tw, e encourage@yahoo.com
M.-T. Wu).

304-3894/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2011.01.128
ratures, contact times, simulant, and prices of tableware. Since tableware
t to cautiously select materials that contain foodstuffs.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

and from 0.63 mg/kg bw/day to 0.063 mg/kg bw/day, respectively
[3,4]. However, Chen et al. subsequently reported that several chil-
dren with melamine-related urolithiasis had an intake even below
the updated WHO or FDA recommended TDI [5]. Li and his col-
leagues also found that children exposed to melamine levels below
0.2 mg/kg per day (WHO recommended TDI) still have a 1.7 times
higher risk of developing urolithiasis than those without melamine
exposure in 683 renal stone children patients and 6498 children
controls [6]. All these studies in children [1] and ours in adults [2]
suggest that even exposure to low levels of melamine may be a risk
factor for urolithiasis formation.

In addition to adding melamine purposely into infant formula
to fallibly increase protein content [1], melamine is also popular to
be used in the manufacturing of a variety of tableware for daily use,

because of its cheap and relatively light and unbreakable character-
istics [7]. A few studies have reported that melamine can migrate
out of melamine-made tableware under the condition of high tem-
perature or acid solution [8–11]. However, melamine levels in these
studies were measured by a high performance liquid chromatog-

ghts reserved.
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http://www.sciencedirect.com/science/journal/03043894
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aphy equipped with diode array detector (HPLC-DAD), which may
ot be sensitive enough, since previous studies in both children and
dults have suggested potential nephro-urological hazards in low
elamine exposure [1,2]. In addition, the daily uses of melamine-
ade tableware become very popular nowadays, and its quality,

omposition, and price have changed rapidly in the past years. Thus,
e attempt to measure melamine levels using the most sensitive

echnique of liquid chromatography–tandem mass spectrometry
LC–MS/MS) in tableware made from different materials, especially

elamine resin, in a wide range of temperatures. Our findings will
dd additional information as to how to regulate melamine-made
able- or kitchen-ware in daily use.

. Experimental

.1. Samples

All tableware, including 5 different brands and sizes of
elamine-made cups (MEL-1, -2, -3, -4, and -5) and one brand

f each stainless steel-, polypropylene-, polycarbonate-, ceramics-,
lass-, paper-made cups and disposable plastic cups (Fig. A), was
urchased between 2009 and 2010 from local markets or retail
hops in Kaohsiung City, which is in southern Taiwan. The price
f MEL-1, MEL-2, and MEL-3 was about one US dollar per sample,
hereas that of MEL-4 and MEL-5 was about 5 US dollars per sam-
le. The total test number of each brand of melamine-made cups
e purchased had 4–10 samples and the rest of other material-
ade cups had 3 (Table 1). To reduce experimental variation, all

nternal surfaces of tableware were white or gray and were not
ainted with any pictures. In addition, we confirmed the composi-
ion of one test sample of MEL-1 and MEL-2 to contain melamine
y matrix-assisted laser desorption/ionization time-of-flight mass
pectrometry (MALDI-TOF-MS) (Fig. B).

.2. Chemicals

Melamine (1,3,5-triazine-2,4,6-triamine, C3H6N6, CAS number
08-78-1) with purity 99% and its respective isotopically labeled
omologues, 13C3

15N3-melamine (99% 13C3 and 98% amino-15N3),
s internal standard were purchased from Cambridge Isotope
aboratories (Andover, MA, USA). 99.7% acetic acid (CH3COOH)
nd 100.0% methanol (CH3OH) were purchased from Mallinckrodt
aker, Inc. (Phillipsburg, NJ, USA). A 100 ml 3% acetic acid solu-
ion was made by adding 3 ml 99.7% acetic acid to 97 ml distilled
ater. 99.9% HPLC-graded acetonitrile (C2H3N) was obtained from

isher Scientific (Loughborough, UK). Formic acid (HCOOH) was
btained from J.T. Baker (Phillipsburg, NJ, USA). ∼98% ammonium
cetate (CH3COONH4) was from Merck-Schuchardt (Hohenbrunn,
ermany).

.3. Migration test

Each tableware sample was filled with the pre-warmed
esignated-temperature simulant (distilled water or 3% acetic acid)
p to 20 ml and immersed in a water bath at that designated tem-
erature for 15 or 30 minutes (min). The designated temperatures
anged from room temperature (∼20 ◦C), 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C,
0 ◦C, 80 ◦C, to 90 ◦C. The orders of experiments of all tableware
amples were from the lowest temperature to the highest one, and
alf of different brands and materials of tableware samples were

sed for the experiments of distilled water and the other half for the
xperiments of 3% acetic acid. After completing one experiment, all
ableware test samples were thoroughly washed by distilled water,
ently wiped by dry and clean cotton textiles, and reused for the
ext experiment. In each experiment, we used a glass beaker as our
s Materials 188 (2011) 350–356 351

blank sample and treated it as the same condition as melamine-
made tableware samples. To reduce the experimental variation, all
test samples were reused less than 10 times; the averaged reused
times were 8 for melamine-made tableware samples and 3 for other
materials-made tableware samples.

To examine whether the melamine migration levels were simi-
lar in the brand new and used (have done ∼8 repeated experiments
before) melamine-made tableware samples, we filled 20 ml 90 ◦C
distilled water in 3 new and 3 used MEL-1 samples and immersed
them in a water bath at 90 ◦C for 30 min. This experiment was dupli-
cated. Another 3 new and 3 used MEL-1 samples were also used
in the same experiment of 3% acetic acid simulant. These experi-
ments were also applied to new and used MEL-2 samples. We found
overall mean melamine levels were similar in the new and used
tableware samples of both MEL-1 and MEL-2 experiments (Fig. C).

2.4. LC–MS/MS analysis

The melamine levels in simulant were measured by an Agi-
lent 1200 HPLC (Agilent Technologies, Palo Alto, CA, USA) coupled
with an API 4000Q triple-quadrupole mass spectrometry (API
4000QTrap, Applied Biosystems/MDS SCIEX, Concord, Canada) and
an electrospray ionization (ESI) source in a positive ion mode [2].
A 10 �l sample was injected into a Phenomenex Luna HILIC col-
umn (100 mm × 2 mm, 3 �m, Torrance, CA, USA) at a flow rate of
250 �l/min in the isocratic mode. The mobile phase was set at 5%
of solution A (2 mM ammonium acetate with 0.2% formic acid in
water) and 95% of solution B (2 mM ammonium acetate with 0.2%
formic acid in acetonitrile). Multiple reaction monitoring (MRM)
mode was used with the characteristic fragmentation transitions
m/z 127 → 85 of melamine and m/z 133 → 89 of the internal stan-
dard for quantification and m/z 127 → 68 of melamine was used for
confirmed quantitative analysis with the dwell time set at 100 ms
and unit resolution (Fig. 1). The Turbo Ion-Spray source was run at
a temperature of 550 ◦C with the following settings: curtain gas, 25
(arbitrary units); source gas 1, 50; source gas 2, 55; collision acti-
vated dissociation (CAD) gas pressure, medium; ion spray voltage,
5500. Product ions of m/z 85 and 68 for melamine were obtained
using collision energy (CE) = 27 and 43, respectively, declustering
potential (DP) = 81, collision exit potential (CXP) = 4, and entrance
potential (EP) = 10. Product ions of m/z 89 for internal standard were
obtained using CE = 27, DP = 66, CXP = 6, and EP = 10. The limit of
quantitation (LOQ) defined by a signal-to-noise (S/N) of 10 from
the chromatograms of sample spiked standard was 0.005 �g/ml.

2.5. Method validation

The validation experiments were done in 3% acetic acid at 90 ◦C
for 30 min. 13C3

15N3-melamine was used as the internal standard
(IS) for calibration at concentrations ranging from 5, 10, 20, 50, 100,
200, 500 to 1000 ppb (1 ppb = 0.001 �g/ml) with a correlation coef-
ficient (R2) of 0.992 in mobile phase solutions. Quantification of the
calibration concentrations in validation experiments was within
15% of the theoretical value with a CV less than 15% analyzed on
different days (Fig. D).

The averaged recovery rate (±SD) of 8 repetitions at three des-
ignated concentrations of 5, 50 and 500 ppb was 72.58% (±0.84),
75.81% (±4.38), and 84.46% (±37.54), respectively. Table 2 shows
the accuracy and precision (coefficient of variance (CV)) of 8 repe-

titions, which were 95.39% and 6.99% in 5 ppb, 103.35% and 3.59%
in 50 ppb, and 99.66% and 0.10% in 500 ppb. The intra- and inter-
day relative standard deviations (RSDs) ranged from 0.34–4.61% to
0.25–5.43%, respectively, with replicated analysis (n = 8) of a spiked
sample ranging 5, 50, or 500 ppb.
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Table 1
Characteristics of different material-made tableware samples (cups) in the migration experiments.

Sample materials Number of samples Diameter (dm) Depth (dm) ISAb (dm2)

MELa-1 10 0.52 0.09 0.34
MEL-2 10 0.44 0.11 0.30
MEL-3 8 0.60 0.07 0.41
MEL-4 4 0.64 0.07 0.46
MEL-5 4 0.48 0.09 0.32
Stainless steel 3 0.66 0.06 0.47
Polypropylene 3 0.57 0.08 0.40
Polycarbonate 3 0.50 0.09 0.34
Ceramics 3 0.61 0.09 0.46
Glass 3 0.58 0.12 0.48
Paper 3 0.53 0.10 0.39
Plastic 3 0.45 0.13 0.34

a Melamine.
b Inner surface area.
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ig. 1. Melamine signals of ion chromatograms for (A) blank in distilled water; (B)
n a MEL-1 tableware sample and immersed it in a water bath at the same tempera
teel tableware sample and immersed it in a water bath at the same temperature
ignals and lower panel of the chromatogram is 13C3

15N3-melamine internal standa

.6. Statistical analysis

ANOVA statistics with Bonferroni correction was used to
ompare melamine migration levels in different temperatures.
tudent t-test was used to compare melamine migration levels
n different simulants (distilled water vs. 3% acetic acid), con-
act times (15 min vs. 30 min), or prices. The Pearson coefficient
as used to investigate the correlation between different tem-
eratures and melamine migration levels in the same melamine
esins and treatment as well as between the price of melamine-
ade test samples and the migration amount of melamine.

he data were analyzed using the SPSS statistical software ver-

ion 14.0; all p-values were two-sided with significance at
0.05.

able 2
ccuracy and precision of three designated melamine validation solutions (n = 8).

Day 1 Day 2 Accura

Mean RSDa (%) Mean RSD (%) Day 1

5 ppbc 5.04 6.99 4.77 9.92 100.87
50 ppb 51.38 3.59 51.68 2.84 102.75

500 ppb 499.53 1.00 498.30 0.91 99.91

a RSD (relative standard deviation or precision) = SD/mean.
b Accuracy = (mean observed concentration/standard concentration) × 100.
c ppb = 0.001 �g/ml.
rd (0.005 �g/ml melamine) in mobile phase; (C) pre-warmed 90 ◦C distilled water
or 30 min (3.69 �g/ml); (D) pre-warmed 90 ◦C 3% aqueous acetic acid in a stainless
min (non-detectable) (upper and middle panels of chromatograms are melamine
)).

3. Results

3.1. Melamine migration levels in different material-made
tableware samples

High melamine levels, ranging from 6.97 to 19.03 �g/ml, were
measured from all melamine-made tableware samples containing
20 ml 3% acetic acid that were immersed in a water bath at
90 ◦C for 30 min. In contrast, all melamine migration levels in
other material-made tableware samples such as stainless steel-,
polypropylene-, polycarbonate-, ceramics-, glass-, paper-made
cups and disposable plastic cups were below LOQ in the same con-

dition (data not shown). Thus, the subsequent experiments were
focused on melamine-made samples at different temperatures
and contact times.

cyb Inter-day difference (%) Intra-day difference (%)

Day 2

95.39 5.43 4.61
103.35 0.59 3.35

99.66 0.25 0.34
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.2. Melamine migration levels in new and used melamine-made
ableware samples and different amounts of simulant in
elamine-made tableware samples

To compare whether the melamine migration levels in cups
ere similar in a volume of 20 ml simulant and ∼150 ml simulant

filled simulant up to 1 cm from the rim of cups), we randomly
elected 3 of 10 MEL-1 samples and 3 of 4 MEL-5 samples for this
xperiment and immersed them in a water bath at 90 ◦C for 30 min.
ach sample was done this experiment twice. We found mean
±SD) melamine migration levels (�g/ml) from MEL-1 samples
ere similar in 20 ml and ∼150 ml distilled water (2.68 ± 0.19 vs.

.52 ± 0.40, p = 0.30) (n = 6). The similar result of MEL-1 samples was
ound in 3% acetic acid (24.04 ± 0.88 vs. 22.76 ± 1.61, p = 0.10). The
imilar melamine migration levels were also found in the exper-
ments of MEL-5 samples (20 ml vs. ∼150 ml simulant, �g/ml; in
istilled water: 1.81 ± 0.29 vs. 1.92 ± 0.55, p = 0.63; in 3% acetic acid:
0.68 ± 0.86 vs. 12.36 ± 1.868, p = 0.06) (n = 6). Since the melamine
igration levels were similar in these two different amounts of

imulant, we used 20 ml simulant for the subsequent experiments.

.3. Melamine migration levels in different melamine-made
ableware samples

In the experiments of different melamine-made tableware sam-
les containing 20 ml distilled water or 3% acetic acid in different
emperatures of water bath for 30 min, we found that the higher
he temperature, the more the melamine migration levels in simu-
ant of five different brands of melamine-made tableware samples
Tables 3 and 4). Except melamine migration levels in some
epeated experiments of MEL-4 and MEL-5 with distilled water at
he lowest temperatures (∼20 ◦C and 30 ◦C) were non-detectable
below LOQ, 0.005 �g/ml), in all melamine-made tableware at rel-
tively high temperature (≥40 ◦C) can be detected the migration
f melamine. The number of non-detectable melamine migration
as 6 and 7 of 8 repeated experiments in MEL-4 and in MEL-5
ith distilled water, respectively, at room temperature and 2 of
repeated experiments in MEL-5 with distilled water at 30 ◦C. In

ddition, migration of melamine was consistently and significantly
igher in melamine-made tableware samples when containing 3%
cetic acid, compared to distilled water in all different tempera-
ures of water bath for 30 min (p = 0.001 in room temperature and
< 0.001 from 30 ◦C to 90 ◦C).

In order to be comparable in different sizes of different brands of
elamine-made tableware samples, we corrected melamine levels

y the inner surface area (ISA) and found that the higher the tem-
erature, the more melamine migration in all five different brands
f samples filled with either distilled water or 3% acetic acid simu-
ant (Table 4).

.4. Correlation between the price of tableware samples and
elamine migration levels

The melamine levels migrated from MEL-1, MEL-2 and MEL-3
ere higher than from MEL-4 and MEL-5 at all temperatures and

oth simulant, especially in 3% acetic acid (Tables 3 and 4). The
earson correlation coefficients between the price of tableware
amples and the migration amount of melamine in the tempera-
ures from ∼20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C, to 90 ◦C
ere −0.57, −0.42, −0.69, −0.63, −0.73, −0.35, −0.75 and −0.43

n distilled water, and −0.90, −0.92, −0.93, −0.92, −0.478, −0.55,

0.52 and −0.51 in 3% acetic acid (data not shown). All correla-

ions were statistically significant (all p-values < 0.05). In addition,
he melamine migration levels in the cheapest melamine-made
ableware samples (MEL-3) were significantly higher than the most
xpensive ones (MEL-4) in all temperatures and both simulants (all
s Materials 188 (2011) 350–356 353

p-values < 0.05 in distilled water and all p-values < 0.001 in 3% acetic
acid from ∼20 ◦C to 90 ◦C; Fig. 2).

3.5. Melamine migration levels at different contact times in
melamine-made tableware samples

Noodle soups are one of the most popular foods in Taiwan and
the rest of Asia. In Taiwan, the majority of restaurants or ven-
dors use melamine-made tableware to contain hot noodle soups.
To examine the cooling rate of hot noodle soups, we measured
temperature change by the interval of 5 min for 30 min in three
different kinds of hot noodle soups contained in melamine-made
bowls (∼700 ml) ordered randomly from three different restau-
rants. We found that the initial mean temperature (±SD) was
67.67 ◦C (±1.53 ◦C). After 15 and 30 min, the mean temperatures
(±SD) were still 54.01 ◦C (±2.03 ◦C) and 46.33 ◦C (±2.52 ◦C), respec-
tively (Fig. E).

Furthermore, to evaluate whether the contact time (30 min
vs. 15 min) can affect the release of melamine, we measured
melamine migration levels in simulant of melamine-made table-
ware samples containing 20 ml distilled water or 3% acetic
acid at two different temperatures (50 ◦C and 90 ◦C). We found
that melamine migration levels were significantly higher when
contact time was 30 min vs. 15 min in both simulant in the
temperature condition of 50 ◦C (mean ± SD = 0.13 ± 0.02 �g/ml
vs. 0.10 ± 0.02 �g/ml, p-value = 0.001 in distilled water and
0.51 ± 0.18 �g/ml vs. 0.38 ± 0.15 �g/ml, p-value = 0.004 in 3% acetic
acid) (Fig. 3). The significant results were even striking in a 90 ◦C
temperature condition (2.46 ± 0.90 �g/ml vs. 0.67 ± 0.22 �g/ml in
distilled water and 12.08 ± 4.08 �g/ml vs. 5.29 ± 0.60 �g/ml in 3%
acetic acid, both p-values < 0.001).

4. Discussion

This study found that melamine migration levels can be mea-
sured from all melamine-made tableware samples, but not other
tableware samples made from materials such as stainless steel-
, polypropylene-, polycarbonate-, ceramics-, glass-, paper-made
and (disposable) plastic cups. The migration amount of melamine
is dependent on different temperatures, contact time, simulant,
and prices. Melamine migration levels in previous similar stud-
ies were measured by either HPLC/UV–VIS or HPLC/UV, of which
the melamine detection limit is not as sensitive as LC–MS/MS
used in this study [8–12]. The first six studies reported from
Japan, Philippines, England, and Denmark found that various
melamine amounts were measured from different brands and
sizes of melamine-made tableware test samples either in water
or in 3% or 4% acetic acid simulant [8–11]. After the outbreak of
melamine-tainted formula milk in China, Lu et al. [12] measured
melamine migration levels in 13 polypropylene-made samples,
3 polycarbonate-made samples, and 6 melamine-formaldehyde-
made samples and 15 diary product packages, which were all
bought from supermarkets in Beijing, China, or collected from dairy
companies, at 60 ◦C for 2 h with water, 3% acetic acid, n-hexane,
or 15% ethanol. The melamine migration levels were measured
by HPLC-UV/VIS and it was found that only 3 out of 6 melamine
resin containers had detectable levels of migration. Melamine lev-
els could not be detected in the rest of the samples. Because the
melamine detection limit in that study was 0.18 �g/ml, which was
at least one order higher than ours (0.005 �g/ml), no detectable

melamine levels in the test samples from the study of Lu et al. [12]
did not mean no residual melamine was migrated from containers.
Their test samples are commonly used in our daily life. Since the
studies in humans, particularly in children, have already suggested
that even exposure to low levels of melamine may be a potential
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Table 3
Melamine migration levels in different melamine resin samples at different temperatures and simulant (�g/ml).a

MEL-1 MEL-2 MEL-3 MEL-4 MEL-5

RT DWb 0.02 ± 0.01d 0.03 ± 0.001 0.03 ± 0.01 –e –f

AAc 0.16 ± 0.01 0.14 ± 0.03 0.13 ± 0.03 0.01 ± 0.01 0.01 ± 0.001
30 ◦C DW 0.05 ± 0.01 0.04 ± 0.01 0.08 ± 0.01 0.03 ± 0.004 –g

AA 0.24 ± 0.02 0.22 ± 0.02 0.18 ± 0.07 0.05 ± 0.01 0.04 ± 0.02
40 ◦C DW 0.06 ± 0.01 0.05 ± 0.004 0.09 ± 0.01 0.04 ± 0.003 0.02 ± 0.01

AA 0.27 ± 0.03 0.29 ± 0.02 0.28 ± 0.05 0.02 ± 0.01 0.07 ± 0.03
50 ◦C DW 0.07 ± 0.003 0.11 ± 0.02 0.14 ± 0.01 0.05 ± 0.01 0.06 ± 0.01

AA 0.37 ± 0.09 0.41 ± 0.05 0.40 ± 0.07 0.14 ± 0.03 0.12 ± 0.03
60 ◦C DW 0.37 ± 0.02 0.42 ± 0.05 0.57 ± 0.07 0.08 ± 0.01 0.10 ± 0.03

AA 0.65 ± 0.10 0.64 ± 0.02 1.75 ± 0.22 0.46 ± 0.04 0.16 ± 0.06
70 ◦C DW 0.40 ± 0.02 0.65 ± 0.04 1.20 ± 0.04 0.36 ± 0.05 0.43 ± 0.05

AA 0.90 ± 0.07 2.43 ± 0.06 2.94 ± 0.19 1.64 ± 0.06 0.85 ± 0.13
80 ◦C DW 0.75 ± 0.03 1.34 ± 0.12 1.28 ± 0.09 0.71 ± 0.05 0.57 ± 0.04

AA 12.13 ± 0.65 3.51 ± 0.58 9.98 ± 0.73 1.80 ± 0.04 0.99 ± 0.25
90 ◦C DW 3.43 ± 0.15 1.93 ± 0.04 2.18 ± 0.07 0.86 ± 0.10 2.04 ± 0.10

AA 19.03 ± 0.80 9.69 ± 0.49 16.80 ± 0.43 7.40 ± 0.70 6.97 ± 0.40

a 8 repeated experiments for 30 min in each brand of melamine-made tableware.
b Distilled water.
c 3% acetic acid.
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d Mean ± standard deviation.
e 6 of 8 repeated experiments were below LOQ (limit of quantitation).
f 7 of 8 repeated experiments were below LOQ.
g 2 of 8 repeated experiments were below LOQ.

isk factor for urolithiasis formation [1,2], their conclusion about
he release of melamine from melamine resin containers can be
gnored should be cautiously judged.

Melamine migration levels in this study were significantly
igher than those in the previous ones [8–12], especially in the
xperiments of 3% acetic acid. It was probably due to melamine-
ade tableware samples in different studies were manufactured

n different years or different countries which influenced the com-
osition of tableware samples and impacted the migration amount
f melamine.

This study showed that melamine migration levels from MEL-1,
EL-2 and MEL-3 were constantly higher than those from MEL-4

nd MEL-5 in the experiments at all temperatures and simulant. All

est samples were purchased from local markets or retailed shops
nd the samples of MEL-1, MEL-2, or MEL-3 were much cheaper
han those of MEL-4 and MEL-5 (∼1 vs. ∼5 US dollars per sample).
he different prices of melamine-related table- or kitchen-ware in

able 4
elamine migration levels corrected by ISA (�g/dm2) in different melamine resin sample

MEL-1 MEL-2 M

RT DWb 0.06 ± 0.02d 0.08 ± 0.03
AAc 0.48 ± 0.03 0.45 ± 0.09

30 ◦C DW 0.141 ± 0.02 0.12 ± 0.04
AA 0.72 ± 0.04 0.72 ± 0.06

40 ◦C DW 0.18 ± 0.02 0.17 ± 0.01
AA 0.82 ± 0.09 0.96 ± 0.06

50 ◦C DW 0.22 ± 0.01 0.37 ± 0.08
AA 1.09 ± 0.25 1.36 ± 0.17

60 ◦C DW 1.12 ± 0.04 1.39 ± 0.16
AA 1.96 ± 0.29 2.12 ± 0.07

70 ◦C DW 1.21 ± 0.08 2.15 ± 0.14
AA 2.70 ± 0.19 7.98 ± 0.20

80 ◦C DW 2.24 ± 0.13 4.41 ± 0.38
AA 36.37 ± 1.70 11.53 ± 1.89 2

90 ◦C DW 10.30 ± 0.57 6.35 ± 0.14
AA 57.17 ± 4.04 31.85 ± 1.60 4

a 8 repeated experiments for 30 min in each brand of melamine-made tableware.
b Distilled water.
c 3% acetic acid.
d Mean ± standard deviation.
e 6 of 8 repeated experiments were below LOQ.
f 7 of 8 repeated experiments were below LOQ.
g 2 of 8 repeated experiments were below LOQ.
the market may be due to the different manufacturing processes or
purity of materials which are possibly associated with the quality
of the table- or kitchen-ware and might influence the migration
amount of melamine. Making higher quality table- or kitchen-ware
and preventing it from contacting high temperatures can decrease
melamine exposure in humans.

Lund and Petersen suggested that the melamine migrated
from melamine-made tableware samples were probably from two
sources: melamine released from the first several exposures in sim-
ulant is from residual monomers of new and non-used samples
and subsequent exposures are from the degradation of the poly-
mer of samples. Although the mechanisms of melamine release
are different for different exposure times, they found that mean

melamine migrations (mg/dm2) in 6 specimens of one test plate
sample in 3% acetic acid at 95 ◦C for 30 min were similar up to
an exposure number of 10 (the 1st exposure = 0.34, n = 1; the 2nd
exposure = 0.30 ± 0.06, n = 5; the 10th exposure = 0.34 ± 0.09, n = 6)

s at different temperatures and simulants.a

EL-3 MEL-4 MEL-5

0.08 ± 0.01 –e –f

0.31 ± 0.07 0.03 ± 0.03 0.05 ± 0.03
0.19 ± 0.02 0.07 ± 0.01 –g

0.43 ± 0.17 0.11 ± 0.02 0.11 ± 0.07
0.20 ± 0.03 0.09 ± 0.01 0.05 ± 0.02
0.67 ± 0.11 0.13 ± 0.02 0.21 ± 0.08
0.33 ± 0.02 0.11 ± 0.01 0.19 ± 0.02
0.96 ± 0.16 0.30 ± 0.06 0.38 ± 0.10
1.37 ± 0.16 0.17 ± 0.02 0.31 ± 0.08
4.22 ± 0.52 1.00 ± 0.09 0.51 ± 0.20
2.88 ± 0.10 0.77 ± 0.10 1.37 ± 0.16
7.09 ± 0.46 3.55 ± 0.12 2.67 ± 0.41
3.09 ± 0.21 1.54 ± 0.11 1.79 ± 0.14
4.06 ± 1.77 3.89 ± 0.09 3.11 ± 0.78
5.25 ± 0.156 1.85 ± 0.22 6.45 ± 0.31
0.52 ± 1.03 15.99 ± 1.50 22.03 ± 1.23
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ig. 2. Comparison of melamine migration levels in melamine-made tableware sam
distilled water or 3% acetic acid) at the designated temperature for 30 min (mean ± S
n 3% acetic acid).

9]. They also found that melamine continued to be migrated-out
rom melamine-made test cups even used for several years in a
ay nursery. Our study also found melamine migration levels were
retty similar in both new and used melamine-made test samples

n repeated experiments up to 6 exposure times (Fig. C). In order
o reduce experimental variations, we used different test samples
or the experiments of different simulants and the orders of exper-
ments in different temperatures were from the lowest one to the
ighest one. In addition, up to 10 repeated experiments per test
ample were performed in this study to avoid the effect of acidic
orrosiveness. We also used cotton towels to softly and gently wipe
he inside of the tableware for the next experiment in the same
imulant to decrease the chance of scratching.

Melamine is a necessary additive material to make flame
etardants, glues, and plastics [7]. Besides adding melamine pur-
osely into infant formula milk to fallibly increase protein content,

elamine was also commonly found in foodstuffs, including

hicken eggs, fish, and vegetable crops imported from China
13,14]. Our findings, along with others, that daily-use melamine-

ade table- or kitchen-ware has a high potential to release
elamine adds another source of melamine exposure in our life-

ig. 3. Melamine migration levels in three different brands of melamine-made samples t
t the same designated temperature for 15 or 30 min (n = 4 repeated experiments).
ith the cheapest price (MEL-3) vs. the most expensive one (MEL-4) in 20 ml simulant
8 repeated experiments, all p-values < 0.05 in distilled water and all p-values < 0.001

time [8–11]. These findings are consistent with the comments from
Ingelfinger that melamine-contaminated food is more pervasive
than was originally thought [15].

Until now, it is not clear how much melamine is safe for
human intake, and whether long-term low levels of melamine
intake may confer a healthy risk to humans [15]. The TDI orig-
inally recommended by WHO and US FDA was all based on
selected animal toxicity assay. Although WHO and FDA have
lowered their TDIs [15], two subsequent research studies have
reported that some children with melamine-related urolithiasis
had an intake even below the updated WHO or FDA recom-
mended TDI [5]. Recently, Hsieh et al. challenged WHO and FDA
TDI derived from lowest-observed-adverse-effect level (LOAEL)
rather than non-observed-adverse-effect level (NOAEL) [16,17].
Thus, they further recommended that a lower TDI of melamine
to 0.0081 mg/kg bw/day should be considered in humans [16].

Based on this TDI recommendation of 0.0081 mg/kg bw/day,
assuming an average person weighs 60 kg (∼0.48 mg/day), using
the MEL-3 test sample to contain hot noodle soup in a vol-
ume of 700 ml at the initial mean temperature of 60 ◦C for
15 min and the subsequent mean temperature of 50 ◦C for

reated with pre-warmed 50 ◦C or 90 ◦C distilled water (DW) or 3% acetic acid (AA)
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nother 15 min (∼30 min in total to consume one bowl of
ot noodle soup), the intake of melamine amount will be
pproximately 0.75 mg, which exceeds this TDI recommenda-
ion ((1.75 �g/ml + 0.40 �g/ml)/2 × 700 ml/1000 �g/mg = 0.75 mg)
Table 3).

The Comité Européen de Normalisation (CEN) method [18] rec-
mmended that the melamine migration experiments be tested in
our different simulants, including distilled water, 3% acetic acid,
5% ethanol and a fatty simulating food. This study only used
istilled water and 3% acetic acid as simulant to test melamine
igration from tableware. However, our experiments in distilled
ater and in 3% acetic acid representative for pH value higher than
of foodstuffs and sour foods can cover most container conditions

or daily food products. Since melamine migration levels were not
ignificantly different in the test samples with 20 ml or ∼150 ml
imulant, we chose the former one for most of the experiments in
his study. In addition, melamine migration levels were also cor-
ected by contact area, they were able to compare with the ones
rom the earlier studies. We did not know the actual composition of

elamine resins in our test samplers. Thus, we are unable to exam-
ne the relationship between the contents of melamine in tableware
nd their migration of melamine concentrations.

. Conclusions

Melamine migration can be detectable from daily-use
elamine-made tableware, even in the low temperatures

30–40 ◦C). The migration amount of melamine sharply increases
fter 60–70 ◦C. The cheaper the melamine-made tableware sam-
les, the higher the melamine migration levels. Although the
igration amount of melamine is not large at low temperatures

<50 ◦C), it is important to realize that no adverse sub-chronic renal
ffect in relatively high melamine exposure cannot absolutely
uarantee the health safety of low and continuous melamine
xposure. Since tableware is used in daily life, it is prudent to
autiously select materials that contain foodstuffs.
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