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Abstract: In recent years, two adulteration incidents concerning the addition of melamine, a nitrogen-rich in-
dustrial small polar compound, to pet food and infant formula products have occurred in China. These issues 
prompted laboratories to develop methods for the analysis of melamine and related compounds in a wide variety 
of food products and ingredients. In this context, a CE-ESI-MS method was developed to simultaneously analyze 
melamine and its related products (ammeline, ammelide and cyanuric acid) that possess close physico-chemical 
properties. This method allows the simultaneous analysis of both cations and anions in a single run, using CE to 
divide the run into two time segments in normal polarity mode. For this purpose, ESI polarity was switched once 
during the run, increasing sensitivity and data quality. The method was applied to spiked powdered milk and 
melamine-contaminated powdered milk, with two sample preparation procedures.
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1. Introduction

Melamine (MEL), 2,4,6-triamino-1,3,5-
triazine (Fig. 1), is an emerging contami-
nant that has been illegally added to dairy 
products such as milk, infant formula, and 
pet food. Adding MEL to food increases 
its nitrogen content, artificially boosting 
the protein level, especially when indirect 
protein assays based on total nitrogen are 
employed (Kjeldahl method).[1,2] Com-
mercially synthesized MEL can contain 
structural by-products, such as ammeline 
(AMLN), ammelide (AMLD), and cyanu-
ric acid (CYA, Fig. 1). MEL is not metabo-

lized and is rapidly excreted in urine. Long-
term exposure can reduce fertility and result 
in fetal toxicity.[2] In addition, MEL and re-
lated triazines (particularly CYA) can form 
high molecular weight complexes through 
hydrogen bonding, leading to formation 
of insoluble crystals in kidneys and result-
ing in kidney stones and renal failure.[2–4] 
Based on studies on rats, a tolerable dai-
ly intake (TDI) of 0.2 ppm body weight 
was established for MEL and extrapolated 
to 1.5 ppm body weight for CYA by the 
World Health Organization. Therefore, 
many countries have introduced limits for 
MEL in food products that provide a suf-
ficient margin of safety related to the TDI, 
i.e. 1 ppm in infant formula and 2.5 ppm 
in other food.

Until now, the analytical methods 
developed to analyze MEL in food[5] 
were enzyme-linked immunosorbent as-
say,[6] enzyme immunoassay,[7] surface-
enhanced Raman spectroscopy,[8] GC-
MS,[9–11] and LC-MS.[12–20] Some of these 
methods also meet the growing need to 
detect MEL by-products because of their 

deleterious effects on health.[21–24] CE 
methods were also developed to analyze 
MEL with UV or MS detection.[25–34] Cap-
illary electrophoresis (CE) is a powerful 
separation technique for polar compounds 
with several advantages including high 
separation efficiency, low sample and 
solvent consumption, short analysis time, 
and simple instrumentation. UV-vis spec-
trophotometry is probably the most widely 
used detection technique due to the sim-
plicity of the on-line configuration. How-
ever, this technique suffers from a lack of 
sensitivity because of the narrow optical 
path length allowed by the internal diam-
eter of the capillary. Consequently, high 
analyte concentrations, which are rarely 
available in bioanalysis and food matri-
ces, are required. To circumvent this lack 
of sensitivity, CE can be on-line coupled 
with mass spectrometry (MS). The latter 
is the preferred detection method for these 
applications due to its quasi-universality, 
high sensitivity, high selectivity, and abil-
ity to identify compounds in complex mix-
tures via mass-to-charge ratio (m/z).
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Figure 1. Chemical structure of melamine and its related products.
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neva, Switzerland) and reconstituted as 
required for this study.

A sample preparation procedure based 
on solid-phase extraction (SPE) was cho-
sen to allow for the extraction of all com-
pounds. Two different materials were 
studied: i) a new Strata Melamine car-
tridge from Phenomenex (Torrance, USA) 
which theoretically enables the simultane-
ous extraction of MEL and CYA and ii) a 
mixed-mode cation exchanger (MCX) Oa-
sis cartridge from Waters (Milford, USA), 
used as the reference sample preparation 
procedure.[12,47]

2.2.2.1 SPE with Strata Melamine
Strictly following the manufacturer 

protocol, 100 μL of 0.2 M HCl and 3 mL 
of ACN were added to 1 mL of reconsti-
tuted milk, vortexed, and centrifuged at 
6000 rpm for 10 min. The supernatant was 
loaded onto the cartridge (200 mg sor-
bent, 3 mL), previously conditioned with 
3 mL of MeOH and 3 mL of water at 1 
mL/min. The first washing step was per-
formed with 1 mL of ACN-water (50:50, 
v/v) and the second with 500 μL of MeOH-
water (50:50, v/v). The sorbent was dried 
for 2 min at 10 psi. The compounds were 
eluted with 500 μL of MeOH and 1 mL of 
MeOH-ammonia (95:5, v/v). The elution 
fraction was evaporated to dryness under 
a gentle steam of nitrogen and reconsti-
tuted with 1 mL ACN-20 mM ammonium 
acetate (95:5, v/v), then injected into the 
CE-MS system.

2.2.2.2 SPE with MCX
Ten milliters of 0.12 M HCl were added 

to 5 g of reconstituted milk, and the mix-
ture was vortexed for 45 s and centrifuged 
at 4000 rpm for 5 min. The supernatant was 
loaded onto the cartridge (150 mg sorbent), 
which was previously conditioned with 5 
mL MeOH and 5 mL water at 1 mL/min. 

Electrospray ionization (ESI) is the 
most widespread ionization source used 
for hyphenating CE and MS,[35] and two 
main configurations can be distinguished, 
either with or without the addition of a 
make-up liquid. The first approach is the 
most common, particularly with a coaxial 
sheath-flow interface. In this configura-
tion, the sheath liquid mixes with the CE 
effluent at the tip of the separation capil-
lary, providing electrical contact at the out-
let end of the capillary, and the appropriate 
flow rate and solvent conditions for ioniza-
tion and evaporation of the analytes.[36–38]

The main limitation of CE-ESI-MS 
concerns the use of volatile electrophoretic 
buffers (e.g. acetate, formate, carbonate, 
ammonium), and/or volatile selectivity 
modifiers to avoid the putative contamina-
tion of the ESI source.[39] Conventionally, 
an acidic BGE, a sheath liquid containing 
formic or acetic acid, and ESI in the posi-
tive mode (ESI+) are used for cation analy-
sis, while basic BGE and sheath liquid with 
ammonium are used for anion analysis in 
negative ESI mode (ESI-). Thus, simulta-
neous analysis of both cations and anions 
by CE-ESI-MS in a single run is not direct-
ly achievable and the capillary, the BGE, 
and the sheath liquid have to be adapted be-
tween applications. Several attempts were 
made by CE-UV to overcome this issue, us-
ing techniques such as complexing cations 
with EDTA in reversed polarity mode,[40] 
addition of poly(diallyldimethylammonium 
chloride) to the BGE,[41] use of a coated 
capillary,[42] and a dual-opposite injection 
approach, which consists of simultaneous 
injection from both sides of the capillary 
with the detector placed approximately in 
the center.[43–46] However, these techniques 
can hardly be implemented when MS is 
used for detection. Therefore, it remains 
challenging to simultaneously analyze 
cations and anions by CE-ESI-MS. In the 
present paper, a CE-ESI-MS method is pre-
sented to allow the simultaneous detection 
of MEL, AMLN, AMLD, and CYA with 
adequate analytical conditions in a single 
run in spiked and contaminated powdered 
milk.

2. Material and Methods

2.1 Chemicals
Acetic acid, ammonia, hydrochloric 

acid, ammonium acetate, sodium hy-
droxide, ethanol (EtOH), formamide, 
N-methylformamide (NMF), and N,N-
dimethylformamide (DMF) of analytical 
reagent grade were obtained from Fluka 
(Buchs, Switzerland). Acetonitrile (ACN) 
and methanol (MeOH) of analytical re-
agent grade were obtained from Panreac 
Quimica SA (Castella del Vallès, Spain), 
analytical grade isopropanol (iprOH) from 

Acros Organics (Geel, Belgium), and for-
mic acid from Biosolve (Valkenswaard, 
Netherlands). Ultrapure water was sup-
plied by a Milli-Q RG purification unit 
from Millipore (Bedford, MA, USA).

MEL, AMLN (atrazin-desethyl-des-
isopropyl-2-hydroxy), CYA were pur-
chased from Sigma-Aldrich (Seelze, Ger-
many), and AMLD was obtained from 
TCI Europe (Zwijndrecht, Belgium). They 
possess close physico-chemical properties 
(Fig. 1 and Table 1).

2.2 Background Electrolyte and 
Sample Preparation
2.2.1 BGE

The BGE consisted of a 25 mM (ionic 
strength) ammonium acetate buffer set 
at pH 5.2. For confirmatory analysis of 
AMLD and CYA, a 25 mM (ionic strength) 
ammonium acetate buffer set at pH 9.0 was 
used. The pH values were measured with 
a SevenMulti pH meter (Mettler-Toledo, 
Schwerzenbach, Switzerland).

2.2.2 Sample Preparation
Stock standard solutions of the ana-

lytes were prepared by dissolving each 
reference compound in MeOH to obtain a 
concentration of 1 mg/mL (1000 ppm) for 
MEL and CYA, and 0.05 mg/mL (50 ppm) 
for AMLN and AMLD. Standard solutions 
at desired concentrations were prepared 
daily by diluting stock solutions in water.

The developed CE-ESI-MS method 
was tested with the following real samples: 
i) delipidated blank powdered milk Rap-
ilait purchased from a local retailer store 
(Migros, Geneva, Switzerland), reconsti-
tuted as instructed on the packaging and 
spiked with MEL, AMLN, AMLD at 5 
ppm, and CYA at 1 ppm and ii) Chinese 
positive powdered milk provided from an 
interlaboratory study performed by the 
Food Authority Control of Geneva (Ge-

Table 1. Physico-chemical, electrophoretic, and MS properties of MEL and its related products.

MEL AMLN AMLD CYA

Physico-chemical properties

Molecular weight [Da] 126.07 127.05 128.03 129.02

Acidic pKa ± IC95% 
a - 9.55 ± 0.18 6.97 ± 0.09

6.89 ± 0.06
11.40 ± 0.08

Basic pKa ± IC95% 
a 5.12 ± 0.04 4.21 ± 0.18 1.58 ± 0.11 -

Electrophoretic properties

Ionization at pH 5.2 45% (cation) 9% (cation) 2% (anion) 2% (anion)

Mass spectrometry properties

Detected ions [M+H]+ [M+H]+
[M-H]-

[2M-H]-
[M-H]-

m/z 127 128
127
255

128

Fragmentor voltage [V] 140 140 90 90

ab  pKa values experimentally determined according to Geiser et al.[49]
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Numerous BGEs were tested, includ-
ing 25–100 mM ammonium acetate and 
ammonium formate buffers between pH 
4.0–7.0, in steps of 0.25. The influence of 
organic solvent addition was also inves-
tigated because it might allow selectivity 
changes. Furthermore, the presence of an 
organic solvent may i) enhance peak ef-
ficiency, ii) be more easily evaporated for 
ESI-MS detection, and iii) increase sensi-
tivity.[50] Six different organic modifiers 
were tested: MeOH, EtOH, ACN, for-
mamide, NMF, and DMF, added from 10 
to 50% (v/v) to the BGE. Pure non-aque-
ous conditions were also investigated but 
did not lead to separative improvement 
regardless of the nature of the organic 
solvent or its concentration in the BGE. 
In summary, all compounds were partially 
ionized in a 25 mM (ionic strength) am-
monium acetate buffer set at pH 5.2 (Ta-
ble 1). Under these conditions, MEL and 
AMLN were separated and migrated as 
cations before the EOF, whereas AMLD 
and CYA co-migrated as anions after the 
EOF (Fig. 2).

3.1.2 Interface and MS Conditions
To obtain a stable and repeatable spray 

in the ESI source, interface parameters, 
such as ESI voltage and sheath liquid com-
position, were evaluated. Applied voltages 
were set at 4300 V and 3400 V in ESI+ and 
ESI-, respectively, to allow good ionization 
with stable ESI currents. The sheath liquid 
was an iprOH-water mixture that afforded 
electrical connection to close the CE cir-
cuit and evaporation of CE effluent at the 
tip of the capillary.[37,48,51]

Conventionally, a small percentage of 
acid is added to the hydro-organic mix-
ture for basic compounds ionization (e.g. 
formic acid, TFA) to assist analyte proton-
ation, and a small amount of ammonia is 
added to increase deprotonation of acidic 
compounds. To analyze MEL and its by-
products, a sheath liquid composed of a 
mixture of water-iprOH (50:50, v/v) with 
ammonia was investigated to allow simul-
taneous protonation of MEL and AMLN 
and deprotonation of AMLD and CYA. 
Ammonia has the ability to deprotonate 
acidic analytes while providing a proton to 
basic compounds, allowing all the analytes 
to be ionized.[52,53] Its concentration was 
varied to obtain a compromise between an-
alyte sensitivity and spray stability, which 
was achieved at 2% (v/v). Acetic acid of 
25 mM concentration was also added to 
the sheath liquid to stabilize CE and ESI 
currents and reduce baseline fluctuations 
in the positive and negative modes. Opti-
mized fragmentor voltages, which resulted 
in the highest intensity for all compounds, 
were set at 140 V for MEL and AMLN, and 
90 V for AMLD and CYA.

The washing step was done with 5 mL 
0.1 M HCl and 2 mL MeOH. Compounds 
were eluted with 5 mL ACN-ammonia 
(95:5, v/v). One mL of the elution fraction 
was evaporated to dryness under a gentle 
steam of nitrogen and reconstituted with 
1 mL ACN-20 mM ammonium acetate 
(95:5, v/v), then injected into the CE-MS 
system.

2.3 Instrumentation
2.3.1 Capillary Electrophoresis

CE experiments were performed with 
an HP 3DCE system from Agilent (Wald-
bronn, Germany) equipped with an on-
capillary diode array detector, an autosam-
pler, and a power supply able to deliver up 
to 30 kV. Separation was performed using 
a fused-silica capillary (BGB Analytik AG, 
Böckten, Switzerland) with a total length 
of 80 cm and an internal diameter of 50 
μm. Before its first use, the capillary was 
rinsed sequentially at 2 bar with MeOH (6 
min), water (3 min), 0.1 M NaOH (6 min), 
water (3 min), 0.1 M HCl (6 min), water (3 
min), and BGE (6 min). The capillary was 
conditioned daily with MeOH and water 
at 2 bar (3 min each). Prior to each sample 
injection, the capillary was rinsed at 2 bar 
with fresh BGE (2 min). When not in use, 
the capillary was rinsed with water and 
then dry-stored. Samples were kept at am-
bient temperature in the autosampler and 
injected hydrodynamically at 50 mbar for 
25 s (corresponding to 1.7% of the capil-
lary length). Experiments were carried out 
in positive polarity mode (anode at the in-
let and cathode at the outlet). A constant 
voltage of 30 kV with an initial ramping of 
1667 V/s (18 s) was applied, and the capil-
lary was thermostated at 25 °C.

2.3.2 Mass Spectrometry
MS detection was performed with a 

single quadrupole Agilent Series 1100 
MSD (Palo Alto, CA, USA). The elec-
trospray ionization was carried out se-
quentially in positive and negative modes 
with time segments. A CE-MS adapter 
kit interface from Agilent was used to in-
terface the HP 3DCE instrument with the 
mass spectrometer. The composition of 
the coaxial sheath liquid was a mixture 
of iprOH-water-ammonia (50:50:2, v/v) 
containing 25 mM acetic acid. The sheath 
liquid was delivered by a Jasco PU-980 
HPLC Pump (Omnilab, Mettmenstetten, 
Switzerland) at 3 μL/min. The ESI cap-
illary voltage was set at 4300 V in the 
positive mode and 3400 V in the negative 
mode. The nebulizing pressure and dry-
ing gas flow rate were set at 4 psi and 4 
L/min, respectively, while the drying gas 
temperature was set at 250 °C. These val-
ues were selected according to Geiser et 
al.[48] In preliminary experiments, MEL, 
AMLN, AMLD were infused at 50 ppm 

each, and CYA at 250 ppm in the BGE to 
determine their optimal fragmentor val-
ues, resulting in the highest intensity for 
the most abundant ions (Table 1).

2.4 pKa Determination
Given the numerous predictive pK

a
 

values found in the literature for the four 
compounds, experimental pK

a
 values were 

determined by CE-UV using a dynamic 
coating procedure.[49] Knowing accurate 
pK

a
 values allowed the best pH value for 

BGE, at which all the compounds were 
partially ionized, to be selected. Because 
the pK

a
 value depends on BGE ionic 

strength and temperature, the values used 
were calculated for 25 mM and 25 °C.

2.5 Software
BGEs were prepared with the help of 

PHoEBuS software (version 1.3, Analis, 
Namur, Belgium). CE ChemStation (ver-
sion B.01.03, Agilent, Waldbronn, Germa-
ny) was used for instrument control, data 
acquisition, and data handling. Prism soft-
ware (version 4.0, GraphPad Software, San 
Diego, CA, USA) was used to determine 
pK

a
 values using experimental electropho-

retic mobilities at different pH values.

3. Results and Discussion

3.1 Development of Analytical 
Conditions

All compounds present similar struc-
tures and therefore have close physico-
chemical properties (Fig. 1 and Table 1). 
Hence, the challenge was to find BGE 
conditions able to separate compounds 
according to their molecular size or ion-
ization percentage. pK

a
 Values can aid in 

the choice of buffer pH to obtain the best 
selectivity. Predicted pK

a
 values were 5.6 

± 0.2 (basic) for MEL, 4.0 ± 0.2 (basic) 
and 6.2 ± 0.7 (acid) for AMLN, 1.5 ± 0.7 
(basic) and 6.8 ± 0.7 (basic) for AMLD, 
and 5.2 ± 0.2 (acid) for CYA. Because 
theoretical pK

a
 values were not accurate, 

they were experimentally determined for 
the four compounds.

3.1.1 pKa Determination and BGE 
Conditions

Results obtained from experimental 
pK

a
 determination, as described by Geiser 

et al.,[49] are summarized in Table 1. The 
selection of a BGE that allowed electro-
phoretic separation between the four ana-
lytes at a pH value in which all compounds 
were ionized was then performed. Conven-
tionally, MEL and AMLN (possessing ba-
sic pK

a
 values) can be separated as cations 

under acidic conditions (pH <6), whereas 
AMLD and CYA (possessing acidic pK

a
 

values) can be analyzed as anions in neu-
tral or basic conditions (pH >6).
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3.1.3 Acquisition Mode
To achieve a simultaneous MS detec-

tion of cations and anions within a single 
run, ESI polarity can be switched through-
out the entire run and simultaneous ESI+/- 
signals can be monitored. However, this 
might induce a loss in sensitivity attribu
table to the time necessary to perform 
polarity switching. Moreover, this could 
also imply a loss in data quality because 
the cycle time would greatly increase in 
simultaneous ESI+/- mode compared to 
single ESI mode, resulting in low acqui-
sition rates.[53] Because it is important to 
maintain at least 15 acquisition points per 

peak for quantitative purpose, this could be 
barely possible with the narrow peak width 
obtained in CE (ca. 6 s). Using the unique 
feature of zone electrophoresis that allows 
separation between cationic compounds 
in the first run segment and anionic com-
pounds in the second, the division of the 
run into two time segments for MS acqui-
sition was considered. Consequently, ESI-
MS responses were obtained in a single 
polarity mode (i.e. one recorded TIC trace, 
either ESI+ or ESI-), giving more sensitive 
results. From the beginning of the run to 
the polarity switch, a first window corre-
sponding to the migration of cationic com-

pounds was monitored in positive mode, 
and two ions were detected, m/z 127 and 
128, corresponding to [M+H]+ of MEL 
and AMLN, respectively. From the switch 
to the end of the run, a second window 
corresponding to the anionic species was 
monitored in negative mode and ions m/z 
127 and 128 were detected, corresponding 
to [M-H]– of AMLD and CYA, respec-
tively. The time of the polarity switch was 
determined each day by injecting an EOF 
marker prior to analyses. The marker was 
also injected every five runs to correct the 
time of the switch because of EOF migra-
tion time variability. It should be noted 

Polarity switching

Figure 2

1 2 3 4 5 6 7
0

40000

1 2 3 4 5 6 7
0

5000

10000

1 2 3 4 5 6 7
0

40000

1 2 3 4 5 6 7
0

40000

1 2 3 4 5 6 7
0

5000

1 2 3 4 5 6 7

1000

0

TIC +

TIC -

EIC +m/z 127

EIC +m/z 128

EIC -m/z 127

EIC -m/z 128

MEL
AMLN

MEL

AMLN

AMLD + CYA

AMLD

CYA

Migration time [min]

In
te
ns
ity

(c
ps
)

13C-MEL

Fig. 2. CE-ESI-MS 
electropherograms 
obtained at pH 
5.2 by injecting a 
mixture of MEL, 
AMLN, AMLD, and 
CYA at 25 ppm 
(each in water). ESI+ 
from 0 to 6.0 min, 
switch of polarity at 
6.0 min (300 ms), 
and ESI- from 6.3 
to 8 min. See text 
for experimental 
conditions.

Figure 3

2 4 6
0

10000

20000

2 4 6
0

5000

10000

15000

2 4 6

0

400

800

2 4 6
0

1000

2000

3000

Migration time [min]

In
te
ns
ity

(c
ps
)

TIC -

EIC -m/z 127

EIC -m/z 255

EIC -m/z 128

2 4 6
0

10000

20000

2 4 6

400

2 4 6
0

10000

2 4 6

500

1000

1500

20000

0

800

Migration time [min]

TIC -

EIC -m/z 129

EIC -m/z 255

EIC -m/z 128

a) b)

AMLD CYA

12C-AMLD

13C-AMLD

12C-CYA

AMLD

[2M-H]-

13C-CYA

Fig. 3. a) CE-ESI-MS 
electropherograms 
obtained in ESI- at 
pH 5.2 by injecting 
AMLD at 25 ppm in 
water. b) CE-ESI-MS 
electropherograms 
obtained in ESI- at 
pH 5.2 by injecting 
CYA at 25 ppm 
in water. See text 
for experimental 
conditions.



Nutrition Chemistry in Switzerland� CHIMIA 2011, 65, No. 6  393

that the switch between both polarities 
was achieved in 300 ms. Under these con-
ditions, the limits of detection (LOD), cor-
responding to a signal-to-noise ratio (S/N) 
of 3, were 200 ppb for MEL, AMLD, CYA, 
and 500 ppb for AMLD.

An important issue concerned the 
limited spectral resolution of the single 
quadrupole mass spectrometer (m/z 0.7 
FWHM) that did not permit straightfor-
ward MS discrimination due to the small 
m/z difference between the analytes. This 
was not critical for cations because the 
electrophoretic selectivity between MEL 
and AMLN allowed their physical sepa-
ration despite the putative interference 
of MEL on AMLN MS-trace due to 13C-
isotopic contribution of MEL (Fig. 2). 
However, the resolution was insufficient 
for anions; AMLD and CYA were not 
separated by either CE or MS because of 
the 13C-isotopic contribution of AMLD on 
CYA MS-trace. MS spectra of both com-
pounds performed in scan mode between 
mass range m/z 100–1000 revealed the 
presence of the AMLD dimer form [2M-
H]– at m/z 255. The latter was thus includ-
ed as a confirmatory ion for AMLD iden-
tification (Fig. 3). When in doubt, other 
operating conditions could be performed 
with a BGE at basic pH in ESI- mode with 
the same sheath liquid composition. For 
example, a 25 mM (ionic strength) ammo-

nium acetate BGE set at pH 9.0 allowed 
a complete electrophoretic separation of 
AMLD and CYA (Fig. 4).

3.2 Application to Real Samples
A new cartridge was introduced on the 

market that would allow the simultane-
ous extraction of both MEL and CYA via 
strong cationic exchange and hydrophilic 
lipophilic interactions, and was tested for 

MEL and its by-products. The protocol de-
veloped by the manufacturer was strictly 
followed for the extraction of Rapilait milk 
spiked with the four analogs. Results are 
shown in Fig. 5a and were not satisfac-
tory in terms of peak shape for MEL and 
AMLN, whereas AMLD and CYA were 
absent on the electropherogram. To con-
firm the previous results, this material was 
evaluated with aqueous standard solutions 
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Fig. 5. a) CE-ESI-MS electropherograms obtained by injecting elution fraction after extraction with Strata Melamine cartridge of powdered Rapilait 
milk spiked with MEL, AMLN, AMLD at 5 ppm, and CYA at 1 ppm. ESI+ from 0 to 6.4 min, switch of polarity at 6.4 min (300 ms), and ESI- from 
6.7 to 8.4 min. b) CE-ESI-MS electropherograms obtained by injecting elution fraction after extraction with Strata Melamine cartridge of standard 
solutions spiked with MEL, AMLN, AMLD, and CYA at 25 ppm. ESI+ from 0 to 6.7 min, switch of polarity at 6.7 min (300 ms), and ESI- from 7.0 to 
8.7 min. See text for experimental conditions.
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at 25 ppm. At this concentration, electro-
pherograms obtained for MEL and AMLN 
were still not satisfactory (Fig. 5b), while 
AMLD and CYA were present. Therefore, 
this material seemed sufficient to extract 
high concentrations of AMLD and CYA, 
but did not give adequate results for MEL 
and AMLN, in either standard solutions 
or spiked milk. Although operating condi-
tions were investigated, in terms of i) car-
tridge conditioning, ii) loading step (pH 
of the sample), iii) washing step (nature 
and proportion of solvent), iv) elution step 
(nature and volume of the solvent), and v) 
flow through the cartridge, no convincing 
or repeatable results were obtained, par-
ticularly for MEL and AMLN.

In a second set of experiments, Rap-
ilait milk spiked with the four analogs was 
extracted with a strong cationic exchanger 
according to a protocol routinely used to 
extract only MEL from solid food prod-
uct. The extracted sample was analyzed 
with the developed CE-ESI-MS method 
and the electropherograms are presented in 
Fig. 6a. MEL and AMLN were present on 
the electropherograms, while AMLD and 
CYA were absent, according to the selec-
tive retention mechanism of MCX material 
that could only retain cationic compounds, 
which were MEL and AMLN in this study. 
An S/N of 145 was obtained for MEL in 
spiked milk at 5 ppm. This result demon-

strates the applicability of the developed 
CE-ESI-MS method for the analysis of con-
taminated samples, considering to the regu-
latory cut-offs of 1 ppm in infant formula 
and 2.5 ppm in other food products. Chinese 
reconstituted milk contaminated with MEL 
obtained from an interlaboratory study was 
also analyzed and showed presence of MEL 
on the electropherogram, while presence of 
AMLN was excluded (Fig. 6b). These re-
sults were confirmed by an LC-MS analysis 
performed at the Food Authority Control of 
Geneva (Geneva, Switzerland). AMLD and 
CYA, which were not extracted with this 
material due to the selective retention mech-
anism, could be extracted in a second step 
using mixed-mode anion exchanger (MAX) 
cartridges.[54]

 

4. Conclusions

The development of powerful ana-
lytical techniques in the context of food 
analysis is of prime importance. This was 
recently illustrated by dairy products adul-
teration with MEL, a nitrogen-rich com-
pound that was illegally added to infant 
formulas, causing severe damage to the 
human urinary system. In this study, MEL 
and its by-products (AMLN, AMLD, and 
CYA) were analyzed within a single run 
with CE-ESI-MS. The method was applied 

to real samples, such as spiked blank pow-
dered milk and contaminated powdered 
milk. With a 25 mM (ionic strength) am-
monium acetate BGE set at pH 5.2, MEL 
and AMLN migrated as cations in the first 
part of the run, and AMLD and CYA as 
anions in the second part. The unique fea-
ture of CE permitted the division of the 
run into two time segments for MS detec-
tion, enhancing sensitivity and data qual-
ity. To assist the simultaneous protonation 
of MEL and AMLN and the deprotonation 
of AMLD and CYA in the ESI source, 2% 
ammonia was added to the sheath liquid 
composed of a mixture of water-iprOH 
(50:50, v/v). With these conditions, all 
compounds could be resolved either by 
CE or by MS, and LOD down to 200 ppb 
were reached. Two sample preparations 
were tested in spiked blank powdered milk 
and contaminated powdered milk. MCX 
cartridges allowed the extraction of MEL 
and AMLN, but not AMLD and CYA. A 
new material was also tested with a pro-
tocol developed by the manufacturer but 
peak shapes obtained for MEL and AMLN 
were not satisfactory, while AMLD and 
CYA could not be detected at a concentra-
tion lower than 10 ppm.
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AMLN	 Ammeline
BGE	 Background electrolyte
CYA	 Cyanuric acid
DMF	 N,N-dimethylformamide
EIC	 Extracted ion current
ESI	 Electrospray ionization
EtOH	 Ethanol
FWHM	 Full width at half maximum
iprOH	 Isopropanol
LOD	 Limit of detection
MEL	 Melamine
MeOH	 Methanol
m/z 	 Mass-to-charge ratio 
NMF	 N-methylformamide
SIM	 Selected ion monitoring
SPE	 Solid-phase extraction
TDI	 Tolerable daily intake
TIC	 Total ion current
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