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a  b  s  t  r  a  c  t

This  report  presents  the  single-laboratory  validation  of  a  method  for the  determination  of  melamine  in
dairy-based  products  using  on-line  turbulent  flow  extraction-tandem  mass  spectrometry.  Liquid  or  pow-
der  test  portions  were  dissolved  in water,  enriched  with 13C3

15N3-Melamine  internal  standard,  followed
by  protein  precipitation  and  withdrawal  of  an  aliquot  for  analysis.  The  turbulent  flow  method  was vali-
dated  by  analyses  of  liquid  and  powdered  proficiency  test  portions  containing  up  to  10  mg/kg  melamine.
eywords:
elamine
n-line turbulent flow extraction
ass spectrometry

Accuracy  of  results  ranged  from  96  to  106%  of  the  assigned  values  for  the 6  proficiency  test  portions
tested  with  relative  standard  deviations  of  4–8%.  Apparent  recoveries  based  on  addition  of  amino-15N3-
Melamine  to  prepared  test  portions  were  between  98  and  114%.  Based  on  the  repeat  analysis  of  a  known
blank sample  the  limit  of  detection  and limit  of quantification  were  determined  to  be  27  and  87  �g/kg,
respectively.  Additionally,  this  report  demonstrates  that  turbulent  flow  chromatography  is  significantly
faster  than  traditional  LC–MS,  with  sample  analysis  times  of  less  than  2  min.
. Introduction

A study of the 2004 and 2007 incidents of pet food-associated
enal failure in cats and dogs led Brown to report compelling evi-
ence that melamine and cyanuric acid were the causal agents
1]. Analyses for these chemicals in the ingredients used to man-
facture pet food and trace back of these ingredients led to their
iscovery in other food products including animal feeds [2]. Cya-
uric acid is permitted as a nitrogen supplement in animal feed
3]. However, its presence with melamine in these products was
ndicative of their intentional use as economic adulterants.

In response to the adulteration of pet food and feeds with
elamine and cyanuric acid, various melamine assays were devel-

ped by U.S. Food and Drug Administration (FDA) Scientists. Heller
nd Nochetto developed a rapid method for the determination of
elamine and cyanuric acid in animal feeds [4].  Smoker and Krynit-

ky collaborated to develop an in-house tandem mass spectrometry
MS) method, which used stable isotope dilution, for the determi-

ation of melamine and cyanuric acid residues in tissue [5].  This
ethod was tested against incurred residues of these adulterants

n fish and pork and performed well in a Fall 2009 collaborative
tudy conducted by the Food Industry Analytical Chemists Commit-
ee (FIACC) of the Grocery Manufacturers Association (unpublished
ata) as well as the 2009 melamine proficiency test conducted by
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E-mail address: John.Roach@fda.hhs.gov (J.A.G. Roach).

021-9673/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.chroma.2011.05.025
Published by Elsevier B.V.

the Joint Research Centre (JRC) of the European Commission Insti-
tute for Reference Materials and Measurements [6].

In 2008, an increased incidence of infant kidney disease in China
led Chinese authorities to discover melamine adulteration of infant
formula and milk by several Chinese producers [7,8]. Although
there had been no indication that US food imports had been con-
taminated, part of the FDA response was  a survey of American infant
formulas. The Smoker and Krynitsky method was applied to the
analysis of infant formulas for melamine. Every American infant
formula product tested was  found to be safe (unpublished data), but
the manpower, time and resources required to prepare and analyze
the extracts were considerable. Consequently, the 2009 report [9]
of a 4-min, on-line turbulent flow isolation of melamine from dairy-
based food extracts was a significant advance in the methodology
for high-throughput melamine measurement. This report formed
the basis for the collaborative effort described below, which had
the goal of testing and validating turbulent-flow methodology for
high throughput foods analysis applications.

In turbulent flow chromatography, high flow rates are used with
large (ca 50 �m),  chromatographically active, porous polymeric
particles. The high flow rates produce a turbulent flow, instead
of the laminar flow achieved in traditional chromatographic
systems. The small (ca 75–125 Å) pores, turbulent flow and solvent

selection allow the retention of small analytes, while the larger
matrix compounds, such as proteins, are washed from the column.
After elution of matrix compounds, the mobile phase is changed
to elute the previously retained small analyte(s) [10]. Since Quinn
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nd Takarewski patented turbulent flow chromatography in 1997
11], it has been used primarily for rapid determinations in phar-

acokinetic studies and therapeutic drug monitoring [12–14].  For
xample, Srinubabu et al. described the development and valida-
ion of an automated method for loratadine and deloratadine in
uman plasma [15]. The extraction, separation and tandem MS
uantification were completed within 8 min. On-line turbulent
ow chromatography has been applied to environmental matrices
uch as the determination of pesticides in ground, waste, and
rinking water [16,17].  Additionally, the application of turbulent
ow chromatography to the analysis of food matrices, such as the
etermination of veterinary drugs in honey and milk, has been
eported [18,19].

We  report here the development of an on-line turbulent flow
andem MS  method for the determination of melamine in dairy-
ased foods and its subsequent single laboratory validation. The
esulting method is 15 times faster than the LC–MS/MS method of
moker and Krynitsky and provides comparable results in analyses
f proficiency test portions bracketing the Codex maximum level
or infant formula [20].

. Method

.1. Reagents and materials

Melamine (99+%), acetic acid (99.7%), formic acid (98–100%),
mmonium hydroxide (ACS reagent grade), ammonium acetate
99.999%) and HPLC grade acetone (99.9%) were purchased from
igma–Aldrich Chemical Company (St. Louis, MO). 13C3

15N3-
elamine (13C3, 99%; amino-15N3, 98%) 100 �g/mL in water
as purchased from Cambridge Isotopes Laboratories (Andover,
A). Amino-15N3-Melamine was synthesized for FDA in June,

007, by Goncalo Gamboa, at the FDA National Center for Toxi-
ological Research (Jefferson, AR). Optima LC–MS grade acetone,
cetonitrile, methanol, 2-propanol, and water were purchased
rom Thermo Fisher Scientific (Pittsburgh, PA). Conical 50 mL
crewcap polypropylene centrifuge tubes were purchased from
WR  Scientific Products (Buffalo Grove, IL). Narrow-mouth 1 L
eflon wash bottles were purchased from Cole Parmer (Vernon
ills, IL) and fitted with narrow mouth solvent reservoir caps
urchased from Waters (Milford, MA)  for use as solvent reservoirs
or basic solutions.

.2. Sample preparation

Liquid concentrate and powder dairy products were prepared
ccording to manufacturer’s instructions prior to sampling. Liquid
2 mL)  or solid test portions (1 g or less) of baking products were
eighed into 50 mL  centrifuge tubes. Liquid test portions were

piked with 200 ng 13C3
15N3-Melamine internal standard (200 �L),

.8 mL  2% acetonitrile in water, and vortexed (0.5 min). For solid
atrices, water (2 mL)  was added to solid portions and vigorously

ortexed for 0.5 min  prior to and after addition of spiking solutions.
o precipitate proteins a crash solution consisting of 30% aqueous
olution of 50 mM ammonium acetate mixed with 70% acetonitrile
25 mL)  was added to each test portion and vortexed for 1 min.
he portions were then centrifuged at 9500 rpm for 10 min  in a
eckman Coulter Allegra 21 centrifuge (Palo Alto, CA) to separate
he precipitated solids from the supernatant. A 1 mL  aliquot of
larified supernatant was withdrawn and transferred to an LC
ample vial for analysis.
.3. Instrumental analysis

Turbulent flow chromatography of the test portions was  per-
ormed using a Transcend TLX-2 two-channel, two-dimensional LC
Fig. 1. Paths of loading and eluting pump flows during loading (step 1), elution (step
2),  and backwash (step 3) of the TurboFlowTM column.

system configured for turbulent flow on-line solid phase extraction
and fast liquid chromatography (Thermo Fisher Scientific, San Jose,
CA). Each channel, designated loading or eluting, utilized a qua-
ternary LC pump to combine and pump the appropriate solvents.
For this analysis, 3 solvents were used from the loading channel
and 2 were used in the eluting channel. Only loading pump flow
passed through the 100 �L sample injection loop. The eluting pump
flow entered the LC system downstream from the injection loop. A
prototype CycloneTM MCX-2 cation exchange TurboFlowTM column
was  used for on-line extraction.

The first step of on-line extraction sequence (Table 1) began
with a 5 �L injection loaded onto the MCX-2 column with 100%
loading solvent A (0.1% formic acid and 5% methanol) at a flow
rate of 2 mL/min for 1 min. The column effluent was directed to
waste during this step (Fig. 1a). In the second step, melamine was
eluted from the column, into the mass spectrometer, with 100%
eluting solvent A (0.1% NH4OH and 5% methanol) at 1 mL/min for
1 min. Simultaneously, loading solvent B (100 mM  NH4C2H3O2 and
5% methanol, pH 9), was  directed to waste at a flow rate of 1 mL/min
(Fig. 1b). In the third step, the MCX-2 column was backwashed with
loading solvent B at 2 mL/min for 0.5 min (Fig. 1c). Eluting solvent
flow was reduced from 1 mL/min to 0.5 mL/min and stepped from
100% eluting solvent A to eluting solvent A/B (methanol, 20/80).

In the fourth step the column was backwashed with loading sol-
vent C (2-propanol and acetone 50/50) for 1 min  at 2 mL/min while
eluting solvent (20/80) continued at 0.5 mL/min to the mass spec-
trometer. In the fifth step the MCX-2 column and valve system
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Table 1
Turbulent flow LC method for in-line enrichment and elution of melamine. Loading and eluting pump flow compositions are shown for each method step in columns on
either  side of the action and flow direction columns.

Step Duration (min) Load flow mL/min Load % A Load % B Load % C Action Flow direction Elute flow mL/min Elute % A Elute % B

1 1.0 2.0 100 Load Forward 1.0 20 80
2 1.0  1.0 100 Elute Forward 1.0 100
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3  0.5 2.0 100
4  1.0 2.0 100 

5  0.5 2.0 100 

as re-equilibrated with initial loading and eluting solvent com-
ositions for 0.5 min. Eluting pump flow remained at 0.5 mL/min
uring step 5. Using these chromatographic conditions, melamine
luted in 1.35 min. MS  data collection began at 0.75 min  resulting
n a detected elution time of 0.6 min. Aqueous (2% acetonitrile, 0.1%
ormic acid) and organic syringe wash (45:45:10 acetonitrile:2-
ropanol:acetone) were used after each injection.

The turbulent flow system was interfaced to an API 5000 tandem
ass spectrometer from Applied Biosystems (Foster City, CA). The

eated nebulizer (APCI) source operated in positive ion mode was
eld at 400 ◦C and a nebulizer current (NC) of 1. The collision gas
CAD) setting was 6, the curtain gas (CUR) setting was 10 and the
ebulizer gas (GS1) setting was 30. The interface heater (ihe) was in
he ON state. The declustering potential (DP) was 80 V, the entrance
otential (EP) was 6 V and the collision cell exit potential (CXP) was
5 V. Tandem MS  detection was in multiple reaction monitoring
MRM)  mode. Transitions monitored for melamine, m/z 127.1–85
nd 68, used collision energies of 30 and 40 V, respectively, and a
well time of 100 ms.  Corresponding labeled melamine transitions,
/z 133.1–89 and 71, used collision energies of 30 and 40 V, respec-

ively and equivalent dwell times. The TurboIon spray (ESI) source
as set at 650 ◦C with an ion spray (IS) potential of 4500 V.

As part of the method comparison and validation, test por-
ions were also analyzed using LC–MS/MS conditions similar
o those developed by Smoker and Krynitsky [7].  Separations
ere performed by liquid chromatography (Agilent 1100) using

equant Zic-Hilic, 2.1 mm × 150 mm,  50 �, 200 Å column from
erck (Southborough, MA). A flow rate of 300 �L/min of 100%
obile phase A (95% acetonitrile with10 mM  NH4C2H3O2) was
aintained from injection until 11 min. At 11.1 min, flow switched

o 100% mobile phase B (50% acetonitrile, 10 mM NH4C2H3O2) at
00 �L/min, and returned to 100% mobile phase A at 16.1 min. At
0.1 min, the 100% mobile phase A flow was reduced from 600 to
00 �L/min and held at that flow until 30 min. Syringe wash solu-
ion was 30% aqueous 50 mM ammonium acetate mixed with 70%
cetonitrile. All separations were performed at 35 ◦C. Melamine
luted at 5 min. As with the turbulent flow system, melamine deter-
ination was performed using the API 5000 mass spectrometer and

onditions listed above.

.4. Stock solutions and calibration standards

Solid melamine standard was accurately weighed and dissolved
n 2% acetonitrile in water. An aliquot was then diluted in 2%
cetonitrile in water to prepare a 1.00 ng/�L stock spiking solu-
ion. 13C3

15N3-Melamine in water was diluted to 1.00 ng/�L with
% acetonitrile in water to prepare internal standard stock spik-

ng solution. Calibration standard solutions containing 10–8000 ng
elamine were prepared by dilution of the stock spiking solution
ith 2% acetonitrile in water. 13C3

15N3-Melamine (200 ng) was
dded to each calibration standard, which was the same amount
f internal standard added to each test portion. Once prepared,

alibration standards were processed using the same dilution and
rotein precipitation procedure described above. The calibration
tandard solutions and extracts were stored in the dark at room
emperature. Repeat analyses over the course of 5 months were
Load Back 0.5 20 80
Load Back 0.5 20 80
Load Forward 0.5 20 80

reproducible, indicating that the mixed standards solutions and
extracts were stable for this length of time.

Calibration standards were analyzed daily, prior to and through-
out the analysis of test portions. Calibration curves were prepared
by plotting the non-weighted simple linear regression of the con-
centration ratio of melamine/labeled melamine versus the area
ratio of melamine/labeled melamine. All of the peak integration and
mass spectrometry data processing was  performed with Analyst
version 1.4.2 software. Melamine content of each test portion was
calculated from the equation of the line of the standards curve(s)
analyzed with the set. Microsoft Office 2003 Excel was used for all
additional data processing. Confirmation of melamine identity in
an extract was  based on its co-elution with labeled melamine and
agreement of its detected relative abundance of the product ions
m/z 85 and 68 to within 10% of the relative abundance detected for
melamine standard in the calibration standards.

2.5. Proficiency samples

Liquid infant formula test portions containing both melamine
and cyanuric acid were the same test portions provided for partici-
pation in the Fall 2009 melamine/cyanuric acid proficiency study by
the FFIACC of the Grocery Manufacturers Association. Test results
including the mean result for each sample were provided to the
participants in the study.

Powder test portions containing melamine were the same test
portions provided for participation in the Joint Research Centre
2009 melamine proficiency test. Preparation of the test portions
for the study was  described in detail in the JRC report of the study
results. In brief, melamine in solution was  added to a suspension of
skimmed milk powder, blended, and freeze-dried. This powder was
then blended and re-blended with melamine-free milk powder to
obtain milk powder contaminated with 10 mg/kg melamine. Sev-
eral different baking mixes were purchased and combined prior
to blending with contaminated milk powder to obtain a baking
mix material contaminated at 3 mg/kg melamine. This baking mix
composite contained >10% dried milk by weight. Assigned values
and their uncertainties for melamine content of the milk powder
and baking mix  were obtained by analysis prior to release of the
portions to the study participants [6].

3. Results and discussion

3.1. Choice of ionization source

The turbulent flow isolation of melamine from dairy-based food
extracts protocol used APCI for MS  detection [9].  Operation of the
API 5000 in APCI mode and ESI mode differed in sensitivity by less
than an order of magnitude in this laboratory, so APCI was retained
as the ionization mode for this study.

3.2. Elution conditions
In order to reduce possible matrix effects and develop a more
robust method a number of changes to the solvent system were
evaluated. First, methanol was evaluated as a replacement for
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these results do not represent a back calculation from a standard
addition curve, but melamine spiked into a known blank formula
matrix for use as “matrix matched” calibration standards.

Table 2
Summary of calculated melamine content based on standards curves using mixed
standards solutions prepared in solvent and matrix. Listed values summarize 8
independent data sets.

Actual melamine
(�g/kg)

Calculated melamine
(�g/kg)

Precision (% RSD)

Solvent Matrix Solvent stds Matrix stds

0 9 0 45 na
10  18 9 21 28
Fig. 2. TF-MS/MS MRM  total ion data showing melamine retention time shift ca

cetonitrile in all of the loading and wash solvents. These solvent
hanges showed no effect on melamine retention time. Secondly,
iven the ion exchange properties of the MCX-2 column, NH4OH
oncentration was evaluated as a means to alter melamine reten-
ion time. The initial choice of elution solvent, 1% NH4OH in 2%
cetonitrile (solvent A) and acetonitrile (solvent B), was  based on
he solubility and chromatographic properties of melamine. This
olvent system caused melamine to elute at the edge of the solvent
ront, co-eluting with co-extractives. Increasing NH4OH content
f eluting solvent A from 1%, to 2% did not shorten its retention
ime, suggesting that the analyte was already eluting with the
eading edge of the basic mobile phase. Decreasing the NH4OH
oncentration to 0.1% shifted the retention time of melamine,
ithout degrading peak shape, from 0.3 to 0.6 min  (Fig. 2). This

hange separated the melamine from co-extractives and improved
he linearity and reproducibility of the solvent and matrix matched
tandard curves.

.3. Interference/background

Initial TLX-2 analyses of reagent blanks, solvent blanks and
est portion blanks showed a response consistent with melamine.
he retention time of this response matched that of melamine
nd eluted with melamine when the concentration of ammonium
ydroxide in eluting solvent A was changed. Additionally, the rel-
tive abundance of the product ions m/z 85:68 was comparable
o the melamine standards. However, subsequent analysis of the
ame portions by LC–MS/MS did not show a response for melamine.
ased on these results, two possible sources of the interference
ere evaluated, carryover from previously analyzed extracts and

ontamination within the TLX-2 system.
To address the issue of carryover, multiple vials of crash sol-

ent, all with undetectable levels of melamine by LC–MS/MS, were
un before and after the injection of a calibration standard. The
elamine response was comparable for all of the blank injections,
nd there was no significant increase in response following the
njection of melamine calibration standard (Fig. 3). These data indi-
ate that the background is not due to carryover from previously
nalyzed positive samples. Attempts to identify the source of the
y varying NH4OH content of eluting solvent A from (A) 1%, (B) 2%, and (C) 0.1%.

contamination within the TLX-2 system were unsuccessful. Sol-
vent reservoirs were changed and filled with new solvent, seals
were washed and a new column was placed in the system, how-
ever the background melamine signal remained unchanged in the
short term. The signal did decline over the course of 3 months, but
the background signal never completely disappeared.

Because the background signal was  detectable in blanks and
calibration standards and the standards and test portions were pro-
cessed and analyzed in the same manner, the background should
only affect the method limit of detection (LOD) and limit of quan-
tification (LOQ), but not the accuracy of the method. The analysis
of infant formula spiked at various levels (0–200 �g/kg) showed
that calibration standard curves did not correct for the background
melamine in the spiked portions. However, if matrix matched stan-
dards were used, the standard curve did correct for the background
melamine response, resulting in accurate melamine quantification
(Table 2). While the accuracy is not impacted at higher melamine
concentrations (100 �g/kg), these data indicate that when using
the TLX-2 system, there is a small, but detectable effect from the
addition of matrix on the response of background melamine.

It should be noted that it was  not necessary to utilize the same
formula matrix to correct for the background response. Therefore,
20  30 21 15 16
50 58 50 10 8

100 104 98 6 4
200 204 201 9 1
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edge of their melamine or cyanuric acid spike levels. Results of
the analyses of all of the proficiency test portions by TF-MS/MS
were within 102–110% of the study spiking levels (Table 4). The
results were within 96–106% of the assigned study values. Some

Table 3
Summary of estimated absolute recoveries expressed in percent for JRC and FIACC
test portions. LC–MS/MS and TF-MS/MS quantifications were based on addition of
15N3-melamine standard to finished extract test portions. Values for FIACC 213 are
single determinations. Values for all other samples are the average result for single
determinations of 2 independently prepared test portions of each sample.

Data set Absolute recovery (%)
Fig. 3. Melamine response (product ion m/z  85) from consecutiv

.4. Robustness

The robustness of the method was evaluated in a series of experi-
ents which altered the sample processing and analysis conditions.

hese changes included, decreasing the crash solution-to-sample
olume ratio, decreasing the injection volume, and altering the sol-
ents used in the TLX-2 sample loading and elution method and
yringe wash.

Experiments in which methanol was replaced by acetonitrile
s the organic solvent in both loading and eluting solutions,
nd column wash steps were varied showed that these changes
id not affect method performance. The accuracy, overall %
elative standard deviation, %RSD, and the %RSD for each exper-
mental condition were comparable and acceptable. It was
oncluded from these results that the protocol was  sufficiently
ugged.

It was found that the ratio of crash solution to liquid milk test
ortion should approximate 9:1 in order to effectively precipitate
ilk proteins. The 9:1 ratio produced a clear supernatant above the

recipitated solids, while ratios below 9:1 produced extracts with
 phases and suspended solids, even after centrifugation. Analysis
f these turbid supernatants increased co-extractive background
ignals and impacted protocol performance.

Melamine content of a 2 g portion of FIACC 213 was found to
e at or above the highest point of the standard curve in these
ests. Quantifications based on 5 and 10 �L injection volumes
rovided different TF-MS/MS results with 5 �L injections indicat-

ng melamine content beyond the standard curve. These results
ere investigated further in an examination of the linear dynamic

ange.

.5. Linear dynamic range

The 10 point calibration curves (0–4000 ng) were linear
r2 = 0.999) for 5 �L and 10 �L injections. When the calibration
urve was extended to 8000 ng, curves based on 5 �L injections
ere linear, but curves derived from 10 �L turbulent flow injections
ere non-linear above 4000 ng. LC–MS/MS data did not mirror this
rend. Calibration curves obtained by LC–MS/MS were linear for
oth 5 and 10 �L injections. This suggested that the linear range of
he turbulent flow system was limited by MCX-2 column capacity,
o subsequent injection volumes were limited to 5 �L.
tions of blank crash solvent and 200 �g/kg calibration standard.

3.6. Limit of detection and limit of quantification

FIACC sample 318 did not contain melamine, therefore its data
were used to calculate the method limit of detection and limit of
quantification. The blank value (1.6 �g/kg) was  the average of these
47 results. Three times the standard deviation of the blank value
(8.562 �g/kg) was added to the blank value to calculate the LOD.
The sum of the blank value and ten times the standard deviation of
the blank were used to determine the LOQ. The limit of detection of
the protocol was 27 �g/kg. The limit of quantification was 87 �g/kg
[21].

3.7. Recovery

Addition of labeled standard prior to extraction compensated
for analyte losses prior to analysis as well as matrix effects dur-
ing analysis post sample preparation addition of 15N3-Melamine
was  used to estimate absolute recovery from FIACC proficiency test
portions in order to assess the extraction efficiency of the sample
preparation step. The portions were examined by TF-MS/MS and
LC–MS/MS. The estimated absolute recoveries ranged from 98 to
114% (Table 3).

3.8. Quantification of mg/kg levels of melamine

Proficiency test portions were analyzed without prior knowl-
JRC A JRC B FIACC 411 FIACC 111 FIACC 213

LC analysis 112 105 99 107 102
TF  analysis 112 114 100 106 98
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Table  4
TF-MS/MS and LC–MS/MS proficiency test results for 5 �L injections. Spiked and assigned melamine concentrations from the FIACC and JRC proficiency test portions.

Analytical method Melamine concentration �g/kg (%RSD)

JRC A JRC B FIACC MC  09F6

Milk powder Baking powder 411
Liquid

111
Liquid

213
Liquid

318
Liquid

TF-MS/MS 10,600 3150 276 1091 2667 <27
(6.4)  (4.6) (4.0) (6.1) (7.3) (na)

LC–MS/MS 10,500 3060 245 1040 2500
(4.7) (5.3) (na) (na) (na)

Spike  conc. 10,000 3000 250 1000 2500 0
Assigned conc. 10,000 3180 260 1040 2680 <LOD

Table 5
TF-MS/MS JRC proficiency sample results. Portions analyzed by TF-MS/MS were quantified by standard curve extrapolation, by dilution of standards and 1 g test portions,
and  by analysis of reduced portion sizes (0.1 g).

Sample Melamine conc. �g/kg (%RSD)

Spike Study assigned Curve extrapolation (n = 4) Dilution (n = 2) Reduced aliquot (0.1 g) (n = 5)
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JRC A 10,000 10,000 9230 (1) 

JRC B 3000 3180 3140 (1) 

roficiency portions contained up to 2500 �g/kg cyanuric acid. The
greement of our results with the assigned study values indicated
hat our method was not affected by the presence of cyanuric acid
n these samples.

It should be noted that when JRC test portion A was  found to
ontain melamine beyond the range of the calibration standards,
maller sample sizes (0.1 and 0.2 g) of JRC A and B were processed in
rder to bracket their melamine content with the standards curve.
he 0.2 g portions were prepared by dissolving 1 g JRC powder in
0 mL  water followed by aliquoting and spiking 2 mL  sub-samples
or analysis. The JRC milk powder samples contained melamine at

 level that was well above the range of the standards curve as
ell as the present Codex limit of 1 mg/kg in infant formula. Test
ortion quantification by standards curve extrapolation, standards
nd sample dilution, and preparation of reduced portion sizes were
ompared for accuracy in the measurement of melamine in the JRC
amples (Table 5). FIACC samples were analyzed concurrently in

 and 2 g portion sizes. Extrapolation was the least accurate way
o quantify the JRC milk powder. Dilution of the standards and test
ortions in combination with new calibration standards containing
elamine at levels comparable to the melamine content of diluted

ortions of milk powder diminished the concentration of the inter-
al standard to a level that was below the LOD of melamine. The

nternal standard was not subject to the matrix interference noted
or melamine, but additional data would be required to determine
he merit of quantifying with an internal standard at a level that
as below the LOD of the analyte. On the basis of these compar-

sons, a reduced portion size was selected as the way to quantify
amples such as the JRC milk powder that contained 10 mg/kg
elamine.

.9. Repeatability

We used the %RSD of results from a combined total of 20 analyses
f 3 replicate 0.2 g sub samples of JRC A and B obtained on sepa-
ate days to determine the precision for the JRC analyses. The mean
alue for 3 replicate portions of JRC milk powder was  10,600 �g/kg
ith %RSD 6.4. The mean value for the JRC baking powder analyses

as 3150 �g/kg with %RSD 4.6. The results for the 5 �L injections

f FIACC test portions acceptably and repeatedly quantified the
IACC study test portions prepared on different dates over a one
ear period.
9830 (0) 10,100 (3)

3120 (0) 2850 (13)

3.10. Speed of analysis

In-line turbulent flow extraction tandem mass spectrometry
provided a 4 min  analysis time, including column re-equilibration,
that was 7.5 times faster than the 30 min  LC analysis. Four MCX-2
prototype columns were evaluated during this study. They showed
uniform analytical behavior. This uniform behavior enabled multi-
plexing two analytical streams to the mass spectrometer, halving
time between determinations to 2 min, which made the in-line tur-
bulent flow – tandem mass spectrometry method 15 times faster
than the LC method.

The 4 min analysis time permitted overnight multiple repli-
cate analyses of test sets consisting of 7–10 process standards,
4–6 extracts, and crash solvent blanks. This regimen of analysis
of more than 100 injections each night was used to check for drift
in results that would signal system degradation [22]. Several days
were required to obtain comparable data for a single one of these
test sets by LC–MS/MS.

4. Conclusions

Sample preparation by protein precipitation and on-line tur-
bulent flow analyte enrichment was  simpler, faster, and cheaper
than the interim method used by the FDA for its 2008 infant for-
mula survey. The analytical results fell within the acceptable results
range of the 2 proficiency studies for all studied spike levels. The
very few product test portions in the 2008 infant formula survey
that did merit closer examination could have been re-examined by
LC–MS/MS. This approach would have completed the survey in a
more timely and cost-effective manner.

The in-line turbulent flow extraction tandem mass spec-
trometry protocol demonstrated acceptable accuracy, reliability,
ruggedness, and selectivity in this study. Its limit of detection and
limit of quantification are appropriate for the melamine levels
detected in the proficiency test portions. This single laboratory val-
idation study demonstrates that this method is fit for purpose in
the analysis of these dairy-based foods for melamine in the studied
concentration range of 0.25–10 mg/Kg [23].
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