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Abstract

A quantitative liquid chromatography—tandem mass spectrometric (LC-MS/MS) method has been developed for the determination of malachite
green (MG) and its metabolite leucomalachite green (LMG) in fish. Residues were extracted with an acetonitrile—acetate buffer and purified
using the automated solid-phase extraction (ASPEC). Residues were analyzed with a reversed-phase LC-MS/MS using a positive-ion electrospray
ionisation (ESI). Isotope-labelled leucomalachite green (LMG-D5) was used as an internal standard for the quantification of LMG residues. The
related dye, brilliant green (BG) was used as an instrumental standard. Identification and quantification of analytes were based on the ion transitions
monitored by multiple reaction monitoring (MRM). The decision limit (CCc) for MG and LMG was 0.13 and 0.16 wg kg~!. The respective detection
capabilities (CCB) were 0.22 and 0.27 wgkg~!. The absolute recovery (repeatability SD;,) was in the range of 58-65% (7.8-11.2%) for MG and
59-68% (9.7-16.9%) for LMG. LMG was quantified also based on the internal standard, giving a recovery (repeatability SD,) of 103-110%
(4.8-9.3%). The method was further evaluated by analyzing a total of 34 fish residue monitoring samples, of which eight samples were found to

be non-compliant containing low residues of LMG.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The use of malachite green (MG) for the control of fungal
infections and ectoparasites in fish farming is prohibited in the
US and the EU due to its toxicological and potentially carcino-
genic nature [1,2]. MG is a triphenylmethane dye, originally
used as a dyeing agent in the textile industry but it was also
widely used in fish farming industry for many decades. The
reason for its popularity derives from its broad antimicrobial
spectrum and effectiveness in the prevention and treatment of
certain fish diseases compared to other fishery chemicals [3].
Although the use of MG has been prohibited for several years,
non-compliant traces of MG residues have still been detected in
the residue monitoring schemes performed in the EU Member
States [4]. Findings of MG residues in aquaculture products have
also been frequently reported in Rapid Alert System for Food
and Feed (RASFF) notifications of the European Commission.
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As recently stated by the European Commission, any analyt-
ical method to be used for the determination of MG residues in
meat of aquaculture products has to meet a minimum required
performance limit (MRPL) of 2 pgkg™! for the sum of MG
and its metabolite leucomalachite green (LMG) [5]. LMG is the
reduced form of MG and the most prevalent residue in fish tis-
sues, thus making it the actual target analyte for the monitoring of
MG abuse [6-8]. Extraction of MG residues from muscle tissue
is usually performed with an acidic buffer and/or with organic
solvent after which there is a subsequent liquid-liquid partition
step with methylene chloride. Some straightforward methods
wholly omit this partition step instead going directly to sample
purification [9]. Solid-phase extraction (SPE) has been the most
common sample cleanup technique utilised in MG methods.

Due to the strong absorption of MG in the visible range of
the spectrum, liquid chromatography (LC) with Vis detection
has been used in many applications (e.g. [6,10—15]). However,
methods based on mass spectrometry (MS) have become more
common for the determination of MG residues. These meth-
ods utilise MS ionization techniques such as particle beam with
electron ionization [16], atmospheric pressure chemical ioniza-
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Fig. 1. Structures for malachite green (A), leucomalachite green (B), isotope-labelled leucomalachite green (C) and brilliant green (D).
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tion APCI [8] or electrospray ionization ESI [9,17-21]. One
gas chromatographic/mass spectrometric (GC-MS) method has
also been developed to confirm the presence of the volatile LMG
only [22].

In many LC methods, introduction of an in-line post-column
oxidation reactor containing lead(IV)oxide (PbO,) [23] has
enabled the simultaneous detection of MG and the colourless
LMG metabolite. However, with MS detection, LMG can be
determined without the presence of an oxidation reactor [9,21].
In some methods, the oxidation reactor is still included because
of its advantages, e.g. in improving the repeatability or sensitiv-
ity of the LMG determination [17,18,20]. A previous report from
our group described a semi-automated method with a sample
preparation procedure suitable for both the quantitative LC—Vis
and for the confirmative LC-MS/MS analysis of MG residues
[19]. The PbO, post-column oxidation reactor for the determi-
nation of LMG was used in both detection methods. In this paper
we describe a more sensitive, quantitative LC—MS/MS method,
which permits the confirmation of LMG by itself without the
post-column oxidation. The reliability of the method has been
confirmed by a method validation procedure.

2. Experimental
2.1. Chemicals and standard solutions

Organic solvents used were of HPLC grade and other chemi-
cals were of analytical grade. Water was purified via the Milli-Q
system (Millipore, Bedford, MA, USA).

MG oxalate Vetranal® (97.4%) was from Riedel-de Haén
(Seelze, Germany) and LMG was from Aldrich (Steinheim,
Germany). Deuterium-labelled LMG (LMG-D5) was acquired
from WITEGA Laboratorien Berlin-Adlershof GmbH (Berlin,
Germany) and was used as the internal standard for LMG. The
purity of LMG-D5 was >99%, and the enrichment level of LMG-
D5 was >98 atom %D, in other words, at least 98% of the
molecules of the deuterated compound contained exactly five

deuterium atoms. Brilliant green hydrogen sulfate (BG) (>95%)
was obtained from Fluka (Buchs, Switzerland) and was used as
the instrumental standard in MS analysis. The structures of the
analytes and the standard compounds used in this study are pre-
sented in Fig. 1.

Stock standard solutions (500 wgml~!) were prepared in
acetonitrile and renewed once every 2 months. Intermediate
standard solutions (500 ng ml~!) were prepared by diluting the
stock standard solutions with acetonitrile at the beginning of
each set of analysis. Six standards for calibration were usually
prepared in the concentration range of 0.4-3ngml~! (equiva-
lent to a concentration range of 0.24—1.80 wg kg™!) by diluting
the intermediate standard solutions of MG and LMG with a
mixture of ammonium acetate (0.1 M pH 4.0) and acetonitrile
(40:60) containing methanolic L-(+)-ascorbic acid (10 pg ml~h).
Ascorbic acid was added to the standard solutions to prevent the
photo-oxidative demethylation of LMG [11]. LMG-D5 and BG
were added to all standards at 3.3ngml~! (equivalent to a con-
centration of 2 ugkg™!). Standard solutions were stored in a
refrigerator and were protected from light.

2.2. Fish samples

More than 95% of the cultured fish in Finland is rainbow
trout, the rest being mainly whitefish and char. Rainbow trout
was therefore the fish species chosen for method validation. The
blank fish sample was bought at the local fish market, and the
muscle was cut into small pieces and frozen at —20 °C before
use. The unknown fish samples for the study were obtained from
freshwater fisheries. They were handled in an identical manner
to the blank samples before analysis.

The internal standard LMG-D5 was added to 5g of an
unknown sample at a concentration of 2.0 pgkg~! before sam-
ple preparation. Along with each series of unknown samples,
one blank sample and two fortified blank samples at the concen-
tration of 2 wgkg~! for MG, LMG and LMG-D5 were used as
quality control (QC) samples.
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Table 1
The MRM parameters used to produce diagnostic ions for the identification

Analyte Precursor ion Product ion Cone voltage (V) Collision energy (eV) Relative ion intensity (range)
MG 329 3132 55 35 34
208 55 35 (3.1-3.9)¢
LMG 331 2394 38 30 1.5
316° 38 20 (1.3-1.7)¢
LMG-D5 336 2394 38 30 1.6
321° 38 20 (1.3-1.9)4
BG 385 341 55 40

The relative ion intensities were identified based on the area ratios of the diagnostic product ions (the most abundant product ion/the second product ion) obtained from
the fortified blank samples of the validation study. In the table, relative ion intensities are expressed as mean values and the observed range is shown in parenthesis.

2 Ton used for quantification.
b Ton used for confirmation.

¢ Meets the maximum permitted tolerance of £25% for relative ion intensity >20-50% [24].
4 Meets the maximum permitted tolerance of +20% for relative ion intensity >50% [24].

2.3. Sample preparation

Samples were prepared as earlier reported [19]. Shortly,
samples (5g) were homogenized with an aqueous ammo-
nium acetate buffer (0.1 M pH 4.0) containing hydroxylamine
hydrochloride and p-toluenesulfonic acid to optimize the recov-
ery [12,13]. The homogenized samples were extracted with
acetonitrile and methylene chloride. However, the extraction
procedure differed from the one previously reported [19] in that
the partition step with methylene chloride (5 ml) was performed
only once. The upper phase was then recovered, concentrated
and purified on alumina and propylsulfonic acid SPE columns
using the automated solid-phase extraction system (ASPEC,
Gilson, Villiers Le Bel, France). Residues were eluted from
the PRS column with a mixture of ammonium acetate (0.1 M
pH 4.0) and acetonitrile (3 ml 40:60). Ascorbic acid solution
(10 wgml~!) and the instrumental standard BG (3.3ngml™")
were added and the sample volume was adjusted to 3 ml with a
mixture of acetate buffer and acetonitrile. Finally, the samples
were mixed well and filtered before analysis.

2.4. Chromatography

The chromatographic separation was carried out using a Zor-
bax Eclipse XDB-C18 narrow-bore analytical column (3.5 pm,
150 mm x 2.1 mm i.d., Agilent Technologies, Palo Alto, CA,
USA) with an Eclipse XDB-C8 narrow-bore guard column
(5 pm, 12.5 mm x 2.1 mmi.d., Agilent Technologies, Palo Alto,
CA, USA) in a stainless-steel guard column holder. The mobile
phase was a mixture of ammonium acetate (25 mM pH 4.0)
and acetonitrile (25:75). The flow-rate of the mobile phase was
200 wl min~! and the system was operated at 40 °C. The injec-
tion volume was 10 pl.

2.5. LC-MS/MS analysis

The LC-MS/MS system consisted of a Waters Alliance
2695 Separations Module (Waters, Milford, MA, USA) and a
Micromass Quattro Micro tandem mass spectrometer with API

source operating in the positive-ion electrospray (ESI) mode
(Micromass UK Ltd., Altrincham, Cheshire, UK). The following
parameters were used: capillary voltage 2.40kV; source tem-
perature 150 °C; desolvation temperature 300 °C; N cone gas
flow 20L/h and N; desolvation gas flow 500 L/h. Argon was
used as the collision gas. Cone voltages and collision energies
were determined for each precursor and the product ions sepa-
rately (Table 1). Ion transitions were monitored with the Multiple
Reaction Monitoring (MRM) mode. The LC-MS/MS system
was controlled and the data acquired by the MassLynx 4.0 soft-
ware (Waters).

2.6. Quantification

The quantification of LMG in unknown samples was based on
the internal standard (I.S.) method. The response of LMG in the
sample was calculated by the ratio of peak area of analyte/(peak
area of 1.S./added concentration of 1.S.) and compared with the
calibration curve made with external standards. The correction
was automatically calculated by the QuanLynx software (Mass-
Lynx 4.0, Waters). The quantification of MG was based on the
external standard method with the results being corrected for
the mean recovery of MG in QC samples analyzed along with
unknown samples. The results were further expressed, when
necessary, with uncertainty limits, based on the precision from
the validation data.

2.7. Validation

The validation included determination of selectivity, linear-
ity, recovery, accuracy, repeatability, within-laboratory repro-
ducibility, decision limit (CCa) and detection capability (CC[3).
The validation was performed following the European Commis-
sion Decision 2002/657/EC [24].

3. Results and discussion

A quantitative LC-MS/MS method is presented for the deter-
mination of MG and its metabolite LMG in fish muscle as



(A)

15070502

K. Halme et al. / J. Chromatogr. B 845 (2007) 74-79

IR of 7 channels, ES+
32923130

100 1,600e+002
Yo ——
0 rain

15070502

IR of 7 channels, ES+
329.2=208.1

100 1,303e+002
Yo
o Toin

WIRM of 7 channels ES+
1207030 LMG-D5 3363>2392
100 e 3,845e+003
P 10,37
Yo
L s s L s L e s L s s s i s
15070502 IR of 7 channels, ES+
IMG-D5 336.3=321.2
100 b 2,581e+003
v 10,37
O T T T T T I T A T AR T I T T T min
15070502 IMIRM of 7 channels, ES+
33121=2391

100 +001
%w
0 .

15070502

lmwﬂjm
Yo
0 p

T T T T LRARR hatadpased T T T T T TTEeeT, | LE43 LR2A ] Tran

IVIRIV of 7 charnels, ES+
331.21=316.0

100
g
0

T T 1 U 1 U 1 T 1 T 1 T I 1 i T T T T 1 Tan
30 40 50 A0 70 80 80 100 110 120
15070502 IMRM of 7 channels, ES+
BG 3852>341.0
438 1,340e+105
T L ll 1 1 ' T - 1} T 1 T 1 I 1 I T 1 i I Toan
30 40 50 &0 70 80 80 100 110 120
(@]
15070516 3 55 74
y:

(B)
15070504 MRM of 7 chaynels, ES+
MG 32023130
100 574 6,084e-+004
" :
0 T T T : T T T T T T T T T T T T T T T Il'I]Il
15070504 MIRM of 7 channels, ES+
MG 320.2-208.1
1["3:1 /E4 1,634e+004
o, ,
e
MRM of 7 channels, ES+
13070304 33632302

LMG-D5;10,37
Y 3,653e+003

100
Y
0 rain

WRM of 7 channels,ES+
13070304 LMG-D5,10,37 33632321 2
100 N 2,443¢+003
] A
0 T T T T T T T T T T T T T T 1 + T T Il T T ruin
15070504 MR of 7 channels, ES+
MG 331212391
100 r 4,585¢+003
" :1 10,60
- e e AR
15070504 MRM of 7 channels ES+
LMG 31.21=3160
100 7 3,497e+003
" 10,60
1]
30 40 50 5,0 70 80 90 W 11,0 120
15070504 WIRM of 7 charmels, ES+
BG 3852=3410
mn:! A 37»\ 1,307e+005
" 4
i] # rrrh rein
U T T T 1 T T T 1 1 T U T T T 1 T 1
30 40 50 6,0 0 80 9.0 10,0 11,0 12,0
MEM of 7 channels ES+
3202=3130

100 2,050e+002
%
i] min

15070516 MG
2,74

MEM of 7 channels, ES+
329.2=208.1

100 2 1,953e+102
Yo
0 min

MR of 7 channels ES+
10nble LMG-D5;,10,37 336.3>2392
100 e 23484003

8
0 s . yain
T T T T T T T T T T T T T T T T T T T
15070516 WIRM of 7 channels,ES+
LMG-D5_ 3363=3212
i 10.32 203264003
% ;
I T T T i
15070516 MRM “fggf;’f‘"z»z‘f’;
2l = .
100 LMG. 9,351e+002
,,1 10,5%\4
1
o T T T T T T T T T T T T T T T T T T T o
15070516 MRM of 7 ;;u;ri{zﬁss
100 EME_ 726864002
p 10,5y\
N 1
0 Toin
30 40 50 60 70 g0 90 100 110 120
15070516 MRM of 7 channels, ES+
100 BG _ 3852=3410
1,225+005
%3 4,32
o ’ ; min
A L L L L L L e L L L L L L L L) L L e )
30 40 50 6,0 70 80 9.0 10,0 11,0 12

77

Fig. 2. Ton chromatograms of a blank rainbow trout sample (A), a blank sample fortified at 2 pg kg~' (B) and an unknown fish sample containing 0.4 pgkg~' LMG
(C). Internal standard (LMG-D5) and instrumental standard (BG) are present in all samples at 2 pg kg~!. Experimental conditions are the same as described in the

text.
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such. The sensitivity of the method has been markedly improved
compared to the previous method [19], as the chromatographic
separation was modified by using a different analytical column
with a smaller internal volume. The improved sensitivity permit-
ted the identification of LMG via its own product ions, and thus
the post-column oxidation with lead(I'V)oxide could be omitted.
Moreover, the performance of the method was verified by the
addition of internal and instrumental standards to control the
sample preparation and analyte determination.

The use of an internal standard is valuable in quantitative
MS analysis, since this compensates for the losses of analytes in
sample preparation and analysis. The isotope-labelled analytes
are generally recommended and in the present method, the
isotope-labelled LMG-D5 was added to unknown samples
before the extraction. This was used for the quantification of
the LMG metabolite. The LMG-D5 has been previously used
as an internal standard for the determination of both LMG and
MG residues with reported accuracies of 103 and 101% [9]. In
the present method, the use of LMG-D5 in the quantification
of MG was inapplicable due to differences noticed in the
behaviour of the analytes in the sample purification and in MS
analysis. The quantification of MG was therefore performed
by using external standards as previously described (Section
2.6).

Another triphenylmethane dye, BG was added to all standards
and the final form of sample extracts to examine the perfor-
mance of the MS instrument. The added concentration of BG
was the same for all standards and samples, so the stability of area
response of the monitored ion transition was followed within the
analytical run to confirm the success of each run. BG could also
be used as an internal standard for MG analysis. BG has been
added in another MG method to the purified sample extracts
and used as an internal standard in the HPLC or LC-MS/MS
analysis of MG and LMG [18,20]. In that method, LMG was
converted to MG by PbO» post-column oxidation before detec-
tion. MG related triphenylmethane dyes such as BG and crystal
violet (CV) are also effective but illegal antimicrobials [3], and
their use as a standard for MG analysis may thus be problem-
atic, since they may be present in aquaculture samples. Recent
findings of CV reported in RASFF notifications indicate that
these other triphenylmethane dyes are occasionally detected in
aquaculture samples.

The performance of MS instrument may vary during an ana-
lytical run, this being reflected in changes in the area responses
of analyte mass ions, e.g. in consecutive determinations of a
standard solution. The relative ion intensities of the diagnostic
product ions, however, remained the same. The analytes also
behave differently in the MS analysis depending on their chem-
ical characteristics. In the MS determination, we found that the
responses clearly varied more for LMG and LMG-D5 than for
MG or BG. This was probably due to ESI ionization which is
more suitable for polar, ionic compounds than for non-polar
compounds. This was also one reason why LMG-D5 was not
used in the quantification of MG in the present method. Matrix
effects and adduct formation may also disturb the ESTionization,
but no adduct formation was found to occur while optimizing
the MS parameters.

Typical ion chromatograms of a blank rainbow trout sam-
ple, a blank sample fortified at 2 pgkg~' and an unknown fish
sample are shown in Fig. 2. For the identification, two mass
ion transitions and the relative ion intensities of the diagnostic
product ions were measured for MG, LMG and internal stan-
dard LMG-D5. The most abundant product ion was used for the
quantification and the second product ion for the confirmation.
For determination of instrumental standard BG, one diagnos-
tic product ion was measured. The relative ion intensities were
obtained for every analyte (except for BG) by calculating the area
ratios of the diagnostic product ions, based on the determination
of the fortified blank samples of the validation study. The MRM
parameters and relative ion intensities are presented in Table 1.
The identification procedure meets the Commission requirement
of four identification points for MG, LMG and LMG-DS5 [24].

The selectivity of the method was established by comparing
the slopes of calibration curves made with and without matrix.
Matrix-matched standards were prepared in the same concen-
tration range as the solvent-based standards but by adding the
standard solutions of MG and LMG to a series of purified blank
fish extracts (see Section 2.1). Three series of solvent-based and
matrix-matched standards were made and analyzed side by side
on three different days. Statistical evaluation (two-tailed paired
T-test, 95% confidence) showed no significant difference in the
slopes. As no matrix effect was observed for MS determination,
standards without matrix were used for the quantification.

Regression coefficients for the calibration line of MG and
LMG were determined from calibrations made with standards
without matrix on six different days. Calibration lines were con-
structed by weighted (1/x) linear regression. Data is presented
in Table 2. The response showed good linearity in the studied
concentration range. The range is rather narrow but nonethe-
less adequate for the determination of MG residue levels which
have generally been below the MRPL (2 wgkg™!) level when
used in residue monitoring. When necessary, standards with
greater concentrations can be made and the linearity of cali-
bration demonstrated at the relevant concentration range.

The recovery and repeatability of the method were deter-
mined by analyzing blank samples fortified at concentration
levels 1.0, 1.5 and 2 pgkg™!. In the validation study, six repli-
cate analyses for every concentration level were made on three
different days. To determine the absolute recovery of the method,
both MG and LMG were quantified based on external standards.
The average recovery (repeatability SD;) calculated from the
analyses made on different days was in the range of 58-65%
(7.8-11.2%) for MG and 59-68% (9.7-16.9%) for LMG. The

Table 2

Regression coefficients for calibration line (y=Ag + A;x) of MG and LMG (n = 6)
Analyte Ag? A2 R? SE
MG 20.8 £+ 307 3450 + 964 0.995 178
LMGP —0.04 £ 0.05 149 + 0.16 0.991 26

Ao =y intercept; A =slope of regression line; x=amount of analyte (ng/ml);
y=area response; R® = correlation coefficient of regression line; SE = standard
error of regression line.

2 Mean £ SD.

b Calibration based on internal standard method.



K. Halme et al. / J. Chromatogr. B 845 (2007) 74-79 79

Table 3

Average recovery (%) and repeatability (%) of MG and LMG from fortified rainbow trout muscle

Fortification (pg/kg) Average recovery =+ SD; (%)

MG LMG LMGLSAquam,
1.0 58.0 £ 9.0 (n=18) 594 £ 169 (n=18) 103.3 £ 9.0 (n=18)
1.5 61.2 + 7.8 (n=18) 67.3 = 10.5 (n=16)* 110.1 £ 4.8 (n=16)
2.0 649 £ 11.2 (n=17)* 67.5 £ 9.7 (n=15)* 103.4 £ 93 (n=15)

SD; =repeatability standard deviation (%), n=number of samples analyzed. LMGs quant. = quantification was based on the internarnal standard.
2 Number of samples was reduced because the preparation of a sample or a single analyte failed.

within-laboratory reproducibility (SDyr) calculated based on
the validation data was approx. 21% for MG and 15% for LMG.
The repeatability and within-laboratory reproducibility for each
concentration level studied were calculated by using single fac-
torial analysis of variances (ANOVA).

LMG is the target analyte in MG residue monitoring, and its
determination in samples was optimized by the use of isotope-
labelled internal standard LMG-D5 in the quantification. In the
validation study, the blank samples were also fortified with
LMG-D5 and the LMG results were quantified based on the
addition of LMG-D5 to the fortified samples. The average
recoveries (repeatability SD;) representing the accuracy of the
method were 103—-110% (4.8-9.3%), which we consider as very
acceptable. The results of the validation study are presented in
Table 3.

The decision limit CCa and the detection capability CC3
were determined by the calibration curve procedure according
to ISO 11843 [24]. The CCa was determined as the correspond-
ing concentration at the y-intercept of the calibration curve plus
2.33-times the standard deviation of the within-laboratory repro-
ducibility of the y-intercept. The CC3 was the corresponding
concentration at the CCa plus 1.64-times the standard devi-
ation of the within-laboratory reproducibility. The CCa was
0.13 wgkg~! for MG and 0.16 pgkg~! for LMG. The CCp's
were 0.22 and 0.27 pgkg™', respectively. The method thus
meets the European Commission performance requirements of
2 ngkg™! [5].

The method has been used in performing the national residue
monitoring of MG and LMG in Finland. A total of 34 fish
muscle samples were analyzed with the method during the
early summer 2005. Residues of LMG, that exceeded the CCa,
were determined in eight samples. The LMG residue levels in
these non-compliant samples were in the concentration range
of 0.35-1.54 pgkg~!. No residues of MG above the CCa were
found.
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