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a b s t r a c t

Liquid chromatographic methods are presented for the quantitative and confirmatory deter-

mination of crystal violet (CV; also known as gentian violet), leucocrystal violet (LCV),

brilliant green (BG), and leucobrilliant green (LBG) in catfish. LCV and LBG were oxidized

to the chromic CV and BG by reaction with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone,

and residues were measured as the combined CV ± LCV and BG ± LBG. These methods are

extensions of published methods for malachite green (MG) analysis to allow simultaneous

determination of MG, CV, and BG. Residues were extracted from muscle with ammonium

acetate buffer and acetonitrile, and extracts cleaned up using dichloromethane partitioning

and solid-phase extraction. Extracts were analyzed by liquid chromatography with visible

detection (LC-VIS). The method was validated for catfish fortified with LCV over the range

0.25–10 ng g−1 and CV at 2 ng g−1. Average recoveries were 90.6% (±8.1% R.S.D., n = 45) for

LCV and 84.4% (±4.2% R.S.D., n = 6) for CV. The average recovery for samples fortified with

BG or LBG over the range 0.5–10 ng g−1 was 67.2% (±14.8% R.S.D., n = 31). CV and BG were
confirmed in fish extracts by ion trap LC–mass spectrometry (LC–MSn) with no discharge-

atmospheric pressure chemical ionization. Average LC–MSn recoveries were 96.5, 96.6, and

70.2% for samples fortified with CV, LCV, and BG or LBG. The limits of detection for CV,

BG, and MG were in the range of 0.07–0.24 ng g−1 (ppb) for the two different instrumental

dolo

tions in fish. The toxicity of malachite green is such that many
methods. This metho

. Introduction
n recent years, there have been many reports of the inap-
ropriate use of malachite green (MG) as a veterinary drug to
reat aquacultured fish. Malachite green is a well known and
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gy was applied to the analysis of catfish treated with CV and BG.
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inexpensive dye effective against fungal and parasite infec-
tates.

countries, including the United States (U.S.), Canada, and the
European Union Member States, have banned the use of this
dye in fish raised for human consumption. Crystal violet (CV),

mailto:wendy.andersen@fda.hhs.gov
dx.doi.org/10.1016/j.aca.2008.09.041
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triph
Fig. 1 – Structures of

sometimes referred to as the medicinal preparation gentian
violet, and brilliant green (BG) (Fig. 1) are two other dyes in
the triphenylmethane family that have antifungal properties
similar to those of malachite green [1]. Like MG, CV is readily
absorbed into fish tissue from water exposure and is reduced
metabolically by fish to the persistent leuco moiety, leucocrys-
tal violet (LCV) [2]. Crystal violet is also carcinogenic and is not
approved for use in aquaculture [3]. BG has not been as well
studied as MG or CV; however, the chemical similarity of BG to
MG indicates that it would be comparably toxic to humans and
effectively absorbed by fish. Though MG residues are now rou-
tinely monitored for by the U.S. Food and Drug Administration
(FDA) and many other international agencies, the potential
for the continued misuse of triphenylmethane dyes is high.
Indeed, MG, CV, and BG products are widely advertised on
the internet and promoted for the treatment of ornamental
fish.

Numerous methods have been developed for the determi-
nation of MG and leucomalachite green (LMG) residues in fish.
Fewer are available for CV and fewer still for BG residues. HPLC
methods include those using an electrochemical detector for
the analysis of CV and LCV in chicken tissue [4], lead oxide
post column oxidation for visible detection of CV and BG in

trout [5] and of CV and LCV in catfish [6], and a confirma-
tory method using HPLC coupled with visible, fluorescence,
and electrochemical detectors for CV and LCV analysis in cat-
fish and trout [7]. In addition to CV and BG, the HPLC method
enylmethane dyes.

by Fink and Auch [5] also includes the analysis of MG and
LMG, but not of LCV or LBG. Mass spectrometric methods have
been described for CV and LCV analysis in catfish [8], trout [9],
salmon [10] and other fish and shellfish [11]. Turnipseed et
al. [12], and more recently, Tarbin et al. [13] developed mul-
tiresidue LC–MS methods for the analysis of MG, CV, and BG
in catfish and salmon, respectively; however, these were not
specifically validated for all of the leuco compounds in the fish
matrix.

This paper describes the extension of our previously
published MG ± LMG residue methodology [14] to simulta-
neously quantify and confirm the presence of CV and BG
residues and their leuco analogues in catfish tissue [15].
Sample extracts were oxidized with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) to convert leuco compounds to the
colored, charged form of the compound that could be sensi-
tively detected using LC with visible diode array analysis. Ion
trap LC–MSn with no-discharge atmospheric pressure chem-
ical ionization (ND-APCI) was used for residue confirmation
[16,17]. The emphasis of the validation study was on the anal-
ysis of samples that were fortified with the leuco compounds
since these compounds are typically the long-lived metabo-
lites found in fish muscle; however, as described in detail

below, the instability of LBG caused us to analyze primarily BG-
fortified fish for the validation of BG and LBG residues. Muscle
tissue from catfish treated in baths of CV and BG were also
evaluated as part of this study.
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. Experimental

.1. Materials and reagents

ll reference standards were obtained from Sigma–Aldrich
St. Louis, MO). The CV chloride salt used in this study,
as identified as “gentian violet”, to indicate that it met
SP specifications for purity (97.5% by assay) (CAS 548-62-
; G2039); leucocrystal violet (LCV) (CAS 603-48-5; 219215;
9.9% purity stated by elemental analysis (EA)); BG hydro-
en sulfate salt (CAS 633-03-4; B6756; 93.5% purity stated
y EA); MG oxalate salt dimer (CAS 2437-29-8; M-6880;
9.3% purity stated by EA); leucomalachite green (LMG)
CAS 129-73-7; 12,5660; >99.9% purity stated by EA). Stock
olutions were prepared individually at a concentration of
00.0 �g mL−1, correcting for both the purity of the refer-
nce standard and the presence of any counter ions or
imers. Stock solutions were stored in glass protected from

ight at room temperature, and, with the exception of BG,
repared every 6 months. The BG stock solution was not
valuated for stability beyond 2 months. LCV and LMG solu-
ions were stored in low-actinic glassware. Intermediate
olutions with concentrations of 1.0, 0.1, and 0.025 �g mL−1

ere prepared in methanol to be used for the preparation of
alibration standards and to fortify fish samples. These solu-
ions were either prepared monthly (1.0 �g mL−1) or weekly
0.1 and 0.025 �g mL−1) and were stored in glass, protected
rom light and at room temperature. Calibration standards
ere diluted in 5 mL of 50/50 (v/v) ammonium acetate
uffer/acetonitrile and prepared every 1–2 days. Calibration
tandard concentrations ranged from 0.15 to 20 ng mL−1 and
ortified fish sample concentrations ranged from 0.25 to
0 ng g−1.

Acetonitrile and methanol were high purity chromato-
raphic and spectrophotometric grade. Dichloromethane was
iquid chromatographic grade. All water used was deion-
zed and purified to 18.2 M� cm (Millipore, Bedford, MA).
cetic acid (glacial, ACS reagent grade), alumina (chro-
atographic grade, 80–200 mesh, AX0612-1, EM Science,

ibbstown, NJ), ammonium acetate (anhydrous, 98% purity),
,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 98% purity),
iethylene glycol (DEG, reagent grade), formic acid (ACS
eagent grade, 96% purity), hydroxylamine hydrochloride
HAH, ACS reagent grade), and p-toluene sulfonic acid (p-TSA,

onohydrate, 98.5% purity) were obtained from commer-
ial sources. Ammonium acetate buffer solution (0.1 M,
H 4.5) was prepared by dissolving 7.7 g of ammonium
cetate in 1000 mL of water, then adding 8 mL of acetic
cid and 5 mL of 1 M p-TSA. This buffer was used directly
or sample extraction and also in 50/50 (v/v) combination
ith acetonitrile (filtered through a 0.45-�m PVDF mem-
rane before use) for the elution of solid-phase extraction
olumns, the dilution of sample extracts and calibration
tandards, and as the LC-VIS mobile phase. A 0.01-M DDQ
tock solution was prepared by dissolving 0.227 g of DDQ in

00 mL of acetonitrile; this was stored at 4 ◦C for up to 1
onth. A 0.001-M working solution of DDQ in acetonitrile
as stored at room temperature and prepared fresh each
eek.
3 7 ( 2 0 0 9 ) 279–289 281

2.2. Leucobrilliant green (LBG) synthesis

LBG was prepared in solution using a modification of the
method by Pobiner and Hoffman [18]. To prepare a 100 �g mL−1

solution of LBG, 5.0 mg of BG (7.5 mg of BG hydrogen sulfate
salt) was added to a 100-mL beaker and dissolved in 7.5 mL of
methanol. BG was reduced to LBG by adding 37 mL of water
and 750 mg of potassium sulfite to the solution and mixing
it by swirling the contents of the beaker until the dark green
solution turned colorless. The solution was transferred to a
low-actinic 50 mL volumetric flask and diluted to the mark
with water. Although Pobiner and Hoffman state that the
LBG solution is stable for more than 4 months, the LBG stock
solution prepared in our laboratory was used within 10 days
of preparation. This 100 �g mL−1 stock solution was used to
prepare LBG intermediate solutions in methanol in concen-
trations of 1.0, and 0.1 �g mL−1 for sample fortification and
calibration standards.

2.3. Catfish sample preparation and fortification

Skinless, farm-raised filets of fresh catfish were obtained from
a local market. Frozen filets were blended with dry ice in a
blender/homogenizer until the contents were uniform and
had the consistency of a fine powder. The muscle homogenate
was loosely sealed and stored in the freezer overnight to allow
the carbon dioxide to dissipate, then sealed until the time of
analysis.

For the determination of crystal violet residues, thawed tis-
sue samples (5.0 g) were fortified at concentrations of 0.25,
0.5, 1.0, 2.0, 4.0, and 10.0 ng g−1 of LCV and 2.0 ng g−1 of CV.
For brilliant green, samples were fortified at concentrations
of 2.0 ng g−1 of LBG and 0.5, 2.0, and 10.0 ng g−1 of BG. For
malachite green, fortified samples were only prepared with
the concentration of 0.5 ng g−1 of LMG to establish the method
detection limit; a complete validation data set for MG can be
found elsewhere [14,19]. Samples were allowed to sit at room
temperature for at least 15 min before proceeding with the
extraction.

2.4. Incurred catfish

Five catfish (Ictalurus punctatus) were exposed to treatment
baths containing either CV or BG to verify the ability of
the method to detect residues in treated fish. Three catfish
(1.1–1.3 kg) were placed in a water bath containing 50 ng mL−1

of CV for 1 h. The fish were removed to clean water and
sampled immediately (0 h), 1, or 24 h after exposure. Two cat-
fish (1.2 and 1.8 kg) were placed in a water bath containing
50 ng mL−1 of BG for 1 h. The fish were removed to clean water
and sampled 1 or 24 h after exposure. The water pH and tem-
perature were within acceptable ranges, specifically, pH was
within 7.48 ± 0.25 and temperature was within 22.72 ± 0.67 ◦C.
Skinless filets were ground with dry ice as described above.

2.5. Sample extraction and clean-up
The extraction method described below for the simultaneous
extraction of CV ± LCV, BG ± LBG, and MG ± LMG has been pre-
viously reported for MG ± LMG only [14]. In a 50-mL capped
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polypropylene centrifuge tube, 5.0 g of thawed tissue com-
posite was extracted by vortexing for 30 s with ammonium
acetate buffer (5 mL, pH 4.5), HAH solution (1 mL, 0.25 g mL−1),
and p-TSA solution (100 �L, 1 M). Acetonitrile (25 mL) was
added and the mixture was shaken vigorously for 30 s. Alu-
mina (10 g) was added and the mixture was shaken vigorously
for 15 s. The solids were separated by centrifuging the sam-
ple at 0 ◦C for 5 min at 4000 rpm (2730 rcf). The supernatant
was decanted into a 250-mL separatory funnel containing
50 mL of water and 2 mL of DEG. A second portion of ace-
tonitrile (25 mL) was added to the solids remaining in the
centrifuge tube, and the sample was mixed by vortexing for
30 s, and then shaken for 30 s. The sample was centrifuged
at 0 ◦C for 5 min at 4000 rpm, and the supernatant decanted
into the separatory funnel containing the first extract. The
aqueous-acetonitrile sample was liquid–liquid extracted with
dichloromethane (25 mL) by mixing with a rotary motion
for 30 s. The phases were allowed to separate for no more
than 10 min, then the lower dichloromethane layer was col-
lected into a 150-mL pear-shaped boiling flask. An additional
25 mL of dichloromethane was added to the separatory fun-
nel, and the liquid–liquid extraction was repeated as before,
with the second organic extract combined with the first in the
boiling flask. The contents of the boiling flask were rotoevap-
orated just to dryness under reduced pressure with heating
in a water bath set at 50 ◦C. Acetonitrile (3 mL) was added
to the oily residue and swirled to dissolve. DDQ solution
(3 mL, 0.001 M) was added and swirled to mix. The sample
undergoes an immediate color change from pale orange to
a dark red-purple. The oxidation reaction was allowed to
proceed for 30 min with periodic sample agitation. Although
the color of the sample sometimes would lighten over time,
it was previously found that if the sample became clear or
nearly clear, a lower than expected recovery might be obtained
[20].

For sample clean up, alumina (ALN, neutral, 6 mL, 1 g,
50–300 �L, Waters Corp, Milford, MA) and propylsulfonic acid
(PRS, Bond Elut LRC, 500 mg, Varian Inc., Palo Alto, CA) dispos-
able solid-phase extraction (SPE) columns were conditioned
sequentially with methanol (5 mL) and acetonitrile (5 mL). An
additional 5 mL of acetonitrile was added to the PRS–SPE as a
solvent reservoir and the ALN–SPE was positioned above the
PRS–SPE using a column adapter; the connected SPE assembly
was inserted into a vacuum elution system. The oxidized sam-
ple solution was transferred to the ALN–SPE, and the vacuum
was adjusted to allow the sample to elute onto the PRS–SPE
column at a drop rate of approximately 4 mL min−1. The boil-
ing flask was washed twice with 5 mL of acetonitrile and these
washes were each added to the ALN–SPE. Once the column
reservoirs were empty, the ALN–SPE was discarded, and the
PRS–SPE was washed with an additional 5 mL of acetonitrile.
The PRS–SPE was partially dried under vacuum for 2–3 s to
remove most of the residual acetonitrile, and then was eluted
by gravity into a 15-mL graduated centrifuge tube with 4 mL of
50/50 (v/v) ammonium acetate buffer/acetonitrile. The sam-
ple was diluted to 5.0 mL with 50/50 (v/v) ammonium acetate

buffer/acetonitrile, and a portion transferred to a chromato-
graphic vial for LC-VIS analysis. The remaining portion of the
sample was transferred to a second chromatographic vial for
simultaneous confirmation by ND-APCI LC–MSn, or stored in
6 3 7 ( 2 0 0 9 ) 279–289

the refrigerator (ca. 4 ◦C) for several days for later residue con-
firmation. Saved samples were not be frozen.

2.6. Quantification by LC-VIS

An Agilent model HP1100 series II with programmable diode
array detector (DAD) (Avondale, PA) was used with an Alltima
C18 column (3 �m, 150 mm × 4.6 mm) and guard cartridge
(5 �m, 7.5 mm × 4.6 mm) of the same phase (Alltech Asso-
ciates, Deerfield, IL). The LC was operated with a mobile phase
flow rate of 1.0 mL min−1 and column temperature of 35 ◦C. All
injections were 100 �L with a needle wash of 50/50 (v/v) ammo-
nium acetate buffer/acetonitrile. The DAD was equipped with
a tungsten lamp and was set to monitor three absorbance
wavelengths: 588 nm for CV; 618 nm for MG; and 627 nm for
BG (all are �� = 4.0 nm; reference = 725 nm, �� = 8.0 nm). Mobile
phase A was a 50/50 mixture by volume of ammonium acetate
buffer and acetonitrile (filtered through a 0.45-�m PVDF mem-
brane before use). Mobile phase B was acetonitrile. The mobile
phase elution profile was 95% A (equivalent to 47.5% ammo-
nium acetate buffer and 52.5% acetonitrile) for the first 8 min,
gradient to 50% A from 8 to 16 min, and gradient back to the
initial composition from 16 to 18 min.

2.7. Residue confirmation and quantification by
ND-APCI LC–MSn

The LC–MSn system consisted of an Agilent 1100 LC interfaced
to a Thermo (San Jose, CA) DECA-XP Plus Ion Trap MS with an
APCI source. XCaliber (Version 1.3) was the software used to
operate both instruments. The column was a YMC phenyl 3-4-
5 cartridge column, 3 �m, 120 Å, 50 mm × 4.0 mm, with a guard
cartridge insert (20 mm × 4.0 mm) of the same phase. (Waters
Corp., Milford, MA).

The LC–MS was tuned by flowing a standard solution
(0.5 �g mL−1 of dye in 50/50 water/methanol) at a rate of
10 �L/min using a syringe pump into a stream of 700 �L/min
63/37 0.1% formic/acetonitrile via a T fitting. Source param-
eters were optimized in this manner. Typical MS parameters
for ND-APCI were determined to be: corona discharge, 0 �A;
vaporizer temperature, 400 ◦C; capillary temperature, 220 ◦C;
capillary voltage, 14 V; sheath gas, 60; auxiliary gas, 40. The
number of prescans was equal to 2, and the maximum inject
time was set to 500 ms for MS2 scans. The MS acquisition pro-
gram consisted of MS2 scans of m/z 372, 385, and 329 for CV,
BG, and MG, respectively. The collision energy was 55 for CV
and BG and 50 for MG. The range was m/z 150–400 for CV and
BG, and m/z 150–350 for MG. For all three compounds, the iso-
lation width was m/z = 2, Q was 0.25, and the activation time
was 30 ms.

The final instrument procedure consisted of a two-stage
isocratic LC program consisting of 0.1% formic acid and ace-
tonitrile (63%/37%) from 0–7 min and stepped to a 55%/45%
composition from 7.1 to 15 min. The column was washed with
100% ACN from 15.1 to 17 min, and then the mobile phase com-
position was ramped back to the initial conditions for a total

run time of 20 min. The column oven was maintained at 30 ◦C.
The mobile phase flow was 700 �L/min. Ten microliter injec-
tions were made with a needle wash of water or methanol.
The divert valve was switched from waste to the MS at 1 min.
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For confirmation, individual ion transition chromatograms
crystal violet: m/z 372, 356, 251, and 328; brilliant green: m/z
85, 355, 341, and 236; malachite green: m/z 329, 313–315,
84–286, 251, and 208) were generated and the resulting chro-
atographic peaks were integrated. Relative abundances were

alculated from these peak areas and compared to contempo-
ary standards. For quantitative assessment, the area counts
f the CV, BG, and MG peaks from the total ion chromatograms
f the m/z 372, 385, and 329 product ion scans, respectively,
ere used. A calibration curve was generated from the total

on current chromatograms with the same standards as were
sed for the LC-VIS analyses.

. Results and discussion

.1. CV background levels

n this paper, our previously published malachite green
ethod [14] was expanded to include crystal violet and bril-

iant green. During the development of this method, negative
ontrol and method blank samples were analyzed and consis-
ently found to have low levels of crystal violet contamination
n the range of 0.4–0.8 ng g−1. An effort was undertaken to

eticulously clean all glassware and laboratory equipment
etween analyses; however, the background level of CV was
ersistent. Only when the laboratory work areas were scrupu-

ously cleaned was it realized that the electrostatic nature of
V is such that simply opening the bottle and weighing the
ompound to prepare standards is enough to scatter CV across
he lab where it easily adheres to the scale, lab bench, lab coats,
loves, pens, glassware, etc. Even with careful precautions, 2
f the 12 negative controls in this validation study were found
o be positive for CV by LC–MSn, although the levels were below
.1 ng g−1.
.2. Extraction

he quantity of alumina used in the tissue extraction was
ound to be critical for high extraction recovery of the dyes. As

Table 1 – Recovery of dyes and leuco metabolites from fortified

Concentration (ng g−1) LC-VIS average recovery
% (% R.S.D.)

0.25-LCV 82.1b (9.5)
0.5-LCV 93.1 (7.3)
1.0-LCV 86.8 (4.7)
2.0-LCV 94.0 (4.1)
4.0-LCV 96.7 (3.1)
10.0-LCV 99.8 (1.3)
2.0-CV 84.4 (4.2)
2.0-LBG 71.9 (3.5)
0.5-BG 77.3b (5.5)
2.0-BG 63.8 (13.6)
10.0-BG 49.7 (0.0)
0.5-LMG 90.3b (10.3)

a All samples met LC–MSn confirmation criteria.
b Fortified samples were used to determine the method detection limit an
3 7 ( 2 0 0 9 ) 279–289 283

previously reported [14], for a 5-g sample of salmon muscle, 6 g
of alumina produced acceptable recoveries for MG and LMG;
however, 10 g of alumina was required to ensure high recovery
of MG and LMG from 5 g of catfish muscle. In the current study,
10 g of alumina was found to be sufficient for the extraction of
CV and BG from catfish. Wu et al. recently reported that basic
(rather than acidic or neutral) alumina improved the absolute
recoveries and sensitivity for the detection of MG and CV [11].
The alumina used in our laboratory had a measured pH of
9.5–10.5.

3.3. Leucobrilliant green synthesis

Leucobrilliant green is not available as a commercial prod-
uct. Few methods have described in detail the synthesis of
LBG. One author summarizes that LBG could be formed from
the condensation of benzaldehyde with diethylaniline in acid
[21]. Another refluxed BG with sodium bisulfite for 21 days to
produce a black oil. The product was purified to yield a thick
colorless oil that turned green, presumably converting back
to BG [22]. Pobiner and Hoffman described a method to pro-
duce LBG from the reduction of BG with sodium sulfite in a
methanol–water solution [18].

Our synthesis was based on the Pobiner and Hoffman
method with several deviations, including the use of potas-
sium sulfite in place of sodium sulfite. Attempts to isolate
LBG from the K2SO3 solution were made by extracting LBG
into diethyl ether, and then trying various techniques to
exchange the LBG into a solvent suitable for use in the LC-
VIS and LC–MSn analytical methods. Evaporation of the ether
resulted in a green-blue residue, indicating that the colorless
LBG had re-oxidized to BG. The addition of acetonitrile to the
ether extract, followed by evaporation of most of the ether
resulted in a clear acetonitrile extract. Addition of 1% formic
acid, water, or methanol to the acetonitrile extract resulted
in solutions that immediately (1% formic acid) or slowly (over

20 min, water and methanol) turned pale blue-green. Solutions
of acetonitrile–methanol and acetonitrile–water were quickly
infused into the ND-APCI source of the MS, and the result-
ing spectrum only showed the presence of BG. An LBG–K2SO3

catfish

LC–MSn average
recovery % (% R.S.D.)

Number of samples
analyzed by both LC-VIS

and LC–MSn,a

92.7 (9.2) 7
103.9 (3.0) 5

94.4 (7.7) 15
103.6 (12.3) 8

95.4 (14.7) 5
90.1 (4.9) 5
96.6 (11.1) 6
80.5 (11.0) 5
79.7 (9.7) 7
65.7 (25.5) 17
48.8 (5.1) 2
82.3 (17.6) 7

d limit of quantification.
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Fig. 2 – Comparison of LC-VIS chromatograms: (a) catfish
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solution was also directly infused into an electrospray source
on the MS, and only BG was detected. Finally, a fish sam-
ple was spiked with a high concentration (100 �g) of the
LBG–K2SO3 solution to determine if LBG could be isolated as
a fish extract in the absence of DDQ oxidation. Less than
5 min after the extraction began, the supernatant began to
turn blue-green, indicating that LBG is not stable under the
extraction conditions. The following section includes a discus-
sion of LC-VIS experiments wherein standards of LBG–K2SO3

were injected, yet BG was detected, indicating that LBG is
also not stable under the chromatographic conditions of this
method.

3.4. Residue quantification by LC-VIS

Table 1 lists recoveries of residues for catfish fortified with LCV,
CV, LBG, BG, and LMG. The average recovery of CV residues
in catfish fortified with LCV over the concentration range
0.25–10 ng g−1 was 90.6% (8.1% R.S.D., n = 45). For catfish for-
tified with CV at 2 ng g−1, the average recovery of CV was 84.4
(4.2% R.S.D., n = 6). In our previous MG studies, the recovery
of LMG was found to be significantly higher than that of MG
(e.g., 64% MG and 89% LMG for samples of 2 ng g−1 fortified cat-
fish) [14]. In the current study however, the recovery of CV was
comparable to that of LCV. Wu et al. found absolute recoveries
of both MG and CV to be significantly lower (below 25%) than
those of LMG and LCV, and used internal standards to correct
for these losses [11].

Because LBG was not stable for direct analysis under the
chromatographic and mass spectrometric conditions used in
this study, and because we could not produce a pure LBG
standard, the validation data collected was based on sam-
ples fortified with BG rather than LBG. The recovery of BG
from catfish fortified with 2 ng g−1 of BG was 64% (14% R.S.D.,
n = 17), which is comparable to the 64% recovery found pre-
viously for catfish fortified with MG [14]. One set (n = 5) of
samples was prepared wherein catfish samples were fortified
with 2 ng g−1 of the potassium sulfite solution of LBG. When
the recovery was calculated using a BG calibration curve, the
average recovery of the sample was 59.5% (4.0% R.S.D., LC-VIS),
which is consistent with the BG spikes. When the recovery
was calculated using an LBG-based calibration curve, the aver-
age recovery of the sample was 71.9% (3.5% R.S.D., LC-VIS).

It should be noted that in the latter case, the calibration
standards were prepared from the LBG–K2SO3 stock solution,
but the resulting chromatogram showed BG peaks. Additional
studies confirmed that LBG–K2SO3 standards produced a BG

Table 2 – Intra-day and inter-day recovery of 1 ng g−1 LCV fortifi

Sample Day 1 (LC-VIS/LC–MSn)

Spike 1 83.8/97.2
Spike 2 89.4/95.0
Spike 3 85.4/95.9
Spike 4 82.5/95.4
Spike 5 78.5/91.5

Average % recovery 83.9/95.2

% R.S.D. 4.8/2.2
fortified with 0.5 ng g−1 LCV and BG, (b) 0.5 ng g−1 CV and
BG standard, and (c) control catfish.

peak that was 22.3% lower than the BG standards. The peak
area of the BG peak produced from LBG standards did not
change as a function of time, suggesting that the re-oxidation
of LBG to BG does not go to completion.

Typical chromatograms are shown in Fig. 2 for 0.5 ng g−1

CV and BG standards, catfish fortified with 0.5 ng g−1 LCV and
BG, and control catfish. A calibration curve was generated
daily from the peak area response of standards with concen-
trations ranging from 0.5–10.0 ng mL−1. Additional bracketing
standards were injected for samples that were fortified at
concentrations of 0.25, 0.5, and 10.0 ng g−1, as appropriate. Cor-
relation coefficients (r2) for acceptable standard curves were at
least 0.995. The day to day reproducibility of the method was
measured by extracting five fish samples fortified with 2 ng g−1

of LCV and with 2 ng g−1 of BG on each of 3 days; LCV inter-day
data is shown in Table 2.

3.5. Residue confirmation by ND-APCI LC–MSn

The three dyes are charged (not protonated) species in solu-
tion. Precursor ions are m/z 372 for CV, m/z 385 for BG, and m/z
329 for MG. The product ions for the three dyes included m/z
357 (M+−CH3), m/z 356 (M+−H–CH3), m/z 328 (M+−NC2H6), m/z
314 (M+−NC2H5–CH3), m/z 251 (M+−NC8H11) for CV; m/z 355
(M+−H–C2H5), m/z 341 (M+−NC2H6), and m/z 236 (M+−NC10H15)

for BG; and m/z 314 (M+−CH3), m/z 313 (M+−H–CH3), m/z 285
(M+−NC2H6), m/z 251 (M+−C6H6), and m/z 237 (M+−C6H5–CH3)
for MG. High collision energies were required to obtain signif-
icant abundance of these ions. The quantity of the dyes that

ed catfish samples

Day 2 (LC-VIS/LC–MSn) Day 3 (LC-VIS/LC–MSn)

81.7/93.6 87.3/89.9
89.0/81.8 87.3/97.7
93.1/85.9 86.1/95.1
92.9/92.0 86.3/101.9
89.0/89.3 90.2/113.8

89.2/88.6 87.4/99.7

5.2/5.4 1.9/9.0
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Table 3 – LC–MSn Relative abundance data for CV

RT Relative abundances

m/z 356 m/z 372 m/z 327 m/z 251

Day 1
Average of standards 9.62 100 44 6 20
Averagea of 2 ng g−1 LCV spikes 9.61 100 43 5 20
Average of 4 ng g−1 LCV spikes 9.60 100 42 6 19

Day 2
Average of standards 9.61 100 48 5 19
Average of 10 ng g−1 LCV spikes 9.61 100 48 5 20

Day 3
Average of standards 9.72 100 38 5 18
Average of 0.5 ng g−1 LCV spikes 9.65 100 36 6 18
Average of 1 ng g−1 LCV spikes 9.66 100 38 6 18

Day 4
Average of standards 9.69 100 46 6 19
Average of 0.25 ng g−1 LCV spikes 9.66 100 42 7 22
Average of 1 ng g−1 LCV spikes 9.66 100 40 5 20

Day 5
Average of standards 9.73 100 16 20 6
Average of 1 h Incurred 9.74 100 18 19 6

Day 6
Average of standards 9.66 100 26 20 7
Average of 24 h incurred 9.72 100 21 16 5

100
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Average of 0 h incurred 9.31

a Spikes and incurred were all n = 5.

an be detected and yield an adequate product ion spectrum
s less than 2 pg.

The LC–MSn method was developed to provide confirma-
ion of the analysis of the dye residues. In order to achieve the

ost efficient use of laboratory resources, the same extracts
repared for the LC-VIS method were used for LC–MSn anal-
sis. In most cases, sample extracts were refrigerated and
nalyzed by LC–MSn within 24 h of the extraction. One set of
tandards and samples fortified with LCV at 0.5 ng g−1 was
nalyzed by LC–MSn 8 days after the extraction; the results
ere consistent with the LC-VIS analysis that was done on

he same day, indicating that extract stability is not an issue.
Residues were confirmed in all fortified samples (Table 1)

ccording to confirmation criteria [23]. This guidance states
hat the retention time must be within 5% of that of a stan-
ard, that the product ion spectra must be visually similar
o a standard with a minimum of unexplained background
ons, and that the relevant product ions for the residue must
e present at an appreciable level and at the correct rela-
ive abundance as compared to a standard compound run
hat day. The peaks at the corresponding retention time for
he dyes in extracted ion chromatograms were integrated,
nd the areas obtained were compared to that for the largest
on in the product spectrum (eg. m/z 356 for CV, m/z 341
or BG, and m/z 329 for MG). Examples of the MS2 total ion
hromatograms obtained from the CV analyses of catfish

amples are shown in Fig. 3, along with extracted ion chro-
atograms and the MS2 spectrum from catfish fortified at

.5 ng g−1. Similar data for the BG analysis are illustrated in
ig. 4.
20 17 7

Tables 3 and 4 consist of a summary of retention time and
relative abundance data obtained for catfish spiked with LCV,
LBG, and BG. For any one day’s analysis, the variance of the
retention times and relative abundances is much less than
what is required by the confirmation criteria. Although the
relative abundances varied over the 6-month study, the data
obtained from the extracted samples matched that of solvent-
based standards analyzed on the same day. It is evident from
the relative abundance data that CV and BG were confirmed in
all fortified samples. BG was not confirmed in any of the cat-
fish control tissue extracts analyzed; however, as previously
mentioned, CV was confirmed in two of the control extracts
generated for this validation study at a level that was less than
0.1 ng g−1. Residues were not present in any of the solvent
blanks (injected between standards and fish extracts in every
LC–MSn sequence), indicating that instrument carry-over was
not an issue. Also, residues were not found in method reagent
blanks.

3.6. Comparison of LC-VIS and ND-APCI LC–MSn for
residue quantification

The LC-VIS method was intended to be the primary method
to routinely screen and quantify dye residues in numerous
laboratory fish samples, without straining the resources of
high-demand LC–MS instruments. However, a comparative

analysis of quantification data by both the LC-VIS and the
LC–MSn methods was also included in this study. The data
for the recovery of LCV, CV, LBG, BG, and LMG from tis-
sues using LC–MSn with ND-APCI are shown in Table 1. The



286 a n a l y t i c a c h i m i c a a c t a 6 3 7 ( 2 0 0 9 ) 279–289

Fig. 3 – LC–MS chromatograms and a spectrum for crystal violet in catfish. Left side: total ion chromatograms from MS2 of
m/z 372 for control tissue, catfish fortified with 2 ng g−1 of LCV, and incurred tissue. All chromatograms were obtained on
the same day and displayed with the same y-axis scale. Right side: extracted ion chromatograms (m/z 356, 372, 251, 328 top
to bottom) from MS2 of m/z 372 for catfish spiked with 0.5 ng g−1 of LCV, and (bottom right) full scan MS2 spectrum of CV

from same tissue extract.

concentration of dye residues was determined from the peak
areas from the total ion chromatograms. The LC–MSn calibra-
tion curves were linear (r2 > 0.995) in the range of 0.5–10 ng g−1.
For low concentration samples (1 ng g−1 or lower), the cal-
ibration range was decreased to bracket the concentration
of the fortified sample. Although the precision for the LC-
VIS determination was typically better than for the LC–MSn

method, the two detection methods generally produced com-
parable results. There was minimal ion suppression from the
fish matrix, allowing the use of the solvent-based calibration
standards with average recoveries equivalent within the mar-

gin of error (R.S.D.) for each method. For example, the overall
average recovery of LCV and CV from 51 fortified samples
was 89.9% (8.1% R.S.D.) for LC-VIS and 96.5% (10.2% R.S.D.) for
LC–MSn.
3.7. Method detection levels

To determine the method detection level (MDL) for the LC-VIS
method, catfish samples (n = 7) were fortified with 0.25 ng g−1

LCV, 0.5 ng g−1 BG, or 0.5 ng g−1 LMG then extracted and ana-
lyzed. The MDL was calculated from the standard deviation
of the calculated concentrations for the seven samples mul-
tiplied by the Student’s t-value at the 99% confidence level.
From this data set, the MDL was found to be 0.07 ng g−1 for
CV, 0.07 ng g−1 for BG, and 0.15 ng g−1 for MG by the LC-VIS
method. The limit of quantification (LOQ) was ten times the

standard deviation of the concentration of the seven repli-
cates, or 0.18 ng g−1 for CV, 0.21 ng g−1 for BG, and 0.49 ng g−1

for MG using LC-VIS. Analyzing the same extracts by LC–MSn

resulted in respective MDLs and LOQs of 0.07 and 0.21 ng g−1
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Fig. 4 – LC–MS chromatograms and a spectrum for brilliant green in catfish. Left side: total ion chromatograms from MS2 of
m/z 385 for control tissue, 2 ng g−1 BG standard, and catfish fortified with 2 ng g−1 of BG. All chromatograms were obtained
on the same day and displayed with the same y-axis scale. Right side: extracted ion chromatograms (m/z 341, 385, 355, 236
t .5 n
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op to bottom) from MS2 of m/z 385 for catfish fortified with 0
rom same tissue extract.

or CV, 0.12 and 0.39 ng g−1 for BG, and 0.24 and 0.75 ng g−1 for
G. Although very low levels of dyes could be confirmed in fish

xtracts by LC–MSn, the lower precision of this technique com-
ared to LC-VIS resulted in slightly higher statistical method
etection levels.

.8. Metabolic marker residues

he emphasis of the validation study was to determine the
euco residue concentration in tissues since these compounds
re typically the metabolites found in fish muscle. It is clear
rom the work of Thompson and coworkers that LCV is the
ppropriate marker residue for fish that have been treated
ith CV [2]. In that study, 90 catfish were exposed to a water

ath with a CV concentration of 100 ng mL−1 for 1 h. The fish
ere then placed in clean water and sampled at regular inter-

als. One hour after CV exposure, the catfish muscle contained
1.7 ng g−1 of LCV and only 0.5 ng g−1 of CV. After 4 h and up
g g−1 of BG, and (bottom right) full scan MS2 spectrum of BG

to 79 days, the LCV concentration ranged from 16–1.5 ng g−1,
while the CV concentration was generally undetectable. The
case of evaluating BG exposure is more complex. The liter-
ature is absent of metabolism data for BG treated fish. It is
reasonable to assume that fish would metabolize BG similarly
to CV and MG considering the structural similarities of the
compounds (Fig. 1); however, as described previously, we have
not been able to directly analyze LBG before it converts to BG.
Metabolized LBG residues may be better stabilized by fish tis-
sue, but without direct analytical methods and standards for
LBG, it is more straightforward to use BG as the marker residue
for fish that have been treated with BG.
3.9. Incurred residues

In addition to the fortified samples, several catfish (Ictalurus
punctatus) were dosed with CV or BG and analyzed by both
LC-VIS and LC–MSn methods. The results of these incursion
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Table 4 – LC–MSn Relative Abundance Data for BG

RT Relative abundances

m/z 341 m/z 385 m/z 355 m/z 236

Day 1
Average of standards 11.96 100 4 16 5
Averagea of 1 h incurred 11.72 100 5 15 6

Day 2
Average of standards 11.68 100 5 19 5
Average of 24 h incurred 11.65 100 6 20 7

Day 3
Average of standards 10.64 100 4 20 5
Average of 2 ng g−1 LBG spikes 10.63 100 7 16 5

Day 4
Average of standards 10.64 100 5 16 5
Average of 2 ng g−1 BG spikes 10.64 100 6 20 5

Day 5
Average of standards 10.62 100 5 19 4
Average of 0.5 ng g−1 spikes 10.63 100 6 14 5

Day 6
Average of standards 10.58 100 11 19 6
Average of 2 ng g−1 spikes 10.63 100 9 19 6
Average of 10 ng g−1 (n = 2) 10.63 100 9 16 7

a Spikes and incurred were all n = 5 unless indicated.

Table 5 – Total residues found (CV + LCV or BG + LBG) in catfish treated with CV or BG

Treatment Depurationa (h) Averageb concentration
found by LC-VIS ± R.S.D.

(ng g−1)

Averageb concentration
found by LC–MSn ± R.S.D.

(ng g−1)

CV bath (50 ng mL−1), 1 h 0 17.8 ± 2.2 20.6 ± 7.9
CV bath (50 ng mL−1), 1 h 1 42.4 ± 3.2 40.8 ± 4.0
CV bath (50 ng mL−1), 1 h 24 80.8 ± 4.9 78.7 ± 11.8
BG bath (50 ng mL−1), 1 h 1 13.2 ± 14.3 11.4 ± 13.0
BG bath (50 ng mL−1), 1 h 24 15.3 ± 7.1 17.3 ± 9.7

yzed

r

a Only one catfish was sampled at each time point.
b Five tissue samples of each individual fish were extracted and anal

studies are summarized in Table 5. Higher concentration tis-
sue extracts were appropriately diluted with 50/50 ammonium
acetate buffer/acetonitrile to conform to the calibration range.
The LC-VIS and LC–MSn results agreed very well with each
other. It is interesting to note that compared with the results
of Thompson and coworkers described in Section 3.8 [2], sig-
nificantly higher tissue concentrations of LCV ± CV were found
in our study (e.g. 42.4 ng g−1 vs. 12.2 ng g−1 (Thompson) after
a 1-h depuration), although catfish in our study were exposed
to only half the bath concentration of CV as compared to the
Thompson study. To our knowledge, this paper represents the
first analysis of BG incurred fish.

4. Conclusions

The preceding method enabled multiresidue determination

of residues of MG, CV, and BG, and their leuco metabo-
lites in fish. Leuco metabolites were converted to the
dyes using in-situ oxidation with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone. Residues were quantitatively determined
.

using LC-VIS or ND-APCI LC–MSn, and confirmed using the
latter technique. The average recoveries were 91% for CV, 84%
for LCV, and 67% for BG or LBG. The limits of quantification
were determined to be 0.18 ng g−1 for CV, 0.21 ng g−1 for BG,
and 0.49 ng g−1 for MG using LC-VIS. ND-APCI LC–MSn provided
residue confirmation at even lower levels for these residues.
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