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A novel analytical protocol based on interfacing on-line matrix solid-phase dispersion (MSPD) with
high-performance liquid chromatography–tandem mass spectrometry (HPLC–MS/MS) was developed
for extraction and determination of 13 sulfonamide residues in grass carp tissues. The target ana-
lytes were separated on a fused-core C18-silica column with a period of 7 min and quantified by
a triple–quadrupole linear ion-trap mass spectrometer in positive ion multiple-reaction monitoring
(MRM) mode. The proposed method was optimized and validated according to Commission Decision
2002/657/EC. The matrix-matched calibration curves were performed at six concentration levels and

2 −1

n-line matrix solid-phase dispersion
ulfonamides
used-core column
iquid chromatography–tandem mass
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rass carp tissues

good linear relationship (R = 0.993–0.998) was observed within the range of 0.1–100 ng mL . The mean
values of relative standard deviation of intra- and inter-day ranging from 1.8% to 7.8% and from 2.8%
to 10.3% were obtained, respectively. Moreover, satisfied recoveries (69.0–96.3%) of all studied sulfon-
amides were demonstrated in different spiked levels, with RSDs ≤ 13.2%. The proposed method has been
applied successfully to the analysis of sulfonamides in several grass carp samples, and the results indi-
cated that this novel instrumental coupling was fast, sensitive, reliable and environmental friendly with

good prospects.

. Introduction

Sulfonamides (SAs) are N-substituted derivatives of sulfanil-
mide and compete with p-aminobenzoic acid in enzymatic
ynthesis of dihydrofolic acid. Because of broad-spectrum antibac-
erial action, SAs have been widely used as bacteriostatic reagents
or treatment of humans (inhibition of folic acid synthesis in bacte-
ia) and as growth promoters in animals [1]. However, the possible
resence of SA residues in the products of animal origin became a
ublic health concern, due to a possibility that exposure to these
rugs could reduce the effectiveness of human therapeutic drugs
nd some of the compounds may lead to many diseases such as thy-
oid cancer [2], anaphylactic reaction and resistance to drugs [3].
herefore, a joint Food and Agriculture Organization/World Health
rganization/Office International des Epizooties (FAO/WHO/OIE)

eeting on Critically Important Antimicrobials has categorized SAs

s critically important antimicrobials. Nevertheless, due to their
teady antibiosis effectiveness, these drugs are still illicitly used in
quatic products. In order to identify the potential risk of SAs to
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consumers related to the consumption of food, specific and sensi-
tive analytical methods are thus required for a concrete monitoring
of SAs at residual levels, which must be in compliance with the cri-
teria of the Commission Decision 2002/657/EC (the combined total
residues of all substances within the SA group should not exceed
100 �g kg−1).

The quality of sample preparation is a key factor in residue anal-
ysis [4] and thus there is a considerable interest in developing
new selective and sensitive methods for extracting and isolating
components from complex samples. During the years, the classi-
cal solid-phase extraction (SPE) technique has evolved to meet the
need of monitoring several classes of substances in samples of dif-
ferent origin, often present at trace levels [5]. But as we known, the
SPE procedures is time-consuming and cumbersome to perform,
often requiring many steps before reaching a concentrated extract
suitable for instrumental analysis, of which only a small portion is
actually injected onto the chromatographic column [6]. Recently,
the on-line SPE technique was widespread used, which signifi-
cantly decreased the analysis time and met the increasing demand

for automation and high-throughput analysis. But the complicated
pretreatment steps for solid, semi-solid and viscous samples were
still unavoidable including solid–liquid extraction (SLE), centrifu-
gation, supernatant evaporation and residue re-dissolution. Matrix
solid-phase dispersion (MSPD), which was first introduced in 1989
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y Barker et al. [7,8], was established as an effective technique for
he analysis of trace substances, both exogenous (i.e. drugs, pol-
utants, pesticides) and endogenous ones (i.e. food and bacteria
omponents, etc.) from solid, semi-solid, and viscous matrices (ani-
al tissues, blood, milk, bacteria, fruits, vegetables, etc.) [9–11].

his technique has four main steps: (I) the sample is blended with
he dispersant material in a mortar with a pestle and the homog-
nized powder is transferred in a solid phase extraction cartridge;
II) target compound is eluted with a suitable solvent or solvent

ixture; (III) the elution is evaporated to dryness, and the residue
s dissolved in appropriate amount of HPLC mobile phase for fur-
her analysis. In these studies, the second and third steps cost much
ime and may induce analyte loss and contamination. Kashida and
urusawa [12] had developed a method using MSPD and HPLC for
he simultaneous determination of six SAs in chicke with total time
early 1.5 h. However, if the MSPD method could be performed

n an automated on-line system, many obvious benefits would be
chieved, such as acceleration of analytical process, together with
eduction in manual handling, risk of contamination, loss of ana-
ytes and sample consumption.

Recently, several analytical methods have been developed
or the analysis and determination of SA residues. Enzyme
inked immunosorbent assay (ELISA) is the most representative

ethod for the fast screening analysis and batch determination
f SAs [13], thin-layer chromatography (TLC) can be used for the
emi-quantification of SAs [14]. High-performance liquid chro-
atography (HPLC) method has been frequently used because of

ts high sensitivity and broad linear range. HPLC with electrospray
andem mass spectrometry (ESI-MS/MS) [15,16] has been favored
y many analysts due to their higher sensitivity and their ability
o provide compound confirmation. However, analysis performed
n conventional HPLC columns was always time consuming and
rganic solvent costing. Dasenaki and Thomaidis [17] present rapid
nd effective separation for the determination of SA residues using
ltra-high performance liquid chromatography (UHPLC) coupled
ith MS/MS. However, expensive ultra-high-pressure instrumen-

ation and new laboratory protocols were needed. Therefore, none
f the above-mentioned methods have the required characters
f fast, simplicity, sensitivity to unequivocally confirm a positive
esult. The development of fused-core particles was considered as
breakthrough in column technology aimed at reducing analysis

imes while maintaining column efficiencies and requiring rela-
ively low back pressures [18,19]. With a 1.7 �m solid silica inner
ore surrounded by a 0.5 �m porous silica shell [20], the material
as a shortened diffusion path which allows for rapid mass transfer
nd thus reduce axial dispersion and peak broadening. More impor-
antly, 2.7 �m fused-core particles produce only approximately half
he back pressure of the 1.8 �m particles, which makes it possi-
le to use fused-core columns on conventional HPLC systems [21].
omparing to the sub-2 �m particles, similar efficiency separations
ould be achieved using the fused-core particles. Meanwhile, the
ow pressure allows fast separations to be performed routinely
n conventional HPLC systems, but demands neither expensive
ltra-high-pressure instrumentation nor new laboratory protocols
22–24]. To reduce analysis time and save solvents, the integration
f fused-core columns into on-line MSPD–HPLC–MS/MS systems is
enerally recommended.

Therefore, in this paper, a novel protocol based on inter-
acing on-line matrix solid-phase dispersion (MSPD) with fast
iquid chromatography–tandem mass spectrometer (LC–MS/MS)

as established aiming at improving and simplifying the process of

eterinary drug residues in aquatic products. The grass carp tissue
as chosen as sample and SA residues was used as representative

ndicator compounds for testing the accuracy and precision of the
n-line MSPD–HPLC–MS/MS method. The effects of several extrac-
ion parameters, such as extraction solvent polarity, extraction flow
1218 (2011) 929–937

rate and duration time were tested in order to improve recovery and
sensibility. Compared to traditional MSPD method, the proposed
on-line MSPD technique significantly decreases pretreatment time
consumption, loss of analytes and sample contamination. Mean-
while, this system permits to extract one sample while another
one is being analyzed by MS/MS. Thus, sample throughput is greatly
increased.

2. Experimental

2.1. Reagents and materials

The grass carp samples were purchased from a local supermar-
ket (WuMart, Hangzhou, China). The standards of 13 sulfonamides,
i.e. sulfadiazine (SD), sulfathiazole (STZ), sulfamerazine (SM), sul-
famethazine (SMZ), sulfameter (SME), sulfamethoxypyridazine
(SMP), sulfachloropyridazine (SCP), sulfamonomethoxine (SMM),
sulfamethoxazole (SMX), sulfadoxin (SDO), sulfisoxazole (SSA),
sulfadimethoxine (SDM) and sulfaquinoxaline (SQX), were all pur-
chased from Sigma–Aldrich (St. Louis, MO, USA). The chemical
structures of 13 SAs were shown in Fig. 1.

Acetonitrile (ACN), methanol (MeOH) and formic acid were
chromatographic grade and obtained from Merck (Darmstadt,
Germany). High purity water with a resistivity of 18.2 M� cm−1

was obtained from a Milli-Q water system (Millipore, Bedford, MA,
USA). The solid phase material used for MSPD was ODS-A (particle
size 50 �m) bought from YMC Corp. (Kyoto, Japan).

2.2. Instrumentation

The proposed on-line MSPD–LC–MS/MS system is illustrated
in Fig. 2. In this system, a Waters 515 pump (Milford, MA, USA)
equipped with a 6-port switching valve was used to re-circulate
the extraction solvent (ACN/water, 50:50 v/v). The customized
MSPD process was performed by a 25 mm × 10 mm i.d. extraction
vessel (Michrom Bioresources, Auburn, CA) and on-line coupled
with LC/MS/MS by a 10-port switching valve (VICI, Schenkon,
Switzerland).

Chromatographic analysis was performed on a Waters 2695 LC
system (Waters, Milford, MA) which was equipped with a qua-
ternary pump, an autosampler, a vacuum degasser and Empower
workstation (Waters, Milford, MA). The separation was achieved
on a Halo fused-core C18 silica column (50 mm × 2.1 mm, 2.7 �m
particle size; Advanced Materials Technology, USA).

A triple–quadrupole linear ion trap mass spectrometer (4000Q-
Trap, Applied Biosystems, Foster City, CA) equipped with an
electro-spray ionization (ESI) was used in positive ionization
multiple-reaction monitoring (MRM) mode. Instrument control,
data acquisition and the processing were performed using the asso-
ciate Analyst 1.5.1 software.

2.3. Preparation of samples and standards

The grass carp tissues were first homogenized using an electric
blender. Then, a mass of 0.2 g homogenized sample was placed into
a glass mortar and gently blended with 0.6 g of C18 (previously
washed with 2 mL of ACN and vacuum dried) until a homogeneous
mixture was obtained. After dried at room temperature, the MSPD
blend was laboratory-packed into the extraction vessel, which was
fitted with 10 �m (pore size, 0.75 mm thickness) frits. The vessel
was capped tightly preventing the collapse inside.
SA standard stock solutions (5 �g mL−1) were prepared by dis-
solving individual compound in 50 mL ACN and stored at 4 ◦C.
Working solutions at serial concentrations were obtained by com-
bining aliquots of stock solutions followed by subsequent dilution
with ACN. For recovery test, three different concentration levels
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Fig. 1. Chemical structures of 13 sulfonamides in the present study.

Fig. 2. The set up of on-line MSPD–HPLC–MS/MS system. The red lines indicate that the valves are at position A, while the black lines indicate that the valves are at position
B. For on-line MSPD procedure, a potion of 5 mL ACN/water (50:50 v/v) mixture was used as extraction solvent for sulfonamides extraction at a flow rate of 1.0 mL min−1 in
5 min. The separation was performed on a Halo fused-core column with linear gradient elutions of water (0.1% formic acid) and ACN. Injection volume was 5 �L. For other
details see Section 2.4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 1
The procedure of on-line MSPD–LC–MS/MS analysis.

Elution Sampling Start LC–MS/MSa Analysis completedb

Time (min) Initial–5 min 5–5.1 min 5.1–16 16
Valve 1 position A B B B
Valve 2 position A A B A
Binary pump Activated Activated Stopped Stopped
Flow rate 1.0 1.0 – –
Solvent ACN/water (50:50 v/v) Extraction – –
HPLC pump Activated Activated Activated Activated
Flow rate 0.4 0.4 0.4 0.4
Solvent Initial mobile phase Initial mobile phase Gradient elution Initial mobile phase
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ll the steps above were programmed and controlled by computer. Sample extract
a If there was a new sample, it was carried out in a new extraction vessel and sta
b When the analysis of all samples were completed, the system was washed usin

50, 100 and 150 �g kg−1) of SAs were added to the homogenized
issue sample prior to blending with C18. The resulting samples
ere operated as described above. Triplicate experiments were
erformed at each level.

The empty extraction vessel, mortar and pestle were prewashed
ith ultra-pure water, acetone, dichloromethane and MeOH. All

lassware were cleaned and then heated for 2 h at 500 ◦C.

.4. On-line MSPD procedures

The extraction vessel was carefully fixed in the system. Then,
mL ACN/water mixtures (50:50 v/v) was added in a disposable
entrifugal tube as extraction solvent. The procedure of on-line
SPD–LC–MS/MS was represented in Table 1.
Step 1: the Valve 1 and Valve 2 were set at position A (red

ine). The Waters 515 pump was activated and circulated extrac-
ion solvent (50% aqueous ACN) through the vessel at a flow rate
f 1.0 mL min−1 until a stable extraction was obtained. Meanwhile,
he HPLC pump was activated for the equilibrium of analytical col-
mn by the initial chromatographic mobile phase.

Step 2: when the extraction was completed, the Valve 1 was set
t position B (black line) and the extraction solvent was introduced
nto the sample loop.

Step 3: the Valve 2 was switched to the position B. Thus, the
ample solution was transferred onto the analytical column com-
letely. Data acquisition was started simultaneously. Meanwhile,
he extraction of the next sample was carried out on a new extrac-
ion vessel as described above.

The sampling and analytical procedures were performed auto-
atically, which were previously programmed and controlled by

omputer. The total analysis time of the initial sample was 16 min.
ecause sample extraction and LC analysis could be operated simul-
aneously, the total analysis time of subsequent samples could be
ccomplished during 12 min.

.5. Fast LC/MS/MS analysis

A gradient HPLC method was employed for separation with the
obile phase A: 0.1% formic acid aqueous solution and mobile

hase B: ACN. The gradient profile was carried out as follows: 5%
(initial), 5–10% B (0–3.5 min), 10–30% B (3.5–8 min), 30–100%
(8–8.5 min), 100–100% B (8.5–9.5 min), 100–5% B (9.5–10 min),

–5% B (10–11 min). The flow rate was 0.4 mL min−1. All of the SAs
ere eluted within 7 min. During the rest time the column was

leaned, readjusted to the initial conditions and equilibrated. The

olumn temperature was set at 30 ◦C, and injection volume of 5 �L
as selected.

MS/MS data acquisition was performed in the multiple-reaction
onitoring (MRM) mode. According to European Union Decision

002/657/EC, for the confirmation of the presence of an illegal vet-
d analysis can continue to overlap, thus the analysis time can be reduced.
om initial step.
aqueous ACN.

erinary drug at least 4 identification points are necessary (1 point
was earned with the precursor ion and 1.5 points were earned with
each product ions). Therefore, two transitions between precursor
ion and the two most abundant product ions were monitored:
one for quantitative determination and the other for qualitative
analysis. In order to obtain maximum sensitivity for identification
and detection of SAs, the ion source temperature (TEM) was set at
450 ◦C, and ion spray voltage (IS) was always set at 5.5 kV. Ion source
gas 1 (GS1) and ion source gas 2 (GS2) were used as the drying
and nebulizer gases at a back pressure of 55 psi and 75 psi, respec-
tively. Curtain gas (CUR) was 20 psi. The analyte specific parameters
(declustering potential (DP), entrance potential (EP) for precursor
ions, collision energy (CE) and collision cell exit potential (CXP) for
product ions) are shown in Table 2.

3. Results and discussions

3.1. Optimization of on-line MSPD procedure

In the on-line MSPD procedure, C18-bonded silica (YMC Corp.
Japan) was chosen because it presented satisfactory trapping effi-
ciency for SAs, as well as good mechanical strength which also
necessary for MSPD. A sample/sorbent ratio of 1:3 showed good
recovery of target compounds and was adopted in the present work.
The optimization process was performed with 0.2 g of sample and
0.6 g of C18 material.

Optimization of the elution sequence was performed using pure
ACN and ACN/water mixtures (80:20 v/v, 50:50 v/v and 20:80 v/v)
as eluting solvents, respectively. The elution solvent was circulated
until SAs were completely extracted. As expected, the SAs could be
extracted by all these solvents. However, when pure ACN was used,
significant matrix effect was observed, which might arise from its
strong dissolution and elution property for a wide range of com-
pounds. By comparing of the results obtained using 80%, 50% and
20% aqueous ACN elution, it was concluded that ACN/water mix-
tures (50:50 v/v) provided satisfactory recovery and acceptable
matrix influence.

Additionally, the extraction volume was also optimized, which
involved two parameters: flow rate and duration time. The flow
rate ranging from 0.2 mL min−1 to 1.0 mL min−1 was evaluated. The
results indicated that it had no significant effect on the recovery of
each SAs. In order to reduce the extraction duration, the final elution
time was established at 5 min at the flow rate of 1.0 mL min−1, with
total extraction volume of 5 mL.
3.2. Optimization of chromatographic conditions

The optimization of the chromatographic conditions, including
the types of column and composition of mobile phase, is a cru-
cial step before applying mass spectrometric detection, because
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Table 2
Optimized MS/MS parameters.

Compounds Retention time (min) Precursor ion (m/z) Product ions (m/z) DPa (eV) EPb (eV) CEc (eV) CXPd (eV)

Sulfadiazine (SD) 1.17 251.1 156.0 58.10 10.43 23.75 7.00
108.0 59.83 11.00 33.10 10.00

Sulfathiazole (STZ) 1.61 256.1 156.0 59.84 9.99 22.91 10.00
92.0 57.11 11.84 39.14 10.00

Sulfamerazine (SM) 1.86 264.9 156.0 58.97 10.28 24.36 10.00
172 58.44 10.19 24.05 10.00

Sulfamethazine (SMZ) 2.69 278.9 186.0 64.27 10.60 24.83 10.00
156.0 67.92 10.77 27.28 10.00

Sulfameter (SME) 2.96 281.1 156.0 60.86 11.02 25.42 10.00
108.0 122.00 10.00 53.00 10.00

Sulfamethoxypyridazine (SMP) 3.27 281.1 156.0 60.86 11.02 25.42 10.00
108.0 122.00 10.00 53.00 10.00

Sulfachloropyridazine (SCP) 4.23 285.1 156.0 51.38 11.70 22.74 10.00
92.00 53.04 10.64 40.00 10.00

Sulfamonomethoxine (SMM) 4.25 281.1 156.0 60.86 11.02 25.42 10.00
108.0 122.00 10.00 53.00 10.00

Sulfamethoxazole (SMX) 4.90 254.0 155.9 61.46 5.10 23.80 10.00
108.0 59.10 10.62 35.81 10.00

Sulfadoxin (SDO) 4.92 311.1 156.0 67.92 10.77 27.28 10.00
92.0 70.30 11.00 44.73 10.00

Sulfisoxazole (SSA) 5.59 268.1 156.0 51.67 10.04 20.79 10.00
113.0 56.28 10.23 22.73 10.00

Sulfadimethoxine (SDM) 6.66 311.1 156.0 67.92 10.77 27.28 10.00
92.0 70.30 11.00 44.73 10.00

Sulfaquinoxaline (SQX) 6.78 301.1 156.0 56.89 11.13 24.64 10.00
108.0 59.46 10.49 39.99 10.00

Ionization mode: (ESI+); ion spray voltage (IS): 5.5 kV; curtain gas (CUR): 20 psi; ion source gas 1 (GS1): 55 psi; ion source gas 2 (GS2): 70 psi; temperature (TEM): 450 ◦C;
interface heater: on; collision activated dissociation (CAD): medium.

a DP: declustering potential.
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b EP: entrance potential.
c CE: collision energy.
d CXP: collision cell exit potential.

he impurities in the samples can induce the matrix ion suppres-
ion and interferences from common product ions that could hinder
he specificity or sensitivity achieved by MS/MS. For achieving good
esolution and symmetric peak shapes of SAs in a shorter run time,
he selection of analytical columns with high separation efficiency
s a prerequisite. The Halo C18 silica column (50 mm × 2.1 mm
.d.) packed with 2.7 �m superficially porous fused-core particles
ppeared to result in the best performance, comparing to a num-
er of conventional fully porous particle packed columns, including
1) Agilent Zorbax SB-C18 250 mm × 4.6 mm i.d., 5 �m, (2) Waters
tlantis T3-C18 150 mm × 2.1 mm i.d., 3 �m, (3) Phenomenex Syn-
rgi Fusion-RP 50 mm × 2.0 mm i.d., 4 �m. The separation efficiency
nd sensitivity of Halo column was obviously much better due to
ts special structure (a 1.7 �m solid core particle fused with 0.5 �m
orous shell). All the peaks of analyte compounds were sharp and
ymmetric. The retention time of the last eluted SA in our test was
ess than 7 min with a flow rate of 0.4 mL min−1. This novel fused-
ore column packing technique greatly decreased the diffusion
ath, allowed rapid mass transfer and thus reduced axial disper-
ion and peak broadening. Comparing to the sub-2 �m particles,
imilar efficiency separations could be achieved on conventional
PLC systems using this fused-core columns, saving the expensive
ost of ultra-high-pressure instrumentation. As a result, the Halo
used-core column was finally chosen in this work.

The analytical sensitivity in condition of samples eluted with
eOH/water, ACN/water, ACN/water (0.1% formic acid), were

ompared. The results indicated that MeOH gave rise to better
electivity while ACN gave rise to better elution strength and
horter retention time. What’s more, ACN generated lower back-

ressure than MeOH which made Halo column especially suitable
or conventional LC equipment. The addition of formic acid (0.1%)
n water solution played an important role in improving chromato-
raphic separation (reduction of peak tailing and better resolution)
nd promoting the ionization efficiency of mass spectrometry.
Results of multiple injections indicated that under such situation
nice peak shape and high sensitivity of SAs could be achieved.
Therefore, ACN and ultra-pure water (0.1% formic acid) were finally
chosen as mobile phases for the simultaneous chromatographic
separation. Fig. 3 showed the separation of the 13 target analytes
(100 ng mL–1 standard solution).

3.3. Optimization of MS/MS parameters

Electrospray ionization (ESI) was tested in both positive- and
negative-ion modes. SAs showed much higher response signals
using positive-mode ESI than in the negative mode. Therefore, the
ESI source in positive mode was chosen for SAs detection. Acquisi-
tion parameters of the mass spectrometer were optimized by direct
continuous pump infusion of standard working solutions of the SAs
(100 ng mL−1) individually at a flow rate of 10 �L min−1 in the mass
spectrometer. Full-scan spectra were acquired over the m/z range of
50–400 amu with a circle time of 1.0 s and a step size of 0.1 amu for
identification of the precursor ions. The selected protonated molec-
ular ion [M+H]+ and product ions were summarized in Table. 2. The
declustering potential (DP) was optimized for achieving the high-
est signal response of [M+H]+. Further identification of the most
abundant fragment ions and selection of the optimum collision
energies (CE) for SAs was carried out in the product ion scan mode.
The fragmentations of m/z 156.0 were comparatively high intensity
for most SAs except SMZ. Based on this point, the MRM transition
([M+H]+ > 156.0) was used as a quantifier for 12 SAs, while the mass
transition ([M+H]+ > 186.0) was used for SMZ determination. The
chromatograms for each SA under optimum condition were shown

in Fig. 4.

In order to optimize the gas setting for SAs, flow inject analysis
(FIA) method was adopted by introducing 5 �L standard solution
of SAs (1 �g mL−1) into the mass spectrometer using the initial
chromatographic conditions. The optimum conditions including:
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Fig. 3. LC–MS/MS chromatogram showing the separati

urtain gas (CUR), ion source gas 1 (GS1), ion source gas 2 (GS2),
emperature (TEM) and collision activated dissociation (CAD) were
ummarized in Section 2.5.

.4. Method validation

Parameters of performance of the described on-line
SPD–HPLC–MS/MS method were determined and evaluated

ccording to the considerations proposed in Decision 2002/657/EC
sing spiked samples at levels of 0, 0.5, 1.0, 1.5 MRL (�g kg−1). The
alues of the selectivity, recovery, precision, decision limit (CC˛),
etection capability (CCˇ), limit of detection (LOD) and limit of
uantification (LOQ) were determined.

.4.1. System suitability
System suitability tests were performed to mass spectrum

btained from standard and test solutions to check parameters such
s column efficiency, retention time, peak asymmetry, and capac-
ty factor of SAs peaks. Results obtained from injection of standard
olution showed good system suitability of this new instrumental
oupling.

.4.2. Specificity
Each individual SA was analyzed based on the retention time

s well as the two ion transitions selected. Spiked blank grass carp
amples from different origins were analyzed for the verification of
nterference, using the extraction procedure and chromatographic
onditions described. The results indicated that no carry over was
bserved from sample to sample and the SAs were presented at the

ame retention times.

.4.3. Selectivity
The interference of other co-extracted substances was evalu-

ted, since it is a very important aspect in the LC–MS/MS analysis
the 13 target analytes (100 ng mL−1 standard solution).

of biological fluids, which may affect the results of both qualita-
tive and quantitative analyses. The experiments were performed
in two steps. First, spiked grass carp tissues at levels of 0.5, 1.0,
1.5 MRL were analyzed by on-line MSPD–HPLC–MS/MS method in
three times. Second, the method was performed using the same
conditions at concentrations identical with that of the first step
without real sample. The relationship between peak area (y) and
analyte concentrations (x, �g kg−1) was calculated. Comparison
of the expected concentrations and matrix-based values indicated
that, the ion signal intensities of the SAs were affected by a “nega-
tive” matrix effect.

3.4.4. Recovery
Recovery experiments were performed by comparing the ana-

lytical results for extracted grass carp tissue samples where the
SAs were added at levels of 0.5, 1.0, 1.5 MRL before the extrac-
tion procedure, with standards prepared at the same concentration
without real sample extract representing 100% recovery. As shown
in Table 3, the relative recoveries of thirteen SAs range from 69.0
to 96.3% in three matrices with RSD values lower than 13.2%.
Although the recovery values were not good enough, considering
the on-line sample trapping procedure, the present results were
acceptable.

3.4.5. Calibration curves
The linearity of the response was determined by using a lin-

ear regression model. The matrix-matched calibration curves were
analyzed with six levels of concentration, using the peak area
of analyte versus the concentration of analyte with a weight-

ing factor of 1/x. Each point of the curves had been injected at
least in triplicate. Table 4 showed the results of the calibration
curves. Each calibration curve was linear in a concentration ranging
from the quantification limit to 100 ng mL−1 for each analyte, with
satisfactory average correlation coefficients (0.993–0.998), which
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Fig. 4. MRM chromatograms for standard of sulfonamides (100

ndicated good linearity between the peak area ratio (y) and inves-
igated compound concentration (x, ng mL−1).
.4.6. Precision, accuracy and reproducibility
Precision of the method was evaluated as intra-day and

nter-day precision by measuring corresponding relative stan-
ard deviations (RSDs). The intra-day precision was evaluated by
L−1) under optimized On-line MSPD–HPLC–MS/MS conditions.

repeated analyses of thirteen SAs at three fortified concentrations
(0.5, 1.0 and 1.5 MRL) on three sequential runs in six replicates. The

intra-day precision and reproducibility were obtained in the same
laboratory, but conducted by different operators over six separate
days. As shown in Table 5, the intra-day and inter-day variations
were less than 7.8% and 10.3%, respectively. These results shown
that the precision of the present method was good.
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Table 3
Recoveries of the on-line MSPD–HPLC–MS/MS obtained at three different spiking levels.

Compounds 50 �g kg−1 100 �g kg−1 150 �g kg−1

Recovery (%) RSD Recovery (%) RSD Recovery (%) RSD

SD 91.5 6.5 93.6 5.7 95.2 4.9
STZ 87.2 7.4 90.2 5.9 88.5 6.5
SM 83.9 4.8 85.4 4.6 84.6 4.1
SMZ 81.4 4.7 87.3 3.7 87.8 3.3
SME 96.3 4.2 91.6 3.3 92.5 3.8
SMP 84.7 4.3 82.5 4.1 86.1 6.2
SCP 91.8 5.1 89.9 4.5 85.6 5.7
SMM 83.5 10.7 88.9 9.3 85.4 9.8
SMX 92.1 6.3 93.4 5.1 94.0 4.6
SDO 78.9 9.6 83.8 8.2 78.2 9.2
SSA 69.0 13.2 73.2 11.1 75.6 9.6
SDM 82.2 8.8 87.8 7.4 88.6 7.7
SQX 91.1 5.2 92.8 4.3 93.7 4.6

Table 4
Parameters of matrix-matched calibration curves and linearity, limit of detection (LOD) and limit of quantification (LOQ), decision limit (CC˛) and detection capability (CCˇ).

Compounds Standard calibration equation (y = ax + b) LOD (�g kg−1) LOQ (�g kg−1) CC˛ (�g kg−1) CCˇ (�g kg−1)

a b R

SD 7360 899 0.996 2.10 6.90 3.05 3.33
STZ 7860 905 0.997 2.00 6.80 2.88 3.14
SM 6370 535 0.995 3.00 9.80 2.10 2.29
SMZ 6780 666 0.996 1.75 5.83 2.46 2.70
SME 6560 654 0.998 2.25 7.50 2.49 2.74
SMP 10500 1560 0.993 1.25 4.16 3.71 4.03
SCP 4750 407 0.995 3.00 9.80 2.14 2.31
SMM 3650 216 0.995 3.00 9.60 1.48 1.65
SMX 5100 644 0.993 2.50 8.30 3.16 3.32

3
d

o
s
o
t
(
S
b
e
d

c

T
T

SDO 15100 2160 0.995 0.75
SSA 5730 5730 0.995 2.50
SDM 10000 2030 0.995 1.00
SQX 8480 1600 0.993 1.25

.4.7. Decision limit (CC˛), detection capability (CCˇ), limit of
etection (LOD) and limit of quantification (LOQ)

CC˛ and CCˇ were calculated plotting all data obtained based
n the calibration curve, which give more weight to the lower
piking levels and thus allows a more representative estimation
f the standard deviation of the intercept associated with uncer-
ainly at lower levels, according to the following equations: CC˛
�g kg−1) = a/b + 2.33 Sa/b (˛ = 1%) and CCˇ (�g kg−1) = CC˛ + 1.64
a/b (ˇ = 5%), where a is the intercept of the standard addition curve,

is the slope of the standard addition curve and Sa is the standard

rror of the intercept. The calculated values of CC˛ and CCˇ were
emonstrated in Table 4.

The LOD and LOQ were considered as the analyte minimum con-
entrations that can be confidently identified and quantified by

able 5
he method precisions at three different concentrations for on-line MSPD–HPLC–MS/MS

Compounds Intra-day precision (RSD, %)

50 (�g kg−1) 100 (�g kg−1) 150 (�g kg

SD 5.9 4.7 5.2
STZ 4.8 4.9 4.2
SM 3.9 3.1 3.7
SMZ 2.8 3.5 3.3
SME 3.3 3.2 2.9
SMP 4.1 4.0 4.2
SCP 3.5 3.4 2.9
SMM 2.9 3.1 2.5
SMX 3.1 4.2 3.8
SDO 3.0 2.7 1.8
SSA 7.8 7.3 6.6
SDM 6.5 6.2 6.6
SQX 6.4 5.7 6.1
2.45 3.57 3.87
8.33 0.36 0.42
3.35 5.08 5.53
4.15 4.72 5.13

the method, respectively. Though these two parameters have been
replaced by CC˛ and CCˇ, an estimate of these former limits was still
performed. The LOD was determined by analyzing blank sample at
levels that provided signals at three times above the background
noises. In a similar way, the LOQ was identified at signal to noise
ratios equalled to ten. The calculated critical concentrations LOD
and LOQ for the screening and confirmatory methods were pre-
sented in Table 4, which indicated that the analytical method has
excellent sensitivity.
3.4.8. Stability
The aim of the stability study was to obtain information on

the storage stability of the standard solutions and sample extracts.
Stock standard solutions were checked and found to be stable for at

of the thirteen SAs from fish tissue samples.

Inter-day precision (RSD, %)

−1) 50 (�g kg−1) 100 (�g kg−1) 150 (�g kg−1)

6.3 6.1 5.9
4.8 5.2 6.0
4.2 3.9 4.4
3.0 3.7 3.1
5.2 4.9 4.6
4.2 3.2 4.4
4.7 4.7 5.3
3.3 4.4 4.2
4.5 3.9 4.2
2.7 3.1 2.8

10.3 9.8 9.9
7.3 6.9 6.5
7.2 6.9 6.9
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Table 6
Concentration (�g kg−1) of target analytes detected in grass carp samples.

Compounds Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10

SMZ – – – 124.6 – 35.2 – – – –
SME – – – – – 13.6 – – – –

l
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[
[22] A. Abrahim, M. Al-Sayah, P. Skrdla, Y. Bereznitski, Y. Chen, N. Wu, J. Pharm.
SMX – – – – –
SDO – – – – –

a <MLOQ: lower than method limit of quantification.

east 2 months. Concentration differences found in working stan-
ard solutions were less than 8.1% after a week of preparation. The

ong-term stability of SAs in grass carp tissues was tested over a
eriod of 2 months. For this purpose, aliquots of spiked samples
at the concentration of 50, 100 and 150 �g kg−1) were analyzed
fter 2 weeks, 1 month and 2 months. The results of relative stan-
ard deviation at same concentration were less than 13.8%, which

ndicated the stability was acceptable.

.5. Method application

The applicability of the method was assessed through the anal-
sis of the target SAs in ten grass carps originating from different
arms by the validated on-line MSPD–HPLC–MS/MS method in the
resent study. Among these samples, four SAs (SMZ, SME, SMX and
DO, data shown in Table 6) detected in grass carps may indirectly
ketch out the current application status of sulfonamide antibiotics.
As typically used in human medicine, such as SMX and SMZ, were
sed as veterinary antibiotics in the grass carps studied. According
o the results showed in Table 6, four samples were determined
s positive. The highest SAs concentration was this corresponding
o the sample 4 with total SAs 124.6 �g kg−1. SMZ and SME were
imultaneously detected in sample 6 with total SAs 48.8 �g kg−1,
hich indicated the mixed use of multiple SAs. SAs in another

wo samples were lower than LOQ. In the rest samples, nearly all
he SAs detected were below the LOD. The recurrent presence of
As in grass carp samples of this study make evident the health
oncern and the needs of regulation. Additionally, the proposed
n-line MSPD–LC/MS/MS approach also exhibited great advantage
n detecting the low concentrations, especially in cases of violation
f the regulations and/or on-site contamination.

. Conclusion

In conclusion, a novel analytical method based on on-line MSPD
oupling to fast LC–MS/MS has developed for the determination of
race level SAs in grass carps and has proved to be a rapid, sensitive,

eliable and robust alternative to traditional methods. The devel-
ped protocol also avoids time-consuming SLE procedure of solid
amples. Another advantage of the on-line method is the avoid-
nce of the evaporation of samples. This method is also potentially
elpful for the isolation of compounds of interest from environ-

[

[

– – – – <MLOQa

– – <MLOQa – –

mental, food or biological matrices. Theoretically, the application
fields of on-line MSPD method resembles that of off-line MSPD,
which has showed flexibility and versatility not only for solid and
semi-solid samples, but also for the viscous ones (milk, blood, etc.).
Meanwhile, various sorbents, including reversed-phase materials,
normal phase inorganic materials, non-retentive supporting mate-
rials, molecular imprinted polymers and an emerging supporting
material: multiwalled carbon nanotubes, can be taken for sample
dispersion and analyte extraction.
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