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The determination of seven sulfonamides by means of HPLC with chemiluminescence detection is proposed for the first time. Th
are derivatized with fluorescamine, separated and subsequently they participate in the post-column chemiluminescence (CL) pe
system using imidazole as a catalyst. Among the different peroxyoxalates tested, bis[4-nitro-2-(3,6,9-trioxadecyloxycarbonyl)phene
provides higher sensitivities and stabilities, avoiding precipitation problems. A rigorous optimization of the significant variables by
experimental designs has been developed in order to reconcile the chromatographic conditions with the CL reaction. The meth
detection limits in the low�g l−1 range and has been satisfactorily applied to the analysis of spiked raw milk samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Sulfonamides,N-derivatives of 4-amino-benzenesulpho-
namide, comprise a large group of synthetic antibacterial
compounds. They have been used in human medicine against
a wide variety of microbes, being their current use primarily
in the treatment of urinary tract infections. They are also
widely used in farm animal feedstuff and fish cultures as
veterinary drugs for prophylactic and therapeutic purposes.
Furthermore, sulfonamides act as growth promoting sub-
stances, and their residues in food are of concern due to
their potential carcinogenic character and the possibility of

∗ Corresponding author. Tel.: +34 958 248594; fax: +34 958 249510.
E-mail address: amgarcia@ugr.es (A.M. Garcı́a-Campãna).

development of antibiotic resistance in humans as we
severe allergic reactions. Thus, the European Union
regulations have set a maximum residue limit of 100�g kg−1

for the sum of all sulfonamides in animal muscle or in m
[1].

The analytical methods applied to determine sul
amides in food of animal origin have been comprehens
reviewed[2,3]. These compounds are usually extracted f
the matrix into organic solvents or purified by solid ph
extraction (SPE) and analyzed by GC or HPLC. Among
HPLC methods, the most commonly used detection m
are UV, diode array, electrochemical or fluorimetric detec
after chemical derivatization. The chemical post-colu
derivatization of 12 sulfonamides with fluorescamine (
and 2-mercaptoethanol for their fluorescence detection
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HPLC system has been recently reported in the analysis of
honey[4], with recoveries ranging 37–67%, quantification
limits between 2 and 5�g kg−1 (with a preconcentration
factor of 30) and an analysis time of 45 min. Moreover,
10 sulfonamides have been derivatised with FR in acidic
medium, separated and detected by HPLC-fluorescence for
the analysis of foods of animal origin, with recoveries in the
range of 64–75%, quantification limits in the low�g kg−1

level (considering a preconcentration factor of 10) and times
of analysis of 30 min[5]. There are also several recent
publications concerning liquid chromatographic analysis
of sulfonamides using MS[6–10] or MS–MS detection
[11–13].

Chemiluminescence (CL) is a high sensitive analytical
technique that can be used in the determination of different
compounds in a great variety of matrices depending on their
participation in the CL reaction as precursors, catalysts,
inhibitors, oxidants, etc.[14]. Considering the kinetic
characteristics of this technique, it can be easily coupled
to a flow injection (FI) manifold as detection mode[15].
Among the different CL systems that can be used with
analytical purposes, peroxyoxalate (PO) reaction is one
of the most efficient, being an indirect or sensitized type
of chemiluminescence in which an activate oxalate reacts
with hydrogen peroxide leading to the formation of one
or more energy-rich intermediate(s) capable of exciting
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Imidazol (IMZ) has been proved to be an efficient catalyst for
the PO-CL reaction[20,21] due to its ability to destabilize
the PO by forming an intermediate less stable, which is
thus more susceptible to nucleophilic attack by hydrogen
peroxide. A general mechanism was proposed by Hadd and
Birks for the nucleophilic reaction of IMZ with oxalate esters
[22].

Despite the advantages of CL detection, there is scarce
literature concerning the CL determination of sulfonamides.
Based on the oxidation of these analytes by potassium
permanganate in acid medium, the determination of sulfac-
etamide and sulfafurazole in pharmaceutical dosage forms
using sequential injection analysis (SIA) technique with CL
detection has been reported, with detection limits ranging
2–8 mg kg−1 and quantitative recoveries[23]. Also, the
(FL)-CL determination of sulfonamides by means of a pho-
tochemical reaction followed by the same oxidation reaction
has been recently reported. The method has been applied
to the determination of sulfamethoxazole in pharmaceutical
preparations, providing a limit of detection of 60�g l−1 [24].
A sulfur chemiluminescence detection (SCLD) system for
supercritical fluid chromatography based on ozone-induced
CL following a two-step combustion process of consecutive
oxidation and reduction of sulfur-containing compounds
has also been proposed for different products, including
some sulfonamides, although no application was reported
[

tion
o sul-
f FR
( most
i lyzed
t PLC
a ction.
A ,9-
t een
s gent,
a ers
c rile
( to
s ely),
p the
r the
fl ns
t l
a the
d tion
o
m osed
i
l been
a ing
s first
t lysis
o pti-
m mn
large number of fluorophores[16] through the CIEEL
chemically initiated electron exchange) mechanism[17], by
hich the intermediate forms a charge transfer complex

he fluorophore, donating one electron to the intermed
hich is transferred back to the fluorophore raising it to
xcited state and liberating an emission typical for the na
f this fluorescent derivative. Recently, the nature of
ostulated intermediate, 1,2-dioxetane-3,4-dione, has
onfirmed using13C nuclear magnetic resonance (NM
pectroscopy[18]. From an analytical point of view, the us
ulness of this PO-CL reaction is based on the possibili
etecting native fluorophores or compounds derivatised
uorescent labels[19]. The advantage of the PO react

s the wide pH range to carry out the oxidation, gener
ccurring near neutral values, the main limitation being
eed for an organic solvent based on solubility, stability
fficiency considerations. The most widely used oxalate

s bis-(2,4,6-trichlorophenyl)oxalate (TCPO) followed
is-(2,4-dinitrophenyl)oxalate (DNPO). However, a prob
ith PO-CL when applied to post-column detection in liq
hromatography (LC) is the relatively long duration of
ight emitting reaction, where even the best known sys
esults in a light emission profile that lasts for more than
hich could produce extra-column band broadening.

his reason, it is very useful the use of a catalyst to spee
he reaction while maintaining a reasonable high quan
fficiency, enabling a “chemical narrowing” of analy
eparated in LC and allowing the effective cell volu
o become dependent on the speed of mixing of e
nd reagent, rather than on the total detection cell vol
25].
In this paper, a sensitive method for the quantifica

f seven sulfonamides in raw milk is proposed. The
onamides are extracted from the milk, labeled with
a selective reagent for primary amines that reacts al
nstantly with these substrates while the excess is hydro
o a non-fluorescent product) and then separated by H
nd subsequently detected by post-column PO-CL rea
mong the different POs tested, bis[4-nitro-2-(3,6

rioxadecyloxycarbonyl)phenyl] oxalate (TDPO) has b
elected as the most adequate chemiluminogenic rea
s it provided higher sensitivity and stability than oth
ommonly employed PO. It dissolves well in acetonit
ACN), acetone and ethyl acetate in the range of low
ub-molar concentrations (1, 0.8 and 0.4 M, respectiv
roviding larger concentrations of the intermediate of
eaction and avoiding the precipitation of the reagent in
ow line which produces a good mixing of the solutio
o afford a stable baseline[26,27]. However, its analytica
pplications are reduced; it has been employed in
evelopment of and HPLC method for the determina
f dansylamino acids[27] and catecholamines[28,29] by
eans of post-column CL detection. The method prop

n this paper provides limits of detection in the low�g l−1

evel for the seven sulfonamides assayed and it has
pplied and validated for the analysis of raw milk, provid
atisfactory recoveries. As far as we know, this is the
ime that the PO reaction has been applied for the ana
f sulfonamides by coupling HPLC with CL detection, o
izing the compatibility of both separation and post-colu
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reaction conditions. Experimental design methodology has
been used for the multivariate optimization in order to
select the significant variables and with the aim to consider
the significant interactions among the studied variables to
reach the optimum experimental conditions, reducing the
experimental work. Moreover, the advantages of the use
of TDPO instead of the most common TCPO have been
reported.

2. Experimental

2.1. Chemicals

All the reagents were analytical reagent grade, solvents
were HPLC grade, and sulfonamides were analytical stan-
dard grade. Ultrapure water (Milli-Q plus system, Milli-
pore Bedford, MA, USA) was used throughout the work.
A stock standard solution of 100 mg l−1 of each sulfon-
amide (namely: sulfapyridine: SPD; sulfadiazine: SDZ; sul-
famethazine: SMZ; sulfachloropyridazine: SCP; sulfadox-
ine: SDX; sulfamethoxazole: SMX; and sulfadimethoxine:
SDM) was prepared by dissolving 10 mg of the prod-
uct (Riedel-de-Häen (Vetranal), Sigma–Aldrich Quı́mica,
Madrid, Spain) in 100 ml of methanol (Merck, Darmstadt,
G able
f
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( cid
(

ons
r
D pre-
p y-
d of
I ter
a CN

and used as catalyst. This solution also contains 500 mM of
hydrogen peroxide (from 30% p/v solution, Panreac), used
as oxidant.

Working solution of 4 g l−1 of FR (Sigma–Aldrich
Qúımica) was prepared daily by dissolving 20 mg in 5 ml
of acetone (Merck).

A mixture of chloroform (Merck): acetone (Panreac) (2:1)
was used for sample extraction, while hexane (Panreac) was
used for removing fatty residues and Tris–buffer was used
for dissolving residues.

2.2. Equipment

A scheme of the equipment is shown inFig. 1. The HPLC
system consisted on a quaternary high pressure pump (Model
PU–2089, Jasco Analı́tica Spain, Madrid, Spain) coupled
to a multichannel UV–vis detector (Model UV-2077, Jasco
Anaĺıtica Spain) and subsequently to a CL detector (Model
CL-1525 detector, Jasco Analı́tica Spain) operating at gain
10 and short attenuation and equipped with a PTFE spiral
detection cell, data control and acquisition program. A C18
Luna separation column (5�m, 100Å, 150 mm× 4.6 mm,
Phenomenex, supplied by Jasco Analı́tica Spain), a guard col-
umn equipped with a 4 mm disposable cartridge of similar
packing (Phenomenex, supplied by Jasco Analı́tica Spain),
a Rheodyne 7725i manual injection valve (Rheodyne, L.P.,
B d
s in the
s

mps
( ,
P used.

used
f ,
B as
u

a

-CL sys
ermany) in a calibrated flask. The solutions were st
or at least 2 months, stored in the dark at 4◦C. Work-
ng standard solutions containing all the sulfonamides
reshly prepared by dilution of the stock solutions with t
hidroxymethyl)-aminomethane (Tris, Merck)/chloride a
Panreac, Madrid, Spain) buffer (10 mM, pH 7.0).

In the post-column reaction, proper working soluti
anging from 1 to 5 mM of TCPO (Sigma–Aldrich Quı́mica),
NPO (Wako, Osaka, Japan) and TDPO (Wako) were
ared daily in ACN (Merck) or a mixture of ACN: tetrah
rofurane (THF, Merck), 75:25. A 1 M stock solution

MZ (Sigma–Aldrich Qúımica) was prepared weekly in wa
nd proper working solutions were prepared daily in A

Fig. 1. Scheme of the HPLC
ensheim, Germany) with a 100�l loop, and PEEK an
tainless steal tubing and connections were also used
ystem.

For the post-column reaction, two high pressure pu
Model PU-2085 and PU-2080, Jasco Analı́tica Spain)
EEK and stainless steal tubing and connections were
An ultrasound bath (Selecta, Barcelona, Spain) was

or the derivatization reaction and a rotavapor (Büchi RE 121
üchi Laboratoriums-Technik AG, Flawil, Switzerland) w
sed for sample preparation.

For statistical treatment of data, ALAMIN software[30]
nd STATGRAPHICS[31] package were used.

tem. PMT: photomultiplier tube.
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2.3. Experimental procedure

The reversed phase separation was carried out in a C18
column using an isocratic ternary mobile phase consist-
ing on a mixture of tri-sodium citrate 512 hydrate (Pan-
reac)/citric acid monohydrate (Merck) buffer (10 mM, pH
5.2): ACN: THF (65:22:13) at a flow rate of 1.0 ml min−1.
All the solvents were filtered through a 0.45�m nylon filter
(Supelco, Barcelona, Spain). After separation and UV–vis
detection at a wavelength of 265 nm, the eluate was mixed
in a four-way stainless steal connection (Valco International,
Schenkon, Switzerland) with the PO solution at a flow rate of
0.6 ml min−1, and the IMZ/hydrogen peroxide solution at a
flow rate of 0.2 ml min−1. Due to the rapid kinetic of the PO
reaction, the connection was placed in such a way that the
distance with the cell of the CL detector was the minimum
(4.5 cm). Then, the CL emission is produced and registered
by the CL detector.

2.4. Sample extraction and preparation

AOAC official method for multiple sulfonamide residues
in raw bovine milk [32] was followed for sample extrac-
tion and validation. Thus, sulfonamides in milk samples are
extracted by chloroform–acetone (2 + 1, v/v). After solvent
evaporation, residues are dissolved in Tris–buffer. Then, fatty
r yer is
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(c) Similar to (b), but the distance between the second three-
way connection and the detection cell was increased to
14 cm.

The best results were obtained with configuration (a),
which is shown inFig. 1.

3.1.2. Optimization of the mobile phase
In this step, 2.5 mM of TCPO (the most common used

PO) in ACN:THF (75:25) and a mixture of 10 mM of IMZ
and 500 mM of hydrogen peroxide, each one at a flow rate
of 0.4 ml min−1 were used for the post-column CL reaction.
As it has been previously stated, POs are very unstable in
aqueous solutions and precipitation of these compounds is
a common problem when working with aqueous flow sys-
tems. Nevertheless, it has been reported that the addition of
THF in the PO solutions increases both the solubility and sta-
bility of POs, avoiding the above-mentioned problems[33].
Thus, taking into account that a compromise between sepa-
ration and post-column reaction conditions was mandatory
for obtaining appropriate signals and to avoid precipitation
of POs in the system, previous studies were carried out vary-
ing the composition of the mobile phase in order to select
a first experimental domain for a further optimization. This
study comprises the use of different buffers (acetate, phos-
phate and citrate), pH values (4–9) and organic solvent mix-
t ons
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. Results and discussion

.1. Optimization of the method

Considering the need to obtain a suitable compatib
etween the chromatographic separation and post-co
L reaction conditions, a rigorous and sequential optim

ion of the proposed method was carried out in several s
ccording to the different stages of the process.

.1.1. Configuration of the post-column system
First of all, different configurations for the post-colu

erivatization system were tested, in order to choose the
uitable one in terms of both sensitivity and stability of
eaction. In order to incorporate the CL reagents to the e
efore the CL detection, two channels were selected, na
hannel 1: PO solution; channel 2: IMZ solution + hydro
eroxide solution. Thus, the following configurations w

ested:

a) Both channels were mixed with the eluate from the
aration column in a four-way connection and placed
in front of the detection cell (distance: 4.5 cm).

b) Channel 1 was firstly mixed with the eluate in a th
way connection and subsequently mixed with chann
in another three-way connection, placed just in fron
the detection cell (distance: 4.5 cm).
ures (methanol, THF and ACN). Two important conclusi
ere obtained: (i) at a pH lower than 5, no CL signals w
btained, as the PO reaction requires a pH between 5 a
hile at pH values above 7, it was impossible to resolve
ulfonamide mixture, as at this pH all of them are negati
harged and their retention times decrease; (ii) the add
f THF in the mobile phase provided a better resolutio

he sulfonamides, allowing at the same time the use of h
oncentrations of POs and avoiding their precipitation.

Taking into account the results obtained in this prev
tudy, citrate/citric acid pH 5.2 was selected as buffer,
CN and THF as organic solvents. Then, a univariante
ization of the mobile phase was carried out in order to ob
n optimum resolution for all the selected sulfonamides.
f all, the concentration of the buffer was studied in the ra
f 10–40 mM, selecting 10 mM as optimum value. Then
omposition of the mobile phase was optimized, testing
erent ternary mixtures of buffer: ACN:THF, selecting a fi
omposition of 65:22:13, which allows a good resolutio
he analytes, without precipitation problems. Finally, a fl
ate of 1.0 ml min−1 was selected.

.1.3. Optimization of the post-column CL reaction
After the optimization of the mobile phase, the first ste

he study of the post-column reaction was the selection o
ost suitable PO. With this purpose, three different POs

oncentration of 2.5 mM in ACN:THF (75:25) were test
amely: TCPO, DNPO and TDPO. When compared to TC
the most commonly used PO), DNPO did not improve
ensitivity, producing a high background signal. By cont
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Table 1
Optimization of the post-column CL reaction

Variables Levels

1. Selected variables and levels in the
25–1 fractional factorial screening
design and in the 24–1 plus centered
star response surface design

−1 0 +1
A: [TDPO] (mM) 1 2.5 4
B: [Peroxide] (mM) 200 500 800
C: [Imidazole] (mM) 5 45 85
D: TDPO flow rate (ml min−1) 0.2 0.4 0.6
E: (Peroxide + imidazole) flow rate

(ml/min)
0.2 0.4 0.6

2. Selected variables and levels in the 23 plus
centered star response surface design

−1 0 +1
A: log [Imidazole] (mM) −0.3 0.2 0.7

0.5 1.6 5.0
B: (Peroxide + imidazole) flow rate

(ml/min)
0.050 0.125 0.200

C: TDPO flow rate (ml min−1) 0.6 0.7 0.8

it was found that TDPO provided the best results in terms of
CL signal (approximately doubled CL intensity compared to
TCPO), solubility, as no THF was required for its solubili-
sation, and stability in aqueous solutions, as no precipitation
occurred into the system. Thus, TDPO was selected for the
post-column CL reaction, dissolved only in ACN.

The different variables involved in the post-column reac-
tion (that is, concentration of the reagents and flow rates)
were optimized following a formal strategy based on the
use of sequential experimental designs. Once the different
experimental regions were selected, a 25–1 fractional facto-
rial screening design plus three central points was carried
out, selecting the variables and levels shown inTable 1. The
sum of the peak height intensity of the three smaller peaks of
the chromatogram (namely: SDX, SMX, SDM) was used as
response variable. The total effects of the different variables
as well as their second order interactions were evaluated, find-
ing that the concentration of hydrogen peroxide as well as its
second order interactions were non-significant variables. For
this reason, the central value of the design, corresponding to
500 mM was selected for further experiences.

The significant variables were optimized in a subsequent
24–1plus centered face star response surface design, including
three central points and using the same experimental domain
as in the screening design. From this design, the optimum
values obtained were: concentrations of TDPO and IMZ,
4 olu-
t nd
0 um
v ain,
t nsist-
i sign,
a e
c , as
h e on

the noise. Thus, 4 mM was selected as optimum. The results
obtained by means of this design were similar to the previous
one, confirming in this way the initial optimum values.

3.1.4. Optimization of the labeling reaction
Once the optimum values for the post-column reaction

variables have been fixed, a study of different buffers for dis-
solving the sulfonamide mixture as a suitable medium for
the derivatization reaction was carried out. The following
buffers were tested: phosphate buffer 20 mM, pH 3; phos-
phate buffer 10 mM, pH 7; phosphate buffer 20 mM, pH 7;
and Tris–buffer 10 mM, pH 7. The labeling reaction was
finally carried out by mixing 1 ml of the sulfonamide stan-
dard solution in Tris–buffer 10 mM, pH 7 and 50�l of FR
solution, placing the mixture in an ultrasound bath.

In a further study, a 32 plus three central point design was
employed for the optimization of the rest of variables involved
in the labeling reaction: concentration of FR (ranging from 1
to 4 g l−1) and time of labeling reaction in the ultrasound bath
(ranging from 1 to 15 min). The result of this study showed
that the best results were obtained for the maximum concen-
tration of FR and the higher time. The concentration of FR
could not be increased, as it precipitates, thus 4 g l−1 was
selected as optimum. In the case of the labeling time, 20 min
was also tested, but decay in the CL signal was obtained, so
1

bles
i

3
o

trip-
l MZ,
S ent
c
a -
e wn in
T ion
p n the

T
O stem
f

M ):

M
I
[
[
[
T
(

[
T
B

and 5 mM, respectively, and flow rates for TDPO s
ion and IMZ plus hydrogen peroxide solution of 0.6 a
.2 ml min−1, respectively. As can be seen, those optim
alues are in the limit of the selected experimental dom
hus, another experimental design was carried out, co
ng in a 23 plus centered face star response surface de
nd selecting the values shown inTable 1. In this case, th
oncentration of TDPO was excluded from the design
igher concentrations of TDPO give raise to an increas
5 min was selected as optimum.
As a summary, all the optimum values for the varia

nvolved in the CL system are included inTable 2.

.2. Calibration curve and performance characteristics
f the method

Standard calibration (SC) curves were established by
icate injections of seven sulfonamides (SPD, SDZ, S
CP, SDX, SMX, SDM) standard solutions with differ
oncentrations for each analyte, ranging 5–60�g l−1 for SPD
nd SMZ, and 10–120�g l−1 for the rest. Statistical param
ters obtained from least squares regression are sho
able 3. In order to check the influence of the extract
rocess to be applied for the analysis of real samples o

able 2
ptimum values for the variables involved in the proposed HPLC-CL sy

or the determination of sulfonamides

obile phase composition Citrate buffer (10 mM, pH 5.2
ACN: THF (65:22:13)

obile phase flow rate (ml min−1) 1.0
njection volume (�l) 100
TDPO] (mM) 4
Peroxide] (mM) 500
Imidazole] (mM) 5
DPO flow rate (ml min−1) 0.6
Peroxide + imidazole) flow rate

(ml min−1)
0.2

FR] (g l−1) 4.0
ime of labelling reaction (min) 15
uffer in the labelling reaction Tris (10 mM, pH 7.0)
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Table 3
Calibration curves

Dynamic range
(�g l−1)

Calibration equationa SR,c R2 (%) Lack of fit P-value
(%) (α = 0.05)

LD (�g l−1)b LQb (�g l−1)

SPD 5–60 CL = 10.44C + 85.20 38.7 96.67 17.4 6.2 17.0
SDZ 10–120 CL = 6.88C + 45.58 47.0 97.15 49.9 6.9 18.8
SMZ 5–60 CL = 8.68C + 65.62 29.4 97.20 25.0 7.1 19.5
SCP 10–120 CL = 6.47C + 22.60 42.3 97.39 29.7 13.2 36.5
SDX 10–120 CL = 3.66C + 25.60 23.0 97.58 11.6 13.6 37.0
SMX 10–120 CL = 4.17C + 12.72 31.7 96.49 7.2 10.4 28.3
SDM 10–120 CL = 3.62C + 27.67 18.9 98.33 70.2 9.5 26.0

a Obtained from triplicate injections of the standard mixture solutions. CL: height of the chromatographic peak in the CL measurement system;C: concentration
of sulfonamide in the standard solution (�g l−1).

b Calculated from the calibration curves obtained for the lower concentration range;SR,c: regression standard deviation;R2: determination coefficient.

CL signals, another calibration curves were established using
the same standard solutions of sulfonamides but applying
the extraction process to each standard solution. By compar-
ing statistically both curves, no significant differences were
obtained from the intercepts and the slopes. This comparison
ensures that there are no significant losses of analytes due to
the extraction process, being possible to use directly the SC
curves for quantification purposes. The performance charac-
teristics of the method obtained from the calibration data set
[30] are shown inTable 3. Detection and quantification limits
have been calculated as∆α,βS0 and 10S0, respectively[34],
where∆α,β is the non-central parameter of a non-centralt-
distribution withν degrees of freedom which depends on both
α andβ; α is the probability of committing a statistical type
I error (false positive, usually 0.05);β is the probability of
committing a statistical type II error (false negative, usually
0.05); andS0 is the standard deviation for “zero” concen-
tration, estimated as an approximate expression which uses
the residual standard deviation[35] of a calibration curve
obtained from the lower concentration range of the initial
SC, near the expected LD, obtaining in this way a better esti-

mation ofS0. Considering that the applied extraction process
of the sulfonamides in sample involves a pre-concentration
step of 10-fold, the proposed method allows the detection of
sulfonamides in the lower�g l−1 range, improving the usual
detection limits provided by other typical detection modes.

3.3. Validation of the method

In order to check the applicability of the proposed method-
ology, a sample of bovine raw milk spiked with a mixture of
the seven sulfonamides (SPD, SDZ, SMZ, SCP, SDX, SMX,
SDM) at different concentration levels (5, 10 and 20�g l−1

for each one) was analyzed by duplicate and also injected by
duplicate. Previously, the sample was extracted following the
AOAC official method of analysis for multiple sulfonamide
residues in raw bovine milk[32], and a blank of the sam-
ple was also analyzed in order to check that the milk sample
was free of sulfonamides. The recoveries obtained were com-
pared, in terms of mean value and standard deviation for each
concentration level and for each sulfonamide, with those pro-
vided by the official method in a collaborative study[36], for

Table 4
Recovery study at different concentration levels, comparison with the values obtained from the AOAC method

SPD SDZ SMZ SCP SDX SMX SDM

5
.44

.87

.03
08

1
.38

.56

.54
23

2
.79
.52
.05
18

R iation.
�g l−1 fortified
Ra (%) 87.13 82.71 73.79
Sa 4.22 13.17 6.92
Rb (%) 80.46 74.09 85.38
Sr

b 7.48 6.00 9.26

0�g l−1 fortified
Ra (%) 59.33 55.04 67.09
Sa 3.85 15.35 7.91
Rb (%) 76.73 75.36 82.36
Sr

b 5.82 5.37 6.78

0�g l−1 fortified
Ra (%) 83.03 88.06 86.35
Sa 11.19 16.66 10.12
Rb (%) 76.23 75.01 82.87
Sr

b 5.47 5.14 5.78

: recoveries (%);S: standard deviation;Sr: intralaboratory standard dev
a Values obtained with the proposed method.
b Values reported by the collaborative study[36]; n.r.: not reported.
81.47 94.94 93.75 71
8.02 14.71 8.16 6

79.08 n.r. n.r. 68
11.35 n.r. n.r. 12.

67.05 78.17 41.74 56
9.89 13.21 5.12 11

71.22 n.r. n.r. 66
6.11 n.r. n.r. 4.

96.13 96.79 53.10 71
22.13 9.96 6.49 8
67.88 n.r. n.r. 67
3.82 n.r. n.r. 3.
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Fig. 2. Chromatogram of a blank sample (A) and a bovine raw milk sample
spiked with 20�g l−1 of each sulfonamide (B). SPD: sulfapyridine; SDZ:
sulfadiazine; SMZ: sulfamethazine; SCP: sulfachloropyridazine; SDX: sul-
fadoxine; SMX: sulfamethoxazole; and SDM: sulfadimethoxine.

the five sulfonamides analyzed by both methods (SPD, SDZ,
SMZ, SCP, SDM). Except for SPD and SMZ, both spiked at
10�g l−1, and SMZ spiked at 5�g l−1, the applied student
t-test showed no significant difference between the recover-
ies obtained by the proposed method and the collaborative
study. The results are shown inTable 4, and as can be seen,
the proposed method provides better results in terms of both
recovery and precision for the lower spiked level (5�g l−1).
Chromatograms of a sample spiked with 20�g l−1 of each
sulfonamide, as well as a blank sample are shown inFig. 2.
No interferences from the matrix were observed. In this sense,
it is important to highlight that SPD is well-resolved in the
chromatogram corresponding to the analysis of a real sam-
ple, solving the problem of interferences that appears in the
application of the official method.

4. Conclusions

A sensitive HPLC-CL method for the determination of sul-
fonamides in raw milk has been developed and validated. The
method allows the resolution of seven sulfonamides in less
than 12 min, taking advantage of the very sensitive CL detec-
tion using the PO system as post-column reaction. TDPO has
been selected instead of TCPO, avoiding precipitation prob-

lems and increasing sensitivity and experimental convenience
mainly considering the compatibility of the chromatographic
conditions and the CL variables. The method has been applied
to the analysis of spiked raw milk samples, and the results are
comparable to that provided by a collaborative study using
the AOAC official method, in terms of both recovery and pre-
cision. The limits of detection are better than those commonly
reported for the analysis of these compounds, allowing the
determination of sulfonamides in milk in the very low�g l−1

range. Moreover, the time of analysis is shorter that those
reported by other chromatographic methods.
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Valcárcel, Talanta 64 (2004) 1030.

[34] IUPAC, Nomenclature in Evaluation of Analytical Methods includ-
ing Detection and Quantification Capabilities, Pure Appl. Chem. 67
(1995) 1699.
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