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Abstract

Sulfonamides (SAs) were electrochemically investigated using cyclic voltammetry at a boron-doped diamond (BDD) electrode. Comparison
experiments were carried out using a glassy carbon electrode. The BDD electrode provided well-resolved oxidation, irreversible cyclic voltam-
mograms and higher current signals when compared to the glassy carbon electrode. Results obtained from using the BDD electrode in a flo
injection system coupled with amperometric detection were illustrated. The optimum potential from a hydrodynamic voltammogram was found
to be 1100 mV versus Ag/AgCl, which was chosen for the HPLC-amperometric system. Excellent results of linear range and detection limit were
obtained. This method was also used for determination of sulfonamides in egg samples. The standard solutions of 5, 10, and 15 ppm were spik
in a real sample, and percentage of recoveries was found to be between 90.0 and 107.7.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Owing to concern over sulfonamide residues in food prod-
ucts of animal origin, a number of techniques have been
Sulfonamides (SAs) have been used as antibacterial agerisoposed for their detection, including, immunoas$2)3],
for over 60 years. They are often used for prevention or treatmenhin layer chromatography (TLC), gas chromatography (GC)
of poultry leucocytozoonosis and coccidiosis, and are generallgnd gas chromatography—mass spectrometry (GC-M§E)
co-administered in feed. The European Union (EU) has set eapillary electrophoresig5], and high performance liquid
maximum residue limit (MRL, 100 ngd) for SAs in foods chromatography (HPLCJ6-17] and high performance lig-
of animal origin such as meat, milk and edgd$. Therefore, uid chromatography—mass spectrometry (HPLC-¥ISB)-20].
the determination of such residues in meat and other animaPLC with UV and a fluorometry detector were common meth-
by-products (milk and egg) used for human consumption hasds for determining these drufs-9]. The alternative for deter-
become an important task. mination of these SAs was HPLC with an electrochemical
detector (HPLC-EC) using the amperometric technifLig.
HPLC-EC has been proved to be quite sensitive and inexpensive.
— ' o ~ The diamond is one of nature’s best insulators, but when
B Presented at the 13th International Conference on Flowlnjectlon Analy5|sdoped with boron, the material can possess either semicon-
April 24-29, 2005, Las Vegas, Nevada, and erroneously omitted from Talant%uctin or semimetallic electronic properties depending on the
68(2) 2005. ing prop lep gor
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E-mail address: corawon@chula.ac.th (O. Chailapakul). electrode has shown unique characteristics that make it partic-
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Fig. 1. Chemical structures of four SAs analyzed in this study.

ularly attractive for electrochemical applications, such as: (iunit (Ultrafree-MC/PL, regenerated cellulose ultra-filtration

very low and stable voltammetric background current, whichmembrane, nominal molecular mass limit=5000, capacity

results in the improvement of signal-to-backgroy2@,23];  <0.5mL, Millipore, Bedford, MA, USA).

(ii) long-term response stability as well as excellent activity

towards any redox species without any pre-treatnf@ht27];  2.2. Reagents

(iii) low sensitivity to dissolved oxygef28]; (iv) a wide working

potential window in aqueous soluti¢?9,30]; (v) slight adsorp- HPLC grade acetonitrile and ortho-phosphoric acid were

tion of polar organic moleculel25]; and (vi) high resistance purchased from Merck (Darmstad, Germany). Deionized water

to deactivation. These material properties are the impetus fawas from a Milli-Q-gradient system (Millipore? > 18.2 MQ

our interest in studying and developing diamond electrodes foem). Sodium dihydrogen orthophosphate 1-hydrate and dis-

electrochemical applications. With respect to the outstandingdium hydrogen phosphate were purchased from BDH (VWR

properties of BDD film, quite a number of applications, basednternational Ltd., England). SMM, SDM, SMZ and SDZ stan-

on the use of this new material for electrochemical quantitationgdards were obtained from Sigma (St. Louis, MO, USA). Stock

have been reportefd4,27,31-47]. This synthetic type of dia- standard solution (500 ppm) of each SA was prepared in ace-

mond film has already been applied as an amperometric detecttamitrile:deionized water (50:50, v/v). The stock standards were

in flow-injection (FI) analysi§27,31-37,40,42—-46jnd liquid  stored at £C. Working mixed standard solutions of these four

chromatography14,37-41,47]. Furthermore, the BDD elec- SAs were prepared by diluting the stock solutions with 0.1 M

trode has been used for the treatment of wastevjé849]. phosphate solution.

This paper reported the use of the BDD electrode to detect

four SAs: sulfadiazine, SDZ; sulfamethazine, SMZ; sulfa-2.3. Electrode

monomethoxine, SMM; and sulfadimethoxine, SDM. The struc-

tures of these four compounds are shownFig. 1. Cyclic The BDD electrode grown on conductive Si (1 00) substrate

voltammetry, flow injection analysis and HPLC with an amper-uysing the microwave plasma-assisted chemical vapor deposi-

ometric detector were used in this study. The applicability of theion (MPCVD) system was obtained from Associate Profes-

method to analyze hen egg laying samples was demonstratedsor Yasuaki Einaga’s laboratofi23]. A mixture of acetone
and methanol at a ratio of 9:1 (v/v) was used as the carbon

2. Experiment source. BOs, used as the boron source, was dissolved in the
acetone—methanol solution at a B/C atomic ratio of 1:100. The
2.1. Apparatus BDD electrode was rinsed with isopropanol and then deionized

water prior to use.

The FIA and HPLC system used in this study consisted of The glassy carbon (GC) electrode was purchased from Bio-
a Water Model 510 solvent delivery system (Water Associategnalytical System Inc. (area 0.07 &nlt was pre-treated by
Inc, Milford, MA, USA), an injector system (Rheodyne no. sequential polishing with 1 and Ou3n of alumina/water slur-
7125) with a 20-uL loop, Inertsil C4 column (GL Science, ries on felt pads, followed by rinsing with deionized water prior
150 mmx 4.6 mm i.d.; particle size, pm), a thin layer touse.
flow-cell (GL Science Inc.), and an amperometric detector
(Autolab Potentiostat 30; Metrohm, Switzerland). The follow- 2.4. Electrochemical measurements
ing apparatus used in the sample preparation comprised a mini
centrifuge (Cole Parmer, USA); an ultrasonic-homogenizeR.4.1. Cyclic voltammetry
(Ney Dental, USA); Mixer (National, Matsushita Electric = Electrochemical measurements were carried out in a sin-
industrial Co. Ltd., Japan); and a micro-centrifugal ultrafiltergle compartment three-electrode glass cell, with a volume of
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50mL. The BDD electrode was pressed against a smootB. Results and discussion
ground joint at the bottom of the cell, and isolated by an
O-ring (area 0.07 cA). Ohmic contact was made by placing 3.1. pH dependence study
the backside of the Si substrate onto a brass plate. The GC
electrode was also used as a working electrode in a com- In initial experiments, the electrochemical behavior of four
parison study with the BDD electrode. A platinum wire and SAs was investigated at the BDD electrode in 0.1 M phosphate
Ag/AgCI with a salt bridge were used as the counter and refsolution from pH 2.0 to 7.0. Cyclic voltammograms of SAs at
erence electrodes, respectively. Cyclic voltammetry was pemarious pH phosphate solutions were obtained. It was found
formed with an Autolab Potentiostat 30. The electrochemicathat changing pH phosphate solution effected the oxidation peak
equipment was housed in a faradaic cage to reduce electronicirrent. The best-resolved and highest anodic signals of SAs
noise. were obtained at pH 3. Therefore, pH 3was chosen as the optimal
pH.

2.4.2. Flow injection and HPLC analysis with
amperometric detection 3.2. Cyclic voltammetry

The measurements (FIA) using the BDD electrode as an
amperometric sensor were carried out in a 0.1 M phosphate Fig. 2A and B show the cyclic voltammograms for joBI
solution (pH 3.0) at an applied potential of 1100 mV versusSDM together with the corresponding background voltammo-
Ag/AgCI. The FIA and HPLC system used in this study con-gram in 0.1 M phosphate solution (pH 3.0) at the BDD and GC
sisted of a Water Model 510 solvent delivery system, with a flowelectrodes. The background current for the GC electrode was
rate of 1.0mL min?; the length of the tubing connecting the ~10 times higher than that obtained from the BDD electrode.
injector and the detector in the flow injection system was 20 cmThe BDD exhibited a well-defined irreversible oxidation peak at
aninjector system, with a 20-p.L loop; a thin layer flow-cell; and ~1100 mV versus Ag/AgCl, whereas the GC electrode provided
an amperometric detector. The potential of the electrochemicain ill-defined irreversible oxidation peak. No cathodic peak was
detector was set using a computer-controlled potentiostat. The
thin layer flow-cell consisted of the Ag/AgCl reference electrode
and a stainless steel counter electrode. A 1-mm thick silicon
rubber gasket was used as a spacer in the cell. The geometric
area of the electrode in the cell was estimated at 0% Buring
the measurements, the flow cell was maintained at room tem-
perature (25 1°C). An Intertsil C4 column was used for the
separation of the SAs. The 0.1 M sodium dihydrogen phosphate
(pH 3.0), acetonitrile (80:20; v/v), was used as the mobile phase
for FIA experiments, and eluent in the liquid chromatographic
experiments.

2.5. The preparation of egg samples

This method used less organic solvgh6]. An accurate
0.2 g of the sample was taken into a 1.5 mL micro-centrifuge
tube and homogenized in 0.4 mL of 10% (v/v) perchloric acid
solution (in water) with an ultrasonic-homogenizer for 1 min.
Next, this micro-centrifuge tube was centrifuged at 6000 rpm
for 3min. A 0.3 mL portion of supernatant liquid was put into
an Ultrafree-MC/PL and centrifuged at 6000 rpm for 5 min. The
20pL of solution in ultra-filtrate was injected into the HPLC
system.

2.6. Recovery test

The recoveries of SAs were determined from three egg blank
samples, accurately weighed at 1.0 g, and each spiked with mix
standards for a concentration of 5, 10, and 15 ppm, respec-
tively. Then an accurate 0.2 g homogenate was transferred into
a 1.5mL micro-centrifuge tube and homogenized in 0.4 mL ofF_ 5 cvaliovolt for (A) BOD and (8) GC electrod AUAGC

H H H : H H 19. 2. clic voltammograms tor an electroaesvs.
ﬁg:ﬁ o(éle\glggcfglrogcin ai‘ﬁld Psrt;lsgfarll(;: V;/?etgg) ;glrtf:haengggassgrr:; el%gso_umysom in 0.1 Mgphosphate solution pH 3.0 (a) and 0.1 M phogspf?ate
: lution pH 3.0 (b). The sweep rate was 50 mV/.sThe area of electrodes was
followed. 0.07 cn?.
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Fig. 4. HPLC-EC chromatogram of a standard mixture containing 10 ppm con-
centration of (a) SDZ; (b) SMZ; (c) SMM; and (d) SDM at the BDD electrode.
The mobile phase was 0.1 M sodium dihydrogen phosphate (pH 3.0):ACN
(80:20; v/v). The injection volume was 20, and the flow rate 1 mL mint.

column, which remarkably reduced the volume of elution sol-

vents required and provided a high signal and clear separation,

as described previous[{5-17].
Fig. 3. Hydrodynamic voltammetric results for 10 ppm of each SA. The average The results were analyzed by a chromatographic technique
peak current obtained from injections<#) of (A) background (0.1 M sodium  (HPLC), coupled with amperometric detection onthe BDD elec-
dihydrogen phosphate (pH 3.0):ACN (80:20; v/v), SDZ, SMZ, SMM and SDM trode. The pH of the mobile phase was selected at 3.0 in order
in 0.1M sodium dihydrogen phosphate (pH 3.0):ACN (80:20; v/v). Phosphatgq reduce the above information. The chromatogram of standard
ZO'UUOT‘ was used as a carrier stream. The flow rate was 1 mLin(®) Hydro- ) i of the four SAs in 0.1 M sodium dihydrogen phosphate

ynamic voltammogram of signal-to-background ratios. . . i

(pH 3.0):ACN (80:20; v/v) solution, as the mobile phase, is pre-

sented inFig. 4. The retention times of the four SAs; SDZ,
observed at either electrode on the reverse scan within the inveSMZ; SMM, and SDM, at a concentration of 4g m'—__l' were
tigated potential range (+500 to +1300 mV/). 4.0, 52 7.5, and 18.0 min, rgspectwely. Twenty minutes were

required to complete separation of the four SAs.

3.3. Flow injection analysis with amperometric detection
3.5. Method characteristics

To obtain the optimal potential for amperometric detection in
flow injection analysis, the hydrodynamic behavior of SAs was The calibration characteristics of the SAs at the BDD elec-
studied.Fig. 3 shows a hydrodynamic voltammetiieE curve  trode are shown iffable 1. The detection limit (DL) and quan-
obtained at the BDD electrode for pl injections of 10 ppmto titative limit (QL) for the four SAs under these experimental
each SA in 0.1 M sodium dihydrogen phosphate (pH 3.0):ACNconditions were obtained from DL =8 and QL =108/b,
(80:20; v/v) as the carrier solution. Each datum represents th#henSg was the standard deviation of the mean value for 10
average of four injections. The absolute magnitude of the backsignals of the blank ant was the slope of the straight line in
ground current at each potential is also shown for comparisorihe analytical curvgs0].
The S/B ratios were calculated frdfig. 3A at each potential to From the standard deviationg§ the straight line slope of
obtain the maximum potential point. The hydrodynamic voltam-the analytical curve (b), the calculated value of DL and the
metric S/B ratios versus potential curve are showfigp 3B, QL is shown inTable 1. The current responses of SAs var-
with the maximum S/B ratio at 1100 V. Hence, this potential was
set for quantitative amperometric potential detection in HPLC

analysis experiments. Table 1 o o
Linear range (LR), detection limit (DL), slope (b), and quantitative limit (QL)

of SDZ, SMZ, SMM, and SDM

3.4. HPLC analysis with amperometric detection
SAs LR (ppm) Equation =bx+a R? DL QL
In previous paper§7—10] on reversed-phase HPLC analy- (ppm)  (PPm)
sis of SAs, the C18 or C8, non-polar sorbent columns wer&DZ 0.050-100 y=0.2922x+0.6232  0.9905 0.011  0.037
used the most frequently. The C18 and C8 sorbents require?"'Z 8'828_188 y =8-§gég§ 8-;(6);2 8-33;3 8-81? g-ggg
. . . —. y: . . . . .
a large volume Qf str_ong eIut!on solvents as the mobll_e phaseSDNI 0.100-300 y=0.2898x+0.6433 09910 0032  0.107
The separation in this experiment was performed using a C4
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Table 2
Analysis four SAs in egg samples%8)

SAs  Mean of percentage recoveryS.D.) %R.S.D.

5ppm 10 ppm 15ppm S5ppm 10ppm 15ppm

SDZ 103.0+ 4.7 96.9+ 19 93.3+ 1.6 4.5 2.0 1.7
SMZ 107.7+ 3.8 98.8+42.3 953+ 21 3.5 2.3 2.2
SMM 103.2+ 2.9 94.94+ 23 91.3+1.9 2.8 2.4 2.1
SDM  94.7+ 1.2 90.0+ 25 95.0+ 4.7 1.3 2.8 4.9

4. Conclusions

BDD electrodes exhibit excellent performance for the electro-
chemical detection of SAs (SDZ, SMZ, SMM, and SDM) in egg
samples. The optimum potential from the hydrodynamic voltam-
mogram was found to be 1100 mV versus Ag/AgCl, which was
chosen for the HPLC-amperometric system. An excellent lin-
earity, and detection and quantitation limit were obtained. This
proposed method was used for determination of SAs in egg sam-
ples. Percentage recoveries were found to be acceptable.
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