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a b s t r a c t

The development of two sensitive and selective immunosensors for sulfathiazole, using immunore-
agents – haptens, polyclonal antibodies, enzyme conjugates – previously obtained and characterized,
is presented. One of them is based on the competitive immunocomplex capture format making use of
an immobilized protein A/G sorbent, while the other employs a restricted access support in a novel
homogeneous–heterogeneous (HH) assay mode. Maximum sensitivity, achieved with a total assay time
of 18 min for the capture sensor, is traduced in a dynamic range from 0.4 to 24 �g L−1, with a lower limit of
detection of 0.11 �g L−1, increasing to 1.2 �g L−1 when employing an accelerated capture assay protocol
ulfathiazole
mmunosensor

that yields a sampling rate of 7 cycles per hour. The HH sensor shows the fastest response, performing each
whole assay in only 2 min, with a limit of detection of 0.85 and a measurement interval of 3.9–181.0 �g L−1,
and with no need of support regeneration. Immunosensors are selective for sufathiazole, and only sul-
famethoxypyridazine, sulfamethizole and sulfapyridine show non-negligible cross-reactivity, the same
as in ELISA batch immunoassay. The application of the developed systems to the analysis of water, with
no sample treatment, as well as honey samples after solid-phase extraction, demonstrate the reliability
of the immunosensing for the monitoring of this type of pollutants.
. Introduction

Immunochemistry has proven to be an interesting option for
esidue monitoring and control in clinical, food and environmental
nalysis. This methodology offers a range of possibilities for match-
ng different analytical needs. Batch immunoassays show a huge

orking capacity because a high number of samples can be pro-
essed simultaneously, while immunosensing can provide a good
olution for screening, when on-site analysis or low response time
s required [1].

The development of immunosensors for environmental mon-
toring has been an intense research area for years [2], and

any set-up devices show very good performances related to
ensitivity [3,4], autonomy and portability [5,6], and multiana-
yte capacity [7,8]. Analysis rate is also a common goal to be
chieved. In some published developments, the total assay time is
round 15–20 min [9,10] for Total Internal Reflection Fluorescence
TIRF) and Surface Plasmon Resonance (SPR) immunosensors, both

sing immobilized conjugate format. In other approach [11,12],
sing a fluorescence-based immunosensor working with antibod-

es entrapped in sol-gel, this time is reduced to 5 min or less. The
hortest response time found in the literature corresponds to the

∗ Corresponding author. Tel.: +34 96 3877342; fax: +34 96 3879349.
E-mail address: rpuchades@qim.upv.es (R. Puchades).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.03.006
© 2010 Elsevier B.V. All rights reserved.

displacement immunosensor, that allows to run assays in only
2 min [13].

In general, flow immunosensors are based on heterogeneous
competition formats performed in several steps (competition, trac-
ing reaction, regeneration, etc.). Shortening assay time is easy in
this kind of methodologies because there is no need to work under
equilibrium conditions. It is only necessary to accelerate the basic
operations, mainly by increasing flow rate. Also, for saving time,
steps carried out on-line could be performed off-line in parallel. As
counterpart, some analytical properties such as sensitivity can be
partially lost, because the extent of the analytical reaction is lower.
However, it must be told that rapidity is a property that should be
set in function of the final application. In some cases, for instance
alarm situations, response time must be as short as possible, while
the sensitivity necessary for detecting the analyte at critical concen-
tration could be lower than that provided by the original method.
In other instances as continuous routine monitoring, sensitivity is
more important than assay time, and a response time of 15 min or
longer might be fine.

A different approach consists of the whole development of
a simpler and faster immunosensing methodology. With this

purpose, a novel homogeneous–heterogeneous (HH) immuno-
analytical system has been recently studied [14]. The sensor
carries out the competition between the antibody, the analyte
and a fluorescent tracer in solution, and the immunocomplexes
are further separated from the unbound species by means of a
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amino-benzenesulfonylamino)-1,3-thiazol-4-yl]acetic acid) and
S4 (6-(4-amino-benzenesulfonylamino)nicotinic acid) are shown
in Fig. 1. Haptens were conjugated to HRP by means of the active
ester method [35] employing gel permeation chromatography on
586 D. Jornet et al. / Tala

estricted access material (RAM) support that retains the small
olecules but excludes the macromolecular dyes. No support

egeneration is needed, and the sampling rate achieved is as high
s 30 h−1. The idea is not brand new, and similar approaches
ere carried out in the past [15,16], although it has been little

xploited.
Enzymes cannot be used as labels with this assay format,

ecause tracer needs to be a small molecule in order to access the
nner surface of the RAM support and be retained. This way, mark-
rs used are fluorescent dyes. Coupling the hapten to the marker
s a synthesis task, with the troubleshooting associated to this kind
f operation: reaction conditions, product purification, yields, etc.
urthermore, changing the hapten or the marker implies to develop
new synthesis procedure. It is therefore recommendable to use
labeling method as general as possible. Oligonucleotides have

een employed as bridge molecules between the label and the hap-
en [14], and a universal methodology has been set up to attach
arboxylic acid-ended haptens to commercial amino-derivatized
ligonucleotides carrying out fluorescein.

On the other hand, the application of immunosensors for pollu-
ion monitoring has been devoted mainly to pesticides, especially
erbicides, and other typical pollutants such as PCBs and PAHs [2].
owever, other important compounds to be controlled, such as
harmaceutical residues or toxins, have been scarcely targeted. One
f the most relevant works of pharmaceutical immunosensing, not
elated to environmental applications, is devoted to the determi-
ation of paclitaxel [17], an anticancer drug, with a displacement

mmunosensor reaching a LOD of 1 �g L−1. Another drug such as
buprofen, at the lowest level of 0.2 �M, is determined using a com-

ercial system based on SPR principle [18]. It is worth mentioning
hat the employment of methodologies based on biomolecular
ecognition for the determination of this kind of agents results
specially suitable for differentiating between the active molecule
nd similar non-active ones.

On the other hand, sulfonamides are a kind of pharmaceuticals
idely used [19]. Those are synthetic compounds very employed

n the treatment and prevention of bacterial infection in veterinary
nd human medicine [20], as well as for feed additives in animal
usbandry [21]. As the result, residues of sulfonamides have been

ound in food of animal origin such as honey, milk, eggs, meat or
sh [22]. These antibiotics can also be considered as emerging pol-

utants, and different reviews of their occurrence and behaviour, as
ell as chromatographic methods applied for their determination

n the environment, have been recently published [23,24].
Immunochemical methods for sulfonamides have been devel-

ped for years, using polyclonal and monoclonal antibodies raised
rom different kinds of haptens [25,26], as well as recombinant
ntibodies [27], with both specific [28] and generic [29] targeting
ode. However, immunosensing applied to this kind of compounds

s little common in the literature. Commercial SPR technology has
een used in inhibition assays for the multiple determination of
ifferent sulfonamides [30,31], achieving LOD at low �g L−1. Piezo-
lectric detection of antibody binding is also employed for the
etermination of sulfamethoxazole at the ng mL−1 level [32]. The
ost sensitive immunosensor for sulfonamides (LODs lower than

0 ng L−1) using an immobilized hapten format, is presented by
schmelak et al. [33].

In this work, the development of two immunosensors for sul-
athiazole residues is described and their performances compared.
ne of them is based on an immunocomplex capture format [1,34],
nd the other makes use of the HH immunoanalysis mode. The basic

anagement of the capture immunosensor is modified in order to

ecrease the assay time even though sensitivity or other proper-
ies are partially lost. Finally, the developed systems are applied
o the analysis of water and honey samples with minimal sample
retreatment.
 (2010) 1585–1592

2. Experimental

2.1. Reagents

Sulfathiazole (STZ), N4-Phthalylsulfathiazole (PSTZ), sulfac-
etamide (SAM), sulfadiazine (SDZ), sulfadimethoxine (SDM),
sulfaguanidine (SG), sulfamerazine (SMR), sulfamethazine (SMZ),
sulfamethizole (SMT), sulfamethoxazole (SMX), sulfamethoxypyri-
dazine (SMP), sulfanilamide (SAN), sulfapyridine (SP), sulfasalazine
(SSZ) and sulfisoxazole (SOX), as well as 3-(p-hydroxyphenyl)-
propanoic acid (HPPA) and 3,3′,5,5′-tetramethylbenzidine (TMB),
were purchased from Fluka-Sigma–Aldrich (Madrid, Spain).
Horseradish peroxidase (HRP) was acquired from Boehringer
Mannheim (Mannheim, Germany). Ultralink Immobilized Protein
A/G was from Pierce (Rockford, IL), and Proclin 300 was provided
by Supelco (Bellefonte, PA). HPLC-grade methanol and acetonitrile
were obtained from Scharlab (Barcelona, Spain). Deionized water
was generated by means of a Millipore Milli-Q system (Bedford,
MA, USA). The oligonucleotide named SYM18, with sequence 5′ FL-
TAG-C7-NH2 3′, was purchased from Molbiol (Berlin, Germany). All
other reagents were analytical grade.

Buffers employed were phosphate buffer (PB, 0.02 M sodium
phosphate, pH 8.0) and phosphate buffer saline (PBS, 10 mM phos-
phate, 137 mM NaCl, 2.7 mM KCl and HCl until pH 7.0). Twofold
concentrated PBS and PBS with 0.8 M NaCl added were also used
in HH sensing and oligonucleotide tracer purification by HPLC.
Enzyme substrates HPPA and H2O2 were prepared in PB at con-
centrations 0.8 g L−1 and 0.012% (v/v), respectively. The dissociation
agent employed in the capture sensor was 0.1 M glycine/HCl buffer,
pH 2.0, containing 2 M NaCl.

A set of immunoreagents – four haptens and eight sera
– were previously obtained by our research group [28] and
tested in batch immunoassay. The antibody employed in the
immunosensors was S3-BSA, in combination with the hapten
S4. The chemical structure of analyte and haptens S3 ([2-(4-
Fig. 1. Chemical structures of the analyte and the two haptens employed.
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ephadex G-25 (Pharmacia, Uppsala, Sweden) for conjugate purifi-
ation. The conjugation of haptens to SYM18 oligonucleotide was
arried out via its amino derivatization employing the active ester
eaction, but purification was accomplished by means of HPLC, as
reviously described [14].

For HH sensor, S4-BSA antibody and S4-SYM18 tracer were
iluted in PBS 2× at 1/100 and 1/8 (v/v), respectively. In capture
ensors, antibody solutions were prepared in PB containing 0.05%
v/v) Proclin 300, while 0.06 mM TMB was added to HRP-based
racer solutions.

.2. Instrumentation

In capture immunosensing, a sequential injection device
Kloehn Ltd., Las Vegas, NV) was employed for flow management,
n combination with a fluorescence detector (Turner model 450,
iomolecular Inc., Reno, NV, equipped with suitable filters at �ex

20 nm, �em 405 nm and a 15 �L Hellma flow cell). The manifold
as been described in previous works [34,36].

HH immunoanalyses were performed using an 1100 Series HPLC
rom Agilent Technologies (Santa Clara, CA), equipped with a fluo-
escence detector (excitation and emission wavelengths set at 495
nd 519, respectively), an RP 18 LiChrospher ADS 25 mm × 4 mm
.d. (Merck, Darmstadt, Germany) RAM column, and a Rheodyne
725i valve with a 20-�L sample loop.

.3. Immunoassay protocols

The immunocomplex capture format is based in the following
asic operations: competition analyte-antibody-tracer in solution,
apture of the formed immunocomplexes on the Protein A/G sup-
ort, washing, signal display by measuring the activity of HRP
ound to the support employing a fluorogenic substrate, and
egeneration of the support by injection of the dissociation agent
ollowed by washing with buffer. These operations were performed
n the two types of immunosensors, the so-called “standard” and
he “accelerated” one. Table 1 shows the details of the steps per-
ormed in both immunosensors, as well as their timing.

When working with standard immunosensors, each solution –
ntibody, tracer, analyte (standard or sample), HPPA, etc. – was in a
eparate vessel and the mixing processes were carried out on-line.
n the accelerated immunosensing, a mixture of analyte, antibody
nd tracer was prepared off-line, which can be carried out manually
r in automatic manner using an additional flow manager device.

lso, a daily fresh mixture of HPPA and H2O2 was used instead of

he on-line mixing of these reagents for each analytical cycle.
In HH immunosensing, analyte-antibody-tracer competition

akes also place in solution, and the mixture is further injected
hrough the RAM support, so that unbound small molecules are

able 1
rotocols for the immunocomplex capture immunoassay format.

Step Standard immunosensing

Description T

1) Competition Mixing analyte (800 �L), antibody (200 �L) and tracer (200 �L) 2

2) Capture Injection of 1 mL of mixture at 0.25 mL min−1 4
3) Washing Injection of 4 × 1 mL of PB at 4 mL min−1 1
4) Display Mixing HPPA and H2O2 solutions (200 �L each) 2

Injection of 100 �L and incubation for 3 min 3
Injection of 1.5 mL PB at 2 mL min−1. Signal display 1

5) Dissociation Injection of 1.5 mL of dissociation solution at 0.5 mL min−1 3

6) Regeneration Injection of 3 × 1 mL of PB at 4 mL min−1 1

ime values are approximate, because previous to each step, the manifold runs a washing
e automated, employing an additional device, and carried out the same as on-line, with
 (2010) 1585–1592 1587

retained on the inner surface, while macromolecular immunocom-
plexes are excluded and eluted with the void volume. To carry out
the analyses, 70 �L of analyte standard or sample in PBS were mixed
with 5 �L of the antibody solution and 25 �L of the tracer solution.
Then, 20 �L of the mixture were injected through the RAM col-
umn, using twofold concentrated PBS as carrier at 0.5 mL min−1,
and the fluorescence peak was registered. Each measurement was
carried out in triplicate. At the end of a working day, the column
was washed with 20 mL of methanol, thus eluting all the retained
material, and kept in this solvent when not in use.

2.4. Standard and sample preparation

Standards for calibration of the target compound were prepared
in buffer or in mixtures buffer/methanol and buffer/acetonitrile
90:10 (v/v). Water samples – a commercial bottled, a source water
sample collected in Torre d’En Bessora village (Castellón, Spain)
and tap water from Valencia (Spain) – were analyzed as native and
spiked with STZ at levels from 0 to 50 �g L−1. In order to adjust
the pH and ionic strength of samples near that of PB or PBS, 5%
(v/v) of 20× buffer was added as only sample treatment. When cal-
cium phosphate precipitation was observed, filtration through a
Whatman no. 40 filter paper was carried out prior to analysis.

Honey samples, collected from a local market, were fortified at
5, 10, 20, 50 and 100 mg kg−1 with STZ and extracted following
basically the procedure described by Posyniak et al. [37]. Briefly,
1.5 g honey was diluted with 12.5 mL of 0.1 M sodium acetate buffer
(pH 5.0) and immersed in ultrasonic water bath for 15 min. The
solution was SPE extracted on Sep-Pak C18 disposable cartridges
(Waters, Milford, MA) under depression of 0.5 bar. The column was
preconditioned with 3 mL of methanol, 3 mL water and finally with
3 mL of acetate buffer (pH 5.0). After percolation of the whole solu-
tion, the bed of the column was washed with 3 mL of acetate buffer
(pH 5.0), 3 mL of water and dried for 5 min. The analyte was eluted
with 3 mL of methanol and the extract split in two 1.5 mL portions.
One of them was diluted with buffer (1/10 and 1/5 (v/v) for cap-
ture and HH immunosensors, respectively) and directly analyzed by
immunosensing. The other one was dried under nitrogen stream at
40 ◦C. The dry residue was dissolved in 0.5 mL of 0.5% acetic acid and
5% methanol in water (v/v/v) and injected onto the LC–MS system.

2.5. Chromatographic analysis

An Agilent Technologies 1100 liquid chromatographic system

coupled to tandem mass spectrometry was used. The column
was a ZORVAX C18 (50 mm × 2.1 mm i.d., with a particle size of
3.5 �m). Sample volume injected was 20 �L. A linear gradient
from 100% solvent A (0.5% acetic acid and 5% methanol in water,
v/v) at 0 min to 50% solvent A and 50% solvent B (methanol) at

Accelerated immunosensing

ime (min) Description Time (min)

.5 Mixing analyte (750 �L), antibody (250 �L) and
tracer (250 �L)

Off-line

Injection of 1 mL of mixture at 1 mL min−1 1
.25 Injection of 4 × 1 mL of PB at 4 mL min−1 1.25

Mixing HPPA and H2O2 solutions (equal volumes) Off-line
Injection of 100 �L and incubation for 1 min 1
Injection of 1,5 mL PB at 2 mL min−1. Signal display 1

.25 Injection of 1.5 mL of dissociation solution at
0.5 mL min−1

3.25

Injection of 3 × 1 mL of PB at 4 mL min−1 1

cycle of tubing and pump with the next solution to be used. The off-line steps can
no influence in analysis rate.
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5 min was employed. The analyte was detected using electro-
pray in the positive ionization mode (ESI). Typical MS settings
ere: capillary voltage 110.2 V; lens 1 (6.8 V) and (−60 V) for

ens 2; octopole amplitude 143.8 Vpp. The nebulizer gas flow
N2) was set to 40 psi and the dried gas flow (N2) to 10 L min−1.
he mass were monitored in the interval 90–400 m/z. Two dif-
erent characteristic fragmentation reactions were monitored for
TZ (256 > 156 and 256 > 108). The STZ precursor ion was 256
/z and the chromatogram was obtained at a retention time of

.8–6.8 min.

. Results and discussion

.1. Basic development of the immunosensors

.1.1. Capture immunosensor
The immunocomplex capture format is not as popular as other

ssay modes employed in immunosensing [2]. However, our expe-
ience has demonstrated that this format is very useful for the
eliable development of new immunosensors, provided that anti-
odies and competition haptens are available. This is due to the
niversal features of the protein A/G binding support, able to recog-
ize many kinds of immunoglobulins, that allows the employment
f any antibody, with independence of its affinity or other proper-
ies [1].

For STZ immunosensor development, antibodies obtained by
eans of the conjugates S3-BSA and S4-BSA, and tracers S3-
RP and S4-HRP, previously selected by ELISA from a pool of

our haptens and eight antisera obtained by our research group
28], were tested. The four possible combinations did produce
ompetition with I50 lower than 20 �g L−1, and the best sensor
esults (I50 around 3 �g L−1) were obtained with S3-BSA anti-
ody and S4-HRP tracer, the same combination as the optimized
ntibody-coated ELISA format [28]. Using the standard competi-
ion protocol (Table 1, left), the application of immunoreagents
as optimized. Table 2 shows the final conditions of applica-

ion of the immunoreagents, as well as the sensitivity parameters
chieved. The calibration curve obtained with the optimal condi-
ions is shown in Fig. 2 (full symbols). These data indicate that the
mmunosensor is highly sensitive, similar to that obtained with
he antibody-coated ELISA employing the same immunoreagents
28], and allows the measurement of sulfathiazole at concentra-
ions under 1 �g L−1.

Another important performance of the capture immunosensor
s the working life and autonomy of the system. The regenera-

ion and reusability of the protein A/G support has been deeply
tudied in the past [1], and more than 600 assay cycles can be
erformed without loss of binding properties, so the same reac-
or can be used for more than 2 weeks. The long-term stability

Table 2
Analytical performances of standard capture
immunosensor for sulfathiazole.

[antibody] (dilution factor) 1/4000
[tracer] (mg L−1) 0.1
Blank signal (arbitrary units) 88,000
Slope at the inflexion point 1.6
I50 (�g L−1)a 3.2
LOD (�g L−1)b 0.11
DR (�g L−1)c 0.4–24.0

a I50: analyte concentration that inhibits the binding
of the tracer to the antibody by 50%.

b LOD: limit of detection, analyte concentration that
inhibits the binding of the tracer by 10%.

c DR: dynamic range, analyte concentration inter-
val for which the inhibition of the binding of tracer is
between 20 and 80%.
Fig. 2. Competition curve for sulfathiazole employing capture standard (full sym-
bols), capture accelerated (hollow symbols) and HH (gray symbols) immunosensing.

of the solutions in the system was also studied, especially for the
bioactive reagents. In the case of HRP tracer, two additives, which
had been previously employed with success, were tested: TMB at
concentration 0.06 M [38] and Proclin 300 at 0.05% (v/v) [39]; the
addition of TMB produced best results, so it was used routinely.
For antibody solutions, the addition of 0.05% (v/v) Proclin 300 as
preservative produced better results than the employment of inert
proteins such as ovalbumin or casein – no BSA could be applied in
this case because the antibodies had been raised from hapten-BSA
conjugates. By means of the use of these additives, immunore-
agent solutions were stable for more than 3 consecutive days at
room temperature, so this period was stated as the autonomy of
the system.

The tolerance of the capture immunosensor to organic sol-
vents was tested by carrying out whole calibrations in mixtures
solvent/buffer at different concentrations. Methanol was selected
for being the best performing solvent in previously developed
immunosensors [36,38], and acetonitrile was also tested as mod-
ifier because it is a solvent widely employed in sample treatment
protocols. When methanol was added at 10% (v/v), the calibration
parameters were kept nearly the same as in the absence of modi-
fier, and calibrations recorded showed I50 values between 3.1 and
3.6 �g L−1, with limits of detection around 0.10–0.12 �g L−1. When
increasing the solvent concentration, interference was clearly
manifested in a decrease of sensitivity, and I50 shifted to 23
and 91 �g L−1 for 25 and 50% (v/v), respectively. On the other
hand, acetonitrile is more deleterious for immunoreagents than
methanol, and 10% of this solvent did shift the sensitivity param-
eters to twice their value. So, employing acetonitrile, I50 and
limit of detection were 7.5 and 0.25 �g L−1, respectively, which
allows the use of this solvent when no extreme sensitivity is
required. The loss in sensitivity for high percentages of solvents
had been previously observed in immunosensors for other ana-
lytes [36,38]. However, in the case of sulfathiazole, the possibility
of employing 10% methanol with no loss of sensitivity is to be
remarked.

3.1.2. Homogeneous–heterogeneous immunosensor
The HH developed assay format [14], also based on a com-
petition protocol, but with a very simple and rapid operational
mode. The competition takes place in solution (homogeneous)
and the products are separated using a RAM support (het-
erogeneous) that binds the small species and excludes the
macromolecular ones (immunocomplexes), so that the bound
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racer is detected downstream and the signal – fluorescence
eak area – related to the analyte concentration, with a logistic
alibration as in other competitive immunoassays. The homo-
eneous step is nearly instantaneous, and this process can be
arried out while the previous sample is being separated, so
ach assay is as long as the separation process, typically 2 min
14].

The first assay was to check the elution profile of tracers (S3 and
4 coupled to SYM 18 oligonucleotide) and immunocomplexes, in
he RP 18 ADS column, by injecting tracer alone and the complex (a

ixture of tracer and antibody). The behaviour was that expected,
ince the tracer alone remained completely retained in the column,
hile the immunocomplex was eluted with the void volume.

The selection of the pair antibody-tracer, as well as their concen-
ration, was carried out on the basis on maximal assay sensitivity
n whole competition curves. The optimized calibration curve is
hown in Fig. 2 (gray symbols), compared to those obtained for
apture immunosensing. The lowest I50 was achieved with homol-
gous S4-BSA antibody in combination with S4-SYM18 tracer, at
/100 and 1/8 (v/v) dilution factors, respectively. The sensitiv-

ty parameters were I50 29 �g L−1, LOD 0.85 �g L−1 and DR from
to 180 �g L−1. For S3-BSA antibody and S4-SYM18 tracer, the

ame pair as in capture format, the values achieved are 40, 1.0,
nd 5 to 250 for I50, LOD and DR, respectively. All these values
re higher than those achieved with the capture immunosensor
y one magnitude order, so the applicability of HH immunosens-

ng without preconcentration is restricted to samples containing
ore than 1 �g L−1 sulfathiazole. As counterpart, analysis rate for
H immunosensors, 30 samples per hour, is much better than
apture sensors that need around 20 min for completing a whole
ycle. On the other hand, it is worth mentioning that the optimal
ntibody-competition hapten pair is not the same as in capture
mmunosensing and batch immunoassay, which is indicative that
n immunoanalytical techniques the conclusions drawn for an
ssay format are not always valid for a different format, even
hough the basic operations – in our case, the analyte-antibody-
racer competition in solution – are similar. It is supposed that
he support and separation mechanism (bioaffinity in capture,
AM in HH) has strong influence in the whole assay perfor-
ances.
The operational life of the HH system was better than that of

ther immunosensing approaches, because no support regenera-
ion after each assay was necessary, since support capacity is very
igh [14]. Small molecules kept retained inside the support, but
o saturation was observed after a whole working journey – more
han 200 assay cycles in some cases, injecting 20 �L sample each.
he complete regeneration of the support was carried out by wash-
ng with methanol at the end of a working journey, when the system

as left in standby. A single column could be used for more than
0 months of continuous use, which is estimated to be equivalent
o more than 8000 assays.

The tolerance of the HH immunosensor to the presence of
rganic solvents in sample was tested by running calibration curves
ith standards containing methanol and acetonitrile at differ-

nt proportions. Very high organic percentages (more than 50%)
ed to unacceptable results, because the tracer was not com-
letely retained in the column, and no proper competition was
bserved. For lower amounts of organic modifier (20%), when
mploying acetonitrile, results were also unacceptable, and this
rganic modifier was discarded. Employing methanol at 20%, cal-
bration curves could be made, although sensitivity was partially

ost, which was traduced in I50 value of 50 �g L−1, as well as
imit of detection of 1.4 �g L−1. Higher concentrations of methanol,
p to 40%, were also tolerated, and in this case, sensitivity
rafted to an I50 value of 100 �g L−1, with a limit of detection
f 5 �g L−1. It is clear that if high sensitivity is pursued, sam-
 (2010) 1585–1592 1589

ples containing organic solvents should be avoided. However, the
applicability of immunosensors to organic mixtures is the easi-
est way to join immunosensing with effective sample treatment
in order to develop a whole analytical method able to solve a prob-
lem.

3.1.3. Reduction in assay time in capture immunosensing
One of the issues of this research was to achieve the maxi-

mal rapidity of the assay, even though other analytical properties
were partially lost. HH immunosensing has shown to be nearly
a real-time analytical method. Capture immunosensing is more
sensitive, but much slower. However, this assay format can be
modified so as to achieve a better sampling rate. For the basic stan-
dard immunosensing mode, the total assay time was 18 min (see
Table 1). In order to reduce this period, some of the basic opera-
tions carried out by the immunosensor can be varied, shortening
the analytical cycle.

Regarding the competition, this process is accomplished on-line
by mixing the analyte solution (standard o sample) with the anti-
body and the tracer. If it is performed off-line, the time employed
in mixing is saved, and the automation or autonomy is not neces-
sarily jeopardized because a secondary flow manager can perform
the mixing process, although the whole equipment becomes more
complicated. However, competition off-line increases the sampling
rate, because the total time devoted for each analytical cycle is
reduced by more than 2 min, but it does not actually shorten the
response time – that is, the period from sample intake to result
display – because the mixing and competition are carried out the
same manner on- and off-line.

The measurement of HRP activity, i.e. signal display, was also
modified in order to accelerate the assay. A previously prepared
mixture of HPPA and H2O2 reagents was employed, instead of car-
rying out the mixing on-line for each cycle. The mixture showed to
be stable for no longer than a working day, although occasionally
it went off in few hours, presumably due to contamination. The
incubation time, typically 3 min, was also reduced to 1 min, so it
was necessary to change antibody and tracer concentrations so as
to obtain the same absolute fluorescence signals.

Only by modifying these two basic operations, the total assay
time can be shortened from 18 to around 12 min, i.e. by more than
30%, although it is necessary to employ a more complex device for
keeping automation.

Finally, the capture of immunocomplexes can be easily acceler-
ated by increasing flow rate when the mixture is injected through
the protein A/G support. This implies that capture is less effective,
so immunoreagents (antibody and tracer) concentration must be
higher, in order to keep the analytical signals (fluorescence peaks)
at the same level. This increase in immunoreagent amounts does
modify the competition process, so assay sensitivity should be
affected. The influence of flow rate on assay performance is sum-
marized in Table 3. It can be clearly seen that the higher the flow
rate, the lower the total assay time, and the worse the sensitivity
of the competition, as expected. The highest flow rate, 2 mL min−1,
leads to a sensitivity that can be unacceptable for many applica-
tions, due to the high limit of detection. However, the employment
of 1 mL min−1 flow rate (see calibration curve in Fig. 1) could sup-
pose a good compromise between high analysis speed (total assay
time 8.5 min) and acceptable sensitivity (LOD 1.2 �g L−1), so this
flow rate is selected for further studies employing the accelerated
protocol. It is worth mentioning that sensitivity of that capture
immunoassay is similar to that of HH sensor, since I50 and LOD

values are similar, but assay speed is much higher in HH sensing.

On the other hand, the effect of organic solvents on the perfor-
mances of the accelerated immunosensor was similar to that of the
standard one. For the above-described accelerated protocol, there
were no significant differences between a calibration performed in
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Table 3
Influence of flow rate in capture step on analytical performances of immunosensing
for sulfathiazole.

Flow rate (mL min−1) 0.25 0.5 1 2
[antibody] (dilution factor) 1/4000 1/2000 1/1000 1/500
[tracer] (mg L−1) 0.1 0.2 0.4 0.8
Blank signal (arbitrary units) 39,000 49,000 58,000 80,000
I50 (�g L−1)a 5.3 12.6 30 48
LOD (�g L−1)b 0.15 1.0 1.2 3
Assay time (min)c 12 10 8.5 8

a I50: analyte concentration that inhibits the binding of the tracer to the antibody
by 50%.

b LOD: limit of detection, analyte concentration that inhibits the binding of the
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racer by 10%.
c The assay time corresponds to the general protocol for accelerated immunosen-

or, i.e. employing competition off-line, a previously prepared mixture of
PPA/H2O2 substrates, and 1 min for substrate incubation time.

uffer and a calibration carried out in 10% methanol, and I50 value
ept always around 30 �g L−1. However, the presence of 10% ace-
onitrile did shift this parameter to 100 �g L−1 (LOD 10 �g L−1), due
o the denaturing capacity of this solvent.

In summary, the total assay time for the accelerated
mmunosensor can be reduced till 8 min, while each assay in the
tandard mode takes 18 min long. Time reduction is therefore
igher than 50%, maintaining complete automation and autonomy.
ll these data allow to choose the final immunosensing condi-

ions depending on the analytical needs: for routine continuous
orking, the standard protocol might be fine, depending on the

nalysis frequency needed, while if the sampling rate needs to
e increased, the accelerated protocol could be a good issue, and
he sensitivity can even be tuned for being good enough for the
pplication.

.2. Cross-reactivity

Specific selectivity (cross-reactivity) of all immunosensors was
tudied. Cross-reactivity was measured for a pool of the most
mployed sulfonamides. Table 4 shows the cross-reactivity val-

es, compared to those obtained with antibody-coated format
LISA.

In general, selectivity of immunosensor is good because most
nterfering compounds show cross-reactivity lower than 10%. The
nly compounds that can potentially interfere in the capture

able 4
omparison of cross-reactivity values (%) of some analyte-related compounds
mploying different immunoassay protocols.a

Compound ELISAb Immunosensor

Capture HH

Standard Accelerated

Sulfamethoxypyridazine 19.2 11.5 11.7 1.9
Sulfamethizole 14.3 10.9 15.2 <0.3
Sulfapyridine 7.7 6.9 7.0 <0.3
Sulfamerazine 3.1 0.6 0.3 <0.3
Sulfadiazine 1.7 2.1 1.5 <0.3
Sulfamethoxazole <0.03 0.6 1.1 <0.3
Phthalylsulfathiazole <0.03 0.9 0.5 5.1
Sulfamethazine <0.03 0.6 0.5 11.8
Sulfacetamide <0.03 0.08 <0.15 <0.3
Sulfanilamide <0.03 0.15 <0.14 <0.3
Sulfaguanidine <0.03 0.3 0.1 <0.3
Sulfadimethoxine Not determined 0.3 0.3 16.3
Sulfasalazine <0.03 0.2 0.1 <0.3
Sulfisoxazole <0.03 0.3 0.1 <0.3

a Cross-reactivity calculated as the percent ratio I50 for analyte/I50 for the inter-
ering compound.

b Data from ELISA are published in Ref. [28], and correspond to the employment
f S3-BSA antibody and S4-HRP tracer.
 (2010) 1585–1592

immunoassays are sulfamethoxypyridazine, sulfamethizole and
sulfapyridine, with cross-reactivities higher than 5%.

It is worth mentioning that cross-reactivity values for both
kinds of immunosensors, although not exactly the same figures,
are similar, and there is also an evident parallelism between
cross-reactivity in immunosensing and in batch immunoassay.
This fact is indicative that specific selectivity depends mainly
on the recognition ability of the antibodies employed, and the
influence of immunoassay mode is much less relevant. Also,
this conclusion had been retrieved when comparing ELISA and
immunosensing cross-reactivity for previously studied analytes
[1,34].

In HH immunosensing, the cross-reactivity is quite different,
because the antibody used is not the same, and in this case the
interferers are sulfamethazine, sulfadimethoxine (CR > 10% in both
cases) and phthalylsulfathiazole (CR 5.1%). The two first compounds
are similar to the immunogenic S4 hapten, because in the three
molecules the two rings are six-atoms large [29], and phtalylsul-
fathiazole also possess two bencenic rings. This similarity could
explain that recognition ability of the antibody.

3.3. Application of immunosensors

The developed immunosensing systems were applied to the
determination of sulfathiazole in water, as well as in methanolic
honey extracts. Water samples, from different origin, were spiked
with the analyte at levels ranging from 1 to 50 �g L−1. The only
treatment was to add sodium phosphate and sodium chloride in
order to adjust the ionic strength to that of buffer employed in
the standards, and to dilute the most concentrated samples when
analyte concentration exceeds the dynamic range. As shown in
Table 5(a), results are acceptable for most samples in all assay
formats. No significant differences in behaviour are observed if
comparing data from standard capture immunosensing to those
of accelerated one, and HH immunosensor also generates suitable
data. Most recovery results are in the range 80–120%, and the only
values out of this range correspond to the application of the accel-
erated immunosensor to the analysis of tap water, when recovery
values till 160% have been obtained. This is thought to be due to
a chlorine matrix effect from this kind of water over immunore-
agents, which is lower in standard immunosensing because the
contact time of antibody and tracer with the matrix is lower and
better controlled. A previous sample extraction could be applied
in these cases, but it has not sense to employ the accelerated
immunosensor when early-warning is required if a long sample
pre-treatment is necessary for removing the matrix effect. As well,
reproducibility found is also acceptable, and most results show a CV
lower than 10%, the worst values also corresponding to tap water
analysis.

The application of the standard capture immunosensor to honey
extracts was also successful. Accelerated immunosensor was not
applied in this case because its lower sensitivity would lead to
no detection in many samples. Data correlate well with spiking
values, as well as with HPLC–MS results. Only the most diluted
sample (5 �g kg−1 in honey) shows a very high bias, which is
expectable since the final concentration of sulfathiazole in the
solution entering the immunosensor corresponds to the limit of
detection for the buffer–methanol mixture. Repeatability for the
measurement of honey extracts is also good, especially HPLC mea-
surements, which also indicates that the extraction process is
reproducible.
Methanolic honey extracts were also analyzed by the HH
immunosensor, calibrating with 20% methanol standards. Results
obtained are useful in this case only at semiquantitative scale, since
biases are too high to be considered acceptable. Matrix effect is
observed, even though a SPE procedure is applied. It is clear that
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Table 5
(a) Analysis of water samples spiked with sulfathiazole by means of the immunosensor with capture and homogeneous–heterogeneous formats. (b) Analysis of honey samples
spiked with sulfathiazole by means of the immunosensors with standard and HH format. Comparison with chromatography.

Samplea Capture standard Capture accelerated HH

(a) Analysis of water samples spiked with sulfathiazole by means of the immunosensor with capture and homogeneous–heterogeneous formats
B-0 <LODb <LOD <LOD
B-1 1.1 ± 0.1 <LOD <LOD
B-2 2.3 ± 0.2 1.9 ± 0.3 2.6 ± 0.6
B-5 5.2 ± 1.6 5.6 ± 0.2 4.2 ± 0.6
B-10 8.6 ± 1.0 9.6 ± 0.2 11.0 ± 1.0
B-20 17.8 ± 0.3 20.0 ± 1.0 17.0 ± 2.0
B-50 40.0 ± 2.0 46.0 ± 3.0 40.0 ± 4.0
S-0 <LOD <LOD <LOD
S-1 1.0 ± 0.2 <LOD <LOD
S-2 2.4 ± 0.1 1.9 ± 0.6 2.8 ± 0.5
S-5 5.2 ± 0.6 4.8 ± 0.2 5.2 ± 0.6
S-10 12.0 ± 2.0 12.0 ± 0.4 10.0 ± 1.1
S-20 21.0 ± 2.0 17.0 ± 1.0 17.0 ± 2.0
S-50 41.0 ± 4.0 49.0 ± 3.0 48.0 ± 3.0
T-0 <LOD <LOD <LOD
T-1 0.8 ± 0.1 1.6 ± 0.4 <LOD
T-2 1.7 ± 0.2 2.3 ± 0.5 2.5 ± 0.7
T-5 4.6 ± 0.8 4.0 ± 0.7 4.0 ± 0.6
T-10 8.8 ± 1.0 13.9 ± 1.3 12.0 ± 1.2
T-20 22.0 ± 4.0 26.0 ± 3.0 27.0 ± 4.0
T-50 58.0 ± 5.0 42.0 ± 7.0 65.0 ± 7.0

Sample Spiking level Capture standard immunosensor Homogeneous–heterogeneous immunosensor HPLC

(b) Analysis of honey samples spiked with sulfathiazole by means of the immunosensors with standard and HH format. Comparison with chromatography
1 0 <LOD <LOD <LOD
2 5 7.7 ± 0.7 <LOD 4.0 ± 0.1
3 10 8.2 ± 0.8 15 ± 3 8.5 ± 0.2
4 20 20.0 ± 1.2 16 ± 8 17.0 ± 1.0
5 50 47.0 ± 5.0 75 ± 14 41.1 ± 0.8
6 100 112.0 ± 6.0 140 ± 50 99.0 ± 12.0
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ll data expressed in �g STZ per kg of honey.
a B: commercial bottled water; S: source water taken in Torre d’en Bessora, Cast

evel in �g L−1. Each measurement represents the mean value ± S.D. of three replica
b LOD: limit of detection.

H immunosensing is more prone to that effect than conventional
mmunosensing.

. Conclusions

Immunosensing with capture and homogeneous–hetero-
eneous formats can be considered as reliable tools for the rapid
nd highly sensitive determination of sulfathiazole in water and
oney with minimum sample preparation. The employment of pro-
ein A/G support in the immunocomplex capture format, as well as
ood-featured immunoreagents, leads to a system with high sen-
itivity and selectivity, able to measure automatically the presence
f this antibiotic at low levels. The novel approach of separating the
roducts of the homogeneous competition by means of a restricted
ccess support provides an extremely rapid-response immuno-
nalysis tool. However, sensitivity for this assay mode should be
mproved, and the research should be focused on studying new
racers and employing labelling ratios higher than one. Analytical
omparison on real samples between the immunosensors and other
echnologies such as chromatography shows good correlations at
ery low analyte levels.

Traditional immunosensing can be accelerated simply by adjust-
ng the basic operations of the immunoassay format so as to

inimize total assay time. Assay sensitivity is partially lost in the
roposed system, although this loose can be controlled. As counter-

art, sample throughput can be doubled, which is really interesting
hen screening a large number of samples or if response is to be

etrieved immediately after sample collection. Performing a com-
lete competition enzyme immunoassay in only 8.5 min, including
egeneration of the sensing element, is a good achievement. Nev-
Spain; T: tap water. Numbers accompanying B, S and T correspond to the spiking

ertheless, it cannot compete with 30 samples per hour that can be
achieved with the HH immunosensor.

The rapidity of response and the full automation of the sys-
tems show the possibility of employing it in field analysis, alarm
situations, survey planning, etc. in an advantageous manner when
compared to chromatographic methods.
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