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Abstract

A portable surface plasmon resonance (SPR) optical biosensor device is described as a direct immunosensing system to determine organic
pollutants in natural water samples. Monitoring of organochlorine (DDT), organophosphorus (chlorpyrifos) and carbamate (carbaryl) compounds
within the concentration levels stipulated by the European legislation, can be accomplished using this immunosensor. The lowest limit of detection
(LOD) was obtained for DDT, at 20 ng L−1, whilst 50 ng L−1 and 0.9�g L−1, were achieved for chlorpyrifos and carbaryl, respectively. Matrix
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ffects were evaluated for the carbaryl immunoassay in different water types with detection limits within the range of carbaryl standar
istilled water (0.9–1.4�g L−1). The covalent immobilization of the analyte derivative through an alkanethiol self-assembled monolaye
llowed the reusability of the sensor surface during more than 250 regeneration cycles. The quality of the regeneration was proved ove
eriod of continuous working. The analysis time for a complete assay cycle, including regeneration, comprises 24 min. Our portable S
ystem is already a market product, commercialized by the company SENSIA, SL. The size and electronic configuration of the devic
ortability and utilization on real contaminated locations.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The pollution caused by certain dangerous substances
eleased into the environment poses a significant risk to aquatic
cosystems and human health. Monitoring of organic pollu-

ants, through real-time on-site methods, is essential for the
ontrol of human and animal exposure to the adverse effects
erived from several groups of pesticides, pharmaceuticals and
ndocrine disrupters. Specific measures have been adopted by
rinking water legislations to reduce and control the emission
f hazardous compounds into environmental waters. The Euro-
ean Union has limited the maximum allowable concentration

or a single pesticide to 0.1�g L−1 (Drinking Water Directive:
8/83/EC, 1998) compelling governments to an extensive mon-

toring of water resources used for human consumption (WFD
000/60/EC, 2000)[1,2].

∗ Corresponding author. Tel.: +34 91 8060700; fax: +34 91 8060701.
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Although chromatographic and spectroscopic method
routinely used in pesticide identification and quantification[3],
they can hardly be adapted for field use. The need of fas
site methods as complementary techniques to highly sen
HPLC or GC, has led to the application of immunological te
nology to pesticide analysis[4]. Immunoassay techniques ha
overcome the requirements of the continuous monitoring of
lutants allowing the screening of a large number of sample[5].
However, these systems (e.g. ELISA formats) use labels to d
the immunological reaction and require several incubation
washing steps that take several hours until the analysis is
pleted.

The coupling of immunoassay methods with sensor sys
allows the determination of analytes in natural water sam
rapidly, directly and in a reversible manner[6,7]. This work
describes the application of a commercial optical sensor
tem (�-SPR, SENSIA, SL) based on surface plasmon reson
(SPR) physical principle[8] to the analysis of environmen
organic pollutants. The sensing mechanism is based on
tions of the refractive index of the medium adjacent to the m
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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sensor surface during the interaction of the analyte to its cor-
responding recognition element, previously immobilized at the
sensor surface[9,10]. Once the biomolecular interaction takes
place, the regeneration of the surface allows the reusability of
the same sensor surface during a large number of assay cycles.

The aim of this work was to prove the feasibility of this SPR
sensor system to measure priority organic substances such as
organochlorine (DDT), organophosphate (chlorpyrifos) and car-
bamate (carbaryl) compounds within the range proposed by the
European legislation. To our knowledge, no previous monitoring
of the above-mentioned pesticides with an SPR immunosensor
has yet been published. The development and optimization of
the immunoassay format, the immobilization procedure and the
reusability of the biosensing surface was also evaluated in order
to show the enormous potential of this immunosensor for on-line
analysis of ground, surface and tap water samples. In addition,
this sensor has also the capability of a wireless transmission of
data from real contaminated locations to a central laboratory.

2. Experimental

2.1. Immunoreagents and chemicals

Immunoassays were developed with the immunoreagents
provided by the Centro de Investigación e Innovacíon en Bioin-
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phenyl}butanoic acid], [CN4C, O-ethyl O-(3,5,6-trichloro-
2-pyridyl) N-(3-carboxypropyl) phosphoramido thioate] and
[CNH, 6-[[(1-naphtyloxy)carbonyl]-amino] hexanoic acid]; the
preparation of the BSA–DDT5, BSA–CN4C and BSA–CNH
conjugates; and the production of anti-DDT monoclonal anti-
body (MAb) LIB–DDT5.25, anti-carbaryl MAb LIB–CNH45
and anti-chlorpyrifos MAb LIB–PO have been described in other
papers[11–13].

Common chemicals used in sensor surface immobilization
were purchased from Sigma–Aldrich (Steinheim, Germany):
mercatoundecanoic acid;N-hydroxysuccinimide (NHS) and 1-
ethyl-3(-3 dimethyl-amino-propyl) carbodiimide hydrochloride
(EDC). Ethanolamine hydrochloride blocking agent was pur-
chased from Acros Organics (Geel, Belgium). Tween-20 was
obtained from Quantum Appligene (Heidelberg, Germany) and
the organic solvents utilized for the gold-coated film cleaning,
ethanol and acetone, were supplied by Merck (Darmstadt, Ger-
many). The additional compounds potassium chloride, sodium
chloride, di-sodium hydrogen phosphate and potassium di-
hydrogen phosphate, used for the preparation of 1 X PBS 10 mM,
were provided by Panreac (Barcelona, Spain).

2.2. Instrumentation

A scheme of the commercial SPR used in this work is shown
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enieŕıa (Universidad Polit́ecnica de Valencia, Spain), and h
een previously characterized by ELISA. The pesticide s
ards DDT and carbaryl were from Riedel-de Haën (Seelze
ermany) and the standard of chlorpyrifos was obtained
r. Ehrenstorfer (Augsburg, Germany). Stock solutions of 1
ere prepared in dry dimethylformamide (DMF) and store
20◦C. From these stock solutions, working standards in
.02–200�g L−1 range were prepared daily by serial dilution
istilled water or PBST (PBS: 10 mM phosphate-buffered sa
olution, pH 7.35, containing 0.05% of the surfactant Twee
T20)), depending on the pesticide studied.

The synthesis of DDT, chlorpyrifos and carbaryl h
ens [DDT5, 4-{4-[1-(4-chlorophenyl)-2,2,2-trichloroethy

ig. 1. Portable SPR sensor prototype system including sensor, optics, el
latform.
-
n Fig. 1. It is based on the Kretschmann configuration to ach
he resonant condition by total internal reflection. A polar
mW laser diode operating at 670 nm incides, once divided

wo equal beams, on the gold-coated sensing surface whe
ow cells with the same volume (300 nL) are placed. The
f two flow cells allows the measurement of two indepen
amples or the referring of one single analysis. Changes
ntensity of the reflected light indicating shifts in mass at the
ace were detected by a multi-element photodiode, amplifie
nally converted to a digital signal. During SPR experime
easurements were carried out at a fixed angle of inciden
rder to monitor changes in the refractive index in real-tim

he intensity of the reflected light varied.

nics and flow delivery system: (a) scheme of the SPR device and (b) comm�-SPR
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Samples were transferred to the SPR immunosensor using a
flow delivery system incorporated in the�-SPR platform at a
constant speed of 30�L min−1. This system assures the injec-
tion of precise volumes of samples of 240�L, while maintaining
a continuous flow of liquid onto the sensor surface. A complete
measurement cycle, including injection of sample and regener-
ation, takes 24 min.

2.3. Preparation of the sensor surface

A gold metallized glass slide was used as sensor sur-
face. To obtain resonance curves with minimum reflectance
values, the metal thickness was optimized to 50 nm of gold
and 2 nm of chromium. Prior to metallization, glass slides
(10 mm× 10 mm× 0.15 mm) were first cleaned with organic
solvents: trichloroethylene, acetone and ethanol, immersed in
a freshly prepared piranha solution (H2SO4/H2O2, 3:1), rinsed
with water, ultrasonicated for 5 min and dried with N2. Cleaned
glass surfaces were metallized by thermal evaporation. After-
wards, metallized glass slides were cleaned using the same treat-
ment with organic solvents and piranha, previously described.
Finally, the gold slide was placed on the sensor system in contact
with the flow cells and adhered to the prism through matching
oil with the same refractive index (n= 1.52).

2.4. Immunoassay format
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under working conditions. In order to assure the regeneration
and reusability of the sensor surface without denaturation of the
immobilized molecule, the formation of self-assembled mono-
layers (SAM) is required. SAM can provide a covalent attach-
ment of the ligand to the functionalized surface in a controlled
way [14]. In this work, a carbodiimide coupling was used to
achieve the mentioned covalent linkage between the recogni-
tion element and an alkanethiol functionalized surface under
non-denaturing conditions[15,16].

The first step of the SAM formation is the adsorption
onto the gold surface of a carboxylic terminated thiol (mer-
captoundecanoic acid, 0.05 mM in ethanol), to achieve the
Au–S attachment. Alkanethiol excess was eliminated by rinsing
the surface with ethanol, and afterwards, water was delivered
into the flow cells as a continuous flow during the remain-
ing steps of the immobilization procedure. Once the alka-
nethiol monolayer was formed, the activation of the carboxylic
groups took place by using two extremely reactive compounds:
N-ethyl-N-dimethyl-amino-propyl carbodiimide (EDC, 0.2 M)
and N-hydroxysuccinimide (NHS, 0.05 M). The formation of
a stable reactive intermediate (N-hydroxisuccinimide ester)
allowed the analyte derivative coupling via amine groups. After
immobilization of 10�g mL−1 of the corresponding hapten-
conjugate, non-covalently bound biomolecules and unreacted
NHS-esters remaining at the sensor surface were eliminated
using ethanolamine 1 M, pH 8.5, as blocking agent. This pro-
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Biosensor immunoassays, for the determination of the
et compounds, were binding inhibition tests[6,7] in which

he analyte derivative, conjugated to a carrier protein (BSA
ovalently immobilized onto the sensor surface. For inhib
ssays, a fixed amount of antibody is incubated for 10 min

he sample to be analyzed, until the equilibrium of the reac
s reached. The analyte molecules present in the sample b
he antibody binding specific sites and the mixture is pum
ver the hapten-conjugate coated sensor surface. Only an

es with free binding sites can bind to the surface since the an
nhibits antibody binding to the immobilized hapten-carrier c
ugate. Thus, higher concentrations of analyte will increas
oncentration of occupied antibodies reducing the SPR s
nd the binding rate to the sensor surface.

After the antibody–hapten coupling, the disruption of
mmunocomplexes was accomplished using appropriate r
ration agents for each analyte (HCl for DDT and carbaryl,
aOH for chlorpyrifos). Reusability of the sensor surfac
ssential for the development and reproducibility of the ass
ell as for the utilization of the biosensor as a portable on-
evice. The use of high affinity and specific immobilized rec
ition elements is not sufficient and hapten conjugates sh
ithstand a large number of regeneration cycles. During
erformance of the SPR immunoassays, the same biosp
urface could be reused throughout hundreds of measurem
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edure ensures that only covalently bound analyte deriva
emain on the sensor surface.

.6. Water sample preparation

Distilled water was spiked with different concentrations
ach pesticide in the range of 0.02–200�g L−1. Real wate
amples, not expected to contain carbaryl, were fortified
he target analyte to evaluate potential matrix effects on
mmunoassays. These samples were spiked with carba
.2�g L−1, 2�g L−1 and 20�g L−1 from a 1 mM stock solutio
f the correspondent analyte. Water samples tested were

ng water from the tap water of the town of Tres Cantos (Mad
iver water collected from the Samburiel river (Madrid, Sp
nd groundwater from Léon (Spain). Turbid water samples w
ltered with a 0.45�m filter to eliminate particulate matters.

.7. Data analysis

To optimize the reproducibility of the assay, three sp
nalyte-antibody samples were measured for each concen
f pesticide standard. Normalized standard curves were obt
y plotting reflectance (V) against the logarithm of the ta
nalyte concentration. The experimental points were fitte

he four-parameter logistic equation:

=
{

D + (A − D)

[1 + (x/C)B]

}

hereA is the asymptotic maximum (maximum SPR sig
n absence of analyte,Amax), B the curve slope at the inflectio
oint (related to the analyte concentration giving 50% inhibi
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of Amax: C, I50) andD is the asymptotic minimum (background
signal).

3. Results and discussion

3.1. Analytical characterization of DDT, chlorpyrifos and
carbaryl immunoassays

As it has been mentioned, the portable�-SPR biosensor
was applied to determine three groups of pesticides: the persis-
tent organochlorine pesticide DDT, and the acetylcholinesterase
inhibitors chlorpyrifos (organophosphorus insecticide) and car-
baryl (carbamate broad-spectrum insecticide). Final assay con-
ditions for these three compounds are summarized inTable 1.
The assay sensitivity values were comparable to those obtained
by traditional immunological methods (e.g. ELISA) which use
the same immunoreagents[5,11,17]. Limits of detection (LODs)
were experimentally determined (i) as three times the S.D. of
the blank signal and (ii) as the analyte concentration giving a
10% inhibition of the maximal SPR signal. The linear working
ranges were also considered as the analyte concentration causing
20–80% inhibition of the maximal SPR signal.

For the DDT assay, the SPR immunosensor working in a
dynamic range of 1.76–0.06�g L−1, proved to be more sensi-
tive than colorimetric ELISAs[11,17]. The sensitivity reached
b ained
b
0
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s Simi-
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[

w

Fig. 2. Standard calibration curves of DDT, chlorpyrifos and carbaryl
immunoassays. Standards in the range of 0.02–200�g L−1 were prepared by
serial dilution in PBST (DDT) or water (chlorpyrifos and carbaryl) from the
stock solution in DMF. Each point represents the mean± S.D. of three measure-
ments and are fitted to a four-parameter logistic equation.

and 0.23�g L−1 and a limit of detection of (i) 0.06�g L−1 and
(ii) 0.05�g L−1 depending on the calculation method. Results
obtained for chlorpyrifos in the SPR immunoassays showed also
a slight improvement compared with the ELISA assay[20]. With
respect to the carbaryl detection, the assay sensitivity was evalu-
ated in the linear working range of 14.7–1.64�g L−1, with anI50
value and a limit of detection of 4.36�g L−1 and (i) 0.1�g L−1

and (ii) 0.9�g L−1, respectively (Fig. 2). In this case, further
optimization of the analytical characteristics of the assay will be
needed in order to achieve the sensitivity values reached by the
ELISA method[21].

3.2. Selectivity of the sensor surface and sensor reusability

The affinity of the monoclonal antibodies employed in the
assays to their correspondent analytes has been reported pre-
viously [11–13]. Similarly, the specificity of the MAbs has

T
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(BSA–CNH/LIB–CNH45)
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y the SPR immunoassay was comparable to that obt
y chemiluminescent ELISAs[19] with values for theI50 of
.26�g L−1 and of (i) 0.07�g L−1 and (ii) 0.02�g L−1 for the
OD. The improvement in sensitivity could be a conseque
f the method of preparation of standards from the stock

ion due to the high hydrophobicity of the DDT compound.
mmunoassay performance can also be affected by the
trength of the PBST used for the standards preparation.

ar effects have been described for other hydrophobic pest
5,18,19].

The sensitivity for chlorpyrifos, estimated as theI50 value,
as 1.95�g L−1, with a dynamic range between 49.1�g L−1

able 1
nalytical characteristics of the immunoassays for DDT, chlorpyrifos and

haracteristics DDT SPR assay
(BSA–DDT5/LIB–

mmunoreagent concentrations
Hapten conjugate (�g mL−1)
MAb (�g mL−1) 2.5

uffer conditions
Salt concentration
%Tween-20
pH
Standards preparation PBST

egeneration conditions
Desorption agent HCl 0.1 M

nalytical calibration values
I50 (�g L−1) 0.26
LODs (10% inhibition concentration,�g L−1) 0.02
RSD (%) 3.52
Working range (�g L−1) 1.76–0.06
10 mM phosphate
0.05
7.35
Distilled water Distilled water

NaOH 0.2 M HCl 0.1 M

1.95 4.36
0.05 0.9
6.88 2.95
49.1–0.23 14.7–1.64
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been also evaluated by performing competitive assays with
compounds structurally similar to DDT, chlorpyrifos and car-
baryl, and cross-reactivities (CRs) have been calculated with
the obtainedI50 values[11,19–21]. According to these studies,
anti-DDT MAb could be considered as aclass-specific anti-
body due to the high cross-reactivity values exhibited for the
p,p′-isomers of the DDT family. Therefore, LIB–DDT5-25 is
adequate for determination of DDT isomers and metabolites
[10]. The CR exhibited by chlorpyrifos metabolites and related
compounds was negligible for anti-chlorpyrifos MAb LIB–PO
and only showed higher affinity for chlorpyrifos-methyl than
to chlorpyrifos[20]. Finally, carbaryl immunoassays proved to
be very specific as showed by the negligible CRs exhibited by
carbaryl metabolites and derivatives[21].

In the assays herein described, hapten–carrier conjugates
were covalently attached to the sensor surface in order to confer
stability and reproducibility to the analysis. Nevertheless, the
selectivity of the sensor surface to avoid non-specific binding
of molecules had to be evaluated. With this aim the sensor sur-
face was exposed to the flow of non-related immunoreagents of
different molecular weight. Although operating in a single ana-
lyte state, a sensing surface coated with the hapten-conjugate of
DDT (BSA–DDT5) was exposed to the other MAbs and analytes
involved in this study.

The assay proved that the sensor signal was not affected by
the presence of the low molecular weight compounds, either
c the
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Fig. 4. Representation of the SPR response curves for immunoreaction after 1,
50, 100, 200 and 250 regeneration cycles in the two flow cells of the�-SPR
biosensor.

change in pH with HCl 0.1 M for DDT and carbaryl immunoas-
says, and with NaOH 0.2 M for chlorpyrifos analysis. The SPR
signal did not diminish noticeably from the initial analysis value,
and neither a significant loss of activity of the hapten–carrier
conjugate nor a damage of the physical properties of the SAM
was detected on the sensor signal response. The stability of the
surface provided by this immobilization method was proved dur-
ing 250 assay cycles, avoiding the potential denaturation and loss
of recognition of interactants given by the antibody-coated for-
mats. As a conclusion, the biospecific surface remained constant
after regeneration and the same normalized curve could be used
for more than 1 month of continuous operation.

3.3. Analysis of spiked groundwater, river and tap water
samples

The influence of different water types (groundwater, tap and
river water) on the immunosensor response was evaluated. Stan-
dard calibration curves for carbaryl were prepared in water
samples and in distilled water as control. The ionic strength
of water samples did not need to be adjusted and spiked water
samples were prepared like the standard samples. As shown
in Fig. 5, the usual variability of carbaryl standard curves was
obtained regardless of the nature of the water samples. The

F nd a Ab and
a

arbaryl or chlorpyrifos. In addition, the exposition of
ensing surface to the flow of non-specific antibodies (
arbaryl LIB–CNH45 and anti-chlorpyrifos LIB–PO) demo
trated the capability of the SAM to recognize only the c
lementary reagents. Finally, a mixture of specific antib
LIB–DDT5-25 2.5�g mL−1) and non-specific analyte (chlo
yrifos 351�g L−1) was pumped over the sensor surfa
ince only the response corresponding to the anti-DDT M
IB–DDT5-25 was obtained, it was assured that the pres
f non-related compounds did not interfere the registered s
ignal.Fig. 3shows the absence of specific sensor signals w
easuring the mentioned non-specific analytes.
Once demonstrated, the selectivity of the sensor su

o non-specific binding of biomolecules, the activity of
mmunosurface was also evaluated through a large numb
egeneration cycles (Fig. 4). As described above, disru
f hapten-antibodies complexes was achieved causing a s

ig. 3. Sensor response curves for: (a) anti-DDT LIB–DDT5-25 MAb a
nti-chlorpyrifos MAbs and (c) chlorpyrifos and carbaryl standards.
mixture of LIB–DDT5-25 and chlorpyrifos standard, (b) anti-carbaryl M
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Fig. 5. Standard calibration curves of carbaryl in different water types: ground-
water, river and tap water.

Table 2
Influence of matrix effect on the standard curves for carbaryl obtained with
spiked water samples (LODs were calculated as the 90% reduction of the SPR
maximum signal)

Carbaryl

I50 (�g L−1) LOD (�g L−1)

MiliQ water 4.36 0.9
Groundwater 4.65 1.35
River water 4.66 1.25
Tap water 3.97 0.86

calculated values ofI50 and LODs for the standard calibrations
of carbaryl in different water types are shown inTable 2. LOD
values of 1.35, 1.25 and 0.86 were obtained for groundwater
river and tap water, respectively. In the case of the concen
tration giving the 50% of the SPR signal, the values were in
3.97–4.66�g L−1 range. Consequently, carbaryl determination
seemed to be directly applicable to environmental waters with
out any sample treatment as matrix effects were not observed

4. Conclusions

This work has shown the utilization of the�-SPR commercial
device as a highly sensitive field-portable analytical method for
the environmental monitoring of pollutants. Sensitivity values
reached with this immunosensor are comparable to other ana
lytical techniques, and 20 ng L−1 was the lowest detection limit
obtained for DDT, even better than for ELISA assays. The low
time of response, only 12 min for the simultaneous measuremen
of two samples, allows the application of this biosensor to the
determination of a variety of compounds in control and alarm
stations. The sensitivity values (I50) of the calibration curves

obtained for carbaryl in natural water samples were in the same
range, 3.97–4.66�g L−1, than in distilled water. In addition, the
stability of the biospecific sensor surface makes possible the
reusability of the sensor for 250 assay-cycles, using the same
surface for 1 month of continuous analyses. The small size and
the capability to transmit the measuring data by a communica-
tion module afford the use of this immunosensor as a valuable
screening tool for the continuous monitoring of pollutants from
remote locations. Validation of measurements with standard ana-
lytical methods is underway.
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20] J.J. Mancĺus, A. Montoya, J. Agric. Food Chem. 44 (1996) 4063–4
21] A. Abad, A. Montoya, J. Agric. Food Chem. 45 (1997) 1495–1501


