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Organophosphorus (OP) pesticides can be rapidly detected by integrating organophosphorus

hydrolase with an optical leaky waveguide biosensor. This enzyme catalyses the hydrolysis of a

wide range of organophosphorus compounds causing an increase in the pH. Thus, the direct

detection of OP is possible by monitoring of the pH changes associated with the enzyme’s activity.

This article describes the use of an optical, leaky waveguide clad with absorbing materials for the

detection of OP pesticides by measuring changes in refractive index, absorbance and fluorescence.

In the most effective configuration, a thick sensing layer was used to increase the amount of

immobilized enzyme and to increase the light interaction with the sensing layer, resulting in a

greatly enhanced sensitivity. The platforms developed in this work were successfully used to detect

paraoxon and parathion down to 4 nM concentrations.

1. Introduction

Neurotoxic organophosphorus (OP) compounds are com-

monly used as pesticides and chemical warfare agents (CWA).

These neurotoxic compounds irreversibly inhibit the enzyme

acetylcholinesterase, resulting in the build up of the neuro-

transmitter acetylcholine, which interferes with the muscarinic

responses in vital organs, producing serious symptoms and

eventually leading to death.1,2 Early detection of OP neuro-

toxins is important in the effective defence against terrorist

activity, for protection of water resources, and for monitoring

the safety of food supplies, as well as for monitoring the

progress of detoxification processes.

Different techniques have been used for the detection of

organophosphorus pesticides, such as solid-phase microextrac-

tion–gas chromatography procedures,3–5 gas chromatogra-

phy–mass spectrometry,6 liquid chromatography,7 capillary

electrophoresis,8,9 and ion mobility spectrometry.10 Although

these techniques offer high sensitivity and exquisite selectivity,

they are not suitable for use as rapid screening methods nor

can they be used for field applications because of their

technical sophistication (lack of ‘‘hardness’’) and the intrusion

of environmental contaminations.11 Selective, hardened bio-

sensors appear to be a promising technology to overcome these

problems. Therefore, an intense interest has emerged for the

development of biosensors for highly sensitive, selective and

rapid on-site determination of OP. Several types of biosensors

based on different signal transduction mechanisms have been

reported for the detection of OP including amperometric,12–18

potentiometric11,19–25 and optical techniques.26–33 These devices

used enzyme sensors based on acetylcholinesterase inhibi-

tion,14,29,31,34–36 organophosphorus hydrolase,21,23,24,28,35,37–39

organophosphorus acid anhydrolase,40 genetically engineered

cells11,19,41–46 and immunosensors based on anti-pesticide

antibodies.47,48

The enzymatic techniques relying on the inhibition of

acetylcholinesterase (AChE) are not selective (due to their

conflicting responses to a wide range of toxic inhibitors),35 and

the assays are indirect and slow due to the requirements of

prolonged incubation and regeneration periods. In addition,

due to the irreversible nature of enzyme–ligand interactions,

inhibition-mode sensors can not be reused without regenera-

tion of enzyme activity. In many cases this is inefficient and

time-consuming:24 however, the use of organophosphoros

hydrolase (OPH) as the enzyme transducer can overcome these

concerns as it is fast (kcat = 300 to 8000 s21 depending on the

OP), more selective for OP compounds, and subject to direct

detection.11,35,37 Organophosphorus hydrolase (OPH, E.C.

3.1.8.1) is an enzyme which can hydrolyze phosphotriesters,

phosphonothioates, phosphonofluoridates, and phosphono-

cyanidates. This unique enzyme catalyzes the hydrolysis of a

wide range of OP, and such activity has been exploited in

biosensors.11,13,20,23,35,37,49–53

Optical biosensors have been the subject of intense interest

over the past two decades due to their numerous advantages.

They can be miniaturised, they have multiplexing capabilities,

and the optical biosensor technology combines rapid response

times with high sensitivity for analyte evaluation. Hence, their

use in real-time detection of OP appears promising.

This article describes the use of absorbing materials-clad

leaky waveguide biosensors for the detection of OP pesticides.

The present work investigates the possibility of producing low

cost polymer chips with sol-gel and hydrogel as guiding layers
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as well as for the entrapment of enzymes. The biosensor

platforms developed in this work were successfully used to

detect OP by using organophosphorus hydrolase, immobilised

within a sol-gel/hydrogel matrix, by monitoring the changes in

refractive index, absorbance and fluorescence.

2. Absorbing materials-clad leaky waveguide

Currently, the main focus in developing chemical sensors for

routine use is to produce systems which have sufficient sensing

performance, use fewer materials, have lower fabrication time,

produce lower manufacturing costs, and be as user friendly as

possible. The use of polymer materials together with micro-

system technology offers the most promise of fulfilling these

aims. Such effective materials are applicable for mass

replication technologies, such as injection moulding and hot

embossing, as well as for methods of prototyping.

Previous studies have evaluated the feasibility of using

alternative, simpler methods for the production of low-cost

evanescent, optical leaky waveguide devices for the detection

of refractive index (RI) and fluorescence of bulk solutions in

m-total analysis systems (m-TAS) systems and bacteria detec-

tion.54,55 Different absorbing materials can be used, such as

dyes or polymers rather than metals. These systems can use

room temperature fabrication techniques to deposit the layers,

which is an easier approach, more friendly for the biological

materials, and considerably less expensive. These alternatives

were found to produce no significant change in modulation or

width of the resonances in the angular reflectivity.54,55

In this article the authors discuss the development of new

formats of absorbing materials-clad optical leaky waveguides

for chemical detection. In this format, the absorbing materials

clad layer is sandwiched between the polymer substrate and

the sensing layer. This format consists of a polymethylmetha-

crylate (PMMA) polymer substrate coated with an y30 nm

thick absorbing layer followed by a thick sensing layer where

the enzyme is entrapped. When the hydrogel was used, a 3 mm

thickness was chosen as sensing layer, and in case of the sol-gel

platform as the sensing layer, a 2 mm thickness was used. A

typical profile for the designed polythiophene clad-leaky

waveguide (PT)-CLW is shown in Fig. 1.

The advantage of inserting the absorbing material layer is

that it absorbs a large proportion of any scattered light or

auto-fluorescent background from the polymer substrate. This

is particularly useful when the injection moulded chips with the

integrated grating are being used, hence optical anisotropy is

introduced into the finished device. The thickness of the

waveguiding layer of the devices were designed to support one,

sharp-guided mode (TE0) and to allow the maximum interac-

tion of the light with the sensing layer, where the enzyme is

entrapped along with the suitable indicator. This thick sensing

layer increases the amount of entrapped enzyme within the

sensing layer, and results in an enhanced sensitivity through

increasing the change in the pH around the enzyme. This

arrangement allowed the maximum interaction with the

entrapped enzyme, resulting in a higher sensitivity.

Experimental

Materials

Paraoxon, parathion and diazinon were purchased from

Supelco (Gillingham, Dorset, UK). Wild-type organophos-

phorus hydrolase (OPH) was isolated and purified from a

recombinant Escherichia coli strain using published proce-

dures.49,50 Solvent blue, poly(3-hexylthiophene-2,5-diyl),

chloroform, fluorescein isothiocyanate (FITC), Ches and

phosphate buffer saline (PBS), acetonitrile, 2-hydroxyethyl

methacrylate (HEMA), ethylene glycol dimethacrylate

(EDMA), methacrylic acid (MAA), 2-dimethoxy-2-phenyl

acetophenone (DMPA) and 3-(trimethoxysilyl)-propyl metha-

crylate were purchased from Aldrich (Gillingham, Dorset,

UK). UV-curable optical adhesive Norland 61 was purchased

from Norland Products Inc. (New Brunswick, NJ, USA). UV-

curable aliphatic fluorinated polyacrylate-co-methacrylate

(UV-Opti-Clad1.413XM) with refractive index n = 1.413 was

purchased from Optical Polymer Research, Inc., (Gianesville,

Florida, USA). A master relief diffraction grating (25 400 lines

per inch) was purchased from Edmund Optics (York, UK).

Instrumentation

A schematic of the optical arrangement used is shown in Fig. 2.

For the detection of refractive index changes the optical

arrangement has been detailed elsewhere.54,55 The LED used

in the input side had a peak wavelength of 610 nm (RS

components, Corby, UK). The LED was polished flat and

mounted at the end of a 25 mm diameter mounting tube. The

mounting tube incorporated a collimating lens with a 40 mm

focal length and cylindrical lens with a 75 mm focal length

in order to focus the light into a line. An interference filter

(610 nm ¡ 10 nm peak wavelength), and a 25 mm in diameter

was also used. All optical components were obtained from

Comar Instruments (Cambridge, UK), unless otherwise stated.

Fluorescence measurements were performed using the same

optical set-up as described before except a blue LED, (peak

wavelength 470 nm) as excitation light source and an

interference filter (470 nm ¡ 10 nm) were used.

An epoxy replica of a holographically-patterned grating

(25 400 lines per inch, Edmund Optics) was moulded to one

side of the chip in order to couple the light into the waveguide.Fig. 1 Mode profile of PT-CLW at 470 nm.
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On the output side, a 8000 pixel linear CCD (Sony ILX506A,

pixel pitch 7 mm) was positioned at a distance of 12 cm,

and was used to monitor the resonance angle and intensity

changes in the guided modes. Data was collected by a 12-bit

analogue-to-digital converter with a high-speed parallel

link to a computer running with software written in-house.

In the case of fluorescence measurements a band pass

filter (510 nm ¡ 20 nm) (Glen Spectra, Stanmore, UK), and

home-made collimating optics were placed in front of the CCD

detector.

A peristaltic pump (MINIPULS-3, MP4, Gilson, Canada)

was used to pump solutions at 50 ml min21 through the

flow cell.

Dye-clad leaky waveguide chip fabrication

Injection moulding of the PMMA substrates containing the

grating coupler was performed as previously described.56,57 A

holographic grating film (25 400 lines per inch, Edmund

Optics) was first treated to reduce the adhesion to the epoxy

from which the grating was to be moulded by being soaked

in saturated sodium dodecyl sulfate solution for 20 minutes,

washed in copious water and dried under a stream of dry

nitrogen.56,57 A few drops of UV-curable epoxy (Norland 81)

(Norland Products Inc., New Brunswick, NJ) were then placed

onto the centre of a laminar polished surface of the glass

block and the grating film was placed on top. Capillary action

formed an even layer of epoxy over the entire glass surface

before UV exposure (365 nm). The chip was rapidly cooled

over cardice for 30 seconds to facilitate easy removal of the

holographic film and then dried under a stream of dry nitrogen

before a second, short UV exposure. The glass block was

placed in the oven at 50 uC for 6 h before being used as a

master for injection moulding. Injection moulded Poly-

(dimethylmethacrylate) (PMMA) chips were produced using

a Babyplast 6/6 (Cronoplast S. L., Barcelona, Spain) injection-

moulding machine.

The absorbing material waveguide devices required three

layers: a PMMA substrate, an absorbing material (solvent blue

or polythiophene (PT) clad layer), and a waveguide sensing

layer (hydrogel or sol-gel). The wavelength range of interest

determined the materials used. Solvent blue 35 was selected for

610 nm wavelength, and a polymer, polythiophene (PT), was

selected for 470 nm wavelength. The absorbing materials-CLW

chips were fabricated by depositing the material onto the

PMMA substrate. The PT solution was prepared by dissolving

15 mg polythiophene in 10 ml chloroform overnight. The

solvent blue 35 solution was prepared by dissolving 50 mg

solvent blue in 10 ml ethyl acetate containing 0.1 g of UV

curable polymer (UV-Opti-Clad 1.413XM). The dye and PT

solutions were spin-coated onto the PMMA substrate at

4000 rpm. The dye and UV curable polymer clad layers were

exposed to the UV light for 1 min while the PT clad layers were

left to dry overnight in the oven at 60 uC.

Sensor preparation

Gel film preparation

Poly-HEMA gel containing 5 mol% ethylene glycol dimethya-

crylate (EDMA) and 6 mol% of the functional momoners

methacrylic acid were prepared in equal volumes of isopropa-

nol and water. Then 2% (w/v) DMPA was added and mixed

for extra five minutes, and the solution was degassed in a

stream of nitrogen prior to UV exposure. The HEMA was

exposed to 30-second pulses of UV light (to grow the polymer),

mixed, degassed, and exposed to another UV-light exposure.

This process was repeated four times until the HEMA solution

adopted a thick consistency. 1 ml of the HEMA solution was

spin coated onto a silanized modified chip with methacryloxy-

propyltriethoxysilane as described previously58 at 4000 rpm for

30 seconds. The chip was exposed to the UV light again for an

extra 5 min for full curing.

The cured gel was rehydrated with phosphate buffer saline

(PBS, pH 8.3, 20 mM phosphate, 100 mM NaCl, 2.7 mM KCl,

30 mM CoCl2) for 30 minutes before enzyme immobilization

as described previously.59 100 mL of OPH solution (1 mg ml21

in PBS, pH 8.3, 10 mM, 2.7 mM KCl) was covering the entire

waveguiding hydrogel layer in a fume-hood for 1 h. Covalent

immobilization was achieved by addition of 100 mL of 1.25%

glutaradehyde solution (diluted from 25% (v/v) glutaraldehyde

solution) in phosphate buffer on to the waveguiding surface

and leaving for 2 h. Control waveguiding layers were also

constructed by immobilizing bovine serum albumin (1mg ml21

in PBS, pH 8.3, 10 mM) using the same procedure.

Sol-gel preparation

To prepare the sol-gel waveguiding layer, the sol-gel precursors

(2.15 g tetraethoxysilane (TEOS), 1.85 g of methyltriethoxy-

silane (MTEOS)) were mixed together. In the case of

absorbance measurements, 20 mg bromocresol green (BCG)

acid–base indicator was completely dissolved in the sol-gel

precursors. Next 2.4 ml of 0.04 M HCl was added dropwise

Fig. 2 Sensor optical design using (a) 473 nm LED or 610 nm LED,

(b) collimating lens, (c) filter, (d) cylindrical lens, (e) sensor chip, (f)

linear CCD detector.
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and stirred using a magnetic stirrer for 1.5 h to form the

sol-gel. Subsequently, 3 ml of the sol-gel and 3 ml of 10 mM

phosphate buffer (pH 8.3) were cooled over ice for 20 min. The

buffer was then added slowly to the sol-gel while stirring over

ice. After 2 min, 100 ml of OPH was added and the solution

mixed for a further two min. Finally, the mixture was spin

coated on top of the chip at 3000 rpm.

Results and discussion

Refractive index detection

In the work presented here, the solvent blue-clad leaky

waveguide chip was used for detecting OP pesticides by

monitoring refractive index changes. This was achieved by

immobilizing the OPH enzyme within a pH-sensitive hydrogel

waveguiding layer. It is known that OPH catalyses the

hydrolysis of a broad range of OP pesticide compounds,

including the P–O, P–F, P–S, or P–CN bonds in the OP

compounds. The reaction can generate up to two protons as

a result of each hydrolysis reaction (Fig. 3), thus making it

possible to direct neurotoxin detection by measurement of the

pH change associated with the enzyme activity.11 Using one or

more ionic or ionisable monomers in a cross-linked polymeric

backbone makes it possible to detect the change in the pH

around the enzyme as a result of influencing the charge of the

ionic monomers.59,60 This causes the hydrogel to swell or to

shrink depending on the degree of influence on the charges of

the ionic monomers, which can be detected easily by the

optical waveguide sensors. This is a favourable approach, as

unlabelled detection for OP can be achieved without the need

for chromophore/fluorophore labelling, which suffers from

major problems, such as being time consuming, moderately

expensive, problems with dye bleaching in the case of

entrapment or photobleaching in the case of using fluoro-

phores. In addition to avoiding these problems, the hydrogel

has a high percentage of water (aqueous environment), which

is a good environment for preserving the enzyme activity.

The effect of the concentrations of co-monomers and cross-

linkers were studied carefully before optimising the response of

the pH-sensitive hydrogel for enzymatic applications.60 It was

found that using 5 mol% of EDMA and 6 mol% of MAA

provided a flow-stable hydrogel (able to shrink/swell many

times without collapsing) with a stable and sensitive response.

It is known that the effect of temperature, buffer composi-

tion and ionic strength affect the degree of swelling of the

hydrogel containing ionisable groups. As the ionic strength

increases, the swelling of the hydrogel will decrease due to the

shielding effect of the counter ion on the charges on the

polymer backbone. The sensors signal and response times were

optimised with respect to the buffer pH, ionic concentration

of buffer and temperature using paraoxon as substrate. The

measurements were obtained using a sensor operated at 20 uC
in 20 mM Ches (pH = 8.5, 120 mM NaCl, 2.7 mM KCl and

20 mM CoCl2) to prevent depletion of cobalt from the

immobilized enzyme, as it was found the CoCl2 is a vital co-

factor for OPH for enzyme activity.40

Operating under these conditions, the biosensor was able to

detect as low as 1.5 6 1027 M of paraoxon with very good

accuracy and selectivity. Other non-organophosphate pesti-

cides, such as simazine and triazine, did not give any signal

when they were incubated with the sensor for more than 5 min.

Control waveguiding with immobilized bovine serum albumin

did not give any response when incubated with paraoxon. The

biosensor was completely stable for at least 30 days when it

was stored at 4 uC in 20 mM phosphate buffer (pH = 8.3) in

100 mM NaCl, 2.7 mM KCl, 30 mM CoCl2.

Fig. 4 shows the OPH enzyme biosensor response when

incubated with OP samples of different concentrations. These

results revealed that after the sensor has been incubated with

paraoxon, the hydrogel swelling and the resulting shift in the

out-coupled angle is proportional to paraoxon concentration.

There was no response when the sensor was incubated with

triazine as a control analyte.

Fig. 5 shows the highly reproducible response of the sensor

to a periodic exposure to 27 6 1027 M paraoxon (RSD =

4.8%, n = 7). The calibration curve for the OPH-sensor for

exposure to various concentrations of paraoxon is shown

in Fig. 6.

Absorbance detection

In this part of the work, bromocresol green (BCG) acid–base

indicator was entrapped within a sol-gel matrix along with

the OPH enzyme. The sensor was not tested directly after

preparation, but after storage at 4 uC for 20 days, because it is

known that the pore structure of the sol-gel undergoes

complex changes for two weeks after preparation.61 In order

to prevent densification of the pore structure during ageing,

Fig. 3 Catalytic reaction of OPH.11,62
Fig. 4 The response of the TE0 mode to different concentrations of

paraoxon (data smoothed for clarity).
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which impairs the diffusion of OP into the matrix, sorbitol was

added to the sol-gel. Before measurements were made the

sorbitol was washed out of the matrix leaving pores that

paraoxon can easily enter. Without addition of sorbitol, the

apparent activity of paraoxon is approximately 8-fold lower

than expected. The liberated two protons from the hydrolysis

process of the OP decreased the pH in the local environment of

the enzyme sensor. This pH change was apparent as a colour

change of bromocresol green, leading to an increase in reflec-

tivity of the TE0 mode intensity when measured at 610 nm.

Fig. 7 shows examples of the response of the OPH-based

sensor and the calibration curve for different concentrations

of paraoxon. The limit of detection was calculated to be

4 6 1029 M for paraoxon and parathion and 8.1 6 1028 M

for diazinon. In this work this quantity has been taken as the

value of the concentration that gave a signal three times the

background noise. The response of the OPH-based optical

sensor to a periodic exposure of 30 6 1029 M paraoxon was

reproducible (R.S.D. = 1.7%, n = 6). This indicates that there

is no diffusion limitation of the paraoxon analyte or product

accumulation, due to the increased porosity of the sol-gel

caused by the sorbitol.

Fluorescence detection

The detection in this system was based on a fluorescent, pH-

sensitive, fluorescein isothiocyanate (FITC) covalently immo-

bilized with the OPH enzyme entrapped in a sol-gel. The

sensing scheme is based on the measurement of the quenching

of the fluorescence of the fluorescein isothiocyanate due to the

liberation of protons as a result of the hydrolysis of the OP

pesticides.62 The sensor was tested after two days storage in

phosphate buffer at 4 uC. In this study sorbitol was also added

to the sol-gel during the preparation to accelerate the diffusion

of paraoxon to the entrapped OPH within the sol-gel. Fig. 8

shows the typical response of the OPH sensor as well as the

calibration curve to different concentrations of OP pesticides.

The detection limit of the sensor using the OPH enzyme for

paraoxon and parathion was 2.3 6 1027 M and 9.3 6 1026 M

for diazinon. This value has been taken as the value of the

concentration that gave a signal three times the background

noise. The reproducibility of fluorescence quenching of the

fluorescein isothiocyanate was very good (RSD = 3%, n = 7)

due to the liberated protons for a periodic exposure of

10 6 1027 M paraoxon.

Conclusion

Absorbing materials-clad, leaky waveguide sensors have been

fabricated using solvent blue and polythiophene as clad layers

and sol-gel and hydrogel as waveguiding layers. The solvent-

blue devices were tested for the detection of organophosphorus

pesticides by monitoring the change in refractive index when

OPH enzyme immobilized within a pH-sensitive matrix. The

sensitivity of the solvent blue- and polythiophene-clad plat-

forms were also examined with regard to the detection of

absorbance and fluorescence changes using an acid–base

indicator, along with the OPH enzyme entrapped within a

sol-gel matrix.

Fig. 5 Reproducibility of the TE0 mode of the solvent blue-CLW for

27 6 1027 M paraoxon (data smoothed for clarity).

Fig. 6 Calibration curve of the paroxon TE0 mode of the solvent

blue-CLW to various concentrations of paraoxon. Error bars represent

¡ 1 standard deviation, n = 5.

Fig. 7 The change in the TE0 solvent blue-CLW mode intensity and

the calibration curve for different concentrations of paraoxon. Error

bars represent ¡ 1 standard deviation, n = 4.

118 | Analyst, 2007, 132, 114–120 This journal is � The Royal Society of Chemistry 2007

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 
20

06
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

7/
11

/2
02

4 
1:

57
:4

1 
PM

. 
View Article Online

https://doi.org/10.1039/b612871h


Acknowledgements

The authors wish to thank the Overseas Research Student

(ORS) Award for financial support for Mohammed Zourob.

The authors would like also to acknowledge the financial

support from the University of Manchester and NSF (grant

no. CTS-0330189) for financial support of the work at Auburn

University and Texas A&M University.

References

1 W. J. Donarski, D. P. Dumas, D. P. Heitmeyer, V. E. Lewis and
F. M. Raushel, Biochemistry, 1989, 28, 4650–4655.

2 S. Chapalamadugu and G. S. Chaudhry, Crit. Rev. Biotechnol.,
1992, 12, 357–389.

3 H. J. O’Neill, K. L. Brubaker, J. F. Schneider, L. F. Sytsma and
T. A. Kimmell, J. Chromatogr., A, 2002, 962, 183–195.

4 C. Goncalves and M. F. Alpendurada, J. Chromatogr., A, 2002,
968, 177–190.

5 Q. Bin-Hu, C. Yu, L. Xia and Z. Jiang, Talanta, 2006, 69, 848–855.
6 L. Amendola, F. Botre, A. S. Carollo, D. Longo and L. Zoccolillo,

Anal. Chim. Acta, 2002, 461, 97–108.
7 Y. T. Gebreegzi, G. D. Foster and S. U. Khan, J. Agric. Food

Chem., 2000, 48, 5165–5168.
8 T. Berez-Ruiz, C. Martinez-Lozano, A. Sanze and E. Bravo,

Chromatographia, 2005, 61, 493–498.
9 Y. S. Wu, H. K. Lee and S. F. Y. Li, J. Microcolumn Sep., 1998, 10,

529–535.
10 M. T. Jafari, Talanta, 2006, 69, 1054–1058.
11 E. Rainina, A. Simonian, A. Efremenco, S. Varfolomeyev and

J. Wild, Biosens. Bioelectron., 1996, 11, 991–1000.
12 M. Shi, J. Xu, S. Zhang, B. Liu and J. Kong, Talanta, 2006, 68,

1089–1095.
13 P. Mulchandani, W. Chen, A. Mulchandani, J. Wang and L. Chen,

Biosens. Bioelectron., 2001, 16, 433–437.
14 M. A. Sirvent, A. Merkoci and S. Alegret, Anal. Chim. Acta, 2001,

442, 35–44.
15 R-A. Doong and H-C. Tsai, Anal. Chim. Acta, 2001, 434, 239–246.
16 K. Rekha, M. D. Gouda, M. S. Thakur and N. G. Karanth,

Biosens. Bioelectron., 2000, 15, 499–502.

17 I. Palchetti, A. Cagnini, M. Del Carlo, C. Coppi, M. Mascini and
A. P. F. Turner, Anal. Chim. Acta, 1997, 337, 315–321.

18 A. Mulchandani, P. Mulchandani, W. Chen, J. Wang and L. Chen,
Anal. Chem., 1999, 71, 2246–2249.

19 A. Simonian, E. Rainina and J. Wild, Microbial Biosensor Based
on Potentiometric Detection, in Enzyme and Microbial Biosensors,
ed. A. Mulchandany and K. Rogers, Humana Press, Totowa,
New Jersey, 1998.

20 A. Simonian, B. DiSioudi and J. Wild, Anal. Chim. Acta, 1999, 389,
189–196.

21 A. Flounders, A. Singh, J. Volponi, S. Carichner, K. Wally,
A. Simonian, J. Wild and J. Schoeniger, Biosens. Bioelectron., 1999,
14, 713–720.

22 A. Simonian, E. N. Efremenko and J. Wild, Anal. Chim. Acta,
2001, 444, 179–186.

23 J. Wang, R. Krause, K. Block, M. Musameh, A. Mulchandani,
P. Mulchandani, W. Chen and M. J. Schning, Anal. Chim. Acta,
2002, 469, 197–203.

24 A. Simonian, A. W. Flounders and J. Wild, Electroanalysis, 2004,
16, 1896–1906.

25 A. Mulchandani, P. Mulchandani, I. Kaneva and W. Chen,
Biosens. Bioelectron., 1999, 14, 77–85.

26 T-J. Lin, K-T. Huang and C-Y. Liu, Biosens. Bioelectron., 2006,
22, 513–518.

27 V. G. Andreou and Y. D. Clonis, Biosens. Bioelectron., 2002, 17,
61–69.

28 R. J. Russel, M. V. Pishko, A. Simonian and J. Wild, Anal. Chem.,
1999, 71, 4909–4912.

29 H. C. Tsai and R. A. Doong, Water Sci. Technol., 2000, 42,
283–290.

30 M. Xavier, B. Vallejo, M. Marazuela, M. Moreno-Bondi,
F. Baldini and A. Falai, Biosens. Bioelectron., 2000, 14, 895–905.

31 R. T. Andres and R. Narayanaswamy, Talanta, 1997, 44, 1335–1352.
32 P. Moris, L. Alexandre, M. Roger and J. Remacle, Anal. Chim.

Acta, 1995, 302, 53–59.
33 A. Mulchandani, S. Pan and W. Chen, Biotechnol. Prog., 1999, 15,

130–134.
34 J. Kulys and E. J. D’Costa, Biosens. Bioelectron., 1991, 6, 109–115.
35 A. Simonian, E. Rainina and J. Wild, Anal. Lett., 1997, 30,

2453–2468.
36 S. Sotiropoulou and N. A. Chaniotakis, Anal. Chim. Acta, 2005,

530, 199–204.

Fig. 8 The decrease in the fluorescence of FITC-labelled OPH TE0 mode of PT-CLW and the calibration curve for different concentrations of

paraoxon. Error bars represent ¡ 1 standard deviation, n = 4.

This journal is � The Royal Society of Chemistry 2007 Analyst, 2007, 132, 114–120 | 119

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 
20

06
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

7/
11

/2
02

4 
1:

57
:4

1 
PM

. 
View Article Online

https://doi.org/10.1039/b612871h


37 A. K. Singh, A. W. Flounders, J. V. Volponi, C. S. Ashley,
K. Wally and J. S. Schoeniger, Biosens. Bioelectron., 1999, 14,
703–713.

38 L. Viveros, S. Paliwal, D. McCrae, J. Wild and A. Simonian, Sens.
Actuators, B, 2006, 115, 150–157.

39 R. Deo, J. Wang, I. Block, A. Mulchandani, K. A. Joshi,
M. Trojanowicz, F. Scholz, W. Chen and Y. Lin, Anal. Chim.
Acta, 2005, 530, 185–189.

40 A. Simonian, J. K. Grimsley, A. W. Flounders, J. S. Schoeniger,
T-C. Cheng, J. J. DeFrank and J. R. Wild, Anal. Chim. Acta, 2001,
442, 15–23.

41 D. G. Kang, G-B. Lim and H. J. Cha, J. Biotechnol., 2005, 118,
379–385.

42 A. Mulchandani, P. Mulchandani, I. Kaneva and W. Chen, Anal.
Chem., 1998, 70, 4140–4145.

43 P. Mulchandani, Y. Lei, W. Chen, J. Wang and A. Mulchandani,
Anal. Chim. Acta, 2002, 470, 79–86.

44 P. Mulchandani, C. M. Hangarter, Y. Lei, W. Chen and
A. Mulchandani, Biosens. Bioelectron., 2005, 21, 523–527.

45 D. Yu, J. Volponi, S. Chhabra, C. J. Brinker, A. Mulchandani and
A. K. Singh, Biosens. Bioelectron., 2005, 20, 1433–1437.

46 P. Mulchandani, W. Chen and A. Mulchandani, Anal. Chim. Acta,
2006, 568, 217–221.

47 E. Mauriz, A. Calle, A. Montoya and L. M. Lechuga, Talanta,
2006, 69, 359–364.

48 M. Gonzalez-Martinez, S. Moris, R. Puchades, A. Maquieira,
A. Abad and A. Montoya, Anal. Chem., 1997, 69, 2812–2818.

49 D. P. Dumas, H. D. Durst, W. G. Landis, F. M. Raushel and
J. R. Wild, Arch. Biochem. Biophys., 1990, 227, 155–159.

50 D. P. Dumas, J. R. Wild and F. M. Raushel, Biotechnol. Appl.
Biochem., 1989, 11, 235–243.

51 D. P. Dumas, S. R. Caldwell, J. R. Wild and F. M. Raushel, J. Biol.
Chem., 1989, 33, 19659–19665.

52 D. M. Munnecke, J. Agric. Food Chem., 1980, 28, 105–111.
53 K. Lai, N. J. Stolovich and J. R. Wild, Arch. Biochem. Biophys.,

1995, 318, 59–64.
54 M. Zourob, S. Mohr and N. J. Goddard, Lab Chip, 2005, 5,

772–777.
55 M. Zourob, S. Mohr and N. J. Goddard, Biosens. Bioelectron.,

2005, 21, 293–302.
56 J. P. Hulme, S. Mohr, N. J. Goddard and P. R. Fielden, Lab Chip,

2002, 4, 203–206.
57 M. Zourob, S. Mohr, B. J. Treves Brown, P. R. Fielden, M. B.

McDonnell and N. J. Goddard, Anal. Chem., 2005, 77, 232–242.
58 A. G. Mayes, J. Blyth, R. B. Millington and C. R. Lowe, J. Mol.

Recognit., 1998, 11, 168–174.
59 A. J. Marshall, D. S. Young, J. Blyth, S. Kabilan and C. R. Lowe,

Anal. Chem., 2004, 76, 1518–1523.
60 A. J. Marshall, J. Blyth, C. A. B. Davidson and C. R. Lowe, Anal.

Chem., 2003, 75, 4423–4431.
61 C. McDonagh, F. Sheridan, T. Butler and B. D. McCraith, J. Non-

Cryst. Solids, 1996, 194, 72–77.
62 A. Mulchandani, W. Chen, P. Mulchandani, J. Wang and

K. R. Rogers, Biosens. Bioelectron., 2001, 16, 225–230.

120 | Analyst, 2007, 132, 114–120 This journal is � The Royal Society of Chemistry 2007

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 
20

06
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

7/
11

/2
02

4 
1:

57
:4

1 
PM

. 
View Article Online

https://doi.org/10.1039/b612871h

