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Abstract

This paper presents the detailed design and characterisation of a regenerable integrated optical
surface plasmon resonance immunoprobe as a detector for the triazine herbicide simazine.
A sensor design theoretically optimised for use in the aqueous environment is presented and
its fabrication described. Experimental results on the sensitivity to changes in bulk refractive
index of the analyte and on non-specific binding of ovalbumin are presented. Binding
inhibition immunoassays werc conducted for simazinc and the limit of detection determined
to be 0.16pg/l using anti-simazine IgG antibodies and 0.11pg/l using anti-simazine Fab
fragments. A sample test cycle of 20 minutes was established.
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1 INTRODUCTION

Pesticides are in widespread use in agriculture to increase crop yields, and triazine based
compounds are commonly employed as herbicides throughout the world. Concerns about
their toxicity and persistence in the environment has led to a ban on one of the more heavily
used triazines, atrazine, in more than one country, for instance, Germany and Sweden (Bester
& Hiihnerfuss, 1993; Watterson, 1991). The persistence and mobility of the triazine
herbicides is amply demonstrated by the existence of measurable quantities of atrazine and
simazine in the Elbe Estuary in the North Sea (Bester & Hiihnerfuss, 1993).

The European Community has set limits on the concentrations of pesticides that may exist
in ground and surface water (European Community, 1980). These concentrations are 0.1 pg/l
for a single pesticide and 0.5 pg/l for the combined total of pesticides. Laboratory based
techniques, such as high pressure liquid chromatography (HPLC) and gas chromatography
with mass spectroscopy (GC-MS), exist that readily detect pesticide concentrations at the (.1
ng/l level and below. These techniques are usually expensive and time-consuming to use due
to the need for sample treatment prior to analysis. There is a need for instrumentation that
will allow the rapid in-situ analysis of water samples for pesticide contamination at low cost.
Immunoassay techniques offer one route towards this goal. Laboratory based enzyme-linked
immunosorbent assay (ELISA) test kits for the detection of triazine herbicides are
commercially available and have been validated with natural water samples (Mouvet ef al.,
1995). When coupled with an optical transducer, a label-free, lightweight, rugged, and simple
biosensor can be developed. Several types of optical transduction mechanisms have been
utilised in biosensors, although the refractometer is one of the more common. Optical
biosensors based on surface plasmon resonance (SPR) (Minnuni & Mascini, 1993), grating
couplers (Lukosz, 1991a; Lukosz et al., 1991b; Bier & Schmid, 1994), Mach-Zehnder
interferometers (Heideman et al., 1993; Ingenhoff et al., 1993; Drapp et al., 1997), difference
interferometers (Fattinger et al., 1993; Schlatter ez al., 1993), directional couplers (Luff et al.,
1996a, 19906b), reflectance interferometric spectroscopy (RIFS) (Brecht ef al., 1995; Mouvet
el al., 1996) and the resonant mirror (Goddard ez al., 1994) have all been reported in the
literature. At the present time several laboratory based biosensors utilising optical
transduction techniques are available commercially. These include the Biacore ‘bulk’, prism
based, SPR system (Biacore AB, Uppsala, Sweden), the [Asys resonant mirror sensor
(Affinity Sensors Ltd., Cambridge, UK) and a grating coupler sensor (ASI, Ziirich).

Validation of a SPR biosensor in an integrated optical format (IOSPR) has been reported
(Harris et al., 1995a, 1996; Mouvet et al., 1997). The use of an integrated optical form of
biosensor allows for ready miniaturisation, multiplexing and ruggedisation. Employment of
a metal-film in a IOSPR sensor also offers the possibility of electrochemical control of a
scnsing reaction, for instance (Lavers ef al. 1995). In this paper we present the detailed
design, fabrication, and characterisation of this promising new IOSPR biosensor.



2 PRINCIPLES OF OPERATION
2.1 Transducer design and operation

A schematic representation of a practical IOSPR biosensor is shown in Figure 1. The basis
of the sensor is a single mode waveguide produced, for example, by thermal ion-exchange in
a glass substrate. A small region of the waveguide is coated with a thin metal film; this metal-
coated part of the sensor may support a surface plasmon and forms the interaction region with
the material under test. The structure incorporates a 3dB passive splitter for referencing
purposes, and is suitable for fibre pig-tailing. A single transverse magnetic (TM) mode is
excited in the input waveguide. After passing through the 3dB splitter this mode then couples
across the step discontinuity between the metal-coated and uncoated waveguide regions
exciting the normal modes of the metal-coated region. After propagating through the metal-
coated region of the sensor these modes excite the single mode in the uncoated output
waveguide.

Material such as a biomolecular layer adsorbed to the surface of the metal film will change
the index of the superstrate within the evanescent fields of the normal modes propagating
through the metal-coated structure. In turn, this will cause a change in the effective index of
these modes leading to a change in the amount of power absorbed in the metal film or
scattered at the end of the gold-coated region, manifested as a change in the transmission of
the sensor. The basic sensing mechanism can then be summarised by stating that a change
in the superstrate index close to the metal film of the sensor is detected as a change in output
power of the sensor. Variations in input power, caused by changes in input coupling or light
source power fluctuations, appcar as noise on the measurement signal. The signal from the
reference arm also contains these fluctuations and is used to ratio the measurement signal to
reference them out. Only noise sources that are common to both arms of the sensor are
removed by this referencing scheme.

A waveguide model to generate an optimal design of the IOSPR sensor was developed by
Harris & Wilkinson (1995b). The model uses a planar waveguide approximation, treating the
structure as a series of layers each with an homogeneous refractive index. The ion-exchanged
waveguide is modelled as a single homogeneous slab. This is not the most accurate approach
available but 1s certainly one of the most straightforward and, as well as providing physical
insights into sensor operation, it leads to theoretical sensor designs that may be fine-tuned by
experimental measurements (Harris ef al., 1997).

The model breaks the schematic sensor layout of Figurc 1 into two parts. First, a multilayer
mctal-coated part, which forms the active region of the sensor. Second, identical monomode
input/output waveguides which couple light into and out of the multilayer region of the
structure. In the multilayer structure the number of normal modes present are rigorously
counted using the argument principle method (Delves & Lyeness, 1967) coupled with a
transfer matrix approach to generate the system eigenvalue equation (Anemogiannis &



Glytsis, 1992), and the complex modal effective indices are determined using Miiller’s
method (Conte & de Boor, 1972). The input/output waveguide is then analysed to determine
the effective index and field distribution of the mode supported by this waveguide and the
excitation of the normal modes in the metal-coated region is calculated using the appropriate
overlap integrals (Syms & Cozens, 1992). The normal modes are then allowed to propagate
through the metal-coated region, where they undergo absorption and phase-shifts, before
being recombined in the monomode output waveguide to determine the output power of the
Sensor.

The model was used to study the change in output power of the IOSPR sensor when a thin
dielectric film is adsorbed to the surface of the metal film coating the waveguide. The
parameters of the thin adsorbed film were chosen to represent a monolayer of IgG antibodies,
representing the physical adsorption of antibodies to the surface of the sensor during an
immunoassay. While this does not describe the mode of operation employed in the
immunosensing experiments described below, it is expected to result in optimised designs for
any sensing scheme which uses very thin surface films. Optimised sensor designs were
identified using the model, based on the assumption that photodetector shot noise is the
limiting factor in the sensitivity of the sensor. In reality, the practical stability of the sensor
system, in terms of mechanical, thermal and wavelength drifts, is most likely to be the
limiting factor in the sensitivity of the sensor. However, the photodiode shot noise is a
rigorously defined quantity that may be applied as a sensitivity parameter in the sensor design
process. This approach represents the attainable sensitivity if stability can be dramatically
improved.

Figure 2a plots the transmission of an IOSPR sensor optimised for the aqueous environment
as a function of superstrate index before and after adsorbing such a thin dielectric film. The
sensor structure, and the parameters used in the waveguide model, are displayed in Figure 2a,
whilst the refractive index of water is indicated on the plot by a broken vertical line. On
adsorption of the thin dielectric layer to the metal film the output power of the sensor falls by
58 % at the refractive index of water. Figure 2b plots the change in normalised output power
of the sensor as a function of superstrate index, when the thin dielectric film is adsorbed to
the surface of the metal film. The plot shows a high sensitivity close to the index of water but
shows a region of higher sensitivity at a superstrate index of 1.375. It is possible to adjust the
sensor design so that this second peak occurs near the index of water, by the inclusion of a
diclectric buffer layer between the metal film and the waveguide (Harris & Wilkinson,
1995b). The increased complexity in fabrication of the sensor design that would result was
deemed to outweigh the gain in sensitivity that could be achieved and has not been pursued.

2.2 Immunoassay format

The IOSPR biosensor described here has been configured to employ a binding inhibition
assay, carried out in a two-step protocol, to measure the concentration of simazine in a water



sample. The transducer surface was covalently modified to ensure optimum properties for
long-term operation. A dextran layer was attached to the thiol-activated surface to reduce
non-specific binding, providing a 3-dimensional matrix for immobilisation of the ligand. A
triazine derivative with high affinity to the anti-simazine antibodies was attached to this
matrix in high concentration. These conditions ensured high binding rates and diffusion-
controlled binding at low antibody concentrations (Piehler et al. 1996) providing constant
binding rates even after partial degradation of the immobilised ligand (Brecht ef al. 1995).
Antibodies were mixed with standard simazine samples and the free antibody concentration
was detected by exposing the samples to the modified surface in a flow-through format.
Under these conditions the binding rate directly corresponds to the concentration of the free
antibody and is therefore a measure of the simazine concentration in the sample. This
constant rate of binding of antibodies to the sensor surface results in a constant rate of change
of output power of the sensor, and this rate forms the principal output parameter measured in

the following experiments.

3 EXPERIMENTAL
3.1 Materials and devices

The preparation of triazine derivatives and of antibody and antibody Fab fragments, and the
affinity purification of IgG and Fab fragments have been described by Mouvet et al. (1995,
1996).

The transducer used in these experiments was realised as follows. Optical channel
waveguides were fabricated by potassium ion-exchange in Pyrex glass substrates (n=1.471)
at a temperature of 385°C for 9 hours. A 5343 nm gold film (Birmingham Metal, 99.99%)
was deposited on the waveguides by thermal evaporation, and patterned using conventional
photolithography. The adhesion of the gold film to the glass substrate was improved by
treating the glass substrate, prior to gold deposition, with (3-mercaptopropyl)trimethoxysilane
in a similar manner to Goss et al. (1991). A 0.7 um thick Teflon AF 1600 film (Du Pont,
n=1.31) was then deposited by thermal evaporation and patterned using lift-off
photolithography (Luff er al.,1995), to create a window exposing the gold sensing surface.
The gold surface was activated by treatment with a 0.1% mercaptopropionic acid in ethanol
resulting in a carboxy-functionalised surface. Amino dextran was attached to this surface
using ethyl(dimethylaminopropyl)carbodiimide hydrochloride according to the process of
Piehler er al. (1996). The triazine derivative 4-chloro-6-(isopropylamino)-1,3,5-triazine-2-
(6'-amino)caproic acid was coupled to the remaining amino groups using
diisopropylcarbodiimide. At this point the activated immunoprobe was stable at room

temperature for at least I month.



3.2 Experimental apparatus

Figure 3 shows the experimental arrangement used for the characterisation of the SPR sensor
as an immunoprobe. Light from a 10 mW, 632.8 nm, He-Ne laser was passed through a half-
wave plate and Glan-Thompson polariser, for polarisation control, and end-fire coupled into
a waveguide sensor which was overlaid with a 2.0 mm long gold film. Mechanical chopping
of the laser beam allowed the use of lock-in amplifiers in the detector chain. The twin outputs
from the device, from signal and reference arms, were focussed onto a pair of silicon
photodiodes, labelled PD1 and PD2 in Figure 3, and the outputs were amplified before being
acquired by the PC. The intensity output ratio of the device was then determined by dividing
the measured output from the signal arm by that from the reference arm.

A wall-jet flow cell was clamped onto the waveguide under test on the substrate chip. The
active cavity of the cell had a diameter of 12.5 mm and a depth of 75 um, leading to a volume
of 9.2 nl. The depth of the flow cell was maintained at 75 pm using a Mylar spacer onto
which the flow cell was clamped. High density Teflon tubing connected the flow cell to a
flow injection analyser (FIA) (Ismatec, Ziirich). The PC used for data acquisition was also
uscd to control the start of the FIA test-cycle. A background stream of phosphate buffered
salinc (PBS) having a pH of 7.4 was passed through the flow cell and over the gold film of
the sensor under test to provide a stable operating environment for the scnsor and
biochemicals. The system was placed under a 0.5 bar excess pressure of argon gas to help
climinate air bubbles.

3.3 Sensor test procedures
Baseline drift and sensitivity to bulk index changes

The baseline drift of the output intensity ratio of the sensor was calculated from two sets of
data recorded over 1 hour with PBS flowing continuously over the sensor surface. Sensor
sensitivity to bulk refractive index changes was determined by pumping a sucrose solution
with an index of 1.343 over the sensor surface and recording the change in output intensity
ratio with respect to that for PBS. An Abbe refractometer operating at a wavelength of 589.3
nm was uscd to measure the refractive index of the sucrose solution.

Sensor response to specific and non-specific binding

The response of the immunoprobe to adsorption of a full antibody monolayer was measured
by incubating a solution of 50 pg/ml anti-simazine 1gG antibody at the sensor surface for 10
minutes. A suitable antibody concentration for subsequent simazine measurements was
determined experimentally by reducing the concentration until linear binding of antibodies

to the sensor surface was achieved; antibody concentrations of 5.0, 2.0, 1.0 and 0.35 ng/ml



were applied. Non-specific binding effects were tested by a 10 minute incubation of a
solution of 1 mg/ml of ovalbumin in PBS at the sensor surface.

Immunoprobe response to simazine concentration

Calibration of the sensor as a simazine detector was carried out by performing repeated test-
cycles using samples with a simazine concentration in the range 0.1 - 100 pg/1. The following
test protocol was established for use with anti-simazine IgG antibodies. 900 pl of PBS
containing a known concentration of simazine was added to to 100 pl anti-simazine 1gG
antibody solution to create a final sample volume of 1 ml, as shown in Figure 4a . The sample
was then incubated for 5 minutes to allow binding between the anti-simazine 1gG antibodics
and the simazine present in the sample to reach near equilibrium conditions. Following this
incubation period the sample was loaded into the FIA system and injected into the flow cell
on top of the sensor. During sample loading a measurement of the sensor output intensity
ratio was recorded with PBS flowing over the sensor surface, and this was recorded as the
sensor bascline. Once the sample reached the flow cell it was incubated there for 10 minutes,
at a flow rate of 10-20 pl/min to maintain a constant antibody concentration in the flow cell,
before being washed out with PBS. After rinsing, the sensor surface was regenerated
chemically by pumping various combinations of pepsin (2 g/l in PBS at pH 1.9) and a solution
of 50% acetonitrile and 1% propionic acid in water over the sensor surface. An example test-
cycle, showing the variation of the output intensity ratio of the sensor as a function of time
using a 2 pg/ml anti-simazine IgG antibody solution as the sample is shown in Figure 4b. The
various stages of the test-cycle are labelled on the figure. It can be seen that the use of this
high antibody concentration has led to a nonlinear binding rate of antibodies to the sensor
surface and so would not be used in an immunoassay. An antibody concentration of 0.35
pg/ml (2.3 nM) was used for determination of the calibration curves, and a blank
measurement, using a sample containing no simazine, was taken to complete each data set.
Three complete calibration curves were obtained on three successive days using simazine
concentrations of 0.0, 0.1, 0.32, 1.0, 3.2, 10.0 and 100.0 pg/l prepared in PBS.

The characterisation of the immunoprobe was completed by obtaining a duplicate set of
calibration data using a using a concentration of 0.33 pg/ml of Fab fragments of anti-simazine
IgG antibodies instead of 0.35 pg/ml whole antibodies. The experiments using anti-simazine
I¢G antibodies described above were based on samples prepared in PBS. However, natural
watcr samples must be buffered before they can be analysed in this immunoassay format. In
preparation for future validation of the immunoprobe as a detector for simazine in natural
water samples, test samples were prepared using deionised water, rather than PBS. In this
casc, 800 pl of sample in deionised water was buffered by the addition of 200 pl of 5 times
concentrated PBS at pH 7.4. Then 900 ul of this buffered sample was added to the 100 pl of
0.33 pg/ml of Fab fragments to create a 1 ml buffered test sample. This gives rise to a final
Fab fragment concentration of 6.6 nM. Two calibration curves were generated using the same
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test format as for those using whole IgG antibodies except that the incubation period was
reduced from 10 to 8 minutes to expedite cycle times. The final cycle time including sample
injection, incubation, washout, regeneration and re-establishment of the baseline was 20
minutes.

4 RESULTS
4.1 Baseline drift and sensitivity to bulk index changes

Applying the sucrose solution, which had an index of 0.008 above that of the PBS background
stream, to the sensor surface resulted in a 74.5 % decrease in the output intensity ratio from
27.0x107 to 6.9x107. An estimate of the sensitivity of the IOSPR sensor to bulk refractive
index changes in the superstrate material can be made by comparing this change to the
minimum resolvable change in output intensity ratio. The coefficient of variation (CV) of the
baseline was calculated to be 0.32 % over the measurement period of 1 hour. On the basis of
this measurement a minimum resolvable change in output intensity ratio, taken as 3 times the
CV of the baseline, would be 0.96 % of the initial baseline mean. Taking the approximation
of a linear scaling of output ratio with superstrate index leads to a worst case estimate of a
sensitivity with respect to superstrate index of 1x10™ in the aqueous environment. Such a
detection limit is approximately equivalent to a change in the temperature of the superstrate
material, PBS, of 1 K (Weast, 1971).

4.2 Sensor response to specific and non-specific binding

Figure 5 shows the change in the output ratio of the sensor when a 50 pg/ml solution of anti-
simazine antibodies 1s incubated at the sensor surface for 10 minutes. The output ratio has
become stable by the end of the incubation period, showing that surface coverage with
antibodies has reached saturation. The full surface saturation of the IOSPR sensor with
antibodies has shifted the output intensity ratio of the sensor through the point of maximum
attenuation of the SPR curve. The estimated equivalent change in the bulk superstrate index
is greater than 0.01.

The variation in the sensor output ratio with time when solutions of varying antibody
concentration were incubated at the sensor surface is shown in Figure 6, each curve being
labelled with the concentration of the corresponding antibody solution. The output ratio has
been normalised to the maximum measured during each sample injection period. Reducing
the concentration of the antibody solution caused a decrease in the change in sensor output
ratio achicved during the incubation period. Further, as the antibody concentration decreases,
the resultant binding curve more closely resembles a straight line. Eventually, when the

concentration of incubated antibodies is sufficiently low, linear binding is achieved as



antibody binding to the sensor surface becomes diffusion, rather than affinity, limited. The
curve plotted for an antibody concentration of 0.35 pg/ml, or 2.3 nM based on a whole IgG
antibody having a molecular weight of 150,000, shows near-linear behaviour. The root mean
square value for the residuals of the linear regression of the binding curve, expressed as a
percentage deviation from the fitted line, was calculated to be 0.26 %.

Incubation of a 1 mg/ml sample of ovalbumin in PBS at the sensor surface led to a decrease
in the output intensity ratio of 1.1 % over the 10 minute incubation period. This change in
output intensity ratio is slightly greater than the minimum change resolvable by the sensor and
shows that a very high concentration of ovalbumin solution leads to only a minor amount of
non-specific binding at the sensor surface.

4.3 Immunoprobe response to simazine concentration

A set of temporal responses of the immunoprobe to whole 1gG antibody solutions
preincubated with solutions of simazine of known concentration is shown in Figure 7. The
output ratio has been normalised to the average of the baseline ratio (representing flowing
PBS alonc) over 100s before sample injection at the beginning of each test-cycle. The slope
of the steepest line represents the binding rate of the antibodies in the blank solution to the
sensor surface. The curves in the middle of the plot represent simazine concentrations below
1 ng/l, whilst the smallest slope was recorded from the solution containing 100 pg/l of
simazine. One complete simazine calibration curve was subsequently generated from this data
set. The circled data points on Figure 8 show the averaged triplicate calibration curve, using
[gG antibodies, with a sigmoidal curve fitted to the averaged data set. The error bars on the
data points represent one standard deviation of the mean of the averaged data points. The
detection limit of the sensor is found from the fitted curve, at that concentration where the
binding slope has fallen to three standard deviations below the mean slope for the blank
samples (Mouvet, 1996). Using this definition of sensitivity, the detection limit for simazine
was calculated to be 0.16 pg/l. The mid-point of the sigmoidal calibration curve was
determined to be 0.39 pg/l, whilst the upper limit of the operating range of the sensor,
represented by a binding slope value 90 % below that of the blank sample, was 2.8 pg/l.

Figurc 8 also shows the average of two calibration curves generated using the anti-simazine
Fab fragments, the data points being represented by squares. The detection limit for the
scnsor calculated from the fitted calibration curve is 0.11 pg/l, with a test mid-point of
0.61pg/l.

Due to the nature of the laboratory environment in which these tests were performed,
temperature changes were low, and expected to occur over sufficient time not to influence the
binding curve during an individual test-cycle. Over the period of a day, temperature
fluctuations manifested themselves as drift in the baseline of the sensor, which would have
resulted in a small change in sensitivity of the device.



5 DISCUSSION
5.1 Sensitivity to bulk index changes

The IOSPR transducer demonstrated a detection limit for changes in bulk refractive index of
I x10™ for measurements taken on the timescale of an hour. Theoretical consideration of
noise equivalent power and sensitivity would predict a detection limit orders of magnitude
lower than this. However, practical performance is limited by instabilities in the
instrumentation, temperature, and flow conditions, rendering comparisons of sensor
performance difficult. A Mach-Zehnder interferometer sensor was reported by Heideman et
al. (1993) to be capable of detecting a 4 x 10 change in superstrate index. The theoretical
sensitivity of a difference interferometer to changes in superstrate index was calculated by
Stamm & Lukosz (1993) to be 5 x 107, but limitations in instrumental resolution led to a
practical refractive index sensitivity of 10°. The IOSPR sensor reported here shows
comparable performance in terms of bulk index detection limit, of 5x107, estimated for a
directional coupler sensor operating in the aqueous environment (Luff ez al., 1996a). The
principal sources of instability in the present measurements are believed to be fluctuations in
temperature, which could be improved by temperature referencing or temperature control of
the sensor surface, and drift in the coupling of light into the device, which could be improved
by fibre-coupling to the device. The efficacy of referencing in the device may be limited by
light launched into the substrate which is incident on the photodetectors and which fluctuates
with mput coupling. However, the estimated sensitivity of the IOSPR device is acceptable
for the intended use of the sensor as a pesticide detector and could be readily improved by
experimental tuning of the sensor structure and optimisation of the instrumentation. In
contrast with conventional interferometers the sensitivity of this device cannot be increased
simply by increasing the length of the interaction region. However, the short length of this
sensor, 2mm compared with the 10 - 20mm used for the dielectric waveguide interferometers
referred to above, provides potential advantages in terms of sample volume or integration of
multiple sensors within a flow cell on a single optical chip.

5.2 Response to specific and non-specific binding

Full surface saturation of the sensor with anti-simazine antibodies resulted in a signal
equivalent to that from a change in bulk index of more than 0.01, so the detection limit of the
[OSPR sensor is below 1% antibody saturation. By comparison, a difference interferometer
was reported as having a detection limit of 2 pg/mm” of IgG antibodies (Fattinger, 1993),
corresponding to 0.08% of an antibody monolayer. In that case the signal was compared to
drifts on a 10 minute timescale, rather than the 1 hour employed here. Further, the capture
molecule was directly immobilised on the sensor surface, rather than on the dextran layer
employed here to facilitate surface regencration, and the interferometer length was
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approximately 10mm. Direct comparisons are therefore difficult to make but the detection
limit appears to be roughly an order of magnitude better than the SPR sensor, as might be
expected (Lukosz, 1991a). The degree of non-specific binding measured is considered to be
negligible in terms of operation of this device for detection of pesticides in water.

5.3 Detection limit for simazine assays

The integrated SPR immunoprobe has shown detection limits close to those required by EU
legislation despite many aspects of the sensor and flow-cell design, sample handling, and
instrumentation requiring optimisation. The use of Fab fragments compared with whole
antibodies resulted in a slight increase in test midpoint, due to a higher molar concentration
of binding sites, and a steepening of the calibration curve, due to the existence of a single
binding site on the Fab fragment. The apparent difference in detection limit appears to be
simply due to improved repeatability of the measurement. However, an advantage of using
Fab fragments is that they do not contain the Fc portion of a whole IgG antibody, reducing
non-specific adsorption to the sensor surface. The operation of the sensor as a simazine
immunoprobe may be put into context by comparison with other optical pesticide sensors.
One such device 1s the RIFS biosensor which employs changes in Fresnel reflection
coefficients at the interface of a thin film to determine the presence of molecules at the sensor
surface, (Brecht, 1995). A recent paper on the operation of a RIFS sensor showed a detection
limit of 0.35 pg/l for atrazine detection, (Mouvet, ef al., 1996) which is comparable to that of
the IOSPR sensor. Another useful comparison can be made between the IOSPR
immunoprobe and the ‘bulk’ SPR approach as represented by the Pharmacia Biacore system
which was used as an atrazine sensor, showing a limit of detection of 0.05 ng/l, a factor of 2-3
times better than the present device, and a comparable mid-point of approximately 0.5 pg/l
(Minunni & Mascini, 1993). The lower detection limit in a test with a similar mid-point is
indicative either of more repeatable sample preparation or of the superior stability of the
commercial SPR system. The IOSPR sensor may prove to have greater potential for
miniaturisation and integration of sensor arrays than the bulk-optical system.

5.4 Outlook

The development of this integrated optical SPR immunoprobe into a system with a lower
detection limit requires either an increase in the sensitivity of the transducer or improvements
in the stability of the apparatus and repeatability of sample preparation. The sensitivity could
be improved by the use of a buffer layer between the waveguide and gold film, or by fine-
tuning of the present design. While significant improvements in transducer sensitivity are
predicted, these devices are unlikely to compare with waveguide interferometers in this
respect. However, it is expected that improved thermal and optomechanical stability, control
of scattered light, and reduction in fluctuations in the fluid handling will bring significant
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reduction in detection limit. The present device has an advantage over the conventional
interferometers, in that it uses a gold film for surface attachment, which may result in
improved chemical stability and would allow electrochemical measurements. Furthermore,
this device is substantially shorter than the interferometers and has an active area of
approximately 0.01mm x 2mm, allowing the use of small sample volumes and the integration
of multisensor arrays in small areas.

0 CONCLUSIONS

A chemically regenerable integrated optical SPR immunoprobe for the triazine herbicide
simazine has been designed and fabricated, and characterised using both anti-simazine IgG
antibodies and their Fab fragments. Preliminary measurements showed that the transducer
could detect a minimum change in the bulk superstrate index of 1x1 0, at the refractive index
of water, in the presence of the drifts observed on a 1 hour timescale. The immunoprobe was
calibrated with standard simazine solutions using anti-simazine 1gG molecules and the
calibration curve exhibited a mid-point of 0.4 pg/l and a detection limit of 0.16 pg/l. The
same device showed a mid-point of 0.61 pg/l and a detection limit of 0.11 png/l when
characterised using Fab fragments of the IgG antibodies. Regeneration of the immunoprobe
allowed repcated assays at a cycle time of 20 minutes. These trials have demonstrated that
the integrated optical SPR immunoprobe is suitable for the sensitive monitoring of
immunobinding reactions in real time.

The estimated detection limit for the sensor is close to the EU limit of 0.1 pg/l for an
individual pesticide in water. However, the EU has specified that the sum of all triazine
herbicides and their metabolites may not exceed a concentration of 0.5 pg/l in drinking water
supplies. The immunoprobe reported here meets this specification and thus the sensor may
potentially be employed as a screening tool for the combined triazine content of water
samples. The short test duration and lack of sample pre-treatment is attractive compared to
the time and sample requirements for other laboratory based tests such as HPLC. Further
improvements in device design and system stability are expected to reduce detection limits
below those required for individual pesticide detection.

The TOSPR immunoprobe has the advantages of a short transducer length, small sample
volume, and the use of a gold film for surface attachment. The device also offers potential
for further miniaturisation, for integration into arrays for single-chip multianalyte systems,

and for electrochemical applications.
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FIGURE CAPTIONS
Schematic diagram of the integrated optical SPR immunoprobe.
Theoretical operating curves for a Pyrex IOSPR sensor at 633nm.
Computer controlled FIA IOSPR immunoprobe system.

IOSPR immunoprobe test-cycle (a) Sample preparation (b) Sensor output ratio during
the test-cycle.

Response to high anti-simazine IgG antibody loading of the sensor surface.
System characterisation for reducing concentrations of anti-simazine 1gG antibodies.
Real-time immunoprobe responsc for several simazine concentrations.

[IOSPR immunoprobe averaged triplicate anti-simazine IgG antibody calibration curve
and averaged duplicate anti-simazine Fab fragment calibration curve.
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