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ABSTRACT

Planar optical waveguides may be used for the sensitive real-time interrogation of the optical properties of very
thin films attached at surfaces, and microfabrication allows the definition of integrated optical circuits, including
electrodes, for sensor arrays. Sensing techniques based upon thin-film absorption and refractive index changes
are presented, including electrochemically-controlled  surface reactions, and present work on
fluoroimmunosensor arrays and instrumentation are discussed. In particular, integrated optical immunoprobes for
environmental analysis are described.
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1. INTRODUCTION

chemistry may be regenerated in situ using electrochemical or chemical regeneration allowing repeated use. Transducers
based on absorption [1.2], refractive index [3-5.7-9] and fluorescence [6] have been realised and their combination with
electrochemical techniques using indium tin oxide (ITO) ~coated [1,2] and silver-coated {4] devices demonstrated.
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In this paper, examples of each type of integrated optical sensor are discussed and recent results which emphasise research
directed at realisation of sensor arrays, of electrochemical measurements at surfaces and of incorporation of these sensors in
analytical instruments are given.

2. A WAVEGUIDE SURFACE PLASMON RESONANCE IMMUNOPROBE
The European Union (EU) has set limits on the concentrations of pesticides in ground and drinking waters of 0.1ug1 and

0.5ug/1 for individual and total pesticides respectively. While laboratory-based techniques such as HPLC and GC-MS can
mdlly reftch these hmns, they are expensive apd time consuming. There is a need for low-cost portable instrumentation for

optimise the theoretical performance of this sensor [3,7] in water assuming homogeneous “slab™ waveguides. Experimental
optimisation of devices using diffused channel waveguides was undertaken using the well-characterised biotin-streptavidin
system, which allows adsorption of the biomolecular layers to the gold surface without specialised surface chemistry.
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Figure | Waveguide Surface Plasmon Resonance Immunosensor

Waveguides were fabricated by potassium ion-exchange in Pyrex substrates at 385°C for 8.5 hours. with a nomipal
waveguide diffusion mask opening of 2um. The gold film was deposited over a 2mm length of the transduction arm by
thermal evaporation, and patterned photolithographically. A 700nm thick isolation layer of Teflon AF1600 was then
thermally evaporated and patterned by lift-off leaving a window over the gold film. Gold film thicknesses of 36nm, 48nm.
and 65nm (+3nm) were used, covering the range for maximum sensitivity predicted by theory, with the gold and Teflon
films being removed and redeposited between experiments. ’

TM polarised light from a 10mW 633nm He-Ne laser was end-fire coupled into the device and the ratio of the two outputs
recorded as a function of bulk superstrate index before and after adsorption of a dual layer of biotinylated bovine serum



albumin (BSA-Bi) and polystreptavidin (PSA). A wall-jet flow-cell was attached to the sensor and a flow-injection analyser
wasusedtopmnpaqueoussucmsesohnionsoverimnn-ﬁweandweoumlinjectionofthebiochqnicals.Thenoumlised
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Figure 2 Waveguide SPR response to bulk index before and after biolayer absorption

A similar device employing a 3mm long, 53nm thick, gold film was then modified as a specific immunoprobe for simazine.
The gold surface was activated by treatment with 0.1% mercaptopropionic acid in ethanol to form a carboxy-functionalised
surface. Amino dextran was attached to this surface [22] to reduce non-specific binding and to provide a 3-dimensional
matrix for immobilisation of the ligand. A trazine derivative with high affinity to antisimazine antibodies (4-chioro-6-
(isopropylamino)-l,3,5-u'iazinc-2(6’-amino) caproic acid) was coupled to the remaining amino groups [8] rendering the
surface activated for the binding of antisimazine antibodies or Fab fragments. The activated immunoprobe was stable at
room temperature for at least one month at this point, an important benefit for practical devices. A wall-jet flow-cell
connected to a flow-injection analyser was again clamped to the sensor chip and a background stream of phosphate buffered
saline (PBS) pumped around the fluidic circuit.

The immunoprobe was tested using a binding inhibition assay for simazine as follows. Antibodies were mixed with aqueous
simazine solutions of known concentration and. after incubation, the remaining free antibody concentration was determined
by injecting the resultant solution into the stream flowing over the sensor surface. For low antibody concentration and high
density of binding sites on the sensor surface this results in a constant rate of binding to the sensor surface, which may be
related to the concentration of free antibody and then to the concentration of simazine in the original sample. Following
such a measurement, the sensor surface was automatically chemically regenerated by pumping pepsin and an aqueous
solution of acetonitrile and propionic acid through the flow cell, allowing repeated measurements.

900ul PBS samples with simazine concentrations in the range 0 - 100pg/1 were incubated for 5 minutes with 100ui aliquots
of 0.35 ug/ml antisimazine IgG antibodies. Subsequently this procedure was repeated replacing the antibodies with Fab
fragments at 0.35 pg/ml. This procedure was repeated three times for the antibody assay and twice for the Fab fragment
assay. The temporal response of the immunoprobe corresponding to one set of whole antibody measurements is shown in
Fig 3. The curve with the steepest slope corresponds to zero simazine concentration and the shallowest slope corresponds to
the solution containing 100 pg/1 simazine. The immediate fall in signal on injection of the sample and immediate increase
on pumping the sample out of the cell is due to the difference in bulk refractive index of the circulating PBS and the sample.
There are clearly significant fluctuations in the binding rate during incubation of the sample at the sensor surface. leading to
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Figure 3 Real-time SPR immunoprobe responses Figure 4 SPR triplicate simazine calibration curve

This waveguide immunoprobe has exhibited LOD close to that required by the EU although many aspects of the sensor,
flow-cell, sample-handling, and instrumentation design require optimisation. The use of Fab fragments rather than whole
IgG antibodies may be advantageous as they do not contain the Fc portion, reducing non-specific adsorption to the sensor
surface. The sensitivity of these devices could be improved by inserting a low-index buffer layer between the waveguide
and the gold film, shifting operation in water to the steeper rising edge of the SPR curve [3]. However, this would lead to
increased complexity of manufacture and reduced yleld and is not warranted until improvements have been made to
procedures and to the surrounding instrumentation. The active area of these devices is of order 0.01mm x 2mm, potentially
allowing the use of small sample volumes and reduced quantities of biochemicals and the integration of multisensor arrays
in small areas. The use of a gold surface is convenient for stable biochemical attachment and a device prepared in a similar
way to that reported here was used repeatedly without disassembly for more than 250 measurements over a three-week
period without significant reduction in surface activity [5]. The gold film may aiso be employed as an electrode for
elecrochemical control and measurement in sensing reactions and, while results have previously been obtained for cationic
electroadsorption at a silver-coated waveguide surface [4], these devices show rather poor stability. Preliminary results have
been obtained for the more stable gold-coated devices optimised for an aqueous environment discussed above and will be

briefly discussed.
3. INTEGRATED OPTICAL MACH-ZEHNDER SENSORS

In common with the SPR sensor, the integrated optical Mach-Zehnder interferometer (MZI) is an evanescent refractometer
which must be chemically modified to render it sensitive to specific chemical species. In applications where there is risk of
deterioration of gold films through abrasion in repeated use and re-modification of the sensor surtace. the MZ] is an
advantageous approach, although surface modification for immunoassay applications is not as well established. In principle
the MZ] is more sensitive, primarily because it does not employ coupling to a lossy waveguide. although exploitation of this
enhanced sepsitivity may require longer sensitive regions. Furthermore the MZI may be rendered sensitive over a wider
range of superstrate indices, as it does not employ “resonant” coupling between two dissimilar waveguides but effectively
directly measures modal velocity changes due to refractive index variations in the evanescent field of an unisolated
waveguide compared with a waveguide isolated from the analyte. Highly semsitive MZI immunosensors have been
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three outputs with interference ﬁmcﬁonswhichareshiﬁedbynominaﬂy 120° with respect to each other. In this way at least
one output yields a sensitive response to small index changes whatever the starting value (13] and, assuming negligible
waveguide loss, the individual signalsmaybereferencedtothesmnoftheomputs,removingtheeﬁ'ecuofsomeeimcnsity
fluctuations. In the presence of optically absorbing analyte media the independent reference output may be used to estimate
the optical absorption of the analyte as well as its refractive index.
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Figure 5 Experimental Mach-Zehnder sensor system

The analyte refractive index range of interest spans 1.32 to 1.6, at wavelengths close to 600nm, for applications in product
quality control, requiring the use of a substrate glass of commensurately high index. We have fabricated waveguides by
silver ion-exchange in BGG36 glass (Schott) which has an index of approximately 1.6 at 600nm. Typically, ion-exchange is
carried out in a 10% AgNO/NaNO; melt at 316°C for 10 minutes, resulting in a surface index change of 0.075; the devices
are then annealed at 250°C for 1 hour to reduce losses and improve coupling to optical fibre. Teflon FEP was used as the
isolation layer and the window, defined by lift-off, is typically 0.15mm x 10mm. Initial device characterisation was carried
out using sucrose solutions pumped through a flow-cell as described above, and the variation of the three MZI outputs with
analyte index is shown in Fig 6. The three outputs are clearly phase-shifted, however not by 120°; this is because the device
was designed for use with a silica isolation layer (n=1.46) rather than with a Teflon isolation layer (n=1.30). The sensitivity
to bulk refractive index changes is estimated to be 5x10° by comparison with fluctuations in the background signal when
PBS is flowing over the sensor surface.

Characterisation of the sensor for thin-film biochemical measurements was carried out using the biotin-avidin system used
for the SPR sensor with a laser input wavelength of 786nm. The untreated glass surface was initially incubated for 8
minutes with BSA-Bi. followed by alternate 8-minute incubations with PSA and BSA-Bi. Each incubation step was
followed by a 2 minute washing stage to flush the unbound material out of the flow-cell with PBS. Figure 7 shows an
example of the response of output 3 of the sensor to the addition of two complete BSA-Bi-pSA protein adlayers in terms of
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Figure 6 Variation of MZI outputs with superstrate index Figure 7 Phase response of M21 1o BSA-Bi-pSA films

The greater the proportion of guided power that passes through the analyte the greater the sensitivity of the guided modes to
changes in the analyte, causing many workers o use thin high-index waveguides to achieve high sensitivity [15,19). These
devices are often subject to higher losses than ion-exchanged waveguides and techniques such as prism-coupling and
grating coupling are used to excite these waveguides. The proportion of power carried in the superstrate region of low

openings in an aluminium mask, and a 500nm thick Teflon FEP film was used as an isolation layer defining a 10mm long
interaction region. Radiation from a He-Ne laser at 633n0m was launched into the polished end of the waveguide and the
signal from the single MZI output was divided by a reference output. A wall-jet flow-cell was clamped to the sensor surface
and sample solutions of sucrose in water (1.334 < n < 1.360) were sequentially injected into a continuous flow of water
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While deposited Teflon is a useful isolation material for experimental devices as it has a low refractive index, low porosity
andismsyropattem,ithasnotsofarpmvedacccptableforuscinsensorswhicharetobehandledrcpwxedlyasitismﬂy
damaged. Development of these devices for prolonged use in an instrument has required optimisation of sputtered silica
films as robust isolation layers. However, these must be deposited at low temperature and annealed in air or oxygen at no
more than 250°C - 300°C to improve transparency while avoiding significant diffusion of the underlying ion-exchanged

presently dominated by those of the silica isolation layer, improvements in fibre coupling efficiency and the expected
availability of high-brightness LED’s are expected to lead to further improvements in signal-to-noise ratio (SNR). The use
of an LED at the industrially important wavelength of 590nm has shown that measurable signals may be obtained using

MZI sensors show promise for sensitive detection of bulk and thin-film index and absorption changes over a wide range of
analyte indices and are ideal as a platform for measurements on a wide range of sensing films. In common with the SPR
sensors, limits of detection may be dramatically improved by the stable incorporation of the sensors in an instrument.
allowing individual sensors to be more rigorously compared. In order to more fully exploit the inherent sensitivity of
waveguide sensors and to explore the practical deployment of waveguide sensors beyond the research laboratory we have

embarked on the establishment of a demonstrator which is yielding promising resuits.
4. WAVEGUIDE IMMUNOFLUORESCENCE SENSORS

While label-free devices detecting changes in refractive index of films at sensor surfaces offer simplicity in operation.
sensors relying on labels such as fluorophores generaily offer lower limits of detection as only the target molecule vields the
required signal. Label-free approaches are more prone to non-specific binding of molecules to the mansducer surface and
fluctuations in analyte index due to compositional and temperature changes in the bulk medium. Excellent sensitivites have
recently been reported for fluorescence-based immunosensors, for example by Duveneck et al. [19].

We have demonstrated a regenerable integrated optical fluorescence immunosensor for environmental monitoring suitable
for rapid multianalyte determinations in small sample volumes using ion-exchanged waveguides with thin high-index
overlays for signal enhancement [2021]. The svstem has been designed to use Cy3.5 dve labelled antibodies which absorb
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Figure 9 shows that the detection limitforsimazineisO.Mug/l—0.I9ug/].asimilarrsimto:boseobmined for the
refractometer-based sensors. This reinforces the view that limits of detection in these systems. calculated conventiopally by
reference to the standard deviation of (rather few) measurements on water samples containing no simazine, are dominated
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6. CONCLUSIONS

Integrated optical sensors for refractive index changes, fluorescence and absorption in thin specific films attached to
waveguide surfaces have been discussed and examples of their application to environmental and chemical sensing given.
The sensors described employ a common base technology with different waveguide circuit layouts and thin-film overlayers
used for specific applications. Further advances will require consideration of complete sensor systems and development of
chemistries for reagent-free continuous monitoring. Approaches to incorporating electrochemical control and sensing in
these devices and steps towards application of these devices in compact and stable demonstrator instruments have been
outlined. Waveguide sensors exhibit high sensitivity, are well-adapted for use in flow systems, and may be applied flexibly
to a wide range of chemistries. The realisation of practical instruments incorporating these devices will depend upon the
further development of reuseable sensor arrays cheaply and reliably interfaced with optoelectronic components.
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