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Abstract

A variety of optical transducers is presented in the literature based on just a few given optical principles. Based on principles like micro-
refractometry and -reflectivity, a classification is approached, especially for sensors used in bioanalytics. Two methods are discussed in detail,
which are favoured in the group known as integrated optical Mach-Zehnder interferometers and reflectometric interference spectroscopy
(RIfS). Recent applications as chemical sensors and biochemical probes in the fields of hydrocarbon monitoring and immunoreactions are
demonstrated. Perspectives in routine interaction analysis, microstructuring of devices, direct detection of low-molecular-weight ligands, and

parallel high-throughput screening are discussed.
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1. Introduction

20 years ago, optical devices were introduced in addition
to electrodes as sensing elements. These so-called optodes
[1] or optrodes [2,3] were originally used to monitor pH or
CO, concentrations. Compared with this narrow field of
application and the principle of either fluorescence or reflec-
tance measurements, nowadays the number of different opti-
cal transducers mentioned in the literature has increased, as
has the area of possible applications. At the beginning, only
effects on the amplitude of electromagnetic radiation were
measured. In the meantime, other properties such as phase,
frequency, and state of polarization are used in optical
devices. Multi-wavelength detection and multicomponent
analysis provide additional ways to quantify components in
complex samples.

All possible interactions between radiation and matter,
such as dispersion (refractive index), reflection (diffuse,
specular), scattering (Raman), changing transmission, or
quenching of fluorescence, are used to monitor analyte/sen-
sor interactions. On the other hand, a growing market in
sensing and telecommunications has reduced the price/per-
formance ratio of optical compounds, and provides miniatur-
ized devices. Application of advanced optical principles and
devices based on total internal reflection and evanescent-field
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effects allow improvements of optical sensing devices that
add to the common advantages of optical sensors [4].

In the following, first the optical principles are discussed
and classified. Next an attempt is made to classify optical
transducers according to the effects detected:

1. either intrinsic to the analyte or

2. caused by a marker or

3. caused by interaction between a matrix and the analyte.
Sensitive layers, which consist either of chemical or biolog-
ical (‘receptor’) material, are an essential part of sensor sys-
tems. They are combined with optical transducers that are
either extrinsic or intrinsic fibers, waveguides based on the
evanescent field operating as microrefractometers, or trans-
ducers that use simple principles of refractometry and
interferometry.

In particular, the wide field of waveguides used in sensing
requires careful classification.

Within the last few years thousands of publications dealing
with new or modified optical principles and transducer set-
ups as well as a large variety of applications have been pub-
lished. Out of these only a few which best represent the recent
developments and therefore allow a prognosis of trends that
can be expected in the coming years will be mentioned here.
For amore detailed survey longer reviews have to be consid-
ered [5,6,10]. Some of these predicted trends have a very
good chance of finding applications; others will only be of
interest for research and only the future will prove their
success.
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2. Optical transducers

In Table 1 many of the present optical transducer principles
are listed. They are based on fundamental optical principles
such as reflectance, fluorescence, interference, and polariza-
tion. Recently evanescent-field technologies have aroused
great interest. In Fig. 1 the fundamental optical principles are
demonstrated. They form the basis for many optical trans-
ducers using waveguides. Radiation passing the interface
between two media is refracted (to the optical axis for
increasing refractive index, off the optical axis for decreasing
refractive index). In the latter case a critical angle exists
beyond which radiation is totally reflected at the interface to
a medium of lower refractive index. Radiation is guided in
the waveguide (fiber, slab or stripe waveguide) according to
Fig. 1(a,b). Coupled to this guided wave an evanescent field

exists close to the interface, which in the medium of lower
refractive index decays exponentially as shown inFig. 1(b).
Any effect on this evanescent field results in a change of the
effective refractive index inside the waveguide, which influ-
ences the wavelength and velocity of the guided wave. This
change can be interrogated by the large variety of transducers
listed in Table 1. A typical interrogation principle is surface
plasmon resonance (sze Fig. 1(d)), where the guided radi-
ation transfers an impact to electrons in a thin metal film,
which results in resonant coupling for certain optical condi-
tions, Furthermore, the evanescent field can selectively excite
fluorophores close to the interface (see Fig. 1(c)).

Most of the transducer principles mentioned in Table 1
have found applicaticns in the area of chemistry and bio-
chemistry. In the following only the results obtained by two
methods favoured in our group are discussed in more detail.

Table 1
Optical transducers
Classification Transducer Principle Literature
Extrinsic fiber optics Optodes Reflectance, fluorescence [7-912]
Intrinsic fiber sensors Fiber Fluorescence [11,12]
Total internal reflection fluorescence [13-19}
Autenuated total reflection [20-24]
Fiber surface plasmon resonance [25]
D-shaped Interferometer [32,33]
Waveguides Stripe (waveguide) Intrinsic effect [26]
Young interferometer [27]
Mach-Zehnder interferometer (28]
Slab (film) waveguide TE/TM differential mode interferometer [29-31]
Mode coupling 3X3 [34,35]
Prism coupler [36]
Grating coupler [37,38)
Bidiffractive grating [39]
Chirped waveguides [40]
Input/output coupleron Mach~Zehnder chip [41]
Surface plasmon resonance Monochromatic, resclving the angle [42]
Spectral [43]
Waveguide-based SPR [44]
Reflectometry Reflectrometric interference spectroscopy ) [49,51]
Ellipsometry (45]
refraction waveguide characterised by
- refractive index > environment
m<n, - modes (states of polarisation: TM, TE)
R Q - effective refractive index by evanescent field
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Fig. 1. Refraction, reflection, total reflection, and evanescent field as basic optical principles for various transducers: (a) refraction; (b) attenuated total
reflection; (¢) TIRF (total internal fluorescence reflection); (d) surface plasmon resonance.
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Fig. 2. Schematic principle of Mach-Zehnder interferometry (a) and white-light reflectometric interference spectrometry (RIfS) (b). For abetter visualization
of RIfS the pathway of incident line is drawn out of the perpendicular optical access. In practice perpendicular incidence is used.

Both methods are based on the principle of interferometry.
One of these using integrated optical Mach—Zehnder chips
operates as a microrefractometer, employing the evanescent
field in combination with the measurement of interference
effects. The other method, reflectometric interference spec-
trometry (RIfS), takes advantage of the sensitivity of white-
light interferometry.

In the case of integrated optical Mach-Zehnder arrange-
ments, the monomode waveguide is split into two parallel
arms; one of these is used as a reference and the other can
probe the analyte. Interaction between analyte and the eva-
nescent field of the sample waveguide arm causes a change
in the velocity of the propagation of light in this arm. Thus
after the two arms are merged, the two guided waves super-
impose and form (depending on the phase difference) con-
structive or destructive interference or an intensity some-
where in between (see Fig. 2 right). This phase difference
depends on the interaction length, the wavelength of the radi-
ation, the optical properties of the waveguide, the substrate
and the material within the range of the evanescent field. The
material on top of the waveguide, the superstrate, consists of
a thin polymer film in the case of gas detection, or of a
biomaterial in the case of bioanalytics. The refractive index
of this superstrate influences the effective refractive index
within the waveguide. By using evanescent-field theory and
Maxwell equations it is possible to model these effects. A
comparison between experiment and simulation demon-
strates that the understanding of the dependencies is well
known.

Reflectometric interference spectrometry uses the partial
reflection of incident radiation at interfaces of layers and the

[003]

superposition of the reflected partial beams according to the
principle of interference (see Fig. 2 left). A simple glass
substrate is illuminated perpendicularly by a bifurcated fiber.
A thin layer ( = 1 pm thick) is coated onto this substrate. At
its interfaces partial beams are reflected into the second arm
of the bifurcated fiber. Depending on the optical thickness of
this layer phase differences appear, causing destructive, con-
structive or another type of interference. Monochromatic irra-
diation of this layer results in an amplitude specific for the
thickness of the layer and the wavelength chosen. If white
light is irradiated an interference pattern is obtained as given
at the bottom left of Fig. 2 [49]. The optical thickness is a
product of the refractive index of this layer and its physical
thickness. Thus any change in either physical thickness or
refractive index will cause a shift of the interference spectrum.
This can be measured very sensitively, and accordingly
changes in (nd) down to a few pm [50].

3. Selected applications of Mach-Zehnder and RIfS
transducers

Applications of Mach-Zehnder chips have been published
in the field of volatile organic compound detection by way
of interaction between thin polymer films forming the super-
strate and the gaseous analyle [4G], monitoring of ammonia
in the gaseous phase using bromocresol purple as an indicator
molecule [47], and measuring either the formation of sub-
sequent layers composed of biotinylated protein and strep-
tavidin molecules [28], or detection of pesticides in a
competitive test scheme using selective antibodies [48].
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Reflectometric interference spectroscopy has been applied
both to chemical and biochemical sensing [51]. In the first
field of application a polymer layer is coated onto the sub-
strate. Gaseous or liquid organic analyte molecules diffuse
into this layer and are enriched, thus causing a swelling of
this film. This in turn results in a change of the physical
thickness (the change in refractive index is negligible) of
this layer that can be measured quite accurately [52]. In
practice, applications in the area of detection of volatile
organic compounds, halogenated alkanes, halogenated
hydrocarbons, ammonia [53], and organic compounds dis-
solved in water [54] have been published. In all these cases
the interaction between analyte and polymer is reversible, but
has a different response time depending on the properties of
the analyte molecules and the matrix. This can be seen as an
advantage which allows us to distinguish between the signals
coming from two different analyte molecules by way of their
response times [55].

Chemical modification of the polymer films allows the
introduction of some selectivity of different types of polymers
to different analyte molecules. The simplicity of the optical
arrangement allows a sensor array consisting of 6 to 13 poly-
mer elements to be set up. By using an optical multiplexer, a
simple diode-array detector is able to monitor all transducer
elements sequentially [56]. The optical setup and some
results are demonstrated in Fig. 3. Using various methods of
multivariate data analysis and chemometrics, multianalyte
solutions can be calibrated and the constitution of unknown
samples can be predicted [57].

RIS can also be employed to analyse interactions between
receptor layers of biomolecules and ligands by making use

of affinity reactions. Under such conditions a so-called inter-
ference layer has to be coated on the substrzate material. This
interference layer has a refractive index similar to that of the
biomolecules. At this interference layer receptor molecules
that will undergo affinity reactions with ligands (analyte mol-
ecules) are immobilized. This affinity reaction changes the
physical thickness of the interference layer (+receptor
layer) as well as its refractive index. The latter effect again
is negligible and the changes in the physical thickness can be
monitored by RIfS. This means that large analyte molecules
(antibodies, proteins) can be monitored directly while they
are interacting, whereas low-molecular-weight molecules are
usually measured in a competitive test scheme [58]. A pre-
incubation step is used during which the low-molecular-
weight antigens (analyte: haptens) interact with an antibody,
thereby blocking its receptor sides. If the analyte concentra-
tion is high, only few free antibodies will be left that are able
to interact with the immobilized receptor molecules at this
interference layer in a second step, and a low signal is gen-
crated. If, on the other hand, low analyte concentration is
used, then a relatively high signal can be detected. With this
approach pesticide concentrations have been successfully
measured down to sub-ppb concentrations [59,60].

Apart from this application in analytics, this type of affinity
reaction monitoring can be used to determine binding con-
stants. Since the affinity reaction is monitored by way of time-
resolved measurement, the adsorption constant can be
directly determined by curve-fitting techniques. The same
also applies to the desorption processes. The correlation of
the theoretical and the experimental consideration allows the

OpticalMultiplexer
diode array light source
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Fig. 3. The use of an optical multiplexer allows the measurement of mixtares with a polymer sensor um.y: (a) multiplexer; {b) calibraticn of one component;

(<) palar diagrams demonstrating the different selectivity of polymer coatings.

[004]

GATOR — EXHIBIT 1046



A. Brecht, G. Gauglitz / Sensors and Actuators B 38-39 (1997) 1~7 5

determination of thermodynamic and kinetic parameters of
such reactions [61].

Sophisticated surface modification increases the surface
coverage of the receptor molecules and the preparation of
very stable receptor layers [62]. The affinity reaction
becomes diffusion controlled. Thus low limits of detection
can be reached. Furthermore, these layers can be regenerated,
i.e., they can be reused several hundred times in the case of
pesticide detection [59].

4. Recent developments and perspectives

In the mean time, improved surface chemistry and
increased sensitivity of surface plasmon resonance allow the

direct detection of low-molecular-weight analytes [63]. The
same can be achieved by RIfS as demonstrated in the case of
monitoring of the affinity reaction of biotin molecules with a
layer of immobilized streptavidin receptor. Injection of 400
nM biotin changes the layer thickness by 20 pm. Since at
present the resolution of the layer thickness measured could
be reduced to 0.44 pm root-mean-square noise, the direct
monitoring of interaction with low-molecular haptens
becomes possible even with reflectrometric interferencespec-
troscopy [50]. In Tzble 2 the limits of detection for some
optical transducers are compared according to results pub-
lished recently.

Another approach is the direct detection of multianalytes.
This can be achieved with BIACore 2000 using four sensitive

Table 2
Limits of detection obtained by different direct optical bioanalytical methods
Method Commercialization Limit of detection Lit. cit.
Surface plasmon resonance (angle dependent) BIACore Pharmacia 0.3 pgmm~2 [63)
(0.5%0 ML)
Waveguide surface plasmon resonance 2 pg mm™? [64]
(1% ML)
Frustrated total reflection (angle dependent) Resonant mirror fisons Spgmm™* [65]
(Affinity sensors) (1%0 ML)
Grating coupler (angle dependent) ASI 5-10 pg mm™? [66]
(0.5% ML)
Dual-beam waveguide interferometer few pgmm™? [67]
(intensity modulation in the waveguide) (1%e ML)
TE-TM differential mode interferometer <2pgmm™2 [31]
(int. mod. in the waveguide, ratiometrical!) (1%0 ML)
Reflectometric interference spectroscopy RIfS 1-5 pgmm~* [50]
(thickness change, spectral) (1% ML)
i triazinc Rl &
NN atrazine “CoH, -CH(CH,);
| de-ethylatrazine H -CH(CHy),
"«NJ\NAN/R' simazine -C3Hs ~CaH
l I propan'ne -CH(CHy), -CH(CH,),
H o terbutylazine Gl ~C(CHy),

affinity constant [I/mol]

Fig. 4. Cross-reactivity of some triazine derivatives to antibodies: affinity constant for three antibodies graphed for five triazine derivatives.
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surface plasmon resonance (SPR) elements or by way of
optical multiplexing. The results of an examination of the
cross-reactivity and the chances to detect some pesticides
with different antibodies are shown in Fig. 4.

An increase in elements that can be detected in parallel is
required in drug or pharmaceutical screening. Combinatorial
chemistry and a search for new lead structures require the
analytical examination of 100 000 to 1 000 000 samples per
year. Apart from conventional ELISA approaches, direct
optical detection of affinity reactions is a possibility to meet
the requirements. However, in this case a parallel detection
at as many sites as possible is necessary. One approach is the
use of the micro-titer-plate format and to attempt to achieve
high throughput screening by parallel detection of at least 96
sites at one time using imaging techniques [68].

Another target is miniaturization. Ellipsometry, mentioned
as another possibility to characterize surfaces oreven for use
as a sensor, can be miniaturized by way of microsystem
approaches [45].

Another approach is to integrate evanescent-field absorb-
ance sensors (EFAS) into integrated optical glass substrate
chips [69].

The performance of a Mach-Zehnder integrated optical
chip can be increased by combining it with optical signal
preprocessing on the chip (3 X3 coupler) [35]. Such optical
devices are currently quite expensive. However, the telecom-
munications market and the possibility of integrating the light
source, sensor element, and detector in one chip demonstrate
the future potential of this approach.

Acknowledgements

We gratefully acknowledge financial support by Deutsche
Forschungsgemeinschaft (Ga 235/6, Go 301/23-1), BMBF
and BMFT (projects 0319325A, 01VQ9511, 0310838), the
Environmental Programme of EU (EV5V-CT92-0067), the
Bundeswirtschaftsministerium (by way of AiF and
Dechema), and the Fond der Chemischen Industrie.

References

[1]1 D. Libbers and N. Opitz, Eine neue pCO,- bzw. pO.- Mefsonde zur
Messung des pCO,; oder pO, von Gasen und Fliissigkeiten, Z.
Naturforsch., 30¢ (1975) 532-533.

[2] S. Borman, Optrodes, Aral. Chem., 53 (1981) 1616A-1618A.

[3] T. Hirschfeld, J. Cailis and B. Kowalski, Chemical sensing in process
analysis, Science (Washington, DC), 226 (1984) 312-318.

[4] O.S. Wolfbeis, Analytical chemistry with optical sensors, Fresenius’
Z. Anal. Chem., 325 (1986) 387-392.

[5] J. Janata, M. Josowicz and D.M. DeVaney, Chemical sensors, Anal.
Chem., 66 (1994) 207R-28R.

[6] G. Gauglitz, Optochemical and optoimmuno sensors, in W, Gopel and
J. Hesse (eds.), Sensors Update, VCH, Weinheim, in press.

[7] J. Gehrich, D, Liibbers, N. Opitz, D.R. Hansmann, W.W. Miller, J.K.
Tusa and M. Yafuso, Optical fluorescence and its application to an
intravascular blocd gas monitoring system, IEEE Trans. Biomed. Eng.,
BME-33 (1986) 117.

[006]

[8] E. Udd, An overview of fiber-optic sensors, Rev. Sci. Instrum., 66
(1995) 4015-4030.

[9] W. Tretnak, M. Hofer and O.S. Wolfbeis, Applications of
optochemical sensors for measuring environmertal and biochemical
quantities, in W. Gopel and J. Hesse (eds.), Sensors, VCH, Weinheim,
Vol. 3, 1992, pp. 931-968.

[10] O.S. Wolfbeis, G. Boisde and G. Gauglitz, Optochemical sensors, in
Gopel and Hesse (eds.), Sensors, VCH, Weinheim, Vol. 2, 1991, pp.
573-646.

[11] H. Szmacinsky and JR. Lakowicz, Fluorescence lifetime-based
sensing and imaging, Sensors and Actuators B, 29 (1995) 16-24.

[12] O.S. Wolfbeis, From fluorescent probes to optical sensors, Anal. Proc.
(London), 28 (1991) 357-358.

[13] B.D. MacCraith, C.M. McDonagh, G. O’Keeffe, A.K. McEvoy, T.
Butler and F.R. Sheridan, Sol-ge! coatings for optical chemical sensors
and biosensors, Sensors and Actuators B, 29 (1935) 51-57.

[14] R. Niessner, U. Panne and H. Schroeder, Fiber-optic sensor for the
determination of polynuclear aromatic hydrocarbons with time-
resolved, laser-induced fluorescence, Anal. Chir. Acta, 255 (1991)
231-243.

[15] AP. de Silva, H.Q.N. Gunaratne and M. Lynch, Luminescence and
charge transfer. Part 4. On—off fluorescent PET ( paotoinducedelectron
transfer) sensors with pyridine receptors: 1,3-diaryl-5-pyridyl-4,5-
dihydropyrazoles, J. Chem. Soc., Perkin Trans., 2 (1995) 685-650.

{16] A. Lago, A. Obeidart, A. Kaplan, J. Khurgin and P. Shkolnikov, Two
photon induced fiuorescence of biologicel markers based on optical
fibers, Opt. Lett,, 20 (1995) 2054-2056.

(17] E.S. Ligler, K.A. Breslin, LK. Cao and G.P. Anderson, Effect of
wavelength and dye selection on biosensor response, Proc. SPIE, Vol.
2388, 1995, pp. 16-20.

[18] M.E. Lippitsch, Optical sensors based on fluorescence anisotropy,
Sensors and Actuaiors B, 11 (1993) 499-502.

[191 DJ.S. Birch, D. McLoskey, A. Sanderson, K. Suhling and A.S.
Holmes, Multipiexed time-correlated single-photon counting, J.
Fluoresc., 4 (1994) 91-102.

[20] L.W. Burgess, Absorption-based sensors, Sensors and Actuartors B, 29
(1995) 10-15.

(21] M. Archenault, H. Gagnaire, J.P. Goure and N. Jaffrezic-Renault, A
simple intrinsic optical-fiber chemical sensor, Sensors and Actuators
B, 8 (1992) 161-166.

[22] D.A. Homan, AW, Thompson, D.W. Bennctt and J.D. Otvos,
Quantitative determination of sulfur-oxygen anion concentrations in
aqueous solation: multicomponent analysis of attenuated total
reflectance infrared spectra, Anal. Chem., 66 (1994) 1378-1384.

(23] B. Mizaikoff, R. Gbel, R. Krska, K. Taga, R. Kallner, M. Tacke and
A. Katzir, Infrared fiber-optical chemical sensors with reactive surface
coatings, Sensors and Actuators B, 29 (1995) S8-63.

[24] J.-P. Conzen, J. Bilrck and H.-J. Ache, Characterization of a fibre-optic
evanescent wave absorbance sensor for nonpolar crganic compounds,
Appl. Spectrose., 47 (1993) 753-763.

[25] J. Homola, Model of a chemo-optical sensor based on plasmon
cxcitation in thin silver films, Sensors and Acwators B, 11 (1993)
481-485.

[26] R. Klein and E. Voges, Integrated-optic ammonia sensor, Fresenius’
Z. Anal. Chem., 349 (1994) 394-398.

[27] A. Brandenburg and R. Henninger, Integrated optical Young
interferometer, Appl. Opt., 33/25 (1994) 5941-5947.

[28] J. IngenhefT, B. Drapp and G. Gauglitz, Biosensors using integrated
optical devices, Fresenius’ Z. Anal. Chem., 346 (1993) 580-583.

[29] Ch. Stamm and W. Lukosz, Integrated optical difference
interferometer as biochemical sensor, Sensors and Actuators B, 18-19
(1994) 183-187.

(30] W. Huber, R. Barner, C. Fattinger, J. Huebscher, H, Koller, F, Mueller,
D. Schiatterand W. Lukosz, Direct optical immunosensing (sensitivity
and sclectivity ), Sensors and Actuaiors B, 6 (1992) 122~126.

GATOR — EXHIBIT 1046



A. Brecht, G. Gauglitz / Sensors and Actuators B 38-39 (1997) 1-7 7

[31] C. Fattinger, H. Koller, D. Schlatter and P. Wehrli, The difference
interferometer: a highly sensitive optical probe for quantification of
molecular surface concentration, Biosensors Bioelectron., 8 (1993)
99-107.

[32] R.G. Heideman, R.P.H. Kooyman and J. Greve, Polarimetric optical-
fiber sensor for biochemical measurements, Sensors and Actuators B,
12 (1993) 205-212.

[33] A. Klotz, Modellierung, Aufbau und Charakterisierungeines integriert
optischen und faseroptischen Polarisationsinterferometers, M.Sc.
Thesis, Tiibingen, 1995,

[34] D. Jestel, A. Baus and E. Voges, Integrated-optic interferometric
microdisplacement sensor in glas with thermo-optic phase modulation,
Electron. Lett., 26 (1988) 1144-1145.

[35] B. Drapp, J. Pichler, A. Brecht, G. Gauglitz, J. Luff and J. Ingenhoff,
Integrated optical Mach-Zehnder interferometer as simazine
immunoprobe, Sensors and Actuators B, in press.

[36] R. Cush, JM. Cronin, WJ. Stewart, C.H. Maule, J. Molloy and N.J.
Goddard, The resonant mirror: a novel optical biosensor for direct
sensing of biomolecular interactions. Part I: principle of operation and
associated instrumentation, Biosensors Bioelectron., 8 (1993) 347
354.

[37] Ph. Nellen and W, Lukosz, Integrated optical input grasing couplers as
direct affinity sensors, Biosensors Bioelectron., 8 (1993) 129-147.

[38] A. Brandenburg and A. Gombert, Grating couplers as chemical
sensors: a new optical configuration, Sensors and Actuators B, 17
(1993) 35-40.

[39] C. Fattinger, C. Mangold, M.T. Gale and H. Schuetz, Bidiffractive
grating coupler: universal transducer for optical interface analytics,
Opt. Eng. (Bellingham, Wash.), 34 (1995) 2744-2753.

[40] RE. Kunz, J. Edlinger, B.J. Curtis, M.T. Gale, L.U. Kempen, H.
Rudigier and H. Schuetz, grating couplers in tapered waveguides for
integrated optical sensing, Proc. SPIE, Vol. 2068, 1994, pp. 313-325.

[41] H. Giovannini and H. Akhouayri, Interferometric configuration based
on a grating interferometer for the measurement of the phase between
TE and TM polarizations after diffraction by gratings, Opr. Leti., 20/
21 (1995) 2255-2257.

[42] B. Liedberg, 1. Lundsudm and E. Stenberg, Principles of biosensing
with an extended coupling matrix and surface plasmon resonance,
Sensors and Actuators B, 11 (1993) 63-72.

[43] C. Striebel, A. Brecht and G. Gauglitz, Characterization of
biomembranes by spectral ellipsometry, surface plasmon resonance
and interferometry with regard to biosensor application, Biosensors
Bioelectron., 9 (1994) 139-146.

{44] C. Piraud, E. Mwarania, G. Wylangowski, J. Wilkinscn, K. O'Dwyer
and D.J. Schiffrin, Optoelectrochemical thin-film chlorine sensor
employing evanescent fields on planar optical waveguides, Anal.
Chem., 64 (1992) 651-655.

[45] B. Stenkamp, M. Abraham, J.P. Amato and T. Zetterer, Miniaturized
polarization seasor as a concept for new optical micresystems, Proc.
8th Int. Conf. Solid-State Sensors and Actuators (Transducers "95/
Eurosensors IX), Stockhaolm, Sweden, 25-29 June, 1995, pp. 160-162.

[46] G. Gauglitz and J. Ingenhoff, Integrated optical sensors for gases and
liquids, Sensors and Actuarors B, 11 (1993) 207-212.

[47] J. Ingenhoff, Charakterisierung organischer, anorganischer und
biologischer Superstratdeckschichten mit Hilfe integriert optischer
Interferometerbausteine, Ph.D. Thesis, Tiibingen, 1994.

[48] B. Luff et al,, Integrated optical sensors for pesticide analysis, Proc.
Int. Conf. Applied Photonics Technol., 1996, in press.

[49] A. Brecht, G. Gauglitz and W. Nahm, Interferometric measurements
used in chemical and biochemical sensors, Analusis, 20 (1992) 135-
140.

[007]

[50] J. Piehler, A. Brecht and G. Gauglitz, Affinity detection of low
molecular weight analytes, Anal. Chem., 68 (1996) 139-143.

[511 G. Gauglitz, A. Brecht, G. Kraus and W. Nahm, Chemical and
biochemical sensors based on interferometry a: thin (multi-)layers,
Sensors and Actuators B, 11 (1993) 21-27.

[52] G. Kraus and G. Gauglitz, Application and comparison of algorithms
for the evaluation of interferograms II: enhancement of RIfS detection
by full spectrum evaluation (FSE), Fresenius’ Z. Anal. Chem., 349
(1994) 399-402.

[53] G. Kraus and G. Gauglitz, A reflectometric sensor for ammonia and
hydrocarbons, Fresenius’ Z. Anal. Chem., 346 (1993) 572-576.

[54] G. Kraus, A. Brecht, V. Vasic and G. Gauglitz, Polymer-based RIfS
sensing: an approach to the indirect measurement of organic pollutants
in water, Fresenius' Z. Anal, Chem., 348 (1994) 598-601.

[55] H.M. Yan, G. Kraus and G. Gauglitz, Detection of mixtures of organic
pollutants in water by polymer film receptors in fibre-optical sensors
based on the reflectometric interference spectrometry, Anal. Chim.
Acta, 312 (1995) 1-8.

[56] J. Seemann, G. Kraus and G. Gauglitz, In-line monitoring of volatile
organic compounds with multiplexed reflectometric sensors, Proc.
SPIE/EOS Optics for Environmental and Public Safety 95, Munich,
Germany, June, 1995, Vol. 2507, Distributed and Multiplexed Fiber
Optic Sensors, pp. 106-112.

[57]1 G. Kraus and G. Gauglitz, Optical reflectometric gas sensing:
classification of hydrocarbon vapours by pattera recognition applied
to RIfS sensor signals, Chemom. Intell. Lab. Syst., 30 (1995) 211-
221.

[58] G. Lang, A. Brecht and G. Gauglitz, Characterisation and optimisation
of an immunoprobe for triazines, Fresenius® Z. Anal. Chem., 354
(1996) 857-860.

[59] G. Lang, A. Brecht, L. Amalric, Ch. Mouvet and G. Gauglitz,
Validation of an optical immunoprobe for pesticide detection in natural
water samples, Proe, SPIE, Vol. 2508, 1995, pp. 70-76.

[60] C. Mouvet, L. Amalric, S. Broussard, G. Lang, A. Brecht and G.
Gauglitz, Determination of triazines in water samples by reflectometric
interference spectroscopy., Environ. Sci. Technel., in press.

[61] J. Piehler, A, Brecht, K. Kramer, B. Hock and G. Gauglitz, Multi-
analyte determination with a direct optical multi-antibody detection
system, Proc. SPIE, Vol. 2504, 1995, pp. 185-194,

[62] J. Piehler, A. Brecht, K.E. Geckeler and G. Gauglitz, Surface
moedification for direct immunoprobes, Biosensors Bioelectron., 11
(1996) 579-590.

[63] R. Karlsson and R. Stahlberg, Surface plasmon resonance detection
and multispot sensing for direct monitoring of interactions involving
low-molecular-weight analytes and for determination of low affinities,
Anal. Biochem., 228 (1995) 274-280.

[64]) R.D. Harris and J. Wilkinson, Waveguide surface plasmon resonance
sensors, Sensors and Actuators B, 29 (1995) 261-267.

[65] P.R. Edwards, A. Gill, D.V. Pollard-Knight, M. Hoare, P.E. Buckle,
P.A. Lowe and R.J. Leatherbarrow, Kinetics of protein-protein
interactions at the surface of an optical biosensor, Anal. Biochem., 231
(1995) 210-217.

[66] C. Stammand W. Lukosz, Integrated optical difference interferometer
as refractometer and chemical sensor, Sensors and Actuators B, 11
(1993) 177-181.

(671 R.G. Heideman, R.P.H. Kcoyman and J. Greve, Performance of a
highly sensitive optical waveguide Mach-Zehnder interferometer
immunosenscr, Sensors and Actuators B, 10 (1993) 205-217.

[68] A. Brecht, G. Gauglitz and G. Gopel, presentation at Analytica Conf.,
Munich, Germany, 1996,

[69] E. Sensfelder, J. Biirck and J.H. Ache, Determination of hydrocarbons
in water by evanescent wave absorption spectroscopy in the near-
infrared region, Fresenius’ Z. Anal. Chemn., 354 (1996) 848-851.

GATOR — EXHIBIT 1046





