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This paper details the design and fabrication of an integrated optical biochemical sensor using a select
oxygen-sensitive fluorescent dye, tris(2,2’-bipyridyl) dichlororuthenium(i) hexahydrate, combined with polymeric
waveguides that are fabricated on a glass substrate. The sensor uses evanescent interaction of light confined within
the waveguide with the dye that is immobilized on an SU-8 waveguide surface. Adhesion of the dye to the
integrated waveguide surface is accomplished using a unigue process of spin-coating/electrostatic layer-by-layer
formation. The SU-8 waveguide was chemically modified to allow the deposition process. Exposure of the dye
molecules to the analyte and subsequent chemical interaction is achieved by directly coupling the fluid channel to
the integrated waveguide. The completed sensor was linear in the dissolved oxygen across a wide range of interest
and had a sensitivity of 0.6 ppm. A unique fabrication aspect of this sensor is the inherent simplicity of the design,

and the resulting rapidity of fabrication, while maintaining a high degree of functionality and flexibility.

Introduction and theory

In existing analysis systems, traditional biochemical sensing
has been carried out using “extract and evaluate” procedures,
where a sample is removed from the system of interest and
analyzed to determine the components present, both qual-
itatively and quantitatively, usually with macroscale equipment
in a laboratory situation. This process is time-consuming,
limited in application and can be very expensive depending on
the difficulty of the extraction process. Sample extraction from
an established microsystem would require either alteration of
the system design to incorporate a sample exit point, or halting
the process and opening the unit to remove the sample material.
The latter technique would in most cases require destruction of
the microsystem, and both processes will cause severe opera-
tional interference and sampling-induced error. Particularly in
the case of oxygen sensing or another relatively unstable
analyte, the retrieval process itself would most likely irreversi-
bly ater characteristics of the sample, rendering the test
useless.

1.1 Existing sensing techniques

Applications of microscale dissolved oxygen sensing, have
largely determined, and in some senses, limited sensor develop-
ment. The bulk of the sensor technology falls under three
classifications: fluorescence-dye optical, anperometric electro-
chemical, and thin film solid-state conductivity. Towards
biochemical and biological applications, the first two types
dominate, largely due to their inherent low oxygen concentra-
tion sensitivity and liquid-tolerance. Thin-film conductivity
oxygen sensors such as tin dioxide film sensors have mainly
seen application in environmental and combustion exhaust
monitoring applications.1-7

Regarding biological applications such as water quality
testing and fermentation monitors, the majority of commer-
cidly available oxygen sensors are dtill electrochemically-
based. However, these sensors have severe limitations and
suffer from problems such as fouling by organic matter, which
leads to catastrophic failure and short operational lifetimes.8
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Additionally, these types of sensors require a reference
electrode, usudly in the form of a silver—silver chloride
electrode, which has been demonstrated to be difficult to
miniaturize.%-10 Other inherent problems exist with these
sensors, such as analyte depletion during measurement, as
electrochemical oxygen sensors rely upon the conversion of
oxygen to hydroxyl ions, thus significantly reducing the actual
oxygen concentration in small volumes.

Fluorescent oxygen-quenching sensors have been rapidly
developed recently, due to their inherent high sensitivity,
selectivity and stability. The magority of fluorescent dyes
display oxygen-quenching characteristics, but discrete groups
of molecules have shown enhanced sensitivity to oxygen, as
well as relatively long fluorescent lifetimes, thus reducing the
requirements of the optical transducers. These compounds are
amost al organometallic in nature, athough a few metal-
loporphyrin and pyridyl-based compounds display similar
characteristics.11-18 Studies on the effects of oxygen concentra-
tion on fluorescent lifetimes have also been carried out, but
application of thistechnique remainslimited by the complicated
and expensive lifetime-sensing apparatus required.19

1.2 Integrated optical sensors

The need for effective, miniaturized and simple sensors has
driven a massive research effort with systems varying in both
principal of operation and morphology. However, despite recent
advancesin thefield of MEM S-based sensors, the fabrication of
miniaturized optical biosensors still tends to be a relatively
difficult process, limited largely by complicated device fabrica-
tion and packaging.20-22 Optical biosensors are particularly
difficult to fabricate, as coupling light into microsystems
typically requires accurate alignment components, such as
micro-positioning stages for end-fire coupling.23-25 Elements
such as grating couplers and V-groove couplers may alleviate
some of these difficulties, but are chalenging and often
impossible to integrate into existing microsystems.26-27

A simple method to embed an optical sensor in an existing
biosensor system is an integrated optical waveguide, which can
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alow light to be effectively conducted to a select point of
interest within the device with minimal interference. Applica-
tions for this type of optical sensor include micro total-analysis
systems (WTAS) and chemical sensing within separation
channels, miniaturized bioreactors or artificia tissue culture
substrates.28-32 Quantitative analysis by integrated optica
systemsis also possible using fluorescent intensity sensing with
achemical specific dyeimmobilized at thetip or on the surface
of the optical waveguide.33

Focusing on biochemical sensors, optical sensors have
displayed advantageous characteristics, such as ultra low-
concentration analyte sensitivity and flexibility, and with
fluorescent sensors, high selectivity.16 Due to their inherent
high sensitivity, selectivity and stability, fluorescent sensors
have rapidly been integrated into highly accurate, quantitative
biochemical sensors.’> However, to maximize the usage of a
fluorescent sensor within a microscale device, three major
obstacles must be overcome: immobilization of the dye at the
point of interest in the microsystem, immobilization of a
sufficient quantity of dye molecules, and conduction of light to
the immobilized dye from illumination sources and back to
light-sensitive components.

1.3 SU-8 Waveguides

The most efficient method to accomplish optical waveguide
integration into asystem isfabrication of the waveguides as part
of the system. The advantage of this approach islower coupling
losses and |essinterference with the performance of the existing
microsystem. In this work, an evanescent type interaction is
used, which requires that a chemical-sensitive dye be im-
mobilized on the surface of the waveguide. A diagram of this
interaction is shown in Fig. 1.

As light is conducted down the integrated waveguide, the
transverse energy field extends past the waveguide core
boundaries into the surrounding substrate and dye layer. The
evanescent energy field excites the dye molecules resulting in
fluorescence emission and this emitted energy is superimposed
on the transmitted light signal. The emitted signal from the
waveguide contains components of the residual excitation
signal and the fluorescent emission. Using simple filtering,
chemical effectson theimmobilized dyeresultinginachangein
fluorescent emission intensity and output spectraallow determi-
nation of specific interactions occurring at the waveguide
surface. However, for the waveguide sensor to operate effec-
tively, the waveguide must confine the light within the
waveguide by total internal reflection while allowing transmis-
sion of a substantial portion—at least 80% for short waveguide
structures—of the light at both excitation and emission fre-
quencies. The materia chosen for this study, the chemically-
amplified, epoxy-based negative photoresist SU-8 possesses a
relatively high refractiveindex of 1.80 as compared to the glass
substrate of 1.46, and transmitsover 94% of light above 400 nm.
Additionally, SU-8 is patterned with established photolithog-
raphy processes, using simple processing techniques, and thusis
capabl e of successful integration into established microsystems.
The fully polymerized resist is very stable in organic solvents,
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Fig. 1 Evanescent wave interaction.
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alowing it to be used in adverse chemical and biochemical
environments.

1.4 Layer-by-layer spin formation

For the integrated waveguide to operate as an evanescent
fluorescent sensing system, the fluorophore must be im-
mobilized along the waveguide surface. Interactions such as
fluorophore excitation with materials immobilized on the
surface of the waveguide can thustake place. To immobilize the
dye, a combination of spin coating coupled with electrostatic
interlayer attraction and interpolyelectrolyte formation was
used. This technique is a variation of layer-by-layer formation
by electrostatic self-assembly of alternately charged polyions.

Electrostatic layer-by-layer (ELBL) self-assembly technique
is based upon the electrostatic attraction of ionically charged
sites on a polymeric molecule to other charged species. These
molecules, known collectively as polyions, exist in two forms,
polycations, and polyanions, in reference to the positive or
negative charges that exist along their chain structure. Adsorp-
tion of thefirst polyion layer takes place when the charged sites
of the first polyion are electrostatically attracted to oppositely
charged sites on the substrate surface. However, the number of
charged sites on the polyion far outweighs the number on the
substrate surface, and the remaining sites project away from the
surface. This phenomenon of incomplete neutralization is
essential to further adsorption and multilayer formation.34 The
remaining polyion charged sites induce a net surface charge,
reversing the overall surface charge, and preventing any further
polyion adsorption. Thus, amonolayer of polyionsisformed on
the substrate surface. A polyion of opposite charge to the first
can then be applied to and be adsorbed to the surface, also being
incompletely neutralized, and again reversing the surface
charge. The process of incomplete neutralization and surface
chargeinversion can be performed indefinitely, thus permitting
the formation of polyion multilayers.

Entrapment of dye molecules within the polyion multilayers
can be achieved by pre-mixing the dye with an oppositely
charged polyion to form stable inter-molecular bonds between
them. The excess charges on the polyions alow continued
surface adsorption and multilayer formation.1s This technique,
known as interpolyelectrolyte formation is shown in Fig. 2.

Interpolyelectrolyte complexes have net charges similar to
the polyions used to form them, and are similar in form to a
branched polymeric molecule. To ensure that the trapped
molecule does not completely neutralize the polyion, a polyion
that islong enough to retain excess charged sites after complex
formation must be chosen. The entire complex thus has the
ability to adsorb to an oppositely charged surface, leaving
excess charged sites on its outer surface.

For surface adsorption to take place, the substrate must
possess a surface charge opposite to that of the moleculesto be
adsorbed. The waveguide material used in thiswork, SU-8, does
not possess the charged sites necessary to initiate self-assembly,
and thus the el ectrostati c-self assembly process was augmented
by spinning the polyions onto the surface of the substrate, and
annealing them to the surface by heating. To provide an initia
surface charge on the SU-8, the substrate was immersed in
concentrated H,SO, for a short period, inducing the formation
of charged surface groups, as described in the following
section.
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Fig. 2 Interpolyelectrolyte formation.



M ethodol ogy

2.1 SU-8 surface modification

Thewaveguide core material SU-8 isan electrostatically neutral
materia at the required environmental pH of 7.6. To induce a
surface charge, the fabricated waveguides were soaked for 3-5
sin 95% H,SO, at 85 °C. This treatment generated negatively
charged phenol and glycol groups on the surface of the
waveguide, facilitating polyion—surface adhesion, as shown in
Fig. 3. However, since extended immersion in hot H,SO,
dissolves SU-8, insufficient charged surface groups were
formed for efficient self-assembly, and thus spin coating of the
polyions was required to form the multilayer film on the
waveguide surface.

2.2 Multilayer materials

The fluorophore used for this study was the oxygen-sensitive
dye tris(2,2-bipyridyl  dichlororuthenium) hexahydrate
(Ru(bpy)), purchased from Aldrich Chemical Company in
crystalline form and used in solution mixed with the polyanion
poly(sodium styrenesulfonate) (PSS) at concentration of 0.57
mg ml—1, The polycation used was the chemica poly(dialyl
dimethlyammonium) chloride (PDDA), and the initial polyion
layer was composed of the polycation poly(ethlyenimine) (PEI).
The specifications for the polyions used were as follows: PEI of
molecular weight 70000 at 1.5 mg ml—1, PSS of molecular
weight 500 000 at 3 mg ml—1, and PDDA of molecular weight
70000 at 2 mg mL—1 (SigmaAldrich Chemical). All the
polyions used in this study were strongly charged at pH 6-8.35
The chemical structuresfor the dye and polyions used are given
inFig. 4.

The initial five layers that were applied to the waveguides
consisted of PEI, followed by apair of PSS/PDDA bhilayers. The
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Fig. 3 Chemica modification of SU-8 at waveguide surface.
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Fig. 4 Structural images of polyion and dye molecules: (a) poly(sodium
styrenesulfonate), (b) poly(dialy dimethlyammomium)chloride, (c) poly-
(ethylenimine) and (d) tris(2,2’-bipyridyl dichlororuthenium) hexahy-
drate.

purpose of these preparatory layers was to overlap charge non-
uniformities on the waveguide, thus providing a uniform
surface charge for the successive dye-impregnated polyion
multilayers. Twenty functional bilayers were applied to the
surface of the waveguides, for atotal of 45 monolayers.

2.3 Multilayer spin-coat formation

The spin-coating process was adopted from work by Chiarelli
and coworkers, and is fundamentaly different from self-
assembly.36 Self-assembly of the dye onto optical substrates
was previously optimized for layer number and dye concentra-
tion by Chang-Yen and coworkers.15 This type of monolayer
formation assembly uses the el ectrostatic attraction between the
alternately charged polyion layers to adsorb polyion materia
from solution onto the substrate solution to form a solid film.
However, since the surface charge of the H,SO,-treated SU-8
was insufficient to cause adsorption, the polyion solutions were
each spun onto the surface of the substrate at 200 rpm for 60 s,
then heated for 1 min at 105 °C to annead the film. Annealing
improved interlayer adhesion by increasing the interpenetration
between the films, augmenting the stability of the multilayer
film. The electrostatic attraction between the polyion mono-
layers thus takes a secondary role in the film formation as the
interlayer stabilizing force instead of the formation mecha
nism.

Following the complete multilayer formation process, the
substrate was immersed in buffered water at pH 7.6 to observe
if any dye desorption took place. After three hours, a small
amount of dye was observed in the water, with no further
desorption after six hours.

2.4 Waveguide fabrication and fiber-optic coupling

A unique approach to the fabrication of the waveguides and
optical interfaces was used for this work. A method was
developed combining two manufacturing steps, waveguide
fabrication and fiber-optic interfacing, into asingle process. The
monolithic nature of the integrated optics helps to increase
robustness. Additionally designed into this single process was
the self-aligning ability of the interfacing fiber optics with the
integrated waveguides, allowing the device optics to be
assembled by hand with minimal difficulties.3” Finally, the
inherent smplicity of the merged process greatly decreased the
project complexity, thus improving the device yield, while
facilitating the rapid fabrication of large numbers of the optical
elements. The SU-8 waveguides/couplers were produced using
a single lithographic mask on a 1”7 X 1.5” microscope slide
(Fisher Scientific), and coupled with 50 um core-125 um
cladding multimode optical fiber (Thorlabs). The mask pattern
produced 20 waveguides per chip and yield generally was
100%, athough only a single waveguide was used at atime. A
diagram of the waveguide/coupling system is shown in Fig. 5.
The tapered optical fiber interfaces allowed rapid assembly of
the system using no specialized alignment stages-the optical
fibers were inserted into the tapered and self-guided to the
integrated waveguide interface region. To fix the fibers in
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Fig. 5 Waveguide/coupling system.
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position, a small amount of SU-8 was used as an adhesive. The
use of SU-8 as the adhesive had the advantage of not
introducing any additional optical interfaces and the accom-
panying losses between the fiber optics and the waveguides.

2.5 Fluid coupling

Continuing with the precept of simple and rapid device
fabrication, the microfluidic channel was constructed from
poly(dimethyl siloxane) (PDMS) using a single-stage casting
process. Fluid inlet and outlet portswereintegrated into the cast,
further shortening the device construction time. The waveguide/
flow cell was assembled into a controlled dissolved oxygen
apparatus for sengitivity testing, as shown in Fig. 6.38-40

The dissolved oxygen concentration in water buffered at pH
7.6 was varied from 0.8 to 24.8 mg |- by controlling the ratio
of bubbled oxygen and nitrogen into the mixing chamber, which
was monitored with a Traceable® dissolved oxygen probe
(VWR Scientific). Once the dissolved oxygen concentration
had stabilized to a set value, the dye was excited by the 450 nm
LED source, and the emitted fluorescence was detected by the
USB spectrometer (Oceanoptics), using a5 sintegration period
with ten averaged samples and a 30 point boxcar average. The
total 50 s sample period was longer than the response of the dye,
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Fig. 6 Schematic of controlled dissolved oxygen apparatus.
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and thus the system effectively responded immedately to
changes in dissolved oxygen concentration. The fluorescence
signal strength was extracted from the output spectra, normal-
ized and correlated with the known dissol ved oxygen concentra-
tions to produce a calibration plot.

Results

The assembled integrated waveguide, spectrometer and fluidic
channel system is shown in Fig. 7. Water buffered at pH 7.6 is
flowed through the PDMS channel via 1/16” tubing entering
and exiting from the right of the photograph. The entire
spectrometer and integrated waveguide/flow cell system was
enclosed in a light-tight box to reduce the interference by
external light sources.

The normalized fluorescence—oxygen concentration response
calibration plot at the fluorescence wavelength of 615.27 nmis
shown in Fig. 8. Normalization of the fluorescence intensity
was achieved by dividing theintensity valuesinto the maximum
fluorescence value, to determine if a trend consistent with the
Stern-Volmer relationship was present.40

14 K\ [0,] )

The inset shows the excitation and intensity spectra. The
large separation between the excitation and emission peaks—
approximately 150 nm—allowed us to dispense with the
excitation filter at the detector.
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Fig. 7 Assembled oxygen sensor-controlled dissolved oxygen is pumped
through the fluidic channel via tubes to the right.
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Comparing the fluorescent response of the system with
previous work using the same dye and a non-evanescent optical
arrangement, the evanescent system is capable of detecting
approximately seven times less fluorescent intensity than the
non-evanescent system, but with a 10-fold reduction in standard
error.15 The calibration plot shows a strong linear correlation
between the changing oxygen concentration and the normalized
fluorescence emission intensity, following the Stern—Volmer
relationship and indicating successful oxygen sensing by the
system. The maximum resolution of the system can be
calculated from the calibration data as a change of approx-
imately 0.6 mg 11 (600 ppb) dissolved oxygen concentration.
Although not shown, the changes in fluorescent intensity were
relatively small compared with the total fluorescence. The
maximum dissolved oxygen concentration that the apparatus
was capable of producing (24.8 mg |1, corresponding to
approximately 19 mTorr) only caused a 16% decrease in total
fluorescent output. While this range includes most applications
of interest, such ascell culture, futureinvestigations are planned
to exploit the full output range, as well as optimization of the
optical apparatus to expand this range. The sensor showed no
measurable drift over the two day period of sampling, and
random testing of similar data points at multiple times did not
uncover any significant variation.

Towards system instrumentation improvements, either using
a longer integration time or replacing the spectrometer with a
low-pass filter and a photomultiplier tube can increase this
resolution. However, these changes would increase the time
response of the sensor and complexity of the system, re-
spectively. The range of oxygen concentration used for this
study was relatively large, which allows this sensing technique
to be used for a wide variety of oxygen-sensing applications.
Concentrations of dissolved oxygen to support aquatic life fall
well within the range of this sensor,41 and ruthenium-based
oxygen sensing systems such as the Oxford Optronics Oxy-
lite© are currently being used to probe oxygen concentrations
in cell cultures as high as 100 Torr.42 Additionally, due to the
large optical transmission range of SU-8, any fluorophore that
excites using a wavelength longer than 400 nm is capable of
operating with this system.

Conclusions

A polymericintegrated optical evanescent waveguide sensor for
dissolved oxygen was fabricated using a single stage litho-
graphic process. Dye immobilization on the waveguide surface
was achieved using a combined spin assembly/layer-by-layer
deposition with interpolyelectrolyte formation. The assembled
waveguide sensor successfully demonstrated oxygen sensitivity
over a range of 0.8 to 24.8 mg |- with a strongly linear
response. Possible applications for this type of optical sensor
vary from micro total-analysis systems (uWTAS), chemical-
sensing within separation channels or miniaturized bioreactors
and artificial tissue culture substrates. For commercial applica-
tions, the Oceanoptics spectrometer would be replaced by a
simplefilter and photodiode sensor, and the entire system would
be fabricated in a sealed chamber with ports for fluid and
electrical connections. The compactness of the sensor would
lend to both ease of use and the ability to integrate it into
portable analysis systems. The waveguide material SU-8 is
however not desirable in manufacturing situations, as the
developer is toxic and relatively time-consuming photolitho-
graphic methods are required. To make the fabrication of this
sensor more viable commercialy, we are investigating a
molding process to construct the waveguides using PDMS,
which is also transparent to UV and visible light, but does not
required exposure or development processes. The fabrication
and assembly techniques used in this work are inherently
generic and have the potential for use in a wide range of

systems. We are therefore exploring the application of this
technique to several biochemical and biowarfare agent detec-
tion problems and expect that the system will find applicationin
awide range of other applications.
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