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FLUORESCENCE BASED INTEGRATED OPTICAL BIOSENSORS

PREFACE

This work was carried out in order to find new biochemical sensing schemes
at reduced size as well as low cost, while improving sensitivity and selectivity.
Many problems in our surrounding, the food chain and the medical care ask
for appropriate sensing solutions. This work aiso aims io get a PhD degree in
physics.

The work performed asked for a wide interdisciplinary point of view and
therefore offered the opportunity to have insight into a broad varisty of
interesting topics within the different disciplines to be dealt with.

| gstimated many people’s support of different sections at the Centre Suisse
d'Electronique et de Microtechnique SA (CSEM), the Institut de
Microtechnique, Neuchétel (IMT) and the Swiss Federal Institute of
Techneology, Zlnich (Eidgendssische Technische Hochschule, ETH).

| did an interesting research work in an instructive surrounding and | had the
opportunity to meet many really genius people.

All'in all | can look back to an interesting yet not always carefree tims. 1 would
like to dedicate this book to all the persons who supported me during. that
time.

Thank you
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ABSTRACT

Integrated opfical sensing chips have successfully been used for the detection
of different biochemical molecules. Refractometric sensing is used for the
detection of large molecules as the mass that is adsorbed onto a wave
guiding matetial is messured. Fluorescence sensors are used for visualizing
distributions of labeled molecules or to measure a concentration of molecules
quantitatively by measuring the intensity of the light emitted. This method is
useful especially for small molecules as drugs, antibiotics, DNA probes or
ions. This work deals with new chips and new sensing schemes that have
bsen developed and tested in order o get higher density of different
recognition regions as well as higher sensitivity and lower costs. First chips
have been designed and fsbricated mostly in-house. The sensing principle
has been demonstrated by performing standard experiments on a large
lsboratory set-up providing all the flexibility needed to make use of different
chips as well as to evsluste different sensing schemes. Further some
experimenis have been performed directly detecting single stranded DNA
probes, and different antibiotics in competitive assays. The results show well
the effectiveness of the sensing principle described in this work even
providing dynamic measurements. Dynamic means to be able to measure the
whole adsorption process online in a flow cell, as the excitation of the
fluorescence and tha readout optics takes place on the backside of the sensor
chip, opposite to the biochemistry. Notwithstanding the attainable detection
limits have not been reached and exact calibration for quantification of the
measured substances has not been periormed, the work performed shows
clearly that this way of detection may lead to a new generation of high density
sensing modules at low prices providing high sensitivity and high selectivity.
Ongoing work now concentretes on combining different integraied optical
sensing principles in order to enhance sensitivity and selectivity again.

Fluorescence Besed Intagrated Optical Biosensors vif



FRENCH ABSTRACT

Les puces de détection basées sur loptique intégrée ont été utilisées avec
succés pour mesurer différentes malécules biochimiques. La méthade
consistant ¥ mesurer lindice de réfraction a été utilisée pour détecter de
grandes molécules, car la quantité edsarbée sur la surface d’un guide d'onde
est facilement déduite & partir de lindice de réfraction. Les cepieurs de
fluorescence sont utilisés pour vair la distrbution des molécules qui sont
raconnaissablas avec un colorant fluarescent. |l faut mesurer I'intensité de la
lumiére émise pour feire des mesures de concentrations de telles molécules.
Cette méthode est prédestinée aux petites molécules, par exemple les
drogues, les antibiotiques, les particules d’ADN ou simplement pour des
éléments purs. Les travaux décrits icl sont basés sur des nouveaux chips et
des méthades de détection récentes qui ont été développds et testés dans ie
but de développer des nouveaux appareils bon marché, spécifiques et trés
sensibles. Les premitres puces ont été dessinées et fabriquées presque
entidrement par CSEM Zlrich. Le principe de détection a été démantré 2
lexemple des expériences standards avec un grand montage au labaratoire,
ce qui laisse la flexibilité d'utiliser plusieurs puces différentes pour diverses
méthades de détection. La détection de nucléotides ADN a en plus été
démanirée. De méme, la détection d'antibiotiques a éié faite en utilisant un
essai compétitif. Les résultats prauvent I'efficacité de la méthade désignée.
Des mesures dynamiques peuvent aussi étre effectuées. Cela veut dire que
la technique utilisée permet d'abserver tout le processus d'absamption des
malécules lersqu’il se passe & la surface. Cela est passible grace au fait que
taut procédé bicchimique a lieu dans une cellule fluidique d'un cbté de la puce
pendant que Fillumination et l'eptique d'abservation sant effectuées de Fautre.
Et, m&me si les [imites de détection théariques n'ant pas été atteintes o si
aucune calibration nécessaire paur les résultats n'a &té faite, las travaux
effectués sont un signe clair que ce genre de détection peut canduire & de
nouveaux capteurs & prix réduits, offrant une grande sélectivité et une haute
sensibilité. D’autres chercheurs essaient maintenant de combiner différentes
techniques de détection avec aptique intégrée pour améliorer encore plus les
détecteurs.

viii Fluarescence Based Integrated Optical Biosensars



GERMAN ABSTRACT

Integriert optische Sensorchips sind bereits erfolgreich fir die Detektion von
biochemischen Substanzen unterschiedlichster At verwendet warden.
Messmethoden, welchen die Verdnderung der effektiven Brechzahl eines
Lichtlsiters als Mass fir die Massenbedeckung der Chipobertldche zugrunde
liegt sind vor allem zum Nachweis grosser Molekile gesignet. Fluoreszenz
Sensoran werden vor allem angswendet, wenn die Verteilung von Molekiilen
auf einer Oberfldche visualisien werden soll. Allerdings kénnen mit dieser
Methode auch quantitative echte Konzentrationen gemessen werden, indem
die Intensitit der emittierten Fluoreszenz gemessen wird, Diese Methode ist
basonders fur kieine Molekite wie Drogen, Antibiotika, DNA Proben oder
reine Elemente geeignet. Die vorfiegende Arbeit behandelt neus Chips und
neus Messmathoden, die entwickelt und getestet wurden, um Messgerate mit
héherer Masskanal Dichte sowie bessere Empfindlichkeit zu nisdrigaren
Praisen zu ermbglichen. Erste Sensor Chips wurden fast ganzlich im Hause
entworfen und hergestelt. Das Messprinzip wurde zuerst mit standard
Experimenten demanstriert, die auf einem grossen Labor Aufbau mit der
nitigen Flexibilitit, verschiedene Chips und unterschiedliche Messmethoden
zu verwenden, durchgefiiht wurden. Weitergehend wurden Massreihen
durchgefihnt, die einzelne DNA Abschnitte nachwissen. Zum Nachweis
unterschiedlicher Antibiotika wurden konkurrierends Reaktionen ausgetist.
Die erzielten Resultate zeigen die Effektivitit der Massmethode, die dieser
Arbeit als Haupgrundlage dient, und die auch fir dynamische Messvorgan ge
geeignet ist. Mit dynamisch wird hier die Mbglichkeit angesprochen, einef
ganzen Adsorptionsprozess messend mitverfalgen zu kénnen, da der Chip in
siner Flusszells montiert ist, und die Beleuchtung ebenso wie die Detektion
der Fluoraszenz von der Rickseite, wo keine blochemischen Reaktionen
stattfinden, bewerkstelligt wird. Auch wenn die mit dieser Mathods
emeichbare Detektionsuntergrenze nicht erreicht wurde und auch eine genaue
Kalibration fOr quantitativ exakte Messungen sich als ausserst komplex
erwies, konnte mit den durchgefiihrten Messungen dennoch gezeigt werden,
dass diess Methods 2u einer neuen Generation von Kleinen und
kostenginstigen Mehrstoff-Messgerdten mit  hoher Empfindlictikeit und
Seleklivitit fihren kann. Weiterflhrende Arbeiten konzentrieren sich zur
weitaren Effizienzsteigerung auf Sensoren, die verschiedene intagrient
optische Messprinzipien kombinieren.
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1 Intraduction
1.1. Mativation

Many prablems in aur environment, the wastewater treatment, the foed
chain and the medical care lead ta a large demand in sensors.

The quality of drinking water springs is tremendausly decreasing due to
contamination by pesticides and wastewater. Meore than a 10000
chemical and biochemical substances considered as threatening human
health ere known. Many mere may occur in the future ar are net known.
Substances that are hamnful to living organisms are often very low
concentrated, but they still have a huge impact en pracesses in an
arganism.

A different aree of interest is the tremendous informatian retrieved by the
genemic sequencing. A significant contribution to the technelagical
advancement was achigved by the development of the polymerase chain
reaction {PCR) [1]. Detecting DNA probes [2,3] leads to a different way of
understanding knewn and newly appearing diseases. A main goal is to
apply this understanding inta faster and meare accurate techniques of
diagnestics and treatment. Biochemical substances wearing genetic data
ar ditferent impartant infermation abaut diseases also eften appear only in
law cancentratians.

These facts explain the need for accurate sensing methads in food
pracessing and drinking water contrel as well as in disease diagnastics
and drug development. Therefore the demand for highly sensitive sensors
has strangly arisen during the last few decades and it is stilt raising. The
goal of an accurate sensor is to detect malecules very specifically at
extremaly low detection limits. Specifically means that the substance of
interest has to be measured exactly even in the presence of many differant
known or also unknown molecules. An additional challenge in developing
new sensors is to make them sensitive for measuring small quantities of
loew cancentrated substances. Further, the sensars need to get results
beth quickly and accurately as well as they should be cheap. New sensars
have to fulfitl scme or all of the above requirements.

1.2. Sensors in Genersi

Many different approaches that will net be discussed in detail hare exist to
detect substances in fluids or gases. There ere methods as a mechanical
or elactrestatic filtering, different types of chromatography, mass
spectroscopy, optical spectroscopy, time-of-flight ar viscasity measuring,
electronic -end electrochemical sensars [4,5] that measure the potential,
resistence ar current change occuming in the presence or after a specific
chemical reaction of the analyte.

Fluerescence Based Integrated Optical Biesensors 1



1.3. Opticel Sensors in General

A broad variety of optical sensors exist. They range from movement
sensors to highly sensitive chemical sensors [€,7,8.9). In order to get a
(bio-) chemical sensor providing high sensitivity and selectivity it is
necesseary to combine a highly sensitive and selective chemical recognition
layer onto an optical surface [10,11,12). The surtace behavior of an optical
sensor is a very important and critical topic [13,14), as it is the place of the
capturing of the substance to measure. Both, selectivity end sensitivity
depend strongly on that interface, and also the optical signal information
needs to be transmitted along or through that surface. The properties and
the behavior of the molecules of interest lead to the sensing type and the
design of the whole optical sensing scheme.

1.4. Optical Fluorescence Sensors

In optical fluorescence sensors the Jabeled molecules are excited by
iluminetion with light of the exciting wavelength [15,16). The fluorescent
emission by the labels is then collecied optically for detection. In
conventional optical fluorescence sensors the labeled analyte molecules
are illuminated directly by a beam of light. The fluorescence that is
diffusely radiated into any direction around the sensor needs to be
collected spatially [14). Different optical fluorescence sensors are based
on measuring the lifetime of the fluorescence [17,18,19,20,21].

Many different approaches are being tested or theoretically avaluated
[22,23,24].

1.5. Integrated Optics

Integrated optics (/Q) means that light is guided through waveguides of
more or less complicated structures. In any kind of 1O sensors differant
advantageous praopenries can be teken profit of [25,26,27]. In example
miniaturized interferometers can be built [28,29,30). But also the
properties of the light guiding is influenced by the surface of a waveguide
in which the light is guided quite weakly. This means that the evanescent
field of the guided wave propagstes on either side of the waveguide in the
substrate and the cover respactively and therefore interacts with molecules
that are very close to that surface (in a sub-wavelength distance) within the
range of the evansscent wave. These interactions change the guiding
properties (eflective refractive index, N) and thus sensors can be
developed that are based on integrated optics [31,32,33,34,35]).

2 Fluorescence Based Integrated Optical Biosensors



1.6. Thesis Overview

In this thesis a new sensing approach based on integrated optics for
flugrescence sensing is presented. This new approach is based on a
single-pad sensing scheme. Single pad means that all the functions
needed for sensing are implemented on one single pad on a sensor chip.
In chapter 2 the fundamentals about integrated optical sensing are
described. The new single-pad sensing scheme based on cross
polarization Is describad and general information about fluorescence,
absorption and electrochemiluminescence is given. Chapter 3 describes
the material used and the methads applied within the work this thesis is
hased on. In chapter 4 some medel experiments performing
immunoassays to show the feasibility of the new approach are described
end discussed. Chapter 5 describes experiments for the detection of
antibictics using the presented set-up. Measurements of DNA
oligonucleotides with the presented set-up ere shown in chapters 6 and 7.
Chepter 6 shows the detection of the ofigonucleotide tailing reaction an the
sensor chip surface, while the sensing of single stranded oligonucleotides
and their dehybridization on the chip is described in chapter 7. Chapter 8
presents some first experiments that have been perfermed combining
integrated optics with electrochemiluminescence,  The prefliminary
deposition of slectrodes on a chip and their design are also explained in
‘chapter 8. In the conclusions of this wark & comparison of the presented
new approach with different state of the art sensor types is made, and the
presant work is positioned within the field of comparable sensors research.

Flucrascence Basad Integrated Optical Biosansors 3



2

Fundesmentals of Integrated Optical Sensing
2.1  Integrated Optical Sensors

Integrated aptical sensors exploit the behaviar of light ta couple efficiently
into 8 material of higher refractive index if the emission is-very close
(swavelength) to the surface [36,37]. Also the fact that melecules
adsarbad within this rangs influence the evaneascent field of a guided weve
is used for sensars {25]. In refractometry this last fact is used as any mass
adsorbed to the surface of a waveguide changes the effective refractive
index and thus the coupling angle of the propagated light via a specitic
grating caupler an the waveguide. This sensing methad is vary suitable for
the detection of large molecules, as il is a measure of the surfece mass
density. Each moiecule baund ta the recognition layar an the sensor chip
clesrly cantributes 1o the total mass adsarbed ta the waveguide surface.
Even very small changes of the effective refractive index (N) result in a
different k-vector of the guided made and thus in a different coaupling angls
at 8 grating coupler of a specific grating constant. Even mare accurate
measuremeants can ba perfarmed eliminating the need of scanning angles
it slightly chirpaed gratings sre used. Observing at a constant angle leads
1o a shift of the coupled signa! {Integrated aptical light painter, IOLP, [38])
in the y-axis where it is coupled through the apprapriate grating constant.
Sa the total amount of edsarbed malecules can directly be measured by
the use of a converting look-up table. There is na need ta labal them with
flurescent dyes ar different recagnition markers when measuring using
the method of refractametry. Replicated integrated optical (IO} sensars
bassed on planar waveguides have successfully been used far
refractametric immunaassay measurements [39 - 46).

2.2 Flucrescence

Other methads are necessary however for the detection of processes
leading anly 1o small changes in the surface mass dersity. For example it
law concentrations of small molecules like drugs have to be measured. In
this case, assays making use of molecules that are labeled with &
fluorescent dye are well adepted [14,47]. Various types of integrated
optical sensar schemas based an fluarescence, fiber aptical [22,48] as well
as planar aptical sensor typses have been presented eedier [49 - 63]. Far
future applications, it is important to reduce the cost of the sensor chips
and of the whole systemn as well as to increase the density of the sensing
pads on a single chip for multi-companent analysis and/ar far achieving an
enhanced specificity or accuracy (far example far diegnostic 1ests).

The conventiona! sensing schemes of integrated optical fluarescence
sensors based an planar waveguides use separate regions an the chip for
light input/eutput and sensing.

In integrated opfical fluarescence sensars the evanescent field of the
illuminating light propagating in the waveguide excites the adsarbed
labaled molecules. The emitted fluorescence light is then coupled
efficiently into the same waveguide and caupled out via a grating pad et e

Fluarescence Based Integrated Optical Biasensars



different angle than the excitation light. This methed is very cenvenient for
detecting small molecules such as drugs, heavy metals or ions. As the
molecules to be detected have to be labeled with fluarescent dyes it often
is necessary to perfiorm competitive assays. That means that the quantity
of analyte meolecules is measured indirectly. Fluorescence can be used to
visualize distributions of molecules or to simply show their presence.
Ouantitative detection by fluorescence light intensity measurements asks
for extremely accurate
Grating pad ~ Sensing layer’  Grating pad calibrations.

for incoupling _ Auorescence pad _for outcoupling The conventionzl
schemes that are
commenly used for
flucrescence  sensors
d consist of at least two
}beiecimz

lout)

Alll
) N
i 2.1 shows how the

— L—
\| ens excitation  light s
! coupled into the
waveguide by a grating
Fi%ure 2.;: g:onventt‘ﬁ;\alo fltl;]?;iscsegcemt:ensgzg pad. Then, the light is
schemes based on r 0
depending on the scheme of light collecllnrf’.{71 b g;aor?g?at\::veg:l?de t::)er

- illuminating the
maolecules bound to the sensing layer on the chip surface by its
evanescent wave. The emittad fluorescence light is then either directed to
detecter 1 by a lens or collected by the waveguide and coupled eut to
detecter 2 by a second grating. As the wavelengths of excitation A, and

emission A, differ, the corresponding cutcoupling angles are different.

The difference of the twe outcoupling angles however is small and makes
it in this conventional errangement very difficult to separate the signal from
the excitation light geometrically. This means that the excifing light has to
be weak enough in order to fade by exciting the fluerescent dyes, or an
optical bandpass filier has to be used for reading out the fluorescence light
coupled out via the second grating. [f multiple sensing areas are used in a
serias also fosses of excitation light by propagation as well as from having
excited fluorescence may occur. Therefore, one big advantage of the
scheme presenied here is that each detection point is practically
independent from the others, which is neot the case in ether approeches
[64].

o different pads. Figure

] Detector 1

2.3 Crosa Polarization

in this work, a naw approach is demonstrated. The emphasis is on two
aspects, namely {1) to lower the chip costs by making use of replication
technigues, and (2) to reduce the real estete needed on the chip surface
by intraducing a single-ped sensing scheme [65]. This means that a
single-pad grating coupler provides the whole functionality of a sensing
unit. The new compact single pad integrated opfical fluorescence sensing
method is dediceted for quantitative detection if all the used parts are

Fluorescence Based Integrated Optical Biosenseors 5



identically produced
and set up. The
principle is based on
a planar dislectric
waveguide containing
multipte - sensing
Detectorn units, sach consisting
of &  single-pad

A’A'GN(TM) grating coupler
g ox(TM) / ref structure as shown in
am(TE} flgure 2.2,
in  this single-pad
Figura 2.2: Single ped fluorescence sensing scheme scheme all the
Including lllumination, excitation end readout. following functions

are incorporated in
one single pad: input
of the laser light, excitation of tha labeled analyte molecules, efficient
collection of the emitled fluorescent light in the wave-guide, backgreund
suppression, and coupling of the guided wave out to the detector, The
advantage is to save space within the sensing set up and to prevent the
fluorescence from propagating through the waveguide thus losing
intensity. The results demonstrate a high efficiency of the fluorescence
light excitation and collection as well as a good suppression of the volume
background.  Figure 2.3 shows a schemetic representation of the
measuring principle whereas figure 2.4 schematically shows the
meeasuring set-up. The sensor chip forms the transparent window of a
fluidic cell. In the center, a grating coupler stnip is located and multipe
spots for multiple measurements on this sirip ere illuminated by means of
a laser diode using time-multiptexing. Two single-pad channels are
explicitely shown, namely a sensing (S) and a reference (R) ped. The
fluorescence light emitted by labeled molecules adsorbed on the chip
surface is coupled out to a single detector {photomuliiplier tube) for ell the
spots. For a better background suppression, the fluorescence light is
observed via the TE(J waveguide mode, while the excitation is performed

Sensing Pad-._ <% Labeled Molecule

2l ~— Sensor Chip
/ TE, - Mode for Cbservation
TM, - Mode for Excitation Bl Detector

Flgure 2.3: Latarel view of the sensor chip readout scheme

via the TM(l mode.

The molecules that have been adsorbed to the sensing layer, being a pan
of the same pad the grating is lecated at, are therefore illuminatsd by the
evenescent field of the planar wave as well as by the laser beam directly.

Fluorescence Based Integrated Opticat Biosensors



Their fluarescent light is being collected by the waveguide, exciting bath a
TM- and a TE-polarized mode.

These modes are immediately coupled cut again by the same grating.
And so is the TM-palarized made of the exciting laser that is caupled aut at
the very same angle as the laser beam is reflected ta. This high intensity
of light tegether with the small difference between the outcoupling angles
makes separation of exciting light and fluarescence signal at the same
polarization nearly impassible.

fluid outlet

1O chip

beam splitter

faser dinde
mirror

aptics & filter

W oy

fluid inlet phatomultiplier tu

Figure 2.4: Single pad fluorescence sensing scheme inciuding fluldics, iilumination,
excitation and readout.

shutter

Making use of efficient transfer of rediation directly frem the near field of
the dye molecules via evanescent waves to the TE,; waveguide made, and

observing the corresponding output beamh can markedly improve this
situation. This appraach is based an the fact that fluorescent malecules
can radiate very effectively inta an aptically denser medium if they are
located very close (<< one wavelength) to the law/high index interface [36].
In aur case, we da not anly make use of this enhancement far the
illuminaticn of the dye malecules (via the TM mode), but alsa, at the same
time, for the detection of the emitted radiation (via the TE mode).
Furthermore, the TE-polarized mode of the flucrescence signal is coupled
out at a very different angle of 6, (TE) = 64° whereas just a negligibly

small part of the TM-polarized exciting light tums into a TE-palarized made
in the waveguide coupling cut at 8, (TE} = 66°. In addition to the better

angular (and peolarization) separatien, a better discrimination of the
radiation emitted by the molecules immediately adsarbed ta the
recognition layer versus the dye melecules present in the bulk medium,
results from this appraach.

In arder 1o suppress the additional backgraund arigineting from the plastic
substrate’s fluarescence and the scattered light from the replicated
gratings, and therefare to fuither imprave the signal-to-noise ratio, an
additional aptical band pass filter is used. This markedly reduces this

Fluarescerice Based Integrated Optical Binsensars 7



background whan the coupled-out flucrescence signal is directed to the
detector by imaging optics.

24  Absorption

Instead of exciting fluorescence the remeining intensity of the illuminating
laser light can be measured if an absorbing layer is coated onto the chip
[66,67,68,69). Measurements based on this method have not been
performed within this work after first tests did not show satisfying results.

2.5 Electrochemiluminescence

A modification of integrated optical sensing is measuring
electrochemilurninescence via a dielectric waveguide. A current applied to
microelectrodes in the fluid stimulates the accordingly labeled molecules
and excites electrochemiluminescence [70,71]. If this luminescence is
emitted close enocugh to the dielectric surface it is coupled into the
waveguide and guided to the grating coupler, from where the signal can be
directed 1o the detection module the same way as the fluorescence signal.
Soma tests using this scheme have been performed.

Fluorescence Based Integrated Optical Biosensors



3 Materials and Methods
3.1  Chips
The sensor chips have been fabricated in the following way.
. Chip Design

First, the grating perind (A) required praviding suitable coupling angles
was calculated. For the design of a chip two main paramaters have ta be
taken into account carefully in arder to get officient sensors. These are the
properties of the waveguide and the grating coupler {optical} on ane hand
as well as the layaut of the sensing channels (geometrical) an the other.
The waveguide material and its thickness ara the main paramatars
defining the range of tha effactive refractiva indax of the sensor. In ralation
to the preferably used laser wavslength the constant A of the grating
coupler shall be chasen ta lead ta useful coupling angles for illumination as
well as far read out.

The wave guiding fiim materials used givan by technical processes were
Titanium diaxide and Tantalum pantoxida (only glass chips).

. Grating Constant -

The grating period (A) must be calculated to get angles for illumination and
detection that are practical by means aof the mechanicel measuring set-up
considering the wavelengths that will be used. Further a good separation
between the excitation wavelength and the emitted signal is raquested.
The grating canstant that was chosen for the standard chips was 600nm
{The peradicity (A) of the praduced chips was 595nm), as tha calculated
coupling angles for this grating in a TiO, wavaguide of 160nm thickness et

€658.1nm (wavelangth of used iaboratory set up faser diote} were
calculated to ba

™ +51.8°
TE +69.8°
Fluorescence (maximum at A = 670nm, mean around 630nm}.
™ +45.7°
TE +67.8°

Tha calculation was performad respecting the coupling condition (3.1.1}: A
plane wave u at the wavelength A illuminates the grating at an angle of

incidence 8i measured in the ambient medium A with refractive index na=1

{air). If tha grating coupler resonance condition is fulfiled, a guided mode
u,, is excited with maximum caupling efficiancy.

Fluarescence Based Integrated Optical Biosensors 9



10

N =n, sin 8+ m, /A AR
where A denotes the periodicity of the grating (grating constent) end mg

the grating diffraction order.
The effective refractive index N is defined by (3.1.2):

N=k,/k=p/k (312

where k=2n/A=w/c. Here, ¢ denotes the speed of light in air and @ stands
for the corresponding angular frequency. The direction z is defined as the
propagation direction of the mode within the waveguide. The meaning of
N is very fundamental in integrated optics; it depends on the wavelength A,
the polarization of the light and on the waveguide parameters (thickness of
the wave guiding film, thickness of a (biochemical) recognition layer (L) on

ANGULAR DISTRIBUTION

Angles of used Chip-Laser Combination

Figure 3.1: Angular distribution of the TiQ, waveguide on a replicated chip used If
iltluminated at 658.1nm and emitting fluorescence at 630nm. '

the waveguide surface, Ng, N, Ng, n, which themselves depend on the

wavelength &). N can not be expressed by an analytical formula.
Rigorous numetical calculations of finite gratings are a very complicated
and yet to be solved topic. [72]

Figure 3.1 shows the angular distribution given by the used polycarbonate
chips with TiO,, waveguide.

Fabrication of replicated Chips

The processing of the chip production starts fabricating a silica master into
which & grating pattem is transferred photolithagraphically. Pieces of e
quartz plate {(Coming) of 1mm thickness were used. After a careful
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cleaning procedure the S0, sample was spin coated by anti reflection

coating (ARC XL-20, Brewer Science Inc.) in order to prevent intemal
reflections of the holographic signal to be applied later. The spin costing
of ARC was done two times for easch sample for getting a good non-
reflective surface. Spin coating of the ARC layer onto the sample was
done by spinning the plate with the applied drop on top for one minute at
2000RPM and then drying the layer by heating it up o 180°C for another
minute. Repeating this procedure but heating only at 160°C led to an
acceptable enti reflectivity. Third layer to be applied was the photo resist
(Microposit $1805). It was spin coated by accelerating at level 5 to the
initial rotation speed of 500RPM for 2 seconds and then accelerating at
level 3 to the final rotetion speed of 4000RPM for another 35 seconds.
Drying the photo resist was reached by heating the sample to 115°C for
one minute,

Then a corresponding interference-grating pattem was generated on a
holographic set-up using a He-Cd-laser (Liconix, A = 441.6nm). This laser
was 5plit up into two identical beams that interfere at a specific angle in
order to generale interference lines of the width needed {minima and
maxima of the period A. The silice master costed with photo resist is
placed into this interfering plane. The quartz sample was exposed 1o this
holographic interference grating for between 2 and 8 minutes {used
standard was 350 seconds). The exposure time detines the duty cycle of
the grating lines in the photo resist and therefore later in the chip material.
The light coupling efficiency of the grating depends on the shape of the
grating as well as on its duty cycle.’

After exposure the photo resist hed 10 be developed in a standard
developer (Microposit 303, 1:10), which had to be stirred well immediately
before each use. Developing was done for 20-25 seconds in order to fix
the sinus like volume grating structure. After developing the sample was
rinsed with de-ionized water for at least one minute.

Next processing step is vapor deposition of € 4nm thin chromium layer af
an angle of 14°. This builds up a non-continuous triangular structure on
top ot the photo resist grating.

The grating pattem of photo resist, covered by chromium, was etched into
the silica master by oxygen plasma etching. Only the chromium iayer
could prevent the photo resist from flattening down too quickly and so not
transferring the line structures into the hard quartz underground.

The macroscopiC structure of the grating pads was defined using an
eluminum shadow mask. Grating stripes of 1mm width were repeatedly
placed on the master to provide multiple chips from every single fabrication
step (See figure 3.2).
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Figure 3.4 shows the angular distribution of these glass chips thst were
typically used towards the end of this work. Figure 3.5 is the scheme of
their layout that was dasigned towards multi array sensors.

Coupling Angles In Water

y

PMT

ﬂL

Figure 3.4: Anguiar distribution of the
TapOg waveguide on a glass chip used ¥

llumineted at 658.1nm and emiiting
fluorescence af 630nm.

Disadvantages of plastic chips
are
o Auto-fluorescence
o Non-stability  of
substrate due o0
pinholes in the
waveguide sensitivity of
PC to aggressive
solutions as solvants
and acidic solutions.
o The wave guiding film
does not adhere wall.
0 Possibility of applying
TiO, waveguides only
© Non reproducibility of
the gratings caused by

the

slightly varying
pressure and
tempersture during the
embossing

The differences between the PC chips and the glass chips are obvious.
The gratings of the glass chips as reproducible as also the grating depth
and grating conslant. This leads to mora accurate coupling angles within

1 2 3
A [ 0 W o
o M MW [0 gsmm
oWl WD
o M @M [ ssmm
e M M0 8 gsmm
F ﬂﬂ][ﬂ] mﬂﬂm ﬂ]]]m]]o:amm

Figure 3.5: Layout of the new muti
greting-pad glass chip
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constant conditions (wavelength,
polarization, fiuid) than for the PC
chips, except some rare bad
coating runs at Unaxis showing a
slight gradient in the waveguide
thickness. This little processing
problem  also  showed up
sometimes when coating PC chips
and is not at all & typical problem of
glass substrates. The gless is
much more stable to many kirds of
fluids, so the substrate is not
dissolved and thus the waveguide
does not dissociate. Further tha
glass chips are much more planar
and smooth on the surface and
besides that do less fluoresce
themselves.
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. Reasons far Change

The bad reproducibility of the hot embossed gratings, the sensitivity of PC
to acidic solutions es well as the strang scattering of light and self
fluorescence by the PC chips led to the decision to change definitely to the

new glass chips.

» Charactenzation

Ta characterize the properties of the waveguide and of the grating the
chips were illuminated with different lasers (He-Ne 632.8nm, He-Cd
441.6nm} and the first ditfraction angles was measured in autocallimation.
That means the beam of the first diffraction arder rediates back ta the laser
source. The general diffraction equation for reflacting gratings

sin@,,=- (mg AfA +sin8)

(3.1.3)

is then reduced by the fact that 6, = 6, , of the first diffraction arder (mg=1),

and the grating canstant is calculated by:

A=A/2sin e'

(3.1.4)

Where A is the grating canstant, A is the laser wavelength, mg is the

difiraction arder and 6, , is the engle of diffraction.
Further, the coupling angles of the gratings far the TE and the TM

. T
w® T

Figura 3.6: An angular scan shows tha axact
coupiing angia of an Individual PC chip and thus
Is used for characterization and quality control.
Measured at the edgas via & tiber.

polarized mode have been
measured in air of in water
an the set up illuminsting
with the same laser used for
expeniments. Maasuring the
light intensity at the edges af
the waveguide during an
angular scan results in e
typical resonance curve as
shown in figure 3.6.
Therefare glass fibers were
connected to the edges of
the waveguide. These fibers
led o phatodiodes to
measure the brightness
peaks at the coupling
angles.

The same type of angular scans were repeatedly perfarmed at a small
angular range during measurements in arder ta assure that the chip be
illuminated at the angle of optimum caupling. This is necassary as
temperature or pH changes may result in a varation of the caupling angla.

Figure 3.7 shaws how this was measured.
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fluorescence propagates in the waveguide in at least twa different mades
in each direction, the TE, as well as the TM; made. Bath of these guided

mades are coupled aut at different anglas. The illuminating light exciting
the fluarescent dyes was usually TM polarized. The angular difference
between exciting light and emitted light caused by the slight wavelength
shift was small.

In all the experiments that were performed far this wark {except chapter 8,
ECL) the intensity af the fluorescence excited by an illuminating laser was
measured. Therefore much effort was ta be dane far suppressing the
laser light by detecting the signal. This was done using different
suppressian technigues.

That is:

+ Different coupling angles due ta different wavelengths

*  Measuring anly the crass-polarized portion of the fluorescence

*  Using a band pass filter

[*] It can be assumed that specific dipale malecules, if specifically baund ta
a surface, emit palanzed light, especially if they are excited by a pafarized
light saurce. Thi$ is anly the case if the binding prevents moving [73] as in
crystalline structures, where the degrees of freedam are limited.

In the sensing scheme used far this wark the exciting laser beam was
mast of the time TM-polarized. It was emitted by a 658.1nm laser diade
and mechanically chopped in arder ta allaw lack-in amplification. This light
was caupled inta the planar waveguide an the sensing pad grating at the
angle of the first grating coupling arder. Using a 160 nm TiO, film and a

grating constant of 535nm leads ta an angle 8, (TM) = 52°.

Secand Order

In order 1o get 5 better separatian between the exciting laser light that alsa
is coupled inta and propagated through the waveguide to be caupled out
at its specific coupling angle, and the emitted fluarescence, which is
couplad aut at 3 slightly different angle due o the shift in the wavelength,
measuring the intensity of the fluorescence at the angle of the secand
coupling arder was cansidered. Many measurements perfarmed did not
shaw clear signals for a long time. This was caused by twa diffarent
reasans:

First, the second order, anly couples vis nat sine shaped gratings due to
tatal destructive interference in sine shaped gratings. Only an asymmaetric
duty cycle increases the efficiency of the second order.

Second, the coupling angle of the secand caupling arder caincides with the
secand dittraction order of the grating. This can be derived using
equstions 3.1.1 to0 3.1.3.

Sa the resahance pesk was below the secand grating dittraction arder
signal of the illuminsting light and thus nat detectable.
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Using an optical band pass filter

As the illuminating laser generates a lot of light scattering as well as
different kinds of reflactions, and contro! light's background light was
present, an opfical filter was used in front af the photo multiplier tuba to
additionally suppress as much background as possible. The filter was the
emission filtering part of an exciter/emitter set by Omeaga Optical (XF70
6390 DF44Q) and had a pass band regian from about 670nm up toa 710nm.

Turntable

Diaphragm
Lens Lock-In
Filter Amplifier

Figure 3.10: Experimental set-up for fluorescence measurements.

Experimental Set Up

Figure 3.10 shows an overview of the set-up used for |0 fluorescence
measurements. [t consists of the flow cell mounied on a tumtable
centaining the 10 sensor chip (see figure 3.11). The chapped lluminating
laser beam can be shut in order to reduce photo bleaching of the
fluarascent dyes during the adserption phase. It can also be split into
spatially different parts to provide multi analysis measurements using
multiple single-pad units an one chip.

Adjustment of the chip pesitien is dene using threa linearly meving tables
and the tumitable. Optionally the sensing chip can be menitored using a
CCD camara. Tumtable angle and readout aptics geometry can accurately
be adjustad as well in this set-up. Even enline adjustments can be
performed by means af an optional detectar in arder to readjust the
optimum  coupling-angle. The TE-polarized part of the emitted
fluorescence light, prapagating a separate TE mode in the wavegquide, is
coupled out of the waveguide by the grating structure. A diaphragm and a
lens provide an image of the sensing pad via a band pass filter to the
detectar, a non-cooled pheto multiplier tube. No photen counting is used.
Implementing that technique would however increase the sensitivity, but
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turthermore offers en easiar way to adjust the sensing pad on the center of
the tumtable. Adjusting the laser point on the sensing pad therefore is
very easily performed. Further the flow injection option lead to the
possibility of measuring the signal during the whole reaction pracess,
which led to more meaningful results.

Some rare experiments were performed staticelly by filling the flow cell or
putting some fluid containing analyte on the sensor chip using & pipette
after tuming the setup into a position providing that the chip be
horizontally lined up.

3.4 Fluorescent Dyes

Some different types of dyes have been tested for the measurements
performed within this work. Cy-5 was the one used for all the relevant
experiments. This label is very convenient as many molecules labeled
with Cy-5 are commercially available. Additionally the measurements
wauld not have been very reproducible if the set up had been changed too
often when using differently colorad dyes such as changing expensive
optical filters and the angular settings. So most of the chips fabricated and
used were optimized conceming the coupling angles for molecules labsled
with Cy-5.

. Cy-5®- Dye

100% H [\- | Molecules labeled with the Cy-
B W 5 dye are available from
............ v | [ Amersham  Life  Sciencae.
80 \ : Besides the availability the Cy-
5 dye is stable and its
\ : properties are well known. It
60 \ is based on the benelits of
Iieser Diode cyanine flours and its emission
858.1nm \ band is comparably narrow.
40 Cy-5 offers high sensitivity,
high sensitivity, low non-
specific binding (if the labeling
20 l ] is strong); high photo stability;
high water solubility and nearty
/ i \ pH insensitivity.

——

‘ ' Cy-5  |Emlssion
Spectrum

0 I e —— 750 o0 The absorption maximum is in

Wavelength [nm] the far red at 649nm. The
Figure 3.14: The emission spectra of Cy.5: | fluorescence ranges  from
peak wevetength at 670nm, mean around 625nm to 800nm. its
690nm. Excitation maximum wavelength Is maximum is at 670nm; the
eround 660nm. halt-width totals 38nm, from

654nm to 692nm, thus the
upper tail showing e smaller slope than the lower one (see figura 3.14}.
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. Cardia green

indocyanine green (cardia green or fox green, Fluka, C43H47N2Na0652,
hoy = 700nm, kem = 775nm) was used for the very first preliminary
feasibility tests using new replicated PC chips. It was not used for real
experiments as its cost, lack of stability end limited absorbance in the
visible region practically preclude it as a biological stain. Cy-5 is mare
convenient and offered excitation and emission wavelength very suitable
for aur chips.

) Ruthenium Complexes

Far the singular series of electrachemiluminescence (ECL) measurements
a ruthenium complex Ru{bpy) was used. See chapter 8.

. Absurpiiun

Same tests with chips coated with an absarbing fayer (mixture af ETH-
5418 and KTTFPB) from Caspar Demuth from the Center of Chemical
Sansars (CCS, part of the Swiss Federal Institute of Technology, ETH)
have been performed thus showing too strong absorbance for our
measuremeant set up and therefare a tea high naise level.
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4,

Modef Experiments

The feasibility of the new sensing schemes was tested in the
measurement set up by performing different sorts of standard expenments,
These well-known measurements of fluorescent molecules adsorbed to
the chip surface were performed to show the behavior and the sensitivity
of the new sensing schemes [39,40,44,51,56 60]. In these experiments &
recognition layer was built on one sensing region by incubetion of proteins
during two hours, This built the sensing channel (S). In first experiments,
only one sensing unit has been used on each chip for feasibility
damonstration. Sometimes a second region was measured at the same
time as a reference channe! (R). This region was left clear or a blocking
layer of bovine serum albumin (BSA} was incubated on it.

41 Immunosssays

24

Protein A - 1gG

One type of a model immunoassay was performed by incubating protein A
onto one measuring pad to set up a strong and non-specific recognition
layer for different types of antibodies (Jackson Immuncresearch
Laboratories, inc.). incubation of bovine serum albumin (BSA) built up the
reference channel, where no antibodies were expected to stay near the
chip surface. Not all measurements however were performed on twe (or
more) channels.

The experiments consisted of an assay where a cycle with buffer solution
(phosphate buffer saline, PBS) first was applied to calibrate the
background baseline. Sample sclution containing different concentrations
of Cy-5 labeled entibodies (Goat-enti-Rabbit 19G; Donkey-anti-Mouse 19G)
that stick to the protein A was applied in the next cycle. After the
adsorption process saturated, buffer was applied again to show the net
signal of labeled antibodies adsorbed to the protein A coated sensing layer
on the chip surface, The signal from the reference channel during the
application of the analyte containing sample showed the efficiency of
background suppression by efficient coupling of the evanescent field. The
net signal of that channel when it was again rinsed with buifer showed the
effect of unwanted non-specific adsorption of labeled melecules to the chip
surface.

IgG - Antibody

For the other type of standard experimental immunoassays, mouse IgG
molecules have been immobilized on a specific region of the waveguide-
grating surfece of the chip using photobonding. The specified region - one
single pad - represents the whole selective sensing unit. A sample
solution based on phosphate buffered saline (PBS) containing 10nM Cy-5-
conjugsted donkey anti-mouse 19G as analyte was applied by means of a
flow cell during several minutes in each essay. The reference channel
was incubated with either BSA or another type of IgG was immobilized in
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order 1o demonstrate the sensing scheme's multi channel measurement
feasihility.

In the second case two grating regions of 1 mm x 1.5 mm each have been
coated with two different IgG molecule types. These two regions were
sach working as independent single-pad sensing units {see inset in figure
4.5). One pad (1) was coaled with mouse IgG whereas rabbit I1gG
molecules have been linked to the other pad (2). By applying a not
recognized type of antibody each sensing unit worked exaclly as a
reference channel coated with a blocking layer does.

The experiments consisted of an assay where a cycle with buffer solution
{phosphate buffer saline, PBS} first was applied to calibrate the
beckground bassline. Semple solution containing Cy-5 labeled antibodies
of one type (Goat-anti-Rabbit IgG) that stick to the Rabbit IgG was applied
in the next cycle. After the adsorption process had saturated, buffer was
applied again in a short cycle to show the net signal of labeled antibodies
adsorbed to the Rabbit igyG coated sensing layer on the surface of one
sensing pad. The signal from the other sensing channel during the
application of the analyte containing sample showed the efficiency of
background suppression by efficient coupling of the avanescent field liks a
usual reference channel as well as the specificity of the detection. The net
signal of that channel when it was rinsed with buffer showed the effect of
unwanted non-specific edsomption of labeled Goat-anti-Rabbit 1gG
molecules to the Mouse IgG coated surfaca of thal pad. In a next step
sample solution containing Cy-5 labeled antibodies of a ditferent type
(Donkey-anti-Mouse IgG) that stick to the Mouse 1gG was applied. After
the adsorption process on the Mouse 1gG coated sensing pad had
satureted, buffer was applied again to show the net signal of labeled
antibodies adsorbed to the Mouse IgG coated sensing layar on the surface
of the corrasponding sensing pad. The other pad still showed the signal of
the entibodies adsorbed during the first cycle. Hence that one could be
considered as a reference channel in this cycle. Applying buffer during a
long period showed the stability of the adsorbed molecules. A slow
decrsase of the fluorescence signal can give some information on the
photo bleaching of the Cy-5 labels or wash out and different aging
processes of the antibodies.

4.2 Results
. Protein A - IgG

The edsorption to the protein A coated pad can be observed dynamically
to saturetion. Higher concentrations cause bulk fluorescence background
on both channels. Also non-specific binding of molecules to the reference
pad can be observed at higher concentrations. The net signal originating
fram the labels of the adsorbed entibodies can be obtained from the
differences of the both final signals in butfer solution.

The curves in figures 4.1 to 4.3 show the increase of the emitted
fluorescence intensity during the adsorption phase of the molecules to the
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Flgura 4.1: Standard axperimenl adsorbing 10'E molar Cy-5
labeled goat-antl-rabbit 1gG to an incubated layer of proteln A,
The bulk fluorascence contributes a hiah Intensitv.

sensing layer up to saturation. Each curve is & result of a measurement
using another concentration of labeled antibodies. High concentration
leads to a strong background intensity of light emitted by moleculss in the
bulk within the voluma of the flow cell away from the chip surface.
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Figure 4.2: Standard experimant adsorbing 10'8 molar Cy-5
fabeled goat-antl-fabbit IgG 1o an incubsted layar of protain A
The bulk flucrascance contributes little intensity. Some
unspecific binding seems lo hava takan placa.

The background intansity originated from scattered excitation light, bulk
fluorescance light, and polycarbonete fluorescence, Additionally, therais a
small contribution by the PMT's thermal dark current (80cps @ 20°C).
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Figure 4.3: Standard experiment edsorbing 10°? motar Cy-5
labeled goat-enti-rabblt IgG to an Incubated layer of protein A.
The bulk flvorescence contributes a smalt Intensity.

. igG - Anlibody

The curve in figure 4.4 shows the increase of the emitted fluorescence
intensity during the adsorption phase of the antibodies to the sensing layer
of the corresponding type up to saturation. The isolated measuring points
rasult from the repeatedly shut beam in order 1o reduce photo bleaching.
The beam shutter has been opened for five seconds every minute.

Inensity fmv]

3 : - Background level

] j - Darklevel (LASER of)

1 5 2 % ) 5
- Time [min)
Figure 4.4: Adsorption phase of Cy-5 labeled goat anil-rabbit
1gG on rabbit IgG.
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Figure 4.5: Photobleaching ot the fiuorescent dye due to
continucus [llumination aftar tha experiment of tig.4.4.

As can be seen in figure 4.5, continucus illumination produces a much
faster bleaching of the dye.
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Figure 4.6: Fluorascence signal tor & chip contalning two
sensing units. Neither unspecific binding nor bulk tiucrescence
can be obsewved.

Figure 4.6 shows the result of a two-channel assey. During the first cycle
of the assay (time<60min) the sample only contained antibodies of one
Ig9G type (10nM Cy-5 conjugated donkey enti-mouse 1gG). Pad 1 shows
the adsorption kinetics as expected. The second sensing unit on the
sensor chip showed-no response. It therefore could be used es e
reference proving the ebsence of bulk signal.
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After saturation of the first pad, antibadies of the secand IgG type {10 nM
Cy-5 conjugated goat anti-rabbit 19G) have bean applied to the sensor.
During this cycle, the analyte moleculas adsarbed only an tha secand pad,
whila the first sansifig unit served as a reference. The slight decreasa of
its fluarescence signal resultad fram phatableaching.

Tha adsorption process of each pad can clearly be seen in the
indapendent intansity raise ot each channel. Only the corrasponding
antibodies are recognized and thus cantibute ta each signal. Each
channal can be cansiderad as a raference far unwanted effects such as
temperature effects, nan-specific binding, bulk backgraund, aging of the
labels, change of the coupling angle caused by pH changses or air bubbles
in the flow cell by applying the antibadies of the type that does not
carraspand to the coating.

4.3 Discussion

The suitability of the approach has been demonstrated by perfarming
standard immurioassays with replicatad TiO,, waveguide chips as well as

with new glass basad Ta,0, waveguide chips, whera an efficient

discriminatian betwaen excitation light and fluarascent radiation was
achiaved. An axcellant suppressian of the unspecific cantribution ta the
signal by tha molecules in the bulk salution was alsa demanstrated. These
standard experiments therefare give a good estimatian of the labal
concentration limit neaded far clear signals as well as about the efficiency
of coupling end of backgraund suppressian in refation to the cancentratian,
However they show that the time needed by tha recagnition and the
binding pracess depands an the cancentration 1o be meeasured. 1t is a fact
that the saturation time increases expanentially with decreasing
cancentration. 1t can alsa be seen from the total of graphs that quantifying
concentrations depends on vary many factars that must be absalutely
reproducible tram chip ta chip as well as from measurament to
measurement. This paint is the majar problem to solve befare quality
sensars based on that principla can be praduced.

Pratein A - I1gG

The results shaw tha adsorptian af the labeled antibodies ta the surface
and the resulting fluorescence efficiently callected in the waveguida and
coupled out to the detectar. The adventage of the integrated aptical
methad can be sean at law cancentrations when tha bulk fluarescance is
strongly suppressed. In high cancentrations the molacules present in the
bulk contribute a high intensity of fluorescance making calibration
axtremely difficult as it is very difficult to quantify the percentagas of
emittad fluorescence intensity distributed to the different aptical channels
as stray light, guided modes ta all directions, lass through the nat abserved
TM angle, caupled at higher orders and even quenching effects. Phata
bleaching and aging of the malecules an the surface can alsc be
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absarved. Whereas it is nat clear what part of signal loss is due to
bleaching, washing ar different types of aging.

IgG - Antibody

The results of the dauble channel standard immunaassay clearly shaw the
passibility to perfarm multi-analyte sensing if stable recagnition layers are
coated onta the chip surface providing high specificity in their
immunareactions. Both pads do nat show any unspecific edsorbing.

Further the backgrouhd supprassian at a label concentratian of 10" molar
can be cansidered absalute. The channel sensing the entibodies in the
first cycle (Goat-aenti-Rabbit 1gG) has camplete reference channel
properties. Na relative change can be seen, as the ather type of entibody
doas not bind to the antibadies of the first type already present an the
surface. The antibodies of the wrang kind do not recognize binding sites
that possibly remained iree either. The constant intensity measured at that
channel shaws that the raise of the ather signal must criginate only from
the binding pracess. This leads ta the abservation that the signal of the
secand entibody (Donkey-anti-Mause 1gG) is higher by neary a factor 2.
This effect cannot easily be understond. 1t might be an effect of a
differance in the density of binding sites on the two different pads.
Additional reference pads must be considered for real multi channel
measuremeants, This fact is one of the prablems to face if exact calibration
for quantitative measurements needs ta be performed. The structure of
the recagnition layer and its binding sites is ane af the major key points in
quantifying intensity measuremeants. '

At this combinatian of molecules pure reference pads can be neglected.
However that was nat always the case. In performing multi-analyte
sensing the cambinatians af molecules to detect have ta be cansidered as
carefully as the stability of each recognitian Jayer.
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5.

Fluorescence-based Weveguide Detection of Antibiotics

After having shown the suitability of the new principle af sensing
flucrescent molecutes with the approach presented, the interest focused
on detecting molecules of interast for a real sensor [7]. A current
European project [74] focused on detecting antibiotic molecules in raw milk
tor food quality contral using and comparing different sensing methods.
S0 the same assays ware used to show the feasibility of this epproach in
performing food control. In this chapter the detection of antibiotics is
described.

51 Experimental
The method used to detect antibiotics was performing competitive assays.
A competitive assay means here that a known concentration of antibodies
(anti-PS) binding to & different type of antibodies (anti-mouse-lgG) with
fluorescent dye labels (Cy-5) is added to the fluid to be analyzed. The
labeled antibodies can either bind to the analyte molacules (antibiotics) or
bind to ane of the additional antibodies (anti-PS) in the fluid. This means

ant-Mouse1gG-CY5
l anti-Mouse-IgG-CYS .
anti-PS Suliadimethaxine

0 anti-PS -.....——.)

ant-Mause-lgG L5
A5 syadimetodng .
Ovatburine-PS ant-Mouse-lgG-CYSs anti-PS

anti-Mouse-lgG-CY5 Aanﬁ-vnuse-lg(;«cvs

~ \

““Retersnce Pad ’/“gensing Pad~”
Figura 5.1: The scheme of a compelitive assay for the detectlon of antiblotics
(sulfamethoxina) in the flutd by measuring the amount of Cy-5 labefed anti-mouse (gG
molecules captured by ant-PS molecules that adsorb to tha Ovalbumine-PS layer on
to the sensor surface.

that the entibiotics and the extra antibedies compete for binding a lebeted
antibody. The antigen recognition fayer coated onto the sensing chip's
surface (Ovalbumine-PS) only adsorbs those additional (anti-PS)
antibodies (See Fig. 5.1). Thersfore the intensity of the fluorescence
signal on the sensor surface is decreasing if a high concentration of
entibiotics is present in the sample, as the labeled antibodies captured by
the antibiotics are not able to adsorb to the layer via the anti-PS and arae
washed away. As antibiotics are small moleculas end have a big impact
on organisms though appearing at very low concentrations, sansitive
detection methods such as integrated optical fluorescence sensing are
needed. Antibiotics can be found in blood as well as in @ multitude of
liquids of the food chain. For example the highly sensitive detection of the
presence of antibiotics in milk and their concentration is a vaery impaortant
topic. For that reason many different experiments have been performed to
detect antibiotics within this work.
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5.2 Results

In a first assay sample solution containing both anti-PS molecules end Cy-
5-labeled anti-Mouse IgG but no antibiotics, thus leading to a high
fluorescence signal, was applied to a sensor chip coeted with ovalbumine-
PS (a denivetive of sulfadimethoxine antibiotics) on the sensing pad, while
mouse |gG had been coated onto the reference pad. The results shown in
figure 5.2 show clearly that the signal of the sensing pad is higher then the
signal of the reference channel slthough both pads are able to bind the

Assay containing anti-PS and
Cy-5 labeled anti-Mouse IgG
0.3 5 Sonsing Fad . o,
* posied whn I" 1
Qualbuming-PS _'i 9,
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0.2 '} {;.’!""ﬂ “‘"'L-:,_,,h__
= K Raterence Pod

@ f’ ¥ * contod with

g ’:f Mouss-lgG
S

{
3
-
0.1 Background Level
Bufter | Sample Qufer
0.0 ' J ! !
] 10 Time 20 [Min) 30 40

Flgure 5.2:
Adsorption of labeled antibodies et the
help of anti-PS molecules.

mouse IgG, the sensing pad vis
the enti-PS whereas the reference
pad binds them directly. This
might be caused by the fect that
the lebeled antibodies bind to the
anti-PS molecules in the solution
already. This combination only
can adsorb to the ovelbumine-PS
coated sensing pad whereas
solsly the free enti-Mouse IgG
bind to the mouse-IgG costed
reference pad.

Figure 5.3 shows results of the
detection of antibiotics using the
same dual channel single ped
scheme. On the sensing pad
ovalbuimine-PS has been
immobilized by photobonding.
The reference pad can be
considered as a control channel
and was coated with mouse 1gG
prior to the measurement. The
sample  solutions  contained
different concentrations of
sulfedimethoxine and a fixed
concentration of anti-PS as waell
as Cy-5 lsbeled anti-mouse IgG.
This results in edsompfion of the

labsled anti mouse IgG molecules on the sensing as well as on the

reference pad.

Both signels ere presented versus time when flows of sample with different
concentrations of antibiotic are passed through the fluidic cell.
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Figure 5.4 shows the decrease of adsorbed anti-mouse-lgG-anti-PS
fluorescence  intensity as the concentration of antibiotics
(sulfadimethoxine} in the sample solution is increased. - This kind of curve
can be used for calibration, as soon as the measurements wil be
standardized in order to get the highest possible reproducibility. Figure 5.4
however is not a calibration curve! It was gained from only one
measurement, as the absolute signals” between different measurements
varied markedly. The most common result from all measurements
performed was the observation that the reference pad costed with mouse
1gG did not resct independsntly from the presence of anti-PS end
antibiotics. This fact was unexpscted and is not understood.

Anyway, this experiment clearly demonstrates the increase of the
fluorescent signal if the concentration of antibiotics diluted in the anti-PS
solution is eventually decreased. The signal of the reference pad coated
with mouse-lgG however was smaller than expected, as the adsorption of
Cy-5 labsled anti-mouse IgG should not be influenced as anti-PS or
antibiotics are present.

A difterent experiment is shown in figure 5.5. In the first cycle of the assay

10"7M Cy-5 labeled anti-Mouse-1gG was supplied on the chip coated with
one sensing pad of ovalbumine-PS and a reference pad of mouse-lgG.
The labeled antibodies are adsorbed to the mouse-igG pad. But the signal
shows how they also stick nonspecifically to the ovalbumine-PS pad as the
signal cleatly increases. After saturation, anti-PS without labsled enti-
mouse IgG was applied that caused both channsls’ intensities to decrease.
The reference pad provided a clesr net signal, whereas the sensing pad
signal neerly extinguished. Supposedly it should have totally extinguished.
The reference pad signal dacreases slowly ~ be it from washing effects or
— slightly, but not only — from photobleaching, or even from e different
chemical reaction aging the molecules that was possibly caused by the
anti-PS.
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Figure 5.5 Competitive assay for antiblotics detection, Only Cy-
5 labeled anti-mouse 1gG are applled In the first cycle. A high
unspecific adsarption to the sensing pad cen be observed. The
adsorption of enfi-mouse 1gG fa the referance pad Is influenced
by the presence of entl-PS.

A similar experiment as the one described above lead to the result to ba
seen in figure 5.6. In tha first cycle sample solution only containing lsbeled
antibodies was pumped to the sensor chip. As in the experiment in figure
5.5 non-specific binding to the sensing pad could be observed. Then anti-
PS molecules without fluorescent dyes were supplied. But the sensing
pad signa! risés as if tha anti-PS molecules did pick up Cy-5 labeled anti-
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Figure 5.6: Experimentsl high-sensitivity sensor module
measurement of different anfibiotics concentrations showing
contamination of tha flow tubes. )
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mouse-lgG through the contaminated tubes and now adsorb to the
ovalbumine-PS pad obvicusly containing free binding sites. The anti-PS
already carry the label with the anti-mouse-lgG.

In the third cycle lebeled anti-mouse-lgG was supplied again as in the first
one. Now the signa! level of the reference pad increases again to a level
similar 1o the first cycle one whereas the sensing pad signal rises to nearly
the double intensity than before resulting from the adsomtion of the
labeled antibodies to every free anti-PS binding site.
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Figure 5.7: Compatlitivea assay for antibiotics delection using
anti-PS and & high concentration of antlbiotics first, then
applying sample contalning analyta with fluorescent labets.
Repeating this application with ant-PS but without antibiotics
shows a signal Increase.

The opposing assay led to the experiment that is shown in Figure 5.7. The
assay began with the application of antibiotics and antibodies (anti-PS
molecules) without eny labeled antibodies, es supposed not leading to any
signal. After that Cy-S-labeled anti-Mouse 1gG were applied leading to a
rse in signal on both pads, whereas the intensity originating from the
sensing pad was significantly lower than the one measured at the sensing
pad. After a cycle of rinsing with buffer, @ sample containing pure anti-PS
but no antibictics was applied. This did not cause an intensity change
again. When finally labeled antibodies were pumped through the flowcell
again, the signal measured at the sensing pad egain increased. The
intensity measured through the reference channel did not change greatly,
hence a significant instability can be observed.
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5.3 Discussion

The suitability of the approach 10 detect antibiotics using competitive
assays has baan demonstrated by performing different types of antibiotic
immunoassays with replicated TiO2 waveguide chips as well as with new

glass based Ta,0  waveguide chips. An efficient discrimination between

excitation light and fluorescent radiation was achieved. However some
effects were not absolutely understood. The possibility of cross talk
between the sensing units, tube contamination by dye molecules, unstable
recognition layers and other problems seem to be some explanations for
unexpected signal variations. Even examining the chips in an
ArreyScanner after use did not help finding definite answers for these
signal vanations.

The new detection scheme was nevertheless successfully demonstrated
and the compatibility with a fluidic cell indicates that it is possible 1o
expand the range of applications by integrating the whole system into a
compact module for performing measurements at the point of demand.

. Applications
o Immunoassays for diagnostics on the ppb level
o Assays for sensing of small molecules
o Exemples: .
« Antibiotics in milk
« Drugs infcod or blood
« Wastewater enslysis

Flucrescence Based Integrated Optical Biosansors 37






As the tailing reaction is very slow and strongly depends on the
temperature and the enzyme concentration very long cycles have been
performed. In order to get information on the tailing process despite the
high bulk intensity during thesa long cycles, OPA buffer was intermittently
supplied every few mirutes.

Coupling angle of the PC chips were +52° (laser TM, in) and +64°
(Auorescence TE, out).

6.2 Results

All measurements show the long ime scale of the tailing reection as well
a5 enomously high bulk contribution that raised the signal nearly or fully
out of range. Figure 6.2 and 6.3 each show such @ tailing cycle performed
on e TiO, waveguide on a PC chip and on & Ta205 waveguide on a glass

chip {Anificial Sensing Instruments, ASI) respectively. The net signal after
the reection supposedly was stopped is the contribution of the nucleotides
bound to the surface by the tailing reaction.

]
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18 7 Buffer  [: confaining: ' Bufter
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1.6 - . - 0.5u il
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Figure 6.2: COligonucleotide tailing reaction on & TIO2
wavegulde (replicated polycerbonate (PC) chip). A very high
concentration of Iabeled oligonucleotides is present in the bulk
volume. However the baseline Is wvery stable; no drift or
unspectiic binding of oligonucleotides onto the T-Dextran
surfece Is obsarved.
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Figure 6.3: Oligonucleotide talling reaction on 8 Ta20s5
waveqguide (glass chip). A very high concentration of labeled

oligonuclectides Is present in the bulk volume. A glight drift in
the beseline is observed.

0.0

Figure 6.4 shows results of an experiment where the same sample
cantaining labeled oligonucleotides was used multiple times o initialize the
1ailing reaction as well as far its cantinuation. In arder to selectively
monitar the signal originating from the oligonucleotides immobilized ta the
chip surfece, buffer solution was applied intermittently far washing eway
the fluorescent menonucleatides present in the bulk sample.

Figure 6.4 clearly shows the gradual increase of the “surface signal®
produced solely by aligonucleotides at the very surface of the sensor chip
as the tailing reaction praceeds. The adsorption took place in-situ during
the cycles where the sample salution was applied ta the flow cell (white
regians in figure €.4).

The dscrease of the signel maximum cof the bulk flucrescence results from
the fact that the same sample valume has been reused for each cycle. So
its oliganucleatide cancentration and the amount deposited reversibly on
the surfece decreased in each cycle. In addition to that the dyes in the
sample solution suffered — as well as the immabilized anes - from phata
bleaching.

In surmary, it has been demanstrated that the 3-TDT tailing reactian en
target aliganucleatides can be manitored and measured by fluorescence-
based inlegrated aptical sing!e-pad sensing.
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Fluorescence signal of labeled oligonucleotides belng adsorbed in-situ by the tailing
reaction. Tha dynamics of the adsorption can be observed by eliminating the bulk,

6.3 Discussion

The detection of the oligonucleotide tailing reaction does not necessarily
have 10 be performed with integrated optical sensing, as the concentration
of analyte moleculas in the sample solution used for the reaction is high
compared to the detection limit of this type of sansing. However, the
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parion of labeled maleculas was reduced campared to the total ameunt
(1:4) of reactive malecules (aligonuclectides). Therefare each chain or tail
of adsorbed oligonuclectides centained same particular Cy-5 labeled
oligenuclectides that contributed enough flugrescence intensity to the total
signal in arder to measure at least qualitatively. The signal actually can be
calibrated as a labeled aligonuclactide concentration of 20% cen be
assumed. X

The rasults shaw that the concentration of labeled ofiganucleotides was
still high, as the background light resulting from the fluerescence labels in
the fluid (bulk) cauld not be suppressed.

The cross-palanzad portion of the light emitted by the dye-labels on the
chip surface is coupled aut of the waveguide via tha sama grating pad, but
at a differant angle. At this angle the emitted light signal was detected
spatially separated fraom the illumination background.

The performance of this navel appreach has been demenstrated using a
single pad |0 sensing schema. The concentration of labeled
aligonucleatides is rather high for
the use of integrated optical sensing
despite the fact that anly 20% af tha
target prabes were labeled. Still the
rasults clearly shew the efficient
light cellection by the waveguide.

A limiting facter hewever is the
length of the afiganucleotide tails. if
they get too leng, the evanescent
field of tha guidad mada is too waek
to ba influenced in either way of the
light (lumination as well as
emissian). Having an average
diamatar of 15.4nm {[76] and
Figure 6.5: Long ofigonuclectide tails respecting the thickness of the
get out of the evanescent field range. recagnition layer, the labels get out
of the efficient ranga of the
evanascent field from chains longer
than about 10 aligonucleotides (Figura 6.5).

Tha penetration depth af the avenescent field is calculated by:
ax B0 = 2rme((N2n 2By in g, e +N2)P (6.3.1)
s = N2 2 —n2
thh.ees-N -ng Qg =1y /

2
Ns
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7. Detection of Oligonucieotides with oh-Chip Hybridizetion

Experiments of a differem type have been performed detecting poly-Ay,

cligonuciectides. The poly-A molecules are single stranded 30-mer
ofigonuciectides that have got & hairpin loop of adenosines on top of a
specific DNA sequence, as schamatically shown in
figure  7.1. Poly-A,,  molecules  are

AAA‘AA A pdlydeoxyadenosines with a loop length (L} of 30
A A adenosines. These oligonucleotides adsorbed to a
A Dextran based DNA recognition iayer that was
% A immobilized on the surface of the sensing ped by
A
C
A
T

A photobonding. This ieads to a specific binding
reaction of a single poly-As, molecule to each

binding site (not comparable to the tailing reaction
described in chapter 6). The DNA-probes
{oligonucleolides) are denatured at the
A C | temperature T =47.8°C [77].

G
T
G

Plgure 7.1: Scheme of | rpo idea was to heat the chip during the

the polyadenosine . o
¢ 30 | experiments to dehybidize the molecules hence

A : i ' '
{paly-Agq) m°'e?u'e regenerating the chip for new expetrimental cycles
30 adanasines bulld a [7.55,59]

Io top of a DNA
seoql:l.x::oe?p o Attemperatures higher than T . the molecules
start to dissociate from the chip surface.
Therefors the heating was pushed up to 82°C. To then hybridize the
surface again the chip was rinsed with Tris-HCI buffer,

7.1  Experimental

The sample solution used contained 50ng/ml Cy-5 labeled poly-Ay,

{molecular weight = 10.416 Dalton), which corresponds to a 5*10¢ molar
cancentration. A reference solution containing the same concentration of
Cy-5 labeled polydeoxycytosine (poly-Cao) instead of paly-A, is used to

check the signal background. Actually no rise could be observed by
applying this reference solution. Thersfare the supply of poly-C,, did not

ceuse bulk background even. It must be assumed that the poly-CaO

molecules stay quite far away of the dextran-based recognition layer. After
the adsorption (shown in figure 7.2) to the integrated optical single pad
fluorescence sensor chip and a rinsing phase. with 2xSSPE buffer the
molecules were dehybridized by heating the flow celi to 82°Celsius. Re-
hybridization was performed on-chip rinsing the active sites with Tris-HCI
buffer. After this regenaration of the chip and a fong washing phese with
again 2xSSPE buffer (SSPE Buffer, pH 7.4, A NaCl/Phosphate/EDTA
buffer (10mM Tris HCI, 0.1mM EDTA) used in DNA wash and hybridization
solutions) a new cycle of a Pon—A:jD containing sample was parformed to

repeat the adsorption process. The signal car be seen to rise nedr the
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maximum that was reached in the first assay. Therefore the properties of
the Dextran-based recognition layer do not seem to suffer from the
dehybridization process.

oi8 Saturation Level ., I
0.16 - Bufies | Sample L™ T putter
{2XSSPE| Poly-AiCys " 2xSSPE
0141 " Adsorbed Molecules Level e
0.12-
-yl | Eulk Volume Lavel .
> T el T
£ 010+ : o
2 ] ..-.7.»""'“.I
Z 0.08 .
5 J . ';l
i [
E® Y
i
0.04 - ;¢ Nanspecifically Adsorted Lovel  fwuvi
P '
0.02 . Background Lewal
0.00 -~ T
0 5 10 15 20 5 30 35
Time [min)

Figure 7.2: Adsomption of poly-Aq,.
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Figure 7.3: Assay to edsorb poly-A,, and dehybridize to regenerate

the sensor chip by heating.

7.2 Results

The results show that mainly the poly-A_, which are bound specifically to
the sensing pad on the chip contribute to the net fluorescence signal
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detected via the evanescent field propagating in the waveguide. By
heating the chip the dehybridization takes place very quickly (see figure
7.3). The signal loss after the molecules dissociate from the surface can
be seen very clearly,
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Figure 7.4 Tima [Min}
Assay to adsorb poly-A,, end dehybridize to regenerate the sensor
chip by heating. The time scale was nonlinearly stretched for better
visualizetion of the adsorption dynamics.

A streiched detection signal curve (compressed dehybridization cycle) can
be seen in figure 7.4). It shows the repeated adsorption process of labeled
poly-A30 molecules to the sensing pad.

7.3 Discussion

As a concentration of 5*10°%M Cy-5 dye molecules is high for this kind of
detection high bulk fluorescence can be observed as long as the sample is
present in the flow cell. The reference solution however does not cause
the same bulk intensity what can be caused by the possible fact that the
poly-C::,’o molecules never go that close to the surface of neither pad.

The specific edsorption of the p::'Iy-Am:J molacules to the sensing pad can

be clearly seen. The reference pad coeted with pure Dextran only showed
the bulk background intensity. Aftar applying buffer its signal decreased 1o
the background level.
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8.2 Hesults
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Figure 8.5: Tha Intensity variation of the ECL signsl during
an angular scan of 18 minutes. A strong drift Is vislble.

Figure 8.5 shows
the intensity during
such an angular
scan. It is obvious
that the symmetry
of pesks could not
be observed.
However, the
maximum signal is
not observed at 0°,
as it would be
expected if only the
diffuse ECL signél
was detected. The
whole ECL
intensity seems to
drift during the
angular scan thst
lasted 16 minutes.
The intensity
maximum at -8.3
degrees is thought

to probably onginats from efficient coupling. The result to be seen in figure
8.6 could possibly show a resonance too. As the spectra of the Ru(bpy) is
very wide a large angular coupling region must be expscted.
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Figure 8.6: A clear intensity peak can be seen if the chip s
soteted to cna angular region from zero. Asymmetry may
result from modes propegating in one direction only. The
wideness is caused by the wide spectra of Ru(bpy)
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8.3 Discussion

50

The only measurements that have baen performed have not been very
promising. The reasons for their tailure are not cbvious. Some peints to
be considered according to the observations:

There might hava been too much light intensity for the luminescence was
clearly visible by eye. Hence, the part of light having been guided through
the waveguide and coupled out via the grating must have been
comparably small and thus venished within the noise. The portion of
luminescence coupled into the waveguide and coupled out to the detector
via the grating might only become efficiant beyond the visible threshold.
Additionally we had the impression that the visible light was propagating in
the waveguide parallel to the grating lines. This could be an effect of the
fact that the electrode bands were placed rectangular to the gratings and
had seme kind of grating etfect to the light. A fact to consider is that the
metallic layer may influence the effective rafractive index of the waveguide
in e destructive way. M theretore hes to be thought of a new design of IO
ECL senser chips that have electrode bands between the grating pads
being parallel to the grating lines.

Further no specific ruthenium ECL peak band pass filter has been used.
To detect the signal and suppress a little bit the background light a
chopper was placed in front of the flow cell to modulate the luminescance
and detect the voltage into which the photocurrent has bean converted
using e lock-in amplifier,

Further problems resulted from the very small volume of the used fiow cell.
As air bubbles develop from the counter electrode the volume wes quite
quickly displaced by eir, which makes optical measurements nearly
impossible. Sometimes the bubbles also disconnected the relerence
slectrode from the fluid and therefore stopped the luminescence atell.

For ongoing measurements faster data transfer must be possible. The
more measuring points can be recorded in time the faster are the engular
scans.
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9. Conclusions

Novel types of sensing schemes have been presented that are suitable for
accomplishing single-chip array sensors based on fluorescence. Each
element of the array represents an independent meesuring channe! with an
individual bio coating immobifized on its surface. The presented work shows
how these new schemes for fluorescence-based bicchemical sensors have
been designed, fabricated eand used for different kinds of measurements.
Many problems led to an optimization of the sensing principle while others
could not be totally solved within the frame of this work. The new approach of
detecting fluorescent labeled molecules on different kinds of integrated optical
chips on single-pad sensing channels shows the possibility to get high density
multi channel sensors with small and disposable integrated optical sensor
chips providing enough space for different types of molecules on the same
surface. It has been shown that all the tasks of light input, excitation of the
analyte molecules, flucrescence light collection, and optical readout can be
performed by means of a single grating coupler pad per channel. The resuits
showed e low detection limit. This could be pushed further down for example
by using a cooled PMT or performing photon counting. In the typical
arrangement, TM-polarized light was used for exciting the molecules by direct
ilumination as well as by the evanescent field of the guided wave. In contrast
to the conventional schemes, the fluorescence light was collected at the
orthogonal polarization via coupling to the TE0 waveguide mode [16,73].

Radiation emitted by the dye molecules present in the bulk medium is better
suppressed by using evanescent waves not only for illumination, but also for
collecting the radiation emitted by the moleculss immediately adsorbed to the
recognition layer. The advantage of collecting the light in the planar
wavegulde of an integrated optical chip due to the properties of fluorescence
generated close to a surface of high optical density [36] 1o enter the
waveguide was shown at very low concentrations.

Experiments have shown that this method can be used for the detection of
differant types of bio molecules such as DNA probes or antibiotics. But also
drugs, hormones or heavy metals can be considered as to be detected using
fluorescence-based integrated optical sensing. The edvantage against
refractometry becomes effective for small molecules.

Besides a good sighal-to-noise ratio, an additional benefit is the small area
needed per sensing channel, facilitating single-chip multi-channel sensing.
Furthemmore, it was also shown that it is possible to use replicated sensor
chips based on plastic subsirates [78].
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Compared to the wide field of sensor developrnent by many different research
groups the highest sensitivity [7,31,58,59,60] could not be equalized, but
ranges in the upper area. Still this approach is very promising since it
provides a sensitivity high enough for many applications and it offers the
possibility of fast high-density multi channel measurements on e simple set-up
using comparably low-cost sensor chips. With respect to the late availebility
of glass chips it was not possible to perform many of the modifications
mentioned above for improving the sensor within the given time trame of this
work.

In summary, this thesis has presented @ new approach for datecting bio
molecules with a small sensor set-up in a simple and low-cost way. The
combination of integrated optical sensing with fluorescent labels leads to a
high sensitivity, and the single pad scheme allows multi-channel
measurements with high density. The results show the potential of this new
approach to become a leading detection tool.
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Comparison with different Sensor Types
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CHEMICAL DATA

Anti —1gG  Antibody

ARC

BSA

dATP

DNA
19G

OPA

Poly-A

Ru(bpy)

54

Antibodies used were all from Jackson Immunoresearch
Laboratories Inc.

Anti Reflection Coating

" Brewer Science Inc.

Product: ARC XL-20

Thickness (spin coating at 3000 rpm, 168°C, 60 sec): 240 nm
Absorption at A = 365 nm to 436 nm: 1.14 £ 0.06
Componenis: Cyclohexanone  {50-65%), n-Methyl-2-
pyrrolidone (30-40%), Polymer solids (1-10%), Dye solids (1-
10%), Aluminum (67ppb), Calcium {26ppb), Copper (56ppb), lron
(210ppb), Potassium (15ppb), Sodium {<12ppb)

Bovine Serum Albumin, Sigme

2'-deoxyadenosine 5'-iphosphate
Amersham Pharmacia Biotech

Desoxyribonucleic acid

Immunoglobulin G.
Antigen
Molecular weight: ~150'000 Dalton

All phor one buffer

Pharmacia

Product: 27-0901-02

10mM Tris-acetate pH 7.5, 10mM magnesium acetate, 50mM
potassium acetate

Polyadenosines
DNA target probes

A radox-cycling ECL type ruthenium complex
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Wavefengths of some fluorophores

Fluoraphore Excitation  Emissian
5-Hydraxytryptamine (5-HT) 400 nm 530 nm
Acridinyellow 470 nm 550 nm
Acridinarange 470 nm 530-650 nm
Auramine 460 nm 550 nm
Auraphasphine 450 nm 580 nm
Berberbinsulfate 430 nm 550 nm
Bisaminaphenyloxidiazole (BAD) 280 nm 460 nm
Catechalamine 410 nm 470 nm
Coryphasphine 460 nm 575 nm
Cy3 546 nm §80 nm
Cy5 649 nm 670 nm
Cy5 TOTO 3 {DNA specific) 633 nm 670 nm
Euchrysine 430 nm 540 nm
Fluoresceinisothincyanate (FITC) 490 nm 525 nm
isathiocyanate (TRITC)

I-Dimethylaminonaphtalinline-5- 340 nm 525 nm
Lissamine-Rhadamine B 200 (RB 200} S§75 nm 595 nm
Magdalrad 540 nm 570 nm
Paragsaniline {Feulgen) 570 nm 625 nm
Phasphine 3R 465 nm 565 nm
Primuline 410 nm 550 nm
Pyronine 410 nm 540 nm
Quinacrine mustard (QM) 440 nm 510 nm
Rhodamine B 540 nm 625 nm

Acidic fuchsine 540 nm 630 nm

Stilben (SITS: Stilbenisothiosulfonacid} 365 nm 460 nm

Sulfonacide (DANS)

Tetracycling 390 nm 560 nm
Tetramethylrhadamine 540 nm 570 nm
Thiazinred R 510 nm 580nm
Thiaoflavine S 430 nm 550 nm
TOTO 1 {DNA spacific) 485 nm 530 nm
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